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Examination of Hurricane Sandy’s (2012) structure

and intensity evolution from full-field and

anomaly-field analyses

By WEI-HONG QIAN1*, JING HUANG1 and JUN DU2, 1Department of Atmospheric

and Oceanic Sciences, Peking University, Beijing 100871, China; 2Environmental Modeling

Center/NCEP/NOAA, College Park, MD 20740, USA

(Manuscript received 2 July 2015; in final form 13 July 2016)

ABSTRACT

An anomaly-based field analysis approach and a set of simple beta-advection models (BAMs) have been used

to examine the structure evolution and unusual left turn of Hurricane Sandy (2012) before it made the landfall

and caused severe damage along the eastern US coast. Results show that the anomaly-based analysis approach

can clearly reveal Sandy’s structure evolution, including its interaction with other synoptic-scale systems as well

as the intensification and extratropical transition (ET) processes. During its lifetime, Sandy experienced two

consecutive periods of intensification caused by the merging of anomalous vortices on 27 and 29 October. The

unusual left turn and the ET process prior to the landfall are respectively influenced by an anomalous

anticyclone to the northeast and an anomalous cold vortex at the 300�850 hPa layer to the northwest, which is

confirmed by the experiments using the generalised BAM.

Keywords: Hurricane Sandy, anomaly, intensification, extratropical transition, model forecast

1. Introduction

Previous studies have shown that tropical cyclone (TC)

motions are mainly governed by the tropospheric aver-

age steering flow (Chan and Gray, 1982). During summer

and autumn, TCs in the Northwest (NW) Atlantic and

NW Pacific generally move westward, northwestward,

or northward. The TCs are mainly driven by large-scale

steering flow associated with the dominant subtropical high

and the transient synoptic waves from the west in middle

and high latitudes. The possibility for a TC to recurve

into the westerly flow depends on the strength of the sub-

tropical high. If encountering a weakening process in the

subtropical high ridge, a TC often propagates northeast-

ward as it moves into the westerly flow, which is considered

as the normal track (George and Gray, 1976). However, the

classic recurving track exhibits a great variability because

both the strength of the subtropical high and the amplitude

of the mid- and high-latitude wave trains contribute to the

left or right turnings. The unusual TC turnings occur despite

a typical steering flow and the reasons for the turnings are

not obvious from the inspection of the traditional synoptic

charts. Recently, Huang et al. (2015) and Qian et al. (2015)

respectively applied an approach of decomposing a full or

total atmospheric variable into a climatic component and

an anomaly to study the unusual left-turning motion of

four TCs in the East China Sea (ECS) and the intensity

evolution of super Typhoon Megi (2010) in the South

China Sea (SCS). Their results showed that the anomaly-

based analysis and a set of simple beta-advection models

(BAMs) can explain the unusual tracks of TCs in the

ECS and SCS (Qian et al., 2014, 2015; Huang et al., 2015).

The generalised beta-advection model (GBAM) is one

of the simple BAMs, which is able to predict the location

of an anomalous vorticity centre. It is run at an optimal

pressure level of the maximum anomalous vorticity centre.

All unusual right-turning tracks of TCs in the SCS and left-

turning tracks of TCs in the ECS during the last 30 yr can

be well predicted by the GBAM with 2�3 d in advance,

but they cannot be correctly predicted by the climatic-flow

beta-advection model (CBAM) or the anomaly-flow beta-

advection model (ABAM) nor classical BAMs (Qian et al.,

2014; Huang et al., 2015). The reason is that the GBAM takes

the combined effect from the climatic steering flow and the

interaction with anomalous systems into account.
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Over the Atlantic, the infamous Hurricane Sandy (2012)

