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Abstract An analysis of crop yields for the state of Missouri
was completed to determine if an interannual or multidecadal
variability existed as a result of the El Nifio Southern
Oscillation (ENSO) and the Pacific Decadal Oscillation
(PDO). Corn and soybean yields were recorded in kilograms
per hectare for each of the six climate regions of Missouri. An
analysis using the Mokhov “method of cycles” demonstrated
interannual, interdecadal, and multidecadal variations in crop
yields. Cross-spectral analysis was used to determine which
region was most impacted by ENSO and PDO influenced
seasonal (April-September) temperature and precipitation.
Interannual (multidecadal) variations found in the spectral
analysis represent a relationship to ENSO (PDO) phase, while
interdecadal variations represent a possible interaction be-
tween ENSO and PDO. Average crop yields were then calcu-
lated for each combination of ENSO and PDO phase,
displaying a pronounced increase in corn and soybean yields
when ENSO is warm and PDO is positive. Climate regions 1,
2,4, and 6 displayed significant differences (p value of 0.10 or
less) in yields between El Nifio and La Nifia years,
representing 55-70 % of Missouri soybean and corn produc-
tivity, respectively. Final results give the opportunity to pro-
duce seasonal predictions of corn and soybean yields, specific
to each climate region in Missouri, based on the combination
of ENSO and PDO phases.
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Introduction

Variations in climate, especially those related to the El Nifio
Southern Oscillation (ENSO), are commonly researched in
the field of atmospheric science (Kung and Chern 1995;
Lupo et al. 2005, 2012b). However, climate variability related
to both ENSO and the Pacific Decadal Oscillation (PDO) is a
growing topic after correlations were found with North
American climate (Gershunov and Barnett 1998; Enfield and
Mestas-Nuflez 1999; Ding and McCarl 2014), including
Midwestern temperatures and precipitation (Berger et al.
2002; Lupo et al. 2007; Birk et al. 2010; Newberry et al.
2016). ENSO leads to changes in upper air conditions, specif-
ically mid-tropospheric circulation and jet stream positioning
across the USA (Keables 1992; Kung and Chern 1995; Lee
and Kung 2000), which impacts surface temperature and pre-
cipitation (Lupo et al. 2008). A relationship has been found
between temperature and precipitation and crop yields in
Missouri (Hu and Buyanovsky 2003), but only a handful of
studies have applied ENSO- and PDO-related climate vari-
ability to crop yields in the USA (Ding and McCarl 2014).
Crop yield variability understanding is important since it
can lead to seasonal forecasts for field crop production.
Seasonal forecasts of crop yields, on a time scale of 3 to
12 months, may become more useful to farmers or financial
advisors if a link can be made to climate variability, specifi-
cally ENSO and PDO and their interaction. Knowing how the
upcoming summer is going to potentially influence crops can
help farmers plan which crop to plant, how much to plant,
where to plant (for example, avoid flood prone fields or areas
if the summer is expected to be wetter than average), how
much irrigation will be needed, or even which fertilizer to
use or how much. Loan companies can use these forecasts to
decide whether or not to loan to a farmer for a certain crop and
insurance companies can decide how much coverage is
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needed for the season. ENSO and PDO impacts on crops can
impact the economy by leading to an increase or decrease in
crop yields and influencing the crop value (Keppenne 1995;
Hansen et al. 1998), making forecasts of yields a high priority
and useful for consumers and the agricultural community in
estimating their costs for the upcoming season (Adams et al.
1999).

ENSO events have been linked to interannual variations of
2 to 7 years in local and regional climates (Kung and Chern
1995; Enfield and Mestas-Nufiez 1999; Lupo et al. 2005),
while PDO events have been linked to multidecadal variations
0f20 to 30 years in North American climate (Lupo et al. 2007;
Ding and McCarl 2014). A third signal occurs on an
interdecadal time scale of roughly 10 to 15 years and is re-
ferred to as a PDO-modulated ENSO-related variability of
Midwestern climates (Gershunov and Barnett 1998; Berger
et al. 2002; Birk et al. 2010). Lupo et al. (2007) extended
the work of Kung and Chern (1995) showing different clusters
of monthly mean Pacific Region sea surface temperature
(SST) anomalies corresponding to different phases of
ENSO, as well as different phases of PDO. Results from
Lupo et al. (2007) suggest that ENSO events are modulated
by long-term SST variability associated with PDO; with
strong El Nifio and weak La Nifia SST distributions occurring
mostly during a positive PDO phase, weaker El Nifio and
stronger La Nifia SST distributions common during the nega-
tive PDO phase, and El Nifo events during the negative PDO
phase featuring warm SST anomalies in the east-central
Pacific.

More evidence of an interdecadal modulation is
found in studies involving Australia and Asia rainfall
and Arizona winter precipitation (Power et al. 1999;
Goodrich 2004; Wang et al. 2008). Correlations between
ENSO and PDO phases in the aforementioned studies
strongly suggest that the PDO phase can contribute to
the strength and frequency of the ENSO phase, there-
fore creating the climate interdecadal variability. It is
acknowledged that the ENSO and PDO relationship is
controversial in that research studies supporting the
PDO dependence on ENSO, rather than the ENSO de-
pendence on PDO, exist in atmospheric science litera-
ture (Newman et al. 2003; Zhang and Delworth 2015).

With crop yields in Missouri, specifically corn, show-
ing a correlation to temperature and precipitation (Hu
and Buyanovsky 2003), and Midwest temperatures and
precipitation correlating to ENSO and PDO (Berger
et al. 2002; Birk et al. 2010), the hypothesis stands that
Missouri crop yields will also correlate to ENSO and
PDO. Another question remains as to whether or not
Missouri crop yield data will support the Gershunov
and Barnett (1998) and Birk et al. (2010) findings of
PDO-modulated ENSO events. Thus, the objective of
this research is to determine if crop yield variability in
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Missouri is associated to ENSO and PDO variability
and if such yield variability is supported by the theory
of PDO-modulated ENSO-related variability (Gershunov
and Barnett 1998; Birk et al. 2010).

