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RESUMEN

Estudios previos han demostrado que las temperaturas en la superficie del mar (SSTs) y las anomalias de
temperatura de la superficie del mar (SST) en la region del Pacifico pueden clasificarse en siete patrones o
conglomerados (A-G). Los conglomerados By G (C, D y F) [A y E] son representativos de distribuciones
SST en periodos de La Nifia (El Nifio) [neutral]. El analisis de patrones SST para el periodo 1955-1993 ha
demostrado que los conglomerados A-D fueron predominantes en el primer periodo 1955-1977, mientras que
los tipos E y F dominaron en el ultimo periodo de estudio. Los conglomerados tipo G fueron poco frecuentes
pero ocurrieron durante ambos periodos. Este cambio en la frecuencia de patrones durante 1977 corresponde
a cambio de fase de la Oscilacion Decadal del Pacifico (PDO). En este estudio se lleva a cabo un analisis
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similar extendido al periodo 1994-2005. Los resultados revelan un cambio en los patrones predominantes
de SSTs asociado a un cambio simultaneo en la fase de la PDO durante 1999 y 2000. Los patrones SST
evolucionaron desde unas anomalias predominantemente de tipo E y F en 1994 a anomalias de tipo A, B, D
y G en 2005. Estos resultados sugieren que los conglomerados A-D (C, D y F) son caracteristicos de fases
negativas (positivas) de la PDO. Por otro lado, el empleo de una técnica modificada para generar diagramas
de fase muestra la existencia de variaciones interanuales e interdecadales en la temperatura media mensual
y en los registros de precipitacion de la region central del Mississippi que pueden asociarse con ENSO y
la PDO. Ademas, un analisis de la asociacion estadistica entre anomalias de temperatura y precipitacion
en la region central de Mississippi, y regimenes prolongados de SST revela que las anomalias B, D y G se
asociaron con condiciones calidas, mientras que las anomalias de tipo C y E lo hicieron con condiciones
frias. Las anomalias C, D, F y G se asociaron con condiciones mds secas de lo normal.

ABSTRACT

Previous research has demonstrated that Pacific Region SSTs and SST anomalies can be separated into seven
general synoptic classifications (clusters) (A-G). Clusters B and G (C, D, and F) [A and E] were shown to
be generally representative of La Nifia (El Nifio) [neutral] type SST distributions. Further, an analysis of the
SST patterns in 1955-1993 demonstrated that clusters A-D were prominent in 1955-1977, while types E and
F dominated the later period. Type G clusters were comparatively rare, but occurred during both periods. In
retrospect, this shift during 1977 corresponds roughly with a change in phase of the Pacific Decadal Oscil-
lation (PDO). After updating the analysis to include the 1994 to 2005 period, there was a corresponding
change in the predominant SSTs associated with a change in phase of the PDO during 1999 and 2000. The
results show that SST patterns did evolve from predominantly E and F-type anomalies in 1994 to A, B, D
and G-type anomalies through 2005. Thus, these results suggest that A through D-type (C, E, and F-type)
SST clusters are characteristic of the negative (positive) phase of the PDO. Also, using a modified technique
for generating phase diagrams, it is shown that there are interannual and interdecadal variations in the mid-
Mississippi region monthly mean surface temperature and precipitation records that can be associated with
the ENSO and PDO. Additionally, an analysis was performed to see if there was any statistical association
between temperature and precipitation anomalies in the mid-Mississippi region and prolonged SST regimes.
B, D and G anomalies were associated with warmer-than-normal conditions, while C and E type anomalies
tended to be associated with cooler-than-normal conditions across the region. C, D, F, and G anomalies were
associated with drier than normal conditions.

Keywords: Interannual variations, El Nifio, sea surface temperatures, climate, climate variations.

1. Introduction

Many recent studies have attempted to link variations in global circulation changes (Wallace
and Gutzler, 1981; Hoskins et al., 1983; Gray et al., 1992; Mantua et al., 1997; Mokhov et al.,
1997; Gershanov and Barnett, 1998; Enfield and Mestas-Nuiiez, 1999; Mestas-Nuiiez and Enfield,
1999; 2001; Weidenmann et al., 2002), or local (and regional) climate variations (Keables, 1992;
Kung and Chern, 1995 [hereafter KC95]; Kunkel and Angel, 1999; Berger et al., 2003; Fye
et al., 2003; Mokhov et al., 2004) with interannual and interdecadal variations in sea surface
temperatures (SSTs) and pressures in the Pacific Ocean basin and/or the changes in the character
of the atmospheric and oceanic circulations in the Atlantic Ocean basin (Hu ef al., 1998; Lupo
and Johnston, 2000; Shabbar et al., 2001). The interactions between the atmosphere and oceans
are important processes to consider when attempting to either understand the relevant physics of
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the earth’s climate system or make long-range forecasts (Barnston et al., 1994, 1999; Anderson
et al., 1999). The atmosphere and oceans are two important components of the climate system
that are considered to be thermodynamically open as they exchange both, heat and mass (Piexoto
and Oort, 1992).