was an unusual left-turning TC and its rapid intensification

caused tremendous damage along the Mid-Atlantic and

New England regions upon its landfall shortly before

0000 UTC 30 October 2012. In coastal area, the worst

damage was caused by the storm surge, leading to floods in

New York City and its surrounding areas (Galarneau et al.,

2013; Chen et al., 2014). Sandy caused local floods and

sustained hurricane-forced wind along the coast while the

high elevation areas in the Appalachians experienced cold

and heavy snowfall (Magnusson et al., 2014). Advanced

warning of TCs such as Sandy is essential for saving lives

and protecting properties (Malakoff et al., 2012; Burger

and Gochfeld, 2014). The global model of the European

Centre for Medium-Range Weather Forecasting (ECMWF)

provided an excellent forecast of Sandy’s landfall location up

to 1 week in advance (Bassill, 2014; Knabb, 2013; Uccellini,

2013). Despite this success, it is of scientific interest to under-

stand the underlying dynamical processes that are responsible

for the rapid left turn and intensification of Hurricane Sandy

prior to its landfall. Using a stochastic model, Hall and Sobe

(2013) estimated that the return period for an event like

Hurricane Sandy was over 700 yr in terms of its intensity

and landfall. Their finding implies that Sandy is an abnormal

event in the stages of intensification and landfall. Unlike the

conventional synoptic analysis, the anomaly-based analysis

may be useful for the study of Sandy (2012) in the Atlantic.

In this paper, we first demonstrate the advantages of

the anomaly-based analysis over the traditional full-field-

based analysis to reveal the evolution of Sandy’s structure

including its interaction with other systems, intensification

and the final extratropical transition (ET) process using

reanalysis data. Then, the unusual left turn of Sandy influ-

enced by other systems is dynamically explored using dif-

ferent BAMs. This paper is organised as follows. Section 2

describes the Sandy case and data sets. Section 3 describes

(1) the methodology used for extracting anomalous informa-

tion and (2) different BAMs used in this study. Results are

presented in Section 4 and conclusions are in Section 5.

2. Sandy case and data sets

2.1. Sandy case

We first describe the evolution of Hurricane Sandy (2012).

The ‘best track’ of the cyclone’s path, starting at 1800 UTC

21 October 2012, is given in Fig. 1a with the maximum

wind speed and pressure evolution shown in Fig. 1b. Sur-

face and satellite data suggested that a low pressure

circulation became well defined about 200 NM south of

Jamaica on 21 October 2012 (www.nhc.noaa.gov/data/tcr/

AL182012_Sandy.pdf). At the very first stage, Sandy first

moved southwestward slowly for about 1 d as a tropical

depression (TD) and then returned northward for about

2 d as a tropical storm (TS). It intensified into a hurricane

(HR) quickly by late 23 October and continually moved

northward. Its strongest intensity (the first peak wind

speed) was estimated at 0600 UTC 25 October. Six hours

later, it turned northwestward for about 1 d. It weakened

into a TS at 0000 UTC 27 October for a half day and

turned northeastward entering the NW Atlantic. Starting

at 1200 UTC 27 October, Sandy intensified again into a

Fig. 1. (a) Best track and (b) intensity evolution indicated by maximum wind speed (red solid line, knots) and minimum central pressure

(blue dashed line, hPa) of Hurricane Sandy with 6-hour interval from 1800 UTC 21 October to 1200 UTC 31 October 2012. It formed at

1800 UTC 21 October with the strongest wind speed at 0600 UTC 25 October, the second peak at 1200 UTC 27 October and the third peak

at 1200 UTC 29 October, landfall near 0000 UTC 30 October, and dissipation at 1200 UTC 31 October 2012. Sandy was classified as

tropical depression (TD), tropical storm (TS) and hurricane (HR) during its lifetime.
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HR (the second peak wind speed). After 0000 UTC 29

October, it turned left suddenly to the northwest and

reached its third peak wind speed of 85 kt around 1200

UTC and the lowest central pressure of 940 hPa at around

1800 UTC 29 October. Five and a half hours later (around

2330 UTC 29 October), it made landfall near Brigantine,

New Jersey, just north of Atlantic City as a ‘post-tropical’

cyclone. After landfall, it moved westward inland and dis-

sipated at 1200 UTC 31 October 2012.

