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Abstract The Intra-Americas Sea (IAS) low-level jet has
been studied mainly for the summer and winter seasons. In
contrast, spring conditions have been studied less. Here we
analyze the boreal spring variability of the IAS low-level
jet (IA-LLJ) and its relation with precipitation and tornadic
activity in the region of the lower Mississippi, Tennessee
and Ohio River basins (MORB). The main mode of vari-
ability of the spring IA-LLJ is obtained from a combined
principal component analysis of zonal and meridional
winds at 925-hPa. The first empirical orthogonal function
of the IA-LLJ is a strengthening of the climatological flow
with stronger easterlies in the Caribbean and stronger
southeasterlies in the Gulf of Mexico. This first mode of
variability of the IA-LLJ is related mainly to the Pacific
North American (PNA) teleconnection pattern as the PNA
modulates the pressure in the southeast region of the U.S.
Consequently, there is an increase in precipitation over the
MORB region as the moisture fluxes associated with the
IA-LLJ increase. Tornadic activity in nine states spanning
the MORB region is also significantly related to the IA-LLJ
and the PNA index for March, in addition to the Pacific
decadal oscillation (PDO) and the Nifio indexes. Among
the environmental factors that influence tornadic activity
are southwesterly wind shear, dry transients at the mid-
troposphere, moist transients at low levels, and an increase
in convective available potential energy (CAPE). The
decadal shifts in MORB precipitation and tornado activity
appear to be related to the decadal shift of the TA-LLJ.
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1 Introduction

The Intra-Americas Sea (IAS; Gulf of Mexico and Carib-
bean Sea) is a source of moisture for the eastern region of
the United States of America (US). Previous studies by
Rasmusson (1967), Bosilovich and Schubert (2002), Mes-
tas-Nufiez et al. (2007) and Ruiz-Barradas and Nigam
(2005) highlight the importance of the influence of IAS
atmospheric moisture on the moisture budget of the con-
tinental US. The bulk of the moisture transport from the
IAS is at the lower-levels below 700 hPa (Helfand and
Schubert 1995). It travels through a low-level corridor
comprised of the Caribbean easterlies and the Gulf of
Mexico southeasterlies. In fact, it is the easterly Caribbean
low-level jet (Mufoz et al. 2008) and the Gulf of Mexico
southeasterlies (Mestas-Nufiez et al. 2007) that are the
main wind components of the IAS moisture corridor.

The focus of the studies mentioned in the previous
paragraph has been on the summer and winter seasons,
whereas the spring season has received comparatively less
attention. For example, Bosilovich and Schubert (2002)
performed integrations from June through August. Addi-
tionally, Rasmusson (1967) and Mestas-Nuiiez et al. (2007)
analyzed and contrasted the winter and summer seasons.
However, analyzing the spring season is important for
several reasons: (1) it is a season typified by frequent
Midwest flood events; (2) it is the primary season for tor-
nadoes in the southern US affected by the availability of
low-level moisture from the Gulf of Mexico; (3) rainfall
anomalies in the spring create soil moisture conditions that
can carry over to summer and either exacerbate or
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ameliorate the tendency for summer floods or drought
conditions; and (4) it is observed that over the Mississippi
River basin the moisture flux convergence is largest during
spring and is associated with the northward flux from the
Gulf of Mexico (Berbery and Rasmusson 1999).

The influence of the El Nifio-southern oscillation
(ENSO) phenomenon on the tropical North Atlantic has
been well-documented. However, other teleconnections
that are active during winter and spring months also play a
role in the IAS. For example, one of the characteristics of
the Pacific North American (PNA) oscillation is its
anomaly center of sea level pressure straddling the south-
eastern part of the US (Feldstein 2002; Barnston and Liv-
ezey 1987; Wallace and Gutzler 1981). The PNA has also
been documented to have a major influence in the region of
the Ohio River Valley (Coleman and Rogers 2003) and the
Mississippi River region (Roger and Coleman 2003). Also,
the Pacific decadal oscillation (PDO) influences the pre-
cipitation variability in North America (McCabe et al.
2004; Mantua and Hare 2002). Nevertheless, the PNA and
the PDO have been discussed less with respect to their
impacts and relation to IAS climate variability.

Tornadic activity is also influenced by moisture fluxes
from the Gulf of Mexico. A well-known region of tornadic
activity is the “Tornado Alley”, comprised mainly of the
states of Texas, Oklahoma, Kansas, Nebraska, eastern
Colorado, and South Dakota with most of the activity
occurring during May and June. However, other regions of
the US are also prone to tornadic activity throughout the
year (Brooks et al. 2003a), sometimes more prominent in
late winter and early spring and with a different seasonal
behavior when compared with Tornado Alley. For exam-
ple, one of the major tornado outbreaks in the US occurred
on April 3—4, 1974 in the region of the Mississippi and
Ohio River basins outside of Tornado Alley (Verbout et al.
2006). Additionally, Trapp et al. (2005) found that tornado
activity was strongly associated with squall lines and bow
echoes (as opposed to cells) for the US states situated along
a curved axis from Louisiana to Pennsylvania and that
activity was higher in the first few months of the year (i.e.,
from January to April). Tornadic activity in a similar
region was found by Cook and Schaefer (2008) to be
susceptible to the influence of ENSO conditions in boreal
winter.

