
ABSTRACT 

MILLER, REBECCA LEE. A Modified Persistent Anomaly Index Applied to Present and Future 

Climates. (Under the direction of Dr. Gary Lackmann). 

 

Persistent weather regimes such as droughts and prolonged anomalous temperatures are 

often associated with persistent anomalies (PAs) in tropospheric geopotential height. With a 

changing climate, it is important to identify how the frequency, duration, magnitude, and other 

aspects of PAs may change. Current climate models are known to underrepresent PAs (e.g., 

Woolings et al. 2018) for the present-day climate. Previous studies have shown that increased 

resolution and better parametrizations improve model representations. 

To identify PAs, the original definition of Dole and Gordon (1983; here after DG83) is 

applied with a modified magnitude threshold. To analyze the annual occurrence of PAs, a 

magnitude threshold that varies with calendar day is derived from the standard deviation of the 

500-hPa geopotential height anomaly and is applied to the 500-hPa geopotential height anomaly 

to identify anomalies that persist for at least 5 days. 

In this study, the modified index is applied to the European Centre for Medium-Range 

Weather Forecasts ERA-Interim reanalysis dataset. These data comprise 6-hourly, 500-hPa 

geopotential height fields from January 1, 1979 to December 31, 2016. Height anomalies are 

defined as the departure from a climatological annual cycle, calculated as the 8-week low-pass 

filtered, 38-year average daily mean calculated at each grid point. PAs are identified from 

anomalies with an inverse sine-of-latitude weighting (following DG83). Heights are de-trended 

over the period of the record, to remove contamination from climatic trends. In addition, we use 

high-resolution simulations from the Model for Prediction Across Scales (MPAS) and three 

models from the Intergovernmental Panel on Climate Change Coupled Model Intercomparison 

Project Phase 5 (CMIP5) to analyze changes in PAs with climate. The historical simulations are 



compared to the reanalysis dataset in order to determine how well the models represent present 

day PAs. Projected future simulations are based on the high emission scenario (i.e., RCP 8.5). 

The modified PA index identifies four main regions of PAs in the ERAI: Pacific, 

Atlantic, Russia (Ural), and Arctic. The Pacific, Atlantic, and Russia PA regions have all been 

previous identified, but the Arctic region is only identified with anomaly base indices and has a 

maximum frequency in June, July, and August (JJA). It is found that the longer the PA event 

persists the larger the magnitude and spatial extent. The regions’ peak PA season experiences the 

longest, strongest, and largest events. The Arctic experiences more long-duration –PA events 

than +PA events, and more than any other region. JJA Arctic +PA events are found to have an 

equivalent barotropic structure like events that occur in the mid-latitudes. 

The models display biases when representing present day PAs. Most notably, the North 

Atlantic and Arctic are underrepresented and the extratropical Atlantic and parts of the Pacific 

are overestimated. These biases are larger than the changes between model present and future 

PAs. True differences are found to be those outside the natural variability of the reanalysis. 

Analyzing the CMIP5 model average, there is a decrease in +PA days in the eastern 

Pacific and Extratropical Atlantic, both exhibited in JJA, and increases over Scandinavia and 

Russia experienced in December, January, and February (DJF). –PA days slightly decrease in the 

Pacific and Atlantic in JJA and the Arctic in DJF and increase in the Pacific in DJF. The most 

prominent future change in the MPAS simulations is a decrease in +PA days in the Pacific 

accompanied by a region of increase on the eastern side during DJF. The regions of decreased 

PA activity are consistent with other studies, however, there is not a consistent overall decrease 

found with the CMIP5 models and MPAS high-resolution simulations as found in other studies. 
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1. Introduction 

1.1. Motivation 

Persistent geopotential height anomalies (hereafter PA) can be associated with highly 

impactful weather events such as prolonged extreme temperatures and anomalous precipitation 

and drought (e.g., Hong et al. 2011; Matsueda 2011; Sillmann et al. 2011; Pfahl and Wernli 

2012). An example of such an event is the 2010 Russian heat wave which was responsible for 

great economic loss due to damaged crops and loss of life (Dole et al. 2011; Matsueda 2011). 

This event was exacerbated by the occurrence of multiple PAs over Europe during the summer 

of 2010. The occurrence of these extreme events and their association with PAs makes the 

identification of PAs an important feature to identify and better predict.  

Given the connection with extreme events, it is imperative to understand how the increase 

of greenhouse gases and rising global temperatures may affect PAs in the future. More 

specifically, it is of interest to investigate how the frequency, magnitude, and dynamics of these 

extreme events may or may not change. However, the current generation of general circulation 

models (GCMs) struggle to adequately represent present day PAs (e.g., Hoskins and Woolings 

2015; Woolings et al. 2018 and references therein).  

There are some inconsistent results about the future changes of PAs. One body of 

literature finds the overall PA (or blocking) frequency is projected to decrease with warming 

(Sillmann and Croci-Maspoli 2009; Matsueda et al. 2009; Dunn-Sigouin and Son 2013; DeVries 

et al. 2013). Future PA changes vary by season and region and are sensitive to the identification 

method used (Woolings et al. 2018). Conversely, other studies suggest that future changes will 

favor increases in PA (or blocking) frequency and amplitude with warming (e.g., Honda et al. 

2009; Francis et al. 2009; Overland and Wang 2010; Francis and Vavrus 2012, 2015).  
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The main goal of this study is to determine how and why PAs change with climate 

change. It is still unanswered whether PA frequency will increase or decrease in the future. To 

investigate these changes, a PA identification index is used with a daily varying magnitude 

threshold to identify and analyze the annual occurrence of PAs. In addition to a present-day 

analysis of PAs, high-resolution climate simulations for present and future climates are analyzed. 

The increased model resolution will improve the model representation of PAs through the better 

resolved small scale processes that are an important factor in PA initiation and maintenance. In a 

warmer and moister world, these processes become more prevalent. Thus, there may be a higher 

frequency of PAs dues to more initiation processes and longer-lasting and stronger PAs due to 

the maintenance processes. 

 

1.2. Prior Research 

An atmospheric block, originally defined by Rex (1950), is a phenomenon that 

persistently disrupts the normal eastward progression of weather systems by reversing or 

suppressing the zonal flow. These events are most likely to form where climatological flow is 

relatively weak and diffluent, which occurs downstream of the mid-latitude storm tracks on the 

eastern side of the Pacific and Atlantic Ocean basins (Rex 1950; Dole and Gordon 1983). 

Positive PAs, not dynamically synonymous with blocks, are associated with each block. Dole 

and Gordon (1983, hereafter DG83) define a PA as a height anomaly that meets a fixed 

magnitude threshold and persists for a specified duration. This definition does not require the 

identification of a reversal or suppression in the zonal flow by identifying a gradient reversal in 

the height field or potential vorticity (PV) gradient like many blocking definitions (e.g., Tibaldi 

and Molteni 1990, hereafter TM90; Pelly and Hoskins 2003).  
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There are several different means of identifying blocks, and here we will illustrate why 

we selected the approach of Dole and Gordon (1983).  Figure 1 provides an example of a PA 

event without a persistent gradient reversal in the height field that would therefore not be fully 

identified as a block according to many definitions, specifically TM90. Although not a block, 

this PA event contributed to anomalous warm conditions in the western U.S. during the winter of 

2015 (NOAA NCEI National Climate Report for February and March 2015). With the PA 

approach, this event is identified 5 days before the maximum gradient reversal, which occurs 

when the event is at or nearing peak magnitude (Fig. 1.1c). Requiring the existence of a gradient 

reversal in this case would prevent one from identifying the initiation of the event; the PA 

approach of DG83 captures the entire lifecycle of the PA event and thus provides the opportunity 

to understand its initiation, evolution, and demise. In addition to DG83, another anomaly-based 

index, based on PV, is that of Schwierz et al. (2004). This index also captures the entire lifecycle 

without the requirement of a gradient reversal as it identifies the PA with the vertically averaged 

PV to capture the vertical structure and anomaly near the dynamic tropopause (Schwierz et al 

2004; Croci-Mospoli et al. 2007). 

In addition to the identification of blocking PAs, shifts in the jet and poleward extensions 

of anticyclones are also identified in the PA approach of DG83 (Barriopedro et al. 2010, 

hereafter BGT10). For more information on different identification methods, see BGT10 who 

provide an overview of several identification techniques, strengths and weaknesses of the most 

common methods (e.g. DG83; TM90), and introduce their own novel detection of blocks as a 

combination of methods. Throughout the remainder of this paper, block and PA are used 

interchangeably, although we recognize that PA is a broader term that includes some features 

which do not correspond to the traditional definition of blocks. 
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To identify a height anomaly as a PA, the DG83 identification method requires a 

magnitude and duration threshold. Those defined in DG83 are fixed thresholds applicable to only 

winter months. When applied to all seasons, an insufficient number of events are identified for 

all seasons except winter (see Ch. 3), owing to the generally smaller height variability during the 

warm season. To study the annual occurrence of PAs with a representative number of PAs for all 

seasons, a variable threshold that is applicable to all seasons is needed. The identification 

methods developed by BGT10, combine those of TM90, Pelly and Hoskins (2003), and DG83. 

For the PA identification, the magnitude threshold is derived as the 1 standard deviation of the 

daily height anomaly for a monthly threshold. Dunn-Sigouin and Son (2013) use similar methods 

as BGT10 and increase the threshold to 1.5 standard deviations. For a continuous identification 

of annual PAs, this study extends the monthly magnitude threshold to a daily-varying threshold. 

For the comparison of varying magnitude PAs, the standard deviation magnitude threshold can 

be adjusted to any standard deviation. Additional information about the identification index used 

in this study can be found in Chapter 2. 

There is no universal theory to describe the entire lifecycle of a PA or blocking event. 

This is due to the many different process that are involved that vary from event, geographical 

location, and by scale of processes and their interactions. Positive PA events are characterized by 

the poleward extension of subtropical air and relatively low PV which sets up an anticyclonic 

ridge in the mid-latitude jet stream (Hoskins 1997; Pelly and Hoskins 2003). Involved in PA 

onset and maintenance are both high-frequency transient synoptic eddies and low-frequency 

Rossby wave train dynamics (Nakamura et al. 1997). Upstream of a PA is a quasi-stationary 

wave train which provides the convergence of wave activity into the blocking ridge (PA) while 

divergence of wave activity from the ridge occurs downstream (Stewart 1993; Nakamura 1994). 
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High-frequency transient eddies act to maintain and amplify the PA by promoting further wave-

breaking and reinforcing the anticyclonic anomaly (Altenhoff et al. 2008). For example, Pfahl et 

al. (2015) show that in addition to the advection of low PV, eddies are responsible for releasing 

latent heat from cloud formation into the blocking region, which is an important factor in PA 

formation and maintenance. Additionally, an extratropical cyclone or tropical cyclone that is 

recurving or transitioning can initiate and reinforce a PA (e.g., Colucci 1985; Jones et al. 2003; 

Torn 2010). Eventually, the reinforcing processes end and the PA dissipates. 

Current GCMs struggle to adequately simulate present day PAs. Although the present-

day representation of PA frequency is under or over-estimated in regions, there is confidence in 

the spatial pattern of the prominent locations which are in general agreement with reanalysis 

datasets (Masato et al. 2014). There is still an inconsistent conclusion about future PA changes. 

There are studies that find the future PA frequencies will decrease for the Northern Hemisphere 

(Sillmann and Croci-Maspoli 2009; Matsueda et al. 2009; Dunn-Sigouin and Son 2013; de Vries 

et al. 2013; Masato et al. 2013, 2014; Matsueda and Endo 2017). For example, Masato et al. 

