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Abstract

The record-breaking U.S. tornado outbreak in the spring of 2011 prompts the need to identify and understand long-term climate signals that may provide seasonal predictability for intense tornado outbreaks. Currently, seasonal forecast skill for intense U.S. tornado outbreaks, such as occurred in 2011, has not been demonstrated. A recent study by Lee et al. [2013] used both observations and modeling experiments to find that a positive phase of the Trans-Niño (TNI), characterized by cooling in the central tropical Pacific and warming in eastern tropical Pacific, is associated with large-scale processes that may contribute to major tornado outbreaks over the U.S. In particular, they found that seven of the ten most active tornado years during 1950 – 2010, including the top three, are characterized by a strongly positive phase of the TNI, suggesting that if we can predict the TNI, we may be able to issue a seasonal warning (or outlook) for extreme tornado outbreaks over the U.S.
The North American Multi Model Ensemble Phase 2 (NMME-2) system is a global, fully coupled multi-model ensemble forecast system, currently consisting of nine models from six institutes, and show improved performance over a single model in predicating ENSO indices and U.S. rainfall variability [Kirtman et a., 2014]. The main goal of this proposal is to understand the skill and limitations of the NMME-2 system in predicting the springtime ENSO phase evolution and other key regional parameters for the U.S. tornado outbreaks in March-April-May (MAM, the peak of the tornado season) with 1 to 3 months of lead-time (i.e., January, February, and March initializations). To achieve this goal, our work will be comprised of three tasks: (task-1) evaluate the NMME-2 prediction skill for springtime ENSO phase evolution and its relation to U.S. tornadic environments; (task-2) construct proxy tornado indices using the NMME-2 analysis; (task-3) analyze the NMME-2 prediction skill for the occurrence of U.S. tornado outbreaks. Successfully completing these three tasks may result in a strong justification for developing a skillful seasonal outlook for U.S. tornado outbreaks based on the NMME-2 system. 

The proposed work contributes directly to NOAA CPO FY2015 MAPP funding Competition-6, Area-A Evaluation of NMME system predictions: “Proposed NMME evaluations will examine the skill of NMME system predictions focusing on less well documented, yet potentially important aspects of the predictions. Of particular interest are those studies evaluating the prediction of large-scale, extended lead time conditions conducive to extremes such as heat waves, extreme precipitation (rain, snow or ice storms) or droughts provided a theoretical basis for expecting predictability on ISI timescales exists.” and Area-B Exploration of new applications of NMME system predictions: “Application of the NMME for the development of new prediction products may be proposed as part of exploratory pilot studies.” This proposed work will be conducted under the auspices of the CIMAS at the University of Miami’s RSMAS, and addresses CIMAS Theme: (Climate Research and Impacts). This work is relevant to the NOAA goals: (Weather-Ready Nation: Society is prepared for and responds to weather-related events, and Climate Adaptation and Mitigation: An informed society anticipating and responding to climate and its impacts) in support of NOAA’s Strategic Plan.
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Statement of Work

1. Introduction

The need for increased understanding of regional climate variability and change has recently been elevated within the national and international climate science communities. Among the many facets of this framework is the further refinement and characterization of the linkage between extremes of weather and climate. Indeed, the societal impacts of climate variability and change are typically communicated through the weather timescale. As such, placing extreme weather phenomena in a climate context can further our scientific understanding and prediction of the characteristics of the weather-climate linkage.

In April and May of 2011, a record breaking 1,243 tornadoes were reported in the U.S., of which 1,061 were confirmed by the Storm Prediction Center (SPC). The SPC provided adequate warnings several days in advance of these major tornado outbreak episodes, which undoubtedly saved lives. Nevertheless, these extreme outbreak episodes have caused devastating societal impacts with 517 tornado-related fatalities, making 2011 one of the deadliest tornado years in U.S. history [http://www.spc.noaa.gov/climo/torn/STATIJ11.txt]. The series of extreme U.S. tornado outbreaks in 2011 prompt the need to identify and understand long-term climate signals that could potentially provide seasonal predictability for intense tornado outbreaks over the U.S. 

To some extent, the seasonal climate variability over North America is linked with phases of the El Niño Southern Oscillation (ENSO) [e.g., Ropelewski and Halpert 1987]. Variations in the location of tropical heating anomalies associated with ENSO modulate the general atmospheric circulation over the U.S., providing the background environment for climatic anomalies. This linkage is strongest during the boreal winter, however, the atmospheric response may persist well into the following spring [e.g., Hoerling and Kumar 1997; Kumar and Hoerling 2003; Ding et al. 2011]. Previous studies have investigated the ENSO linkages of annual U.S. tornadic activity to traditional ENSO indices [Marzaban and Schaeffer 2001], and wintertime tornado outbreaks [Cook and Schaefer 2008]. These studies characterized the correlation between ENSO and U.S tornadoes as very weak.

