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RESUMEN

Se examinaron registros historicos de temperatura y precipitacion en la region del Medio Oeste de los EUA
a fin de determinar si la variabilidad interdecadal asociada con la Oscilacion Decadal del Pacifico (PDO
por sus siglas en inglés) modula la variabilidad interanual de los climas de esta region asociados con la
Oscilacion del Sur El Nifio (ENSO por sus siglas en inglés). El analisis de espectro de poder demuestra que
existen variabilidades significativas asociadas al ENSO en series temporales de 3 a 7 afios e interdecadales
entre 12 y 15 afios; hay ademas un periodo de aproximadamente 21 afios entre estas series temporales. Se
sugiere que esta variabilidad interdecadal representa periodos temporales en los cuales la PDO actua como
modulador de la variabilidad de los climas del Medio Oeste asociada al ENSO. Asi mismo, en este estudio se
determind que la variabilidad de los climas del Medio Oeste asociada con el ENSO era bastante pronunciada
durante los periodos +PDO (p. ¢j., 1925-1946 y 1977-1999) y mucho menor durante los periodos —PDO (p.
ej., 1900-1924; 1947-1976; and 2000 al presente). Estos resultados sugieren que los impactos del ENSO en
los climas del Medio Oeste varian en escalas interdecadales. Mdas atin, los climas estacionales registrados
durante un ENSO en particular, no necesariamente se repetiran en otros ENSO similares posteriores. En
consecuencia, desde una perspectiva operacional, la variabilidad interdecadal deber ser considerada como
sobrepuesta a las variaciones interanuales a fin de obtener prondsticos estacionales de largo plazo mas precisos.

ABSTRACT

Long-term temperature and precipitation records in the Midwest are examined in order to determine if
interdecadal variability associated with the Pacific Decadal Oscillation (PDO) acts to modulate the El
Nifio Southern Oscillation (ENSO) related interannual variability of Midwestern climates. Power spectrum
analysis demonstrates that significant ENSO related variability between 3 and 7 years as well as significant
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interdecadal variability between 12-15 years and at approximately 21 year time periods exist within these
time series. This interdecadal variability is suggested to represent the time periods in which the PDO acts to
modulate the ENSO-related variability of Midwestern climates. In addition, it was determined in this study
that the ENSO-related variability of Midwestern climates was very high during the +PDO periods (e.g.,
1925-1946 and 1977-1999) and was much lower during the —PDO (e.g., 1900-1924, 1947-1976, and 2000
to present) periods. These results suggest that the ENSO-related impacts on Midwestern climates change
on interdecadal time scales. Further, the seasonal climates experienced during a particular ENSO event may
not necessarily mimic those of another similar ENSO event in the future. Thus, from an operational point
of view, in order to obtain more skillful seasonal long-term forecasts, the interdecadal variability should be
considered as being superimposed upon the interannual variations.

Keywords: El Niilo, Pacific Decadal Oscillation, temperature variability, precipitation variability.

1. Introduction

Natural climate variability has been studied extensively in recent years, including an examination of
El Nifio Southern Oscillation (ENSO) related variability of: Atlantic hurricane activity (O’Brien et
al., 1996; Bove et al., 1998; Lupo and Johnston, 2000; Lupo et al., 2008a), sea surface temperatures
(SST; Mokhov et al., 1997; Mokhov et al., 2004), regional climate (Wunsch, 1999, Eichler and
Higgins, 2006), snowfall events (Kunkel and Angel, 1999; Berger et al., 2002; Lupo et al., 2005),
blocking events (Wiedenmann et al., 2002; Barriopedro et al., 2006), and mid-western tornado
events (Marzban and Schaefer, 2001; Akyuz et al., 2004). It is well documented (Hoskins ez al.,
1983; Kung et al., 1990, 1992, 1993; Lau, 1997; Lupo and Bosart, 1999) that the variability of
SST in the Pacific Basin can substantially impact the general circulation of the atmosphere on short
(seasonal) and long time (interannual) scales. Specifically, coupled ocean-atmosphere events such
as the ENSO have been linked to significant interannual variations in local and regional climates
(Kung and Chern, 1995; Lupo et al., 2007). Similarly, interdecadal variations in the climate of
North America have been recently connected with the Pacific Decadal Oscillation (PDO) (Mantua
et al., 1997; Minobe, 1997; Gershunov and Barnett, 1998; Lupo et al., 2007).

Anomalous SST distributions alter the heating distributions of the tropical troposphere which
significantly influence the general circulation of the atmosphere. This alteration can produce
significant changes in regional climates by directly influencing the frequency and intensity of
extratropical cyclones (Key and Chan, 1999; Eichler and Higgins, 2006), as well as blocking
anticyclones (Wiedenmann et al., 2002). The occurrence or lack of occurrence of blocking during
a season can determine the climate characteristics of a region (warm and wet, cold and dry, etc.:
Quiroz, 1984; Lupo et al., 2008b). Therefore, understanding the nature of these interannual SST
variations as well as how interannual variability itself varies on long time scales, are critical
components to consider in long-range seasonal forecasting (one to six months) (Lupo et a/., 2007,
2008Db).

It has been hypothesized using observations to build models that interdecadal variations in
SST’s associated with longer-term oscillations can have an impact on the strength and character
of ENSO (Tsonis et al., 2007; Swanson and Tsonis, 2009). The study of Lupo et al. (2007), which
was an extension of the work done by Kung and Chern (1995), suggested that Pacific Region SST
associated with ENSO tend to have different structures during different phases of the PDO. The
work of Kung and Chern (1995) used principal component analysis as well as cluster analysis in
order to classify monthly mean Pacific Region SST into seven distinct anomaly distributions (A-G).
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A similar analysis of SST anomalies from 1870-1991 was performed by Enfield and Mestas-Nufiez
(1999) and Mestas-Nuiez and Enfield (1999, 2001).

The seven SST clusters of Kung and Chern (1995) were shown to have a corresponding
influence on the mid-level mean atmospheric circulation. They showed that four different SST
clusters represented La Nifia or neutral conditions, while three were associated with El Nifio in
the tropical Pacific from 1955-1993 (see their Fig. 1). Then, Lupo et al. (2007, 2008) extended the
time period of study to include 1994-2007, and they showed that the SST distributions could be
grouped by different phases of the PDO. Specifically, they suggested that strong El Nifio and
weak La Nifia SST distributions commonly occurred during the +PDO (1977-1999). Conversely,
stronger La Nifia and weaker El Nifio SST distributions were predominant during the -PDO. In
general, El Nifio events during -PDO featured warm SST anomalies residing more within the
east-central tropical Pacific.
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Fig. 1. Illustration of the geography
of the midwestern region. All stations
included in the study are labeled.
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The Lupo et al. (2007) results suggest that the character of ENSO events are modulated by
the long-term SST variability associated with the PDO. Other studies, such as Ebbesmeyer et
al. (1991), Mestas-Nufiez and Enfield (1999), Hidalgo and Dracup (2003), and others, support a
shift in the Pacific Basin’s climate regime around 1977, coincident with the PDO shift. There has
been some uncertainty in the literature relative to the change in the SST in the Pacific around the
year 2000 (Biondi et al., 2001), but the recent study by Swanson and Tsonis (2009) suggest that a
climate shift occurred around the years 2001-2002, including changes in the behavior of long-term
indexes like the PDO. Minobe (2004) suggested that it may be difficult to establish the timing of,
or even if, the later shift has occurred due to the erratic behavior of the PDO in the last 30 years.
Nonetheless, the 1977 change, in which Ebbesmeyer et al. (1991) was one of the first to identify,
was stronger and more consistently identified than other shifts in the North Pacific climate during
the 20th century (Litzow, 20006).
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The objective of this research is to determine if changes in the PDO occurrences have
significantly affected the ENSO-related interannual variations in mid-western monthly averaged
temperatures and precipitation. Mantua et al. (1997), who first used the term PDO, showed that
interdecadal variability in the climate of the Pacific Northwest could be found and correlated
with ecological variables such as salmon productivity. Then, the hypothesis is that long-term
variability associated with the PDO acts to modulate the ENSO-related variability on interdecadal
timescales, thus causing significant changes in the ENSO-related variability of Mid-western
climates. Torrence and Compo (1998) show interdecadal variability in the ENSO index from 1880
to 1995. This hypothesis can be further supported by studies by Gu and Philander (1995) and
Mokhov et al. (2000, 2004), who have shown that the amplitude and period of ENSO tends to be
modified on long time scales. Similarly, a study done by Gershunov and Barnett (1998) using sea
level pressure (SLP) records as well as heavy daily precipitation (HPF) suggest that a strong El
Nifio (La Nifa) signal occurs during years characterized as a positive (negative) PDO.