Materials and methods
Data sources

Crop yield data were recorded from the United States
Department of Agriculture (USDA)’s National Agricultural
Statistics Service (NASS) using Quick Stats 2.0
(quickstats.nass.usda.gov). Crop yields were collected for
the two most common field crops grown statewide in
Missouri: corn and soybean. Corn was recorded as grain
yield in bushels per acre, while soybean was recorded as a
general yield in bushels per acre. Annual yields for each
crop were downloaded by county in Missouri based on
survey. From the collected data, an average yield
representing each crop was calculated for each of the six
climate regions in Missouri based on the counties located in
each region. Yields were converted from bushels per acre
(bu/acre) to kilograms per hectare (kg/ha) assuming corn to
be a 56-1b bushel, soybean to be a 60-1b bushel, and 1 ha to
equal 2.471 acres. Therefore, 1 bu/acre of corn equals 62.77
kg/ha and 1 bu/acre of soybean equals 67.25 kg/ha.

The six climate regions of Missouri (Fig. 1) are determined
by the Climate Divisional Dataset, which is a long-term tem-
porally and spatially complete dataset used by the National
Oceanic and Atmospheric Administration (NOAA) to gener-
ate historical climate analyses for the continental USA.
Missouri experiences regional differences in climate (NCDC
2006), so analyzing data by the climate regions will give the
opportunity for more accurate results. A total of 95 years of
data, from 1919 to 2013, were used for corn in each region,
while only 70 years of soybean data were collected from 1944
to 2013.

Missouri is located in the center of the continental USA, as
part of the Midwest Region, with a strong seasonal climate.
Spring and fall are transitional seasons with sudden changes in
temperature and precipitation due to sharp frontal boundaries
between air masses. Missouri summers can be extremely wet
or dry depending on the general circulation pattern of the
Northern Hemisphere. Due to Missouri’s size and orientation,
aregional view of Missouri’s climate is important to consider.
During summer, temperatures reach 32 °C on an average of 30
to 40 days over the state, with the exception of southeastern
Missouri (regions 5 and 6) where the temperature exceeds
32 °C for an average of 50 days. Summer precipitation in
July is greatest for northeastern Missouri (region 2), with a
mean 112 mm, and the least for southwestern Missouri (region
4), with a mean 81 mm, due to convectional precipitation
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Fig. 1 A map of Missouri outlining the six climate regions, determined by the National Oceanic and Atmospheric Administration (NOAA) using the

Climate Divisional Dataset. NOAA defines these regions as Climate Divisio

systems in the northern central plains of the USA. The north-
south orientation of Missouri also causes a difference in the
number of days below freezing (0 °C), as well as snowfall
amounts, in spring and fall, meaning northern regions (regions
1 and 2) have a much shorter growing season than that of the
southeast (region 6).

Temperature and precipitation data were obtained from
NOAA, via the Midwestern Regional Climate Center
(MRCC) cli-MATE application (mrcc.isws.illinois.edu/
CLIMATE). Temperature was recorded in degrees Celsius
and precipitation in millimeters. Monthly averages for tem-
perature and precipitation were downloaded directly for
each climate region in Missouri, using the MRCC
Climate Division Data. The number of years downloaded
for temperature and precipitation depended on the number
of years of data collected for each crop in each region.
Thus, monthly average temperatures for each region were
collected for the years 1919 to 2013 to match the corn
dataset, while the same was collected for the years 1944
to 2013 to match with soybean yields. The monthly data
were used to calculate average seasonal data, to represent
values for each crop growing season of April to September.

ns of Missouri

Definitions

The climate variability this study is concerned with is
related to the El Nifio Southern Oscillation (ENSO) and
the Pacific Decadal Oscillation (PDO). The ENSO def-
inition is provided by the Japan Meteorological Agency
(JMA). The JIMA ENSO Index was used in this study in
order to stay consistent with previously referenced stud-
ies (Berger et al. 2002; Lupo et al. 2007, 2012b; Birk
et al. 2010) and due to the fact that Hanley et al. (2003)
found the JMA ENSO Index to be the most sensitive to
La Nifia events compared to five other ENSO indices.
The JMA ENSO Index is described by the Center for
Ocean-Atmospheric Prediction Studies (COAPS) and is
a 5-month running mean of spatially averaged sea sur-
face temperature (SST) anomalies over an area in the
tropical Pacific (4° S—4° N, 150° W-90° W). There
are three phases of ENSO: La Nina (cool phase) is
based on SST anomalies at or below —0.5 °C, neutral
is between —0.5 and 0.5 °C, and El Nifio (warm phase)
is based on SST anomalies at or above 0.5 °C. The
JMA ENSO Index requires the index values for each
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phase to be observed for six consecutive months, in-
cluding October, November, and December, in order to
be classified.

The ENSO year for JMA starts on 1 October and continues
through the following September. Corn and soybean mean
growing season in Missouri runs from April to September,
meaning the ENSO year begins at the end of the crop growing
season, after harvest. For example, crop yields for 2012 are the
product of the April 2012 to September 2012 growing season
and are compared to the ENSO year for 2012, which JIMA
defines as beginning in October 2012 and ending in
September 2013 (Fig. 2). Therefore, the crop-growing season
falls in a period of possible ENSO transition. A list of years by
ENSO phase, as defined by JMA, is available online from the
Center for Ocean-Atmospheric Prediction Studies
(coaps.fsu.edu/jma) and represented in Table 1.

PDO is often described as a long-lived ENSO-like pattern
of SST anomalies (Mantua et al. 1997; Minobe 1997, 2000;
Zhang et al. 1997). However, there are only two phases of
PDO: the positive phase (phase 1) is characterized by cold
western and north central Pacific waters with warm eastern
and tropical Pacific waters, as well as an anomalously deep
Aleutian low; the negative phase (phase 2) occurs during the
opposite conditions (Gershunov and Barnett 1998; Mantua
and Hare 2002). The PDO phase corresponding to each year
examined in this study was adapted from Birk et al. (2010) and
Lupo et al. (2012b). Table 1 organizes the years examined in
this study by both ENSO and PDO phase.