The strongest interannual variations in global and regional climate characteristics are largely
influenced by El Nifio and Southern Oscillation (ENSO) modes (Arpe et al., 2000; Houghton et
al.,2001; Mokhov et al., 2000, 2004). Diagnosing regional and local climate variability has been
a topic of interest lately, since global circulation models are used heavily to study the potential
for climate change (Houghton ef al., 2001). Thus, it is critically important that these models are
capable to demonstrate that they can simulate not only the range of regional and local climates,
but the interannual and interdecadal variations as well. It is well known that anomalous tropical
SST distributions have a large impact on the weather and climate by changing heat and mass
distributions of the troposphere. Through this influence, anomalous tropical SSTs can ultimately
alter the prevailing wind patterns over a large portion of the globe (Namias 1982, 1983; Hoskins
et al., 1983; Keables et al., 1992; Gray et al., 1992; Vincent, 1994; Nakamura et al., 1997;
Enficld and Mestas-Nufiez, 1999; Mestas-Nufiez and Enfield, 1999, 2001; Renwick and Revell
1999; Wiedenmann et al., 2002 ). This in turn can impact on the frequency, occurrence, and
intensity of such phenomena as mid-latitude cyclones (Key and Chan, 1999), tropical cyclones
(Gray, 1984; Lupo and Johnson, 2000) and blocking anticyclones (Wiedenmann et al., 2002).
However, there are studies (Mestas-Nufiez and Enfield, 2001; Kushnir et al., 2002) that point
out that mid-latitude SSTs may not be very influential on mid-latitude circulations. It is well
known that the atmospheric boundary layer will tend to equilibrate with the underlying SSTs.
As Kushnir et al. (2002) showed in their study, however, the synoptic atmospheric variability
will dominate in the mid-latitudes.

KC95 used principal component analysis to extract the large-scale modes of monthly mean global
SST anomalies and the Northern Hemisphere tropospheric circulation anomalies during the period
1955-1993. A similar analysis was performed by Enfield and Mestas-Nufiez (1999) and Mestas-
Nufiez and Enfield (1999, 2001), but using data covering a period from 1870 to 1991. The KC95
study provided an archive which can be used as guidance for long-range forecasting applications
(e.g., forecasting by the use of analogs). A by-product of this analysis demonstrated that global
SST anomalies could be classified into one of seven distinct pattern types of anomaly distributions
(A-G). Each of these was correlated with corresponding Northern Hemisphere tropospheric mass
distributions or flow anomalies, and in subsequent work, correlated with regional surface climatic
characteristics (Lee and Kung, 2000). It is noted here, however, that the correlation between SSTs
and atmospheric flow patterns do not address any cause and effect for these linkages. KC95 also
noted that anomaly types (clusters) A, B, E, and G (C, D, and F) are representative of La Nifia or
neutral (EI Nifio) type SST distributions within the Pacific Ocean basin. They also demonstrated
that clusters A-D dominated the early portion of their study period (1955-1977), while E and F
type clusters dominated the latter portion (1977-1993). G-type SST anomalies were comparatively
rare in either period in the KC95 study.
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Thus, this work has two primary objectives. The first is to demonstrate the application of the
methodologies found in Mokhov et al. (2000, 2004) (see also Mokhov,1995; Mokhov and Eliseev,
1998) to a local time series of monthly mean temperature and precipitation records, with a simple but
beneficial modification of the technique. These techniques will demonstrate that there is significant
ENSO-related interannual and interdecadal variability found in the local time series. The interdecadal
variability will be shown to be likely related to the influence of the Pacific Decadal Oscillation (PDO)
(Minobe, 1997; Mantua et al., 1997; Gershunov and Barnett, 1998). The second objective is to extend
the KC95 classification study from 1993 to 2005, and this work will demonstrate that the interdecadal
variability in SST clusters may also be related to the PDO. In meeting the second objective, we hope
to provide useful information and guidance for long range forecasting applications in our region and
in an operational environment. This work will also demonstrate that there are statistical relationships
between individual SST types and local variations in a raw sample station temperature and precipitation
records but that the statistical relationships may not be straightforward.

2. Data and methodologies

2.1 Data

The analyses used in this study were the global monthly mean extended and reconstructed SSTs
and SST anomalies compiled by the National Centers for Environmental Prediction (NCEP) and
available through the National Oceanic and Atmospheric Administration (NOAA) online archive
(http://www.cdc.noaa.gov/cdc/data.ncep.oisst.v2.html). Monthly SSTs and anomalies are available
and these can also be found in the monthly Climate Diagnostics Bulletin (www.cpc.ncep.noaa.
gov), and the mean SST anomalies in the ENSO region are available from 1864 to the present
through the Center for Ocean and Atmospheric Prediction Studies (COAPS — www.coaps.fsu.
edu). The 500 hPa heights and height anomalies from the NCEP re-analysis project (Kalnay et al.,
1996) were also examined and are available via the many of the same sources referenced above.
Finally, the mean monthly temperature and precipitation records for the Columbia Regional Airport
(1955-2005) were provided through the Missouri Climate Center and the Midwestern Regional
Climate Center. This represents a continuous record for each variable; however, the airport did
change location around 1970. This station moved approximately 25 km southward, but there are
no indications that this move resulted in significant changes in the climatology (see also Fig. 1).
Degrees Fahrenheit and inches are used for the analysis of monthly mean surface temperatures
and precipitation since these are still the standard units used for archival of these monthly records
and are still the standard for US surface observations. Also, the precise units of the data used in
this analysis were not germane to the analysis or discussion presented here.

