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Many	  ques)ons	  about	  the	  connec)on	  
between	  climate	  and	  tornadoes	  

•  “Tornado	  Season	  Intensifies,	  Without	  Clear	  Scien)fic	  
Consensus	  on	  Why”	  -‐-‐	  NY	  Times,	  April	  25,	  2011.	  	  

•  “The	  co-‐variability	  of	  20	  severe	  spring	  (March-‐May)	  
tornado	  outbreaks	  over	  the	  con>guous	  US	  and	  phases	  
of	  the	  El	  Niño/Southern	  Oscilla>on	  (ENSO)	  during	  the	  
past	  100	  years	  presents	  a	  complicated	  picture	  of	  the	  
historical	  rela>onships.”	  -‐-‐	  NOAA/ERSL	  Climate	  
AYribu)on	  Rapid	  Response	  Team	  

•  outside	  the	  work	  of	  Harold	  Brooks	  …	  ,	  “Not	  much	  
research	  has	  been	  done	  on	  climate	  change	  effects	  on	  
middle	  la>tude	  severe	  weather.”	  -‐-‐	  Kerry	  Emanuel	  	  



•  To	  what	  extent	  do	  environmental	  parameters	  
explain	  tornado	  ac)vity?	  

	  

•  What	  makes	  one	  month	  more	  ac)ve	  than	  
another?	  

Basic	  Ques)ons	  	  

Does	  the	  distribu)on	  of	  
environmental	  parameters	  
during	  a	  month	  determine	  
tornado	  ac)vity?	  

Changes	  in	  
mean?	  

Changes	  in	  
spread?	  

?	  

Easier?	   Harder?	  



Outline	  

•  Tornadoes	  and	  local	  environment	  
– Daily/hourly	  

•  Soundings	  
•  Reanalysis	  

– Monthly	  )me-‐scales	  

•  Tropical	  cyclone	  genesis	  index	  methodology	  
•  Preliminary	  results	  with	  a	  tornado	  index	  



What	  are	  the	  important	  
environmental	  condi)ons?	  

•  Instability,	  updraas	  
•  Shear	  

Many	  poten)al	  parameters.	  



Probability	  of	  severe	  thunderstorm	  with	  F2	  
tornado,	  5cm	  hail,	  or	  120	  km/h	  wind	  gusts	  

 
13  Spatial Distribution and Secular Changes 

 

 
Figure 8.4. Probability in percent of environment producing severe 
thunderstorm with a tornado with at least F2 damage, 5 cm diameter 
hail, or 120 km h-1 wind gusts. Based on data described by Brooks and 
Craven (2002). 
 
These two steps in discrimination (severe vs. non-severe, tornadic vs. 
non-tornadic) can form the basis of identifying environments that are 
favorable for various classes of weather events. Given the sparse 
coverage of upper-air observations, however, carrying the 
discrimination to other locations is challenging. To address this 
problem, Brooks et al. (2003b) attempted to use data from the 
National Center for Atmospheric Research/National Centers for 
Environmental Prediction global reanalysis dataset. The reanalysis 
was treated as a source of pseudo-proximity soundings and the 
analysis of Brooks and Craven (2002) was repeated (Lee 2002).  
 
Discrimination between the severe and non-severe environments was 
found to be almost identical to the observed dataset. Discrimination 
was not as good, but still used the same variables in the same 
qualitative sense. Problems with sharp vertical gradients and the 
boundary layer in the reanalysis are likely sources of the differences.  
 
Brooks et al. (2003b) counted the number of days per year with 
conditions that the reanalysis identified as favorable for significant 
severe thunderstorms and tornadoes from a seven-year period over the 

  

Significant	  severe	  parameter	  (Craven	  and	  Brooks,	  2004)	  
CAPE	  x	  0-‐6	  km	  Shear	  >	  10,000	  m3	  s-‐3	  
Figure	  from	  Brooks	  and	  Dotzek	  (2008)	  



NCEP/NCAR	  6-‐h	  reanalysis	  environmental	  
parameters	  near	  severe	  thunderstorms	  

1997-‐1999	  

3. Results

3.1. Identification of parameters for discrimination

Previous studies indicated that CAPE and shear over a deep level of the atmosphere are
good parameters to use in combination to discriminate between significant severe
thunderstorms and less severe events (Rasmussen and Blanchard, 1998; Craven et al.,
2002a) The question of which parcel to use in calculating CAPE does not have an obvious
answer. Based on Craven et al. (2002b), we have chosen to use a parcel with
thermodynamic properties mixed over the lowest 100 hPa. For the shear, we have chosen
to use the magnitude of the vector difference between the winds at the surface and 6 km
above ground level. (Since the only time we will compare shear values of different
soundings will be for shear over a constant depth of the atmosphere, we will occasionally
refer to the wind difference as ‘‘shear’’ for simplicity.) A scatterplot of the 0–6 km shear
and CAPE for all soundings with non-zero CAPE associated with severe thunderstorms
from the reanalysis in the United States for 1997 to 1999 illustrates the discrimination
based on the reanalysis (Fig. 1). In general, significant severe thunderstorms are associated
with high CAPE and high shear. (The non-severe soundings are not included in the figure,
but would predominantly be found in the low CAPE region.)

