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Abstract

Previous studies demonstrated that increased soil moisture can affect the water vapor in the overlaying atmospheric boundary
layer (ABL). This can increase the surface buoyancy which can be more conducive for the occurrence of severe weather. This
research will demonstrate that soil moisture can be an indicator for increased tornado, large hail, and severe wind activity
within the state of Missouri for the period from 1980-2018. Then, using data obtained from the Storm Prediction Center
in Norman, OK, the April-June soil moisture anomalies were used to determine if there is a correlation to severe weather
occurrence during those months. The correlation of soil moisture anomalies for the months of January—March and September
through February before the April-June severe weather season was examined next. These experiments will use the Pearson
correlation coefficient and a Poisson regression to test for significance. Only significant results from the Pearson correlation
method will be shown for brevity. Then, synoptic maps, in conjunction with the ENSO phenomena, were examined to under-
stand what other mechanisms were contributing to the increase/decrease in storm reports within the state. A spectral analysis
using Fourier transforms was conducted to examine the interannual variability of severe weather occurrence with respect to
soil moisture. Results showed a significant positive relationship between April-June soil moisture with April-June tornado
and severe wind activity. Fewer significant positive and negative relationships were found relating the January—March soil
moisture with April-June severe weather reports. However, no statistical significance was found between September—Febru-
ary soil moisture and the ensuing April-June severe weather reports. Most of the statistically significant correlations were
noted in south central Missouri. Some variability was observed with ENSO years and tornado activity, indicating that the
synoptic setup may play more of a role than soil moisture. La Nifia was also found to produce a greater number of tornadic
systems, while El Nifio produces more potent systems.
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1 Introduction known of the importance of soil moisture and how much or

little it contributes to storm development. Moisture is one of

There are many known mechanisms which contribute to con-
vection (e.g., Newton 1963, Brooks and Craven 2002, Kim
et al. 2003, Sherburn and Parker 2014, 2016), but little is
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the most important factors besides temperature, as this ena-
bles a parcel to accelerate through the atmosphere (e.g., Ras-
mussen and Blanchard 1998). Therefore, it is reasonable to
assume moisture within soil can, at least partly, contribute to
the overlying moisture content within the atmosphere above
(e.g., Ek and Holtslag 2004, Siqueira et al. 2009, Wakefield
et al. 2016). The question then becomes whether enough
of the moisture within the soil can be evaporated to make
an overall difference to the quantity of moisture within the
atmosphere directly above or downwind of the area when
accounting for advection. Thus, an investigation on whether
antecedent soil moisture, or lack of it, correlates with the
occurrence of severe weather has been examined following
Wakefield et al. (2016).
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Since the state of Missouri lies within the middle of the
USA, it is influenced by weather systems from several areas,
for example, storm systems moving over the Rocky Moun-
tains to the west, cool and northerly flow from Canada, and
warm moist southerly flow from the Gulf of Mexico (e.g.,
Berger et al. 2003; Andresen et al. 2012). The unique posi-
tion of Missouri also could place the western half of the state
in a narrow transition zone, meaning both dry soils and wet
soils can lead to convection. The eastern half of the state
has been shown to have more of a positive feedback effect
for precipitation with soil moisture (e.g., Findell and Elta-
hir 2003). Furthermore, within the state, there is the Ozark
Plateau. There has been anecdotal and published evidence
(e.g., Bongard et al. 2020) that this terrain can affect weather
in and around the region. The plateau, along with the posi-
tion of Missouri in the transition zone, makes the state an
interesting area for the study of convective storms, the severe
weather they generate, and how the presence of soil moisture
can lead to enhanced or decreased severe potential.

It is known that the El Nifio-Southern Oscillation (ENSO)
influences the weather in the Midwest (e.g., Lupo et al. 2012a).
El Nifio is known to bring above-average temperatures to the
central USA during the winter and spring, while most win-
ter months are wet and most spring months dry (e.g., Lupo
et al. 2007, Birk et al. 2010). During La Nifia years we find the
opposite (e.g., McPhaden 2002, Birk et al. 2010). Both of these
studies used a Fourier or wavelet analysis and showed signifi-
cant variability at 3, 6, and 20 years when looking at mean
monthly temperature and precipitation for the central USA.
These results also confirm earlier studies (e.g., Hu et al. 1998)
which were similar across the Midwest region. The former
periods were attributed to the ENSO cycle, while the 20-year
period was attributed to variability associated with the Pacific
decadal oscillation (PDO). Outside the central USA, El Nifio
brings wet weather to the southeast and western California
during the spring months (e.g., Kahya and Dracup 1993).

Several studies have demonstrated that the occurrence
of severe weather varies with ENSO across the Midwest
(e.g., Akyuz et al. 2004 and references therein). When
looking at tornadoes and their relationship to ENSO, Bove
(1998) showed that there was a decrease in the number of
tornadoes in Tornado Alley during the February—July El
Nifio periods. Akyuz et al. (2004) also proved an increase
in tornadic events within the central Plains during La
Nifia years, including Missouri from 1948-1999. Their
study focused on those greater than E(F1). Marzban and
Schaefer (2001) demonstrated a small but significant cor-
relation between SST anomalies in the Pacific Ocean and
the spatial distribution on the occurrence of tornadoes
in the USA. Their results revealed a negative correlation
between SST and the frequency of tornadoes and tornado
days. Cooler SST (La Nifia) seemed to have a higher
number of tornado counts and days. This was confirmed
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later by Cook and Shaefer (2008), with the exception that
ENSO-neutral years favor more tornado occurrences.
Monfredo (1999), Moore et al. (2018), and Renken et al.
(2022) find that the La Nifia phase favored higher tornado
numbers in the continental USA (CONUS) during the
severe weather season as defined by each respective work.
Their results emphasize the importance of how the severe
weather season is defined (see also Moore 2019), the area
examined, and what constitutes a severe weather day.

Allen et al. (2015) and Renken et al. (2022) demonstrated
that La Nifia years favored the frequency of occurrence of
hail events as well across the USA east of the Rockies, and
the latter study also include days with a large number of
severe wind events (greater than or equal to 25.9 m s™).
Cook et al. (2017) found that the southeastern USA (e.g.,
Dixon et al. 2011) was more active (from 1950-2016) during
La Nifia years, while the southern and central plains region
of the USA was more active during El Nifio years. Lepore
et al. (2017) demonstrate that the winter season ENSO phase
can be used to anticipate spring season severe weather (tor-
nado and hail) activity. Their work implied that La Nifia
years showed more success, especially for hail events.

This study proposes to investigate whether there is a link
between the occurrence of severe weather and soil moisture
and if it can be identified within the state of Missouri. This
study will examine in-season and antecedent soil moisture
in a manner similar to Wakefield et al. (2016), and this work
will divide up Missouri into six climate divisions. These divi-
sions group counties together which have similar climate, as
dictated by NOAA. This research will also attempt to identify
which type of statistical analysis for establishing this connec-
tion is appropriate. This will be done by comparing a Pearson
correlation coefficient method and a quasi-Poisson regres-
sion method. These two were chosen as they seem the most
appropriate for this type of analysis due to the linearity of the
data. Furthermore, the relationship of ENSO teleconnections
and the overall synoptic setup during ENSO will be explored.
In addition, this work will extend the climatology of Akyuz
et al. (2004) to include the early part of the twenty-first cen-
tury. Section 2 describes the data and methods used, while
Section 3 will present the results. Section 4 will summarize
the work and present what was learned in this work.

2 Data and methods

2.1 Data

2.1.1 Soil moisture and composite map data

The soil moisture data which was used for this research

was obtained through the National Centers for Environ-
mental Prediction’s (NCEP) National American Regional
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Reanalysis (NARR) database (provided by the NOAA/
OAR/ESRL PSL, Boulder, Colorado, USA, from their
web site at https://psl.noaa.gov/) at a resolution of 0.3 x
0.3 degrees. The NARR uses the NCEP Eta model at a
32-km resolution with 45 layers. This model is used in
conjunction with the regional data assimilation system
(RDAS), which assimilates precipitation. Seasonal com-
posites including the time frames of April-June (called “in
season”—see definition for severe weather season), Janu-
ary—March (immediately pre-severe weather season), and
September—February (long-term preseason) were chosen
for this study. The long-term preseason period was chosen
to match the meteorological fall and winter seasons, and
this was consistent with Wakefield et al. (2016).