For the summer growing season, April to September,
ENSO and PDO phases have specific impacts on each region
in Missouri. Overall, El Nifio events are typically associated
with above average spring precipitation, but below average
precipitation with cooler than average temperatures in summer
for Missouri. La Nifla events are also associated with cooler
and drier summers, while neutral ENSO events are associated
with average to slightly above average summer precipitation
and temperatures (Lupo et al. 2012b). However, regional and
monthly specific ENSO impacts in Missouri differ and can be
found online, Useful to Usable (U2U; mygeohub.
org/groups/u2u/cpv). Positive PDO events are typically
associated with cooler than average summer temperatures
and average to slightly above average summer precipitation,
with negative PDO events associated with average summer
temperatures and precipitation. Again, PDO can impact each

region of Missouri slightly different in each summer month;
refer to NOAA’s Earth System Research Laboratory (ESRL;
www.esrl.noaa.gov/psd/data/usclimdivs/correlation/) for
specific analyses.

Positive PDO events enhance El Nifio impacts and nega-
tive PDO events enhance La Nifia impacts (Birk et al. 2010).
Therefore, a positive PDO with an El Niflo event leads to cool
summers with average precipitation, while a negative PDO
with a La Nifia event leads to slightly above average summer
temperatures with dry conditions. Neutral ENSO events with a
positive (negative) PDO are associated with wet (dry) sum-
mers (Birk et al. 2010). However, ENSO and PDO impacts are
generally expected to be localized in nature (Ratley et al.
2002), so a regional analysis is very important to consider.
Transition periods between ENSO phases also have certain
impacts on summer temperature and precipitation in
Missouri and can be referred to when creating forecasts
(Ratley et al. 2002; Newberry et al. 2016).

Methodology

Agricultural techniques and equipment have advanced over
the years causing an increasing trend in crop yields (Hu and
Buyanovsky 2003). To account for the influence of these ad-
vancements, including seed genetics and the use of fertilizers,
the trend was eliminated from the yield data for both crops.
Using minimized squared error techniques, a simple linear
trend in the data was defined and then removed. Removing
the trend in the data allows for the opportunity to evaluate the
climate effect on crop yields accurately. The annual crop yield
data were plotted as a time series for each crop in each region
in kilograms per hectare (Fig. 3), with the trend for each crop
in each region represented by a dotted line. After removing the
trend, the dotted line becomes representative of the mean
yield, values above the dotted line represent a positive devia-
tion from the mean yield, and values below the dotted line
represent a negative deviation.

To identify interannual and multidecadal periodicities
within each data set of detrended crop yields, the method of
power spectra analysis was performed following the Mokhov
et al. (2004) “method of cycles” (e.g., Birk et al. 2010; Lupo
etal. 2012b). This method of amplitude and period calculation
results in phase portraits X (X) for a given time series X(7).

i Crop Yields 2012 ENSO 2012
1
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Fig. 2 Timeline representing the crop growing season of 2012 (Crop Yields 2012), which runs from April 2012 to September 2012, and the IMA
defined ENSO year of 2012 (ENSO 2012), which begins in October 2012 and ends in September 2013
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Table 1 The years examined in this study, corresponding to each El
Niflo Southern Oscillation (ENSO) phase, as defined by the Center for
Ocean-Atmospheric Prediction Studies (COAPS, online at coaps.fsu.
edu/jma), as well as each Pacific Decadal Oscillation (PDO) phase

Positive PDO (1) Negative PDO (2)

LaNifa Neutral El Nifio La Nina Neutral El Nifio

1938 1926-1928 1925 1922 1919-1921 1951

1942 1931-1937 1929 1924 1923 1957
1944 1939 1930 1949 1947 1963
1988 1941 1940 1954-1956 1948 1965
1998 1943 1982 1964 1950 1969
1945 1986 1967 1952 1972
1946 1987 1970 1953 1976
1977-1981 1991 1971 1958-1962 2002
1983-1985 1997 1973-1975 1966 2006
1989 1999 1968 2009
1990 2007 2000
1992-1996 2010 2001
2003-2005
2008
2011-2013

Following Mokhov et al. (2004), the process can be fitted by a
harmonic oscillator:

X+u?X=0 (1)
or
X(1) = A(r)sin[w (1)t + o(1)] (2)

if there is a statistically significant linear regression of X (¢) on
X(#) with a negative regression coefficient —w?(#). The ampli-
tude of the process A(¢), frequency w(?), period P(¢) = %,
and initial phase ((¥), are assumed to change sufficiently slow-
ly over time (Mokhov et al. 2004). The variables X and X are
determined by taking the second-order finite difference of the
original time series X. In this research, temperature, precipita-
tion, and crop yield data are represented by X. The amplitude
A(1), frequency w(?), and period P(f) are calculated using a
least-squares method (e.g., Mokhov et al. 2004). Equations
(1) and (2) can be solved using empirical orthogonal functions
(e.g., Fourier series).

Power spectra were constructed from the detrended crop
data using Fourier coefficients. Fourier transforms convert
data from Cartesian space to wave space and power is put into
discrete wave numbers; resulting in a plot of wave power
versus wave number that can then be analyzed for dominant
periods in a time series. Spectral peaks represent periodicities
in the time series and can be tested for significance against a
red or white noise continuum (e.g., Wilks 2006), due to the

expectation that low frequency would be dominant (red) or
that all frequencies would be equally likely (white). The var-
iability, or periodicities, in the detrended crop yields are re-
corded in years by dividing the time interval of the data used
by the wave number of a significant spectral peak. Resulting
power spectra for both crops in all six regions were analyzed
for significant periodicities to determine if the resulting oscil-
lations relate to ENSO and PDO variability.