2.2 Analysis of monthly mean temperature and precipitation

The techniques used here to extract interannual and interdecadal variability from a one-dimensional
time series are described by Mokhov et al. (2000, 2004) (and references therein) and will be briefly
presented here with modification. 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 Columbia, Missouri, and use this as an example of the
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analysis technique and the improvement discussed below. 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),

X(1) = A1) sin[o(®) + (1)) ] (1

where X(t) represents a time series of some variable, 4 (t) the amplitude, and w(t) the frequency,
and 0(t,) the initial phase, then X(t) from equation (1) represents a general solution to a Sturm-
Liouville (oscillator) equation of form,

X+0)2X:0 (2)

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 (Fig. 1b). In Figure 1, the monthly mean temperatures
from 1955-2005 for Columbia, were, as expected, strongly influenced by the annual cycle (Fig. 1a)
and represent an approximately harmonic process. The first derivative of monthly mean temperatures
(Fig. 1b) was calculated using second order finite differencing, and higher order finite differencing
(e.g., 4th order, not shown here) yielded similar, but not necessarily more robust results.
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As in Mokhov et al. (2000, 2004), the goal here was to find periodicities on the interannual
and interdecadal time-scale. Then, a filtering procedure was applied to the time series in order to
extract this low order variability, or oscillations on a time-scale longer than two-years. Mokhov et
al. (2000, 2004) presented results using a two-year running mean. The use of a two year running
mean either requires having two additional years’ worth of data than the analysis period, or the
loss of two years worth of information. Here we use a simple second-order Shapiro (1970) filter
applied repeatedly (here 60 times) to extract low order variability. In its simplest form, the filter is
a three-point, center point-weighted stencil that is constructed based on the algorithm outlined by
Shapiro (1970). The advantage to using this filter is that, with the exception of the two end-points,
the length of the time series is retained, and the filter can be applied a successive number of times
in order to effectively control the retention of signal versus noise. Due also to the symmetrical
nature of this filter, it still preserves some of the annual cycle, does not result in a phase-shift of
the low-order variability, and does not introduce significant aliasing error. A simple running mean
filter may not necessarily possess these same characteristics (Shapiro, 1970). The Shapiro (1970)
filter has been used effectively in other published studies to filter data fields in space for dynamic
analyses of atmospheric blocking events in order to preserve their local character (Lupo, 1997;
Lupo and Smith, 1998).

A comparison of the filtered temperatures (Fig. 2a, b) using each technique demonstrates that
each captures the main features of the longer term variability. The phase plots produced by the 2-
year running mean (Fig. 2c, d) also yield similar results, except that the phase plot produced using
the Shapiro filter results in smoother trajectories (Fig. 2d). This results in a smoother analysis as
the phase plot using the running mean filter (Fig. 2c) is difficult to analyze and may only suggest
that the trajectories derived from temperature record over the time period is unstable (Zdunkowski
and Bott, 2003) and/or the mean state was moving over time. However, the smoother phase plot
using the Shapiro filter suggests that there were periods of time during the 1955-2003 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 ef al. (2003) who examined Pacific Region SSTs, 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 same comparisons can be made using the precipitation records
(Fig. 3).

An examination of the temperature power spectra (Fig. 4) shows that the temperature series
filtered, using the Shapiro filter (Fig. 4c), retains more power in the lower frequency oscillations
than does the series filtered using the two year running means as a filter (Fig. 4b) producing a
more robust signal at these lower frequencies. The power spectrum of the unfiltered temperature
series is shown in Figure 4a for comparison, although for Figure 4b and ¢, the mean was removed
before the FFT was applied. The annual cycle can easily be seen in this figure. Figure 4c also
demonstrates that some of the annual cycle is still retained in the filtered temperature record. Figure
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Fig. 2. Monthly time series of filtered monthly average temperatures (°F) versus time using the a) 24-
month running mean, and b) second order Shapiro (1970) filter. The phase plots, first derivative of tem-
perature (°F mo™') versus temperature (°F), correspond to data obtained using ¢) 24-month running mean,
and d) second order Shapiro (1970) filter for COU 1955 - 2005.

4c also demonstrates significant variability at about the 3, 6, and 20 year time periods, which is
consistent with ENSO and interdecadal variability. The precipitation power spectra (Fig. 5) shows
a similar result, however, the annual cycle is almost completely removed since the annual cycle
is weaker in the precipitation time series. There are significant peaks at approximately the 3, 6,
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a) Monthly precipitation using 24-mo rmn
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Fig. 3. As in Fig. 2, except using the precipitation (inches) time series.

and 20 year time periods, and this analysis is consistent with that of Hu et al. (1998), who also
analyzed Midwestern precipitation records using wavelet techniques and is also suggested by the
use of proxy data (Guyette et al., 2002; Fye et al., 2003; Guyette and Stambaugh, 2003; Stambaugh
and Guyette, 2004).