Using the NCEP/NCAR Reanalysis (e.g., Kalnay et al.
1996) database, several other composite maps were also
constructed using different parameters for 1980-2018.
Composites that were made for this research include
300-hPa vector winds (m s~!) and heights (m); 500-hPa
vector winds (m s~!) and heights (m); 700-hPa vertical
motion (mb s~1), specific humidity (kg kg™"), heights (m),
and vector winds (m s™'); 850-hPa vector winds (m s™}),
heights (m), and specific humidity (kg kg™'); and mean
sea-level pressure (MSLP, hPa), latent and sensible heat
flux (W m™2), 2-m relative humidity, 2-m temperature
(°C), lifted index, 2-m dew point, moisture availability,
and surface convective available potential energy (CAPE
d kg_l)). These parameters were chosen to determine if
there is also a correlation between the synoptic conditions
and soil moisture. This will be analyzed below.

2.1.2 El Nifio and Southern Oscillation

The definition for ENSO used in this study is described
in Birk et al. (2010) and references therein, and a brief
description is given here. The Japanese Meteorological
Agency (JMA) ENSO index is available via the Center
for Ocean and Atmospheric Prediction Studies (COAPS)
from 1868 to the present (http://www.coaps.fsu.edu). The
JMA classifies ENSO phases by using SST within the
bounded region of 4° S to 4° N, 150° W to 90° W and
defines the start of an ENSO year as the 1st of October
and its conclusion on the 30th of September of the fol-
lowing year. This index is used in many other published
works (see Birk et al. (2010) and references therein), and
a list of years is provided (Table 1). This index is use-
ful since it acknowledges the longevity of ENSO events,
but it may produce different classifications for years ver-
sus other definitions. For example, Hanley et al. (2003)
found that, while the JMA index is more sensitive to La
Nifla events than other definitions, it is less sensitive than
other indices to El Nifio events.

2.1.3 Storm data

The storm data, which contains tornado, hail, and wind, was
collected through the Storm Prediction Center’s (SPC—http://
www.spc.noaa.gov) database. This data includes all tornado
counts and tornado days within the state of Missouri for the
years 1980-2018 from the months of April-June. This time
period was chosen because those years before 1980 are not avail-
able within the NARR database. This period should be long
enough to determine whether there is a correlation between soil
moisture and severe weather associated with spring convec-
tion. The monthly time frame was decided upon for a couple
of reasons. First, it matches those used in a study conducted at
the University of Oklahoma (Wakefield et al. 2016), which is
the basis for this research. Second, spring is the season when
the most severe weather occurs. Long and Stoy (2014) suggests
peak tornado season in Tornado Alley occurs on the 19th of
May, while Renken et al. (2022) suggest this peak is close to
the 15th of May approximately for severe weather in the whole
USA. The latter also showed that the standard deviation is about
1.4 months for tornado occurrences; thus, April-June is a rea-
sonable choice here. Additionally, in the USA and across MO,
these months observe more than 50% of the annual number of
reports and days (e.g., Renken et al. 2022).

The tornadoes identified here are those which contained their
own unique tornado number within the database. Any torna-
does that were crossovers into Missouri from another state were
not included. Tornadoes which originated within Missouri and
traveled to another state were included since this research is
focused on the origins of these events within Missouri. In-depth
radar analysis would be needed to distinguish between convec-
tive activity that produces severe weather and that which does
not (https://www2.mmm.ucar.edu/imagearchive/). This would
also be needed to determine more precisely the origins of severe
weather, which because of time constraints for this research, was
not able to be performed. The same issue was reported for the
individual climate divisions within the state.

Table 1 List of ENSO years used here. The years below are taken
from Birk et al. (2010) and the COAPS website

El Nifio (EN) Neutral (NEU) La Nifia (LN)
1982 1977-1981 1988
1986-1987 1983-1985 1998-1999
1991 1989-1990 2007
1997 1992-1996 2010
2002 2000-2001 2017
2006 2003-2005
2009 2008
2014-2015 2011-2013
2018 2016
2019
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Also, any storm reports (tornadoes, hail, wind) that had
coordinates in another state (after importing the data in Arc-
MAP 107.1) but had a state identity of Missouri were dis-
missed. Additionally, there were a handful of tornadoes that
were duplicated (same starting latitude and longitude coordi-
nates). These were removed. Since there were many more hail
and wind reports, duplicated reports were not analyzed. It is
important to note that wind and hail events can be reported to
be in proximity to each other and potentially within the same
storm. Therefore, it becomes difficult to discern between sepa-
rate events. The first few years of wind and hail data were ana-
lyzed to see if there were any duplicate reports, and these were
found. Ultimately, we concluded that there were far too many
observed reports for duplicates to make a significant difference.

Tornado data was categorized with all tornado counts,
tornado counts greater than or equal to E(F0), all tornado
days, and weak and strong tornadoes. Weak tornadoes were
considered those with E(FO) and E(F1) strength. Strong
tornadoes were those with strengths between E(F2) and
E(F5). Tornado counts and days > E(F0) were mostly used
within this research. Hail data was categorized with all hail
reports, reports with magnitude < 1.25 in., and hail with
magnitudes > 1.25 in. Wind data was categorized with all
wind reports, reports with a magnitude < 60 kts, and those
with magnitudes > 60 kts. We noticed many wind reports
of unknown intensity within the SPC database. Since it was
difficult to establish the strength of the wind, these reports
were recorded as “null” for this paper. Therefore, it is better
to use “total wind reports” for comparison.

2.2 Methods
2.2.1 Storm and soil moisture

Once the storm data was downloaded from SPC’s database in
CSV format, it was imported into the ArcMap program. It is
also useful to physically see the differences when portrayed
geographically. For the soil moisture data, composite maps
were generated through the NARR database. These maps
were imported into ArcMap 10.7.1 for an easy-to-read layer.
Once within ArcMap, only the data confined to Missouri was
used. For the averages of the soil moisture anomalies within
the state and the six climate divisions (see Fig. 1), the func-
tion “extract by mask” was used. Extract by mask is useful
for inputting raster layers and features and then outputting
a raster layer by combing the two inputs and can be used
for statistical analysis (ESRI). Combining these two inputs
produced a raster layer which can then be used to find maxi-
mums, minimums, standard deviations, and averages of the
data. The spatial join function was used to find the number of
storm reports for each of the six climate divisions.
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2.2.2 Fourier transforms

To find a correlation between ENSO and the occurrence of
severe weather and soil moisture, power spectra were gen-
erated from the soil moisture and tornado data from which
total tornado days and counts were used. After the mean
was removed, Fourier transforms were constructed using
the Mathcad software. Fourier transforms converts Carte-
sian coordinates to wave space which is useful for the iden-
tification of cyclical periods. In this case, the identification
of interannual and interdecadal variability was analyzed to
determine whether there were congruent cycles found in
severe weather occurrence and soil moisture amounts. The
observed wave spectrum can then be compared against white
and red noise spectra to determine statistical significance
(e.g., Wilks 2006). White noise represents a null hypoth-
esis for a test statistical where no specific wavelengths can
dominate, and red noise represents a null hypothesis for a
statistical test where smaller wave numbers can naturally
dominate (e.g., Wilks 2006). Significant periods were found
by dividing peak waves by the number of years.

The power spectra for the time series of tornadoes/tornado
days were also compared to the power spectra of April-June
soil moisture anomalies against the white noise continuum
to see if there is any coherence between the two. The result-
ing power spectra were analyzed on their own and then used
to perform a cross-spectral analysis (e.g., Lupo et al. 2012b,
Henson et al. 2017). This analysis involves the convolution
of power spectra to create a combined power spectrum used
for the examination of periodicities. The resulting covariance
spectra were analyzed for dominant periods, which represent
the periodicities shared by the two individual time series. The
peaks found in the resulting spectra were tested for signifi-
cance against a white noise continuum, assuming no particular
frequency to be dominant (e.g., Wilks 2006).