In order to support the objective above, monthly averaged temperature and accumulated
precipitation climatological records were acquired from several first order observing stations in
Missouri and adjacent states, which are presented in section 3. A statistical analysis was performed
in order to quantify interannual variability in the Mid-western temperatures and precipitation, and
then to identify any relationships that exist between ENSO and PDO variability. In section 4, the
methodology of Mokhov et al. (2000, 2004) will be used on the time series of temperature and
precipitation to demonstrate that significant ENSO-related interannual and interdecadal variability
exists. Then, we will examine the large-scale synoptic patterns and blocking. An extensive study
relating the long-term oscillations associated with the PDO with ENSO variability in Mid-western
temperatures and precipitation is unique to this study. Knowledge of how ENSO behaves during
different phases of the PDO would improve long-range forecasts in our region (Changnon et al.,
1999). Improved monthly and seasonal forecasting would benefit the agricultural community as

well as longer-term economic decision-making activities such as energy usage planning.

2. Data and methodology
2.1 Data

The dataset used in this analysis contains time series of mean monthly temperature and precipitation
records dating back to the early 20th century for various first-order observation stations across
Missouri and adjacent states. These data were obtained from the Missouri Climate Center and the
Midwestern Regional Climate Center (http://mcc.sws.uiuc.edu). Monthly average temperature
was provided by these centers in degrees Fahrenheit, while monthly precipitation was provided
in inches. These were then converted to centigrade for temperatures and millimeters for the
precipitation measurements.

Atotal of 24 stations were arbitrarily chosen in order to obtain a broad geographical distribution
across the study region (Fig. 1). The region includes all of Missouri (MO), lowa (IA), southern
Minnesota (MN), western Illinois (IL), northern Arkansas (AR), northeastern Oklahoma (OK),
eastern Kansas (KS), and southeastern Nebraska (NE); with a total of seven, three, one, five, four,
two, one, and one station in each state, respectively. In order for a station to qualify for selection,
it had to meet the following criteria: 1) the time series must extend back to 1900, 2) the dataset
could not have been missing more than 10 percent of data, and 3) the station must not have moved
more than twice during the length of the dataset. Months containing missing data were simply
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replaced by the time series mean for that particular month, in order to ensure a continuous record
that did not change the overall mean of the observed data. A few stations did experience location
changes during the late 1960s and early 1970s, but there was no evidence found to suggest that
these moves resulted in significant changes in the climatology.

Anomalous seasonal planetary flow regime composites were constructed using the National
Center for Environmental Prediction (NCEP) gridded reanalysis (Kalnay et al., 1996). This data
set contains gridded reanalysis of 500 hPa geopotential height anomalies stored in 144 x 73 point
arrays with a spatial resolution of 2.5° latitude by 2.5° longitude global grid. These data are archived
and available online through the Climate Diagnostics Centers website (http://www.cdc.noaa.gov/
data/reanalysis/).

2.2 Definitions

A 105 year period was used in this study starting with January 1900 and ending in December
2004. These time periods were chosen because they represent sufficiently long time scales in
order to identify and describe significant interannual as well as interdecadal variability. After
compiling complete time-series of temperature and precipitation data for each station the data were
stratified by the phase of ENSO (EI Nifio, La Nifia, or neutral; Changnon ef al., 1999) as well as
the PDO phase (Mantua et al., 1997). Simple means were then calculated for each sample. Also,
temperature and precipitation distributions were constructed. These distributions were created
simply by calculating each month’s temperature and precipitation anomaly probabilities using
the entire dataset mean and standard deviation for that particular month. For this analysis, both
temperature and precipitation anomalies could be approximated a normal distribution, and these
were tested at the 90% confidence level (Lupo et al., 2003). Therefore, those months in which
the temperature or precipitation anomaly were greater than (less than) one standard deviation
were considered to be warm or wet (cold or dry); otherwise they were considered to be normal.
This was done in order to identify if large scale variations in the general circulation associated
with SST variations in the Pacific basin produced significantly different climate conditions over
the region.

The ENSO definition used in this study follows the Japan Meteorological Agency (JMA)
ENSO index. This is a widely accepted definition of ENSO that has been used in many other
climatologically studies (O’Brien et al., 1996; Bove et al., 1998; Lupo and Johnston, 2000; Smith
and O’Brien, 2001; Berger et al., 2002; Wiedenmann et al., 2002; Akyuz et al., 2004). According
to this definition, a particular phase of ENSO (EI Nifio, La Nifia or neutral) is determined based
on a 5 month running mean of spatially averaged sea surface temperature (SST) anomalies
contained within an area between 4° S-4° N, 150° W-90° W in the tropical Pacific basin. In order
for a particular year to be classified as an El Nifo (La Nifia) year the SST anomaly must be 0.5°C
(0.5 °C) or more (less) for 6 consecutive months including the months of October, November
and December. Alternatively, values between 0.5 and —0.5 °C are classified as a neutral year. The
ENSO year is defined to start on October 1 and persists through the following September. So, for
example, the 1997 El Nifio year started in October 1, 1997 and persisted through September 1998.
A comprehensive list of ENSO years, binned by ENSO phase, dating back to 1900 are found in
Table I, more information regarding the JMA ENSO index can be found on the Center for Ocean
and Atmospheric Prediction Studies (COAPS) website (http://www.coaps.fsu.edu).
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Table I. Time period 1900-2004 stratified by ENSO phase.

La Nina years Neutral years El Niflo years
1903 1956 1900 1931-1937 1985 1902 1969
1906 1964 1901 1939 1989 1904 1972
1908 1967 1907 1941 1990 1905 1976
1909 1970 1912 1943 1992-1996 1911 1982
1910 1971 1914 1945-1948 2000 1913 1986
1916 1973 1915 1950 2001 1918 1987
1922 1974 1917 1952 2003 1925 1991
1924 1975 1919 1953 2004 1929 1997
1938 1988 1920 1958-1962 1930 2002
1942 1998 1921 1966 1940

1944 1999 1923 1968 1951

1949 1926 1977-1981 1957

1954 1927 1983 1963

1955 1928 1984 1965

The Pacific Decadal Oscillation (PDO) is a long-term fluctuation in the Pacific Basin SST that
has a period of 50 to 70 years (Mantua et al., 1997; Minobe, 1997). Mantua et al. (1997) define
the two distinct phases of the PDO, known as the positive PDO and the negative PDO. They refer
to the high phase of the PDO as the positive PDO (+PDO). This particular phase is characterized
by cold western and north central Pacific waters and warm eastern and tropical Pacific waters. An
anomalously deep Aleutian low is also a common characteristic of the +PDO. Conversely, the low
phase of the PDO, the negative PDO (-PDO) characterizes directly opposite conditions. A complete
list showing the period of each phase of the PDO can be found in Table II.

Table II. The phase of the Pacific Decadal Oscillation
(PDO) (adapted from COAPS).

PDO phase Period of record
-PDO 1910 - 1924
+PDOI1 1925 - 1946
-PDO2 1947 - 1976
+PDOI1 1977 - 1998
-PDO2 1999 - present

2.3 Statistical testing

This study performed a simple statistical analysis through the assumption that the distribution of
monthly temperature and precipitation were nearly normal. Once years were classified by their
corresponding phase of ENSO and PDO, means were tested in order to analyze and compare ENSO,
and PDO related variability. A two-tailed “standardized test statistic” (z*) was the technique used
for the comparison of the sample means (z*; Neter et al., 1988). Means for the total time series
studied served as the “expected” frequencies of occurrence. Distributions of the monthly temperature
and precipitation binned by category (e.g. warm-wet, warm-dry, cool-wet, cool-dry, etc.) were
tested using the chi-squared goodness of fit test. This test used the total observed distribution as
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the “expected” frequency following Lupo et al. (1997). This technique is superior to using an
approximated distribution because these may not accurately represent the actual distributions. All
statistical tests assumed the null hypothesis, that no prior relationship is present among the variables
being tested and confidence levels of 90% or higher are considered to be significant results here.

2.4 The method of cycles

The methodologies used here to demonstrate interannual and interdecadal variability from a one-
dimensional time series are described in Mokhov et al. (2004), and will be called the method of
cycles following Mokhov and Eliseev (1998), Mokhov et al. (2000) and Federov et al. (2003). The
techniques used in these references are based on standard dynamic analysis techniques for physical
systems (e.g., Lorenz, 1963). Here we use the time series of temperature and precipitation for each
station as was done in Lupo et al. (2007). The basis for this analysis is derived by constructing
simple phase plots of the first derivative of the time series versus the time series itself. If ideally,
the function represented by the cyclic time series is sinusoidal (or approximately sinusoidal), a
simple two-dimensional phase plot of the first derivative versus the time series itself will yield a
circular set of trajectories about some mean state (see Lupo ef al., 2007, Fig. 1b). However, the
phase plot may suggest that there are periods of time during the record where the trajectories imply
the monthly mean temperature record was stable (behaves like a damped oscillator), and there are
periods of time when the record was unstable. Then, the system behaves similar to that suggested
by Fedorov et al. (2003), who examined Pacific Region SST, and they suggest that the ENSO
phenomenon behaved like a slightly damped oscillator, but was sustained by modest disturbances.
This suggests that there are times in which the long-range monthly temperatures may be more
predictable, instead of assuming that the system is solely chaotic or unpredictable at this time-scale.

