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Storm Sandy first appeared as a tropical storm in the southern Caribbean Sea on Oct. 22, 2012, moved
northeastward, turned northwestward, and made landfall near Brigantine, New Jersey in late October.
Sandy devastated surrounding areas, caused an estimated damage of $50 billion, and became the
second costliest tropical cyclone (TC) in U.S. history, surpassed only by Hurricane Katrina (2005). To
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save lives and mitigate economic damage, a central question to be addressed is to what extent the
lead time of severe storm prediction such as Sandy can be extended (e.g., Emanuel 2012; Kerr 2012).
In this study, we present 10 numerical experiments initialized at 00 and 1200 UTC Oct. 22-26, 2012,
with the NASA coupled advanced global modeling and visualization systems (CAMVis). All of the
predictions realistically capture Sandy’s movement with the northwestward turn prior to its landfall.
However, three experiments (initialized at 0000 UTC Oct. 22 and 24 and 1200 UTC Oct. 22) produce
larger errors. Among the 10 experiments, the control run initialized at 0000 UTC Oct. 23 produces a
remarkable 7-day forecast. To illustrate the impact of environmental flows on the predictability of
Sandy, we produce and discuss four-dimensional (4-D) visualizations with the control run. 4-D
visualizations clearly demonstrate the following multiscale processes that led to the sinuous track of
Sandy: the initial steering impact of an upper-level trough (appearing over the northwestern
Caribbean Sea and Gulf of Mexico), the blocking impact of systems to the northeast of Sandy, and the
binary interaction with a mid-latitude, upper-level trough that appeared at 130degrees west longitude
on Oct. 23, moved to the East Coast and intensified during the period of Oct. 29-30 prior to Sandy’s
landfall.

Introduction

NASA’s major hurricane research activities focus on improving our understanding of how tropical
storms form, develop, and intensify. Recent studies using high-resolution model simulations and
satellite data have shown a potential for improving our understanding of TC formation and thus
extending the lead time of TC genesis prediction. Knowledge gained from these studies could
ultimately save lives and reduce property damage. In a series of papers with a high-resolution global
model, Shen et al. (2010a,b; 2012a) have conducted case studies to examine the impact of large-scale
tropical waves on TC activities such as formation, including (i) TC Nargis (2008) and its association
with an equatorial Rossby (ER) wave; (ii) Hurricane Helene (2006) and its association with an
intensifying African easterly wave; and (iii) Twin TCs (2002) and its association with a mixed
Rossby-gravity wave embedded in organized large-scale convective systems. Multiscale processes
and their interactions that could impact the aforementioned TCs’ formation and initial evolution are
illustrated with advanced scientific 4-D (X-Y-Z-time) visualizations by Shen et al. (2013a). Based on
these studies, it has been hypothesized that improved predictability of TC activities (e.g., formation)
can be achieved by improving hierarchical scale interactions of a TC and its environmental flows,
such as different type of tropical waves. In this study, the impact of large-scale flows on the
movement of Hurricane Sandy is illustrated with advanced simulations and visualizations. We first
discuss our modeling and visualizations approaches and then present track predictions and
visualizations.