2.2.3 Statistical methods

The April to June time period was chosen to see if there is
a correlation between in-season soil moisture and in-sea-
son storm reports. To find a correlation, two methods were
chosen: the Pearson correlation coefficient and a Poisson
regression. For the Pearson correlation coefficient, the fol-
lowing equation was used (e.g., Asuero et al. 2006), where
x and y are the comparison values and X and y are their
corresponding mean values. This was done in Excel where
the CORREL function was used.

L Xa-Do-Y)
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Fig.1 A map of the six climate divisions within Missouri, as identified by the National Oceanic and Atmospheric Administration (NOAA) (pro-

duced through ArcMap 10.7.1)

To test the significance of the Pearson correlation, the
following z-test equation was used (e.g., [llowski 2015),
where N = number of years and r = correlation coefficient.

N-2

Soil moisture anomalies are the departure from the
30-year climatological average (1981-2010). For this experi-
ment, all tornado counts > E(F0), all tornado days > E(F0),
weak tornadoes (E(F0)-E(F1)), and strong tornadoes (E(F2)-
E(F5)) were compared with soil moisture anomalies for the
state of Missouri. Tornado counts and days > E(F0) were
mostly used within this paper, in order to keep consistent
with the Wakefield et al. (2016). Additionally, weaker torna-
does have been shown to not accurately represent the number
of tornadoes, due to these being overestimated, especially
within large population centers. The three experiments in
this research only used this criterion of tornadoes > E(FO0).

The tornado categories were calculated with a lin-
ear least squares regression. In Section 3, a p-value of
0.10-0.05 is denoted in blue (R value which denotes the
Pearson correlation coefficient), and those with a p-value
< 0.05 are denoted in red (R value). From here on, any
correlations with a p-value of 0.10-0.05 will be labeled
as “p £ 0.10” level. The same was done with correla-
tions p < 0.05. In addition, all wind reports, those with a
magnitude of < 60 kts and those with a magnitude of >
60 kts were used. For hail events, all reports, those with a
magnitude < 1.25 in. and those with a magnitude > 1.25
in., were included. The climate divisions do not include
the different categories of the storm reports. They only
include tornado counts > E(FO0), tornado days > E(F0),
total hail counts, and total wind counts. All categories
of the varying magnitudes were only included when the
storm reports were compared with the whole state, not
within the individual climate divisions. This is because
when comparing the state moisture with the above
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categories of the severe storms, there is more data. There
is not enough data when broken down to be compared
with individual regions. The climate divisions within the
state of Missouri are displayed in Fig. 1.

3 Statistical results

3.1 State soil moisture compared with tornado
counts and days

When comparing in-season soil moisture anomalies to in-
season tornado counts for Missouri and using the Pearson
correlation method, there was a statistically significant cor-
relation observed. Soil moisture versus tornado counts >
E(FO0) and soil moisture versus tornado counts E(F2)-E(F5)
showed significant positive correlations (p < 0.10). In the
same comparison using in-season soil moisture anomalies
with in-season tornado days within the state, only the tor-
nado days E(F0)-E(F1) had a significant correlation (p <
0.10) (Fig. 2). In this research, we noted that there was an
increase in strong tornadoes E(F2)-E(F5). It is important
to note that there may be several factors contributing to the

Apr-Jun Soil Moisture Anomalies vs. Apr-Jun
Tornado Counts > E(FO)
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increase in tornadic events (e.g., Akyuz et al. 2004). One
could be the population growth and better reporting. Other
factors may include interannual and interdecadal variability.
This will be discussed below.

The quasi-Poisson method was used to construct a resid-
ual vs. fitted plot and is displayed in Fig. 3 with the residuals
on the y-axis and the predicted values on the x-axis. The
residuals are the distance between a data point and the pre-
dicted value. The red line is the smoothing of the data to
fit the model. Linearity holds true if the red line is close
to zero. No statistical significance was observed with any
of the plots. It is important to note that it can be difficult to
make assumptions by looking at a residuals vs. fitted plot.
Therefore, one needs to be cautious. Within the following
residuals vs. fitted plots throughout the rest of this paper, all
seem to hold linearity, indicating that a quasi-Poisson model
is a good choice (e.g., Ver Hoef and Boveng, 2007).

Figures 2 and 3 are shown as examples and will not be
displayed in further sections. Instead, tables will be dis-
played with the same information, in order to summarize
the information more concisely. An example of this is in
Table 2. For the Pearson correlation method, blue text (R
value) indicates a value of p < 0.10, while red text (R value)

Apr-Jun Soil Moisture Anomalies vs. Apr-Jun
Tornado Counts E(F2)-E(F5)

R=0.21

14
z °
q_,' 12
& 10 .
S 8 . .
|5 . )
5 6 J .
(&)
‘. : = [ Rver BT
: AT O R o e
§ 2 R TS . - .
° = A i

0 e o 00 o @ o | B
- w o ol 0 50 100 150

Soil Moisture Anomalies (kg/m?)

Apr-Jun Soil Moisture Anomalies vs. Apr-Jun
Tornado Days E(FO)-E(F1)

R=0.23

14
= L]
w 12 i
U‘I ®
= 10 >
=2 ® - h
w g . i
| O @ egaeete Y YTy
8 : . e o Q.®. . .0 e
O | eeeseseeeeenet '... . .
34 i i
[ =4 . i
c 2
=

0 o =

-200 -150 -100 50 N o " -

Soil Moisture Anomalies (kg/m?)

Fig.2 Pearson’s correlation—April to June soil moisture anomalies
(kg m~2) compared to April to June tornado counts and days for a
Top Left- tornado counts > E(F0), b Top Right- tornado counts
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E(F2)-E(F5), and ¢ Bottom - tornado days E(F0)-E(F1). Significant
positive correlations (p < 0.10) are noted in all figures
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Fig.3 Quasi-Poisson regression—residuals (ordinate) vs. predicted
values (abscissa)/fitted plots for in-season (Apr—June) soil moisture
anomalies versus April to June tornado counts for a tornado counts

indicates a value of p < 0.05. In addition, negative values
show a negative correlation with positive indicating a posi-
tive correlation. For the quasi-Poisson regression analysis,
R values are not given within the raw data, only p-values.
Therefore, NS refers to a non-significant result, while S is
significant (the blue and red text remains the same for the
significance).

In contrast to the in-season soil moisture anomaly com-
parison, the 3-month antecedent soil moisture versus the
state tornado counts > E(F0) and tornado counts E(FO0)-
E(F1) showed a negative correlation, although non-signif-
icant. The same comparison for tornado counts of E(F2)-
E(F5) showed a slight positive correlation but which was
not statistically significant. The 3-month antecedent soil
moisture anomalies compared with in-season tornado days
> E(F0), tornado days E(F0)-E(F1), and tornado days E(F2)-
E(F5) also differ from that of the in-season soil moisture
anomalies. The results showed a negative but non-sta-
tistically significant correlation. This is in contrast to the

Table 2 State tornadoes with their corresponding R values

Predicted values
glm(Apr_Jun_Tor_Days_FO_F1 ~ Apr_Jun_Soil_Moisture)

> E(F0), b tornado counts E(F2)-E(F5), and ¢ tornado days E(F0)-
E(F1). The red line is a fitted curve to the data using the quasi-Pois-
son model. No statistical significance was found

in-season study where it all showed positive correlations,
one of which was significant (p < 0.10).

3.2 Climate divisions soil moisture versus tornado
counts and days

The divisional in-season soil moisture anomalies are
compared with the divisional in-season tornado counts in
Table 3. Within the six climate divisions for the Pearson
correlation method, divisions 2 and 5 showed significant
positive correlations (p < 0.05). The quasi-Poisson method
also showed divisions 2 and 5 as having significant
correlations (p < 0.05 and p < 0.10, respectively). The
divisional in-season soil moisture anomalies compared
with the divisional in-season tornado days (Table 4) showed
significant positive correlations (p < 0.10) for divisions 2,
4, and 5 with the Pearson correlation method. None of the
divisions exhibited significance with the quasi-Poisson
method.