The same method was used to create power spectra for
seasonal (April to September) temperature and precipitation
data for each climate region and time range, corresponding to
the crop data. Resulting power spectra were not analyzed for
periodicities, but rather used to perform a cross-spectral anal-
ysis (e.g., Lupo et al. 2012a). This analysis involves the con-
volution of power spectra to create a final power spectrum
used for the examination of periodicities. Power spectra
resulting from detrended crop data were cross-analyzed with
power spectra resulting from seasonal temperature and precip-
itation, for the respective time range and climate region. The
resulting covariance spectra were analyzed for dominant pe-
riods, which represent the periodicities shared by crop yields,
temperature, and precipitation. The peaks found in the
resulting spectra were tested for significance against a white
noise continuum, assuming no particular frequency to be
dominant (e.g., Wilks 2006).

In an effort to support the idea of an interaction between
ENSO and PDO, annual detrended crop yields for each crop
in each region were binned according to ENSO phase and
ENSO-PDO phase combination. Averages were then calculat-
ed, resulting in an average crop yield for each crop in each
region for each ENSO phase and each ENSO-PDO phase
combination. Detrended crop yield averages are displayed as
a positive or negative value, making it easy to see the impacts
of each ENSO phase or ENSO-PDO phase combination on
each crop and region in terms of productivity. A Mann-
Whitney test was conducted on the phase-specific detrended
crop yields to determine a statistical relationship between the
calculated averages, using one-tail probability. Only data sam-
ples containing at least five values and resulting in a p value of
0.10 or less were considered to be of significance.

Results
Spectral analysis

Figure 3 represents 12 graphs created from the crop yield data
collected from USDA NASS for each of the crops (corn and
soybean) for all six climate regions in Missouri (Fig. 1).
Figure 3a—f specifically represent annual corn yields in kilo-
grams per hectare from 1919 to 2013 for each region, respec-
tively, while Fig. 3g—1 represent annual soybean yields in ki-
lograms per hectare from 1944 to 2013 for each region,
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Fig. 3 Annual crop yields for each region in Missouri with the linear
trend (dotted line) shown for a—f) corn yields from 1919 to 2013 and g—/)
soybean yields from 1944 to 2013. Data provided by the United States

respectively. The linear trend was then removed from the data

in Fig. 3

and detrended crop yields for both crops in all six

regions were used for the remaining methods in this study.
Figure 4a—f (m-r) represent the power spectra resulting

from the

Fourier transform of detrended corn (soybean) yields

for each region, respectively. These spectra were analyzed for
periodicities, represented by peaks, to determine a correlation
to climate variability in the form of ENSO or PDO. For ex-

ample, F

ig. 4a displays a large peak on the right half of the
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Department of Agriculture (USDA), graphed as

yield (kilograms per

hectare) versus time (year)

graph at a wave number of roughly 20. The time interval of the
data used in Fig. 4ais 1919 to 2013 for corn in region 1, which
is 95 years of data. Therefore, the periodicity represented by
the large peak is roughly 5, meaning corn yields in region 1
vary significantly every 5 years. With 5 falling into the inter-
annual variability range of 2 to 7 years, this periodicity repre-
sents a possible relationship to ENSO phase. The same calcu-
lation was made for the remaining significant peaks shown in
Fig. 4a, resulting in corn yields for region 1 having
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Fig. 4 Power spectra resulting from a-f) the Fourier transform of
detrended corn yields for each region in Missouri, g—/) the convolution
of the corn yield spectrum (a—f) with the spectra of seasonal temperature
and seasonal precipitation data (not shown, m—r) the same as a—f, except
soybean yields, and s—x) the same as g—/ except soybean yield spectrum

interannual, interdecadal, and multidecadal variability. Thus,
corn yields in region 1 have a possible relationship to ENSO,
PDO-modulated ENSO, and PDO phase.

Figure 4g—1 (s—x) display the power spectra representing the
convolution of detrended corn (soybean) yields with seasonal
temperatures and precipitation for each region over the period
of 1919 (1944) to 2013 (corresponding to the time range of
corn or soybean yields used). Using Fig. 4g as an example,
dividing the time interval (again 95 years for corn) by the wave
number of each significant peak results in the covariance of
corn, temperature, and precipitation for region 1 displaying
interannual and interdecadal variability. In other words, corn,
temperature, and precipitation data from region 1 all vary at the
same intervals as ENSO and PDO-modulated ENSO.

The same methods used for Fig. 4a, g were used for all
power spectra involving both crops in all six regions with their
corresponding time ranges of seasonal temperature and pre-
cipitation data. Each periodicity resulting from the analyzed
spectra was associated with ENSO, ENSO-PDO (PDO-mod-
ulated ENSO), and PDO, depending on the variability range
of interannual (2-7 years), interdecadal (10-15 years), or
multidecadal (20 years), respectively. The final results are
shown in Table 2 according to possible climate variability
associations. Interannual variations were found in 24 out of
24 (100 %) analyzed spectra, while only 17 of the 24 (71 %)

24

A
1218 24 30

30 18

Wave Number

(m—r). The ordinate displays wave power, which is the magnitude of the
Fourier coefficients, while the abscissa displays wave number. The
dashed (dotted) line represents the 95 % confidence level against the
red (white) noise background continuum (Wilks 2006)

contained interdecadal variabilities and 10 of the 24 (42 %)
contained multidecadal variabilities.