Lee et al. [2013] used both observations and modeling experiments to confirm the very weak connectivity between conventional ENSO indices and U.S. tornado activity. However, they found that a positive phase of Trans-Niño index (TNI) [Trenberth and Stepaniak 2001], characterized by cooling in the central tropical Pacific (CP) and warming in the eastern tropical Pacific (EP), is much more strongly linked to increased tornado activity over the U.S. than the traditional ENSO indicators in spring. A further study by Weaver et al. [2012] confirmed this finding and added that a positive phase of the TNI is linked to the eastward shift of the North American low-level jet (NALLJ) and associated increase in tornado activity over the Southeastern U.S. 

A recent study showed that the springtime ENSO phase evolution is better represented by the TNI index than the conventional ENSO indices [Lee et al., 2014], which explains at least partially why the U.S. tornado activity in spring is more strongly linked to the TNI. Nevertheless, the TNI explains only about 10% of the total variance in the number of intense (i.e., from F3 to F5 in the Fujita-Pearson scale) U.S. tornadoes in spring. Thus, the seasonal predictability, which can be defined as a ratio of the climate signal (the TNI index in this case) to the atmospheric noise signal, is low [Lee et al. 2013]. Nevertheless, seven of the ten most active U.S. tornado years during 1950-2010 including the top three years are characterized by a strongly positive phase of the TNI [Lee et al. 2013]. This suggests that if we can predict the TNI, we may be able to issue a seasonal warning (or outlook) for extreme tornado outbreaks over the U.S.

2. Background

2.1 Large-scale atmospheric processes conducive to major tornado outbreaks in the U.S

In the U.S. east of the Rocky Mountains, cold and dry upper-level air from the high latitudes often converges with warm and moist lower-level air coming from the Gulf of Mexico (GoM). Due to this so-called large-scale differential advection (i.e., any vertical variation of the horizontal advection of heat and moisture that decreases the vertical stability of the air column [Whitney and Miller, 1956]), conditionally unstable atmosphere with high convective available potential energy (CAPE) is formed. Additionally, the low-level vertical wind shear associated with the upper-level westerly and lower-level southeasterly (i.e., wind speed increasing and wind direction changing with height) provides the spinning effect required to form a horizontal vortex tube. The axis of this horizontal vortex tube can be tilted to the vertical by updrafts and downdrafts to form an intense rotating thunderstorm known as a supercell, which is the storm type most apt to spawn intense tornadoes [e.g., Doswell and Bosart, 2001]. Consistently, both the moisture transport from the GoM to the U.S. and the lower-level vertical wind shear in the central and eastern U.S. are positively correlated (above 95% significance level) with the number of intense U.S. tornadoes in April and May (AM) as shown in Table 1. 

Table 1. Correlation coefficients of various long-term climate patterns in December-February (DJF), February-April (FMA), and April and May (AM) with the number of intense (F3 - F5) tornadoes in AM during 1950-2010. All indices including the tornado index are detrended using a simple least squares linear regression. The SWD, ERSST3, and NCEP-NCAR reanalysis are used to obtain the long-term climate indices used in this table. Correlation coefficients above the 95% significance are in bold. See Lee et al. [2013] for more detail. 

	Index
	DJF
	FMA
	AM

	Gulf-to-U.S. moisture transport
	 0.08
	 0.20
	 0.40

	Low-level vertical wind shear 
	0.12
	0.20
	0.44

	GoM SST
	 0.15
	 0.21
	 0.20

	Niño-4
	-0.22
	-0.20
	-0.19

	Niño-3.4
	-0.13
	-0.13
	-0.11

	Niño-1+2
	 0.02
	 0.11
	 0.15

	TNI
	 0.28
	 0.29
	 0.33

	PNA
	-0.05
	-0.10
	-0.20

	PDO
	-0.12
	-0.10
	-0.14

	NAO
	-0.01
	-0.10
	-0.18


The Pacific - North American (PNA) pattern in boreal winter and spring is linked to the large-scale differential advection and the lower-level vertical wind shear in the central and eastern U.S. as discussed in earlier studies [e.g., Munoz and Enfield, 2011]. During a negative phase of the PNA, an anomalous cyclone is formed over North America that brings more cold and dry upper-level air from the high latitudes to the U.S., and an anomalous anticyclone is formed over the southeastern seaboard that increases the southwesterly wind from the GoM to the U.S., thus enhancing the Gulf-to-U.S. moisture transport. Additionally, the lower-level vertical wind shear is increased over the U.S. during a negative phase of the PNA due to the increased upper-level westerly and lower-level southeasterly. Although the PNA is a naturally occurring atmospheric phenomenon driven by intrinsic variability of the atmosphere, a La Niña in the tropical Pacific can project onto a negative phase PNA pattern [e.g., Straus and Shukla 2002]. In addition, since the Gulf-to-U.S. moisture transport may be enhanced by a warmer GoM, the sea surface temperature (SST) anomaly in the GoM may also affect U.S. tornado activity. During the decay phase of La Niña in spring, the GoM is typically warmer than usual [Alexander and Scott 2002]. Therefore, the Gulf-to-U.S. moisture transport could be increased during the decay phase of La Niña in spring. Nevertheless, none of these (i.e., PNA, GoM SST, and La Nina) are significantly correlated with the number of intense tornadoes in AM (Table 1). 