The objective of the present study is to analyze the
climate factors associated with the principal mode of
interannual variability for the Intra-Americas low-level jet
(IA-LLJ) in boreal spring and its relation to the precipita-
tion and tornadoes of the Mississippi and Ohio River
basins. We analyze the relation of the IA-LLJ variability
with Pacific and Atlantic teleconnections with the goal of
identifying the dominant regional mechanisms likely
forced from outside the IAS.
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2 The data and the approach

Data were obtained from the ECMWF 40-year reanalysis
(ERA-40; Uppala et al. 2005) and the North American
Regional Reanalysis (NARR; Mesinger et al. 2006) for
1958-2001 (ERA-40) and 1979-2001 (NARR). To study
the boreal spring IA-LLJ, the 925-hPa zonal and meridio-
nal monthly winds were analyzed. Previous studies have
documented the 925-hPa level to be near the level of
strongest winds in the Caribbean region (Mufioz et al.
2008; Amador 2008) and in the southern region of the US
(Ting and Wang 2006; Weaver and Nigam 2008). Figure 1
shows the annual mean of the 925-hPa winds and their
magnitude from NARR and ERA-40 data. In the annual
mean, the Caribbean easterlies and the Gulf of Mexico
southeasterlies connect to form the IA-LLJ.
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Fig. 1 Annual mean of the 925-hPa wind speed (m/s; shades) and
direction (vectors) from NARR (fop) and ERA-40 (bottom) data. The
base period is for 1979-2001. The reference arrow is 10 m/s. The
regional domain of the NARR is distinguished by the white areas on
the lower sections of the top panel
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The standard deviation of each component of the wind
calculated from the monthly vector winds is shown in
Fig. 2. The zonal wind has a greater standard deviation in
the Caribbean Sea, the region of the North Atlantic sub-
tropical high, and the region of the Papagayo Jet (over the
northeastern tropical Pacific). The meridional wind has a
greater standard deviation over the southern states of the
US between 88 and 98°W, in the Gulf of Mexico, the
Tehuatenpec Jet, the Yucatan Channel, and the North
Atlantic region north of 25°N.

To quantify the relation between the interannual vari-
abilities of the Caribbean and Gulf of Mexico winds, an
approximation can be achieved by correlating the 925-hPa
zonal wind anomalies in the Caribbean region (70-80°W,
12-16°N) with the 925-hPa meridional wind anomalies in
the Gulf of Mexico region (87-98°W, 22-30°N) based on
the areas of higher standard deviation (Fig. 2) for each
wind component. First, the wind anomalies were calculated
as the monthly departures from the monthly 1979-2001
climatology and then area-averaged over the indicated
domains. The respective zonal and meridional indexes of
the monthly anomalies in these regions were correlated
separately for each calendar month as shown in Fig. 3. The
common data period of the correlation was 1979-2001, and
the 97.5% level of significance was a correlation coefficient
of £0.48.

The 925-hPa Caribbean zonal wind and the Gulf of
Mexico meridional wind are most highly and significantly
anti-correlated in late winter and early spring (February,
March, and April) and in September in both the ERA-40
and NARR data sets. This indicates that when the anom-
alous winds in the Gulf of Mexico are southerly, the
anomalous winds in the Caribbean are most likely easterly.
It is in these months that the moisture fluxes of the
Caribbean would combine with the moisture fluxes of the
Gulf of Mexico with greater impact on the US continent.
This implies a greater moisturization of the low-level air
mass due to the longer fetch over warm waters. The months
with the lowest correlation in the NARR data set were July
and August, although the ERA-40 data set showed a
modest correlation for these summer months.

The high correlation between the Gulf of Mexico
meridional wind and the Caribbean zonal wind for the
months of March and April lends itself to be analyzed with
other statistical techniques. To obtain the main mode of
variability for the IA-LLJ, a principal component analysis
(PCA) was performed by combining both wind compo-
nents into a single decomposition. The PCA technique
separates the variability of the time series of a given field
into independent modes, providing a pattern (the eigen-
vector, also referred to as the empirical orthogonal func-
tion, EOF) and a respective time series (the principal
component, PC) for each mode. The combined PCA
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Fig. 2 Annual mean standard deviation (m/s) of the 925-hPa zonal
(top) and meridional (bottom) wind components from NARR (shades)
and ERA-40 (contours) data. The anomalies were calculated based on
the 1979-2001 climatology. The contour interval for (a) is 0.4 starting
at 1.2 m/s and for (b) it is 0.25 starting at 1.0 m/s
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Fig. 3 Monthly correlation between Gulf of Mexico 925-hPa merid-
ional wind anomalies and 925-hPa Caribbean zonal wind anomalies
for 1979-2001 from ERA-40 and NARR data. The Gulf of Mexico
index is the 925-hPa meridional wind anomalies averaged over 87—
98°W and 22-30°N. The Caribbean Sea index is the 925-hPa zonal
wind anomalies averaged over 70-80°W and 12-16°N