ENSO-PDO phase interactions

Table 3 displays the averages calculated for each set of
detrended yields, in kilograms per hectare, for each crop in
each region based on ENSO phase year, as defined by IMA.
Corn and soybean yields display a positive value for El Nifio
years, meaning yields will most likely depart positively from
the mean yield in future JMA El Nifio years or years of El
Nifio transition. La Nifia years display mostly negative values
for corn and soybean yields based on region, meaning yields
will likely depart negatively from the mean during La Nifa
transitions, referring to when La Nifia events occur in the post-
harvest winter. Statistical testing of yields in El Nifio years
versus yields in La Nifia years determined regions 1, 2, and
6 to have significant differences (p values less than 0.10) for
both crops, with region 4 for corn also included (Table 3).
Testing of yields in La Nifia years versus yields in neutral
years determined regions 1, 5, and 6 to have significant dif-
ferences (p values less than 0.10) for corn and only region 6
for soybean (Table 3). Further testing of yields in El Nifio
years versus neutral years concluded with no significant dif-
ferences (p value of 0.10 or less).
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Table 2 Regional Missouri crop yield variability resulting from each analyzed power spectrum

Region 1 Region 2 Region 3 Region 4 Region 5 Region 6
Comn ENSO ENSO ENSO ENSO ENSO ENSO

ENSO-PDO ENSO-PDO ENSO-PDO ENSO-PDO ENSO-PDO ENSO-PDO

PDO PDO
Corn-Temp-Precip Covariance (Season) ENSO ENSO ENSO ENSO ENSO ENSO

ENSO-PDO ENSO-PDO PDO
Soybean ENSO ENSO ENSO ENSO ENSO ENSO

ENSO-PDO ENSO-PDO ENSO-PDO ENSO-PDO ENSO-PDO ENSO-PDO

PDO PDO

Soybean-Temp-Precip Covariance (Season) ENSO ENSO ENSO ENSO ENSO ENSO

PDO PDO ENSO-PDO ENSO-PDO PDO ENSO-PDO

PDO PDO

Periodicities determined from each spectrum were compared to each climate variability and listed as ENSO, ENSO-PDO, or PDO. ENSO refers to an
interannual variability of 2 to 7 years, corresponding to the El Nifio Southern Oscillation. ENSO-PDO refers to an interdecadal variability of roughly 10
to 15 years, corresponding to PDO modulated ENSO-related variability. PDO refers to a multidecadal variability of roughly 20 years, corresponding to

the Pacific Decadal Oscillation

Table 4 is similar to Table 3, only displaying average
detrended crop yields based on ENSO-PDO phase combina-
tion years. El Nifio and La Nifa show the same impacts on the
crops, but the impacts are enhanced when combined with a
positive PDO phase and diminished when combined with a
negative PDO phase. For example, detrended corn yields in
climate region 1 have an increase in the average yield by
279.0 kg per hectare during El Nifio years (Table 3). The
average yield increases by 442.8 kg per hectare for El Nifio
and positive PDO years, and increases by only 131.5 kg per

Table 3  Departure from average (standard deviation) calculated from
detrended crop yields in kilograms per hectare, for each crop in each
climate region of Missouri, for the years associated with each El Nino
Southern Oscillation (ENSO) phase, as defined by the Center for Ocean-
Atmospheric Prediction Studies (COAPS, online at coaps.fsu.edu/jma)

La Nifia Neutral El Nifio
Com 1 —330.6 (935.8) 29.9 (1195.4) 279.0 (922.3)
Corn 2 —263.5 (898.2) 13.13 (1240.4) 253.2 (874.3)
Com 3 —192.3 (931.8) 45.9 (1246.8) 79.6 (862.1)
Com 4 —189.9 (887.9) —10.8 (1142.1) 241.2 (847.7)
Corn 5 —235.3(732.0) 50.7 (1008.5) 113.3 (685.8)
Corn 6 —359.8 (943.3) 96.1 (1013.7) 119.5 (796.5)
Soybean 1 —59.4 (209.7) —15.9 (367.7) 107.6 (221.2)
Soybean 2 —51.5 (262.5) 7.6 (345.6) 77.6 (186.1)
Soybean 3 =32.1(220.3) 3.9 (389.6) 26.6 (336.4)
Soybean 4 21.1 (220.4) —28.8 (369.2) 49.2 (340.2)
Soybean 5 —51.3 (264.1) 11.8 (254.9) 28.3 (166.5)
Soybean 6 —117.8 (245.9) 45.6 (266.3) 18.0 (228.2)

Bold values represent significant differences (p value of 0.10 or less) in
yield between La Nina and El Nifio years, while italic values represent
significant differences in yield between La Nifia and neutral years, with
all data sets involved containing at least five samples (yield per ENSO
phase year)
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hectare for El Niflo and negative PDO years (Table 4). Corn in
region 6, while soybean in regions 3 and 6, resulted in signif-
icant differences (p values less than 0.10) in yields when com-
paring yields from El Nifio/positive PDO years to yields from
El Nifo/negative PDO years (Table 4). Further testing of
yields in La Nifia/positive PDO years versus La Nifla/negative
PDO years determined there to be a significant difference (p
value of 0.07) for soybean in region 3; however, this signifi-
cance is not acknowledged due to a contribution from only
three samples in one of the data sets involved. Testing of
yields in neutral/positive PDO years versus neutral/negative
PDO years concluded with no significant differences (p value
0f 0.10 or less).

Discussion

Annual crop yields in Missouri were examined for periodic-
ities, using the techniques of Mokhov et al. (2004) and Lupo
et al. (2012a), to determine possible associations with the cli-
mate variabilities related to ENSO and PDO. The highly pro-
duced field crops of corn and soybean were studied by climate
region in Missouri, in order to account for climate differences
across the state (NCDC 2006). ENSO and PDO phases influ-
ence regional Missouri temperature and precipitation, there-
fore impacting regional Missouri corn and soybean. Corn
(soybean) in Missouri reaches the reproductive stage in July
(August), making that time of summer the most impactful for
the crop. The ENSO and PDO impact on July and August
temperature and precipitation is the most important to consid-
er, but the entire growing season influences crop growth be-
cause temperature and precipitation can shorten or lengthen
each stage of crop growth (Hu and Buyanovsky 2003).
Average seasonal temperature and precipitation ranging from
April to September, to cover Missouri’s corn and soybean
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Table4  Departure from average (standard deviation) calculated from detrended crop yields in kilograms per hectare, for each crop in each climate region of
Miissouri, for the years associated with each El Nifio Southern Oscillation-Pacific Decadal Oscillation (ENSO-PDO) phase combination (Table 1)