State Tornadoes

Pearson (Sep-Feb) Pearson (Jan-Mar) Pearson (Apr-Jun) Quasi-Poisson (Apr-Jun) Quasi-Poisson (Jan-Mar) Quasi-Poisson (Sep-Feb)

>EF0 Counts 0.03 0.11 0.21 NS NS NS
EF0-EF1 Counts 0.03 -0.11 0.16 NS NS NS
EF2-EF5 Counts 0.06 0.05 0.21 NS NS NS
>EF0 Days -0.05 -0.14 0.19 NS NS NS
EF0-EF1 Days -0.01 -0.05 0.23 NS NS NS
EF2-EF5 Days -0.06 -0.16 0.11 NS NS NS
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The divisional 3-month antecedent soil moisture anoma-
lies for the Pearson correlation method are also compared
with the divisional in-season tornado counts and days >
E(FO0) in Table 3. For tornado counts > E(F0), division 2
was the only division that had a statistically significant cor-
relation (p < 0.10). This division also saw a positive signifi-
cant correlation (p < 0.05) with the in-season soil moisture
comparison. Surprisingly, none of the 3-month antecedent
tornado counts in any category within the state were statisti-
cally significant for the other divisions. For tornado days >
E(FO) (Table 4), division 3 had a significant negative cor-
relation (p < 0.10). Furthermore, division 5 saw statistical
significance—a negative correlation (p < 0.05)—and was
significant (p < 0.10) with the in-season soil moisture com-
parison. Interestingly, the 3-month antecedent tornado days
within the state were not statistically significant at either
level. When compared, the quasi-Poisson method demon-
strates less significance. Only one category (division 5)
showed significance (p < 0.05).

3.3 Soil moisture compared with wind reports

The divisional in-season soil moisture anomalies are com-
pared with the divisional in-season wind reports in Table 5.
Division 5 saw a statistically significant positive correlation
(p <£0.05), while division 3 observed a correlation at the
11% level (p < 0.11) for the Pearson correlation method.
This is interesting since none of the other wind reports
within the state were statistically significant. This suggests
that localized areas within the state may behave differently
than the state as a whole. For the quasi-Poisson approach,
division 5 also showed significance but not as strong (p <
0.10). None of the others exhibited any significance within
the state or divisions.

The 3-month antecedent soil moisture within the state
and divisions for the Pearson correlation method is dis-
played (Table 5). All state categories had a negative cor-
relation with wind reports > 60 kts observing a significant
correlation (p < 0.10). This contrasts with the in-season
soil moisture comparison where all categories saw a posi-
tive correlation, although non-significant. All divisions saw

Table 3 Divisional tornado counts with their corresponding R values and statistical results

Tornado Divisions (Counts)

Pearson (Sep-Feb) Pearson (Jan-Mar) Pearson (Apr-Jun) Quasi-Poisson (Apr-Jun) Quasi-Poisson (Jan-Mar) Quasi-Poisson (Sep-Feb)

Div 1 -0.15 -0.14 -0.11
Div2 0.17 0.23 0.42
Div3 -0.19 -0.20 0.04
Div 4 0.14 -0.16 0.15
Div§ 0.03 -0.16 0.29
Div 6 0.10 -0.18 -0.07

NS NS NS
S NS NS
NS NS NS
NS NS NS
S NS NS
NS NS NS

Table 4 Divisional tornado days with their corresponding R values and statistical results

Tornado Divisions (Days)

Pearson (Sep-Feb) Pearson (Jan-Mar) Pearson (Apr-Jun) Quasi-Poisson (Apr-Jun) Quasi-Poisson (Jan-Mar) Quasi-Poisson (Sep-Feb)

Div1 -0.02 -0.15 -0.12
Div 2 0.07 0.09 0.25
Div3 -0.11 -0.24 0.08
Div4 0.14 -0.18 0.23
Div5 -0.10 -0.33 0.21
Div 6 0.00 0.02 0.12

NS NS NS
NS NS NS
NS NS NS
NS NS NS
NS S NS
NS NS NS

Table 5 State and divisional wind reports with their corresponding statistical analysis approach

Wind Reports

Pearson (Sep-Feb) Pearson (Jan-Mar) Pearson (Apr-Jun) Quasi-Poisson (Apr-Jun) Quasi-Poisson (Jan-Mar) Quasi-Poisson (Sep-Feb)
Total Wind Reports -0.03 -0.20 0.11 NS NS NS
Wind Reports <60 -0.02 -0.19 0.11 NS NS NS
Wind Reports 260 -0.07 -0.21 0.06 NS NS NS
Div1 -0.05 -0.13 0.12 NS NS NS
Div 2 0.06 -0.01 0.12 NS NS NS
Div3 -0.13 -0.14 0.20 NS NS NS
Div4 0.03 -0.17 0.11 NS NS NS
Div5 0.07 -0.22 0.29 S NS NS
Div 6 -0.06 -0.19 0.13 NS NS NS
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negative correlations with division 5 having a significant
correlation at the 10% level (p < 0.10). This contrasts with
the in-season soil moisture comparison where all divi-
sions saw positive correlations. Much like division 5 in
this section, division 5 with the in-season experiment was
also significant but at the 5% level (p < 0.05). No signifi-
cant results were seen with the quasi-Poisson regression
method, and only one category observed a positive cor-
relation (all wind reports within the state).

3.4 Soil moisture compared with hail reports

For the in-season soil moisture anomalies versus hail reports,
the correlations were positive but not statistically significant.
This is shown in Table 6.

All state categories for the 3-month analysis had a nega-
tive but non-significant correlation. This is in contrast with
the in-season soil moisture comparison, where all catego-
ries saw positive although non-significant correlations. All
climate divisions observed a negative correlation except for
division 6. All divisions were also statistically non-signif-
icant. The only division to have the same trendline within
itself as the in-season soil moisture comparisons was divi-
sion 3.

3.5 Comparing the 6-month antecedent soil
moisture versus April-June severe weather
reports with previous studies

The third experiment used the same methods as the pre-
vious two experiments, except using September—February
soil moisture as a predictor for the following April-June
convection. None of the results within the state or divisions
proved statistically significant within any of the methods
(tornado, wind, hail). The results had a mix of positive and
negative correlations. When compared with the Wakefield

et al. (2016) paper, these results were comparable to their
results. Correlations of the 6-month antecedent soil moisture
to tornado counts > E(F0) had a value of r = —0.07 when
the 2011 season outlier was removed, which is closest to the
southern Plains region of Wakefield et al. (2016). In their
study, the correlation had an R value of —0.06. Furthermore,
when comparing the 6-month antecedent soil moisture to the
in-season tornado days > E(FO0), the results were also similar
to that of Wakefield et al. (2016). When the 2011 outlier was
removed, the correlation increased from —0.05 to —0.15,
although still not statistically significant. The value (—0.15)
from this study is between the results of Wakefield et al.
(2016) for the Southern (0.15) and Northern Plains (—0.34)
regions. This is reasonable because southern Missouri lies
within the Southern Plains and the northern half of the state
is within the Northern Plains regions.

3.6 Advection of soil moisture

Correlations between certain divisions were calculated to
see if there might be a component of surface soil moisture
advection that is soil moisture in one division correlating to
severe weather downwind. Divisions correlated versus each
other were oriented southwest to northeast and were adjacent
to one another. This was to account for southwesterly flow,
which is the general flow regime during severe weather set-
ups. Rabin et al. (1990) showed that convective activity will
first occur downwind of a moist surface area. Only in-season
months were calculated since it is unlikely that transported
moisture from the surface would stay in the atmosphere of
the same area for months.

