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In this research, the Spatial Synoptic Classification (SSC), a weather type scheme, is used as an alternative
method of demonstrating evidence of climate change in the Eastern United States and southern Canada.
Changes in frequencies for the seven SSC weather types were assessed for summer trends (May–September) at
thirty-eight stations and also at four regions of latitude between 1950 and 2015. Using the SSC, results show
significant summer decreases in dry polar (DP) days and transitional (TR) days and significant increases in
moist tropical (MT) days. The North region exhibited the greatest breadth of significant results among all
weather types. The DP and TR decline was strongest at higher latitudes and weakened approaching the subtropics. The MT gain was strongest across the midlatitudes but statistically significant in all four regions. The
four remaining SSC weather types showed more localized statistically significant trends. Results suggest that
these trends in weather type frequency are an indicator of summer climate change, with some stations losing
over 50 percent of their DP frequency, losing over 40 percent of their TR frequency, and gaining over 30
percent of their MT frequency since 1950. Key Words: climate change, North America, summer, weather types.
本研究运用空间天气型分类 (SSC) 这种天气形态系统, 作为证实美国东部与加拿大南部气候变迁的证
据之另类方法。本文评估 1950 年至 2015 年间, 三十八个气象观测站以及四大纬度区域中, 夏季趋势
(五月至九月) 的七大 SSC 天气类别的频率改变。运用 SSC 的研究结果显示, 夏季在乾燥极地 (DP) 日
子与过渡 (TR) 日子中显着减少, 而在潮湿的热带 (MT) 日子中则显着增加。北方区域展现出所有天气
形态中最大幅度的显着结果。DP 与 TR 在较高纬度区域中减少最多, 该降幅在接近亚热带时则开始减
弱。MT 在中纬度增加最多, 但在四大区域的统计上皆为显着。持续的四大 SSC 天气形态, 显示出更为
在地化的统计显着趋势。研究结果指出, 这些天气形态频率的趋势, 是夏季气候变迁的指标, 其中有些
观测站自 1950 年来的 DP 频率甚至降低百分之五十, TP 频率降低百分之四十, 而 MT 频率则增加超过
百分之三十。 关键词： 气候变迁, 北美, 夏季, 天气形态。
En esta investigaci
on se usa la Clasificacion Sinoptica Espacial (CSE), un tipo de esquema meteorologico, como
metodo alternativo para demostrar la evidencia del cambio climatico en los Estados Unidos orientales y el sur
de Canada. Se evaluaron los cambios en las frecuencias para los siete tipos de tiempo de la CSE para las tendencias veraniegas (mayo–septiembre) en treinta y ocho estaciones y tambien en cuatro regiones latitudinales,
entre 1950 y 2015. Usando la CSE, los resultados muestran significativas reducciones veraniegas en los dıas
polares (DP) secos y en los dıas de transicion (TR) e incrementos significativos en los dıas humedos tropicales
(TH). La regi
on del norte exhibi
o el mayor abanico de resultados significativos entre todos los tipos de tiempo.
La declinaci
on de los DP y TR fue mucho mas fuerte a latitudes mas altas y debilitada al aproximarse a los subtr
opicos. El aumento de los TH fue mas fuerte a traves de las latitudes medias, pero fue estadısticamente significativo en todas las cuatro regiones. Los restantes cuatro tipos de tiempo de la CSE exhibieron tendencias
estadısticamente significativas mas localizadas. Los resultados sugieren que estas tendencias en la frecuencia del
tipo de tiempo son un indicador del cambio climatico del verano, en el que algunas estaciones pierden mas del
50 por ciento de su frecuencia de los DP, perdiendo mas del 40 por ciento de su frecuencia en los TR y ganando
mas del 30 por ciento de su frecuencia en los TH desde 1950. Palabras clave: cambio clim
atico, America del Norte,
verano, tipos de tiempo.

espite global evidence of increasing temperatures and widespread acceptance of anthropogenic climate change within the climate
community (Cook et al. 2013; Intergovernmental
Panel on Climate Change [IPCC] 2013), there is
inconsistent evidence of increasing temperatures in