Positive PDO (1) Negative PDO (2)

La Nifia Neutral El Nifio La Nifia Neutral El Nifo
Corn 1 —360.0 (894.3) —137.0 (1144.5) 442.8 (631.3) —321.4(976.7) 230.1 (1247.5) 131.5(1138.4)
Corn 2 —495.3 (966.3) —92.8 (992.6) 455.1 (650.0) —191.1 (925.7) 140.3 (1496.8) 71.6 (1037.2)
Corn 3 —50.1 (258.1) 22.4 (1127.7) 213.3(743.3) —236.7 (1063.5) 74.2 (1399.8) —40.8 (980.4)
Corn 4 —175.7 (274.7) —35.1 (985.6) 389.5 (636.7) —194.3 (1015.4) 18.3 (1326.5) 107.7 (1017.3)
Corn 5 -309.7 (290.3) —1.2 (863.8) 137.6 (515.2) —212.0 (830.4) 113.0 (1174.5) 91.4 (838.7)
Corn 6 —573.1 (522.6) 129.2 (891.9) 429.0 (686.8) —293.1 (1045.8) 56.3 (1160.9) —158.9 (817.1)
Soybean 1 —135.3 (283.2) —33.6 (398.1) 92.5 (186.0) —43.1 (200.5) —1.6 (350.5) 115.2 (246.1)
Soybean 2 —107.0 (300.9) —14.4 (339.1) 100.9 (66.5) —39.6 (264.6) —2.2(359.1) 66.0 (226.8)
Soybean 3 78.9 (69.6) 39.8 (403.7) 174.3 (263.1) —55.9 (235.7) —25.3 (385.3) —47.2 (356.5)
Soybean 4 14.2 (127.7) —80.3 (374.5) 90.5 (394.8) 22.6 (239.3) 12.8 (368.7) 28.5(330.7)
Soybean 5 —83.3 (154.9) —10.1 (280.3) 91.5 (96.8) —44.5 (286.2) 29.5 (237.8) —3.3 (188.8)
Soybean 6 —145.8 (318.3) —15.5(292.0) —56.6 (124.4) —111.8 (242.1) 95.0 (239.3) 55.4 (263.7)

Bold values represent significant differences (p value of 0.10 or less) in yield for El Nifio years of different PDO phases, with both data sets involved

containing at least five samples (yield per phase year combination)

growing season, were used for the analysis of each crop.
Spectral analysis of each crop in each region displayed differ-
ent variabilities of interannual, interdecadal, and/or
multidecadal time scales in each set of data, suggesting slight-
ly varied ENSO and PDO impacts across Missouri. Regional
differences in ENSO and PDO impacts are not extreme, pos-
sibly due to the fact that Missouri’s regional climates grade
inconspicuously into each other (NCDC 2006).

With results varying for each crop in each region, including
each power spectrum analyzed, the best way to choose the
basis for seasonal forecasts is specifically with each crop and
region. Table 2 displays all possible associations to ENSO and
PDO phase, as well as to PDO-modulated ENSO variability,
for every power spectrum analyzed. Therefore, results from
Table 2 allow for an analysis of each region, specific to each
crop. Corn results suggest the most climate variability associ-
ations to be found in regions 1, 2, and 6, while soybean yields
display the most variability related to climate in regions 3 and
6. After determining if each crop and region is impacted by
certain climate variabilities, the question of how they are im-
pacted becomes a factor.

Comparing crop yield averages from each ENSO phase
(Table 3) to crop yield averages from each ENSO-PDO phase
combination (Table 4) gave the opportunity to assess how
ENSO and PDO phases impact crop yields. Table 3 displays
a positive departure from average of corn and soybean yields
for EI Nifio years and a negative departure from average for La
Nina years. Table 4 displays similar results and is described in
section “ENSO-PDO phase interactions”. Results suggest that
ideal conditions of adequate precipitation with no extreme
temperatures are more likely to occur in growing seasons prior

to El Nifio events, which can be referred to as El Nifio transi-
tion periods. Since a negative departure from average yields is
found for La Nifia years, it is possible that extreme
temperatures and drought are common during La Nifia
transition periods, which represent the crop growing seasons
prior to La Nifa events. Ratley et al. (2002) and Newberry
et al. (2016) concur that summer months are typically hot and
dry in Missouri during an ENSO transition towards La Nifa.

ENSO years in this study begin after the harvest of the
crops used in this study (Fig. 2). It is realized that the growing
season of the crop falls in a time period that could display
either similar index values to the JMA ENSO year or values
that represent a transition into the phase defined by the JMA
ENSO year. For either situation, the growing season should
not experience drastically different impacts or resulting yields
than what the JMA ENSO year phase would suggest. July and
August weather has the greatest impact on crop yields and
those months fall slightly before the JIMA ENSO year begins.
Similar strategies have been used involving the time period
before an ENSO phase occurs, which can be referred to as the
summer transition period (Ratley et al. 2002; Lupo et al. 2008,
2014; Mokhov et al. 2014; Newberry et al. 2016).

The JMA ENSO year was chosen for this study based on
the resulting statistical relationships. Tables 3 and 4 were rec-
reated using the ENSO year prior to the crop production year,
which begins in the winter before and continues through the
crop growing season. For example, the JMA ENSO year of
2011 was compared to the crop yields produced in 2012.
However, the recreated tables displayed no statistical relation-
ships (not shown), meaning all p values were well above 0.10.
Therefore, the results used in this study display the
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relationship of crop yields to the ENSO phase beginning after
the crop harvest, which means the predictability of crop yields
will depend on the advanced predictability of ENSO. Thus,
crop yield forecasts will be seasonal, on the order of 3 to
12 months.