(2013) describe a 30% decrease in winter blocking days over Europe with no decrease on the 

eastern side (Russia or Ural blocking region). During summer, the European decrease is 

accompanied by an eastern increase. This suggests an eastward shift which is identified by other 

studies to occur in both summer and winter (e.g., Matsueda et al. 2009; Dunn-Sigouin and Son 

2013). Matsueda et al. (2009) describe this projected eastward shift in the Atlantic/European 

region and in the Pacific. Changes in PA (and blocking) frequency are directly related to the 

mean flow (e.g., de Vries et al. 2013). de Vries et al. (2013) suggest that the eastward shift is 

explained by the increased downstream variance from a stronger, more eastward extending jet 

stream which promotes further wave-breaking and PAs downstream. It is important to note that 
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these studies may find an overall decrease in future PA frequency, but the results are more 

complex and vary by geographical location, season, and identification method used (Woolings et 

al. 2018). 

Alternatively, there are results that suggest more persistent circulation patterns with 

warming due to Arctic amplification (Honda et al. 2009; Francis et al. 2009; Overland and Wang 

2010; Francis and Vavrus 2012, 2015). The Arctic has warmed significantly more than the rest 

of the Northern Hemisphere due to positive feedbacks involving sea ice loss from increased 

greenhouse gas emissions (e.g., Screen and Simmonds 2010; Stroeve et al. 2012). This warming 

decreases the latitudinal temperature gradient which in return slows the upper level winds 

(Francis and Vavrus 2012, 2015). Francis and Vavrus (2012) show that due to Arctic 

amplification the eastward progression of Rossby waves is slower because of weakened zonal 

winds and increased wave amplitude which cause mid-latitude weather patterns to be more 

persistent, thus providing a mechanism for an increase in extreme events associated with 

persistent weather conditions (PAs). 

The explanation for projected changes is still unclear and model improvements are 

necessary to better simulate present and future PAs. Such improvements include increased 

horizontal and vertical resolution, elimination of sea surface temperature bias, improved 

parameterizations, and better representation of orography (Woolings et al. 2018 and references 

therein). Although low-resolution GCMs adequately simulate the Pacific PA region, albeit with 

some overestimation, the Atlantic PA region is still largely underestimated; higher resolution is 

likely required to best simulate the Atlantic (Matsueda et al. 2009). This discrepancy in 

representation suggests different dynamics between the two PA regions. Nakamura et al. (1997) 
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show that low-frequency wave activity plays a more important role in the Atlantic PA region and 

high-frequency eddies play a more important role in the Pacific. 

 

1.3 Thesis Outline 

Chapter 2 describes the data used, the persistent anomaly identification index, and 

additional analysis techniques. Chapter 3 presents the present-day analysis of persistent 

anomalies and Chapter 4 provides the results of projected future changes. Chapter 5 summarizes 

the results and provides concluding remarks and ideas for future work. 
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Figure 1.1. Lifecycle of a PA event that occurred in the Pacific, Feb.–Mar. 2015. (a) Hovmoller 

diagram of the identified PA (contoured orange and purple) and gradient reversal (shaded green) 

using TM90 methodology. (b-d) Snapshots of the event: (b) start of event, Feb. 21st, (b) peak 

magnitude, Mar. 1st, (d) last day of event, Mar. 20th. Contoured in black every 60m is the 500-

hPa geopotential height and shaded is the 500-hPa geopotential height anomaly (m). 
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2. Data and Methods 

2.1. Data 

For the current climate analysis, I use the European Centre for Medium-Range Weather 

Forecasts (ECMWF) ERA-Interim reanalysis dataset (hereafter ERAI; Dee et al. 2011). The 6-

hourly and daily-average 500-hPa geopotential height field are used from 1 January 1979 to 31 

December 2016, with a grid spacing of ~0.7° x 0.7º. For future changes, I analyze three models 

from the Intergovernmental Panel on Climate Change (IPCC) Coupled Model Intercomparison 

Project Phase 5 (CMIP5; Taylor et al. 2012). The historical (i.e., twentieth century) simulations 

are compared to the ERAI to evaluate how well the models represent present day PAs. The 

chosen CMIIP5 future simulations are those with the high-emission scenario, Representative 

Concentration Pathways 8.5 (RCP8.5). Future results are compared to the respective general 

circulation models’ present-day climate (GCMs; Table 2.1). These models were chosen because 

of their relatively high resolution compared to other models with daily 500-hPa geopotential 

height available.  

Additionally, high-resolution model simulations from the Model for Prediction Across 

Scales (MPAS; Michaelis et al. 2019) are used to analyze future PA changes with climate 

change. Analyzed are twenty (10 current climate runs and 10 future climate runs) 12-month 

simulations on a 0.15° latitude-longitude grid. The dates of these simulations are included in 

Table 2.1. The initial spin up time of the simulations have been excluded from this analysis. 

MPAS future climate simulations use altered sea surface temperatures (SSTs) and increased 

carbon dioxide concentrations based on the IPCC Fifth Assessment Report (AR5) RCP 8.5 

emissions scenario. 
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Daily height anomalies are defined as the departure from a climatological mean 

calculated as the 38-year (1979-2016) daily-average geopotential height for every grid point. 

Once this daily average is computed, a 5th-order Butterworth 8-week low pass filter (Robertson 

and Dowling 2003) is applied to remove high frequency variations and obtain a smooth day-to-

day annual cycle (Fig. 2.1a). The filter response function is included in Figure 2.1b. Figure 2.2 

displays all models’ respective filtered daily-average 500-hPa geopotential height for both 

present and future simulations. To remove potential contamination from trends introduced by 

changes in the background climate over the past 38 years, the heights are detrended over the 

period of the record with trend corrections derived at each grid point from the least-squares 

regression line of the daily heights (01 Jan 1979, 01 Jan 1980, etc.). The 38-year daily-mean for 

each grid point is then subtracted from the trend lines: 

TrendCorrection = TrendLine – Mean (1) 

and the Butterworth filter is applied. The detrending process of a single grid point (45°N, 0°E) is 

illustrated in Figure 2.3, and the comparison of the original and detrended geopotential height 

fields for three years representing the start, middle, and end of the time series (01January 1979, 

1998 and 2016) is shown in Figure 2.4. From Figure 2.4, the trend correction magnitude is time 

and location dependent, with heights near the start of the time series being increased toward the 

mean and heights at the end of the time series decreased. Heights near the middle of the time 

series obviously require little to no trend correction. Lastly, the daily height anomaly is 

normalized by latitude as in DG83 to eliminate the bias toward high latitudes, and to better 

represent atmospheric energy dispersion as motivated by Hoskins et al. (1977). The daily height 

anomalies are calculated as follows: 

𝐴𝑛𝑜𝑚𝑎𝑙𝑦 =  
sin(45°)

sin(𝜑)
[(𝑍 − 𝑇𝑟𝑒𝑛𝑑𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛) − 𝐶𝑙𝑖𝑚𝑎𝑡𝑒]. (2) 
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Where Anomaly is the calculated daily height anomaly, 𝜑 is the latitude of the grid point, Z is the 

daily geopotential height, TrendCorrection is the daily trend correction, and Climate is the 365-

day daily-average climatology.  

All methods described above are applied to the CMIP5 models, but for the 30-year period 

of 1 January 1976 to 31 December 2005 and 1 January 2071 to 31 December 2100 for the 

historic and future simulations, respectively. While the MPAS simulations do not span a 

continuous ten years, the above methods are still applied to the respective ten years, except the 

MPAS data are not detrended. For a more direct comparison, the ERAI climate, 500-hPa 

geopotential height anomalies, and magnitude threshold described in the next section are 

calculated with the same ten years as the current MPAS simulations. All calculations and the 

application of the PA identification are applied to the Northern Hemisphere (NH) poleward of 

20°N to avoid discontinuity around the equator. 

 

2.2. Identification Index 

To identify whether or not an anomaly in the geopotential height field can be considered 

a PA, a magnitude and duration threshold must be determined and applied to the time series. In 

this study, we derive the PA magnitude threshold from the daily geopotential height anomaly 

standard deviation (38-year for ERAI, 30-year for CMIP5, and 10-year for MPAS). The standard 

deviation is calculated for each day with a 4-week window centered on the day of interest (29-

days). To obtain a single daily magnitude threshold that can be applied to all latitudes, the 

standard deviation is averaged over the NH (20-90°N; Fig. 2.5a). Alternatively, rather than being 

averaged over the NH, the magnitude threshold can be calculated at every grid point or averaged 

over a more-specific region of interest. However, the latter would define thresholds applicable 
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only to that particular region, hence anomalies of different regions could not be effectively 

compared. Therefore, by using the NH average magnitude threshold, we utilize the simplest, 

most computationally efficient method to analyze PAs in any location. The magnitude threshold 

for the MPAS 10-years (and comparable 10-year ERAI) requires an additional filter (5th-order 

Butterworth filter previously described) to smooth the dates for a continuous annual cycle which 

is not initially obtained because of the discontinuous time series (Fig. 2.5b). 

An anomaly at a single grid point that is equal to, or greater than, the daily NH n-standard 

deviation and persists for at least d-days (n = ±0.5, 1.0, 1.5…, d = 5, 6, 7, 8…) is identified as a 

PA. This method differs from DG83 by using a daily-varying threshold instead of set values only 

applicable to winter months (Fig. 2.5). Therefore, with a daily-varying threshold I am able to 

detect a more general set of PAs over all seasons. The analysis presented here will focus on PA 

days (per year) identified as anomalous at 2σ (compared to the 200-m fixed threshold, as used by 

DG83; Fig. 2.5) and persist for at least 5 days, unless stated otherwise. This magnitude threshold 

was chosen to identify extreme PA events and the use of the 2σ magnitude threshold gives the 

clearest spatial representation of PAs (other σ not shown). 

A PA event is identified as the groups of grid points that meet the PA criteria, with 

centroids within 2,000-km of each other, and occur simultaneously or consecutively up to 1 day. 

Centroids are taken as the three-dimensional (latitude x longitude x time) center of mass for the 

binary grouping of PA grid points. Once PA events have been identified event characteristics 

such as the event centroid, duration (days), mean event magnitude (m), maximum and minimum 

magnitude (m), and the event average spatial extent (km2) can be calculated. For the seasonal 

analysis of PAs, the three-month meteorological seasons are used (e.g., DJF and JJA). A PA 

event is assigned to a season based on the occurrence of the first day of the event. This 
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identification index can be applied to any dataset and to the Southern Hemisphere with the 

appropriate sign changes.  

 

2.3. Region Definition 

Figure 2.6 displays the regions used for a regional analysis of PAs. These regions are 

drawn to capture the locations of maxima in the spatial extent of PA days per year (described in 

Chapter 3; Fig. 3.1a–b). These regions include the Pacific Ocean (30-74°N, 150°E -120°W), the 

Atlantic Ocean and European continent (45-74°N, 90°W-30°E), Russia (45-74°N, 30-100°E), 

and the Arctic (74-90°N). Events are defined to occur in a certain region when their centroid is 

within these boundaries. The Arctic captures high latitude events that extend beyond the other 

regions as well as the events that occur over the Arctic maximum in PA days per year (Fig. 3.1a–

b). To get a better understanding of Arctic events a more confined region is drawn to select 

events for compositing (see next section). 

 

2.4. Arctic Summer Event Composite 

To further analyze the summertime Arctic PA maximum (see Chapter 3 for more details; 

Fig. 3.2.c), JJA +PA events are composited to get an idea of the structure and lifecycle of these 

events. There are 79 total JJA Arctic events (centroid within 74-90°N), 33 of which are within 

the more confined region over the PA days per year maximum (Fig. 2.6). Events with a spatial 

extent less than or equal to 3.7 x 104 km2 (8th percentile of 33 events) are removed (3 events). 