The first part of this study (Table 7) looked at the corre-
lations for three regions using tornado counts > E(F0) and
used the Pearson correlation method. Soil moisture transport
from division 1 into division 2 was used since division 1 is
west of division 2. The same is true for division 3 into divi-
sion 2 and for division 4 into division 5. The comparison of

Table 6 State and divisional

) . R Hail reports
hail reports with their

corresponding statistical Pearson Pearson Pearson Quasi-Poisson Quasi-Poisson Quasi-
analysis approach (Sep-Feb) (Jan-Mar) (Apr—Jun) (Apr—Jun) (Jan—Mar) Poisson
(Sep-Feb)
Total hail reports -0.02 —0.08 0.04 NS NS NS
Hail reports < 1.25  —0.05 -0.09 0.03 NS NS NS
Hail reports > 1.25  0.07 —-0.07 0.06 NS NS NS
Div 1 0.00 0.00 0.03 NS NS NS
Div 2 0.01 —-0.05 0.03 NS NS NS
Div 3 0.11 -0.18 —-0.04 NS NS NS
Div 4 -0.10 —-0.04 0.16 NS NS NS
Div 5 —-0.04 —-0.08 0.10 NS NS NS
Div 6 0.10 0.06 -0.02 NS NS NS
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Table 7 Downwind soil moisture advection with their corresponding statistical analysis approach and values

Advection of Soil Moisture

Pearson (Counts) Quasi-Poisson (Counts) Pearson (Days) Quasi-Poisson (Days)

Div 1 to Div 2 0.30
Div 3 to Div 2 0.24
Div 4 to Div5 0.28

division 1 soil moisture to division 2 tornado counts > E(F0)
(Fig. 7a) showed a significant positive correlation (p < 0.05).
The comparison of division 4 soil moisture to division 5 tor-
nado counts > E(FO0) (Fig. 7c) also had a significant positive
correlation (p < 0.05). Comparing division 3 soil moisture
to division 2 tornado counts > E(F0) (Fig. 7b), there was a
statistically significant positive correlation at the 10% level
(» £0.10).

It is important to note that this study was done only to
see if there is a connection between soil moisture from the
surface into the atmosphere of the adjacent division that lies
east/northeast of that division. This can be indicative of the
advection of surface moisture to neighboring areas. How-
ever, just because there is a correlation does not necessarily
mean that the advection of soil moisture alone is causing
increased severe weather. Other analysis is necessary such
as upper-level maps, low-level wind direction, certain indi-
ces, and radar data. Generalized areas would also need to be
examined. Regardless, this is an interesting find that requires
further investigation.

The same comparisons are made (Table 7) using a quasi-
Poisson regression. All showed positive correlations with
two of the areas observing statistical significance. The com-
parisons of division 1 soil moisture to division 2 tornado
counts > E(F0) and division 4 soil moisture to division 5
tornado counts > E(F0) saw significance at the 10% level
(» £0.10).

Table 7 also shows the same correlations for the Pearson
correlation method but for tornado days > E(F0). Unlike the
previous comparisons, the only region which saw statistical
significance (p < 0.10) was the comparison of division 4 soil
moisture to division 5 tornado days > E(F0) (Table 7). The
same comparisons are made using a quasi-Poisson regres-
sion. Once again, all showed positive correlations, except
none of the areas exhibited significance.

4 Analysis of synoptic charts and ENSO
In order to determine whether El Nifio or La Nifia produced
more severe weather events, composite maps were made by

choosing two seasons, one for each. The time frame that
was chosen was in correspondence to the spring severe
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S 0.09 NS
NS 0.08 NS
S 0.21 NS

convection (April-June). Only the years within this study
are provided (1980-2018). The ENSO year is considered to
begin on 1st of October to the following 30th of September
(e.g., Birk et al 2010). For example, the La Nifia year of
2007 would persist from October 2007 to September 2008.
Therefore, the spring of 2008 would be classified as a La
Nifa year. Each year (El Nifio and La Nifa, no neutral years
were considered) was analyzed and determined which ones
would be best suited for the analysis. These years were com-
pared with the corresponding soil moisture anomalies and
tornado days > E(F0). For example, the La Nifia April-June
of 2008 was compared with the soil moisture anomalies and
tornado days > E(FO) of the same time frame with the cor-
responding year.

The average tornado days (tornado days were chosen
instead of tornado counts because tornado days give a bet-
ter accurate depiction of tornado activity (Raddatz and
Cummine 2003)) for all La Nifia years during the period of
April-June from 1980-2018 was 10.5 (6.5 > E(F0) with an
average soil moisture anomaly of —25 kg/m>. The standard
deviation was then calculated for each. The standard devia-
tion of tornado days was 3.8 (2.4 > E(F0)) during the La
Nifia periods with the soil moisture anomaly standard devia-
tion being 107 kg/m?. The year chosen to be representa-
tive of La Nifia conditions was 2008 (13 tornado days (6 >
E(F0)) and soil moisture anomaly of 72 kg/mz).

For the El Nifio years, the average tornado days was 5.9
(5.5 > E(F0)) with an average soil moisture anomaly of —16
kg/m?. The standard deviation for tornado days was 4 (2.5
> E(F0)) with a standard deviation of 77 for the soil mois-
ture anomaly. The year 2003 was chosen because it was the
closest El Nifio year to these averages (tornado days of 8 (4
> E(F0)) with soil moisture anomaly having —42 kg/m?).
It is important to analyze each of the two El Nifio (2003)
and La Nifia (2008) years that were chosen. As a whole, El
Nifio years seem to produce greater soil moisture content
than La Nifia (—16 kg/m? compared to —25 kg/m?, respec-
tively). This difference is very negligible as it equates to
approximately 0.35 in. of liquid content. Therefore, it can
be assumed that El Nifio and La Niiia years produce rela-
tively the same amount of soil moisture during the months of
April-June when averaged over the state of Missouri. Since
the El Nifio year chosen was considerably drier (roughly
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Fig.4 The April-June composites for the a 2003 and b 2008 300-hPa mean vector wind (m s™!), ¢ 2003 and d 2008 850-hPa mean vector wind

(m s71), and e 2003 and f mean surface-based CAPE (J kg‘l)

4.5 in. of soil moisture less) than that of the chosen La Nifia
year, the following composite maps will be more of a “dry”
period versus a “wet” period. The two years chosen are also
what will be considered typical ENSO events as they both

fall into the “normal” category.

4.1 Composite maps
Composite maps and analyses were made for each of these

years (2003, 2008) for the period of April-June (Figs. 4,
5, 6, and 7). During the 2008 La Nifia year, the synoptic
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Fig.5 The mean April-June composite maps of 700-hPa specific humidity (kg kg™") for a 2003 and b 2008 and ¢ 2003 and d 2008 700-hPa

mean omega (Pa s™!) composite map

observations showed that Missouri was in a much better
position for the occurrence of severe weather, as compared
to 2003. Interestingly, 2003 did produce a greater number
of tornadoes, but the number of tornado days was less than
2008. Since tornado days gives a more accurate depiction
of tornado activity (e.g., Raddatz and Cummine 2003), the
synoptic character of 2008 may produce more tornadic sys-
tems or outbreaks as shown in the composite figures. This
is consistent with the results of Cook et al. (2017) and refer-
ences therein.

In Fig. 4, there is more CAPE (Fig. 4e, f) and stronger
upper-level winds noticeable in 2008 (Fig. a, b). Also notice-
able in the latter maps, the 2008 configuration of the upper-
level winds resembles those of Cook et al. (2017) for La
Nifia years and Kastman et al. (2017) for enhanced diver-
gence aloft. A low-level jet (Fig. 4f) is also observed in 2008
with southern Missouri north of the nose, meaning more sur-
face convergence in this area. The higher specific humidity
(Fig. 5b) provides for more moisture advection into the Mis-
souri region. Additionally, the background vertical motion
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shows stronger upward motions for 2008 (Fig. 5d). In Fig. 6,
the surface latent heat flux anomalies were similar, while the
surface sensible heat flux anomalies were less negative in
2008 during these months. This implies more evaporation
from the surface during the 2008 season. Furthermore (not
shown), the surface (2 m) temperature, relative humidity,
and dewpoint were higher in 2008.

Even though the mean soil moisture is slightly greater in
El Nifio years, it seems that La Nifia years produce more tor-
nado days in the Missouri region. With regards to soil mois-
ture differences, a wetter soil can enhance moisture within
the boundary layer. The added moisture can contribute to
more instability, as the surface parcel is more buoyant and
is able to accelerate through the atmosphere at a faster rate.
These variables allow for a more convective environment.