D

eastern North America. There is no evidence of
increasing temperature in the southeastern United
States during the observational record (Rogers 2013)
and also modeled versus observational comparisons in
the eastern United States (Knutson, Zeng, and Wittenberg 2013). Data analyses from the National Oceanic
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and Atmospheric Administration National Climatic
Data Center’s seasonal or annual time series by state
(NOAA NCDC 2015) reveal that most states in the
southeastern and Great Plains regions of the United
States have seen a slight positive or no trend in annual
and summer temperatures. Most states in the midwestern United States, northeastern United States, and
southern Canada have seen a linear increase in temperature over time with a steeper slope in recent decades (NOAA NCDC 2015). Rates of temperature
increase also vary by decade, annually, and seasonally,
often with contrasting results in adjacent regions.
Although the eastern United States has seen less
evidence of warming compared to many other regions
outside North America (Rogers 2013), there is a sizable
collection of literature documenting or projecting
future heat extremes across North America. The California drought of 2013 and 2014 has been linked to
possible anthropogenic warming influences via changes
in atmospheric circulation (Wang et al. 2014), and
there is significant evidence that heat waves and
droughts are increasing across the United States (Mazdiyasni and AghaKouchak 2015) and Florida (Keellings
and Waylen 2014). Furthermore, the number of heat
waves in urban areas has increased over the past five
decades along with the length of the season defined by
heat waves (Habeeb, Vargo, and Stone 2015). Future
warm extremes are also projected to occur more frequently in the Northeast United States (Ning, Riddle,
and Bradley 2015). Modeling results of future climate
also support the observational trends suggesting a transition to unprecedented heat stress, especially in the
northeastern and western United States (Scherer and
Diffenbaugh 2014), and extremes in apparent temperature in the eastern and western United States (Grundstein and Dowd 2011). The frequency of heat waves
has risen due in part to higher minimum daily temperature in the central United States (Schoof et al. 2015)
and southeastern United States in summer (Powell and
Keim 2015), large escalation in relative humidity (Dai
2006) and increases in water vapor pressure (Isaac and
van Wijngaarden 2012). Finally, the increase in the
number of record-breaking temperature extremes for
continental regions other than North America is likely
attributed to climate change (Coumou, Robinson, and
Rahmstorf 2013).
Although climatic evidence for temperature
extremes has been concordant across North America,
ecological indicators and phenology research have also
suggested that organisms are responding to shifts in
climate and temperature increase on continental and

regional scales. Across the continental United States,
spring appears to be warming, and this trend is supported by fewer instances of cold extremes extending
into summer (Mutiibwa et al. 2015). The ranges of
birds, as expressed through species diversity and richness, have shifted northward, primarily due to
increases in regional prebreeding temperatures in the
eastern United States (McDonald et al. 2012). Multiple phenological metrics across the Northern Hemisphere confirm earlier spring warmth influencing first
leaf dates and first bloom dates (Schwartz, Ahas, and
Aasa 2006). Record spring warmth in Massachusetts
and Wisconsin in 2010 and 2012 resulted in the earliest flowering times in recorded history for many plants
(Ellwood et al. 2013). Furthermore, Zander, Messina,
and Godek (2013) confirmed that spring is warming
and initiating earlier in the northeastern United
States, and these findings were supported by Allen and
Sheridan (2016), who found earlier spring/summer
and later fall/winter starting trends across sixty U.S.
stations. Despite these findings, much of the southeastern United States has been affected by later last hard
freeze dates and false springs (Marino et al. 2011).
The literature discussed so far has documented converging climatic or ecological evidence of summer heat
extremes and earlier onset of the spring season using
continuous temperature time series. In this research,
the Spatial Synoptic Classification (SSC; Greene and
Kalkstein 1996; Sheridan 2002) is used as an alternative method of demonstrating evidence of climate
change in the eastern United States and southern Canada. The SSC is a weather type classification scheme
where daily weather is categorized into one of seven
types based on six-hour changes in temperature, dew
point, wind speed and direction, pressure, and cloud
cover (Sheridan 2002, 2016). The explanations, characteristics, seed day methodology, and genesis regions
of the seven SSC weather types are discussed in detail
in Sheridan (2002) and also in Knight et al. (2008),
Davis et al. (2010), and Vanos and Cakmak (2014).
The SSC accounts for relative weather type variability based on the expected distribution for a month, season, or year. A holistic weather type scheme such as
the SSC might have advantages over single-variable
climate studies in assessing potential climate change. A
study using only temperature is susceptible to microscale anomalies in station location and instrumentation
consistency concerns that are largely removed using
weather types on the synoptic scale. Currently the SSC
has daily weather types archived mostly representing
North America and Europe (Bower and McGregor
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2007) for more than 450 stations dating back as far as
seventy years. It has been used extensively in peerreviewed climate literature with more than eighty publications to date (Sheridan 2016), the majority emphasizing relationships between climate and human health
(Hondula, Vanos, and Gosling 2014).
A portion of the SSC literature has been devoted to
assessing trends in weather types over time and the associated human health implications. Vanos, Kalkstein,
and Sanford (2015) found that the frequency of debilitating hot weather types has increased in the midwestern United States over the past six decades, and the
hottest weather types have been accompanied by higher
nocturnal temperatures in both large and small cities.
Canada and the United States have seen a statistically
significant increase in moist tropical (MT) air (Knight
et al. 2008; Vanos and Cakmak 2014). Transitional air
mass days, when one weather type is replaced by a different weather type, have been declining (Knight et al.
2008; Hondula and Davis 2011; Vanos and Cakmak
2014). Vanos, Kalkstein, and Sanford (2015) is the only
research to explicitly focus on summer change using the
SSC, and they had a small sample of ten cities emphasizing heat-related mortality potential. In this research,
summer was defined as May through September instead
of the traditional June through August based on evidence of earlier spring and later fall initiation (Allen
and Sheridan 2016). May through September was also
chosen due to agreement in climate model projections
of increased heat index values for the region over the
coming decades (IPCC 2013). Despite these model projections, research has not yet found a significant
increase in heat index values for the eastern United
States (Grundstein and Dowd 2011).
This research has two objectives: (1) explore and
identify possible trends in summer weather type frequency across the eastern United States and southern
Canada and (2) identify spatial regions of change based
on trends in weather type frequency over time. A Methods section with three subsections follows the introduction. The Results and Discussion section is organized to
parallel the Methods section with two subsections.