Additionally, three more events are subjectively removed based on their PA location. These 

events occur on the boundary of the defined region and the positive anomaly pattern is outside 

the region with a negative anomaly occurring within the region. Table 2.2 lists the remaining 27 
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events that are composited. Figure 2.7 displays three of the selected events. All three of these 

events show the desired positive anomaly over the confined Arctic region. Event #13 (Fig. 2.7a) 

has the largest spatial extent of all 27 events and event #6 (Fig. 2.7b) has the smallest spatial 

extent. 

In addition to the 500-hPa geopotential height and anomaly, the 300-hPa geopotential 

height, sea level pressure (SLP), and U-, V-winds, and potential temperature () on the dynamic 

tropopause (2 PVU) are used from the ERAI. The 300-hPa geopotential height and  anomalies 

are calculated as described above for the 500-hPa geopotential height anomaly, except  is not 

detrended. Additionally, the meridional component of -anomaly advection is computed and 

composited to analyze the poleward transport of high -anomaly (low PV) in to the event region. 

The composites are constructed by averaging the variables in time over the entire event 

duration or for the day of interest from each event. Calculated are the composites for the first day 

of each event, the day of peak magnitude, and the last day of each event. Also calculated are 5, 3, 

and 1 days prior to the first day of each event. The first day of the event is identified as the first 

occurrence of the identified PA. Similarly, the last day is identified as the last occurrence of the 

PA. The peak magnitude is calculated from the event average anomaly (mean magnitude) 

calculated for each day of the event; the occurrence of the maximum event average anomaly is 

the day of peak magnitude. Composite results are presented in Chapter 3. 
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Table 2.1. Data and model summary including affiliation, available dates, and grid spacing. 
 

Model Affiliation Present Dates Future Dates Grid 

Reanalysis         

ERA-Interim 

European Centre for 
Medium-Range Weather 
Forecasts, United 
Kingdom 

Jan 1, 1979 -       
Dec 31, 2016 

 0.7 

CMIP5         

MIROC5 

Atmosphere and Ocean 
Research Institute (The 
University of Tokyo), 
National Institute for 
Environmental Studies, 
and Japan Agency for 
Marine-Earth Science and 
Technology, Japan 

Jan 1, 1950 -       
Dec 31, 2009 

Jan 1, 2006 -       
Dec 31, 2100 

1.4 

CMCC-CM 

Centro Euro-
Mediterraneo sui 
Cambiamenti Climatici, 
Italy 

Jan 1, 1950 -       
Dec 31, 2005 

Jan 1, 2006 -       
Dec 31, 2100 

0.75 

MPI-ESM-MR 
Max Planck Institute for 
Meteorology, Germany 

Jan 1, 1950 -       
Dec 31, 2005 

Jan 1, 2006 -       
Dec 31, 2100 

1.88 

MPAS         

MPAS 

National Center for 
Atmospheric Research, 
USA & North Carolina 
State University, USA 

May 15 - May 14, 
1988-89, 1992-93, 
1994-95, 1997-98, 
2001-02, 2005-06, 
2010-11, 2013-14, 
2015-16 

May 15 - May 14, 
2088-89, 2092-93, 
2094-95, 2097-98, 
2101-02, 2105-06, 
2110-11, 2113-14, 
2115-16 

0.15 
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Table 2.2. Event list of Arctic JJA composited events. 

 
  

 Start Date  End Date Duration 
 Year Month Day  Year Month Day Days 
1 1979 7 21  1979 8 2 13 
2 1980 7 14  1980 7 18 5 
3 1985 6 3  1985 6 16 14 
4 1990 8 3  1990 8 9 7 
5 1990 8 13  1990 8 25 13 
6 1991 6 8  1991 6 13 6 
7 1991 8 31  1991 9 11 12 
8 1992 6 24  1992 6 30 7 
9 1993 7 6  1993 7 10 5 
10 1995 7 3  1995 7 8 6 
11 1997 7 3  1997 7 7 5 
12 1999 7 17  1999 8 3 18 
13 1999 8 5  1999 8 18 14 
14 2000 7 27  2000 8 2 7 
15 2000 8 24  2000 8 31 8 
16 2002 8 3  2002 8 11 9 
17 2005 7 18  2005 8 1 15 
18 2006 7 2  2006 7 10 9 
19 2007 6 5  2007 6 16 12 
20 2007 7 15  2007 7 24 10 
21 2008 8 8  2008 8 15 8 
22 2009 6 29  2009 7 11 13 
23 2010 6 16  2010 6 29 14 
24 2011 7 3  2011 7 12 10 
25 2012 6 4  2012 6 11 8 
26 2013 7 9  2013 7 15 7 
27 2014 8 5  2014 8 17 13 
 1 
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Figure 2.1. Filtered geopotential height climatology example and filter response. (a) Daily 

average 500-hPa geopotential height (ERAI) filtered and unfiltered. (b) Filter response function 

of the 5th-order Butterworth 8-week low pass filter. The average geopotential height filtered 

(lighter dashed line) and unfiltered (darker solid line) for a single grid point (45°N, 0°E, orange) 

and for the NH (20-90°N, blue). 
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Figure 2.2. Daily geopotential height NH average climatology for each dataset. Daily-average 

500-hPa geopotential height, NH average daily climate filtered with the 5th-order Butterworth 8-

week low pass filter for the ERAI and other models for both present (solid line) and future 

(dashed line) simulations. 
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Figure 2.3. Detrending illustration of a single grid point (45°N, 0°E) for 01-Jan. (a) Least-

squares regression line for the daily geopotential height values each year (black line) and the 

mean (blue dashed line) of these values used to calculate the (b) trend correction (green line) 

which is the difference between the trend line and the mean. (c) The trend correction is then 

subtracted from the original geopotential height values (black dots) and the detrended (red line) 

geopotential height values (red dots) are obtained. 
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Figure 2.4. Detrended geopotential heights compared to original heights at start, middle, and end 

of timeseries (ERAI). Original (dashed line) and detrended (solid line) 500-hPa geopotential 

heights contoured every 60 m, for 01 January 1979, 1998, and 2016. Shaded is the difference 

between the trended and detrended heights contoured every 10 m. 
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Figure 2.5. Derived magnitude thresholds for each dataset. NH daily average 500-hPa 

geopotential height anomaly standard deviation used as the MDG magnitude threshold derived 

from each respective model, present (solid line) and future (dashed line), with the original DG83 

set threshold of 200 m (green dashed line). (a) CMIP5 models (30-years) and ERAI (38-years), 

(b) MPAS (10-years) and ERAI (10-years). 
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Figure 2.6. Region definitions. Region boundaries (black) and region used for the Arctic JJA 

event composites (blue). MDG +2σ PA days per year contoured every 2-days per year as in 

Figure 3.1a. 
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Figure 2.7. Example events for the Arctic JJA composites. (a–c) Event numbers 13, 6, and 17, 

from Table 2.2, respectively. Shaded is the 500-hPa geopotential height, outlined in green is the 

total spatial extent of the PA, and contoured is the 500-hPa geopotential height every 60 gpm, 

each averaged over the entire duration of the respective event. 
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3. Results I: Present Day Climatology of Persistent Anomalies 

The use of a daily-varying magnitude threshold allows for a complete climatology of 

annual PAs, unlike the fixed magnitude threshold used in DG83 which is only applicable to 

winter months due to the observed higher standard deviation (Fig. 2.5). Summer months, when 

lower standard deviation is observed, require a lower magnitude threshold to identify a 

representative number of PA events; these events can be considered equivalently “dynamically 

anomalous” when defined in this manner. Even when a lower threshold is applied to account for 

lower standard deviations, the set threshold identifies a disproportionate number of events for 

each season. High impact PA events are not unique to winter months. For example, summer heat 

waves, like the 2010 Russian heat wave (e.g., Matsueda 2011), are associated with PAs that do 

not meet the same magnitude criteria as winter PAs. The maximum magnitude observed for the 

PAs associated with the Russian heat wave is 193 gpm, which are identified with the 2σ 

magnitude threshold (not shown). This does not meet the smallest threshold of 199 gpm (Dec. 

1st, 2σ; Fig. 2.5a) for the winter daily magnitude thresholds. Thus, a seasonally varying threshold 

is necessary. 

This chapter presents the results of the new modified Dole and Gordon (1983) PA 

identification index (hereafter MDG) for the present climate derived from the reanalysis dataset 

(ERAI). These results are compared to the original set threshold identification index (DG83) to 

which modifications were made. 

 

3.1. Spatial Frequency 

With MDG, four regions of maxima in PA days over the 38-year time series are observed 

(Fig. 3.1a–b). These include the Pacific, Atlantic, Russia (Ural), and Arctic regions. The Pacific, 
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Atlantic, and Russian regions have all been previously identified (e.g., DG83). However, the 

Arctic region is a newly identified region only discernable with anomaly-based indices (e.g., 

DG83; Schwierz et al. 2004) and not discernable with gradient reversal indices (e.g., TM90) and 

will be discussed more later in this chapter. With the MDG index, the Pacific local maximum is 

observed south of the Aleutian Islands and stretches from 150°E–120°W, east of Japan to the 

West Coast of North America (Fig. 3.1a–b). The Atlantic local maximum occurs south of 

Iceland. This region stretches from Eastern Europe, over Greenland, to Northern Canada, 90°W–

30°E. The Atlantic maximum continues eastward over Europe and into Russia where another 

local maximum is observed at about 60°N, 50°E. These three regions were also identified by 

DG83 (Fig. 3.1c–d; their Fig. 2). The Arctic maximum is located north of Siberia and extends 

westward around the Pole (Fig. 3.1a–b).  

In comparison to positive PAs (+PAs), the regions of maxima for negative PAs (–PAs) 

have less latitudinal spatial extent and smaller magnitudes of PA days (Fig. 3.1b). The Pacific, 

Atlantic, and Russian –PA regions are located equatorward of the +PA regions where the 

negative anomaly is easier to be anomalous; the Arctic ±PA regions are in the same position. 

Additionally, all regions of high ±PA days per year are collocated with regions of high standard 

deviation; there are no observed points with a high number of PA days and low standard 

deviation (Fig. 3.1a–b). 

Seasonally, the regions of ±PA day maxima vary in magnitude, spatial extent, and 

location, like the seasonal varying standard deviation (Figs. 3.2–3.3). Figures 3.2–3.4 display the 

seasonal breakdown of ±PA days per year for MDG and DG83 (DJF only).  Compared to MDG, 

the set-threshold (DG83) captures more ±PA days in DJF, particularly in the Pacific, and 

produces a smaller magnitude in the Atlantic and into Russia (Fig. 3.4).  
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The Pacific +PA day region has a broad meridional extent which is most expanded in 

DJF and most contracted in JJA (Fig. 3.2). Here, the +PA region matches the extent of the region 

of maximum standard deviation, but the –PA region does not follow the same expansion and 

shifts north and south. The –PA region is the farthest south in DJF and the farthest north in JJA 

(Fig. 3.3). The Atlantic PA region is more zonally elongated with the farthest westward extent 

occurring in DJF for both ±PA days. The Atlantic +PA region extends northwest over Greenland 

and into Northern Canada and the –PA region extends southwest. The zonal extent of the 

Russian region also varies from season-to-season; it extends the farthest west in SON, when it 

identifies the most PA days. The Russian region experiences very few –PA days except for its 

maximum in SON (Fig. 3.3d). The Arctic maximum is observed in JJA with ±PA days being 

collocated (Figs. 3.2–3.3c). Comparing all PA regions identified by MDG to those identified by 

DG83, the DJF regions are similar between the two methods (Fig. 3.4); however, DG83 

identifies a very small number of events in MAM and SON (not shown) and identifies almost no 

events in JJA (not shown), as expected. 