calculation was based on the correlation matrix, thereby
maximizing the joint variance of the zonal and meridional
winds from the correlation between and among the wind
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components (Wilks 2006). The PCA was calculated for the
March and April monthly anomalies of the 925-hPa zonal
and meridional winds for 1958-2001 from the ERA-40
data set in the domain specified by Fig. 4a, the Intra-
Americas Sea. That is to say, subsequent individual March
and April monthly values were used (not two-month
averages). Most of the land areas were masked, with the
exception of the Yucatan Peninsula and western Cuba,
which are low terrains and over which the Caribbean low-
level flow connects with the Gulf of Mexico.

To analyze the main mode of variability of the IA-LLJ
the corresponding time series (or PC1) was regressed on
other atmospheric and oceanic fields and correlated with
the teleconnection indexes. The ERA-40 data set was used
for the following atmospheric parameters: sea level pres-
sure (SLP), vertical velocity, geopotential height, diver-
gence, air-sea fluxes, moisture fluxes, specific humidity and
winds. For precipitation, the University of Delaware’s
0.5 x 0.5 degree data set was used (Willmott and Matsu-
ura 2007); for sea surface temperature (SST), NOAA’s
Extended Reconstructed SST data set (ERSST.v3) was
used (Smith et al. 2008).

To analyze the relationship between the IA-LLJ and US
precipitation and tornadoes we calculated two additional
indexes. One index was for the area-average precipitation
anomalies over the region of the lower Mississippi, Ten-
nessee, and Ohio River basins. We refer to this index as the
MORB precipitation index. The University of Delaware
(Willmott and Matsuura 2007) precipitation data set was
used to calculate the MORB precipitation index. The other

Fig. 4 a Mask applied to the (a) Mask

index was for the monthly average of tornado counts for
the region encompassing the MORB precipitation index.
The data set used to calculate the tornado activity index
was the Storm Prediction Center Tornado Database
(McCarthy 2003; Schaefer and Edwards 1999). As Doswell
et al. (2009) indicate, analyzing tornado data can be chal-
lenging due to issues associated with the temporal incon-
sistency of the tornado intensity Fujita scale (F-scale). For
example, it is likely that pre-1975 tornadoes were rated
higher (Verbout et al. 2006). Therefore, we proceeded with
caution in creating the tornado activity index and accoun-
ted only for those tornadoes of significant strength.

To analyze the environmental conditions related to the
tornado activity index, we used the covariance of wind and
specific humidity data from the NCEP/NCAR Reanalysis
(Kalnay et al. 1996). Mestas-Nuiiez et al. (2005) showed
the usefulness of the NCEP/NCAR Reanalysis moisture
fluxes for the water budget analysis of the IAS. We also
used wind shear and convective available potential energy
(CAPE) data from NARR (Mesinger et al. 2006). CAPE is
a measure of the amount of energy available for convec-
tion, and Brooks et al. (2003b) identified the CAPE and the
wind shear as quantitative measures that serve to charac-
terize environments conducive to severe storms.

The following teleconnection indexes were also used:
the PNA index and the north Atlantic oscillation (NAO)
index from NOAA’s Climate Prediction Center calculated
according to the methodology of Barnston and Livezey
(1987); the PDO index from Miller et al. 1994; and the
tropical Pacific SST anomaly Nifio indexes.
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3 Principal mode of variability of IAS low-level winds
3.1 The atmospheric circulation variability

The main mode of variability for the March—April 925-hPa
winds of the Intra-Americas region has a spatial pattern
(EOF1) in which the Caribbean easterlies and the Gulf of
Mexico southeasterlies change along the axis of their cli-
matological flow (Fig. 4b). This first mode has more than
70% of the explained variance, and out of the first several
loading vectors (EOFs) is the only one with a coherent
intensification (or weakening) of the climatological flow
(the TA-LLJ). The atmospheric flow from the Caribbean
into the Gulf of Mexico through the Yucatan Channel
weakened, for example, during the years of 1969, 1987,
and 1993, while it strengthened for the years from 1973
through 1977 (Fig. 4b, c¢). In fact, a decadal shift in the late
1970s can be identified as the direction of the IA-LLJ PC1
anomalies is mostly positive before the early 1980s and
mostly negative after the late 1970s.

