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Introduction In late October 2012, Storm Sandy made landfall near Brigantine, New Jersey, devastating surrounding areas and causing tremendous economic loss and hundreds of fatalities (Blake et al., 2013). An estimated damage of $50 billion made Sandy become the second costliest tropical cyclone (TC) in US history, surpassed only by Hurricane Katrina (2005). In this study, we analyze the multiscale processes associated with Sandy using a global mesoscale model and multiscale analysis package (MAP) and focus on shortterm (or extended-range) genesis prediction as the first step toward the goal of understanding the relationship between extreme events, such as Sandy, and the current climate. We first present five track and intensity forecasts of Sandy initialized at 00Z October 22-26, 2012, realistically producing its movement with a northwestward turn prior to its landfall. We then show that three experiments initialized at 00Z October 16-18 captured the genesis of Sandy with a lead time of up to six days and simulated reasonable evolution of Sandy’s track and intensity in the next two-day period of 18Z October 21-23. Results suggest that the extended lead time of formation prediction is achieved by realistic simulations of multi-scale processes, including (1) the interaction between an easterly wave and a low-level westerly wind belt (WWB); (2) the appearance of the upper-level trough at 200-hPa to Sandy’s northwest. The low-level WWB and upper-level trough are likely associated with a Madden-Julian Oscillation. 1



Multiscale Processes To improve the prediction of TC’s formation, movement and intensification, we need to improve the understanding of nonlinear interactions across a wide range of scales, from the large-scale environment (deterministic), to mesoscale flows, down to convective-scale motions (stochastic).
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Scientific Goals •



Different scale flows may have different intrinsic predictability (or “persistence”);



•



Larger-scale flows are more predictable (in general), so it may provide determinism on the simulations of smaller-scale flows;



•



Small-scale moist processes are believed to be more chaotic, so it may pose uncertainties during the numerical integration;



1. To what extent can large-scale flows determine the timing and location of TC genesis; 2. To what extent can small-scale flows resolved by increased resolution have significant (negative or positive) feedback on the simulations of TC genesis; 3. If and how realistically can a high-resolution global model depict those processes. • •



•



To address (1), we need tools to detect and analyze wave-like disturbances, such as spectral analysis method or HHT/EEMD methods; To address (2), we need to understand the impact of small-scale processes on solution’s stability, which requires stability analysis tools (SAT) to calculate nonlinear growth rate (Lyapunov exponent); To address (3), we will need an integrated system, e.g., CAMVis-MAP. 3



Architecture of the CAMVis-MAP data transfer Global Multiscale Modeling



CAMVis: Coupled Advanced global Modeling and concurrent Visualization system



Supercomputing & Visualization Satellite Data



Multiscale Analysis Scalable framework for global EMD, ensemble EMD Scalable Multiscale Analysis Package (MAP) and, multi-dimensional ensemble EMD 4



EMD as Bank Filters Empirical model decomposition (EMD, Huang et al., 1998), which generates intrinsic model functions (IMFs), performs like filter banks (e.g., a dyadic filter) as each of the IMFs has features with comparable scales (Wu and Huang 2009, and references therein). The unique feature suggests a potential for hierarchical multiscale analysis. The right figure displays the first 9 IMFs for the Gaussian White Small Noises with 220 (1 million) Scale points, showing the characteristics of the bank filters (i.e., a dyadic filter). Assume T and ω (=1/T) to be the period Medium and frequency, respectively, we Scale have
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which indicates a doubling of the mean period.