The main objective here was to identify interannual and interdecadal periodicities within our
time series of monthly averaged temperature and precipitation, similar to Mokhov et al. (2000,
2004). However, the filtering procedure used in their references was modified here. Mokhov et al.
(2000, 2004) presented results using a two-year running mean filter. The consequences of using
a filtering technique of this type is that it either requires having two additional years worth of
data in the analysis period, or the loss of two years of information. Instead, here a simple second-
order Shapiro (1970) filter is adopted to filter low order variability from the one-dimensional time
series. This filtering technique was used since it utilizes the entire length of the time series, with
the exception of the two endpoints. The symmetric nature of this filter ensures that there are no
phase-shifts of the lower-order variability, and no significant aliasing error. The two-year running
mean filter, such as that used in Mokhov et al. (2000, 2004), does not possess these same features
(Shapiro, 1970).

Finally, in order to identify the periods of significant variability within the filtered time series,
the method of power spectra analysis was performed. The power spectra were calculated using
Fourier transformations and wavelets. The wavelet technique is similar to that of Torrence and
Compo (1998), and they describe the procedure in more detail. The mother wavelet adopted here
1s the Morlet wavelet, and has the form;

2112
—i2mt 2n M
W(t)=e exp _(kq,) 71 (D
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where ¢ in units of a year, and k,, is constant and represents the width of the Gaussian envelope of the
mother wavelet. As the value of &, is increased the width of the Gaussian envelope increases, which
causes the time resolution of the wavelet coefficients to be significantly reduced. In order to maintain
good time and frequency resolution, the value of &, was set to 6 following Gu and Philander (1995).
The wavelet coefficients were calculated in terms of Fourier transformations of the form:

(r a)=a" [ f{o)i(av)e " do, @)

where it is the translation parameter, a is the dilation parameter which determines the width of
the wavelet, /| (co) is the signal in the frequency domain, and ‘P(a u)) is the Fourier transformation
of the mother wavelet. Fourier transformations were calculated using the Fast Fourier Transform
method. Here, 35 wavelet coefficients were calculated, with each coefficient representing the
number of oscillations per year. This number of coefficients was chosen in order to capture both
interannual and interdecadal variations. The Morlet wavelet has been used as the wave basis in
other published climate studies such as Gu and Philander (1995) and Hu et a/. (1998), who studied
decadal variations in the amplitude of the Southern Oscillation, and interdecadal variability of
precipitation in the central United States, respectively.

3. Analysis of the PDO-related ENSO temperature and precipitation variability

It is important to first note that although studying the ENSO-related variability of local climates is not
necessarily a new endeavor, and has been done by many of the previous studies referenced above,
longer-term interdecadal PDO-related Midwestern climate variability and, more importantly, its effects
on the ENSO-related climate variability has not been the focus of previous studies. In this section,
our interest lies in determining if the magnitude and frequency of the climate anomalies associated
with each phase of ENSO changed during the opposite phases of the PDO. In other words, we are
interested in how the interdecadal variability associated with the PDO act to modulate the ENSO-
related interannual variability. It was determined if the ENSO variability was greater within one
phase of the PDO, or if for example El Nifio (La Nifia) events were amplified during +PDO (-PDO).

Considering this, the strength of the monthly temperature and precipitation departures as well
as the frequency of monthly means above or below the long term mean during ENSO years were
then examined within each PDO time frame. It is noteworthy, however, that the time period from
1900 to 1909 was excluded from this analysis. These first ten years were not included due to PDO
phase uncertainty prior to 1910. Therefore, the total sample here includes: 10 (5) +PDO El Nifio
(La Nifia) years, 10 (17) =PDO EI Nifio (La Nina) years, and 29 +PDO (24 —PDO) neutral years.
Also, in the discussion below we will use stations that best represent the climatological character
of particular sub-regions discussed, and the years used for each station across the entire region are
consistent with the information presented above (see also Tables I, II).

3.1 Positive and negative PDO EI Niiio events
3.1.1 Temperatures

Midwestern temperature departures and variability with respect to ENSO phase was analyzed in
conjunction with the PDO here. A detailed analysis indicates that the +PDO phase demonstrated
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stronger ENSO-related departures and variability throughout most of the year. This was especially
true during the winter, spring and fall seasons for the northern half of the region. By far, the most
substantial ENSO-related temperature variability during the +PDO period occurred in the winter
season months throughout much of the northern Midwest (northern MO, 1A, NE and MN). For
example, at the Minneapolis, MN station (Table III), ENSO variability (last column —defined as
the largest difference between all combinations of the differences between the El Nifo, La Nifa,
and neutral phase temperature anomalies) during the +PDO period in the winter and spring season,
was nearly 2.0° and 1.2° C higher than that found during the —PDO period, respectively. This was
especially true during the months of February and April.

Table I11. PDO-related ENSO temperature departures and variability at Minneapolis, MN. Mean temperatures
in centigrade, for the total time series, are displayed in the second column. Mean temperature anomalies in
centigrade are displayed for each respective phase of ENSO. The total difference between the highest average
ENSO temperature and the lowest average ENSO temperature are displayed on the far right for both PDO
phases. Numbers in bold and underlined indicate statistically significant at 90% temperature anomalies.
Finally, numbers that have an (*) indicate statistical significance in excess of 90%.

Minneapolis, Minnesota ENSO temperature variability (°C)
+ PDO/- PDO
Month Average El Nifio Neutral La Nifia ENSO
temperature anomaly anomaly anomaly variability
0 +PDO -PDO +PDO -PDO +PDO -PDO +PDO -PDO

January -10.4 +1.5  +0.2 02  -04 +1.0  -0.9 1.7 1.2
February -7.9 +4.2* -0.4 +0.1  -0.1 -1.6 -0.5 5.8 0.4
March -0.8 +1.2  -0.1 +0.6  -0.8 +0.2 -04 1.0 0.7
April 7.8 +1.5% +0.2 -0.2  -0.1 -0.1 -0.2 1.7 0.4
May 14.6 +1.8% +0.1 +0.2 =05 -0.7 0.0 2.5 0.6
June 19.9 +0.6 +0.1 +0.1  -0.2 -04 +04 0.9 0.6
July 22.9 +0.7 +0.4 +0.2  v0.3 +0.1  +0.1 0.6 0.7
August 21.5 +0.2 =02 +0.1  +0.2 +04 -04 0.3 0.7
September 16.3 +0.7  +0.2 0.0 +0.1 +0.3 -0.8* 0.7 0.9
October 9.7 -1.1* -0.8 -04  +0.6 +1.1 +0.7 2.2 1.4
November 0.7 -1.5% -0.1 -04  +0.3 +0.3  +0.8 1.8 0.9
December -7.0 +1.3 +14 -0.7 -0.1 -1.3 -0.1 2.6 1.6
Annual 7.3 +0.9% +0.1 -0.1  -0.1 -0.1  -0.1 0.9 0.2
Winter -84 +2.3* +0.4 -03 -02 -0.7 =05 29 0.9
Spring 7.2 +1.5%  +0.1 +0.2 -04 -0.2 =02 1.7 0.5
Summer 21.4 +0.5 +0.1 +0.1  -0.1 +0.1 0.0 0.4 0.2
Fall 8.9 -0.6 -02 -03 +03 +0.6  +0.2 1.2 0.6

Also, ENSO-related temperature departures and variability within other cities of the northern
midwestern region (Des Moines, IA and Columbia, MO) proved to be higher during the +PDO
period due in large part to the tendency for this region to experience significantly warmer (e.g., at
99 and 90% confidence levels, respectively) than average months during these events (Figs. 2a, b,
and Tables [Va, b). This was especially true during the winter, spring and even the summer seasons.
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a) Monthly temperature distribution b) Monthly temperature distribution
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Fig. 2. Monthly temperature frequencies (% in category) for the entire ENSO year at the a) Des Moines, 1A,
b) Columbia, MO, and c) Fayetteville, AR stations. The grey bars represent the temperature distributions
during +PDO El Nifio events. The black bars represent the temperature distributions during —PDO El Nifio
events. Finally, the white bar represents the total 105 year temperature distribution.

Only the fall season months were found to experience significantly cooler mean conditions. Note
that Figure 2 shows the temperature departure frequencies during different phases of ENSO and
for +PDO. Above (below) normal months are those that fall greater than one standard deviation
above (below) the monthly mean.