Seasonal forecasts may be more accurate for the re-
gions displaying significant differences in yield between
ENSO phases or ENSO-PDO phase combinations, which
are displayed in Tables 3 and 4, respectively. Eighty-five
percent of Missouri corn productivity (regions 1, 2, 4, 5,
and 6) from 1919 to 2013 and 55 % percent of Missouri
soybean productivity (regions 1, 2, and 6) from 1944 to
2013 exhibit a significant difference (p values less than
0.10) in yields either between El Nifio and La Nifia years
and/or La Nifia and neutral years. It is fair to say ENSO
has an impact on Missouri crops and has the possibility to
be used as an aid in creating crop yield predictions.
Table 4 displays less impressive results than Table 3, with
only one region for corn and two for soybean exhibiting a
significant difference in yields between El Nifo/positive
PDO years and El Nifio/negative PDO years. However,
the averages in Table 4 are still compelling evidence of
a possible interaction between ENSO and PDO, with PDO
contributing to ENSO impacts on Missouri crop yields.

Out of all six of the Missouri climate regions, region 6 is
most promising for accurate crop yield predictions. Corn and
soybean yields differ significantly between El Nifio and La
Nifia years, La Nifa and neutral years, as well as between El
Nifio/positive PDO and El Nifio/negative PDO years, showing
high potential for accurate forecasts of yields based on ENSO
and PDO phases. These results are very impressive, especially
because region 6 produces roughly 20 % of both corn and
soybean yields for the state of Missouri. Regions 1, 2, and 6
display statistical relationships (p values less than 0.10) for
both crops, while region 3 is only significant for soybean
and regions 4 and 5 for corn. Therefore, regions 1 and 2 show
the most promise after region 6. However, regions 1 and 2
only have significant differences (p values less than 0.10) in
yield when dealing with ENSO phase differences. When con-
sidering the PDO phase, only regions 3 and 6 show significant
differences (p values less than 0.10). The likelihood of accu-
rate yield predictions based on ENSO and PDO phase de-
pends on the specific crop and climate region in question.

The statistical analysis displayed more impressive results
based on ENSO phase only, rather than both ENSO and PDO
phases. Five climate regions showed statistical relationships
when dealing with ENSO phase, while only two regions
showed relationships after including PDO phase. The power
spectra analysis also reveals a less apparent PDO influence on
Missouri crop yields, compared to the ENSO influence. Only
42 % of the analyzed spectra represented a multidecadal var-
iability, while 100 % displayed an interannual variability.
However, PDO still has an impact on Missouri crops through
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an interdecadal variability found in 71 % of the analyzed
spectra, associated with a possible ENSO-PDO interaction.

Comparing averages from each ENSO phase alone
(Table 3) to averages from each ENSO-PDO phase combina-
tion (Table 4), highly suggests that PDO influences ENSO
impacts. An example was provided in the aforementioned
results, supporting the conclusions from Lupo et al. (2007)
that strong El Nifio signals occur during years of positive
PDO, while strong La Nifia events occur during years of neg-
ative PDO (Gershunov and Barnett 1998; Birk et al. 2010).
Therefore, the findings in this study support the theory of
PDO-modulated ENSO-related interdecadal variability found
in Midwestern climates (Gershunov and Barnett 1998; Berger
et al. 2002; Birk et al. 2010).

The results in this study provide a solid foundation for
future seasonal forecasts of corn and soybean yields, specific
to each climate region in Missouri, based on both ENSO and
PDO phases. ENSO and PDO affect Missouri temperature and
precipitation, while temperature and precipitation impact
Missouri corn and soybean yields. Thus, ENSO and PDO
impact Missouri crops and provide an opportunity for creating
crop production outlooks. Forecasts of both corn and soybean
yields can help farmers who rotate crops in their fields decide
which crop to plant for the upcoming season or even help
them prepare for a season in need of irrigation. Further, these
forecasts can inform insurance or loan companies and agricul-
tural consumers of the projected crop yields for their use in
financial planning or coverage agreements. Knowledge of
crop yield changes in relationship to ENSO and PDO phase
can greatly benefit the agricultural community and economics
through the use of accurate forecasts on the seasonal time
range of 3 to 12 months.

Acknowledgments The authors would like to thank Joshua Kastman
for his help with the production of figures. Additional thanks to the two
anonymous reviewers for comments and suggestions that greatly im-
proved the clarity of this manuscript. This material is based upon work
supported by the National Science Foundation under Award IIA-
1355406. Any opinions, findings, and conclusions or recommendations
expressed in this material are those of the author(s) and do not necessarily
reflect the views of the National Science Foundation.

References

Adams RM, Chen C, McCarl BA, Weiher RF (1999) The economic
consequence of ENSO events for agriculture. Clim Res 13:165-172

Berger CL, Lupo AR, Browning P, Bodner M, Chambers MD, Rayburn
CC (2002) A climatology of Northwest Missouri snowfall events:
long-term trends and interannual variability. Phys Geogr 23:427—
448

Birk K, Lupo AR, Guinan P, Barbieri CE (2010) The interannual vari-
ability of Midwestern temperatures and precipitation as related to the
ENSO and PDO. Atmosfera 23:95-128

Ding J, McCarl BA (2014) Inter-decadal climate variability in the
Edwards Aquifer: regional impacts of DCV on crop yields and water



Int J Biometeorol

use. Agricultural and Applied Economics Association.
http://ageconsearch.umn.edu/bitstream/170216/2/AAEA2014
Jinxiu.pdf. Accessed 12 July 2015

Enfield DB, Mestas-Nuiiez AM (1999) Multiscale variabilities in global
sea surface temperatures and their relationships with tropospheric
climate patterns. J Clim 12:2719-2733

Gershunov A, Barnett TP (1998) Interdecadal modulation of ENSO
teleconnections. B Am Meteorol Soc 79:2715-2725

Goodrich GB (2004) Modulation of the winter ENSO Arizona climate
signal by the Pacific Decadal Oscillation. J Ariz Nev Acad Sci 36:
88-94

Hanley DE, Bourassa MA, O’Brien JJ, Smith SR, Spade ER (2003) A
quantitative evaluation of ENSO indices. J Clim 16:1249-1258

Hansen JW, Hodges AW, Jones JW (1998) ENSO influences of agricul-
ture in the southeastern United States. J Clim 11:404-411