2.2 Trans-Niño, a potential predictor of major tornado outbreaks in the U.S.
Among the long-term climate patterns considered in Table 1, only the Trans-Niño (TNI) is significantly correlated (r = 0.33) with the number of intense U.S. tornadoes in AM. As shown in Figure 1, The TNI is defined as the difference in normalized SST anomalies between the Niño-1+2 (10S° - 0°; 90°W - 80°W) and Niño-4 (5°N - 5°S; 160°E - 150°W) regions and represents the evolution of the ENSO in the months leading up to the event and the subsequent evolution with opposite sign after the event [Trenberth and Stepaniak, 2001]. A recent study showed that the TNI index better represent ENSO phase evolution in spring than the conventional ENSO indices [Lee et al., 2014]. 

To better understand the potential link between the TNI and U.S. tornado activity, Lee et al. [2013] ranked the years from 1950 to 2010 (61 years in total) based on the number of intense U.S. tornadoes in AM. The top ten years are characterized by an anomalous upper-level cyclone over North America that advects more cold and dry air to the U.S. (Figure 2a), increased Gulf-to-U.S. moisture transport (Figure 2b) and increased lower-level vertical wind shear over the central and eastern U.S. (Figure 2c), whereas the bottom ten years are associated with an anomalous upper-level anticyclone over North America (Figure 2d), decreased Gulf-to-U.S. moisture transport (Figure 2e) and decreased lower-level vertical wind shear over the central and eastern U.S. (Figure 2f). 

Table 2. The total of 61 years from 1950 to 2010 are ranked based on the detrended number of intense U.S. tornadoes in AM. The top ten most active U.S. tornado years are listed with ENSO phase in spring and TNI index in AM for each year. Strongly positive (i.e., the upper quartile) and negative (i.e., the lower quartile) TNI index values are in bold and italic, respectively. 
	Ranking
	Year
	ENSO phase in spring 
	TNI index (detrended)

	 1
	1974
	La Niña persists 
	 1.30 ( 1.48)

	 2
	1965
	La Niña transitions to El Niño 
	 1.39 ( 1.54)

	 3
	1957
	La Niña transitions to El Niño
	 0.57 ( 0.69)

	 4
	1982
	El Niño develops
	-1.11 (-0.89)

	 5
	1973
	El Niño transitions to La Niña 
	-0.42 (-0.24)

	 6
	1999
	La Niña persists
	 0.47 ( 0.75)

	 7
	1983
	El Niño decays
	 1.86 ( 2.08)

	 8
	2003
	El Niño decays
	-1.24 (-0.94)

	 9
	2008
	La Niña decays
	 1.41 ( 1.73)

	10
	1998
	El Niño transitions to La Niña 
	 1.69 ( 1.97)


As in the top ten extreme tornado outbreak years, the top ten positive TNI years are also characterized by an anomalous upper-level cyclone over North America (Figure 3a), increased Gulf-to-U.S. moisture transport (Figure 3b), and increased low-level vertical wind shear values over the east of the Rockies (Figure 3c). Because of these large-scale atmospheric conditions, the number of intense U.S. tornadoes in AM during the top ten positive TNI years is nearly doubled from that during ten neutral TNI years (Figure 4). Consistent with these findings, among the top ten extreme tornado outbreak years, seven years including the top three are identified with a strongly positive phase (i.e., within the upper quartile) TNI as shown in Table 2. 

To further explore the potential link between the TNI and the number of intense U.S. tornadoes in AM, Lee et al. [2013] performed a series of AGCM experiments by using version 3.1 of the NCAR community atmospheric model coupled to a slab mixed layer ocean model (CAM3). Model experiments were performed by prescribing various composite evolutions of SSTs in the tropical Pacific region (15°S–15°N; 120°E-coast of the Americas) while predicting the SSTs outside the tropical Pacific using the slab ocean model. Two sets of ensemble runs were performed. In the first experiment (EXP_CLM), the SSTs in the tropical Pacific region are prescribed with climatological SSTs. In the second experiment (EXP_TNI), the composite SSTs of the positive phase TNI years identified among the ten most active U.S. tornado years are prescribed in the tropical Pacific region. In EXP_TNI (Figure 5), an anomalous upper-level cyclone is formed over North America that brings more cold and dry air to the U.S., and both the Gulf-to-U.S. moisture transport and the lower-level vertical wind shear over the central and eastern U.S. are increased, all of which are large-scale atmospheric conditions conducive to intense tornado outbreaks over the U.S. Therefore, these model results support the hypothesis that a positive phase of the TNI with cooling in the central tropical Pacific (CP) and warming in the eastern tropical Pacific (EP) enhances the large-scale differential advection in the central and eastern U.S. and increases the low-level vertical wind shear therein, thus providing large-scale atmospheric conditions conducive to intense tornado outbreaks over the U.S. 