The regression of PC1 for the period 1958-2001 onto
the upper-level, mid-level and low-level -circulation
(Fig. 5) shows significant changes not only in the IAS but
also throughout the western North Atlantic, North Ameri-
can continent and northeastern Pacific. Strong positive
anomalies of the 200-hPa height are centered over the mid-
latitude northeastern Pacific (45°N, 155°W) and straddle
the southeastern US, separated by negative anomalies over
Canada (Fig. 5a). The large-scale pattern of the 925-hPa
wind (Fig. 5¢) is comprised of a large anticyclonic circu-
lation centered over the east coast of the US and involves a
strengthening of the northeast trades over the tropical
North Atlantic extending into the Caribbean. The
strengthening of the southerly flow extends from the Gulf
of Mexico to the Great Lakes region between the east coast
of the US and the Rocky Mountains and the Mexican Sierra
Madre Oriental. The low-level strengthening is also
accompanied by positive anomalies of specific humidity,
indicating a strengthening of the low-level moisture fluxes
from the Gulf of Mexico. When considering the difference
between the low-level (925-hPa) and mid-level winds (500-
hPa), the winds are veering with height, indicating a
southwesterly wind shear.

The changes in the large-scale wind pattern lie on the
periphery of a pattern of positive SLP anomalies centered
over the western mid-latitude North Atlantic (Fig. 6a).
Concurrent with a strengthening of the IA-LLJ there is a
strengthening of SLP to the east of the US with its core
centered at 75°W, 35°N over the ocean. The pattern rep-
resents a northward and westward displacement of the
climatological core of the north Atlantic subtropical high
(NASH). A strong SLP anomaly zonal gradient forms over
North America with negative SLP anomalies over northern
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Fig. 5 Regression onto the IA-LLJ PC1 of (a) 200-hPa geopotential
height (m), (b) 500-hPa wind (m/s, vector) and specific humidity
(shades), and (c¢) 925-hPa wind and specific humidity from ERA-40
data. The 200-hPa geopotential contour interval is 10 m starting at
+10 m. Dashed contours correspond to negative values and solid
contours correspond to positive values. Color shaded regions are
significant at the 95% level. The gray shaded regions in the bottom
panel indicates high land areas

North America and positive SLP anomalies over the
Atlantic (also evident in the 925-hPa wind anomalies)
corresponding to a strengthening of the Great Plains LLJ.

In the Pacific, significant SLP anomalies are observed to
the west of the US centered at 45°N, 150°W (Fig. 6a). A
similar pattern of anomalies has been associated with the
negative phase of the PNA oscillation in the winter season
(Barnston and Livezey 1987; Wallace and Gutzler 1981).
The 200-hPa height anomalies corroborate the PNA rela-
tionship (Fig. 5a). The 200-hPa level is appropriate to
distinguish teleconnection patterns since this level exhibits
both divergent circulation in the tropics and non-divergent
circulation in the mid-latitudes (Nigam 2003). In fact, out
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Fig. 6 Regression onto the IA-LLJ PCl of (a) mean sea level
pressure (MSLP) and (b) sea surface temperature (SST) anomalies.
The MSLP contour interval is 10 Pa starting at 10 Pa. The SSTA
contour interval is 0.015°C starting at +£0.015°C. Dashed contours
indicate negative values and solid contours indicate positive values.
Color-shaded regions are significant at the 95% level. MSLP data are
from the ERA-40 data set and SST data are from ERSST.v3 data set

of several northern hemisphere teleconnection indexes
(Table 1), the correlation of the PNA index with PC1 is the
most highly (anti-) correlated, having a correlation coeffi-
cient of —0.61. This indicates that when the PNA is in its
negative phase, the TA-LLJ most likely intensifies. The
NAO index, on the other hand, is not significantly corre-
lated with PC1. The Pacific climatic indexes (PNA, PDO,
and the Nifo indexes), however, are significantly corre-
lated with the TIA-LLJ PC1.

3.2 Sea surface temperature

In the region of the IAS, there is a cooling of the Caribbean
Sea and a warming of the Gulf of Mexico associated with a
strengthening of the IA-LLJ (Fig. 6b). The warming in the
Gulf of Mexico and along the east coast of the US is
associated with a decrease in heat loss from the ocean by
turbulent and radiative heat fluxes (not presented), of which
the latent heat flux is dominant followed by the sensible
heat flux. This relation with latent and sensible heat fluxes
is consistent with changes in the intensity of frontal pas-
sages associated with the anomalous pressure trough over
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Table 1 Correlation of IA-LLJ PC1 and northern hemisphere tele-
connection indexes for 1958-2001

Teleconnection Correlation (r)
North Atlantic oscillation 0.02
East/north Pacific pattern —0.15

Nifol + 2 —0.34*

Nifo 3.4 —0.35*
Pacific decadal oscillation —0.40%*
Pacific North American pattern —0.61%*

* Statistically significant at 95% level

the eastern seaboard (Eichler and Higgins 2006). The
oceanic region off the southeastern US also shows positive
SST anomalies as a result of the negative windstress curl
anomalies. However, the cooling in the Caribbean Sea is
associated predominantly with an increase in evaporation
(negative latent heat flux anomalies) due to the strength-
ened northeast trades (Fig. 5¢). Muiioz et al. (2009) have
done an in-depth analyses of the IAS SST dipole during
springtime.