2.2. Data sets

Two data sets are used in this study. The ECMWF Re-

Analysis Interim (ERA-Interim) provides a set of four-

dimensional variational (4D-Var) reanalysis. It has a

0.758�0.758 latitude-longitude resolution ranging from

1979 to current (satellite era started in 1979). The climatol-

ogy of three basic variables, geopotential height, tempera-

ture and wind at standard pressure levels from 1000 to

50 hPa, is derived from a 30-yr period (1981�2010) of this
data. The second data set is the revised Atlantic hurricane

database HURDAT2 provided by the National Hurricane

Center (NCEP/NHC), which is based on the traditionally

disseminated TC historical database in the format known

as HURDAT (Jarvinen et al., 1984). It provides the best

track of Hurricane Sandy.

3. Approach and models

3.1. Approach

An atmospheric total or full field Ffd;yg k; u; p; tð Þ such as

geopotential height, temperature and zonal (meridional)

wind (u and v) at diurnal time t (24 hours a day), for a

particular time on calendar date d in year y at a spatial grid

of longitude l, latitude 8 and pressure level p, is decom-

posed into a climatic field ~Fd k; u; p; tð Þ and an anomalous

field F 0fd; yg k; u; p; tð Þ following Qian et al. (2014):

Ffd; yg k; u; p; tð Þ ¼ ~Fd k; u; p; tð Þ þ F 0fd; yg k; u; p; tð Þ: (1)

The climatic field is estimated by averaging over 30 yr

(1981�2010) based on the reanalysis data on calendar date

d and at diurnal time t,

~F k; u; p; tð Þ ¼
X2010

y¼1981

Ffd; yg k; u; p; tð Þ=30; (2)

where y runs from 1981 to 2010. It is assumed that the positive

andnegative anomalies ofmeteorological variables at a specific

grid and a given calendar time cancel each other during the

30-yr period to approximate the quasi-static climatic state. The

climatic state (or the temporal climatology) defined by eq. (2)

varies temporally from hour to hour and day to day.

The climatic field retains the diurnal cycle and seasonal

cycle of temperature, wind and height in our previous work

(Qian, 2012; Qian et al., 2014). The motivation of estimat-

ing the temporally varying climatology comes from the

wish to retain known climatic features that vary on the

chosen time scales. For the diurnal cycle, the summer low-

level wind variation was noted in the Southern United

States (Crawford and Hudson, 1973) and the rain averaged

over southern China is the strongest at late night or in early

morning during summer (Yu et al., 2007, 2009; Chen et al.,

2009). For the annual cycle, the SCS summer monsoon

experiences a rapid climatic transition from a dry stage

with easterly wind to a wet stage with westerly wind in

middle May for only several days (Qian and Yang, 2000;

Qian and Jiang, 2015). Using the GBAM, an experiment

indicates that a bias of TC track can be produced by a

daily-mean climatological wind or n-day-mean climatolo-

gical wind at a calendar moment compared to the temporal

climatology derived in our approach (figures not shown).

To detect the intensity evolution of Sandy, vorticity

anomalies, anomalous kinetic energy, climatic kinetic energy

and total kinetic energy are respectively calculated by the

following equations:

10 ¼ @v0

@x
� @u0

@y

� �
; (3)

k0 ¼ u02 þ v02
� �

=2; (4)

~k ¼ ~u2 þ ~v2Þ=2;
�

(5)

k ¼ ðu2 þ v2Þ=2: (6)

3.2. Models

According to the detailed description of Huang et al.