Reproduced by Shen et al. (2012b)
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10 Track Predictions of Hurricane Sandy



Figure 1: Ten consecutive 5-8 days track predictions of Hurricane Sandy (2012). Panels (a) and (b) show the results initialized at 00Z and 12Z on different days, respectively. Color lines represent model forecasts, while the black line indicates the best track. The light blue, blue, green, red and purple lines represent the forecasts starting from Oct. 22, 23, 24, 25 and 26, respectively. An open circle with the same color scheme indicates the predicted location of Sandy at 00Z Oct. 29 from the corresponding run. (Panel (a) is reproduced from the supplemental materials of Shen et al. 2013c). 7



Min SLPs and Max Surface Winds



(a)



(b)



Figure 2: Five consecutive 5-8 days predictions of minimum sea level pressure (MSLP) (a) and 10m winds (b) for Hurricane Sandy (2012) initialized at 00Z on different days. Color lines represent model forecasts, while the black line indicates the intensity of the best track. The light blue, blue, green, red and purple lines represent the forecasts starting from Oct. 22, 23, 24, 25 and 26, respectively.
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850-hPa Low-level Winds



Figure 3: Left: Time-longitudinal diagrams of 850-hPa zonal winds averaged over latitudes 5o to 10oN during the period of Oct. 17 to 25, 2012. Right: Spatial distributions of 850-hPa zonal winds (shaded, m/s) and vorticity (with selected contour lines of 1x, 2x, 4x10-5 s-1), which are averaged over a two-day period of 00Z Oct. 21-23. Top panels show ERA-Interim reanalysis while bottom panels show results from the 10/16 run. (Results from other runs can be found in Shen et al. 2013c) 9



200-hPa Upper-level Winds



AC



Figure 4: Left: 200-hPa wind vectors and zonal winds (shaded, m/s) at 00Z Oct. 21 2012. Right: 200-hpa meridian winds (shaded, m/s) averaged over a two-day period of 00Z Oct. 21 to 23. Top panels show the ERA-Interim reanalysis while bottom panels display results from the 10/16 run. The horizontal (vertical) green reference line is along the latitude of 20oN (the longitude of 80oW). The label ‘AC’ indicates an anti-cyclonic circulation. (Results from other runs can be found in Shen et al. 2013c) 10



Track and Intensity after Genesis



Figure 5: Genesis predictions of Hurricane Sandy in three runs initialized at 00Z Oct. 16-18, shown in blue, light blue, and red, correspondingly. The black line indicates the best track. Panel (a) shows the predicted locations of Sandy after its formation. Panel (b) shows the corresponding minimal sea level pressure from 21Z Oct. 21 to 00Z Oct. 25.
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Decompositions of U winds with the PEEMD



Figure 6: Decompositions of the low-level zonal winds from the ERA-Interim reanalysis data. (a) 850-hPa zonal winds averaged over a two-day period of 00Z Oct. 21-23, 2012. (b, c) The 3rd and 5th IMFs extracted from the zonal wind fields, respectively. (d) A zoomed-in view of IMF3 in a green box. The black dot at (12oN, 78.5oW) indicates the vortex center of the two-day averaged 850-hPa winds. 12



Multiscale Processes associated with Sandy (b)
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Figure 7: 4D visualizations of Hurricane Sandy (2012) at 00Z Oct. 23 (a), 12Z Oct. 25 (b), 12Z Oct. 27 (c), and 12Z Oct. 28 (d). During the period, Sandy (labeled in a pink ‘S’) moved northward under the influence of the sub-tropical middle- and upper-level trough (to Sandy’s northwest) (a), interacted with the trough that was deepening (b), increased its spatial extent (c), and encountered a pair of high-and-low blocking pattern over the North Atlantic, which prevent Sandy moving eastward further (d). 13



Visualization of Vortex Interaction (a)



(b)



(c)



(d)



Figure 8: 4D visualizations of the second Sandy-trough interactions prior to its landfall, which are validated at 00Z Oct. 28 (a), 06Z Oct. 29 (b), 12Z Oct. 29 (c), and 18Z Oct. 29, 2012 (d). During this time period, two cyclonic vortices (with positive vorticities), which are associated with Sandy and the trough, rotated cyclonically about each other and eventually merged together. This may be viewed as Fujiwhara effect (e.g., Sobel 2012), Fujiwhara interaction, or binary interaction. 14
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