Fig. 1. Magnitude of the vector wind difference between the surface and 6 km (m s! 1) and CAPE (J kg! 1) for all

reanalysis soundings associated with severe thunderstorms in US for 1997–1999, segregated by weather type:

non-significant severe weather (small gray dots), significant, non-tornadic severe weather (large black dots), and
significant tornadoes (open squares). Solid black line is best discriminator between soundings associated with

significant severe thunderstorms of any kind and other soundings. Note that non-severe soundings are not

included in the figure.

H.E. Brooks et al. / Atmospheric Research 67–68 (2003) 73–94 77

(Brooks	  et	  al.	  2003)	  



Sfc-‐1	  km	  shear	  and	  mixed	  layer	  liaed	  
condensa)on	  layer	  dis)nguish	  between	  
significant	  tornadic	  and	  non-‐tornadic	  

work well in the reanalysis also. In comparison with the observational studies (Craven et
al., 2002a,b), the 0–1 km shear is typically lower in the reanalysis. This is consistent with
the notion that strong vertical gradients are not reproduced well by the reanalysis.
Nevertheless, the two parameters show signs of discriminating well between the environ-
ments associated with the two kinds of events. From analysis of the spatial distribution of
the two parameters in the United States, however, it is clear that there are significant
differences in the performance of the discrimination in the Plains region, compared to the
area further to the east. Given that the Plains locations are at higher elevation, a third
parameter, station elevation, was added to the linear discriminant analysis. The resulting
discrimination plane was defined by

2:74S1! 2:99" 10!4LCL! 3:06" 10!4ELV # 1:93 $2%

where S1 is the 0–1 km shear (in m s! 1), LCL is the mean layer lifted condensation level
(in m), and ELV is the station elevation (in m). Lines in the shear/LCL space associated
with various station elevations are shown in Fig. 3, but, in general, low LCL heights and
high shear are associated with tornadic events. The lines move towards higher shear with
increasing station elevation. This implies that at very high elevations, significant tornadoes
should be very rare, an implication supported by lack of observed events at high elevation.

In all, there are five different environments into which the soundings fall, based on the
discrimination lines shown in Figs. 1 and 3, and the CAPE value (Table 1). The first is
those soundings with 0 CAPE, which make up 112,620 of the 197,100 soundings in the
dataset (57.1%). The second is all soundings with positive CAPE, but less than 100 J
kg! 1, which number 35,111 (17.8%). The third is made up of those soundings with at least

Fig. 3. Magnitude of the vector wind difference between the surface and 1 km (m s! 1) and height of mixed layer
lifted condensation level (in m) for all US reanalysis soundings associated with significant severe thunderstorms,

segregated by weather type: non-tornadic soundings (black dots), tornadic soundings (open squares). Thick black

(gray, thin black) line is line from linear discriminant analysis associated with station elevation of 0 (1500, 3000) m.

H.E. Brooks et al. / Atmospheric Research 67–68 (2003) 73–94 79

(Brooks	  et	  al	  2003)	  



CAPE	  +	  Shear(deep,	  lower)	  +	  LCL	  	  

North America. In contrast, the Mediterranean is not as warm most of the year and is
relatively small. In particular, surface winds out of the south, that provide a rich moisture
source for the United States, would mean that trajectories approaching Europe would
have started over the Sahara Desert and substantial modification by the Mediterranean
would be difficult.

3.3. Distribution of significant severe thunderstorm and tornado environments

We can use the probabilities shown in Fig. 4 and Table 2 to estimate the frequency of
environments supportive of severe convection in Europe, assuming that the environments
that produce severe convection in the United States would produce severe convection in
Europe as well (Table 2). There are less than half the numbers of severe environments
identified in Europe and only about 20% of the tornadic environments during the 3-year
period. Applying the probabilities from the US to each class of environment in Europe, we
estimate that about 675 significant severe thunderstorm proximity soundings at 1800 UTC
would be taken in Europe on the reanalysis grid in a 3-year period, for an average of 225
per year, with a similar report collection efficiency as in the United States. This compares
to the United States number of 1190 soundings (397 per year). For significant tornadoes,
the results imply 84 soundings (28 per year) in Europe compared to 159 (53 per year) in
the United States. Dotzek (2001) estimates, based on surveys at the 2002 European
Conference on Severe Storms, that a little over 300 tornadoes per year occur in Europe
using the United States definition that excludes waterspouts. In the United States, an
average of approximately 1200 tornadoes per year occur in current reporting conditions
(Bruening et al., 2002), so that the ratio of significant tornado soundings to total tornadoes

Fig. 11. Same as Fig. 6, except for soundings identified as being favorable for significant severe thunderstorms.