(2015), a GBAM is represented by the equation

@10

@t
¼ �u

@10

@x
� v

@10

@y
� bv0; (7)

where b ¼ ðdf =dyÞ ¼ 2X cosu=a, f ¼ 2X sinu and X ¼
7:292� 10�5rsd=s, which is the angular speed of Earth’s

rotation. a and 8 are the mean radius of the Earth and

geographical latitude, respectively. The GBAM basically

describes the advection of a TC disturbance (anomaly) by

the total flow, which is the sum of the climatic and

anomalous flows [eq. (1)] while the beta effect is caused

by the anomalous meridional flow. The climatic-flow beta

effect and climatic-flow advection, named as the climatic-

flow beta-advection model (CBAM), and the anomaly-flow

beta effect and anomaly-flow advection, named as the

anomaly-flow beta-advection model (ABAM), are

@10

@t
¼ �~u

@10

@x
� ~v

@10

@y
� b~v; (8)
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@10

@t
¼ �u0

@10

@x
� v0

@10

@y
� bv0: (9)

For details, readers can refer to Qian et al. (2014) and

Huang et al. (2015).

The classical BAM is represented by the following

equation:

@1

@t
¼ �u

@1

@x
� v

@1

@y
� bv: (10)

It directly uses total wind. There are several versions of BAMs

(Velden and Leslie, 1991; Marks, 1992; Simpson, 2003): the

BAM Shallow (BAMS) applied to the 850�700hPa layer,

the BAMMedium (BAMM) to the 850�400hPa layer and the

BAM Deep (BAMD) to the 850�200hPa layer. Which layer

(shallow, medium or deep) to apply is an issue for the classical

BAMs. It should be noticed that this simple BAM is written

at the non-divergence level. In the previous studies with the

GBAM (Qian et al., 2014; Huang et al., 2015), they found

that there is an optimal pressure level for a BAM-type model

to apply in short-term (1�3 d) TC track predictions. This level

is close to the levelswith themaximumvorticity anomaly (max-

VA) and the minimum divergence anomaly (min-DA). The

max-VA and min-DA levels can be estimated between 850

and 200hPa over the TC centre at model initialisation time.

The integrations of GBAM, CBAM, ABAM and all

the classical BAMs are done in spherical coordinates

with 0.75-degree longitude-latitude grid interval. The

ERA-Interim reanalysis gives the initial conditions, where

the global climate state and anomaly are obtained through

eqs. (2) and (1). The time step for the model integration is

10 minutes and the climate state is updated every 6 hours

(since the reanalysis is available 6 hourly) through eq. (2).

At each time step, a new vorticity anomaly is calculated

using eq. (7). Then, newwind anomalies are derived from the

new vorticity anomaly via a spherical harmonic expansion,

and the climatic wind is linearly interpolated between the

two climatic winds with 6-hour interval. In this study,

the climatic winds ð~u;~vÞ are calculated based on the last

30-yr average of reanalysis. It means that there is no any

feedback between climatic wind ð~u;~vÞ and anomalous wind

ðu0; v0Þ with time.

4. Results

4.1. Advantages of the anomaly-based analysis

To illustrate the advantage of the anomaly-based analysis

over the traditional total-field-based analysis, a few com-

parisons are given. In a horizontal field such as in Fig. 2,

three troughs (#2, #4 and #5) and a ridge (#3) in a total field

(Fig. 2a) become easily identifiable into three anomalous low

centres (L2, L4 and L5) and an anomalous high centre (H3)

(Fig. 2c) after removing climatic height (Fig. 2b). The

advantage is even more visible in vertical cross sections

such as in Figs. 3 and 4. Figure 3a and c show the vertical-

latitude cross sections of the total and climatic height and

temperature while Fig. 3e is height and temperature anoma-

lies along 75.758W longitude (crossing the TC centre) at

0600 UTC 25 October 2012. Although the differences also

exists if one carefully compares the total field (Fig. 3a)