2.3 SST analysis

For each month, visual inspection of the monthly global SST and 500 hPa height charts was shown
to be a reliable method for classifying the SST anomaly distributions into one of seven different
synoptic categories (A-G) as defined in KC95 over the entire map area (Fig. 6). In order to be
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certain that this method was reliable, visual inspections of two years worth of monthly mean SST
anomalies for randomly chosen months, within the period of study of KC95, were carried out in
order to verify that observations of this group matched those of KC95. All months inspected by our
group matched those of the KC95 study. Visual inspection was also used by KC95 after they used
the clustering method of Fukunaga (1972) to derive their set of seven distinct anomaly types. They
found that manual inspection yielded acceptable results. Methodologies in which manual analysis
can be done quickly and easily would be useful in an operational forecasting environment.

3. Results of SST analyses

In Figure 6, examples of the seven different SST anomaly clusters are shown. These monthly global
SSTs are not the same plots shown in KC95. Their plots represent the extracted large-scale mode,
while here we show the actual monthly mean SSTs, which were classified similarly to those found in
their Figure 1 over the entire map region. Thus, it is conceded that Figure 6 may contain smaller-scale
noise. The characteristics of each type of anomaly are described in their paper, and the accompanying
tropospheric height anomalies are also shown and described in their paper. Additionally, Enfield
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and Mestas-Nuiiez (1999) and Mestas-Nufiez and Enfield (1999, 2001) performed a similar analysis
on Pacific region SSTs and tropospheric variables. Since their analysis used a much longer time
period, however, they were able to filter out multidecadal modes. Nonetheless, they found similar
SST anomaly patterns to KC95. For example, Figure 1 from Mestas-Nuifiez and Enfield (2001) is
similar to the C cluster in KC95 (Fig. 1) and Figure 6¢ here. Given that there are some differences
between these later studies and KC95, the discussion below is confined to KC95.

Briefly, SST clusters B and G are representative of La Nifia type clusters in the Pacific Ocean
basin. These are also characteristic of SST anomaly distributions in the Atlantic Ocean basin which
are the opposite of each other. Clusters A and E are characteristic of ENSO neutral type conditions,
including a fairly weak signal in the tropics and a stronger mid-latitude signal. These SST anomaly
distributions are similar in each major ocean basin, with the exception that E-type anomalies are
associated with a more widespread coverage of warm anomalies in general. The remaining clusters
are C, D, and F type anomalies, which are representative of El Nifio-type SST distributions in the
Pacific Ocean basin. The D-type cluster represents fairly weak ENSO conditions, with the main SST
anomaly located closer to the east-central Tropical Pacific. The C and F type anomalies represent
stronger El Nifio conditions, with the warm SST anomalies located in the far eastern Tropical Pacific
Ocean. That the stronger ENSO events are associated with stronger SST anomalies located farther



Pacific region SST anomaly patterns and climate in the mid-Mississippi valley region 181

A  Dotted area : + Anomalies Apr. 1967
Interval: 0.5°C

60 N

50N
40N

30N
20N

10N
EQ
108

120E 150E 180E 150W 120w 90W 60 W

B  Dotted area: + Anomalies Aug. 1975
60 N Interval: 0.5°C

50N
40N
30N
20N
10N

EQ
108
208
308
408

60E 90E 120E 150 E

C Dotted area : +
60 N Interval: 0.5°C
50N
40N
30N
20N
10N

EQ
108
208
308

30E 60 E 90 E 120E 150E 180 E 150w 120w 90W 60 W 30w 0 30E

D Dotted area: + Anomalies Jan. 1994
Interval: 0.5°C
60N 1—

50 N
40N
30N
20N
10N
EQ
108
20S
30S - - ) - - i
408 Jo Ul e R WA L ;

30E 90E 120E 150E 180E 150W 120W

Fig. 6. The seven identified types of SST (A-D) anomalies similar to Fig. 1 in Kung and Chern (1995),
except using an observed monthly SST map as an example. (Continues in the next page).
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Fig. 6. The seven identified types of SST (E-G) anomalies similar to Fig. 1 in Kung and Chern (1995),
except using an observed monthly SST map as an example. (Continued).

east agrees with the results of Clarke and Li (1995). C and F type anomalies are also similar to each
other, with the exception that F type anomalies are associated with more widespread coverage of
warm anomalies especially in the North Pacific and Atlantic Ocean basins. The C-type anomalies
are characterized also by a strong warm SST anomaly oriented along the equator.

Table I was reproduced from KC95 (1955-1993) and then extended here from January 1994
through December 2005, and these results show that following 1993 there was an extended period
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of E-type anomalies (34 months, second longest period in the record), which correspond to the
extended period of ENSO neutral conditions during the mid-1990s (Table II). This compares to
the extended period (40 months, longest period in the record) of B-type anomalies which were
characterized by La Nifia and ENSO neutral conditions during the mid-1970s. This extended
period of B-type anomalies was book ended by mostly C-type anomalies representing the 1972
and 1976 El Nifios.

The strong El Nifio of 1997 was characterized by the presence of F-type anomalies, and this El
Nifio was similar in character to the strong El Nifio events of 1982 and 1986-1987. These El Nifio
events were also predominated by F-type SST anomalies, although a few C-type anomalies were
associated with the 1982 El Nifio. Thus, all the El Nifio events that occurred during the period
1977-1998 were characterized by the presence of primarily F-type anomalies. This contrasts with
the earlier period (1955-1976) when El Nifio events were dominated by C and D-type anomalies
(Tables I, II). Additionally, the beginning and end of each El Nifio (Table I) described here was
matched to the beginning and end as stated by the definition described in section 2. Each ended
within one month of the end as identified by the JMA and each began within 2-4 months of the
identified beginning using JIMA. However, a perfect match would be difficult to obtain since, as
described above, each month was classified by examining the global ocean SST distributions.