 

3.2. Event Characteristics 

3.2.1. Duration 

There is an exponential decrease in the number of events with increasing duration (Table 

3.1). Generally, –PAs have a steeper slope (i.e., more short-duration events), which is to be 

expected since –PA events are less persistent than +PAs (Dole 1982; DG83). The exceptions are 

the Arctic and Russian annual events where the slopes for ±PAs are the same for the Russian 

region and the slope for +PAs is steeper than –PAs in the Arctic (i.e., more long-duration –PA 

events). Seasonally, you would expect more long-duration events to occur in DJF and fewer in 
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JJA; this is the case for +PA events in the Pacific, Atlantic, and Russia, but not in the Arctic. In 

the Arctic, there are more short-duration ±PA events in DJF and more long-duration ±PA events 

in SON and JJA. For –PA events, more long-duration events occur in SON and JJA for all 

regions. 

The Arctic experiences the most long-duration (>25-days) –PA events compared to all 

other regions; this accounts for about 61% of all long-duration –PA events and nearly all occur in 

JJA (Fig. 3.5b). Conversely, long-duration +PA-events occur in the mid-latitudes, specifically 

the Pacific and Atlantic regions in SON and DJF (Fig. 3.5a). 

 

3.2.2. Magnitude 

Event magnitude is taken as the average magnitude over the entire event lifetime and as 

the minimum and maximum value that occurs during the event. –PA event magnitude values are 

taken as the absolute value, so the minimum and maximum values are reversed to match the +PA 

values. Figure 3.6 displays the distribution of each magnitude quantity, colored by season. The 

seasonal distribution shows the seasonal difference in the daily-varying magnitude threshold, 

with the lowest magnitude values occurring in JJA, middle in MAM and SON, and the highest 

values in DJF. The minimum magnitude quantity reflects the seasonal dependency of the 

magnitude threshold values the most since a grid point dropping below the daily threshold would 

no longer be considered a PA (Fig. 3.6a–b). Both the mean and minimum magnitude quantities 

have a bimodal distribution (Fig. 3.6c–f). The bimodal peaks are made up of peaks that occur 

seasonally at these values, also owing to the magnitude threshold, with the lower peak consisting 

mostly of JJA events, and the higher peak consisting of DJF events (MAM and SON for the 

mean magnitude second peak). The maximum magnitude displays a more normal distribution 
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with the lower end reflecting smaller magnitudes observed in JJA and higher values observed in 

DJF. Here, the –PA events are shifted slightly more toward larger magnitude values with more 

+500 gpm events in DJF. 

Figure 3.7 displays the event maximum magnitude distribution by region, again colored 

seasonally, where the seasonal distribution reflects the seasonal varying standard deviation from 

which the magnitude threshold is derived. The Pacific is shifted toward higher magnitude values 

compared to all other regions. This is due to the higher standard deviation observed in the Pacific 

for nearly all seasons (Fig. 3.2). The Pacific and Atlantic regions see more high magnitude 

events compared to the Russian and Arctic regions. Again, it is apparent that the Arctic is 

dominated by JJA events. Although the Arctic experiences a peak in events in JJA, the highest 

magnitudes are still reached in DJF.  

To compare event duration with event magnitude, Figure 3.8 displays duration versus 

maximum magnitude. There is a positive correlation for all seasons and regions (Table 3.2), 

indicating long-duration events acquire a higher magnitude, and vice versa (DG83). For instance, 

the Arctic JJA –PA long-duration (>25-days) events reach a higher magnitude than the short 

duration (< 25-days) events (r = 0.63; Fig. 3.9). 

 

3.2.3. Spatial Extent 

The spatial extent is calculated for each time step of the event and then averaged over the 

duration of the event, so the spatial extent is not biased toward mobile events. Overall, –PA 

events experience smaller spatial extents than +PA-events (Fig. 3.10). The Pacific PA region 

experiences the largest ±PA events, specifically the most +300 x106 km2 events compared to any 

other region, experienced in DJF. The Atlantic region also experiences a substantial number of 
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large events. The Russian and the Arctic regions still experience some large area events, but 

there are far fewer comparatively. The Arctic experiences the least amount of large spatial extent 

events and experiences the smallest events compared to all other regions (determined from 5th 

and 95th percentiles; Table 3.3). Seasonally, DJF experiences the most large spatial extent events 

for both ±PA events, and JJA experiences the least (Table 3.4). However, this is not true for the 

Arctic which experiences the most large spatial extent +PA events in SON, the least in MAM 

and DJF, and –PA the most events in DJF and least in MAM (Table 3.4). 

There is a high density of short-duration events with a small spatial extent for all regions 

(Fig. 3.11). Short-duration (<25-days) events still have a wide range of spatial extents (i.e., not 

all short duration events have a small extent). Moreover, the long-duration Arctic JJA –PA 

events have a comparable size range to all other –PA Arctic events (Fig. 3.11). There is a 

tendency (positive correlation) for events with a higher magnitude to also have a larger spatial 

extent for all regions (Table 3.5). There is a higher density of small-scale events having a lower 

or middle range magnitude; this is especially apparent with –PA events (Fig. 3.12). Overall, +PA 

events have a larger spatial extent range than –PA events and the spatial extent range of DJF is 

larger than JJA. However, in the Arctic, +PA JJA events have a slightly larger range than DJF 

events. 

 

3.3. Discussion 

Discussed in this chapter are the MDG results obtained from the ERAI. Results include 

the analysis of the spatial frequency of ±PA days per year and a breakdown of event 

characteristics. With a daily-varying magnitude threshold, a more accurate annual representation 

of PAs is identified. Compared to DG83, similar regions of maxima for DJF are identified 
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including the Pacific, Atlantic, and Russian regions. An additional summertime maximum in the 

Arctic is identified which is only apparent with anomaly-based identification methods. More 

discussion of the Arctic maximum is provided in the next section. 

There is an exponential decrease in the number of events with increasing duration (i.e., 

there are more short duration events; Table 3.1). Generally, –PAs have more short-duration 

events since these events are more likely to be interrupted by synoptic transients (Dole 1982; 

DG83). Interestingly, the Arctic experiences more long-duration –PA events than +PA events, 

and more than any other region (Fig. 3.5b). Overall, the most long-duration events occur in the 

region’s peak season (i.e., DJF for the Pacific and Atlantic, SON for the Russian, and JJA for the 

Arctic region; Table 3.1). 

The distribution in event magnitude reflects the seasonally varying magnitude threshold 

with the highest values occurring in DJF and the lowest values occurring in JJA for all regions 

(Figs. 3.6–3.7). The Pacific experiences the highest magnitude events of any other region (Fig. 

3.7). This is due to the Pacific having the highest standard deviation of any other regions for all 

seasons (Fig. 3.2). There is a positive correlation toward long-duration events having a higher 

magnitude (Table 3.2) and events with higher magnitudes having a larger spatial extent (Table 

3.12). Thus, the longer the PA event the larger the magnitude and spatial extent, or the stronger 

the PA the longer it will persist and the larger it will be. The season of maximum PA frequency 

for each region is generally the season with the longest, strongest, and largest events. 

 

3.3. Arctic Analysis 

With MDG PA identification, a new maximum in ±PA days appears in the Arctic during 

JJA (Figs. 3.2–3.3c). This region has interesting event characteristics compared to the more 
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commonly observed regions of maxima (i.e., Pacific and Atlantic). The Arctic experiences a 

maximum in ±PA days per year in JJA which is also collocated with a maximum in standard 

deviation. During this seasonal PA maximum, like other regions, more long-duration events 

occur. Interestingly, the most long-duration (>25-days) –PA events occur in the Arctic during 

JJA compared to all other long-duration events of the NH (Fig. 3.5b). Conversely, nearly no 

long-duration +PA-events occur in the Arctic (Fig. 3.5a). This region experiences its largest 

range in sizes during JJA, but these events are comparatively smaller in spatial extent relative to 

other regions (Tables 3.3–3.4; Fig. 3.10). 

A region of higher standard deviation in the Arctic has been identified in the literature as 

a standard deviation maximum at the 500- and 700-hPa level (Blackmon et al. 1984; Barnston 

and van den Dool 1993). Common blocking identification indices that require the identification a 

gradient reversal do not capture this region of maximum (e.g., TM90). This is because the focus 

has generally been on the midlatitude storm tracks and on DJF events. DG83 analyze only DJF, 

but there is some identification of PA days around the North Pole (Fig. 3.1c–d; their Fig. 2). The 

Arctic maximum was not more apparent because their analysis excluded JJA. More recently, this 

maximum in the Arctic region has been studied by Pfahl et al. (2015), who use the PV-anomaly 

detection methods of Schwierz et al. (2004). Interestingly, these authors identify a discrepancy 

between the ERA-40 and ERAI, where with the same method the Arctic maximum is not 

identified in the ERA-40 (Pfahl and Wernli 2012). This maximum is also apparent in Dunn-

Sigouin and Son (2013) using a combination of DG83 and TM90 identification methods. This 

region of PAs is becoming more apparent, but there has been little discussion about the nature of 

the PAs in this region to date.  Here, we address this deficiency by analyzing the Arctic PA 
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maximum via a composite analysis of 27 (of 79) JJA Arctic +PA events (see Section 2.4 for a 

description of the composite creation). 

The first day, day of peak magnitude, and the last day of the 27-event composite is 

displayed in Figure 3.13. At peak magnitude, there is a strong positive anomaly located over the 

region of the observed maximum PA days (Figs. 3.2–3.4c) with closed geopotential height 

contours (500- and 300-hPa; Fig. 3.13, b and e). This feature is apparent in the 500-hPa 

geopotential height anomaly field and as a positive dynamic tropopause (2 PVU) Ɵ-anomaly; it 

is also collocated with a center of high SLP. These PA events are vertically stacked, suggesting 

an equivalent barotropic structure.  

On the composite first day, there is positive 500-hPa geopotential height anomaly and 

dynamic tropopause Ɵ-anomaly (e.g., low PV) collocated with the identified PA (Fig. 3.13, a and 

d). There is also slightly higher SLP at the surface and a ridge extending poleward over North 

America. It should be noted that the selected events did not all have a ridge extending from 

North America. For example, Figure 2.7c shows one of the selected events with no ridge 

extending over North America. The evolution from the first day to the last displays the anomaly 

strengthen from the first day to peak magnitude, and then weaken through the last day of the 

event (Fig. 3.13). For all time steps, the anomaly is vertically stacked and in the same general 

region. The ridge is most apparent on the first day. 

Days prior (5, 3, and 1) to the event are displayed in Figure 3.14. Here we see the 

evolution of the positive anomaly becoming more apparent in the vicinity of the incipient PA 

event. There is also a slight building or extension of a ridge over North America, most apparent 1 

day prior to the event (Fig. 3.14, c and f). To get a better idea of the origin of these PAs, plotted 

in Figure 3.15 is the event average meridional advection of Ɵ-anomaly on the dynamic 
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tropopause. Regions of positive advection correspond to positive Ɵ-anomaly (low PV) being 

advected poleward. Prior to the PA event, there is no apparent signature of advection of low PV 

(high dynamic tropopause θ) into the Arctic (Fig. 3.16). The strongest signature of Ɵ-anomaly 

advection is on the day of peak magnitude (Fig. 3.15c). Here there is a coupled positive and 

negative area of Ɵ-anomaly advection around the PA, with positive advection on the western 

side and negative advection on the eastern. This couplet is also apparent in the total event 

average (Fig. 3.15a). On the first day there is a small area of positive advection on the eastern 

side of the PA (Fig. 3.15b) and on the last day there is a small area of positive advection now on 

the eastern and western side of the PA (Fig. 3.15d). 