When analyzing individual La Nifa (2008) and EI Nifio
(2003) years, a typical La Nifia year (Fig. 7b) produces more
soil moisture and more tornado days within the state of Mis-
souri. The most favorable area was found to be over southern
Missouri where greater convergence at the surface (divergence



Using soil moisture and variability with respect to ENSO as a predictor for spring convective...

a NCEP North American Regional Reanalysis
Sensible Heat Flux at Surface (W/mA2) Composite Mean

51Ny K v NOAA Physical Sciences Laboratory]

- v
o WS A | =
45N “‘

-le J
42N
2 S 4
39N
36N y
7

33N
30N+
27N+ - A -
24N AN
130W 125W 120W 115W 110W 105W 100W 95W 90W 85W 80W T75W T0W 65W

2003/04/01 to 2003/06/30

-120 -100 -80 -60 -40 -20 0

C NCEP North American Regional Reanalysis
Latent Heat Flux at Surface (W/m#2) Composite Mean

Yo

24‘IN:’>()W 125W 120w 115W  110W 105W 100W 95W 90W  85W
2003/04/01 to 2003/06/30

[ [ [ [ |
-130 -110 -90 -70 -50 -30 -10

b NCEP North American Regional Reanalysis
Sensible Heat Flux at Surface (W/mA2) Composite Mean

NOAA Physical Sciences Laboratory]

42N

39N

36N+

33N+

30N~

27N~

24N 1 (N
130W 125W 120W 115W 110W 105W 100W 95W 90W B85W BOW 75W
2008/04/01 to 2008/06/30

0W  65W

-120 -100 -80 -60 -40 -20

=

d NCEP North American Regional Reanalysis
Latent Heat Flux at Surface (W/m#2) Composite Mean
NOAA Physical Sciences Laboratory|

2008/04/01 to 2008/06/30

-140 -120 -100 -80 -60 -40 -20

Fig.6 Asin Fig. 5, except for a and b surface sensible heat flux anomalies (W m~2) and ¢ and d surface latent heat flux anomalies (W m™2)

aloft), instability, and moisture were present. This suggests that
soil moisture, along with the synoptic setup, can be a useful
tool in analyzing severe weather events. In addition to compos-
ite maps, mesoscale analysis would be needed to understand
the full relationship that soil moisture plays in developing con-
vective activity. It is reasonable to assume that the effects of
soil moisture would be more on a mesoscale level.

Drier soils may contribute to more potent systems
(outbreaks) as there is more sensible heating and warm-
ing of the boundary layer for an atmosphere already
primed for severe weather, whereas moist soils may
bring an overall greater number of tornadic systems into
the area. Moist soils, in this case, would allow for more
buoyancy and thus instability. Both sceneries allow for
an increase in instability, so it is thought-provoking to
see which one is best suited for convective activity. In
general, the synoptic setup seems to be a main player,
with soil moisture playing only a small part. Missouri
also has various types of soils throughout the state which
was not accounted for here. Soil types could affect the
soil moisture quantity within a given area.

4.2 Interannual variability analysis

Fourier transforms were generated for the time series
of total tornado days and total tornado counts for the
April-June 1980-2018 period. The graphs are shown in
Fig. 8. The red line indicates the tornado days/counts,
the green dashed line is the statistical significance at
the 5% level (p < 0.05) assuming a red noise spectrum,
while the blue dashed line is the statistical significance
at the 5% level (p < 0.05) assuming a white noise spec-
trum. Within the total tornado days (Fig. 8a), there were
significant peaks at approximately 13, 6.5, 4.3, and 3.5
years. This indicates both long- and short-term ENSO
variability (2-7-year period) as well as interdecadal vari-
ability. This interdecadal variability is consistent with
Akyuz et al. (2004) and Henson et al. (2017). Within
total tornado counts (Fig. 8b), significant peaks occurred
at approximately 10, 6, 4, and 2 years, which is similar
to that for Fig. 8a.

A comparison of the numbers found here with those of
Akyuz et al. (2004) demonstrates that during 1977-1998

@ Springer



C.E.Clay et al.

a NCEP North American Regional Reanalysis
Moisture Availability (%) Composite Mean

NOAR Physical Sciences Laboratory!

42N+

39N~

36N+

33N-

30N~

27N

24N+ T T T ' . .
130W 125W 120W 115W 110W 105W 100W 95W 90W  85W

2003/04/01 to 2003/06/30

80W T5W TOW 65W

20 30 40 50 60 70 80 90

b NCEP North American Regional Reanalysis
Moisture Availability (%) Composite Mean

51N

48N+
45N+
42N+
39N+
36N+
33N+
30N+
27N+
24N~

130W 125W 120W 115W 110W 105W 100W 95W 90W 85W 80W
2008/04/01 to 2008/06/30

W T0W  65W

20 30 40 50 60 70 80 90

Fig.7 The mean April-June 2-m moisture availability (%) for a 2003 and b 2008

Fig.8 The Fourier power spec- a Tornado Days b Tornadoes
tra derived from a time series 80 T T T T 1500, . . . .
(1980-2018) of April-June
Missouri tornadoes for a days
and b counts (red lines). The 60 E
green (blue) dashed (dotted) @ o 1000F -
lines are the statistical signifi- 'E S
cance at the 5% level (p < 0.05) 5 40 . ‘é’
assuming a red (white) noise o on
spectrum b=~ A = 500t f».‘. |
201 {J w5 N FAA o
: Y f\ /1 '\ / I~ Nl lnl A \ ‘l’ \ Il
'I ‘I‘. ".‘ T} '\ .“‘ ‘»--\\I "' ,’,- | ~J |“ v1,- ‘I". / “. (u 'n‘ /
gl g P ol VTV T\
0 5 10 15 0 5 10 15 20 25
cycles cycles

(PDO phase 1), the mean number of significant tornadoes,
E(F2)-E(F5), was 4.5. Using the number significant torna-
does from 1999-2018 found here was 10.1 (PDO phase 2),
and this is consistent with the raw count of significant tor-
nadoes from 1950-1976 found in Akyuz et al. (2004) which
was 9.5. La Nifia years did observe more significant torna-
does (10.7) in the latest period, but this was not significantly
more than El Nifio years (8.0). However, this is consistent
with the results above and studies by Cook et al. (2017) and
Renken et al. (2022).

Additional Fourier transforms for soil moisture and tor-
nadic activity are displayed (Fig. 9). Significant peaks are
evident in the power spectra for the soil moisture anomaly
time series (Fig. 9a). These peaks include the approximate
yearly cycles of 13, 7, 3, and 2 years. These are consist-
ent with long- and short-term ENSO variability, while the
13-year period indicates interdecadal variability. When ana-
lyzing the coherence between total tornado days and soil
moisture anomalies (Fig. 9b), significant peaks were found
approximately in the years 13, 8, 4, and 2. For total tornado
counts and soil moisture anomalies (Fig. 9c), periods 7, 4,
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3, and 2 years were statistically significant. Thus, ENSO
variability is confirmed for these datasets.

Thus, the ENSO and interdecadal variability in the occur-
rence of severe weather (tornado counts) is consistent with
past studies for this region (e.g., Bove 1998; Akyuz e al. 2004;
Cook et al. 2017, and Renken et al. 2022). In addition, Mayes
et al. (2007) showed an enhanced area of significant tornadoes
within the Missouri Ozarks during the La Nifia years. This
work, like previous work, demonstrates that the background
synoptic environment is more favorable during the La Nifia
years. Additionally, this work demonstrated consistent interan-
nual and interdecadal variability for the in-season soil mois-
ture. The blended power spectra showed coherence between
soil moisture and tornadoes further suggesting that there may
be a correlation between soil moisture and tornadoes during
some ENSO years. As previously mentioned, the overall syn-
optic background likely contributes to a greater degree than
soil moisture, although it is possible that soil moisture may be
a contributing factor to severe weather occurrence, especially
the transport of soil moisture into the overlying atmosphere.
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Fig.9 The power spectrum
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5 Summary and conclusions

This research attempted to find a correlation between soil
moisture and severe convection. Two statistical methods
were used: a Pearson correlation coefficient and a quasi-
Poisson regression. Results showed significant positive cor-
relations with some of the severe weather categories with the
in-season (April-June) activity, especially for tornadoes, and
the corresponding soil moisture months. The higher correla-
tions were associated with the Pearson correlation method.
Using the quasi-Poisson method, some statistical signifi-
cance was still found, although not as strong.