Then, during the latter part of 1998 through early 2002, the occurrence of G-type anomalies was
prominent, but these were interspersed with the occasional periods of A, B or D type anomalies. The
occurrence of G-type anomalies accompanied the La Nifia years of 1998 and 1999 and becoming
A and B type anomalies thereafter. Until the recent re-emergence of these G-type anomalies, this
SST type was not observed to occur often in the KC95 analysis. In their analysis, these G-type
anomalies were associated with La Nifia years.

This work suggests that the re-emergence of the G-type anomalies may have been associated
with a change in the phase of the PDO (Table III). As early as the latter months of 1998 (Kerr
1999), it was suggested that a change in phase of the PDO was underway. More recent publications
have also suggested a change in phase of the PDO during this time period (Houghton ez al., 2001).
Just as the occurrence of the predominant SST anomalies changed from E and F type to G, A, and
B-type during 1998 and 1999, there was the earlier change noted by KC95 and Mestas-Nufiez and
Enfield (1999) around 1977, which are now widely accepted as changeover periods in the PDO.
Thus, this archive captures changes in phase of the PDO. This conclusion is further bolstered
by the onset of D-type anomalies beginning in June 2002 and 2004, which corresponded to the
weak El Nifo (www.cpc.ncep.noaa.gov/products/analysis_monitoring/enso_advisory/index.html)
of 2002-2003 and 2004-2005. (Note: the IMA archive at COAPS does not classify 2004-2005
as an El Nifio year, see Table 1I.) The Climate Prediction Center discussed the weak El Nifio
during the winter of 2002-2003, but during May and June 2003, the dissipation of this event was
noted and corresponded here with the onset of B and A anomalies. Additionally, many studies
have shown that significant interdecadal variability in the ENSO pattern can be identified in the
Pacific Region SSTs (Gu and Philander, 1995; Enfield and Mestas-Nuifiez, 1999; Mestas-Nuiiez
and Enfield, 1999, 2001; Mokhov et al., 2004). While this study has identified changes in phase
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Table I. The monthly classification of global SSTs from 1955-2005. The classifications from 1955-1993 are

adapted from Kung and Chern (1995). (Continues in the next page).

Jan  Feb Mar Apr  May June July Aug Sept Oct Nov Dec

Year

A
A
G
D
D
A
A
G
A
D
A
D
A
A
D
C
B
B
C
B
B
B
C
F
C
F
F
E
C
E
B
E
F
E

1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981

1982
1983
1984
1985
1986
1987
1988

G
A
D
F
F

1989
1990
1991
1992
1993
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Table I. The monthly classification of global SSTs from 1955-2005. The classifications from 1955-1993 are
adapted from Kung and Chern (1995). (Continued)

Year Jan  Feb Mar Apr  May June July Aug Sept Oct Nov Dec

1994 D D F E F F D E D D D D
1995 E E E E E E E E E E E E
1996 E E E E E E E E E E E E
1997 E E E E E E E E E E F F
1998 F F F F F F F G G G G G
1999 G G G G G G G G G G G G
2000 G G B B B G G A A A A G
2001 G B B B G G G G G A A A
2002 B A A A A D D D D D D D
2003 D D D B B A A A E E A A
2004 A A A B B D D D D D D D
2005 D D D B B B B A A A A A

of ENSO and the PDO using SST clusters and associated certain clusters with particular phases
of each oscillation, there is no speculation here as to the driving mechanism(s) as this subject is
beyond the scope of this work at present.

4. Further analysis of a local long-term temperature and precipitation time series

Park and Kung (1988) and Lee and Kung (2000) demonstrate that tropical Pacific SSTs have a
significant influence on seasonal temperatures and precipitation variations and anomalies in the
middle Mississippi region, and this information can then be used to make seasonal forecasts. They

Table II. A list of years examined in this study se-
parated by ENSO phase (ENSO definition found
at www.coaps.fsu.edu).

La Nifia Neutral El Nifio

1949 1945-1948 1951
1954-1956 1950 1957
1964 1952-1953 1963
1967 1958-1962 1965
1970-1971 1966 1969
1973-1975 1968 1972
1988 1977-1981 1976
1998-1999 1983-1985 1982

1989-1990 1986-1987
1992-1996 1991
2000-2001 1997

2003-2004 2002
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Table III. The phase of the Pacific Decadal Oscillation
(PDO) (adapted from Gershunov and Barnett, 1998). Phase
1 (2) is abbreviated as PDO1 (PDO2) in the text.