Further model experiments in Lee et al. [2013] revealed that the warming in the eastern tropical Pacific increases convection locally, but also contributes to suppressing convection in the central tropical Pacific. This in turn works constructively with cooling in the central tropical Pacific to force a strong and persistent negative phase Pacific – North American (PNA)-like teleconnection pattern in spring that increases both the upper-level westerly and lower-level southeasterly flow over the central and eastern U.S. These anomalous winds bring more cold and dry upper-level air from the high-latitudes and more warm and moist lower-level air from the Gulf of Mexico converging into the U.S. east of the Rocky Mountains, while also increasing the lower-level vertical wind shear therein. According to this study, a distinctive feature of the 2011 Trans-Niño event is warming in the western tropical Pacific that further aided to suppress convection in the central tropical Pacific and thus contributed to strengthening the teleconnection response in the central and eastern U.S. in favor of increased U.S. tornado activity.

2.3 Climatic role of North American low-level jet in U.S. regional tornado activity
Recent studies by Munoz and Enfield [2011] and Weaver et al. [2011] analyzed regional connectivity of North American low-level jets (NALLJ) to springtime tornadic activity. Weaver et al. [2011] extracted preferred modes of NALLJ variability for 1950-2010 and used them to identify three regions over the U.S. based on regional footprints of NALLJ activity. Connectivity of the regional NALLJ modes and tornadic activity to tropical Pacific SST variations indicated that the structure of SST linkages is highly dependent on the selected region and multidecadal epoch. In particular, they found that SST variability patterns similar to the Pacific Decadal Oscillation (PDO) are linked to northern Great Plains tornadoes and NALLJ Mode-1, and the TNI pattern to southeast tornadoes and NALLJ Mode-2. All SST regressions are stronger in the more recent decades (1979-2010) when compared to the full 1950-2010 time period. The influence of NALLJ variability on the tornadic environment was also assessed and showed interesting regional spatial patterns in anomalies of CAPE, helicity (or vertical wind shear), and the lifted index.
3. Research objectives

Recent tornado outbreaks over the U.S. have caused devastating societal impacts with significant loss of life and property, prompting the need to identify and understand long-term climate signals that may provide seasonal predictability for intense tornado outbreaks over the U.S. A recent study by Lee et al. [2013] used both observations and model experiments to show that an optimal springtime ENSO SST pattern may enhance large-scale atmospheric processes conducive to tornado outbreaks in the U.S. Therefore, the main goal of this proposal is to evaluate seasonal (1 ~ 3 months) prediction skill for springtime ENSO phase evolution and its relation to tornado outbreaks in the U.S. in the North American Multi Model Ensemble Phase 2 (NMME-2) system.

4. Methodology

4.1 Severe Weather Database (SWD) 

The severe weather database (SWD) from the National Oceanic and Atmospheric Administration indicates that the number of total U.S. tornadoes (i.e., from F0 to F5 in the Fujita-Pearson scale) during the most active tornado months of March, April and May (MAM) has been steadily increasing since 1950. However, due to numerous known deficiencies in the SWD, including improvements in tornado detection technology and changes in damage survey procedure over time, one must be cautious in attributing this secular increase in the number of U.S. tornadoes to a specific long-term climate signal [Brooks and Doswell 2001; Verbout et al. 2006]. Since intense and long-lived tornadoes are much more likely to be detected and reported even before a national network of Doppler radar was built in the 1990s, the number of significant (i.e., from F2 to F5 in the Fujita-Pearson scale) and intense (i.e., from F3 to F5 in the Fujita-Pearson scale) U.S. tornadoes in MAM during 1950-2013 obtained from the SWD will be used in this study. 

However, it is important to realize that the number of tornadoes may not be the proper metric for representing tornado activity in a given year. For instance, 60 out of the 88 intense U.S. tornadoes in MAM of 1974 occurred on one convective day. Thus, some years with a large number of tornadoes are not qualified as outbreak years if the single day with the largest number of tornadoes in each year is taken out. Due to this limitation in using the number of tornadoes as a tornado metric, it is important that we explore and test different tornado indices. Another widely used metric is the significant (or intense) U.S. tornado-days, which can be obtained by counting the number of days in which more than a threshold number of significant (or intense) tornadoes occurred [e.g., Verbout et al. 2006]. The threshold number is the upper 25% in the number of significant (intense) U.S. tornadoes in a given day of MAM during 1950-2013 [Lee et al., 2011].

4.2 North American Multi Model Ensemble Phase 2 (NMME-2)

Currently, the NMME-2 models include NOAA/NCEP CFSv2, NASA/GSFC GEOS5, NCAR/UM CCSM4.0, NCAR CESM, NOAA/GFDL CM1, FLORa06, and FLORb01, Environment Canada CanCM3 and CanCM4. These models are global, high-resolution, coupled atmosphere-ocean-land surface-sea ice forecast systems and cover the retrospective forecast period of 1982-2010. For example, the CFSv2’s atmosphere resolution is about 38 km (T382) with 64 levels extending from the surface to 0.26 hPa. The CFSv2 ocean model is 0.25° at the equator, extending to a global 0.5° beyond the tropics, with 40 levels to a depth of 4737m. The CFSv2 land surface model has 4 soil levels and the global sea ice model has 3 levels. The CFSv2 atmospheric model contains observed variations in carbon dioxide (CO2), together with changes in aerosols and other trace gases and solar variations. With these variable parameters, the analyzed states include estimates of changes in the Earth system climate due to these factors. All available conventional and satellite observations were assimilated in the CFSv2. The CFSv2 covers the period of 1982–2010 with a 24-member ensemble forecast per calendar month out to nine months into the future [Saha et al. 2010]. 