Data and Methods
SSC Weather Types, Station Selection, and Study
Area
The seven weather types of the SSC are summarized
and paraphrased from Sheridan (2002) here and
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adapted to reflect a summer description for eastern
North America.
 Dry moderate (DM): Mild without a traditional
source region, it is common with zonal flow aloft
and it can also represent a modified version of other
weather types that have changed temperature or
moisture characteristics away from their source
region.
 Dry polar (DP): Has its origins in northern Canada
or adjacent subpolar or polar regions with cool or
cold dry air and usually northerly winds with clear
skies.
 Dry tropical (DT): Hot, sunny, and dry conditions,
with common origins in the southwestern United
States and northern Mexico on the continental
scale. It can also occur in the eastern United States
under drought conditions when the lack of evapotranspiration lowers dew points.
 Moist moderate (MM): Cloudy, mild, and humid,
MM is commonly a modified moist polar or moist
tropical weather type that has strayed from its
source regions. It is common along stationary frontal
boundaries in summer.
 Moist polar (MP): Cool or cold, cloudy, and humid,
often with light precipitation associated with midlatitude cyclones or other frontal systems.
 Moist tropical (MT): Warm or hot and humid, with
common origins from the Gulf of Mexico, Caribbean, or tropical Atlantic. It also has additional
extreme categories of MTC and MTCC representing oppressive hot and humid days. These were all
combined into one MT category for this research.
 Transition (TR): One weather type yields to
another, common along frontal boundaries or other
processes where there are considerable changes
between the six-hour observations used for daily
classification.
The frequencies of all seven weather types were
assessed for summer trends and spatial change at
weather stations between 1950 and 2015. Thirty-eight
stations were chosen between the latitudes of 33 and
49 north. These latitudes marked the extent of stations with complete data records with enough summer
variety of weather types to assess trends over time. For
example, south (north) of 33 (49 ) north latitude,
polar (tropical) weather types are too infrequent in
summer to establish meaningful trends. Previous SSC
research poleward of 49 N in Canada used only four
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weather types for all seasons due to poor representation (Leung and Gough 2015). To be selected, it was
necessary for stations to have a record of SSC data
from 1950 through 2015, without missing months and
few missing days. The data record for most stations
began in 1948, but 1 May 1950 was chosen for all stations because a handful of stations began in 1949 or
1950. Attempts were made to have stations at approximately equal latitude and longitude spacing across the
study area; however, the spatial inclusion of stations is
a slightly irregular grid (see Figures 1–7) to include
stations with a complete record. All stations are firstorder airport or well-maintained aviation locations
with hourly METAR data, representing a mixture of
major, medium, and small cities.
Trends in Weather Type Frequency
The first step in this research was exploring trends
in weather type frequency at each station. Similar to
Vanos and Cakmak (2014), ordinary least squares
regression was used at all stations with time as the
independent variable and the May through September
percentage of each weather type frequency as the
dependent variables. Weather type frequency was used
instead of counts because some years contained missing days at many stations. A Kolmogorov–Smirnov
test of normality was performed on the summer percentage frequency for each weather type at each station. The DT weather type was nonnormally
distributed at twenty-five of thirty-eight stations due
to its flashy characteristics with outlier years. The DP
and MP weather types also had one and three of
thirty-eight stations, respectively, that did not have a
normal distribution. Mann–Kendall nonparametric
trend tests (Gocic and Trajkovic 2013) were used
instead of ordinary least squares regression for stations
with weather types with nonnormal distributions.

Spatial Zones of Change
The previous analyses were concentrated on identifying trends at one location. Perhaps a more important
question is about the existence of spatial or regional
zones of change that possibly indicate latitudinal zonation of summer climate change. A simple manual clustering of four groups of stations by latitude was
performed as the objective was to explore possible spatial regions of change. The regions were North
(N; nine stations), representing stations with a range