Interestingly, although the ENSO-related temperature variability was found to be substantially
higher in the winter season within the northern Midwest during the +PDO1 period, the same could
not be said for areas farther south. The most pronounced differences were found to occur during
the winter months. During these months, stations within the southern half of the region (e.g.,
Fayetteville, AR) revealed nearly equal to slightly higher ENSO-related temperature departures
and variability during the —PDO period (Table V). Also, an analysis of Figure 2c¢ and Table [Vc
shows that during +PDO EI Nifio events monthly temperature frequencies were found to be nearly
evenly distributed between warm and cool months throughout the entire ENSO year. In some
cases, however, especially within the southwestern portion of the study region a significant cool
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Table IV. Seasonal temperature anomaly frequencies (%) during +PDO EI Nifio
events only (compare to Fig. 2) at the a) Des Moines, 1A, b) Columbia, MO, c)

Fayetteville, AR stations.

a) Des Moines, 1A Temperatures +PDO El Nifio
Season Warm months (%)  Cool months (%) Normal months (%)
Winter 333 6.7 60.0
Spring 36.7 3.3 60.0
Summer 333 13.3 533
Fall 20.0 26.7 533
b) Columbia, MO Temperatures +PDO EIl Niio
Season Warm months Cool months Normal months
Winter 333 10.0 56.7
Spring 233 20.0 56.7
Summer 16.7 6.7 76.7
Fall 13.3 233 63.3
¢) Fayetteville, AR Temperatures +PDO El Nifo
Season Warm months Cool months Normal months
Winter 20.0 10.0 70.0
Spring 233 20.0 56.7
Summer 133 16.7 70.0
Fall 10.0 26.7 63.3

Table V. As in Table III, except at the Fayetteville, AR station.
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Fayetteville, AR

ENSO Temperature Variability (°C)

+ PDO/- PDO
Month Average El Nifio Neutral La Nifia ENSO
temperature anomaly anomaly anomaly variability
°C) +PDO -PDO +PDO -PDO +PDO -PDO +PDO -PDO

January 2.7 -09 -02 -0.8 -0.2 +1.4  +L.5*% 24 1.7
February 4.8 +1.3 -0.9 -04 +0.4 +0.2  +0.9 1.7 1.9
March 9.3 -09 -09 +0.3  -0.6 +1.2 +0.3 22 1.3
April 14.8 -0.6 0.1 -0.2  +0.3 +0.8 +0.3 1.3 0.2
May 18.9 +0.3  +0.2 -0.2  +0.2 -0.4 0.0 0.7 0.2
June 23.5 -0.1  +0.2 +0.1  +0.3 +0.6 -0.3 0.7 0.6
July 26.1 +0.4  +0.4 +0.4* -0.2 00 -04 0.4 0.8
August 25.7 +0.1 =03 +0.2 0.0 +0.2 -03 0.1 0.3
September 21.7 +0.9* -0.3 -0.3 -0.1 +0.9 -03 1.2 0.2
October 15.7 -1.3* +0.1 0.0 +0.2 +0.4  +0.4 1.8 0.3
November 9.2 -1.6* -0.7 -0.2 0.0 +1.0 +1.1* 2.6 1.8
December 4.3 +0.2  +0.3 -0.5 +0.1 -04  +0.8 0.7 0.7
Annual 14.7 -0.2 -0.2 -02  +0.1 +0.5  +0.3% 0.7 0.5
Winter 3.9 +0.2  -03 -0.6* +0.1 +04  +1.1% 0.9 1.3
Spring 14.3 -04 0.2 -0.1 0.0 +0.6 +0.2 0.9 0.4
Summer 25.1 +0.2 +0.1 +0.2 0.0 +0.3 -0.4 0.1 0.5
Fall 15.6 -0.7* -0.3 -0.2 0.0 +0.8 +0.4 1.4 0.7
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bias was discovered. For instance, at the Ardmore, OK station (not shown), temperature departures
were found to be skewed significantly (95% confidence level) towards cool months throughout
the ENSO year. This was especially true during the spring, summer, and fall seasons. The winter
season revealed similar, but less robust than those found within the northern midwestern region.

In contrast to their +PDO counterpart, the —-PDO El Nifio events were found to behave
drastically different. An analysis of the monthly temperature frequencies during —PDO El
Nifio events (black bars in Figs. 2a, b) in the northern and central region, for example, the Des
Moines, [A (Table VI) and Columbia, MO stations reveals that the percentage of cool and normal
months increase dramatically, while a relative dearth of warm months exist in comparison to
+PDO El Nifio events. Thus, temperature departure were actually found to show a slight cool
bias throughout the year, with temperature frequencies skewed toward cool months (Figs. 2a, b),
except for winter. In spite of this, temperature frequencies during the winter season were found to
be skewed significantly (90% confidence level) towards warmer months in the northern region.
Finally, the temperature distributions during —PDO El Nifio events did not deviate significantly
from the total time series distributions anywhere within the study region.

Table VI. As in Table IV, except for -PDO El Nifio events at the Des Moines, A station.

Des Moines, IA Temperatures -PDO EI Nifio
Season Warm months(%) Cool months (%) Normal months (%)
Winter 26.7 23.3 50.0
Spring 6.7 133 80.0
Summer 16.7 16.7 66.7
Fall 13.3 26.7 60.0

3.1.2 Precipitation

Precipitation frequencies during +PDO El Nifo events was found to produce slightly wetter
conditions within the extreme southern and western regions (Fig. 3). This was especially true during
spring and fall seasons. Annual precipitation in these areas during the +PDO El Nifio events were
approximately 25.5 to 51 mm above the climatological annual average. None of the wetter than

a) Monthly precipitation distribution b) Monthly precipitation distribution
Grand Island, Nebraska Jonesboro, Arkansas
80.0 80.0
70.0 i
60.0 — 28'8 || |m+PDO EI Nifio
e 90.0 — X 50.0 | | | event
© 400 - 40.0 || |m-PDO El Nifio
30.0 — 30.0 L event
20.0 1 - 20.0 . || |oTotal 105
10.0 — 10.07 | | Precipitation
0.0 4 L] 0.0+ Distribution
Wet Dry Normal Wet Dry Normal
months months precip months months precip

Fig. 3. As in Fig. 2, except for precipitation in a) Grand Island, NE and b) Jonesboro, AR stations.
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normal annual conditions represented by the Grand Island, NE station (Tables Vlla, VIII) proved to
be significant at the 90% confidence level. Wetter than normal conditions, however, were consistent
with the equatorward displacement of the storm track over eastern North America (Eichler and
Higgins, 2006), and their study encompassed primarily this +PDO time frame. When these
frequencies were stratified by season, some stations in the west and south did show statistically
significant departures (90-95% confidence levels) associated with wet months during the winter
and the spring seasons (not shown).

Table VII. Annual ENSO-related precipitation (mm) departures and variability for each phase of the PDO
at a) Grand Island, NE, b) Carbondale, IL, ¢) Columbia, MO stations.

a) Grand Island, NE ENSO Precipitation departures
Total mean El Nifio Neutral La Nifia Total
Month precipitation anomaly anomaly anomaly difference
+PDO 623.0 +59.7 -7.6 -94.0 153.7
-PDO 623.0 -21.1 -11.7 -36.6 24.9
b) Carbondale, IL ENSO Precipitation departures
Total mean El Nifio Neutral La Nifla Total
Month precipitation anomaly anomaly anomaly difference
+PDO 1134.0 -151.6 +54.1 +78.2 229.8
-PDO2 1134.0 -40.1 -38.1 +48.3 98.4
¢)Columbia, MO ENSO Precipitation departures
Total mean El Nifio Neutral La Nifia Total
Month precipitation anomaly anomaly anomaly difference
+PDO 981.7 -37.1 +67.3 +145.8 182.9
-PDO 981.7 -20.1 -36.3 -70.9 50.8

Table VIII. Seasonal precipitation frequencies (%) during +PDO El Niflo events at
the Grand Island, NE station.

Grand Island, NE

Precipitation +PDO El Nifio
Season Wet months (%) Dry months (%) Normal months (%)
Winter 13.3 3.3 83.3
Spring 333 16.7 50.0
Summer 20.0 20.0 60.0
Fall 233 6.7 70.0

In contrast, areas encompassing the central, northern and eastern regions were much dryer
on an annual basis during +PDO EI Nifio events, and this was especially true during the spring
and summer seasons (Table VIIb, ¢). In fact, the driest mean annual conditions during the +PDO
periods were found to occur in these areas during El Nifio events. The most significant dry region
was within the central portion of the region (e.g., southeast MO, southern IL and eastern OK).
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For example, Table VIIb shows that annual precipitation during these events at the Carbondale,
IL station was nearly 150 mm dryer than average. Additionally, precipitation frequencies in this
general region were found to be associated with dry months (Fig. 3b). The dryer mean conditions
proved to be statistically significant at far eastern region stations (90% and 95% confidence levels).

Precipitation during —PDO EI Nifio events was found to be near average to slightly dryer
than average within the southern half of the region and near average to slightly wetter within
the northeastern portion of the study region (not shown). None of these results were statistically
significant. In the southeastern portion of the region, however, some of the driest mean conditions
during the —PDO period occurred, similar to their +PDO counterpart (see Table VIb). The
precipitation frequencies within the southeastern region were found to be significantly different
(at the 90% confidence levels) from those of the total time series frequencies with more wet
months evident than dry months (Fig. 3b).

3.1.3 Temperature and precipitation departures

Furthermore, when temperatures and precipitation departures were considered together as a bivariate
frequency distribution, most areas within the eastern two-thirds of the region were found to have
more warm/dry months during +PDO El Nifio events (e.g., Fig. 4). This was especial true during
the late spring and summer months and was the most pronounced within the northern half of this
region, which is consistent with Lupo et al. (2007). Meanwhile, areas encompassing the western
third of the region were found to contain a nearly equal number of both warm/dry months and cold
/wet months. In addition, these bivariate frequencies, especially within the northern half of the
region, proved to be significant at 90-99% confidence levels throughout the region (see e.g., Fig. 4a).