Modeling and Visualization Approaches

Simulations are performed with the global mesoscale model (GMM) (Shen et al., 2006a,b) and
verified with global reanalysis and NASA satellites. The GMM at the highest resolution of 1/12
degree (~9 kilometers in the equator) was deployed based on the finite-volume general circulation
model (e.g., Lin, 2004) and has been used to demonstrate the potential for improving the multiscale
interactions of a TC with environmental flows and thus TC activities such as movements (e.g., Atlas
et al., 2005; Shen et al., 2006a,b), as well as intensities and genesis (e.g., Shen et al., 2006b; 2010a,b;
2012; 2013a,b). During the past several years, we have coupled the GMM with modern concurrent
visualization technology (Ellsworth et al., 2006; Green et al., 2012) into the coupled advanced global
mesoscale (multiscale) modeling and visualization (CAMVis) system, which has been used to exploit
the enabling role of the high-resolution, 4-D visualizations in illustrating TC’s transient dynamics and
their interaction with tropical waves (Shen et al., 2011; 2013a).
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When a TC’s vertical structure varies with height, such as low-level cyclonic circulation and upper-
level anticyclonic circulation, visualizations of the TC’s circulations at different altitudes can be
helpful for illustrating both its evolution and interactions with environmental flows. In order to
achieve this, we developed the 3-D streamline package (StreamPack), which is used to generate the
streamlines at different heights with different colors. The current version does not really use the
information on vertical wind velocity in the vertical dimension. Each pressure level is treated
independently: 2-D streamlines are produced within a pressure level, and then the levels are stacked to
produce a quasi-3-D image. Opacity is used to control the “transparency” of the streamlines at
different heights to illustrate both the TC’s structure and its relationship with surrounding flows. The
goal is to clearly display major features that appear in three major “layers,” including low, middle and
upper layers. Each of these layers, which are shown mainly in blue, green, and pink, respectively,
contains several (e.g., 3-5) contiguous levels. In the StreamPack, the degree of opacity is determined
by a parameter called “alpha,” which is a function of wind speeds. The larger the alpha value, the
more opaque streamlines are. In other words, if there exist more streamlines at different levels
(layers), they would look less transparent. On the other hand, the evolution of streamline density at a
specific level may qualitatively indicate the evolution of average wind speeds, i.e., denser streamlines
represent stronger average wind speeds. It has been shown that the 3-D StreamPack is useful for
illustrating the multiscale interactions between TC formation and tropical waves (Shen et al., 2013a).

Figure 1: Ten consecutive 5-8 day track predictions of
Hurricane Sandy. Panels (a) and (b) show the results
initialized at 00Z and 127 on different days. Colored
lines represent model forecasts, while the black line
indicates the locations 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. An open circle with the same color
scheme indicates the predicted location of Sandy at
00Z Oct. 29 from the corresponding run. Image
Credit: B. Shen

In this study, we present 10 track predictions of Sandy that were initialized at 0000 and 1200 UTC
Oct. 22-26. These runs are referred to as “MM/DD/HH” here. MM, DD and HH represent the month,
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day, and hour, respectively. For example, 10/23/00z is used to refer the run initialized 00Z Oct. 23.
We then discuss visualizations with the control run (10/23/00z) created by the StreamPack.

Simulations and Visualizations of Hurricane Sandy

Figure 1 displays the 10 track forecasts of Hurricane Sandy. All of runs capture the northwestward
turn prior to Sandy’s landfall, and most of runs produce accurate and consistent track forecasts.
However, three runs (10/22/00z, 10/22/12z, and 10/24/00z) simulate tracks with larger errors. For
example, the 10/22/00z run produces larger errors that include an initial error of 151.6 kilometers and
an initial clockwise movement, instead of a counter-clockwise movement, between Oct. 22 and 24.
The 10/24/00z run simulates the track with a smooth northwestward turn prior to Sandy’s landfall.
Among the 10 experiments, the 10/23/00z run produces an accurate track with errors of 127.9, 210.5
and 335.0 kilometers and slightly overestimates intensities with errors of -10.1, -15.5, and -13.3 hPa
on days 6-8, respectively. To illustrate the remarkable predictability on the northwestward turn on day
6 and landfall on day 7, a 4-D visualization is created and discussed below.