PDO phase Period of record
1 1933 - 1946
2 1947-1976
1 1977 - 1998
2 1999 - present

also demonstrate that there is approximately a 3-6 month lag between the tropical Pacific region
SSTs and the seasonal climate of the middle Mississippi Valley region. These support the results
of other studies which examined the impact of tropical SSTs on North American seasonal climates
(Namias, 1982, 1983; Nakamura et al., 1997; Hu et al., 1998; Lupo and Bosart, 1999; Enfield and
Mestas-Nuiiez, 1999; Mestas-Nufiez and Enfield, 1999, 2001; Ratley et al., 2002). We note here
however, that there is considerable disagreement among these and other studies about the degree
of the impact of SSTs on mid-latitude weather and climate, and correlations between SSTs and
climate do not describe any dynamic link between the two. Additionally, Hu et al. (1998), Ratley
et al. (2002), and Palecki and Leathers (2000), who used principal component analysis, suggested
that the interannual variability of temperatures and precipitation may behave similarly for most
stations within this geographic region. Thus, the time series analyzed in section 2 will be analyzed
further here and will serve as a sample for the mid-Mississippi valley region only.

The analysis in section 2b together with that in section 3 suggests that there is interannual
and interdecadal variability in the time series for the Columbia monthly mean temperature and
precipitation time series that is at least partially associated with ENSO and the PDO. Even though
the analysis in 2b suggests that ENSO and PDO are cyclical, we recognize that these cycles are
quasi-periodic and this may explain partially the imperfect correspondence cited in the previous
sentence. In this section, we are also not necessarily interested in the change in the amplitude and
frequency of ENSO on an interdecadal time-scale as shown by others in both observational (Gu
and Philander, 1995; Mokhov ef al., 2000) and model (Mokhov et al., 2004) studies. The goal of
this section is to determine if specific climate regimes for this area can be associated with the SST
types shown in section 3. However, these associations cannot discriminate the cause and effect
of these linkages. Additionally, a detailed analysis of the relationship of conditions for particular
seasons with each cluster will be the subject of a follow up study.

Hu et al. (1998) and Changnon (2003) identify interdecadal variability in mid-Mississippi
regional precipitation time series and historical records (Fye et al., 2003), and the Hu et al. (1998)
study attributed these to interdecadal modes in the North Atlantic Oscillation (NAO). This study
suggests that the interdecadal variability in the region would more naturally be associated directly
with PDO modes (as the mid-Mississippi Valley is downstream of the Pacific Region), and that SST
distributions associated with the PDO modes would modulate those associated with the ENSO, and
thus manifest itself in interdecadal variations in ENSO variability (Gershunov and Barnett, 1998).
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That we attribute interdecadal variability here to PDO modes does not necessarily contradict the
results of Hu et al. (1998), as other studies have identified a relationship between the PDO and
NAO through the deep ocean global circulations (Gray, 1998; Houghton et al., 2001).

Then, in order to evaluate whether, for example, one type of SST anomaly (Table I) can be
associated with a particular temperature and precipitation regime, only persistent periods (greater
than four consecutive months) of one type of SST patterns were examined. There may be periods of
time when the monthly temperature and precipitation regime may be more predicable in this region
(as suggested by Figs. 2 and 3) even though, in general, the current state of forecasting the onset or
demise of the ENSO-related SSTs is poor (Federov et al., 2003). This also insures that a particular
type of anomaly is persistent for at least one season. Further, in order to account for a lag period in
the large-scale circulations, as identified by previous authors referenced in section 1 between SSTs
and North American climates, the first 3 months of a persistent SST regime were excluded from
the analyses. In spite of these strict criterion, over half the months in the entire 1955-2005 series
were included in association with one of the seven SST regimes in a persistent episode (331 out of
612). Each month’s temperature and precipitation anomalies were calculated and then compared
to the 1955-2005 mean values and standard deviation for that individual month (Table IV). This
analysis then assumed a normal distribution for each parameter, which is a good assumption for
this region (see Lupo et al., 2003), and months in which the anomaly was greater than one standard
deviation higher or lower than the mean was considered an unusual occurrence.

The results of this analysis are shown in Figure 7 and Table V. In Figure 7, the probability
distributions are displayed using a bar-graph. A normal distribution would appear as given by
the key. None of temperature and precipitation regimes associated with each SST type could be
classified as a normal distribution at standard levels of confidence (90% or more), when tested using

Table IV. Monthly mean temperatures and precipitation and their standard deviations
for the 1955-2005 period for Columbia, Missouri (adapted from Lupo et al., 2003 and

updated).
Month Temperature o - Temperature Precipitation G - Precipitation
(°F) CF) ) )
January 28.1 5.1 1.65 1.08
February 333 5.0 1.95 1.26
March 43.0 4.4 2.94 1.78
April 55.1 3.0 4.00 2.15
May 64.3 33 4.96 2.20
June 72.8 2.3 4.08 2.44
July 77.5 24 3.92 2.49
August 76.1 2.5 3.35 247
September 68.0 2.8 3.68 2.72
October 56.9 3.1 3.18 1.81
November 43.9 3.7 2.76 2.13

December 32.8 5.1 2.19 1.37
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a simple chi-square goodness-of-fit test and assuming the null-hypothesis or that there is no a priori
relationship between SST type and temperature regime. Table V demonstrates that most of the SST
regimes produced sufficiently large samples, with only the C and G-type SST regime resulting in
fewer than 30 members. It is also conceded a posteriori that, due to shorter term oscillations (e.g.,
the 30-60 day oscillation) in the observations, statistical relationships may be difficult to establish
in the raw data. We attempt, nonetheless, to find useful relationships based on the raw data as such
information is routinely archived and analyzed most frequently in an operational sense.