The bivariate frequencies during —PDO EI Nifio events produced nearly an equal number of warm/
wet, warm/dry, cold/wet and cold/dry months (Fig. 4a). This was true throughout most of the region,
with the exception of the western regions, where slightly more cold/wet months were found at the
Manbhattan, KS and Grand Island, NE stations (not shown). In general a comparison of Fig. 4a, b
shows that the occurrences of warm/dry months and warm/normal precipitation months decreased
drastically during -PDO EI Nifio events. Thus, it is not axiomatic that warm/dry and cold/wet
conditions will be associated everywhere or during every phase of ENSO. However, none of the
bivariate frequency distributions during -PDO EI Nifio events proved to be statistically significant
anywhere in the region.

a) +PDO El Nifio bivariate distribution b) -PDO EI Nifo bivariate distribution
Ames, lowa Ames, lowa mWarm and wet
60.0 60.0 BWarm and dry
50.0 50.0 0Cold and dry
40.0 p| 40.0 h | O0Cold and wet
& 30.0 I = 30.0 I w\Warm/normal precip
20.0 I 20.0 I ~Cold/normal precip
10.0 1’&‘; 10.01 pNormal temps/wet
0.0 4 0.04 s Normal temps/dry
PDO 1 El Nifio  Total time series PDO 2 EINifio  Total time series | gNormal temps/precip
distribution distribution distribution distribution

Fig. 4. Bivariate frequency distribution (%) of both temperature and precipitation during a) +PDO and b)
—-PDO El Nifio events (left) as well as for the entire time series (right) at the Ames, IA station.
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3.2 Positive and negative PDO La Nifia events
3.2.1 Temperatures

Both —PDO and +PDO La Nifia events were found to produce warmer than normal years (Fig. 5),
especially within the southern two-thirds of the region during the fall and winter seasons. Mean
temperature departures during the +PDO period were found to be slightly warmer than those
found during the —PDO period. As an example, Table [Xa shows that mean temperatures were 0.3°
warmer during +PDO La Nifia events at the Fayetteville, AR station. Due to the small sample size
of +PDO La Nifa events (5 total events), these results were not statistically significant. During
-PDO events, however, and especially within the southwest region (Fig. 5¢), the results were
significant at the 90% confidence level.

a) Monthly temperature distribution b) Monthly temperature distribution
Des Moines, lowa Columbia, Missouri
80.0 80.0
70.0 70.0 —
60.0 — 60.0 |
i 50.0 — e 50.0 —
" 40.0 | ° 400 —
30.0 L 30.0 |
20.0 — 20.0 —
10.0 4 — 10.0 L
0.0 0.0 { —
Warm Cool Normal Warm Cool Normal B+PDO EI Nifio
months months Temps months months Temps events
m-PDO El Nifio
C) Monthly temperature distribution d) Monthly temperature distribution events
Ardmore, Oklahoma Carbondale, lllinois OTotal 105
temperature
80.0 80.0 A
200 70.0 distribution
60.0 1 60.0 —
, 50.0 o 500 -
> 40.0 | % 400 -
30.0 — 30.0 —
20.0 — 20.0 —
10.0 7 = 10.0 +— —
0.0 0.0
Warm Cool Normal Warm Cool Normal
months months Temps months months Temps

Fig. 5. As in Fig. 2, except for the La Nifia distributions at the a) Des Moines, IA, b) Columbia, MO,
¢) Ardmore, OK, and d) Carbondale, IL stations.

Although significantly warmer mean temperatures were discovered during these events a simple
analysis of the temperature frequencies during both +PDO and —PDO La Nifia events yield that, in
general (e.g., Fig 5, Tables IX, X), the distribution between warm and cold months was nearly even.
A comparison of the two La Nifa temperature frequencies to those of the total time series (white bar
in Fig. 5) shows that +PDO La Nifia events did not tend to deviate much from the total time series
frequency distribution. The —-PDO events, on the other hand did deviate significantly for some stations
(e.g. 90-99% confidence levels, Table X). The main reason for this lies in the fact that during +PDO La
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Table IX. Annual ENSO-related temperature (°C) departures and variability for each phase of the PDO at
the a) Fayetteville, AR, and b) Jacksonville, IL stations.

a) Fayetteville, AR ENSO temperature departures
Total mean El Nifio Neutral La Nifia Total
temperature anomaly anomaly anomaly difference
+PDO 14.70 -0.17 -0.17 +0.50 0.67
-PDO 14.70 -0.17 +0.06 +0.33 0.50
b) Jacksonville, IL ENSO temperature departures
Total mean El Nifio Neutral La Nifia Total
temperature anomaly anomaly anomaly difference
+PDO 11.56 +0.11 -0.33 +0.39 0.72
-PDO 11.56 0.00 +0.22 +0.11 0.22

Table X. Seasonal temperature frequencies (%) during —-PDO La Nifia events at the a)
Columbia, MO, b) Ardmore, OK, c¢) Des Moines, IA, and d) Carbondale, IL stations.

a) Columbia, MO

Temperatures -PDO La Nifa
Season Warm months (%) Cool months (%) Normal months (%)

Winter 11.8 39 84.3
Spring 9.8 11.8 78.4
Summer 59 17.6 76.5
Fall 13.7 5.9 80.4

b) Ardmore, OK Temperatures -PDO La Nifia

Season Warm months Cool months Normal months
Winter 25.5 3.9 70.6
Spring 21.6 7.8 70.6
Summer 13.7 9.8 76.5
Fall 13.7 5.9 80.4

¢) Des Moines, IA Temperatures -PDO La Nifia

Season Warm months Cool months Normal months
Winter 7.8 3.9 88.2
Spring 15.7 17.6 66.7
Summer 17.6 9.8 72.5
Fall 13.7 9.8 76.5

d) Carbondale, IL Temperatures -PDO La Nifia

Season Warm months Cool months Normal months
Winter 18.8 2.1 79.2
Spring 12.5 16.7 70.8
Summer 4.2 20.8 75.0

Fall 8.3 8.3 83.3
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Nifa events there was a dearth of extreme events (e.g., warm and cool months) and as a consequence
there are far more normal months during these events throughout the ENSO year.

A seasonal analysis of these —PDO events reveals that, during the fall and winter seasons,
temperature frequencies were skewed significantly (90-99% confidence levels) towards warm months
(e.g., Fig. 5b, c, and Table X). In contrast, the spring and summer seasons were found to be skewed
significantly at some stations (90-99% confidence levels) towards cooler months, especially within
the southern and eastern portions of the region. The northern Midwest (e.g., [A, NE, and MN, Table
Xc) revealed similar results to those found farther south during the spring months, however, during
the summer months, temperatures were found to be insignificantly skewed towards warmer months.

3.2.2 Precipitation

Unlike +PDO La Nifa events, —-PDO La Nifa events produced dryer than average conditions
throughout most of the entire region, with the exception of the southeastern portion of the region
(e.g., Tables VlIa, ¢). Annual precipitation at the Grand Island, NE and Columbia, MO stations
were more than 35 mm below average. In contrast, areas encompassing the southeastern portion
of the region, however, were found to be wetter than average, especially during the spring and
summer seasons (e.g., Table VIIb). Table VIIb shows that annual precipitation at the Carbondale,
IL station was nearly 50 mm above average during -PDO La Nifia events. In fact, a couple stations
in southern MO and AR were more than 125 mm wetter than normal, even so, these were not
significant at the 90% confidence level. The lower (higher) mean annual precipitation found in
parts of MO and IA (southern IL and eastern AR) proved to be significant (not significant) at
90% confidence levels.

3.2.3 Temperature and precipitation

Finally, the bivariate frequency distributions revealed that -PDO La Nifia events were found
to produce nearly an equal number of warm/wet, warm/dry, and cold/wet months in most areas
(e.g, Fig. 6a). Figure 6a displays the bivariate frequencies of temperatures and precipitation at
the Columbia, MO station during —-PDO La Nifia events. A comparison at this station shows
that there were significantly more dry/normal temperature months during -PDO La Nifia events.
Furthermore, it is apparent that there are far fewer warm/normal precipitation and cold/normal
precipitation months during these events. The bivariate frequency distribution (Fig. 6a) proved to

a)  -PDO La Nifia bivariate distribution D)  -PDO La Nifa bivariate distribution

Columbia, Missouri Ardmore, Oklahoma g Warm and wet
60.0 - 60.0 P BWarm and dry
50.0 50.0 0Cold and dry
- 40.0 - 40.0 0Cold and wet
< 30.0 °7 30.0 »Warm/normal precip
20.0 20.0 n Cold/normal precip
10.0 —ﬁ” 10.0 ! pNormal temps/wet
0.0 ‘ 0.0 4 nNormal temps/dry
PDO 2 La Nifia  Total Time Series PDO 2 La Nifia  Total Time Series |3 Normal temps/precip
distribution distribution distribution distribution

Fig. 6. As in Fig. 4 except for —-PDO La Nifa events at the a) Columbia, MO, and b) Ardmore, OK stations.
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be significantly different from the total distribution at a 90% confidence level. Similar results were
found at other stations throughout most of the region.