The Arctic region experiences a summertime maximum in PAs that has recently been 

identified with anomaly-based identification methods but lacks more formal investigation and 

discussion. Here, the composite of 27 Arctic summertime events show that these positive 

anomalies are generally vertically stacked throughout their lifetime (Fig. 3.13). There is coupled 

meridional advection of Ɵ-anomaly around the PA at the time of peak magnitude, but there are 

no additional signatures of advection into the area prior to or during the PA event (Figs. 3.15–

3.16). Arctic PAs contribute to the summertime anticyclonic circulation anomalies observed 

during summers with strongly reduced Arctic sea-ice (e.g., Wernli and Papritz 2018). Wernli and 

Papritz (2018) show with backward trajectories that the anticyclones that contribute to the 

circulation anomaly results from the injection of high Ɵ-anomaly (low PV) air masses into the 

Arctic upper troposphere. However, our composites do not show this same advection of low PV 

air in the Arctic during these +PA events (Figs. 3.15–3.16). This is perhaps due to the 

compositing process, which could distort this signal if the source regions vary strongly between 

cases.  In other words, these intrusions of low PV into the Arctic occur at all longitudes, the 
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signal may be lost due to variability between the selected events (Wernli and Schwierz 2006; 

Wernli and Papritz 2018). 
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Table 3.1. Slope of the log of number of events by increasing duration for ±2σ PA events: total, 

seasonal, and regional. 

Slope of Log(#-events) by increasing duration 

MDG ±2σ Region 

(1/PA days) Pacific Atlantic Russia Arctic 

  +PA -PA +PA -PA +PA -PA +PA -PA +PA -PA 

Annual -0.21 -0.24 -0.20 -0.25 -0.21 -0.26 -0.21 -0.21 -0.18 -0.15 

  
 

              
 

  

Seasonal 

DJF -0.19 -0.27 -0.13 -0.22 -0.16 -0.24 -0.14 -0.19 -0.25 -0.14 

MAM -0.23 -0.28 -0.16 -0.23 -0.21 -0.21 -0.17 -0.21 -0.15 -0.12 

JJA -0.22 -0.19 -0.18 -0.18 -0.21 -0.22 -0.18 -0.14 -0.10 -0.09 

SON -0.20 -0.25 -0.16 -0.23 -0.17 -0.20 -0.12 -0.21 -0.09 -0.10 
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Table 3.2. Event duration versus event maximum magnitude correlation coefficient by season for 

both ±PA events. 

Duration v. Max. Magnitude 
Correlation Coefficient 
   

 +PA -PA 

DJF 0.60 0.46 

MAM 0.34 0.32 

JJA 0.49 0.38 

SON 0.53 0.31 
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Table 3.3. Spatial extent percentiles (5th and 95th) of the total number of events for the NH and 

regions. 

Spatial Extent Percentiles (km^2) 

 +PA  -PA 

 5th 95th  5th 95th 

NH 2.31E+04 2.17E+06  1.00E+04 1.20E+06 
      

Pacific 3.01E+04 2.65E+06  1.29E+04 1.47E+06 

Atlantic 2.37E+04 2.07E+06  1.11E+04 1.08E+06 

Russia 2.98E+04 1.94E+06  8.70E+03 1.29E+06 

Arctic 1.65E+04 1.70E+06  6.00E+03 7.25E+05 
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Table 3.4. Spatial extent percentiles (5th and 95th) by season for the NH and regions. 

Spatial Extent Percentiles (km^2), Seasonal 
      

DJF +PA  -PA 

 5th 95th  5th 95th 

NH 2.31E+04 2.81E+06  1.15E+04 1.63E+06 
      

Pacific 4.39E+04 3.21E+06  1.46E+04 1.80E+06 

Atlantic 1.90E+04 2.67E+06  1.47E+04 1.46E+06 

Russia 4.13E+04 2.39E+06  2.10E+04 1.45E+06 

Arctic 1.54E+04 1.54E+06  9.40E+03 1.45E+06 

      

MAM +PA  -PA 

 5th 95th  5th 95th 

NH 3.03E+04 1.95E+06  1.07E+04 1.09E+06 
      

Pacific 2.40E+04 2.29E+06  1.28E+04 1.09E+06 

Atlantic 3.94E+04 1.87E+06  8.18E+04 1.04E+06 

Russia 2.21E+04 2.05E+06  6.10E+03 1.22E+06 

Arctic 5.82E+04 1.53E+06  2.90E+03 5.83E+05 

      

JJA +PA  -PA 

 5th 95th  5th 95th 

NH 1.93E+04 1.61E+06  9.20E+03 8.87E+05 

      

Pacific 2.95E+04 1.74E+06  1.55E+04 9.75E+05 

Atlantic 1.72E+04 1.55E+06  9.20E+03 9.54E+05 

Russia 1.51E+04 1.28E+06  1.06E+04 8.55E+05 

Arctic 9.70E+03 1.72E+06  1.85E+04 6.94E+05 

      

SON +PA  -PA 

 5th 95th  5th 95th 

NH 2.44E+04 2.22E+06  8.20E+03 1.18E+06 

      

Pacific 2.91E+04 2.39E+06  1.01E+04 1.35E+06 

Atlantic 2.23E+04 2.15E+06  7.70E+03 1.12E+06 

Russia 6.49E+04 2.33E+06  8.10E+03 1.39E+06 

Arctic 2.78E+04 2.18E+06  2.60E+03 7.26E+05 
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Table 3.5. Event maximum magnitude versus event spatial extent correlation coefficient by 

region and season. 

Max. Magnitude v. Spatial 
Extent Correlation 
Coefficient 
   

DJF +PA -PA 

Pacific 0.76 0.53 

Atlantic 0.59 0.51 

Russia 0.85 0.69 

Arctic 0.75 0.70 
   

MAM +PA -PA 

Pacific 0.65 0.54 

Atlantic 0.55 0.56 

Russia 0.71 0.63 

Arctic 0.23 0.38 
   

JJA +PA -PA 

Pacific 0.64 0.53 

Atlantic 0.64 0.44 

Russia 0.66 0.61 

Arctic 0.68 0.49 
   

SON +PA -PA 

Pacific 0.65 0.59 

Atlantic 0.66 0.57 

Russia 0.59 0.65 

Arctic 0.68 0.58 
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Figure 3.1. Annual PA days over the 38-year timeseries for both MDG and DG83. Shaded are 

the +PA days per year (red, a and c) and the –PA days per year (blue, b and d) identified with 

(top, a–b) MDG ±2σ with contoured 2σ standard deviation every 20 gpm, and (bottom, c–d) DG 

±200 m. 
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Figure 3.2. Seasonal +PA days over the 38-year timeseries for +2σ MDG. Shaded are the +PA 

days per year (red) with contoured 2σ standard deviation every 20 gpm. 
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Figure 3.3. Seasonal –PA days over the 38-year timeseries for –2σ. Shaded are the –PA days per 

year (blue) with contoured 2σ standard deviation every 20 gpm. 
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Figure 3.4. DJF ±PA days over the 38-year timeseries for ±200 m DG83. Shaded are the +PA 

days per year (red, a) and the –PA days per year (blue, b). 
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Figure 3.5. Centroid location of long-duration (>25-day) ±PA events colored by season. 
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Figure 3.6. Distribution of event magnitudes. Magnitudes include event minimum, mean, and 

maximum (a–b, c–d, e–f, respectively). Colored by season with (top; a, c and e) +PA events and 

(bottom; b, d, and f) –PA events.  
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Figure 3.7. Distribution of event maximum magnitude by region. Colored by season for (left) 

+PA events and (right) –PA events.  
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Figure 3.8. Event duration versus event maximum magnitude. Colored by season for (a) +PA 

events and (b) –PA events. 
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Figure 3.9. Event duration versus event maximum magnitude for Arctic –PA events. Colored by 

season. 
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Figure 3.10. Regional distribution of event spatial extent. Colored by season for (left) +PA 

events and (right) –PA events.  
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Figure 3.11. Event duration versus spatial extent by region. Colored by season for (left) +PA 

events and (right) –PA events.  



   

51 

 

 
Figure 3.12. Event maximum magnitude versus event spatial extent by region. Colored by season 

for (left) +PA events and (right) –PA events.  
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Figure 3.13. Arctic JJA composited +PA events. (a and d) Event day 1, (b and e) peak 

magnitude, (c and f) last day of PA event. (top) Shaded is the 500-hPa geopotential height 

anomaly (gpm), contoured is the 500-hPa geopotential height (solid line, every 60 gpm), and sea 

level pressure (dashed line, every 4 hPa). (bottom) Shaded is the theta anomaly (K) and 

contoured is the 300-hPa geopotential height (every 60 gpm). Contoured (green) is the PA event 

spatial extent. 
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Figure 3.14. Composited days prior to Arctic JJA +PA events. (a and d) 5 days prior, (b and e) 3 

days prior, and (c and f) 1 day prior to event. (top) Shaded is the 500-hPa geopotential height 

anomaly (gpm), contoured is the 500-hPa geopotential height (solid line, every 60 gpm), and sea 

level pressure (dashed line, every 4 hPa). (bottom) Shaded is the theta anomaly (K) and 

contoured is the 300-hPa geopotential height (every 60 gpm). 
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Figure 3.15. Meridional advection of 𝜃 anomaly on the dynamic tropopause. (a) Total event 

composite, (b) day 1, (c) peak magnitude, and (d) last day. Contoured (green) is the PA spatial 

extent. 
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Figure 3.16. Meridional advection of 𝜃 anomaly on the dynamic tropopause days prior to 

composite events. 
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4. Results II: Future Changes 

Given the documented association between PAs and extreme events, it is of interest to 

investigate how PAs may change in a future climate. General circulation models (GCMs) 

provide us with the means to investigate future changes, but often do not adequately represent 

present day PAs (e.g., Woolings et al. 2018). Here, I apply the MDG identification index to three 

CMIP5 models and one set of high-resolution simulations (MPAS; Table 2.1); previous work has 

suggested that increased resolution improves PA (or blocking) representation. The present-day 

model results are compared to the ERAI-based results for the respective available years in order 

to assess the ability of the models to represent PAs. This provides necessary context for 

interpreting future PA changes from the model simulations. 

 

4.1. CMIP5 Model Analysis 

In this section, 3 historical (i.e., twentieth century) CMIP5 simulations are compared to 

the ERAI to evaluate how well the models represent present day PAs. Then future changes are 

examined using the high-emission scenario (RCP 8.5) projections from the same 3 CMIP5 

models (selection of these models is discussed in Chapter 2). 

To determine if changes between the ERAI and models are truly different or within the 

range of observed variability, changes are compared with the variability of the ERAI. To 

calculate the variability of the ERAI, 100 random samples of 10-year annual PA days per year 

from 27-years of the ERAI (1979-2005; similar to dates available with the CMIP5 models) are 

used to calculate the standard deviation. When differences are greater than or equal to 2σ of the 

observed variability, the differences are true differences. These differences are indicated by 

diagonal line shading. 
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4.1.1. Present Day Representation 

4.1.1.1. Standard Deviation 

The magnitude threshold from which the PAs are determined is derived from the 

respective model 500-hPa geopotential height anomaly standard deviation (STD; methods 

described in Chapter 2). The derived magnitude thresholds vary slightly between models and 

from the reanalysis (Fig. 2.5a). The CMCC-CM and MPI-ESM-MR models have an annual NH 

average STD larger than the ERAI and the MIROC5 for the current climate. The MIROC5 

current climate STD is lower than the ERAI for all months except January and February where it 

is nearly the same. This means that the PA threshold in the MIROC5 simulation is relatively low 

compared to the other models.  

As expected, the magnitude thresholds reflect the present climate model bias in STD 

relative to the ERAI. Figure 4.1 displays each CMIP5 model’s spatial annual average STD 

difference from the ERAI. The CMCC-CM and MPI-ESM-MR models, which have similar 

magnitude thresholds, display similar NH STD patterns which show an overall increase in STD 

compared to the ERAI (Fig. 4.1, a and c). There is a small region of slightly decreased STD 

relative to the ERAI for these two models in the North Atlantic, Europe, Russia, and the Arctic. 