It is unclear whether the significant correlations were
the result of convection and precipitation causing more soil
moisture or, vice versa, where the increased soil moisture
correlated to severe weather occurrence using composite
data. The study of the synoptic maps suggested that wetter
conditions and more days with convection went hand-in-
hand with a favorable large-scale weather pattern as in 2008.
However, a drier surface may provide additional heating for
an atmosphere already primed to produce severe weather as
well. This could enhance an individual outbreak. None of the
April-June hail report data showed statistical significance
for in-season soil moisture anomalies. For the wind analy-
sis, none of the Missouri or divisional categories showed

statistical significance, with the exception of division 5. This
was observed for both statistical methods but higher for the
Pearson correlation coefficient.

Some statistically significant correlations were also found
within the 3-month (January—March) antecedent soil mois-
ture comparison with in-season tornado activity but only
for the divisional analysis. Once again, higher and more
significance was seen with the Pearson correlation method.
The higher wind reports within the state were found to have
statistically significant negative correlations but only with
the Pearson correlation approach. Division 5 also observed
a significant negative correlation with this method. Most of
the significant correlations were negative with this experi-
ment, as opposed to the finding of significant positive cor-
relations observed for the in-season study.

With the 6-month study, very few significant correlations
were found. Overall, the eastern part of Missouri was found to
have the most divisions with statistical correlations (both posi-
tive and negative) between tornado counts and days > E(F0).
Division 5 also had some statistical significance with the wind
reports in both the in-season and 3-month studies. Thus, it
appears that some divisions within the state may behave dif-
ferently than that of the state as a whole. It needs to be under-
stood that divisions are quite small, so the advection of the
environmental air could be an issue. Additional information
would be needed to understand how this advection affects
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neighboring divisions. The Ozark Plateau may also contrib-
ute to the significant correlations found in eastern Missouri
because of its location. It was further shown that this area is
in a prime position for severe weather during La Nifia years.

Moisture advection from southwest to northeast also seems
to attribute to higher tornado activity areas to the northeast.
Much like the in-season experiment, it is unclear whether the
correlation is because of the precipitation that storms already
produced. As in the previous experiments, the Pearson cor-
relation method showed more significance than the quasi-
Poisson method. One must be cautious since this study only
compares soil moisture to tornadic events. However, it does
try to account for southwesterly flow which was implied by the
composites, but other analysis is necessary such as upper-level
maps, low-level wind direction, certain indices, and radar data.
Generalized areas would also need to be examined. Neverthe-
less, there is a strong correlation, especially with tornado days.

Significant interannual variability associated with
ENSO was shown to exist in the tornado activity within
the Missouri region, with La Nifia years having the high-
est tornado activity (tornado days and significant torna-
does). There is also interdecadal variability consistent with
previous studies of this region, and this may account for
the recent increase in Missouri tornado activity during
the latest two decades. Also, coherence between tornado
activity and in-season soil moisture further showed sig-
nificant ENSO-related variability. This indicates that soil
moisture and tornado-producing events are related through
the background large-scale and synoptic setup than just
the relationship between the two. Similar conclusions
were demonstrated from previous studies for events such
as snowfall occurrence in the region. Although there is
a correlation between severe weather and soil moisture
anomalies, it is felt that these soil moisture anomalies
play a smaller role than the atmospheric conditions. The
added moisture is likely being advected from the Gulf of
Mexico and deposited into the region. This may cause
enhanced buoyancy needed for severe weather-producing
convection. Additional studies are needed to see if there is
a relationship on a much smaller time scale or within the
mesoscale/microscale.

This study shows that the strength of the results is a function
of the statistical analysis used. A linear model using a Pearson
correlation coefficient is most commonly used in the field of
meteorology, but as shown, it may not always be the most accu-
rate or appropriate. Due to overdispersion and other factors,
additional methods should be employed to test the strength of
these relationships. If the type of data being used is count, a
Poisson method is preferred when compared to a Pearson corre-
lation method, as shown in this research and previous literature.

@ Springer

Acknowledgements The authors would like to thank the anonymous
reviewer for their time and effort in reviewing this paper. Their contri-
butions made this paper much stronger.

Author contributions Conceptualization: C.E.C and A.R.L.; method-
ology: all co-authors; software: C.E.C. and A.R.L.; validation: all co-
authors; formal analysis: all co-authors; investigation: all co-authors;
resources: all co-authors; data curation: C.E.C. and A.R.L.; writing:
original draft preparation: C.E.C.; writing—review and editing: C.E.C.
and A.R.L.; visualization: all co-authors; supervision: A.R.L.; project
administration: not applicable; funding acquisition: not applicable. All
authors have read and agreed to the published version of the manuscript.

Data availability The analyzed data can be found on the computers
within the Global Climate Change Laboratory at the University of
Missouri.

Declarations
Institutional review board statement Not applicable.

Informed consent statement(s) Not applicable.

Conflicts of interest The authors declare no competing interests.

References

Akyuz FA, Chambers MD, Lupo AR (2004) The short and long-
term variability of F2 or stronger (Significant) tornadoes in the
Central Plains. Trans. Missouri Acad. Sci. 38:26-45

Allen J, Tippett M, Sobel A (2015) Influence of the El Nifio/Southern
Oscillation on tornado and hail frequency in the United States.
Nature Geosci 8:278-283. https://doi.org/10.1038/nge02385

Andresen J, Hilberg S, Kunkel K (2012) Historical climate and cli-
mate trends in the midwestern USA. In: U.S. National Climate
Assessment Midwest Technical Input Report. Winkler J, Andresen
J, Hatfield J, Bidwell D, Brown D, coordinators. Available from
the Great Lakes Integrated Sciences and Assessments (GLISA)
Center. https://glisa.msu.edu/docs/NCA/MTIT_Historical.pdf

Asuero AG, Sayago A, Gonzalez G (2006) The correlation coeffi-
cient: an overview. Crit Rev Anal Chem 36:41-59. https://doi.
org/10.1080/10408340500526766

Berger CL, Lupo AR, Browning P, Bodner M, Rayburn CC, Chambers
MD (2003) Aclimatology of Northwest Missouri snowfall events:
long term trends and interannual variability. Phys Geog 14:427-448

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

Bongard J, Market PS, Hunter J (2020) A case of cold air damming
in response to topographical influence created by the Ozark
Plateau. 30th Conference on Weather Analysis and Forecasting,
Boston, MA, Amer. Meteor. Soc. 14(Poster 668)

Bove MC (1998) Impacts of ENSO on United States tornado activity.
Preprints, Ninth Symp. on Global Change Studies, Phoenix, AZ,
Amer Meteor Soc :199-202

Brooks HE, Craven JP (2002) A database of proximity soundings for signifi-
cant severe thunderstorms, 1957-1993. Preprints, 21st Conf. on Severe
Local Storms, San Antonio, TX, Amer Meteor Soc :639-642

Cook AR, Schaefer JT (2008) The relation of El Nifio-Southern
Oscillation (ENSO) to winter tornado activity. Mon Wea Rev
136(8):3121-3137


https://doi.org/10.1038/ngeo2385
https://glisa.msu.edu/docs/NCA/MTIT_Historical.pdf
https://doi.org/10.1080/10408340500526766
https://doi.org/10.1080/10408340500526766

Using soil moisture and variability with respect to ENSO as a predictor for spring convective...