A strengthening of the IA-LLJ is associated with a
cooling of the tropical Pacific SST anomalies that serve as
background for the influence of the PNA. The negative
phase of the PNA is associated with cooling along the west
coast of North America and warming farther west as
observed in Fig. 6b. The cooling of the tropical Pacific is
marginally significant, with a correlation between the
Nifio3 index and the IA-LLJ PCI1 of 0.38. Similarly, the
negative (cool) phase of the PDO is associated with a
strengthening of the IA-LLJ (Table 1). This tropical Pacific
cooling acts as a modulator by strengthening the tropical
North Atlantic (TNA) trade winds, inducing latent heat flux
anomalies that cool the TNA surface waters. Enfield and
Mayer (1997) presented evidence of a lagged and positive
correlation between the tropical Pacific conditions in win-
ter and the tropical North Atlantic conditions a few months
after in boreal spring. In this case, stronger easterlies
induced an increase in evaporative heat loss and conse-
quent cooling of the Caribbean SSTs.

3.3 Precipitation

The regions of increased precipitation over North America
are also regions of upper-level divergence and an increase
in upward motion (Fig. 7), coinciding with a strengthened
IA-LLJ and moisture transport from the IAS. Conversely,
those regions of less precipitation over the Atlantic and the
IAS (Fig. 7c) are collocated with regions of upper-level
convergence (Fig. 7a) and decreased upward motion
(Fig. 7b). For example, the precipitation over the Florida
peninsula, Bahamas, and Greater Antilles is reduced for
those years with a strengthening of the IA-LLJ.
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Fig. 7 Regression onto IA-LLJ PCI1 for 1958-2001 of (a) 200-hPa
wind divergence, (b) vertical pressure velocity, and (c) land
precipitation. Dashed (solid) contours indicate values less (greater)
than zero. Gray shaded areas are significant at the 95% level. The
contour interval for divergence is 5.0 x 107%s™! starting at
+5.0 x 107® s™'. For vertical pressure velocity, the contour interval
is 5 x 10™* Pa/s starting at +5 x 10™* Pa/s, and for precipitation it
is 1 mm/month starting at =1 mm/month. Wind divergence and
vertical velocity data are from the ERA-40 data set, and precipitation
data are from Willmott and Matsuura (2007)

Precipitation is enhanced in the region of the central
Mississippi and Ohio River basins as the IA-LLJ intensifies
(Fig. 7¢). In fact, the moisture flux towards North America
along 30°N has strengthened and more moisture reaches the
regions north of the Gulf of Mexico (Fig. 8). This is con-
sistent with the winter and summer relationship as observed
by Mestas-Nuiiez et al. (2007) and Ruiz-Barradas and Nigam
(2005), respectively. In this case, as observed in Fig. 8, the
strengthening of the moisture flux is concentrated at the
lower levels with the strongest anomalies near 925 hPa.
Considering the moisture flux components separately
(Fig. 8), it is observed that the specific humidity positive
anomalies are stronger as the height decreases (as the pres-
sure level increases), and the southerly wind anomalies are
stronger between 90 and 97°W from 850 hPa and higher.

4 Precipitation variability in the Mississippi and Ohio
River basins

As we have shown, the region of greater precipitation
anomalies associated with changes in the springtime IA-
LLJ is the region of the Mississippi and Ohio River basins
(MORB). We corroborate the relation from the standpoint
of the precipitation anomalies. To do this, we created an
index of March—April MORB precipitation based on the
colored area shown in Fig. 9a. That is to say, we averaged
the precipitation anomalies over the Mississippi, Tennessee
and Ohio River basins. Using the 0.5 x 0.5 degree pre-
cipitation data set, the river basins were approximated
based on the map of US climate divisions. The MORB
precipitation index (Fig. 9b) shows a decrease in precipi-
tation in recent decades most likely associated with the
weakening of the IA-LLJ after the early 1980s (Fig. 4).

As observed in Fig. 10, the regression of the MORB
precipitation index highlights the region between the
Appalachian Mountains to the east, the Great Lakes to the
north, the Gulf of Mexico to the south, and the states of
Texas, Oklahoma, Kansas, and Nebraska to the west. The
areas to the west and the area of the coastal southeast US
(including the Florida peninsula) do not have a statistically
significant relationship with the MORB precipitation index.
The region of increased moisture flux convergence is col-
located with the region of increased precipitation. The
moisture fluxes associated with positive MORB precipita-
tion anomalies corroborate the IA-LLJ regressions with an
anticyclonic gyre centered over the northeast of the IAS.
That is to say, with an increase in precipitation during
March-April in the MORB region there is also a
strengthening of the moisture fluxes from the IAS,
including a strengthening of the moisture fluxes associated
with the Caribbean LLJ.
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Fig. 8 Vertical cross-section along 30°N of regression of the
meridional moisture flux (shades), meridional wind (black contours),
and specific humidity (red contours) onto the IA-LLJ PC1. The units
of moisture flux are g/kg m/s. The contour interval for wind is 0.2 m/s
and for specific humidity it is 0.1 g/kg
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Fig. 9 MORB precipitation index. a Shows the regions of the two
precipitation indexes: (1) the Mississippi-Ohio River basins (MORB)
area is shaded and (2) the Great Plains area is the purple square. The
MORB index is the area-average over the following river basins: (i)
Lower Mississippi (green), (ii) Tennessee (orange), and (iii) Ohio
(blue). b The March—April time series of the MORB precipitation
index is in mm/month