between 49.3 N and 43.6 N; Midlatitude North
(MLN; ten stations) with a range between 43.5 N and
41.3 N; Midlatitude South (MLS; ten stations) with a
range between 40.8 N and 38 N; and South (S; nine
stations) with a range between 37.5 N and 33.5 N.
A Kruskal–Wallis test indicated that the regional frequencies for the weather types were statistically significantly different from other regions (p < 0.05) except
for DT (p D 0.056). The DT time series trends for
many stations in each latitudinal group are characterized by anomalous outlier years. Despite the outliers,
two regions conformed to normal distributions for DT
and two (MLN and MLS) did not. The percentage frequency change for each weather type from 1950 to
2015 for all stations was mapped using ArcGIS (Version 10.3, Esri, Redlands, CA, USA) and grouped
together by regional symbology.
The inverse distance weighting (IDW) tool was
used to create a raster interpolation based on the percentage change for each weather type since 1950
(Senkbeil et al. 2012). A power of five was used to
smooth the contours, and an output cell size of 0.063
was recommended by the IDW tool based on the scale
of the data. Also, the search radius included all thirtyeight points and the processing extent was widened a
few degrees of latitude and longitude so that the cities
near the edge of the frame were not omitted.
Although a manual clustering procedure by latitude was used, objective procedures were considered
and evaluated. Hierarchical and k-means cluster
analyses were used to classify stations into regions
based on the percentage change in days between
1950 and 2015 for each weather type at each station. A range of solutions was selected between
three and seven clusters first using hierarchical clustering with between-groups linkage and squared
Euclidean distance. During the clustering process,
the largest decrease of within-group variability suggested that four clusters was the best solution. This
resulted in two large clusters and two individual
station clusters (Topeka, Kansas, and Columbia,
South Carolina) that did not merge with other
groups until forcing a two- or three-cluster solution.
Therefore, a k-means clustering procedure was run
with four clusters. Hierarchical cluster analysis is
often run before additional clustering procedures to
find the proper number of clusters to retain
(Senkbeil et al. 2012). The k-means procedure with
four clusters created groups of eleven, eight, twelve,
and seven stations that were statistically significantly different (p < 0.01), revealing a tendency
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for the northern and southern latitude stations to
be found in the same clusters. Due to this result,
the manual clustering of stations by latitude was
preferred for its simplicity because the k-means
results were not as intuitive.

Results and Discussion
Trends in Weather Type Frequency
Ordinary least squares regression or Mann–Kendall
trend tests were used with each weather type as the
dependent variable and time as the sole independent
variable. Results for each station are listed in alphabetical order by region and found in Table 1. The two
most disparate weather types, MT and DP, showed the
strongest results, followed by the TR weather type.
A total of thirty-one of thirty-eight stations saw a statistically significant increase in the frequency of MT
days since 1950. This is almost balanced by a statistically significant decrease in DP and TR frequency at
twenty-seven and twenty-five of the thirty-eight stations, respectively. The two most significant stations
for MT increase were Des Moines (p < 0.001, r2 D
0.23) and St. Louis (p < 0.001, r2 D 0.21), with over a
12 percent change since 1950 (see Table 1). These
percentage changes are a 57 percent and 39 percent
MT increase, so that MT days now represent 33 percent and 43 percent of all summer days at these two
cities (see Table 1). Similar MT findings for St. Louis
and the midwestern United States were reported in
Vanos, Kalkstein, and Sanford (2015). The two most
significant stations for DP decrease were Burlington,
Vermont (p < 0.001, r2 D 0.35), and Portland, Maine
(p < 0.001, r2 D 0.42), with an 11.9 percent and 11.4
percent change since 1950. These percentage changes
are a 54 percent reduction in the DP weather type to 9
percent and 11 percent of summer days at these two
cities (see Table 1). Duluth, Minnesota, Madison,
Wisconsin, and Kapuskasing, Ontario, have all
eclipsed a 6 percent loss in TR days, bringing those frequencies to under 10 percent for the summer, which is
over a 40 percent reduction in the TR weather type.
Vanos and Cakmak (2014) also found significant
decreases in both DP and TR across Canada in
summer.
The DM, MM, MP, and DT weather types displayed
significant trends at twelve, eleven, nine, and six stations, respectively. The DM weather type trend was
mostly positive at higher latitudes. Sault Saint Marie
and Duluth both saw a 10 percent increase in DM days
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from 25 percent to 35 percent (p < 0.001, r2 D 0.20;
see Table 1), which suggests that much of the DP loss
is possibly reflected in DM and MM gain (Vanos and
Cakmak 2014) at higher latitudes (Leung and Gough
2015). This is possibly explained by warming temperatures in this region and in Canada because of potential
changes in atmospheric circulation (Francis and Vavrus 2012, 2015) and shortening of the Hudson Bay sea
ice season (Gagnon and Gough 2005; Hochheim and
Barber 2010). The MM weather type was characterized
by significant positive trends at stations near the Great
Lakes where MT also increased. Syracuse was the
strongest positive MM result, with an 8 percent
increase from 15 percent to 23 percent (p < 0.001,
r2 D 0.16; see Table 1). The negative MP trend, like
the positive DM trend, was most pronounced at Sault
Saint Marie (p D 0.001, r2 D 0.17) and Duluth (p <
0.001, r2 D 0.18). All of the nine significant MP trends
were negative (see Table 1). After using Mann–Kendall trend tests for the DT weather type, only six of
thirty-eight stations indicated significant trends, all of
which were positive. Four of the significant stations
were located in the northeast part of the study region
where anomalous spikes in DT frequency were more
common in the last twenty years.
Regional Differences in Weather Type Frequency
The individual station frequency trends for each
weather type in the previous section were combined
into regional means and displayed as figures for each
weather type. The individual station percentage
change was mapped for each weather type and displayed with regional symbology. Thus, the discussion
that follows is organized by dry and moist weather
types with figures for regional trends and maps. The
TR weather type is discussed with the moist weather
types.
Dry Weather Types
The dry weather types were characterized by statistically significant declines in DP at all regions and a statistically significant increase in DM and DT only at
the North region (Table 2). The decrease of DP dominates the results from the North region and dwarfs the
DP loss in other regions (¡8.8 percent, r2 D 0.39, p <
0.001; Figure 1). Similar declines in DP were also
found across regions of Canada in the summer (Vanos
and Cakmak 2014; Leung and Gough 2015). The DP
loss in other regions was also significant but decreased
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0.953 0.007 ¡0.1056 0.014 0.091