Kirtman et al. [2014] describe the NMME-2 system, its development and rationale, and show the improved performance of the NMME-1 system over the CFSv2 in predicating ENSO indices and U.S. rainfall variability. One of important tasks in our proposed work is to understand the skill and limitations of the NMME-2 system in predicting key regional parameters for the U.S. tornado outbreaks in MAM (the peak of the tornado season) with 1 to 3 months of lead-time (i.e., January, February, and March initializations). 

The NMME-2 retrospective forecast data for the period of 1982-2010 will be provided at the server https://www.earthsystemgrid.org/search.html?Project=NMME. Table 3 and 4 show the daily atmosphere and land fields to be mainly used to derive key regional parameters for U.S. tornado outbreaks (i.e., ENSO indices, the low-level wind shear (surface to 850mb), moisture transport, and CAPE). 

Table 3. Daily atmospheric and land surface fields (22) available from the NMME-2 retrospective forecasts 
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Variable
	[image: image2.png]


Var. Name
	CF Standard Name

	Surface temperature (SST+land)
	Ts
	surface_temperature

	Mean sea level pressure
	Psl
	air_pressure_at_sea_level

	10m wind (u)
	Uas
	eastward_wind

	10m wind (v)
	Vas[image: image3.png]



	northward_wind[image: image4.png]




	10m specific humidity
	Qas
	Specific humidity[image: image5.png]





Table 4. Daily atmospheric pressure level fields (5) provided at 850, 500, 200, 100, 50 hPa available from the NMME-2 retrospective forecasts
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Variable
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Var. Name
	CF Standard Name

	Temperature
	Ta
	air-temperature

	Zonal velocity
	Ua
	eastward_wiond

	Meridional velocity
	Va
	norward_wind

	Specific humidity
	hus
	specific_humidity


We are particularly interested in assessing the NMME-2 system prediction skill for the U.S. tornado outbreaks in the MAM of 2011. We are quite confident that we can achieve this because the retrospective forecast period in the NMME-2 models will be soon extended to 2011 and beyond. 

4.3 Proxy tornado indices
Brooks et al. [2003] used the NCEP-NCAR reanalysis and SWD to examine environmental conditions associated with significant severe thunderstorms and to discriminate between significant tornadic and non-tornadic thunderstorm environments in the central and eastern U.S for the period of 1997-1999. According to this study, significant severe thunderstorms are generated when CAPE ( 100 and 2–4 km above ground level lapse rate > 6.5 K km-1, while the so-called tornadic condition requires meeting two additional criteria: 

2.86log(S6) + 1.79 log (CAPE) > 8.36,                                           (1)

2.74S1 – 2.99(10-4 LCL – 3.06(10-4 ELV > 1.93,                                 (2)

where S6 is the 0 – 6 km wind shear, S1 is the 0 – 1 km wind shear, LCL is the mean layer lifted condensation level (in m), and ELV is the station elevation (in m). 

In this proposed work, we will use a similar but much-simplified approach using only the seasonally averaged variables derived from the NMME-2 analysis (i.e., 0 ~ 24-hour forecast) and SWD. Our strategy here is to perform a partial regression analysis of key variables with respect to tornado indices. Linear partial regression, which is used in the context of multiple linear regression analysis, is an effective tool to model (or predict) one dependent variable (or predictand) using multiple independent variables (or predictors) when the independent variables are not orthogonal to each other [e.g., Ryan, 2009]. The basic concept is quite similar to that of partial correlation. It basically gives the amount of increase in the dependent variable with respect to the unit increase in one independent variable while all other independent variable are held constant. 

To construct the partial regression model, we will first attempt with five predictors. Two ENSO indices that best represent the springtime ENSO phase evolution, namely the TNI and El Niño Modoki (EMI) indices, will be used [Lee et al., 2014]. We will also use the low-level wind shear (surface to 850mb), moisture transport, and CAPE averaged over the central and eastern U.S. region frequently affected by intense tornadoes (30º–40ºN, 100º–80ºW) [Lee et al. 2013].
Figure 6 shows the number of significant U.S. tornadoes in MAM versus the proxy index derived from the linear partial regression model, which is constructed based on the five predictors (i.e., TNI and EMI indices, and low-level wind shear, moisture transport and CAPE averaged over the central and eastern U.S. region) obtained from the 20th century reanalysis [20CR Compo et al., 2011]. The two time series are significantly and highly correlated (r = 0.72) clearly suggesting that the linear partial regression model is a valuable tool. 