with the climatic field (Fig. 3c), the detailed structures of

Sandy and other nearby synoptic systems are not obviously

visible in the total field. However, they are clearly revealed

in the anomaly-based field (Fig. 3e). For example, there

is a negative centre (L0) of height anomalies near the

1000 hPa and a positive centre (W0) of temperature anoma-

lies at 700 hPa over Sandy. Another pair of positive height

anomalies (H1) at 150 hPa and positive temperature anoma-

lies (W1) at 250 hPa is also found over Sandy. From the view

of hydrostatic equilibrium, the positive temperature anoma-

lies (W1) at 250 hPa should have negative height anomalies

below it. It thermodynamically implies that the merger

between anomalous warm centre W1 and the Sandy vortex

favours the first intensification of Sandy. To the north

(508N)of Sandy, a positive centre (H3) of height anomalies is

located around 300 hPa, which separates a positive centre

(W3) of temperature anomalies below and a negative centre

(C3) of temperature anomalies above. Similar features of

total, climatic and anomalous fields can also be observed

from a vertical-longitude cross section along 20.258N. The

vertical structures of height and temperature anomalies are

clearly visible over Sandy (W0,L0,W1,H1 andC1) and to its

west (L2, W2 and C2) in the anomaly-based field (Fig. 3f),

but not in the total field (Fig. 3b). Figure 4 is another

vertical-latitude cross section but crossing the mid�high
latitude trough and ridge areas (along 508N, cf. Fig. 2a) at

1800 UTC 27 October 2012. The vertical structures of the

ridge (#3) and trough (#4) are opposite in the anomaly-

based field in Fig. 4c: an upper anomalous cold centre (C3)

and a lower anomalous warm centre (W3) are separated by a

positive centre (H3) of height anomalies (mid-latitude ridge)

over 608�708W centred at 200 hPa, while an upper anom-

alous warm centre (W4) and a lower anomalous cold centre

(C4) are associated with a negative centre (L4) of height

anomalies (mid-latitude trough) over 908�1058Wat 250 hPa.

It has been verified that the height and temperature

anomalies satisfy the hydrostatic equilibrium (Fig. 3e, f

and 4c). Given these advantages, anomaly-based fields will

be used and compared with total field in the next subsection.

4.2. Structure evolution of Sandy

All the results in this subsection are obtained from the

reanalysis data. When Sandy reached the strongest wind

speed at 0600 UTC 25 October 2012, there were three

4 W.-H. QIAN ET AL.
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major synoptic-scale systems (#2, #3 and #4 in Fig. 2a)

which could potentially impact Sandy: a trough #2 to its

west, a strong ridge #3 to its north and a deep trough #4

to its northwest over the central U.S. at 300 hPa. At this

altitude, Sandy is not clear. As seen in the last subsection,

these systems are well observed in the anomaly-based fields

(Figs. 2c, 3e, 3f and 4c). For example, L0 and W0 reflect

the lower-level structure of Sandy itself; L2, W2 and C2

reflect the trough #2; H3, W3 and C3 reflect the mid-

latitude ridge #3; and L4, W4 and C4 reflect the mid-

latitude trough #4. How these anomalous systems influence

Sandy will be discussed in this subsection.

When Sandy headed northeastward on 27 October 2012,

the anomalous vortex (L2 in Fig. 5c) moved eastward and

merged into the Sandy vortex. This anomalous vortex

appeared as a trough in the total field (#2 in Fig. 5e). The

merger or combination of vortex L2 with Sandy (two low

systems) deepened the TC vortex. This intensification can

be observed from Sandy’s maximum wind speed and

central pressure in Fig. 1b. Meanwhile, an anomalous

warm centre W3 below the mid-latitude anomalous high

H3 in the upper troposphere and an anomalous warm

centre W2 above the low L2 closed over the Sandy’s vortex

(Fig. 5a and b), which might be favourable to Sandy’s in-

tensification as a TC system. In this process, Sandy’s warm

core (W0) became indistinguishable from the two warm

cores (W2 and W3) as they moved closer to it. This implies

a thermodynamically favourable situation for its intensifi-

cation under the hydrostatic equilibrium condition when

warm centres closed at the upper troposphere. The anoma-

lous low L4 over the Central United States was also

approaching but still far away from Sandy (Fig. 5b�d).
This anomalous vortex L4 is located at the upper tropo-

sphere (Fig. 5c) while the Sandy vortex L0 is observed in

the mid�low troposphere (Fig. 5d). Unlike a typical TC,

the original altitude of the warm core of Hurricane Sandy

is limited to the lower layer while the storm size is large

(Zhu and Weng, 2013). The height and temperature

anomalies described above are not clear in the total-field

synoptic charts as shown in Fig. 5e and f.