4.1 PDO2 SST clusters

As shown in section 3, the predominant SST modes during the PDO2 years were of types A-D.
Of these type, prolonged periods of A, B, D and G-type anomalies were nearly exclusive to these
years. For the A-type regime, the distribution monthly mean temperature regime was biased toward
lower temperatures, but these departures did not rise to the level of statistical significance (Fig. 7a)
at the 90% confidence level. The precipitation regime was also biased toward drier months being
associated with A-SST types, and this distribution was different from that of a normal distribution
at the 90% confidence level (Fig. 7b). When monthly anomalies were considered as covariate
set (warm-wet, warm-dry, cool-wet and cool-dry, respectively), there were nearly equal numbers
of months in each bin, with the exception that there were more cool-dry months (Table V). The
analysis of prolonged B-type anomalies showed no biases in either the temperature or precipitation
distribution that rose to the level of statistical significance (Fig. 7c, d). While the monthly mean
temperatures were biased toward warmer months during B regimes, these months were evenly split
between warm and wet, and warm and dry regimes. A simple test for the statistical independence
of bi-variate multinomial populations (here monthly mean temperatures and precipitation)
demonstrated that for the A and B-type regimes, these variables were independent of each other.
In addition, the A and B type anomalies do not display very a strong tropical signal, but they do
have a stronger extra tropical SST signal. Again, Kushnir et al. (2002) showed that extratropical
anomalies are not as influential on extratropical weather and climate as natural synoptic variability.
Thus, this may explain the weak correspondence between A and B patterns, and the climate of the
mid-Mississippi Valley region.

An analysis of prolonged D-type regimes demonstrates that the monthly mean temperatures
were slightly biased toward warmer months (Fig. 7g), and the distribution is different from the
normal distribution at the 95% confidence interval indicating a strong relationship. Prolonged D-
type regimes are heavily skewed toward the drier months (67% of these months were drier than
normal) (Fig. 7h), and this distribution was characterized as different from normal at the 99%
confidence level. However, the cooler than normal months were split nearly evenly between wet
and dry months. Given the strong combination of warmer and drier months, when considering these
as a bivariate population, 45% of all D-type months (18) were warm and dry, and this relationship
was significant at the 95% confidence level. This is particularly true of D-type months in the warm
season (warm and dry), while D-type months tended to be evenly distributed between cooler
and warmer than normal conditions for the region during the cold season. This was typified by
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Fig. 7. The distribution of temperature (a, c, e, g, i, k, m) and precipitation (b, d, f, h, j, I, n) anomalies by
SST category. The left (right) most bar represents the percentage of the time monthly temperatures/precipi-
tation values were greater than 1.0 standard deviations below (above) the monthly mean. The bar on the left
(right) of the “tick mark™ on the abcissa represents the percentage of the time monthly temperatures/preci-
pitation values were less than 1.0 standard deviations below (above) the monthly mean.
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comparing the prolonged D-type anomalies in 2002-2003 (2004-2005), in which four of six (all
seven) months were cooler (warmer) than normal. In both cases, however, the period was drier
than normal (10 of the 13 months).

A similar analysis for G-type anomalies reveals that both the monthly mean temperature and
precipitation anomaly distributions (Fig. 7m, n) were different from normal at the 99% confidence
level. The temperature (precipitation) regime was skewed toward warmer (wetter) than normal
months. However, warmer than normal months were evenly distributed between wetter and drier
than normal, while more than one third of all G-type months (12) were cool and dry. Warm season
G-type months tended to be cool and dry, while cool season G-type months tended to be warmer than
normal. When applying the same test for statistical independence of monthly mean temperature and
precipitation in the D and G type regimes, these variables were found to be dependent variables at
the 95% confidence level. That these variables demonstrate a high degree of statistical dependence
in the D and G-type regimes, when there is no reason to believe that they should be dependent a
priori, suggests that there may be synoptic patterns that are associated with D and G patterns, and
this issue will be explored further in subsequent work. This also suggests that there is operational
value for the results found here. Also, further testing found that there was no statistically significant
correlation between the size and sign of these anomalies in spite of the statistical dependence.

4.2 PDOI SST clusters

These years were dominated by the occurrence of more El Nifio events and these were stronger (e.g.,
1982-1983, and the 1997-1998 events). Prolonged periods of E or F type anomalies did not result
in any associated statistically significant deviations in the temperature or precipitation distributions
(Fig. 7i-1) independent of seasons. When considering the combined E and F categories, cool dry
months accounted for more than one-third of all months, while the rest of the sample months were
distributed evenly among each category. Among F-type months only (stronger El Nifio-type),
however, these tended to be cooler than normal during the summer months and much warmer than
normal during the winter months. It is well known that there is a strong correlation (e.g., use the
statistical tool found at http://www.cdc.noaa.gov/USclimate/Correlation) supporting the observation
that El Nifio winters were warmer than normal in the Midwest and upper Midwest during the 1977-
1998 period (when F anomalies were a dominant El Nifio type during these winters). For E-type
months only there was no distinct tendency for warm or cool season months and again the E-type
SST pattern was representative of ENSO neutral or weak La Nifia type conditions. The test for
statistical independence of monthly mean temperatures and precipitation yielded similar results
to the A and B-type regimes, in that temperature and precipitation were found to be independent
variables in these regimes. Also, the explanation for the weak correspondence found for the E-
category may also be similar to that for the A and B type anomalies.