In contrast to the Columbia station, areas within the far southwestern section of the study region
(e.g., Ardmore, OK, Fig. 6b), were found to experience significantly more warm/dry months during
—-PDO La Nifa events. The majority of these months were found to occur during the spring and
early summer seasons. Also, in addition, another significant difference that is apparent in Fig. 6b
is the frequency of cold/mormal precipitation months. Overall, there is a relative dearth of these
months found at the Ardmore station during —-PDO La Nina events. Because of these differences,
the bivariate frequency distribution at the Ardmore, OK station during —PDO La Nifia events
proved to be significant at the 95% confidence level.

3.3 Positive and negative PDO neutral events
3.3.1 Temperatures

In contrast to El Nifio and La Nifa events, +PDO1 and —PDO neutral events were found to
deviate little from one another (Fig. 7, and Table XI). This was true mainly for the western two

a) Monthly Temperature Distributions b) Monthly Temperature Distributions
Enid, Oklahoma Des Moines, lowa
80.0 80.0
70.0 70.0 T
60.0 . 60.0 —
50.0 ] 50.0 —
= 40,0 = 400 |
30.0 — 30.0 —
20.0 ™ 20.0 —
0.0 4 0.0 | ;
Warm Cool Normal Warm Cool Normal
months months Temps months months Temps
C) Monthly Temperature Distributions
Carbondale, lllinois
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60.0 = events
. 900 . E-PDO neutral
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20.0 ] ] temperature
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0.0
Warm Cool Normal
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Fig. 7. As in Fig. 2 except for the neutral monthly temperature frequency at the a) Enid, OK b) Des Moines,
IA, and ¢) Carbondale, IL stations.
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Table XI. Seasonal temperature frequencies (%) during +PDO neutral events at a)
Carbondale, IL, and b) Enid, OK stations.

a) Carbondale, IL Temperatures +PDO Neutral
Season ~ Warm months (%) Cool months (%) Normal months (%)

Winter 11.5 19.5 69.0
Spring 11.5 20.7 67.8
Summer 17.2 20.7 62.1
Fall 13.8 24.1 62.1

b) Enid, OK Temperatures +PDO Neutral
Season Warm months Cool months Normal months
Winter 17.2 17.2 65.5
Spring 17.2 12.6 70.1
Summer 20.7 6.9 72.4
Fall 17.2 11.5 71.3

thirds of the study region. Mean annual temperature departures within this general region were
found to be near to slightly below normal throughout most of the region. Areas in the east (e.g.,
IL, Fig. 7c), however, experienced slight differences in neutral event temperature departures
occurring in different phases of the PDO. For instance, in areas of IL, annual temperatures during
+PDO neutral events were found to be cooler than average. In fact, temperatures in many areas
in IL and extreme eastern MO were found to be skewed significantly (90-95% confidence levels)
towards cool months (Fig. 7¢). This was true for all seasons, but was the most pronounced during
the winter and fall season months (Table XIa).

During —-PDO neutral events just the opposite was true. Table IXb shows that at the Jacksonville,
IL station annual temperature departures during +PDO1 La Nifia events were 0.6° cooler than
average, while during the —-PDO, these same events were found to produce annual temperature
departures that were 0.4° warmer than average. Only the warmer annual mean temperatures here
were significant at 90% confidence level. This indicates that the eastern portion of the study region
was more sensitive than the western region to changes in the phase of the PDO during neutral
ENSO events.

The area encompassing the western half of the study region displayed frequencies skewed
slightly towards warm months during +PDO events. The most robust results here were found within
the southwest portion of the region, at the Enid, OK station (Fig. 7a). But the total temperature
frequencies were not statistically significant. This was true during the spring, summer and fall
months, but was the most pronounced and significant at the 90% confidence level during the
summer months (Table XIla).

3.3.2 Precipitation

Precipitation during +PDO and ENSO neutral events was found to be wetter than average throughout
the study region. This was especially true during the spring, summer and fall season months. The
annual precipitation was found to be anywhere from 25 to 75 mm above average during +PDO
neutral events (Tables VIIb, ¢). These wetter mean conditions also proved to be significant at 90-
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Table XII. As in Table XI, except during —-PDO Neutral events at the a) Enid, OK,
and b) Des Moines, IA stations.

Enid, OK Temperatures -PDO Neutral
a) Season  Warm months (%) Cool months (%) Normal months (%)

Winter 6.9 16.7 76.4
Spring 19.4 153 65.3
Summer 13.9 16.7 69.4
Fall 11.1 20.8 68.1

Des Moines, IA Temperatures -PDO Neutral

b) Season ‘Warm months Cool months Normal months
Winter 15.3 16.7 68.1
Spring 11.1 20.8 68.1
Summer 13.9 18.1 68.1
Fall 18.1 20.8 61.1

95% confidence levels at some stations in the entire region. Furthermore, in the east (1A, IL, MO)
precipitation was found to be significantly (90% confidence levels) skewed towards wet months.
The only exception to this occurred at the Grand Island, NE station (Table VIla). Here annual
precipitation was slightly (7.6 mm) below average.

In contrast, precipitation departures during —PDO neutral events was found to be dryer than
average throughout the entire region (Table VII). Although this was the case in general, very few
areas were found to be more than 38 mm below average during these events. Because of this, the
dryer annual mean conditions found did not prove to be significant in most areas during these events.
Some precipitation frequencies in MO and northern IL, however, were found to be statistically (e.g.,
with 90%-99% confidence levels) associated with dryer months (not shown). This was especially
true during the winter and fall season months (Table XIII).

Table XIII. Seasonal precipitation frequencies (%) during —PDO neutral
events at the Kirksville, MO station.

Kirksville, MO Precipitation —PDO neutral
Season ~ Wet months (%) Dry months (%) Normal months (%)
Winter 8.3 12.5 79.2
Spring 16.7 8.3 75.0
Summer 11.1 11.1 77.8
Fall 2.8 15.3 81.9

3.3.3 Temperature and precipitation

The bivariate frequency distributions during +PDO and ENSO neutral events were shown for the
Kirksville, MO, Enid, OK, and the Carbondale, IL stations, adjacent to their respective total time
series frequencies in Figure 8. Although the number of warm/wet and warm/dry months showed
little difference from the expected number of occurrences, the number of cold/dry and cold/wet
months deviated significantly. Specifically, during these events, there was a dearth of cold/dry
months at the Kirksville, MO and Enid, OK stations. Areas within the southeast region, however,
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a) + PDO Neutral bivariate distribution b) + PDO Neutral bivariate distributions
Kirksville, Missouri Carbondale, lllinois
60.0
50.0
40.0
30.0
20.0
10.0 A
0.0 -
PDO 1 Neutral Total Time Series PDO 1 Neutral Total Time Series
distribution distribution distribution distribution
C) + PDO Neutral bivariate distributions W d wet
Enid, Oklahoma @Vvarm and we
60.0 BWarm and dry
50.0 O Cold and dry
40.0 O Cold and wet
N .
30.0 7 Warm/normal precip
20.0 N Cold/normal precip
10.0 *;!‘IE 71 Normal temps/wet
0.0 N Normal temps/dry
PDO 1 Neutral Total Time Series @ Normal temps/precip
distribution distribution

Fig. 8 As in Fig. 4, except for +PDO Neutral events (left) as well as for the entire time series (right) at the
a) Kirksville, MO, b) Carbondale, IL, and ¢) Enid, OK stations.

experienced far more cold/dry months. In addition, the number of occurrences of cold/wet months
was found to increase during these events at both the Kirksville, MO and Carbondale, IL stations,
while just the opposite was observed at the Enid, OK station.

Considering temperature and precipitation together shows that, in contrast to +PDO neutral
events, most areas during —PDO neutral events were found to produce similar occurrences of warm/
dry and cold/dry months, fewer warm/wet and cold/wet months (Fig. 9b). Figure 9b shows that
at the Farmington, MO station there were fewer overall occurrences of all extreme events (e.g.,
warm/wet, warm/dry, cold/wet, and cold/dry), and as a consequence, there were more normal
occurrences. With the exception of the Springfield station (Fig. 9a) statistically significant at the
95% confidence level) none of the bivariate frequency distributions during —PDO neutral events
proved to be significantly different from the total frequencies.

4. Dynamic and synoptic analysis and discussion
4.1 Further analysis of monthly average temperatures and precipitation

The analysis performed in the previous section strongly suggests the existence of significant
ENSO-related interannual, as well as PDO-related interdecadal variations in midwestern monthly
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Fig. 9. As in Fig. 4 except for -PDO neutral events (left) as well as for the entire time series (right) at the
a) Springfield, MO, and b) Farmington, MO stations.

averaged temperature and precipitation. In order to further understand the nature of these cyclical
variations, the methodology of Mokhov et al. (2000, 2004) was used on the monthly average
temperature and precipitation data. These techniques are described in detail in Lupo ef al. (2007)
and in section 2 of this paper.