The proxy index will be regenerated based on the NCEP-NCAR reanalysis [Kalney et al., 1996] to explore if the correlation is robust. The proxy index for the period of 1982 - 2010 will be also updated using the NMME-2 analysis. If necessary, a simple linear bias correction will be applied to the 20CR-based (or NCEP reanalysis-based) proxy index to minimize the systematic difference between the 20CR (or NCEP reanalysis) and the NMME-2 analysis.

4.4 Probability of U.S. tornado outbreak

It should be note that the proxy index derived from the partial regression model is not an accurate measure of the number of significant tornadoes (i.e., large RMSE) as shown in Figure 6. For instance, in the MAM of 2011, 135 significant tornadoes occurred in the U.S. However, the partial regression model predicts only 71. This means that it is not practical to predict the number of significant tornadoes for a given year. Therefore, as a more practical alternative, we propose a new metric, “probability of U.S. tornado outbreak”. 

This new metric provides the probability that the number of significant U.S. tornadoes for a given year exceeds a threshold value. To compute this metric, we first need to define “outbreak” when the number of significant tornadoes in MAM exceed a threshold value. Then, for all years during which the proxy index exceeds the threshold value, we count the number of outbreak and non-outbreak years. For example, if we select the lowest of the upper tercile as the threshold value, which is 104 in this case, there are 19 years during which the proxy index exceeds 104. Out of the 19 years, the actual number of significant tornadoes exceeded 104 in 12 years, yielding 75% chance of tornado outbreak. What this means is that if the proxy index exceeds 104, we have about 75% chance to have an outbreak. Similarly, if the proxy index is in between 64 (the highest of the lower tercile) and 104, we have about 31% of chance of having an outbreak. Therefore, as summarized in Figure 6b, the probability of U.S. tornado outbreak for a given year ranges between 0 and 75%.

5. Proposed tasks

Our work will be comprised of three tasks: (task-1) evaluate the NMME-2 prediction skill for springtime ENSO phase evolution and its relation to U.S. tornadic environments; (task-2) construct proxy tornado indices using the NMME-2 analysis; (task-3) analyze the NMME-2 prediction skill for the occurrence of U.S. tornado outbreaks.

Task-1) Evaluate the NMME-2 prediction skill for springtime ENSO phase evolution and its relation to U.S. tornadic environments 

Every ENSO event is somewhat different from others. This is especially true during the springtime ENSO phase evolution. For example, during the decay phase, the SST anomalies in eastern tropical Pacific often switch to the opposite sign (e.g., 2007-2008 La Niña). In some cases, the SST anomalies in the central and eastern tropical Pacific dissipate together during or after spring (e.g., 1991-1992 El Niño), or further evolve into the onset of another ENSO event with either the same or opposite sign in the subsequent months (e.g., 1986-1987 El Niño). In rare cases, the SST anomalies in the eastern tropical Pacific persist much longer than those in the central tropical Pacific, as reported for the decay of the two extreme El Niños in 1982-1983 and 1997-1998. As such, forecasting ENSO is considerably more difficult for boreal spring than other seasons. 

Lee et al. [2013] showed that the seasonal predictability of U.S. tornado outbreaks, if there is any, could originate from springtime ENSO phase evolution and its atmospheric bridge to the U.S. Therefore, our first task is to evaluate seasonal (1 ~ 3 months) prediction skill for springtime ENSO phase evolution and its relation to U.S. tornadic environments (i.e., low-level vertical wind shear, moisture transport and CAPE over the continental U.S.) in the NMME-2 system. The skill of NMME-2 system for predicting various ENSO indices, particularly the TNI and EMI indices, and their relations to U.S. tornadic environments will be assessed targeting MAM. To assess the seasonal forecasting skill of NMME-2 system, anomaly correlations between the NMME-2 analysis and the lead-time dependent forecasts will be applied to the five variables, namely the TNI and EMI indices, and the low-level vertical wind shear, moisture transport and CAPE averaged over the central and eastern U.S. region (30º–40ºN, 100º–80ºW).
Task-2) Construct proxy tornado indices using the NMME-2 analysis
As summarized in section 4.3, we will use the seasonally averaged variables derived from the NMME-2 analysis (i.e., 0 ~ 24-hour forecast) and SWD to perform a partial regression analysis with respect to tornado indices. To construct the partial regression model, we will first attempt with five predictors, namely the TNI and EMI indices, and low-level wind shear, moisture transport and CAPE averaged over the central and eastern U.S. region frequently affected by intense tornadoes (30º–40ºN, 100º–80ºW). For the periods not covered by the NMME-2 (i.e., 1950-1981 and 2011-present), the five predictors will be obtained from the 20CR. If necessary, a simple linear bias correction will be applied to the 20CR-based proxy index to minimize the systematic difference between the 20CR and the NMME-2 analysis.

We will also consider other variables. For example, synoptic activity, which can be represented as variance of 5-day high-pass filtered meridional winds at 300 hPa, will be tested if it adds value to the partial regression model.