4.3 C-type SST clusters
The sample size for prolonged C-type (ENSO type) clusters was small, but analyzing these is also
more complex as it was the only SST type in which there were nearly equal occurrences of these in
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both PDO1 and PDO2 years. The overall behavior of these distributions (Fig. 7e, f) demonstrates
that these distributions were different from normal, at the 95% confidence level for monthly
mean temperatures and at 99% for precipitation. These C-type months were biased toward cooler
conditions and wetter conditions, but temperature and precipitation were fairly evenly distributed
when considering these as a bivariate population.

4.4 An initial seasonal analysis

Table VI displays the number of months in which the temperature and precipitation was above or
below normal for the prolonged SST clusters analyzed above, in order to determine if particular
seasons showed any bias toward particular conditions. No statistical analysis was performed here
as the sample sizes are small. A follow-up study including larger samples is underway.

The warm bias noted in section 4.1 for the B-type clusters occurred primarily in the transition
seasons, and these tended to be distributed such that the cold season as a whole was associated with
warmer prolonged B-regimes. The dry bias found for the D-type clusters was nearly spread evenly
throughout the year. In section 4.2, the cool bias found in association with E and F-type anomalies was
evenly distributed throughout the year, with the exception of winter season F-type anomalies. These
months were associated with warmer than normal conditions and half of these warm anomalies
were one to two standard deviations above the normal for the winter months. Finally, the cool
biases associated with the C-type clusters were especially strong during the June-February period,
which resulted in cooler condition during the first part of the cool seasons.

5. Summary and conclusions

Using monthly mean global SST and 500 hPa height data routinely available via the Internet or
regular monthly publications, as well as monthly mean temperature and precipitation time series
from 1955-2005 for a station that is representative of the mid-Mississippi valley, interannual and
interdecadal variations in the climate of this region were examined. In performing an analysis on
the time series to identify the predominant low-order modes, even though ENSO and PDO are
quasi-periodic, the techniques of Mokhov et al. (2004) (and references therein) were demonstrated
and used with a beneficial modification of the filtering technique presented here. This modification
resulted in smoother analysis of the phase plot without degrading the ability of Fourier or wavelet
techniques to identify the predominant long-term modes.

The SST anomaly classification archive initiated by KC95 for the period 1955-1993 was
updated to include all months through the end of 2005. Visual inspection of the SST anomalies
and selected 500 hPa height anomalies were performed successfully, in order to verify that this
analysis agreed with those of KC95. Then the months from January 1994 to December 2005 were
examined and classified. An analysis was performed to determine whether there was a correlation
between monthly SST anomalies, for each cluster and mid-Mississippi Region monthly temperature
and precipitation anomalies.

The results validate the conclusions of KC95, in that SST clusters B and G (C, D, F) [A and
E] are representative of La Nifia (EI Nifio) [neutral] conditions within the Pacific Ocean basin. In
particular, the period 1955-1976 was dominated by SST types A-D, while the period 1977-1998
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was associated with the occurrence of E, F, and occasionally C modes. In the most recent period G,
A and B modes have predominated. Finally, the most recent months have marked the occurrence
of weak El Nifio events (2002-2003, 2004-2005), which were associated with D-type anomalies.
Thus, these most recent El Nifio events were closer in character when examining just the SSTs to
El Nifo events of the 1955-1976 period rather than the El Nifio events of the 1977-1998, in that
they were predominantly D type clusters (Table I)

A further examination of the monthly mean temperature and precipitation records showed that
the long-lived SST clusters were not associated with normally distributed monthly temperature
and precipitation anomalies, unlike those of the total 51 year period for the mid-Mississippi region
(Lupo et al., 2003). However, neither were most of the long-lived SST clusters associated with
statistically significant deviations from that of normal. Only the long-lived D- (G-) type clusters
were associated with distributions skewed toward warmer and drier (wetter) conditions, and
these were associated with El Nifio- (La Nina-) years. However, during D- (G-) type months the
statistical analysis of these two flow regimes was not straightforward, since during these months
the most common occurrence when treating the data as a bivariate population were warm and dry
(cool and dry) months. The statistical test for independence demonstrated a statistical dependence
between temperature and precipitation anomalies in these regimes, which may be explained by
further examination of the 500 hPa height anomaly distributions. Work is continuing in this area.
Additionally, a correlation between the strength of monthly temperature and precipitation anomalies
for each of these regimes did not rise to the level of statistical significance.

A study of prolonged SST anomalies stratified by type could be the subject of future work when
a greater volume of reliable data becomes available. Finally, it may not be enough to examine
interannual variability over a consecutive 50, 70, or even 100 year period since the occurrence
and amplitude of the ENSO phenomenon may change over an extended period (Gu and Philander,
1995; Mokhov et al., 2004), and thus result in a changed or modulated ENSO response in local
climatic parameters of an interdecadal time-scale (Gershanov and Barnett, 1998; Lupo et al., 2003).
Nonetheless, this work has provided useful information for long-range forecasting guidance for
temperatures and precipitation in the mid-Mississippi valley.
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