The MIROC5 model on the other hand shows a large negative bias in STD around the storm 

track and PA regions (Pacific, Atlantic, Europe, Russia) with little increase anywhere else in the 

NH (Fig. 4.1b). The model average is calculated to get an overall signal for the CMIP5 models. 

The model average STD displays the underrepresented STD in the North Atlantic and 

overrepresented STD outside of the midlatitude storm track regions (Fig. 4.1c).  

Seasonally, the model average STD shows the largest biases in DJF (Fig. 4.2). The North 

Atlantic experiences a negative bias in both DJF and JJA. The STD maximum in the Pacific is 
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under represented during DJF and slightly overestimated everywhere except a small region of 

underestimation to the east in JJA indicative of a westward shift. Lastly, the Arctic experiences a 

positive bias in DJF and a negative bias in JJA. 

 

4.1.1.2. Positive Persistent Anomalies 

The major regions of enhanced PA activity (e.g., Pacific and Atlantic; see Section 3.1) 

are each represented in the CMIP5 current climate simulations (Fig. 4.3b–d). These regions are 

all collocated with STD maxima (Fig. 4.3b–d). The MIROC5 however, underrepresents the PA 

maxima in the Atlantic, Europe, and Russia regions more than the other two models (Fig. 4.3, c 

and g). The MIROC5 to a lesser extent also underestimated the PA maximum in the East Pacific. 

CMCC-CM and MPI-ESM-MR show similar bias patterns different from MIROC5 (Fig. 4.3, f 

and h). They underrepresent the PA maxima in the North Atlantic and Arctic and overestimate 

the maximum in the North Pacific. The model average difference from the ERAI reflects these 

biases (Fig. 4.3i). All annual differences described here are true differences outside natural 

variability. 

In DJF, the CMIP5 model average represents the Pacific PA region with a northward 

shift and slight underestimation in the central PA region compared to the ERAI (Fig. 4.4). The 

Atlantic and European PA region is largely underestimated in DJF, while that in the Arctic is 

slightly overestimated. In JJA, the Pacific exhibits a northwest shift in the CMIP5 model average 

PA maximum compared to the ERAI (Fig. 4.5). The Atlantic, Europe, and Russia PA maximum 

is here overestimated, while the Arctic maximum is underestimated, opposite to the biases found 

in DJF. The only seasonal changes outside observed variability are the small region of 

underestimation of DJF Atlantic PA and overestimation of JJA Atlantic, Europe, and Russia PA. 
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4.1.1.3. Negative Persistent Anomalies 

The spatial distribution of –PA days in the CMIP5 models capture the main PA regions 

(Fig. 4.6). All models underestimate the Atlantic PA region with the MIROC5 and MPI-ESM-

MR also underestimating the PA maxima in Europe and Russia. The CMCC-CM and MPI-ESM-

MR models underrepresent the PA maximum in the Arctic (Fig. 4.6, f and h). The MIROC5 and 

MPI-ESM-MR models largely overrepresent the PA maximum in the North and Central Pacific 

with a slight underrepresentation of the PA maximum in the Eastern North Pacific (Fig. 4.6g–h). 

The model average biases represent the underestimation of the Atlantic, European, Russian, and 

Arctic PA regions and the overestimation of the North Pacific PA maximum (Fig. 4.6i). All 

biases are true differences except the underestimations over Russia. 

In DJF, –PAs are underestimated in the Eastern North Pacific, the North Atlantic, 

Europe, and Russia (Fig. 4.7). The Pacific –PA maximum in the model average is less spatially 

confined compared to the ERAI (Fig. 4.7a–b). This could be due to the different locations of 

maxima in the different models. There is an overestimation on the North American west coast 

that is outside observed variability. Conversely, the Atlantic maximum in the model average is in 

the same general location with similar spatial extent but is still largely underestimated. In JJA, 

the Pacific maximum for the CMIP5 model average is in the same general location as the ERAI 

with a small region of overestimation on the eastern side (Fig. 4.8). The PA maximum in the 

North Atlantic is also in a similar location with a slight equatorward shift. The PA maxima in the 

Arctic and Russian regions are underestimated in JJA. True JJA differences include the small 

regions of overestimation in the Eastern Pacific and Central Atlantic. 
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4.1.2. Future Changes 

4.1.2.1. Standard Deviation 

The future changes in the magnitude thresholds suggest a decrease in STD, especially in 

winter months (Fig. 2.5a). For the CMCC-CM model, the future NH annual STD is nearly 

everywhere decreased from the current climate (Fig. 4.9a). There are small pockets of slightly 

increased STD over Europe, Russia, and western Asia. These locations of increased future STD 

are also present in the MIROC5 and MPI-ESM-MR models with increased spatial extent and 

magnitude (Fig. 4.9b–c). Additionally, the MIROC5 shows an increase in the western Pacific 

(Fig. 4.9b) and the MPI-ESM-MR shows a small region of increase in the central Pacific over the 

Aleutian Islands (Fig. 4.9c). The MPI-ESM-MR model shows the most increase in future STD, 

both spatially and in magnitude, most notably over Europe, Russia, and Asia (Fig. 4.9c). The 

model average STD shows an overall decrease in STD for the NH with small regions of 

increased STD over Europe, Russia, and Asia (Fig. 4.9d). 

In DJF, the model average STD shows an increase in STD around the midlatitudes, 

specifically a band extending eastward from the East Atlantic to the Central Pacific (Fig. 4.10a). 

Besides this band of increased STD, elsewhere in the NH the STD is decreased, especially in the 

Arctic. In JJA, the pattern is reversed (Fig. 4.10b). The Arctic experiences an increase in JJA 

STD and the Pacific and Atlantic experience a decrease.  

 

4.1.2.2. Positive Persistent Anomalies 

The major PA regions identified in the current climate are again identified in the future 

+PA days and collocated with model future STD maxima (Fig. 4.11).  Changes between the 

model present climate and future climate show no consistent signals between the models, except 
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in the North Atlantic and Scandinavia where there is an increase in +PA days (Fig. 4.11e–g). 

Examining the model average reveals an increase in +PA days over Scandinavia, Russia, Arctic, 

and Siberia (Fig. 4.11h). The extratropical Atlantic and Eastern Pacific experience a slight 

decrease. None of the future changes in the model average are significant, however individual 

model biases represent true differences. 

In DJF, there is an increase in +PA days in the midlatitudes, specifically in the Pacific 

and Atlantic (Fig. 4.12). The opposite occurs in JJA where there is a decrease in the Pacific and 

Atlantic (Fig. 4.13). The Arctic experiences a slight increase in +PA days in JJA. The only true 

differences occur in the extratropical Atlantic for both DJF and JJA. 

 

4.1.2.3. Negative Persistent Anomalies 

Future changes in the annual occurrence of –PAs have a smaller magnitude than changes 

in +PA days and is noisier (Fig. 4.14). Again, there are mixed signals of future changes between 

the 3 models. The model average reveals small changes of ±2 days per year (Fig. 4.14h). 

Seasonally, there is an increase in –PA days in the Pacific and over Europe in DJF (Fig. 4.15) 

and a decrease in JJA (Fig. 4.16). The Arctic experiences a decrease in DJF and an increase in 

JJA. The only changes outside that of natural variability are the decrease in Arctic DJF –PA days 

and a small region of increased DJF Central Pacific –PA days. 

 

4.2. MPAS Model Analysis 

The chosen CMIP5 models have higher resolutions compared to the other available 

models, but this resolution is still not adequate to resolve small scale processes such as latent 

heat release which is important to initiate and maintain PAs (e.g., Willison et al. 2015). Thus, 
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high-resolution climate simulations (MPAS; Michaelis et al. 2019) are analyzed for present and 

future climates. The current climate simulations are compared to the ERAI for the same 

simulated dates (Table 2.1). True differences are indicated with diagonal line shading and is 

derived from the variability of the ERAI as in Section 4.1. 

 

4.2.1. Present Day Representation 

4.2.1.1. Standard Deviation 

The magnitude thresholds derived from the MPAS simulations are similar to the CMCC-

CM and MPI-ESM-MR models where they are everywhere larger than the ERAI for the current 

climate (Fig. 2.5b). The spatial STD for the MPAS current climate reveals higher STD in the 

East Pacific compared to the ERAI and slightly larger STD with larger spatial extent in the 

Atlantic (Fig. 4.17a–b). The difference reveals the MPAS current climate spatial STD is overall 

larger than that in the ERAI (Fig. 4.17c). There is a small region in the western North Pacific and 

a region in the northeastern North Atlantic where the STD is slightly less than that in the ERAI.  

The MPAS current climate STD is overall larger than in the ERAI in DJF and JJA (Fig. 

4.18). In DJF, there is a region of decreased STD in the western Pacific and in the northwestern 

Atlantic (Fig. 4.18a). In JJA, the Arctic region experiences a decrease in STD ERAI and the rest 

of the NH experiences an increase in STD (Fig. 4.18b). 

 

4.2.1.2. Positive Persistent Anomalies 

The MPAS simulations are for 10 non-consecutive years, so the ERAI is presented here 

with the same dates as for the current climate simulations. The annual frequency of +PA days 

reveals the four main PA regions, but the Arctic has a smaller frequency than previously 
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identified (Fig. 4.19a; see Chapter 2). These PA regions are also observed in the MPAS current 

climate simulations, but with less frequency in all regions except the Pacific (Fig. 4.19b). MPAS 

underestimates +PA days in the Atlantic, Russian, and Arctic PA regions and underestimates 

them in the west Pacific (Fig. 4.19c). There is an increase in +PA days in the eastern Pacific 

collocated with a maximum in the Pacific STD which is higher in magnitude and shifted 

eastward compared to the ERAI STD. 

In DJF, the MPAS Pacific +PA days are spatially confined to the eastern Pacific which is 

described by an increase in this region and a decrease for the rest of the Pacific +PA region 

compared to the ERAI (Fig. 4.20). Additionally, the +PA maximum in the North Atlantic is also 

underrepresented in the MPAS current model simulation for DJF. In JJA, MPAS does not 

capture the PAs in the Arctic region (Fig. 4.21b) and there are slight increases in the Pacific and 

western Atlantic (Fig. 4.21c). All annual and seasonal differences described between the ERAI 

and MPAS current climate are true differences outside that of observed variability. 

 

4.2.1.3. Negative Persistent Anomalies 

The MPAS current climate performs reasonably well with –PA days (Fig. 4.22). The 

main PA regions all experience clusters of less –PA days compared to the ERAI (Fig. 4.22c). 

The Pacific exhibits more increases than decreases and the Arctic experiences the greatest 

decrease. In DJF, MPAS identifies –PA days, but these regions do not have a large spatial extent 

and do not match up to the ERAI in all locations (Fig. 4.23). This makes for a noisy difference 

field (Fig. 4.23c). Most notably, there is an overall decrease of –PA days in the Pacific, but this 

is not outside the range of observed variability. In JJA, the Atlantic and Pacific –PA maxima are 
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again represented, but in different locations than in the ERAI and the Arctic maximum is largely 

underrepresented in the MPAS present day simulation (Fig. 4.24).  

 

4.2.2. Future Changes 

4.2.2.1. Standard Deviation 

The derived MPAS future magnitude threshold reveals a future decrease in STD in all 

months except summer (Fig. 2.5b). The regions of overestimated STD are nearly the same for 

MPAS present and future simulations (Fig. 4.25a–b). The difference field is noisy but reveals an 

overall decrease in NH future STD (Fig. 4.25c). There are pockets of increased STD, most 

notably over Europe and Russia, similar to the CMIP5 future STD changes. The future changes 

in seasonal STD are different between DJF and JJA (Fig. 4.26). DJF future STD exhibits a 

decrease around the North Pole with pockets of increased STD in the Pacific, over Europe, and 

Russia (Fig. 4.26a). In JJA, there is an increase in STD around the North Pole and decreased 

STD in the Atlantic (Fig. 4.26b). 