Task-3) Analyze the NMME-2 prediction skill for the occurrence of U.S. tornado outbreaks

Our next task is to evaluate the seasonal (1 ~ 3 months) prediction skill of the NMME-2 system for the observed tornado indices targeting MAM. First, we will construct lead-time dependent proxy tornado index based on the five predictors. Then, we will use various evaluation merics, namely anomaly correlation, RMSE, mean absolute error, amplitude and biases to assess the NMME-2 skill and lead-time dependence in forecasting the observed tornado indices. 

For example, the CFSv2 includes a 4-member ensemble initialized every 5th day of each year for 1982-2010 beginning on January 1st. The lead-dependent proxy tornado index for MAM will be constructed from the monthly output of all reforecasts initialized between January 1 and April 1 for 1982-2010, comprising the total of 76 ensemble members. Then, we can compute the anomaly correlation (and other evaluation merics) between the observed MAM tornado index and the proxy MAM tornado index derived from the 28-member ensemble forecasts initialized between January 1 and January 30 to measure the predication skill of the CFSv2 with three-month lead-time, and etc. A similar procedure will be applied for the other NMME-2 models to assess the skill of individual models and for the NMME-2 system. 

6. Future tasks

Completing the above three tasks, we will learn if the NMME-2 has a usual skill to forecast U.S. tornado activity in MAM. If it does, we would like to explore an experimental seasonal outlook for U.S. tornado outbreaks. However, it is unlikely that we can complete beyond the first three tasks within one-year period. Therefore, the following two tasks are saved for future funding opportunity.

Task-4) Explore an experimental seasonal outlook for U.S. tornado outbreaks  
If the NMME-2 has a usual skill to forecast U.S. tornado activity in MAM, the next task is to explore an experimental seasonal outlook for U.S. tornado outbreaks. The experimental outlook product will provide the probability of U.S tornado outbreaks, which will be computed based on the methodology described in section 4.4. Using the NMME-2 system forecasts, the probability of the U.S. tornado outbreaks for a given year can be estimated using the following equation: 

Prob. (%) = (M1×P1 + M2×P2 + M3×P3) × N-1,                                     (3)
where N is the total number of the NMME-2 ensemble forecasts, M1 is the number of ensemble members with their MAM proxy tornado indices exceeding the threshold value for outbreak, M2 is the number of ensemble members with their MAM proxy tornado indices fall between the threshold value for outbreak and the upper limit value for low-activity, M3 is the number of ensemble members with their MAM proxy tornado indices below the upper limit value for low-activity. P1, P2, and P3 are the probability of outbreaks, which will be determined from the NMME-2 analysis, 20CR and SWD as described in section 4.4.

For example, if the threshold number of significant tornadoes for outbreak is 104, the upper limit number of significant tornadoes for low-activity is 64, P1 = 75%, P2 = 31%, P3 = 0% (these values will be later updated using the NMME-2 analysis), M1 = 67, M2 = 28, and M3=5, the probability of U.S. tornado outbreak is 59% (= [67×75 + 28×31 + 5×0] × 100-1). As shown in Table 3, depending on probability of U.S. tornado outbreaks obtained from the NMME-2 system, four-stage alert levels, i.e., Low (Green), Moderate (Yellow), High (Red), and Extreme (Black), may be issued in January 1, February 1 and March 1.

To measure the accuracy of the probabilistic U.S. tornado outbreak prediction, we will use various evaluation merics, including Brier skill score:
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where P is the forecasted probability (0 ~ 1), O is the actual outcome of the event (1 if an outbreak occurs, and 0 if an outbreak does not occur) and N is the number of forecasting instances. 

Table 3. An example of seasonal outlook for U.S. tornado outbreaks. Depending on probability of U.S. tornado outbreaks obtained from the NMME-2 system, four-stage alert levels, i.e., Low (Green), Moderate (Yellow), High (Red), and Extreme (Black), may be issued in January 1, February 1 and March 1. 

	Probability of U.S. tornado outbreaks in MAM
	Alert Level 
	Description

	Above 60%
	Extreme
	Highly enhanced chance of outbreak

	40 – 60%
	High
	Enhanced chance of outbreak

	20 – 40%
	Moderate
	Normal chance of outbreak

	Below 20%
	Low
	Below normal chance of outbreak


Task-5) Explore an experimental seasonal outlook for regional U.S. tornado outbreaks

It is important to point out that tornado outbreaks in the U.S. occur in regional scale. In the MAM of 2011, for instance, the majority of the significant tornadoes occurred in the Southeast.  Therefore, in the next task, we would like to explore if the seasonal outlook described in the task-4 can be achieved in regional scale. The main steps to compute the probability of regional U.S. tornado outbreaks are identical to those described in task-2, -3 and -4, except that the observed and proxy tornado indices are constructed separately for predefined regions. For instance, we can use three U.S. regions, namely, the South, Central and Southeast as defined by the National Climate Data Center. 