Fig. 2. (a) Total height (black line, 10�10 gpm interval) and total temperature (red line, 4K interval), (b) climatic height (black line,

10�10 gpm interval) and climatic temperature (red line, 4K interval) and (c) height anomaly (thin solid and dashed black lines, 4�10 gpm

interval) and temperature anomaly (shading with while line, 2K interval) at 300 hPa at 0600 UTC 25 October 2012. The grey dashed line

with the symbol ‘ ’ is the best track of Sandy. The thick green line in (c) is the low centre track of anomalous vortex L4 with the current

location (green spot). In (a), the heavy dashed-blue lines indicate three troughs (#2, #4 and #5) while a ridge and the tropical cyclones (TC)

are indicated by #3 and #1, respectively. In (c), letters ‘H’ and ‘L’ indicate the positive and negative centres of height anomalies, and ‘W’

and ‘C’ are the warm and cold centres of temperature anomalies.
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The combination process between the vortex L2 and

the Sandy vortex L0 as well as the dynamical intensification

of the Sandy vortex are clearly observed using vorticity

anomalies and anomalous kinetic energy, respectively, from

0600 UTC 25 to 1800 UTC 27 October 2012 (Fig. 6). The

two centres of vorticity anomalies in Fig. 6a and the two

Fig. 3. Vertical-latitude cross sections of (a) total height (black line, 200�10 gpm interval) and total temperature (red line, 10K

interval), (c) climatic height (black line, 200�10 gpm interval), and climatic temperature (red line, 10K interval) and (e) height anomalies

(solid black line for positive and dashed black line for negative, 2�10 gpm interval) and temperature anomalies (red shading for positive

and blue shading for negative with white line, 1K interval), along 75.758W longitude at 0600 UTC 25 October 2012. In (e), the dotted line

indicates the axis of negative height anomalies, and the long-dashed line indicates the axis of positive height anomalies, while letters ‘H’ and

‘L’ denote positive and negative centres of height anomalies, and letters ‘W’ and ‘C’ denote positive and negative centres of temperature

anomalies. Symbol ‘ ’ indicates the current position of Sandy. Panels (b), (d) and (f) are, respectively, the same as (a), (c) and (e), but for

vertical-longitude cross sections along 20.258N.
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centres of anomalous kinetic energy in Fig. 6c represent

vortex L2 and the Sandy vortex L0 at 0600UTC 25October.

Two days later, the two centres, L2 and L0, were closely

located, so the Sandy vortex had an intensification as

indicated by the positive vorticity anomaly (L0�L2 in

Fig. 6b) and the anomalous kinetic energy (L0�L2 in

Fig. 6d) on 27 October. From 0600 UTC 25 to 1800 UTC 27

October 2012, anomalous kinetic energies increased from

124 to 1120m2 s�2 at 250 hPa and from 430 to 815m2 s�2

near 850 hPa over the Sandy vortex. This intensification

process was not easily identified from the total kinetic en-

ergy (Fig. 6e and f). FromFig. 6e and f, several incomparable

centres occurred due to increasing the climatic kinetic energy

with increasing latitudes (Fig. 6g and h).

Sandy started to turn left at 0000 UTC 29 October.

During the following 24 hours, Sandy experienced its third

intensification when it was approaching the coastline. The

vertical combination of the anomalous warm centre W3

in the upper troposphere and the anomalous vortex L4 in

the middle troposphere was the primary reason for Sandy’s

pre-landfall intensification. After the turning point (0000

UTC 29 October, Fig. 7), interactions occurred among the

anomalous low L4 in the middle troposphere, the anom-

alous high H3 in the upper troposphere and the Sandy

vortex L0 in the mid�low troposphere. This will be con-

firmed by a set of BAMs in Section 4.3. At this moment,

a positive centre and a negative centre of temperature

anomalies are respectively located to the northeast and the

west of Sandy (Fig. 7c). The anomalous cold centre C4 had

not yet merged into the Sandy warm centre (W0) (Fig. 7d).