We compared the IAS moisture flux anomalies related to
the MORB precipitation index with those related to the
precipitation anomalies of the Great Plains during March—
April. To create the Great Plains index of March—April
precipitation anomalies, we used the area delimited by
Ruiz-Barradas and Nigam (2005) as the area of the Great
Plains (i.e., 35-45°N, 90-100°W) (purple square in
Fig. 9a). In contrast with the MORB index, the Great
Plains precipitation index for March—April shows precipi-
tation anomalies centered over 93°W and 38°N that are
weaker than those of the MORB index. The variability of
the Great Plains index in March—April is centered in the

@ Springer

southeast quadrant of the Great Plains index area. Positive
Great Plains precipitation anomalies in March—April are
related to stronger moisture fluxes from the Gulf of Mexico
but not (statistically significant) from the Caribbean Sea.
The moisture flux anomalies extend from the northern area
of the central US southward towards Mexico. The anticy-
clonic circulation centered over the southeastern US is less
evident, while a stronger cyclonic flow centered over the
states of California and Arizona emerges. The zones of
moisture flux convergence are also different, as the stron-
ger Great Plains index is associated with moisture flux
convergence over the north-central US and moisture flux
divergence to the west of California and the Baja California
peninsula. For both precipitation indexes, the moisture
fluxes from the Gulf of Mexico are important. However,
the associated circulation anomalies are distinct for each
case. The Caribbean moisture fluxes are less related to the
circulation anomalies that affect the Great Plains region
(used for the index) in boreal spring.

The SLP and SST anomalies associated with the MORB
precipitation index are highly similar to those related to the
IA-LLJ variability (Fig. 6). The SLP and SST patterns (not
presented) highlight significant anomalies in the midlati-
tudes of the North Pacific. A strong positive zonal gradient
of SLP from the region of Texas to the east of the US is an
indication of the strengthening of the meridional compo-
nent of the wind at the lower levels. The region of the Gulf
of Mexico and to the east of the US also shows warm
anomalies associated with an increase in precipitation in
the MORB region. These warm anomalies are expected as
the precipitation bands associated with storm tracks move
north during negative PNA and La Nifia events; this results
in decreased cloudiness over the Gulf region and decreased
heat loss from turbulent fluxes. In fact, the teleconnection
index most highly (anti-) correlated with the MORB index
in March is the PNA (—0.43). The PNA, however, is not
significantly correlated with the MORB index in April. The
Nino3.4 index is the teleconnection index most highly
correlated with the MORB index in April. A correlation of
0.40 between the February Nifio3.4 and April MORB
indexes is perhaps an indication of the superposition of the
lead influence of the ENSO and the concurrent influence of
the PNA.

5 Tornado index

We further explored the relation between the IA-LLJ and
extreme events in the region encompassing part of the
lower Mississippi, Tennessee, and Ohio River basins in
March—April by analyzing the interannual variability of
tornadic activity. Tornado data from the Storm Prediction
Center (McCarthy 2003; Schaefer and Edwards 1999) were
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Fig. 10 (a) Shows the (a)
regression of precipitation onto
the MORB precipitation index.
(b) Shows the regression of 45N
moisture flux (vectors) and

moisture flux divergence (color o
shades) onto the MORB 35N
precipitation index. The

reference arrow is SON
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used to create a monthly index of tornado counts for 1950—
2006 for the following nine states: Alabama, Arkansas,
Mlinois, Indiana, Kentucky, Louisiana, Mississippi, Mis-
souri and Tennessee. The tornadoes counted were category
F2 and stronger (i.e., significant tornadoes) on the F-scale
for tornado intensity. The tornadoes were grouped into a
regional monthly tornado count index (TCI) for the nine
states. As our interest was for how climate variability
relates to tornadic activity, we smoothed the monthly time
series with a 1-2-1-month running mean and rounded the
values to the nearest integer. For example, the TCI value of
March 1973 is  substituted by [TCI(February
1973) + 2*TCI(March 1973) + TCI(April 1973)]/4. From
the smoothed time series, the tornado count for April 1974
was the largest. The monthly median (1951-2006) for the
smoothed time series was rounded to the nearest integer
and removed from each respective month. The median was
chosen as the measure of central tendency since the tornado
index appears to have a skewed distribution. Nevertheless,
the values for the year 1974 were not accounted for in the
calculation of the median. They were excluded from the
time series because 1974 was the most extreme year and
would have affected the statistics.

The smoothed March—April tornado time series with the
median removed is shown in Fig. 11. From the time series,
one can identify tornado outbreaks in March 1961, March—
April 1963, April 1973, March 1976, April 1982, March

— —
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Fig. 11 March—April monthly tornado count regional index (the year
1974 is not included)

1997, and March—April 2006. A few of these months have
been identified by Verbout et al. (2006) within the group of
the top 25 tornado outbreaks between 1954 and 2003. The
index also shows low-activity periods for 1987-1994 and
2000-2005 (except perhaps April 2003), high-activity
periods in the 1960s and the mid-1970s, and normal-to-
high activity for 1996-1998.