We can also divide the U.S. into 5º×5º boxes. Figure 7 shows the number of significant U.S. tornadoes in MAM versus the proxy index for the region of 35ºN-40ºN and 90ºW-95ºW. Figure 8 is the same as Figure 7 expect for the region of 30ºN-35ºN and 85ºW-90ºW. As expected, the two regions have very different time series in the observed number of significant tornadoes. The observed and proxy time series are significantly and highly correlated in both regions (r = 0.52 ~ 0.56) suggesting that it may be possible to issue a seasonal outlook for regional U.S. tornado outbreaks. 

7. Work plan and collaboration with S. Weaver (CPC)

S.-K. Lee will primarily carry out all of the three proposed tasks, while R. Atlas, C. Wang will help and guide S.-K. Lee. S. Weaver is a collaborator of this proposed work. Currently, he is a research meteorologist in the operational monitoring & operational prediction branches of the NOAA Climate Prediction Center (CPC) in College Park, Maryland. If this proposal is funded, we will collaborate with S. Weaver in our efforts to analyze the NMME-2 prediction skill for the occurrence of U.S. tornado outbreaks (task-3). His expertise on the variability of the North American low-level jet and its relation with U.S. tornado activity will be essential for successfully completing the proposed works. 
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Figure 1. Anomalous SSTs in AM of three historical U.S. tornado outbreak years, namely (a) 2011, (b) 1974 and (c) 1925, obtained from ERSST3. The unit is °C.
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Figure 2. Anomalous geopotential height and wind at 500 hPa, moisture transport and lower-level (850 – 1000 hPa) vertical wind shear for the ten most active U.S. tornado years (a, b and c) and the ten least active U.S. tornado years (d, e and f) in AM during 1950-2010 obtained from NCEP-NCAR reanalysis. The units are kg m-1sec-1 for moisture transport, m for geopotential height, and m s-1 for wind and wind shear. The small box in (a) - (f) indicates the central and eastern U.S. region frequently affected by intense tornadoes (30oN-40oN, and 100oW-80oW). The values of the 90% confidence interval averaged over the box region are 15 (17) and 0.5 (0.4) for b (e) and c (f), respectively.
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Figure 3. Anomalous (a) geopotential height and wind at 500 hPa, (b) moisture transport and (c) lower-tropospheric (850 – 1000 hPa) vertical wind shear for the top ten positive TNI years in AM during 1950-2010 obtained from NCEP-NCAR reanalysis. The units are kg m-1sec-1 for moisture transport, m for geopotential height, and m s-1 for wind and wind shear. The small box in (a) - (c) indicates the central and eastern U.S. region frequently affected by intense tornadoes (30oN-40oN, and 100oW-80oW). The values of the 90% confidence interval averaged over the box region are 16 and 0.5 for b and c, respectively.
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Figure 4. Incidents of intense (F3-F5) U.S. tornadoes in AM for (a) the top ten positive TNI year, (b) ten neutral TNI years, and (c) the top ten negative TNI years during 1950-2010 obtained from SWD. Green color is for F3, blue color for F4 and red color for F5 tornadoes. 
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Figure 5. Simulated anomalous (a) geopotential height and wind at 500 hPa, (b) moisture transport and (c) lower-level (850 – 1000 hPa) vertical wind shear in AM obtained from EXP_TNI – EXP_CLM. The units are kg m-1 sec-1 for moisture transport, m for geopotential height, and m s-1 for wind and wind shear. Thick black lines in (a) indicate the tropical Pacific region where the model SSTs are prescribed. The small box in (b) and (c) indicates the central and eastern U.S. region frequently affected by intense tornadoes (30oN-40oN, and 100oW-80oW). The values of the 90% confidence interval averaged over the box region are 17 and 0.5 for b and c, respectively. 
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Figure 6. (a) Time series of the number of significant (F2-F5) U.S. tornadoes in MAM versus the proxy index derived from the linear partial regression model, which is constructed based on the five predictors (i.e., TNI and EMI indices, and low-level wind shear, moisture transport and CAPE averaged over the central and eastern U.S. region) obtained from the 20th century reanalysis. (b) Scatterplot of the observed versus proxy number of significant (F2-F5) U.S. tornadoes in MAM. The green line in (b) is the linear regression line, which is above the 99% significance level. The black solid line in (b) indicates the lowest of the upper tercile (104), whereas the black dashed line indicates the highest of the lower tercile (64). The probability of U.S. tornado outbreaks is 75% if the proxy index is above 104, 31% if the proxy index is in between 104 and 64, and 0% if the proxy index is below 64. 
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Figure 7. Same as Figure 6 expect that the observed and proxy tornado indices are obtained for the region of 35ºN-40ºN and 90ºW-95ºW. 
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Figure 8. Same as Figure 6 expect that the observed and proxy tornado indices are obtained for the region of 30ºN-35ºN and 85ºW-90ºW.

Budget Justification

Salary requests from NOAA/CPO include funds for S.-K. Lee (4 months) and for a research supporting staff (0.3 months). R. Atlas, and C. Wang will work on this project for one month per year at no salary cost to the project. One trip for attending a scientific meeting for dissemination of scientific results or for collaborating with S. Weaver (NOAA/CPC) is budgeted. Publication page charges are also budgeted. 
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