H.E. Brooks et al. / Atmospheric Research 67–68 (2003) 73–94 85

(Brooks	  et	  al	  2003)	  6-‐hourly	  reanalysis	  



CAPE	  +	  Shear(deep,	  lower)	  +	  LCL	  	  

(Brooks	  et	  al	  2003)	  6-‐hourly	  reanalysis	  

relationship between identification and observation. The poorer agreement is also likely
to result from our poorer understanding of tornadic processes. It is almost certainly true
that the relationship is not as simple as can be explained by a few environmental
parameters. Also, those parameters that have been suggested as important for distin-

Fig. 13. Same as Fig. 11, except for soundings associated with significant tornadoes.

Fig. 14. Same as Fig. 12, except for significant tornadoes.

H.E. Brooks et al. / Atmospheric Research 67–68 (2003) 73–94 87



Monthly	  )me-‐scales	  

•  Are	  monthly	  means	  of	  environmental	  
parameters	  related	  to	  monthly	  tornado	  
ac)vity?	  

•  Large-‐scale	  climate	  phenomena	  likely	  to	  
modulate	  monthly	  means.	  

•  Path	  to	  extended-‐range	  predic)on.	  



Large-‐scale	  climate	  phenomena	  poten)ally	  
modula)ng	  monthly	  tornado	  ac)vity	  	  

•  Precipita)on	  (Galway,	  1979)	  
•  Greenhouse	  gas	  forcing	  (Trapp	  et	  al.,	  2007)	  
•  ENSO	  in	  winter.	  (Cook	  &	  Schaefer,	  2008)	  
•  Antecedent	  drought	  (Shepherd	  et	  al.,	  2009)	  
•  IAS	  April-‐May	  (Muñoz	  et	  al.,	  2011)	  



Regression	  of	  shear	  and	  CAPE	  onto	  an	  
April-‐May	  tornado	  index	  (1979-‐2006)	  

7 Summary and conclusions

The IA-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 IA-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
IA-LLJ variability may, therefore, be promising given that

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)

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

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 Niño3.4 (N34) index and the tornado index in the
respective row

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

E. Muñoz, D. Enfield: The boreal spring variability of the Intra-Americas low-level jet 257

123

Shear	   CAPE	  

Muñoz	  et.	  al	  2011	  



Methodology	  from	  tropical	  cyclones	  

•  TC	  genesis	  index	  (Gray	  1979).	  
•  Genesis	  index	  =	  func)on	  of	  the	  local	  environment	  
– Monthly	  values	  of	  

•  SST	  
•  Shear	  
•  Humidity	  
•  Vor)city	  

•  Climatological	  distribu)ons,	  interannual	  
variability,	  climate	  projec)ons.	  



  0E  50E 100E 150E 160W 110W  60W  10W

 0 

(a) Obs

 

 

0

5

10

15

  0E  50E 100E 150E 160W 110W  60W  10W

 0 

(b) NCEP

 

 

0

5

10

15

  0E  50E 100E 150E 160W 110W  60W  10W

 0 

(c) ERA

 

 

0

5

10

15

40S 30S 20S 10S  0 10N 20N 30N 40N
0

100
200
300
400
500

(d)

 

 
Obs
NCEP
ERA
NCEP GPI
ERA GPI

(TippeY	  et	  al.,	  2011)	  



Apply	  TC	  index	  methodology	  to	  
monthly	  tornado	  counts	  

•  Index	  =	  func)on(constants	  x	  environmental	  
parameters)	  	  

•  Parameters	  =	  CAPE,	  CIN,	  liaed	  index,	  lapse	  rate,	  mixing	  ra)o,	  SRH,	  ver)cal	  
shear,	  precipita)on,	  convec)ve	  precipita)on	  and	  eleva)on	  

•  Es)mate	  constants	  from	  observed	  climatology	  
–  Same	  index	  at	  all	  (U.S.)	  loca)ons,	  all	  months	  of	  year	  
–  NARR	  data	  1x1	  degree	  grid	  
–  SPC	  Tornado,	  Hail,	  and	  Wind	  Database.	  1979-‐2010.	  	  
–  All	  tornadoes	  (>F0).	  



How	  well	  does	  the	  index	  capture	  the	  
climatology?	  
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Does	  the	  index	  capture	  interannual	  
variability?	  

	  



Interannual	  variability	  

Jan	   Feb	   Mar	   Apr	   May	   Jun	   Jul	   Aug	   Sep	   Oct	   Nov	   Dec	  

0.75	  	   0.64	  	   0.54	  	   0.50	   0.60	   0.67	   0.75	   0.40	   0.15	   0.25	   0.48	   0.74	  

Correla)on	  between	  index	  and	  observed	  number	  
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Conclusions	  

•  Some	  associa)on	  between	  environmental	  
parameters	  and	  tornado	  ac)vity	  on	  monthly	  
)me-‐scales.	  
– Climatological	  variability	  
–  Interannual	  variability	  

•  Tornado	  “index”	  is	  a	  poten)al	  useful	  tool	  for:	  
– AYribu)ng	  observed	  variability	  
– Extended-‐range	  predic)on	  
– Climate	  projec)ons	  
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