Figure 2 displays 4-D visualizations of Hurricane Sandy consisting of temporal evolution of 3-D
visualization at 0000 UTC Oct. 23 (a), 1200 UTC Oct. 25 (b), 1200 UTC Oct. 27 (c), and 1200 UTC
Oct. 28 (d). During the period, Sandy initially moved northward under the influence of the sub-
tropical middle- and upper-level trough (to Sandy’s northwest) (Figure 2a), interacted with the trough
that experienced deepening (Figure 2b), increased its spatial extent (Figure 2¢), and encountered a
pair of high-and-low blocking pattern over the North Atlantic which prevented Sandy from moving
eastward (Figure 2d, Blake et al., 2013). The blocking pattern consists of the middle-latitude cyclonic
system (to Sandy’s northeast) and anti-cyclonic system (to the north of the cyclonic system). In the
next 24-36 hours, Sandy interacted with the intensifying upper-level trough, which moved eastward
from 130 degrees west longitude on Oct. 23, turned northwestward, and made landfall in New Jersey,
which is discussed below.

0000 UTC Oct 23 2012

1200 UTC Oct 25 2012

»

Figure 2: 4-D visualizations of Hurricane Sandy consisting of
temporal evolution of 3-D visualization at 0000 UTC Oct. 23 (a),
1200 UTC Oct. 25 (b), 1200 UTC Oct. 27 (c), and 1200 UTC 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
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North Atlantic, which prevented Sandy moving eastward further
(d). At this time, the middle-latitude, upper-level trough (labeled
in a white “T”) intensified. The block pattern consists of the
middle-latitude cyclonic system (to Sandy’s northeast) and anti-
cyclonic system (to the north of the cyclonic system). In the next
24-36 hours, Sandy interacted with the intensifying upper-level
trough, which moved eastward from 130 degrees west longitude
on Oct. 23, turned northwestward, and then made landfall in New
Jersey (Figure 3). The corresponding animation is available as a
google document at http://goo.gl/hMkNd. Image Credit: David
Ellsworth.

Figure 3 shows 4-D visualizations of the second Sandy-trough interactions prior to its landfall 0000
UTC Oct. 28 (a), 0600 UTC Oct. 29 (b), 1200 UTC Oct. 29 (c), and 1800 UTC Oct. 29 (d). The
middle-latitude trough appeared near longitude 130 degrees west longitude on Oct. 23 (Figure 2a) and
moved eastward and arrived on the East Coast by of Oct. 29-30. During this period, two cyclonic
vortices (with positive vortices) associated with Sandy and the trough rotated cyclonically about each
other and then merged together. This may be viewed as a Fujiwhara effect (e.g., Sobel 2012),
Fujiwhara interaction, or binary interaction.

In summary, simulations and visualizations of Hurricane Sandy show that the lead time of TC
predictions can be extended by improving multiscale interactions of Sandy with the large-scale flows
that include a sub-tropical, upper-level trough (appearing over the northwestern Caribbean Sea and
Gulf of Mexico), blocking systems to the northeast of Sandy, and a mid-latitude, upper-level trough
that moved eastward from 130 degrees west longitude. However, due to the complexity of scale
interactions, it is desirable to have a tool that can effectively analyze environmental flows at different
scales. To achieve, this, currently, we are developing a multiscale analysis package (MAP) with the
core technology of the empirical mode decomposition (Huang et al. 1998), and will integrate the
MAP into the CAMVis for hurricane climate study.
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Figure 3: 4-D visualizations of the second Sandy-trough interactions prior to its landfall at 0000 UTC
Oct. 28 (a), 0600 UTC Oct. 29 (b), 1200 UTC Oct. 29 (c), and 1800 UTC Oct. 29 (d). The middle-
latitude trough appeared near longitude 130 degrees west longitude on Oct. 23, 2012 (Figure 2a) and
moved eastward and arrived on the East Coast by Oct. 29-30. During this time period, two cyclonic
vortices (with positive vortices), which are associated with Sandy and the trough, rotated cyclonically
about each other and eventually merged together. The corresponding animation is available as a
google document at http://goo.gl/kC7Jdm. This may be viewed as a Fujiwhara effect (e.g., Sobel
2012), Fujiwhara interaction, or binary interaction. Image Credit: David Ellsworth.
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