Figure 10a displays the filtered (see Section 2) time series of monthly average temperatures at
the Des Moines, [A station. Also shown are the phase plots of the first time derivative of temperature
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Fig. 10. The 105 year time series of filtered monthly average temperatures (°C) for the Des Moines,
IA station plotted a) versus time in months (years also added) b) first derivative of temperature (°C
mo™') versus temperature (°C) c), and d) as power spectra, with the ordinate displaying the relative
magnitude or power of the Fourier and wavelet coefficients, respectively, and the abscissa displaying
the period of each cycle in years. In addition, the 95% confidence level against the white noise
background continuum is shown by the dashed line.
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versus the temperature time series itself (Fig. 10b). Figure 10a suggests that the temperature series
contains variability on different time scales. The phase plot trajectory (Fig. 10b) displays time
periods in which the system appears to be approximately periodic. In this diagram a sinusoidal
oscillation (e.g., ideal annual cycle) would be represented as circular trajectories around the
intersection of the annual mean (abscissa) and the 0.0 line on the ordinate. In addition, there are
periods in which the system appears to become unstable (either moving away from 0.0 line on
the ordinate or moving up or down the abscissa) and rapidly shifts to a new mean state, before
which a new quasiperiodic condition is achieved. A section of the trajectory could be extracted to
examine an individual year or years.

In general, the amplitude of the variability of temperatures is high within the northern Midwestern
region (Fig. 10a). An examination of Figure 10a suggests there are two outstanding periods evident
in the time series in which the variability is relatively high in comparison to other periods. These
correspond to the periods of approximately 200 to 500 months (approximately 1917-1942) and
again from 900 to 1200 months (approximately 1975-2000). The variance of the temperature series
within these two subperiods separately were 1.9 and 1.8 °C, respectively. These two time periods
occur roughly in conjunction with the +PDO time period, thus suggesting that the ENSO-related
temperature variability is higher during the +PDO period. The temperature series in the period
between those two eras displayed relatively low variance (1.2 °C) and corresponds roughly to the
—PDO period. These results support those found in the previous chapter, which also showed the
ENSO-related variability to be higher during the +PDO periods.

Then, in order to identify the significant periodicities within the times series, power spectra were
constructed and analyzed. Figure 10c display the power spectrum analysis of the filtered monthly
temperature time series constructed using Fourier coefficients, while Figure 10d display the power
spectrum constructed from wavelet coefficients for comparison. Also shown in the figures, is the
95% confidence level against a continuum background of white noise, represented by the blue line
in the two figures. Not surprisingly, multiple periods of significant variability emerge in the analysis.
More specifically, strong ENSO-related variability is found with significant peaks between 3 and 5
years with the strongest peak near 4 years (Fig. 10c). Note, that in the wavelet spectra, the 4 year
peak is not present. In addition, significant interdecadal variability is evident in both Figure 10c
and 10d at time periods of approximately 9 and 12-15 years (e.g., similar to Enfield and Mestas-
Nufez, 1999; Mestas-Nunez and Enfield, 1999), and 20-25 years (same references and similar
to Minobe, 2000). The former low frequency variations are suggested here to be representative
of interdecadal PDO-related variability. The longest time interval may capture the multidecadal
PDO variability (e.g., Minobe, 2000). An analysis of precipitation variability (not shown) yielded
similar results to those discussed above for monthly temperature variability, but were also similar
to those of Hu et al. (1998) who also analyzed midwestern precipitation using wavelet techniques.

The results discussed here for temperature and precipitation periods of variability match well
with the time periods of variability of tropical Pacific Region SST found in the Mokhov et al.
(2004) study. Considering this, it is plausible to suggest that local short and long term variations
in monthly temperatures identified in this analysis are related to SST variations via the impact
they have on altering the general circulation of the atmosphere. This is also further supported by
the statistical analysis performed in the previous two.

Other studies have shown stronger +PDO ENSO-related variability for various natural phenomenon
related to temperature and/or precipitation such as snowfall in the region (Berger et al., 2002). Also,
Gershunov and Barnett (1998) found a stronger El Nifio response for this part of North America during
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the +PDO and this is in agreement with our results here. Further, studies of the general circulation
during the +PDO period (Hurrell ez al., 1995) demonstrated that some of the strongest ENSO
related variability in the troposphere can be found over the North America region, and Mokhov
et al. (2004) implies that globally, ENSO is the one of the most robust climate variations in the
general circulation on time scales less than a decade.

4.2 Synoptic analysis

In order to qualitatively correlate midwestern climates to SST variations 500 hPa height anomalies
are used in order to analyze changes in the general circulation of the atmosphere during different
ENSO events. Here, only 500 hPa heights are studied as many studies have shown monthly and
seasonal heights to have a strong equivalent barotropic structure (Namias, 1982, 1983; Hoskins
et al., 1983; Kung and Chern, 1995; Lupo and Bosart, 1999). In general, a long term mean 500
hPa height field would feature ridging (troughing) over the western (eastern) portion of the North
American continent (Lupo and Bosart, 1999).

Additionally, studies such as Quiroz (1984) have shown that strong blocking in the east Pacific
sector correlates to cold winter weather over the study region. Wiedenmann et a/. (2002) show that
the Pacific region as a whole tends to experience more blocking during La Nifia years, and these
tended to be stronger and longer-lived events. Lupo et al. (2008b) correlate cool summers in this
study region with active blocking years. Table XIV shows the number and intensity of blocking
events for the cold seasons as stratified by ENSO years for the east Pacific sector. Note that overall,
there are similar numbers of blocking events regardless of ENSO phase for this sector, however,
in concert with the Wiedenmann ef al. (2002) results, the blocking events are stronger (and longer
lived, not shown) in La Nina and neutral years.

Table XIV. The number of cold season (November-March) blocking events in
the east Pacific sector (180 - 120° W longitude) for each phase of ENSO and the
PDO. The intensity and description follows Wiedenmann et al. (2002).

Phase Number of cold Mean per Mean intensity
season blocks cold season

+PDO El Nino 8 2 2.69 (weak/moderate)
+PDO La Nifia 9 3 4.35 (strong)
+PDO Neutral 39 2.6 4.61 (strong)
-PDO El Nifio 17 34 3.81 (moderate)
-PDO La Nifa 15 2.5 4.28 (strong)
-PDO Neutral 31 4.4 3.71 (moderate)
Total El Nifio 25 2.8 3.45 (moderate)
Total La Nina 24 2.7 4.31 (strong)
Total Neutral 70 3.2 4.20 (strong)

+PDO EI Nifio events were dominated by statistically significant warmer than average years
in the northern half of the Midwest region. This occurred in spite of the fact that the fall season
months of October and November were found to be significantly cooler than the climatological
average. The warmest anomalies during these events were mainly confined to the winter and spring
seasons. However, although these events could not be statistically associated with either wet or dry
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conditions during the winter season, drier than average conditions were found throughout most of
the eastern two thirds of the region during the spring season. Additionally, +PDO EI Nifio events
were statistically found to be associated with wetter than average fall season months.

Figure 11a displays a winter season with mean 500 hPa height anomalies which occurred during
the strong 1997 +PDO El Nifio event. It is similar in form to the composites for El Nifio months
of Kung and Chern (1995), and with their F-type SST anomalies (Lupo et al., 1997). During these
events, anomalous ridging (toughing) is evident over the northwestern continental United States
and over western Canada (eastern Pacific). This corresponds to fewer and weaker blocking events
(Table XIV). In addition, anomalous troughing is evident within the south central portion of the US
during the winter and spring seasons. This behavior suggests the presence of weaker zonal winds
over the US as well as a split flow over the North American continent, with a southerly displaced
jet stream, as mentioned by Eichler and Higgins (2006) in their study of ENSO cyclone tracks.
Such a pattern acts to displace the polar branch of the upper-level jet to much higher latitudes into
northern Canada. This would support the much warmer mean conditions found over the midwestern
region during the winter and spring seasons. Meanwhile, the dryer mean conditions found during
the winter and spring seasons may be explained by the fact that the moisture and energy generally
associated with the subtropical jet is forced farther south along with the subtropical branch of the jet.

The previous fall season (Fig. 11b) shows similar features to the winter and spring seasons
over the western portion of the North American continent. However, in contrast to the winter and
spring seasons, anomalous troughing is found to occur over much of the eastern half of the North
American continent. This acts to enhance the strength of the Icelandic Low (see Kung and Chern,
1995), and as a consequence forces the polar jet to migrate farther south into the Midwestern region
during this season. This general behavior would support cooler mean temperatures and can also
help explain the tendency for an increase in fall season precipitation, based on the existence of an
upper level jet pattern over the study region. Additionally, considering that +PDO years tended to
be dominated by the occurrence of more strong El Nifio events, this would help explain the upward
trend in fall season snowfalls in the middle of the domain found in the Berger et al. (2002) study.

Examining the results found for the 2002 —-PDO EI Nifo event (Fig. 11c) suggests that strong
ridging is evident over the western North American continent. Similar behavior was found during
+PDO El Nifio events above, however, ridging was much stronger and tended to be displaced
to the north and west during this —PDO event. This resembles El Nifio events with D-type SST
anomalies (Kung and Chern, 1995; Lupo et al., 2007). This supported more blocking, especially
in the extreme eastern Pacific, but these events were short-lived and weaker than typical winter
season events (Table XIV). In addition, stronger negative anomalies are found within the vicinity
of the Icelandic low, resulting in anomalous troughing within the central and eastern US. This
behavior would support cool and dry conditions over the southern and eastern portions of our
study region and warm and wet conditions within the northwestern region. In spite of this, these
events tended to produce much cooler seasons than their +PDO counterpart. This was especially
true during the winter season, when there were more blocking events (Table XIV). Additionally,
these events were found to be associated with much drier than average conditions (see Lupo
et al., 2007). This was especially true during the winter season within the southern and eastern
portions of the study region.