6 Climatic conditions related to the tornado index

We regressed the tornado index to the low-level (925-hPa)
and mid-level (500-hPa) winds and specific humidity. The
regression coefficients (not presented) make evident that
the pattern of low-level winds associated with tornadic
storms is very similar to the pattern associated with the
main mode of variability for the IA-LLJ (Fig. 5). An
intensification of the Gulf of Mexico southerly winds and
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the Caribbean easterly winds occurred and, in the North
Pacific, there were significant anomalies in the midlati-
tudes. It is also evident that the low-level moisture flux
from the Gulf of Mexico is important in providing the
moisture relevant to the development of tornadic storms in
the region of study. At the mid-levels (e.g., 500-hPa), the
pattern of the winds was one with strong anomalies coming
from the southwest over the Rocky Mountains. Although
there are positive anomalies of specific humidity associated
with these winds, they are of very low strength.

In fact, as seen in Fig. 12, the transients of the zonal
moisture flux show negative anomalies at the mid-levels,
whereas at the low levels the transients of both the zonal and
meridional components are positive. Therefore, although the
steady anomalies of specific humidity do not show dryness in
the mid-troposphere, the covariance of the anomalies for
zonal wind and specific humidity showed drying (negative
anomalies) of the levels between 700 and 600 hPa. The dry
transients from the west at the mid-levels and the moist
transients from the Gulf of Mexico at the low-levels were
found to be main ingredients of tornadic activity.

Higher tornadic activity is also associated with south-
westerly wind shear between the mid-troposphere (i.e., the
500-hPa level) and the low levels (i.e., 10 m from the
surface) as observed in Fig. 13a. The contributing wind
shear anomalies cover the region from the eastern US coast
to the west with greater anomalies centered at the junction
of the Mississippi and Ohio Rivers. Additionally, the
CAPE showed positive anomalies from the Gulf of Mexico
to the north covering the states of Louisiana, Mississippi,
Alabama, Tennessee and Georgia. However, positive
CAPE anomalies do not cover all the states represented in
the tornado index. In fact, the TCI has a higher correlation
with precipitation than with CAPE. As the TCI increases,
the precipitation anomalies increase in the region encom-
passed by the TCI. Taking into account the findings of
Shepherd et al. (2009) for the state of Georgia, we quan-
tified the relation of the MORB TCI with preceding

(a)

400 +
500
600
700

B850 4 &
925 4

1000 =
20N

Fig. 12 Zonal average from 100 to 85°W for the regression of the
March—April covariance of (a) meridional wind and specific humidity
and (b) zonal wind and specific humidity onto the March—April
tornado index (1950-2006). The contour interval of the meridional
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50N

precipitation. The preceding precipitation anomalies are
significant in the northern area of the region (Illinois,
Indiana, Ohio and Michigan) but are not significant over
the southern states of the regional index.

To identify the teleconnections mainly related to the
tornado index, we calculated rank (Spearman) correlations
between the tornado index and the following teleconnec-
tion indexes: NAO, PNA, PDO, and Nifio3.4. Rank cor-
relation was used as a non-parametric measure of
correlation which does not assume a specific frequency
distribution of the variables. Table 2 shows the dominant
correlation with the teleconnection indexes and the domi-
nant correlation with the Nifio3.4 index for the period
1950-2007. The teleconnection having the highest corre-
lation with the tornado index is the March PNA. The cor-
relation between the March PNA and the March (April)
tornado index is —0.46 (—0.33). The March correlation
drops to about —0.37 when a partial correlation is per-
formed controlling for the PDO and the Nifio3.4 indexes.
Therefore, part of the correlation with the PNA is due to
the relation between the PNA and the PDO (and Nifio3.4).
Similarly, the April tornado index has a higher correlation
with the March PNA (—0.33) and a significant correlation
with the April NAO (—0.29).

The SLP and SST anomalies associated with the tornado
index (Fig. 14) confirm the relation between the tornado
index and the teleconnection indexes. The midlatitude
North Pacific shows a weakening of the Aleutian low,
corresponding to a negative PNA as was also observed with
the incidence of excess MORB precipitation and southerly
(easterly) wind anomalies over the Gulf of Mexico
(Caribbean) (Fig. 5). The equatorial Pacific shows cool
SST anomalies, and the midlatitude Pacific shows a SST
anomaly pattern akin to the PDO. In the Gulf of Mexico
and along the west coast of the US, the SLP anomalies
have a positive zonal gradient and warm SST anomalies. In
the Caribbean Sea and most of the North Atlantic, the SST
anomalies are cool.