0.001 0.173 ¡6.732

0.9042 0.974 0

2.046

1.66 0.211 0.024 ¡3.15

1.05 0.11

¡2.64

0.024 0.078 ¡3.993
0.021 0.08

4.1382 0.319 0.016 ¡1.3068

¡0.231

0.288 0.018 ¡3.234

0.67

0

0.4488 0.848 0.001 ¡0.2112 0.002 0.146

0.019 0.083 ¡5.544

0.56

r2

3.4452 0.175 0.029 ¡2.2836 0.003 0.133
0.066

0.181 0.028 ¡2.772

0.021 0.08

2.19 0.635 0.004

0.922

0.712 0.002

p

7.3128 0.026 0.075 ¡3.8016 0.048 0.06

0.762 0.001 ¡0.726
¡1.79 0.466 0.008

Change

5.4582 0.018 0.084 ¡2.508

1.584

6.072

0.401 0.011 ¡1.782

0.001 0.163

0.036 0.067

r2

1.4982 0.003 0.129 ¡4.1514 0.012 0.094

5.412

0.006 ¡1.2276 0.43

0.835 0.001

1.57 0.53

0

0.082

0.806 0.001

0.003 0.126

p

MT

1.9866 0.001 0.157 ¡4.4286 0.013 0.092

Change

MP

Note: DM D dry moderate; DP D dry polar; DT D dry tropical; MM D moist moderate; MP D moist polar; MT D moist tropical; TR D transition; M–K Z D Mann–Kendall Z score; MLN D Midlatitude
North; MLS D Midlatitude South. p values: Bold D p < 0.05.