Sandy cannot move northeastward, due to an anomalously

strong blocking high to its northeast (Fig. 7a and c). The

total height and temperature fields at 300 and 700 hPa

cannot illustrate these relationships although the upper cold

trough was visible to the west of Sandy (Fig. 7e and f).

Approximately 5�6 hours before landfall (1800 UTC 29

October 2012), the anomalous low L4 with cold air mass

intruded into the Sandy vortex from the southwest (Fig. 8e).

Two vortices, L0 and L4, were experiencing a counter-

clockwise rotation. We will explain their interaction by our

simple model in the next subsection. The Sandy vortex L0

moved northwestward and the anomalous cold vortex L4

moved southeastward, as illustrated by the two track lines

in Fig. 8e. The anomalous vortex L4was located in the upper

Fig. 4. Same as Fig. 3b, d and f but along 508N at 1800 UTC 27 October 2012.
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troposphere (Fig. 8b and e) while L0 in the mid�low
troposphere (Fig. 8b and f). Below the 250 hPa, an anom-

alous cold air column and an anomalous warm air column

formed a strong contrast associated with three anomalous

height systems (L0, L4 and H3) over the Sandy vortex

(Fig. 8a and b). The anomalous warm air column was loc-

ated over the Sandy vortex and there was an anomalous

rising flow (green dashed line). The anomalous cold air

column was observed beneath the anomalous low centre L4

and there was an anomalous sinking flow (green solid line).

The anomalous rising and sinking branch flows should

theoretically transform potential energy into kinetic energy.

From 0000 UTC 29 to 1800 UTC 29 October, the central

values of Sandy vorticity anomalies increased from

Fig. 5. Vertical sections of height anomalies (black solid and dashed lines, 2�10 gpm interval) and temperature anomalies (shading,

1K interval) along (a) 75.758W and (b) 308N at 1800 UTC 27 October 2012, as well as the two horizontal synoptic charts of height

anomalies (thin solid and dashed lines, 4�10 gpm interval) and temperature anomalies (shading, 2K interval) at (c) 300 hPa and (d)

700 hPa, respectively. Panels (e) and (f) are the same as (c) and (d), but for total height (blue solid line, 8�10 gpm interval) and total

temperature (red solid line, 4K interval) at (e) 300 hPa and (f) 700 hPa, respectively. In (c), the thick green line is the low centre track of

anomalous vortex L4 and the green spot is its current location. In (e), two blue dashed lines indicate the height troughs.
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34�10�5 to 46�10�5 s�1 near 850 hPa and the central

values of Sandy anomalous kinetic energy increased from

1410 to 3100m2 s�2 at 250 hPa and from 350 to 600m2 s�2

near 700 hPawhile the climatic kinetic energy increased from

380 to 530m2 s�2 at 175 hPa over the Sandy vortex with

increasing latitudes (figures not show). When vortex L4

captured Sandy’s vortex (e.g. Fig. 9a and b), Sandy trans-

formed into a large, intense extratropical cyclone. The strong

gradient of pressure (geopotential height) was clearly ob-

served in the northeast of Sandy (Fig. 9b). The enhanced

energy resulted in an expansion of Sandy’s wind field, which

exacerbated the storm surge in her northeastern quadrant.

In this process, the anomalous cold air mass cut the

anomalously warm and moist air underneath and forced

it to quickly ascend, which resulted in heavy snowfall in her

southwestern quadrant. Again, the contrasts of positive�
negative height and temperature anomalies are not clearly

visible in the total-field-based analysis (Figs. 8c, 8d, 9c and 9d).