Cook AR, Leslie LM, Parsons DB (2017) The impact of El Nifio-
Southern Oscillation (ENSO) on winter and early spring U.S.
tornado outbreaks. J Appl Meteor Clim 56:2455-2478

Dixon PG, Mercer AE, Choi J, Allen JS (2011) Tornado risk analy-
sis: is Dixie Alley an extension of Tornado Alley? Bull Amer
Meteor Soc 92:433-441

Ek MB, Holtslag AAM (2004) Influence of soil moisture on boundary
layer cloud development. J Hydromet 5:86-99. https://doi.org/
10.1175/1525-7541(2004)005%3c0086:I0SMOB%3¢2.0.CO;2

Findell KL, Eltahir EA (2003) Atmospheric controls on soil moisture-
boundary layer interactions Part II: Feedbacks within the Conti-
nental United States. J Hydromet 4(3):570-583

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

Henson CP, Market PS, Lupo AR, Guinan P (2017) ENSO and PDO-
related climate variability impacts on Midwestern United States
crop yields. Int J Biometeor 61:857-867. https://doi.org/10.
1007/s00484-016-1263-3

Hu Q, Woodruff CM, Mudrick SE (1998) Interdecadal variations of
annual precipitation in the Central United States. Bull Amer
Met Soc 79:221-230

Illowski B, Dean S (2015) Introductory Statistics. Open Stax, Hou-
ston, Texas. https://cnx.org/contents/30189442-6998-4686-
ac05-ed152b91b9de @17.44

Kahya E, Dracup JA (1993) US streamflow patterns in relation to the
El Nifio/Southern Oscillation. Water Resour Res 29:2491-2503

Kalnay E, Kanamitsu M, Kistler R, Collins W, Deaven D, Gandin L, Ire-
dell M, Saha S, White G, Woollen J et al (1996) The NCEP/NCAR
40-year reanalysis project. Bull Am Meteorol Soc 77:437-471

Kastman JS, Market PS, Rochette SM, Lupo AR (2017) Assessing
upper tropospheric jet streak proximity using the Rossby Radius
of Deformation. Atmos. 8(1). https://doi.org/10.3390/atmos80100
02

Kim S, Park S, Moeng C (2003) Entrainment processes in the convec-
tive boundary layer with varying wind shear. Bndry-Layer Meteor.
108:221-245. https://doi.org/10.1023/A:1024170229293

Lepore C, Tippet MK, Allen JT (2017) ENSO-based probabilistic fore-
casts of March—-May U.S. tornado and hail activity. Geophys Res
Lett 44:9093-9101. https://doi.org/10.1002/2017GL074781

Long JA, Stoy PC (2014) Peak tornado activity is occurring earlier in
the heart of “Tornado Alley.” Geophys Res Lett 41:6259-6264.
https://doi.org/10.1002/2014GL061385

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

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

Lupo AR, Hayward RS, Whitledge GW (2012) Synchronization of
fishes’” temporal feeding patterns with weather in mid-Missouri. J
Freshwater Ecol 27(3):419-428

Marzban C, Schaefer JT (2001) The correlation between U.S. tornadoes
and Pacific sea surfacetemperatures. Mon Wea Rev 129:884-895

Mayes BE, Cogil C, Lussky GR, Boyne JS, Ryrholm R (2007) Tor-
nado and severe weather climatology and predictability by ENSO
phase in the north central U.S.: a compositing study. Preprints,
19th Conf. on Climate Variability and Change, San Antonio, TX,
Amer Meteor Soc JP4.17. https://ams.confex.com/ams/pdfpapers/
117083.pdf

McPhaden JM (2002) El Nifio and La Nifia: causes and global con-
sequences. Volume 1, The Earth system: physical and chemi-
cal dimensions of global environmental change. Encyclopedia
of Global Environmental Change. ISBN 0-471-97796-9. p
353-370

Monfredo W (1999) Relationships between phases of the El Nifio-
Southern Oscillation and character of the tornado season in the
south-central United States. Phys Geog 20:413-421

Moore TW, St Clair JM, DeBoer TA (2018) An analysis of anomalous
winter and spring tornado frequency by phase of the El Nifio/
Southern Oscillation, the Global Wind Oscillation, and the Mad-
den-Julian Oscillation. Adv Meteor 2018:14p

Moore TW (2019) Seasonal frequency and spatial distribution of tornadoes
in the United Statesand their relationship to the El Nifio/Southern
Oscillation. Ann Amer Assoc of Geog 109:1033-1051

Newton CW (1963) Dynamics of severe cenvective storms.Severe
Local Storms. Meteorological Monographs, vol 5. American
Meteorological Society, Boston, MA. https://doi.org/10.1007/
978-1-940033-56-3_2

Rabin RM, Stadler S, Wetzel PJ, Stensrud DJ, Gregory M (1990)
Observed effects of landscape variability on convective clouds.
Bull. Amer. Meteor. Soc. 71:272-280

Raddatz RL, Cummine JD (2003) Inter-annual variability of moisture
flux from the Prairie agro-ecosystem: impact of crop phenology
on the seasonal pattern of tornado days. Bndry-Layer Meteor.
108:283-295. https://doi.org/10.1023/A:1021117925505

Rasmussen EN, Blanchard DO (1998) A baseline climatology of
sounding-derived supercell and tornado forecast parameters.
Wea. Forecast. 13:1148-1164. https://doi.org/10.1175/1520-
0434(1998)013%3¢1148:ABCOSD%3¢e2.0.CO;2

Renken JS, Brown CL, Kennedy G, Mainguy J, Wergeles N, Lupo
AR (2022) Using the daily change in the Southern Oscillation
Index to develop analogues and the relationship to severe weather
outbreaks. Interal J Clim 42(12):8839-8853. https://doi.org/10.
1002/joc. 7775

Sherburn KD, Parker MD (2014) Climatology and ingredients of
significant severe convection in high-shear, low-CAPE envi-
ronments. Wea Forecast 29:854-877. https://doi.org/10.1175/
WAF-D-13-00041.1

Siqueira MB, Katul G, Porporato A (2009) Soil moisture feedbacks
on convection triggers: the role of soil-plant hydrodynamics. J
Hydrometeor 10:96—112. https://doi.org/10.1175/2008JHM1027.1

Wakefield RE, Mullins E, Rosendahl D, Brooks HL (2016) The effects
of antecedent soil moisture anomalies on tornado activity in the
United States. Preprints of the 22" Conference on Applied Clima-
tology, 96" Annual Conference of the American Meteorological
Society, 10 — 14 January 2016, New Orleans, USA

Wilks DS (2006) Statistical methods in the atmospheric sciences. 2nd
edition, Academic Press, Int. Geophys Series number 91, London.
p 627

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1175/1525-7541(2004)005%3c0086:IOSMOB%3e2.0.CO;2
https://doi.org/10.1175/1525-7541(2004)005%3c0086:IOSMOB%3e2.0.CO;2
https://doi.org/10.1007/s00484-016-1263-3
https://doi.org/10.1007/s00484-016-1263-3
https://cnx.org/contents/30189442-6998-4686-ac05-ed152b91b9de@17.44
https://cnx.org/contents/30189442-6998-4686-ac05-ed152b91b9de@17.44
https://doi.org/10.3390/atmos8010002
https://doi.org/10.3390/atmos8010002
https://doi.org/10.1023/A:1024170229293
https://doi.org/10.1002/2017GL074781
https://doi.org/10.1002/2014GL061385
https://ams.confex.com/ams/pdfpapers/117083.pdf
https://ams.confex.com/ams/pdfpapers/117083.pdf
https://doi.org/10.1007/978-1-940033-56-3_2
https://doi.org/10.1007/978-1-940033-56-3_2
https://doi.org/10.1023/A:1021117925505
https://doi.org/10.1175/1520-0434(1998)013%3c1148:ABCOSD%3e2.0.CO;2
https://doi.org/10.1175/1520-0434(1998)013%3c1148:ABCOSD%3e2.0.CO;2
https://doi.org/10.1002/joc.7775
https://doi.org/10.1002/joc.7775
https://doi.org/10.1175/WAF-D-13-00041.1
https://doi.org/10.1175/WAF-D-13-00041.1
https://doi.org/10.1175/2008JHM1027.1

	Using soil moisture and variability with respect to ENSO as a predictor for spring convective events within the State of Missouri, USA
	Abstract
	1 Introduction
	2 Data and methods
	2.1 Data
	2.1.1 Soil moisture and composite map data
	2.1.2 El Niño and Southern Oscillation
	2.1.3 Storm data

	2.2 Methods
	2.2.1 Storm and soil moisture
	2.2.2 Fourier transforms
	2.2.3 Statistical methods


	3 Statistical results
	3.1 State soil moisture compared with tornado counts and days
	3.2 Climate divisions soil moisture versus tornado counts and days
	3.3 Soil moisture compared with wind reports
	3.4 Soil moisture compared with hail reports
	3.5 Comparing the 6-month antecedent soil moisture versus April–June severe weather reports with previous studies
	3.6 Advection of soil moisture

	4 Analysis of synoptic charts and ENSO
	4.1 Composite maps
	4.2 Interannual variability analysis

	5 Summary and conclusions
	Acknowledgements 
	References