Springfield, MO

South 0.332 0.015 ¡2.3232

¡0.0264 0.002 0.14

Richmond, VA

0

South 0.908

7.5

2.046

0.004 ¡1.3992

¡2.2968 0.554 0.005

¡1.1022 0.89

0.6

¡1.386

South 0.235 0.002 ¡3.4122 0.204 0.025

Oklahoma City, OK South 0.267 0.019 ¡3.7488 0.044 0.062

0.006

0.014 0.09

0.52

3.102

0.004 ¡1.65

0.119 0.037

0.63

South 0.546 0.006 ¡1.7226 0.346 0.014

0.023

¡4.092

¡3.366

¡1.782

Knoxville, TN

Raleigh, NC

2.442

0.396

4.488

0.296 0.017 ¡2.046

1.8348

1.2144 0.096 0.043 ¡3.201

¡5.676

¡6.072

¡8.58

¡2.64

¡7.7286 0.406 0.011

0.396

0.826 0.001
0.027 0.074 ¡3.696

¡4.224

2.046

¡0.066

¡3.63

0

0.959
0.199 0.026

¡5.478
¡4.092

0.5412 0.099 0.042 ¡4.326

0.1452 0.215 0.024 ¡3.0294

0.007

2.7984

0

0.005 0.119

2.58 0.955

2.21 0.118 0.038

0.001 0.157

2.46 0.013 0.092

0.907

¡8.0718 0.038 0.065

0.202

0.412 0.001

0

0.354 0.013

0.02

0.503 0.007 ¡1.452

r2

0.019 0.082

¡7.2072 0.581 0.005 ¡1.0758

<0.05

<0.01

<0.05

<0.05

p

MM

2.72 0.296 0.017

M–K Z

¡6.204

2.97

0.704 0.002 ¡0.33

¡9.372

Little Rock, AR

0

0.007 0.107

0.009 ¡2.112

South 0.45

Atlanta, GA

0.324 0.015

0

0.002 0.142

5.214

0.082 ¡5.214

0.072 ¡4.818

MLS 0.03

0.35

Pittsburgh, PA

0

MLS 0.305 0.016 ¡2.112

0.116 0.038

MLS 0.731 0.002 ¡0.924

Lexington, KY

New York, NY

2.7258 0.001 0.173

0.022 0.079

MLS 0.711 0.022

0.858

MLS 0.718 0.002 ¡0.858

Baltimore, MD

Charleston, WV

0

0.009 0.101

0.0132 0.932

0.7128 0.024 0.077

0.25

3.432

0

MLN 0.781 0.001

0

0.179

Madison, WI

3.168

0

MLN 0.217 0.024

1.254

Flint, MI

0

MLN 0.958

MLN 0.612 0.004

Cleveland, OH

0.236

0.208

Des Moines, IA

0

0.282
¡7.392

0.429

¡6.2898 0.752 0.002

0

MLN 0.179 0.028 ¡2.4024

¡6.666

1.584
2.442

0.018 0.084
0.011 0.096

0.422 ¡11.378

0.001 0.162

0

0.8976

2.244

0.021 0.081

0.345 ¡10.751
¡9.4908 0.071 0.05

3.0162

Boston, MA

0.193 10.23

0

3.762

0.291

p

4.7586 <0.01

0.101 0.041

North 0.001 0.16

0

0

Change

¡9.9132 0.054 0.057

North

0

0.899

0.002 0.144

r2

¡4.7652 0.533 0.006 ¡1.2936

¡6.336

p

DT

¡8.118

0.348
0.2

Portland, ME

7.6956

0

0.033 0.069
0

Change

0.351 ¡11.898

r2

0.003 0.133

0

p

DP

Sault St. Marie, MI

5.2602
7.4184

North 0.022 0.079

North 0.008 0.105

0.066

Montreal, QC

0

0.193

North Bay, ON

0

8.7846

0.223 10.23

Fargo, ND

0

North 0.001 0.164

Change

North

r2

Burlington, VT

p

Duluth, MN

Region

Station

DM

Table 1. Trend statistics for weather type frequency (%) for individual stations organized alphabetically by region

6
Senkbeil, Saunders, and Taylor

Changes in Summer Weather Type Frequency

7

Table 2. Average May–September weather type frequency (%) for each region 1950–2015, change in regional weather type
frequency (%) for each region 1950–2015, and r2 values for weather type frequency change for each region
Region
North
Midlatitude North
Midlatitude South
South

Average of DM Average of DP Average of DT Average of MM Average of MP Average of MT Average of TR
28.3
27.2
27.8
24.8
Average of
DM change

North
Midlatitude North
Midlatitude South
South

North
Midlatitude North
Midlatitude South
South

7.2
¡0.3
¡0.3
¡2.8

16.9
13.8
9.9
4.9

3.5
4.5
4.8
6.9

Average of
DP change

Average of
DT change

¡8.8
¡5.4
¡4.3
¡2.7

15.7
16.9
17.8
17.3
Average of
MM change

11.3
6.5
4.1
2.3
Average of
MP change

1.9
¡0.3
0.1
2.8

3.6
3.1
¡0.5
¡2.5

¡4.2
¡1.0
¡0.9
¡1.2

12.8
21.2
28.1
38.7
Average of
MT change
5.4
7.9
7.8
6.8

11.4
9.8
7.4
5.2
Average of
TR change
¡5.0
¡4.1
¡2.3
¡1.2

DM r2

DP r2

DT r2

MM r2

MP r2

MT r2

TR r2

0.29
0.00
0.00
0.04

0.39
0.19
0.15
0.10

0.07
0.00
0.00
0.02

0.15
0.07
0.00
0.03

0.24
0.03
0.02
0.05

0.17
0.21
0.18
0.11

0.27
0.26
0.14
0.04

Note: DM D dry moderate; DP D dry polar; DT D dry tropical; MM D moist moderate; MP D moist polar; MT D moist tropical; TR D transition. p values:
Bold D p < 0.01, Italics D p < 0.05.

southward in MLN (¡5.4 percent, r2 D 0.19, p <
0.01), MLS (¡4.3 percent, r2 D 0.15, p < 0.01), and
South (¡2.7 percent, r2 D 0.10, p < 0.01). The three
Canadian cities and two northeastern U.S. cities had
the strongest DP decline, and there was more spatial
consistency in results on the eastern side of the study
region with the exception of Boston and Syracuse (see
Figure 1). The western margin of the study area was
spatially inconsistent, especially a transect from Chicago to Springfield, Illinois, to St. Louis, where a rapid
DP change gradient occurred (see Figure 1).
Additionally, the North region is the only region
to show a statistically significant increasing trend in
DM (7.2 percent, r2 D 0.28, p < 0.001; see Table 2)
and DT (1.9 percent, r2 D 0.07, p < 0.05; see
Table 2). The DM increase was especially remarkable for this region considering that the means for
other regions were slightly negative and nonsignificant (Figure 2). Eight of the twelve cities with significant DM results were from the North region, and
the spatial DM distribution reflected a smoother positive to negative latitudinal gradient from north to
south compared to many other weather types (see
Figure 2).
Four of the six cities with significant DT results are
found in the North region and the overall mean DT
frequency for the region assumed a normal