(b)
400
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700
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>

000 -
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40N

component is 2 x 107* m/s kg/kg starting at =1 x 10~*. The
contour interval for the zonal component is 1 x 107 starting at
+0.5 x 107" m/s kg/kg. Moisture transient data are from NCEP/
NCAR Reanalysis data set
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Fig. 13 (a) Wind shear (m/s)
and (b) CAPE (J/kg) anomalies
regressed onto the tornado index
for 1979-2006. The wind shear
is calculated as the vector
difference between the 500-hPa
and 10-m winds. The wind shear
contour interval is 0.3 m/s
starting at £0.3 m/s. The CAPE
contour interval is 10 J/kg
starting at 10 J/kg. Yellow
shaded areas indicate positive
values, and blue shaded areas
indicate negative values

100w 90w

Table 2 Rank correlation coefficients between the regional tornado
index and teleconnection indexes for 1950-2007

Tornado index  Main teleconnection ENSO teleconnection

January PDO January (—0.43) N34 December (—0.31)
February PDO February (—0.41) N34 January (—0.39)
March PNA March (—0.46) N34 March (—0.41)
April PNA March (—0.33) N34 April (—0.20)
May NAO May (—0.21) N34 May (—0.13)

The first column indicates the month of the tornado index used for the
correlation. The second column presents the teleconnection, month,
and correlation (in parenthesis) of the highest correlation with the
tornado index in the respective month. The third column presents the
month and correlation (in parenthesis) of the highest correlation
between the Nino3.4 (N34) index and the tornado index in the
respective row

7 Summary and conclusions

The TA-LLJ forms a corridor that transports moisture into
North America from the Gulf of Mexico and the Caribbean
Sea. However, the focus of previous studies has been
limited to understanding the winter and summer IAS
moisture transport. The objectives of this study were to
diagnose the dynamics of the IA-LLJ in boreal spring, its
remote forcings, and its impacts.

We found that in recent decades (1980s to mid-2000s)
the Caribbean and Gulf of Mexico low-level winds have
been highly correlated during March—April. The variability
of the IAS 925-hPa wind anomalies in March and April
was analyzed here by principal component analysis (PCA)
using data for 1958-2001. The PCA reveals a main mode
of variability in which the climatological 925-hPa wind
weakens or intensifies in unison, indicating a fluctuation of
the TA-LLJ and its moisture transport into the US east of
the Rocky Mountains. The main teleconnection associated
with the IA-LLJ variability is the PNA. Prediction of the
TA-LLJ variability may, therefore, be promising given that
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Fig. 14 Correlation of the tornado index with (a) mean sea level
pressure (MSLP) and (b) sea surface temperature (SST) anomalies for
1950-2006. The dashed contours indicate the —0.2 correlation, and
the solid contours indicate the 0.2 correlation. MSLP data are from
the NCEP/NCAR Reanalysis data set and SST data are from
ERSST.v3 data set

Hamill et al. (2006) found the PNA to be one of the three
most predictable patterns with a 10-day lead.

The strengthening of the IA-LLJ increases the source of
moisture from the IAS, having a positive impact on the
precipitation in the Mississippi, Tennessee, and Ohio
Rivers basins. This moisture influx at low levels not only
impacts the precipitation but also the tornadic activity in
the region centered at the junction of the Ohio and Mis-
sissippi rivers. A regional index of tornado count (TCI)
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variability was constructed and found to have similar
influences as those factors affecting the IA-LLJ variability.
Other associated factors that influenced the TCI variabil-
ity were: (1) wet transients of zonal and meridional mois-
ture fluxes at the low levels; (2) dry transients of zonal
moisture fluxes at the levels between 600 and 700 hPa; (3)
southwesterly wind shear between the 500-hPa winds and
10-m winds; (4) positive CAPE anomalies over the
southeastern gulf states; and (5) positive precipitation
anomalies. Yet, the relation of tornadic activity in this
region with preceding precipitation is unclear; although
Shepherd et al. (2009) found that springtime tornadic
activity for the state of Georgia had a tendency to be lower
when drought conditions persisted in the preceding fall and
winter.

The variability of the three indexes developed for this
study (i.e., IA-LLJ index, precipitation index, and tornado
index) has a strong relationship with the variability of the
PNA and the PDO. Based on our analyses, we conclude
that the negative phase of the PNA during boreal spring is
related to an intensification of the IA-LLJ, which provides
greater moisture to the region of the Mississippi and Ohio
River basins, leading to increased precipitation and greater
tornadic activity. The significant relation with the PDO is
also evident in the decadal shift of the three indexes in the
late 1970s, consistent with the behavior observed herein.
That is to say, the weakening of the springtime IA-LLJ
during the 1980s and 1990s led to weaker moisture influx
from the IAS, thereby manifesting as a decadal shift (a
decrease) in precipitation and tornadic activity in the region
of the Mississippi and Ohio River basins for the same
period.

In this study, we have presented evidence that the IA-
LLJ (and its associated moisture fluxes) is one dynamic
feature by which the PNA, the PDO, and ENSO influence
precipitation and tornado variability in the region of the
lower Mississippi, Tennessee, and Ohio River basins. This
dynamic feature is important with respect to seasonal
hydrological and tornadic activity forecasts.
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