Overall, the +PDO periods tended to be associated with stronger El Nifio events, while the
—PDO periods tended to be associated with weaker El Nifio events (see also Gershunov and Barnett,
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Fig. 11. The NCEP reanalysis of the 500 hPa height anomalies for the a) winter 1997-98, b) Oct-Nov 1997,
¢) winter 2002-03, d) winter 1971-72, e) summer 1971, f) winter 1983-84, and g) spring 1969. (Continues)
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1998; Lupo et al., 2007). Clarke and Li (1995) found that strong El Nifio events tended to posses
strong warm SST anomalies within the far eastern tropical Pacific, while weaker El Nifio events
tended to posses weak warm SST anomalies located more in the central tropical Pacific region.
Considering this, the difference in location and strength of warm SST anomalies (and hence the
diabatic heating, — e.g., Tilly et al., 2008) may be responsible for this shift in the 500 hPa height
pattern over the North American continent (Kung and Chern, 1995) as well as the strength of the
height anomaly, and hence the drastically different climate conditions found during these two events.

The La Nifia winter season height anomalies (Fig. 11d) suggest the tendency for strong and
persistent north Pacific blocking (Table XIV) to occur during these events (e.g., Kung and Chern,
1995; Wiedenmann et al., 2002), as suggested by the positive height anomalies within this region. This
is representative of a B-type La Nifia winter (Kung and Chern, 1995; Lupo et al., 2007). In addition,
strong downstream troughing is evident over eastern Canada and the north central and northeastern
portions of the continental US. This would act to drive the storm track through the upper Midwestern
region, while the southern portion of the Midwest would be dominated by zonal flow. This general
behavior could explain the tendency for areas within the far northern portion of the Midwestern region
(e.g., NE, IA, and MN) to be cooler than average during the winter season, while areas farther south
would tend to be warmer. Additionally, the northwest and zonal flow over the southern Midwestern
region during the winter season would most likely posses more Pacific origin moisture (Berger et
al., 2002). Coupled with energy from the polar jet located within the northern Midwest would help
explain the wetter than average conditions found in the southern and eastern regions.

During the summer season, post La Nifia events were found to be significantly cooler and dryer
than average throughout most of the region, with the exception of the southeastern region where cool
and wet conditions resided. Fig. 11e shows that there is a tendency for summer season ridging over
the northwestern two thirds of the continental US consistent with Kung and Chern (1995), while
more of a zonal flow sets up within the southeastern US. Considering that all but the southeastern
region would be directly down stream of this upper level ridge, it is not to surprising that most of
the area experienced significantly cooler and dryer conditions during summer season —PDO La
Nifia events. The drier than normal conditions over the region agrees with the results of Lupo et
al. (2007, 2008b). Meanwhile, areas within the southeastern portion of the region would be far
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enough downstream of this western US ridge, and more likely to receive an influx of Gulf moisture
in order to explain the wetter and cooler mean conditions found there.

Examining the 500 hPa height anomalies during a winter season +PDO neutral event (Fig. 11f) it
is apparent that there is a tendency for anomalous ridging to occur over extreme western Canada and
Alaska. This is consistent with the composites for E-type anomalies (Kung and Chern, 1995; Lupo
et al., 2007). Meanwhile, farther east, anomalous troughing is evident over much of Canada and the
central and eastern portions of the continental US. This is consistent with the fact that Neutral events
were found to produce some of the coolest mean conditions during the +PDO periods, especially during
the winter season. In addition, some of the wettest mean conditions during +PDO periods occurred
during neutral events, most likely as a result of a more active storm track running through the region.

However, in contrast to their +PDO counterpart, -PDO neutral events were found to produce
much dryer mean conditions within the southern Midwestern region. This was especially during
the spring season. Fig. 11g displays the 500 hPa height anomalies which occurred during a
spring season —PDO Neutral event. These events also show a strong tendency for relatively
strong ridging in western Canada and strong troughing in eastern Canada and the US. This is a
pattern similar to Fig. 11c which featured a D-type El Nifno winter (Lupo ef al., 2007). Also, in
addition, there is a tendency for troughing within the southern US, especially in the southwest.
This general pattern would suggest the existence of a split upper-level jet over the western two-
thirds of the US, with the northern branch of the jet being forced up into northern Canada, while
the southern subtropical jet would be forced to run through the tropics in the Gulf of México.
A pattern such as this would result in more energetic systems with slightly cooler temperatures
within the northern Midwestern region, and much less active storm systems farther south due to
a dearth of energy and moisture (consistent with the results of Lupo et al., 2005). Finally, it is
noted that the discussion in this section is based on five representative events and not composites,
thus the sample size is small.

5. Summary and conclusion

Midwestern climate variability is examined on both interannual and interdecadal time scales
through the use of monthly average temperature and precipitation time series from multiple surface
observation stations across Missouri and adjacent states. In order to identify the predominant
periods of significant variability within these time series, the techniques of Mokhov et al. (2004)
were used with a modification of the filtering technique (Lupo et al., 2007). In addition, monthly
temperature and precipitation data were binned into their corresponding ENSO phase, as well as
by PDO phase similar to the strategy of Changnon et al. (1999). This was done in order to identify
whether the interdecadal variability, identified within the time series and associated with the PDO,
acts to modulate the ENSO-related variability. Statistical analysis was performed on each sample.
First, sample means were calculated for each sample and tested against the entire time series
mean values using a simple z* test statistic. Then, temperature and precipitation distributions
were constructed for each sample and tested against the entire time series distribution using a chi
squared goodness of fit test. Finally, seasonal 500 hPa height anomalies were utilized in order to
qualitatively correlate ENSO events to observed Midwestern climates.

Phase plot analysis, as well as the power spectrum analysis embedded within the method of
cycles demonstrates that significant ENSO-related interannual and PDO-related interdecadal
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variability exists within the time series of Midwestern month average temperature and precipitation
data. The significant periods of variability identified occurred at approximately 4-5, 12-15, and 22
years. We acknowledge here that this variability may only be strong in the period we have studied
which included a large fraction of the instrumental record. Studies such as Biondi ef al. (2001)
note that the interdecadal variability found recently was less robust in the proxy records preceding
the 20th century. These particular periods of variability are of similar magnitude to those found
in previous studies of sea surface temperature variability within the Pacific basin (Mokhov et al.,
2004). Therefore, this suggests that sea surface temperature variability produces a large impact on
Midwestern climates by influencing the general circulation of the atmosphere.

Considering this, when the ENSO-related interannual variability of monthly averaged temperature
and precipitation were analyzed within a PDO-related interdecadal time frame, it was determined
that during the +PDO period, EI Nifio events were found to be statistically associated with warmer
than average temperatures. This was especially true during the winter and spring seasons and was
the most pronounced within the northern half of the Midwestern region. This was found to occur as
a consequence of strong anomalous upper-level ridging over the western North American continent
during the winter and spring seasons, which acted to drive the polar jet to much higher than normal
latitudes. In addition, precipitation during these events was found to be statistically associated with
wetter than average months within the extreme northwestern section of the Midwestern region, and
this was especially true during the spring season months. However, just the opposite was true within
the southeastern region, where significantly dryer than average conditions resided, especially during the
spring and summer season months. Similarly, -PDO La Nifa events were found to be statistically
associated with warmer than average temperatures in the winter and fall seasons within the southern
half of the Midwestern region. This occurred mainly as a result of the tendency for more eastern Pacific
blocking events and their tendency drive the storm track through the northern half of the Midwestern
region. Areas farther south were instead found to be dominated by zonal flow, and hence more Pacific
origin air masses. Meanwhile, precipitation during these events was found to be significantly dryer
than average, especially during the spring season in areas encompassing the western two thirds of
the study region. In contrast to significant precipitation signal during the constructive ENSO/PDO
epochs, the destructive ENSO/PDO epochs did not show an association with significant precipitation
anomalies, similar to the results of Gershunov and Barnett (1998).

The results of this study therefore suggest that the behavior of ENSO events is strongly
determined by the phase of the PDO. Overall, there proved to be more of an ENSO-related impact
on Midwestern monthly temperatures and precipitation when ENSO events occurred constructively
with the PDO phase (e.g., +PDO El Niflo, and —-PDO La Nifia events). This behavior suggests
that the expected climatic conditions commonly associated with a particular ENSO event may
not necessarily mimic those of another ENSO event. Instead, the occurrence and amplitude of the
ENSO phenomenon can change over an extended period of time, resulting in a modulated ENSO
response in climatic parameters on interdecadal timescales. Then, from an operational forecasting
point-of-view, in order to improve the skill level in long term seasonal forecasts interdecadal
variability should be considered as being superimposed on interannual variations.
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