distribution. The largest increase in DT frequency is
found in the southern cities near the Atlantic coast
where a lobe of the subtropical high occasionally is
associated with higher DT frequency (Figure 3); however, only Richmond has a significant trend at these
cities. The pulse nature of anomalous positive DT
summers should be monitored in the near future to
determine whether that signal is becoming more consistent, thus making DT a more prominent weather
type at higher latitudes when it has been historically
rare (see Figure 3).
Moist and Transition Weather Types
The moist weather types also displayed a greater
breadth of significant results in the North region, and
the TR weather type was significant in every region
but the South (see Table 2). The South region overall
was characterized by fewer statistically significant
trends in weather type frequency in this research.
Rogers (2013) found slight summer cooling in this
region primarily from increased soil moisture and
cloud cover time periods.
The MT weather type has undergone a statistically
significant increase in all regions. Unlike the dry air
mass results, the strongest MT increase is at the MLN
(7.9 percent, r2 D 0.21, p < 0.01) and MLS (7.8
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Figure 1. Top: Summer (May–September) frequency change (%) in dry polar 1950–2015 with individual stations grouped by regional symbology. Darker colors indicate areas of largest absolute change. Bottom: (A) North region summer frequency (% of summer days) of dry polar
for each year with linear trend line; (B) Midlatitude North region frequency (% of summer days) of dry polar for each year with linear trend
line; (C) Midlatitude South region frequency (% of summer days) of dry polar for each year with linear trend line; (D) South region
frequency (% of summer days) of dry polar for each year with linear trend line. MLN D midlatitude north; MLS D midlatitude south. (Color
figure available online.)
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Figure 2. Top: Summer (May–September) frequency change (%) in dry moderate 1950–2015 with individual stations grouped by regional
symbology. Darker colors indicate areas of largest absolute change. Bottom: (A) North region summer frequency (% of summer days) of dry
moderate for each year with linear trend line; (B) Midlatitude North region frequency (% of summer days) of dry moderate for each year
with linear trend line; (C) Midlatitude South region frequency (% of summer days) of dry moderate for each year with linear trend line; (D)
South region frequency (% of summer days) of dry moderate for each year with linear trend line. MLN D midlatitude north; MLS D midlatitude south. (Color figure available online.)
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Figure 3. Top: Summer (May–September) frequency change (%) in dry tropical 1950–2015 with individual stations grouped by regional
symbology. Darker colors indicate areas of largest absolute change. Bottom: (A) North region summer frequency (% of summer days) of dry
tropical for each year with linear trend line; (B) Midlatitude North region frequency (% of summer days) of dry tropical for each year with
linear trend line; (C) Midlatitude South region frequency (% of summer days) of dry tropical for each year with linear trend line; (D) South
region frequency (% of summer days) of dry tropical for each year with linear trend line. MLN D midlatitude north; MLS D midlatitude
south. (Color figure available online.)
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Figure 4. Top: Summer (May–September) frequency change (%) in moist tropical 1950–2015 with individual stations grouped by regional
symbology. Darker colors indicate areas of largest absolute change. Bottom: (A) North region summer frequency (% of summer days) of
moist tropical for each year with linear trend line; (B) Midlatitude North region frequency (% of summer days) of moist tropical for each
year with linear trend line; (C) Midlatitude South region frequency (% of summer days) of moist tropical for each year with linear trend
line; (D) South region frequency (% of summer days) of moist tropical for each year with linear trend line. MLN D midlatitude north; MLS
D midlatitude south. (Color figure available online.)