Hu Q, Buyanovsky G (2003) Climate effects on corn yield in Missouri. J
Appl Meteorol 42:1626-1635

Keables MJ (1992) Spatial variability of mid-tropospheric circulation
patterns and associated surface climate in the United States during
ENSO winters. Phys Geogr 13:331-348

Keppenne CL (1995) An ENSO signal in soybean futures prices. J Clim
8:1685-1689

Kung EC, Chern JG (1995) Prevailing anomaly patterns of the global sea
surface temperatures and tropospheric responses. Atmosfera 8:99—
114

Lee JW, Kung EC (2000) Seasonal-range forecasting of the Ozark climate
by a principal component regression scheme with antecedent sea
surface temperatures and upper air conditions. Atmoésfera 13:223—
244

Lupo AR, Market PS, Akyuz FA, Allmeyer CL, Albert D, Hearst R
(2005) Interannual variability of snowfall events of Southwest
Missouri and snowfall-to-liquid water equivalents at the
Springfield WFO. Natl Weather Digest 29:13-24

Lupo AR, Kelsey EP, Weitlich DK, Woolard JE, Mokhov II, Guinan PE,
Akyuz FA (2007) Interannual and interdecadal variability in the
predominant Pacific region SST anomaly patterns and their impact
on climate in the mid-Mississippi valley region. Atmosfera 20:171—
196

Lupo AR, Kelsey EP, Weitlich DK, Davis NA, Market PS (2008) Using
the monthly classification of global SSTs and 500 hPa height anom-
alies to predict temperature and precipitation regimes one to two
seasons in advance for the mid-Mississippi region. Natl Weather
Digest 32:11-33

Lupo AR, Hayward RS, Whitledge GW (2012a) Synchronization of fish-
es’ temporal feeding patterns with weather in mid-Missouri. J
Freshw Ecol 27:419-428

Lupo AR, Smith NB, Guinan PE, Chesser MD (2012b) The climatology
of Missouri region dew points and the relationship to ENSO. Natl
Weather Digest 36:81-91

Lupo AR, Mokhov II, Chendev YG, Lebedeva MG, Akperov M, Hubbart
JA (2014) Studying summer season drought in western Russia. Adv
Meteorol 2014:1-9. doi:10.1155/2014/942027

Mantua NJ, Hare SR (2002) The Pacific Decadal Oscillation. J Oceanogr
58:35-44

Mantua NJ, Hare SR, Zhang Y, Wallace JM, Francis RC (1997) A Pacific
interdecadal climate oscillation with impacts on salmon production.
B Am Meteorol Soc 78:1069—-1079

Minobe S (1997) A 50-70 year climatic oscillation over the North Pacific
and North America. Geophys Res Lett 24:683—686. doi:10.2019/97
GL00504

Minobe S (2000) Spatio-temporal structure of the pentadecadal variability
over the North Pacific. Prog Oceanogr 47:381-408

Mokhov II, Khvorostyanov DV, Eliseev AV (2004) Decadal and longer
term changes in El Nifio-southern oscillation characteristics. Int J
Climatol 24:401-414

Mokhov II, Khon VC, Timazhev AV, Chernokulsky AV, Semenov VA
(2014) Hydrological anomalies and tendencies of change in the
Amur River basin in relation to climate changes. In: Extreme floods
in the Amur River Basin: causes, forecasts, and recommendations,
Moscow, Roshydromet, pp 81-120

NCDC (2006) Climate of Missouri. National Oceanic and Atmospheric
Administration. http://www.crh.noaa.gov/Image/dvn/downloads/Clim_
MO 01.pdf. Accessed 30 July 2015

Newberry RG, Lupo AR, Jensen AD, Rodriges-Zalipynis RA (2016) An
analysis of the spring-to-summer transition in the West Central
Plains for application to long range forecasting. Atmos Climate
Sci, in press

Newman M, Compo GP, Alexander MA (2003) ENSO-forced variability
of the Pacific Decadal Oscillation. J Clim 16:3853-3857

Power S, Casey T, Folland C, Colman A, Mehta V (1999) Inter-decadal
modulation of the impact of ENSO on Australia. Clim Dynam 15:
319-324

Ratley CW, Lupo AR, Baxter MA (2002) Determining the spring to
summer transition in the Missouri Ozarks using synoptic scale data.
T MO Acad Sci 36:55-62

Wang L, Chen W, Huang R (2008) Interdecadal modulation of PDO on
the impact of ENSO on the east Asian winter monsoon. Geophys
Res Lett 35:120702

Wilks DS (2006) Statistical methods in the atmospheric sciences.
Academic Press

Zhang L, Delworth TL (2015) Analysis of the characteristics and mech-
anisms of the Pacific Decadal Oscillation in a suite of coupled
models from the geophysical fluid dynamics laboratory. J Clim 28:
7678-7701

Zhang Y, Wallace JM, Battisti DS (1997) ENSO-like interdecadal vari-
ability: 1900-93. J Clim 10:1004-1020

@ Springer


http://dx.doi.org/http://ageconsearch.umn.edu/bitstream/170216/2/AAEA2014_Jinxiu.pdf
http://dx.doi.org/http://ageconsearch.umn.edu/bitstream/170216/2/AAEA2014_Jinxiu.pdf
http://dx.doi.org/10.1155/2014/942027
http://dx.doi.org/10.2019/97GL00504
http://dx.doi.org/10.2019/97GL00504
http://dx.doi.org/http://www.crh.noaa.gov/Image/dvn/downloads/Clim_MO_01.pdf
http://dx.doi.org/http://www.crh.noaa.gov/Image/dvn/downloads/Clim_MO_01.pdf

	ENSO and PDO-related climate variability �impacts on Midwestern United States crop yields
	Abstract
	Introduction
	Materials and methods
	Data sources
	Definitions
	Methodology

	Results
	Spectral analysis
	ENSO-PDO phase interactions

	Discussion
	References