 

4.2.2.2. Positive Persistent Anomalies 

The MPAS future simulations identify similar +PA regions as in the current climate 

simulations (Fig. 4.27a–b). The most prominent future changes are a decrease in the west Pacific 

and a small region of large increase in the east Pacific which is outside observed variability (Fig. 

4.27c). There is also a slight increase in +PA days over Scandinavia. DJF future changes display 

the same region of increase and decrease in the Pacific and there are areas of increase over 

northeast Canada, Central Atlantic, Scandinavia, and Russia (Fig. 4.28). JJA future changes are 

less prominent and less spatially coherent (Fig. 4.29). 
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4.2.2.3. Negative Persistent Anomalies 

The future changes in –PA days are noisy with less prominent regions of increase or 

decrease (Fig. 4.30). Most notably, there is a decrease in –PA days in the Pacific PA region with 

a small region of increase in the extratropical Eastern Pacific indicative of an eastward shift. This 

feature is a true difference found outside of natural variability. Seasonally, the future changes are 

again noisy and not spatially coherent so there are no prominent signals of increase or decrease 

(Figs. 4.31–4.32). 

 

4.3. Discussion 

Three CMIP5 models were selected based on their higher resolution relative to the 

several other available models. In addition, high-resolution MPAS simulations, run on a 15-km 

grid, are analyzed. A high-resolution model is analyzed in addition to the CMIP5 GCMs because 

higher-resolution is one method to improve the representation of PA frequency (e.g., Woolings et 

al. 2018). Through better representation of small-scale processes, such as latent heat release, 

which is an important factor in PA initiation and maintenance (e.g. Colucci 1985; Torn 2010; 

Torn and Hakim 2015). It is also shown that high resolution is necessary to overcome the 

Atlantic underestimations in models, where the Pacific is generally well represented or 

overestimated, which suggests there are different processes occurring between the Pacific and 

Atlantic PA regions (e.g., Nakamura et al. 1997; Matsueda et al. 2009). In a warmer, moister 

climate, it becomes even more important to resolve these processes as they become more 

prevalent (e.g., Willison et al. 2013, 2015). 

Two out of the three CMIP5 models (CMCC-CM and MPI-ESM-MR) analyzed here 

overestimate the current climate STD (Fig. 4.1, a and c). The MIROC5 model underestimates the 
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STD in the vicinity of the storm track regions and PA regions (Fig. 4.1b). The magnitude 

thresholds used to identify PAs are derived from each respective model, and thus are sensitive to 

the STD of geopotential height in each model. The model average reveals a negative bias in ±PA 

days in the North Atlantic and a positive bias in the North Pacific (Figs. 4.3i and 4.6i).  

The MPAS current climate STD is also overestimated compared to the ERAI (Fig. 

4.17c). The Atlantic, Russia, and Arctic regions are underestimated in +PA days (Figs. 4.19). 

The Pacific PA region is shifted eastward with the regions STD maximum so there is a western 

decrease and an eastern increase in PA days compared to the ERAI. 

Similar to previous studies, MPAS and the CMIP5 models underestimate the Atlantic PA 

frequencies and slightly over estimate that in the Pacific (e.g., Matsueda et al. 2009; Dunn-

Sigouin and Son 2013). The differences between the model’s (MPAS and CMIP5) current 

climate PA days and the reanalysis are larger than the changes observed between model present 

and future. True differences, those larger than the observed variability, have been indicated. 

Although there are limitations to the model’s ability to capture present climate PAs, there is 

confidence in the spatial pattern of the prominent locations which are in general agreement with 

reanalysis datasets (Masato et al. 2014). 

Future changes in the CMIP5 STD reveal an overall NH decrease in STD with slight 

increases over Europe and Asia (Fig. 4.9d). Seasonally, there is a future increase in DJF 

midlatitude STD and a poleward decrease (Fig. 4.10a). In JJA, the opposite occurs with a 

decrease in the Pacific and Atlantic STD and an increase in STD over the Arctic (Fig. 4.10b). 

There is an overall increase in +PA days over Europe and Siberia and decreases in the eastern 

Pacific and extratropical Atlantic (Fig. 4.11h). Future changes in –PA days is much less 

consistent between the 3 CMIP5 models and smaller in magnitude compared to the +PA changes 
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(Fig. 4.14h). The most prominent future changes in the MPAS simulation are an overall decrease 

in +PA days in the Pacific with a small region of increase on the eastern side (Fig. 4.27c). Dunn-

Sigouin and Son (2013) analyze 17 CMIP5 models and find that the future PA frequency will 

decrease in the Pacific and Atlantic in these model projections. Shown here with only 3 models 

is an increase in the East Atlantic and a slight decrease in the Pacific. Using a high-resolution 

GCM, Matsueda et al. (2009) also show decreases in the Pacific and Atlantic PA frequency. 

However, MPAS does not exhibit an overall decrease in PA activity in the Atlantic, and the 

Pacific is accompanied by a small region of large increase. The observed regions of future 

changes are generally collocated with similar changes in the model STD. de Vries et al. (2013) 

show, using gradient reversal methodology, that specifically in the Atlantic and European 

blocking region, changes in the blocking frequency can be explained by the 500-hPa mean zonal 

circulation and its variance. 
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Figure 4.1. CMIP5 model annual standard deviation difference from ERAI. (a–c) CMIP5 models 

CMCC-CM, MIROC5, MPI-ESM-MR, respectively, and (d) model average. Shaded is the 

difference and contoured is the ERAI standard deviation every 40 gpm. 
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Figure 4.2. CMIP5 model average seasonal standard deviation difference from ERAI. (a) DJF 

and (b) JJA. Shaded is the difference and contoured is the seasonal ERAI standard deviation 

every 40 gpm. 
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Figure 4.3. CMIP5 annual +PA days per year. (a) ERAI, (b–d) CMIP5 models CMCC-CM, 

MIROC5, MPI-ESM-MR, respectively, and (e) model average. (a–e) Shaded is the +PA days per 

year and contoured is the respective model STD every 20 gpm. (f–i) Shaded +PA days per year 

difference between model and reanalysis for (f–h) CMIP5 models and (i) model average. 

Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.4. DJF CMIP5 model average +PA days per year compared to ERAI. (a–b) ERAI and 

model average, shaded +PA days per year and contoured is the respective DJF standard deviation 

every 20 gpm. (c) Shaded +PA days per year difference between model average and reanalysis. 

Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.5. JJA CMIP5 model average +PA days per year compared to ERAI. (a–b) ERAI and 

model average, shaded +PA days per year and contoured is the respective JJA standard deviation 

every 20 gpm. (c) Shaded +PA days per year difference between model average and reanalysis. 

Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.6. CMIP5 annual –PA days per year. (a) ERAI, (b–d) CMIP5 models CMCC-CM, 

MIROC5, MPI-ESM-MR, respectively, and (e) model average. (a–e) Shaded is the –PA days per 

year and contoured is the respective model STD every 20 gpm. (f–i) Shaded –PA days per year 

difference between model and reanalysis for (f–h) CMIP5 models and (i) model average. 

Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.7. DJF CMIP5 model average –PA days per year compared to ERAI. (a–b) ERAI and 

model average, shaded –PA days per year and contoured is the respective DJF standard deviation 

every 20 gpm. (c) Shaded –PA days per year difference between model average and reanalysis. 

Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.8. JJA CMIP5 model average –PA days per year compared to ERAI. (a–b) ERAI and 

model average, shaded –PA days per year and contoured is the respective JJA standard deviation 

every 20 gpm. (c) Shaded –PA days per year difference between model average and reanalysis. 

Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.9. CMIP5 model future climate annual standard deviation difference from current 

climate. (a–c) CMIP5 models CMCC-CM, MIROC5, MPI-ESM-MR, respectively, and (d) 

model average. Shaded is the difference and contoured is the respective current climate standard 

deviation every 40 gpm. 
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Figure 4.10. CMIP5 model average future climate seasonal standard deviation difference from 

model average current climate. (a) DJF and (b) JJA. Shaded is the difference and contoured is the 

seasonal model average current climate standard deviation every 40 gpm. 
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Figure 4.11. CMIP5 future annual +PA days per year. (a–c) CMIP5 models CMCC-CM, 

MIROC5, MPI-ESM-MR, respectively, and (d) model average. (a–d) Shaded is the +PA days 

per year and contoured is the respective model STD every 20 gpm. (e–h) +PA days per year 

difference between model future and current climate: (e–g) CMIP5 models and (h) model 

average. Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.12. DJF model average future +PA days per year compared to model average current 

climate. (a–b) Model average current and future shaded +PA days per year and contoured is the 

respective DJF standard deviation every 20 gpm. (c) Shaded +PA days per year difference 

between model average future and current climate. Changes that exceed reanalysis variability 

(2σ) filled with diagonal lines. 

  



   

80 

 

 
Figure 4.13. JJA model average future +PA days per year compared to model average current 

climate. (a–b) Model average current and future shaded +PA days per year and contoured is the 

respective JJA standard deviation every 20 gpm. (c) Shaded +PA days per year difference 

between model average future and current climate. Changes that exceed reanalysis variability 

(2σ) filled with diagonal lines. 
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Figure 4.14. CMIP5 future annual –PA days per year. (a–c) CMIP5 models CMCC-CM, 

MIROC5, MPI-ESM-MR, respectively, and (d) model average. (a–d) Shaded is the –PA days per 

year and contoured is the respective model STD every 20 gpm. (e–h) –PA days per year 

difference between model future and current climate: (e–g) CMIP5 models and (h) model 

average. Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.15. DJF model average future –PA days per year compared to model average current 

climate. (a–b) Model average current and future shaded –PA days per year and contoured is the 

respective DJF standard deviation every 20 gpm. (c) Shaded –PA days per year difference 

between model average future and current climate. Changes that exceed reanalysis variability 

(2σ) filled with diagonal lines. 

  



   

83 

 

 
Figure 4.16. JJA model average future –PA days per year compared to model average current 

climate. (a–b) Model average current and future shaded –PA days per year and contoured is the 

respective JJA standard deviation every 20 gpm. (c) Shaded –PA days per year difference 

between model average future and current climate. Changes that exceed reanalysis variability 

(2σ) filled with diagonal lines. 
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Figure 4.17. MPAS present day standard deviation. Annual average standard deviation for (a) 

ERAI, (b) MPAS, and (c) the difference between MPAS and ERAI. 
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Figure 4.18. MPAS present day seasonal deviation difference from ERAI. (a) DJF and (b) JJA 

with ERAI seasonal standard deviation contoured every 40 gpm 
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Figure 4.19. MPAS current climate annual +PA days per year. (a) ERAI and (b) MPAS current 

climate. (a–b) Shaded is the +PA days per year and contoured is the respective standard 

deviation every 20 gpm. (c) +PA days per year difference between MPAS and the ERAI. 

Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.20. DJF MPAS current climate +PA days per year. (a) ERAI and (b) MPAS current 

climate. (a–b) Shaded is the +PA days per year and contoured is the respective standard 

deviation every 20 gpm. (c) +PA days per year difference between MPAS and the ERAI. 

Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.21. JJA MPAS current climate +PA days per year. (a) ERAI and (b) MPAS current 

climate. (a–b) Shaded is the +PA days per year and contoured is the respective standard 

deviation every 20 gpm. (c) +PA days per year difference between MPAS and the ERAI. 

Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.22. MPAS current climate annual –PA days per year. (a) ERAI and (b) MPAS current 

climate. (a–b) Shaded is the –PA days per year and contoured is the respective standard deviation 

every 20 gpm. (c) –PA days per year difference between MPAS and the ERAI. Changes that 

exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.23. DJF MPAS current climate –PA days per year. (a) ERAI and (b) MPAS current 

climate. (a–b) Shaded is the –PA days per year and contoured is the respective standard deviation 

every 20 gpm. (c) –PA days per year difference between MPAS and the ERAI. Changes that 

exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.24. JJA MPAS current climate –PA days per year. (a) ERAI and (b) MPAS current 

climate. (a–b) Shaded is the –PA days per year and contoured is the respective standard deviation 

every 20 gpm. (c) –PA days per year difference between MPAS and the ERAI. Changes that 

exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.25. MPAS future standard deviation. Annual average standard deviation for MPAS (a) 

current, (b) future, and (c) the difference between MPAS current and future. 
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Figure 4.26. MPAS seasonal standard deviation difference between MPAS future and current 

climates. (a) DJF and (b) JJA with MPAS current climate seasonal standard deviation contoured 

every 40 gpm. 
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Figure 4.27. MPAS future climate annual +PA days per year. (a) MPAS current and (b) MPAS 

future climates. (a–b) Shaded is the +PA days per year and contoured is the respective standard 

deviation every 20 gpm. (c) +PA days per year difference between MPAS current and future 

climates. Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 

  



   

95 

 

 
Figure 4.28. DJF MPAS future climate +PA days per year. (a) MPAS current and (b) MPAS 

future climates. (a–b) Shaded is the +PA days per year and contoured is the respective standard 

deviation every 20 gpm. (c) +PA days per year difference between MPAS current and future 

climates. Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.29. JJA MPAS future climate +PA days per year. (a) MPAS current and (b) MPAS 

future climates. (a–b) Shaded is the +PA days per year and contoured is the respective standard 

deviation every 20 gpm. (c) +PA days per year difference between MPAS current and future 

climates. Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 

  



   

97 

 

 
Figure 4.30. MPAS future climate annual –PA days per year. (a) MPAS current and (b) MPAS 

future climates. (a–b) Shaded is the –PA days per year and contoured is the respective standard 

deviation every 20 gpm. (c) –PA days per year difference between MPAS current and future 

climates. Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.31. DJF MPAS future climate –PA days per year. (a) MPAS current and (b) MPAS 

future climates. (a–b) Shaded is the –PA days per year and contoured is the respective standard 

deviation every 20 gpm. (c) –PA days per year difference between MPAS current and future 

climates. Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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Figure 4.32. JJA MPAS future climate –PA days per year. (a) MPAS current and (b) MPAS 

future climates. (a–b) Shaded is the –PA days per year and contoured is the respective standard 

deviation every 20 gpm. (c) –PA days per year difference between MPAS current and future 

climates. Changes that exceed reanalysis variability (2σ) filled with diagonal lines. 
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5. Summary and Conclusions 

In this study, I (i) developed a method to identify PAs throughout the year, and (ii) used 

this method to analyze PAs in the current climate and in projected future climate regimes. For (i), 

I started with the original fixed-threshold definition of DG83. To investigate the annual 

occurrence of PAs, I modified the magnitude threshold based on the daily average Northern 

Hemispheric average 500-hPa geopotential height anomaly standard deviation (Fig. 2.5). This 

daily varying threshold allows for an appropriate amount of PAs to be identified in the winter 

when higher variance is observed and during the summer when lower variance is observed. The 

study of PAs has been mainly focused on winter months (e.g., DG83), but highly impactful 

events also occur in the summer, such as heat waves and droughts (e.g., Matsueda 2011). In a 

warmer and moister future climate, the threat of extreme summer events becomes more 

important to investigate (Pfahl and Wernli 2012). The identification methods used here do not 

require the identification of a gradient reversal like many other blocking definitions (e.g., 

TM90). This has the advantage of identifying a PA event before it is at a mature stage (Fig. 1.1). 

To evaluate the performance of MDG, I applied it to the ERAI to gain a complete 

analysis of the present-day PAs. Four regions of PA day maxima are identified: Pacific, Atlantic, 

Russia, and Arctic (Fig. 3.1a–b). These PA regions are collocated with the regional maxima in 

STD, both of which vary seasonally (Figs. 3.2–3.3). All PA regions have been previously 

identified (e.g., DG83) except for the Arctic PA maximum which occurs in JJA. This Arctic 

maximum is only identified with anomaly-based identification methods (e.g., Schwierz et al. 

2004) but lacks discussion in the literature. 

I also found there to be an exponential decrease in the number of events with increasing 

duration (i.e., there are more short duration events; Table 3.1). Generally, –PAs have more short-
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duration events since these events are more likely to be interrupted by synoptic transients (Dole 

1982; DG83). Interestingly, the Arctic experiences more long-duration –PA events than +PA 

events, and more than any other region (Fig. 3.5). This is likely due to the Arctic PA region 

being located outside the mid-latitude storm tracks, hence there are less synoptic transients to 

disrupt these PAs. Overall, the most long-duration events occur in the region’s peak season (i.e., 

DJF for the Pacific and Atlantic, SON for the Russian, and JJA for the Arctic region; Table 3.1). 

Furthermore, the distribution in event magnitude reflects the seasonally varying magnitude 

threshold with the highest values occurring in DJF and the lowest values occurring in JJA for all 

regions (Figs. 3.6–3.7). The Pacific experiences the highest magnitude events of any other region 

(Fig. 3.7). This is due to the Pacific having the highest standard deviation of any other region for 

all seasons (Fig. 3.2). There is a positive correlation toward long-duration events having a higher 

magnitude (Table 3.2) and events with higher magnitudes having a larger spatial extent (Table 

3.5). Thus, the longer the PA event the larger the magnitude and spatial extent, or the stronger 

the PA the longer it will persist and the larger it will be. The season of maximum PA frequency 

for each region is generally the season with the longest, strongest, and largest events. 

The ERAI Arctic PA region has interesting event characteristics compared to the more 

commonly discussed regions (i.e., Pacific and Atlantic). The Arctic experiences a maximum in 

±PA days per year in JJA which is also collocated with a maximum in standard deviation. 

During this seasonal PA maximum, like other regions, more long-duration events occur. The 

Arctic experiences its largest range in sizes during JJA, but these events are comparatively 

smaller than other regions (Tables 3.3–3.4; Fig. 3.10). A composite analysis of 27 JJA Arctic 

+PA events is performed to address the lack of discussion about this PA region. The composites 

describe an equivalent barotropic structure with vertically stacked SLP, 500-hPa geopotential 
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height anomaly, and Ɵ-anomaly on the dynamic tropopause (2 PVU; Fig. 3.13). The equivalent 

barotropic structure is the same structure as mid-latitude PAs. The event strengthens in 

magnitude (anomaly) up to the day of peak magnitude and then weakens until the last day. The 

meridional advection of Ɵ-anomaly on the dynamic tropopause is examined to determine if there 

is a poleward transport of low PV into the region prior to or during the PA events (Figs. 3.15–

3.16), as has been identified by Wernli and Papritz (2018). During peak magnitude, there is a 

coupled positive and negative area of Ɵ-anomaly advection around the PA, with positive 

advection on the western side and negative advection on the eastern (Fig. 3.15c). Arctic PAs 

contribute to the summertime anticyclonic circulation anomalies observed during summers with 

strongly reduced Arctic sea-ice (e.g., Wernli and Papritz 2018). Wernli and Papritz (2018) show 

with backward trajectories that the anticyclones that contribute to the circulation anomaly results 

from the injection of high Ɵ-anomaly (low PV) air masses into the Arctic upper troposphere. 

However, our composites do not show this same advection of low PV air into the Arctic during 

or prior to these composited +PA events (Figs. 3.15–3.16). This is perhaps due to the 

compositing process, which could distort this signal if the source regions vary strongly between 

cases.  In other words, these intrusions of low PV air into the Arctic occur at all longitudes, thus 

the signal may be lost due to variability between the selected events (Wernli and Schwierz 2006; 

Wernli and Papritz 2018). 

PA’s documentation with extreme events leads to the question of how PAs may change 

with climate change. Small scale processes, such as latent heat release, are important processes 

in the initiation and maintenance of PAs (e.g. Colucci 1985; Torn 2010; Torn and Hakim 2015). 

In a warmer moister climate, these processes become more prevalent (e.g., Willison et al. 2013, 

2015). Thus, it is important to determine if and how PAs may change. To investigate future 
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changes, I analyze 3 CMIP5 models and 2 high-resolution climate simulations (MPAS; 

Michaelis et al. 2019). Current GCMs are documented to inaccurately represent current climate 

PAs (e.g., Woolings et al. 2018). Higher resolution is proposed to improve this representation by 

resolving more small-scale processes, which motivated the use of MPAS for this purpose. 

Similar to previous studies, MPAS and the CMIP5 models underestimates the Atlantic 

PA frequencies and slightly over estimates the Pacific frequency for the current climate (e.g., 

Matsueda et al. 2009; Dunn-Sigouin and Son 2013). The differences between the model’s 

(MPAS and CMIP5) current climate PA days and the reanalysis are larger than the changes 

observed between model present and future. True differences, those larger than the observed 

variability, have been indicated. Although there are limitations to the model’s ability to capture 

present climate PAs, there is confidence in the spatial pattern of the prominent locations which 

are in general agreement with reanalysis datasets (Masato et al. 2014). 

Future changes in the CMIP5 STD reveal an overall NH decrease in STD with slight 

increases over Europe and Asia (Fig. 4.9d). Seasonally, there is a future increase in DJF 

midlatitude STD and a poleward decrease (Fig. 4.10a). In JJA, the opposite occurs with a 

decrease in the Pacific and Atlantic STD and an increase in STD over the Arctic (Fig. 4.10b). 

There is an overall increase in +PA days over Europe and Siberia and decreases in the Eastern 

Pacific and extratropical Atlantic (Fig. 4.11h). Future changes in –PA days is much less 

consistent between the 3 CMIP5 models and smaller in magnitude compared to the +PA changes 

(Fig. 4.14h). The most prominent future changes in the MPAS simulation are an overall decrease 

in +PA days in the Pacific with a small region of increase on the eastern side (Fig. 4.27c). Dunn-

Sigouin and Son (2013) analyze 17 CMIP5 models and find that the future PA frequency will 

decrease in the Pacific and Atlantic in these model projections. Shown here with only 3 models 
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is an increase in the East Atlantic and a slight decrease in the Pacific. Using a high-resolution 

GCM, Matsueda et al. (2009) also show decreases in the Pacific and Atlantic PA frequency. 

However, MPAS does not exhibit an overall decrease in PA activity in the Atlantic, and the 

Pacific is accompanied by a small region of large increase. The observed regions of future 

changes are generally collocated with similar changes in the model STD. de Vries et al. (2013) 

show, using gradient reversal methodology, that specifically in the Atlantic and European 

blocking region, changes in the blocking frequency can be explained by the 500-hPa mean zonal 

circulation and its variance. 

The answer to how and why PAs will change with climate change is still unanswered. 

There are many studies that find the overall frequency of PAs will decrease (e.g., Matsueda et al. 

2009; Dunn-Sigouin and Son 2013; DeVries et al. 2013), but there are also studies that suggest 

the circulation patterns will be more favorable for persistence (e.g., Overland and Wang 2010; 

Francis and Vavrus 2012, 2015). These results add to the discussion of future PAs, but there are 

some limitations. For results to be robust, results must be found using different identification 

methods and across different data sources. Here, a single identification index is used, only one 

reanalysis dataset, and only 3 CMIP5 models. Future work will include analyzing the event 

characteristics of the PA events identified in the models, specifically with MPAS, and 

determining how they may change in the future simulations. 
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