12

Senkbeil, Saunders, and Taylor

Figure 5. Top: Summer (May–September) frequency change (%) in moist polar 1950–2015 with individual stations grouped by regional
symbology. Darker colors indicate areas of largest absolute change. Bottom: (A) North region summer frequency (% of summer days) of
moist polar for each year with linear trend line; (B) Midlatitude North region frequency (% of summer days) of moist polar for each year
with linear trend line; (C) Midlatitude South region frequency (% of summer days) of moist polar for each year with linear trend line; (D)
South region frequency (% of summer days) of moist polar for each year with linear trend line. MLN D midlatitude north; MLS D midlatitude south. (Color figure available online.)
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Figure 6. Top: Summer (May–September) frequency change (%) in moist moderate 1950–2015 with individual stations grouped by regional
symbology. Darker colors indicate areas of largest absolute change. Bottom: (A) North region summer frequency (% of summer days) of
moist moderate for each year with linear trend line; (B) Midlatitude North region frequency (% of summer days) of moist moderate for each
year with linear trend line; (C) Midlatitude South region frequency (% of summer days) of moist moderate for each year with linear trend
line; (D) South region frequency (% of summer days) of moist moderate for each year with linear trend line. MLN D midlatitude north;
MLS D midlatitude south. (Color figure available online.)
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Figure 7. Top: Summer (May–September) frequency change (%) in transition 1950–2015 with individual stations grouped by regional symbology. Darker colors indicate areas of largest absolute change. Bottom: (A) North region summer frequency (% of summer days) of
transition for each year with linear trend line; (B) Midlatitude North region frequency (% of summer days) of transition for each year with
linear trend line; (C) Midlatitude South region frequency (% of summer days) of transition for each year with linear trend line; (D) South
region frequency (% of summer days) of transition for each year with linear trend line. MLN D midlatitude north; MLS D midlatitude south.
(Color figure available online.)
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percent, r2 D 0.21, p < 0.01) regions on the western
side, peaking at Des Moines and St. Louis (Figure 4).
The North region does not show as large of a percentage increase in MT; however, its significance is almost
as high (5.4 percent, r2 D 0.17, p < 0.01). Overnight
summer dew point temperatures have significantly
increased for the MT weather type across the midwestern United States (Vanos, Kalkstein, and Sanford
2015). Furthermore, more MT days with higher dew
points would theoretically alter the Bowen ratio by
elevating latent heat and increasing overnight minimum temperature. Land use and land cover variability
might also be a factor, as the most significant overnight trends in Vanos, Kalkstein, and Sanford (2015)
were larger cities, suggesting an urban heat island contribution. Research on agricultural cool domes and
land surface and atmosphere feedbacks in the Great
Plains also supports potential exacerbation of higher
dew points from land use and land cover influence
(Bonan 1997; Adegoke et al. 2003; Mahmood, Hubbard, and Carlson 2004) that might enhance the
hypothesis of DT converting to MT discussed in
Vanos, Kalkstein, and Sanford (2015).
The MP weather type had a statistically significant
negative trend at the North region (¡4.2 percent,
r2 D 0.24, p < 0.001), whereas all other regions were
not significant (see Table 1 and Figure 5). This is
counterintuitive to the fall hypothesis of DP air being
converted to MP air near Hudson Bay (Leung and
Gough 2015); however, the North stations are not
located in the Hudson Bay region. MM results were
statistically significant at the 0.01 and 0.05 levels for
the North and MLN regions (see Table 1). A swath
stretching from Kapuskasing to Pittsburgh had the
highest concentration of MM gain, suggesting that other
weather types could be converted to MM downwind of
the Great Lakes in summer zonal flow (Figure 6).
The TR weather type also reflects this same pattern
of latitudinal decrease with stronger significance at the
North region (¡5.0 percent, r2 D 0.27, p < 0.01) and
MLN region (¡4.1 percent, r2 D 0.26, p < 0.01; see
Table 1 and Figure 7). More significant summer trends
compared to winter were found in Canada (Vanos and
Cakmak 2014), whereas Knight et al. (2008) and Hondula and Davis (2011) found more significant winter
TR results across the United States. Hondula and
Davis (2011) reported weaker frontal systems leading
to fewer transition days in winter, but this might also
be true in summer, with warmer air displaced farther
north causing weaker temperature gradients and fewer
midlatitude cyclones (Yin 2005) and thus fewer TR
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days. TR days were not expected to show significance
in the South where the subtropical high limits summer
frontal passages. Birmingham, Alabama, is an anomaly
for both TR and MP, displaying characteristics of
more northerly latitudes.

Conclusion
Previous research has identified that weather type
frequencies are changing across North America
(Knight et al. 2008; Hondula and Davis 2011; Zander,
Messina, and Godek 2013; Vanos and Cakmak 2014;
Leung and Gough 2015; Vanos, Kalkstein, and Sanford 2015). Much of this research has been concentrated on annual scales or in seasons other than
summer. Our research focused exclusively on summer
weather type trends in eastern North America, where
climate change evidence and indicators have been less
represented in the literature. Summer heat stress and
temperature extremes are expected to escalate in the
coming decades, so this season has the most direct epidemiological consequences. Thus, demonstrating evidence of summer change in eastern North America is
important for planning, mitigation, and adaptation to
potential heat stress or changes in temperature and
moisture characteristics with implications in numerous
fields.
Ordinary least squares regression was used to
explore trends in summer weather type frequency at
thirty-eight stations in eastern North America.
A manual clustering of stations into latitudinal regions
was then performed using the change in weather type
frequency since 1950 at each of the thirty-eight stations to group the stations into regions of summer
change.
The strongest trends in weather types show statistically significant decreasing DP in all regions, statistically significant increasing MT in all regions, and
statistically significant decreasing TR in three regions.
The DP and TR results both followed a latitudinal gradient of decline from north to south. Hypothesized
reasons for the DP gradient range from a more common conversion of DP into other weather types and
climatic links to Arctic change and atmospheric circulation shifts. The TR decline is most likely due to a
more relaxed temperature gradient causing weaker and
fewer frontal systems with decreasing latitude. The
MT increase was more significant in the midlatitude
regions, and this is hypothesized to be related to
increased moisture content in the air resulting in a
more common conversion of other weather types into
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MT with possible localized influences from land use
and land cover change.
Future and ongoing research will elaborate on these
results by investigating possible links to upper atmosphere circulation patterns to determine the degree to
which these surface trends are vertically supported.
Other research will analyze trends of temperature and
moisture characteristics within each weather type to
assess potential spatial and seasonal changes in SSC
weather types over time.
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