At 0000 UTC 31 October 2012 Sandy had already moved

inland. Figure 10 shows the post-landfall structure of

height and temperature anomalies. In the vertical profile,

two anomalous vortices L0 and L4 merged together into a

common centre around 400�500 hPa, accompanied by two

anomalous warm centres (W4 and W0) above and an

anomalous cold centre (C4) below (Fig. 10a and b). This

was a thermally stable structure with an anomalous warm

layer above and an anomalous cold layer below during the

day after Sandy’s landfall as it reached the warm seclusion

phase (Galarneau et al., 2013). At this moment, negative

temperature anomalies were located over Sandy’s vortex in

Fig. 6. Vorticity anomalies (8�10�5 s�1 interval) along the zonal section crossing the centre of Sandy at (a) 0600 UTC 25 (75.758W and

20.258N), (b) 1800 UTC 27 (758W and 30.758N) October 2012. Panels (c) and (d) are the same as (a) and (b) except anomalous kinetic

energy (100m2 s�2 interval). Panels (e) and (f) are the same as (c) and (d) except total kinetic energy. Panels (g) and (h) are the same as (e)

and (f) except climatic kinetic energy (25m2 s�2 interval). Symbol ‘ ’ indicates the current position of Sandy. Capital letter ‘L’ indicates the

position of vortex.
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the lower troposphere (Fig. 10d), while the upper troposphere

was still covered by positive temperature anomalies (Fig. 10c).

Figure 11a summarises the temporal evolution of the

Sandy structure described by height and temperature

anomalies during its lifetime. Following the TC centre, a

time-pressure section of height and temperature anoma-

lies can be depicted every 6 hours from 1800 UTC 21 to 1200

UTC 31 October 2012. Three major time points of inten-

sification can be identified inFig. 11a. The anomalous vortex

of Sandy strengthened slowly from 21 October to early

24 October and its first rapid intensification occurred on

late 24 October when the warm centre W1 overlapped the

Sandy vortex vertically (the first vertical dotted line from

the left). On 25 October, the intensity of Sandy weakened.

Fig. 7. Same as Fig. 5 except for the vertical-latitude sections along (a) 71.258W and (b) 33.758N at 0000 UTC 29 October 2012, as well

as the two horizontal anomaly-based synoptic charts on (c) 300 hPa and (d) 700 hPa, respectively. Total height and total temperature are

shown at (e) 300 hPa and (f) 700 hPa.
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A longer period of intensification occurred from 25 to 27

October when the anomalous centre L2 at 500 hPa with W2

and W3 at 300 hPa merged overlapping the Sandy vortex

at 1800 UTC 27 October 2012 (the second vertical dotted

line). The last rapid intensification of Sandy occurred from

late 29 to early 30 October when the anomalous warm centre

W3 at 300 hPa and negative height centre L4 at 350 hPa

vertically combined with the anomalous warm centre W0

Fig. 8. Same as Fig. 5a and b except at 1800 UTC 29 October 2012 along (a) 73.58W and (b) 38.258N. Panels (c) and (d) are total

height (black solid line, 200�10 gpm interval) and total temperature (red solid line, 10K interval) at 1800 UTC 29 October 2012

along 73.58W and 38.258N, respectively. Height and temperature anomalies are on (e) 300 hPa and (f) 850 hPa at 1800 UTC 29

October 2012. In (a) and (b), the green solid and dashed lines, respectively, indicate anomalous descending and rising pressure velocities

(10 hPa s�1 interval).
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and negative height centre L0 of Sandy in the mid�low
troposphere (the third vertical dotted line). Finally, an ET1

from a TC to an extratropical cyclone occurred when the

anomalous vortex L4 (or the mid�high latitude trough in

total field) merged into the Sandy vortex L0 in the mid�low
troposphere on early 30 October. The cyclone occluded on

30 October when the anomalous cold vortex driven by the

mid-latitude flow invaded the lower portion of the Sandy

vortex. This evolution of the Sandy structure cannot be well

illustrated from the total-field-based analysis. In Fig. 11b, no

detailed evolution can be observed from the total height and

total temperature following the Sandy centre from 1800

UTC 21 to 1200 UTC 31 October 2012 except a rapid

decrease of temperature in the mid�low troposphere and a

rapid increase of temperature from the upper troposphere

to stratosphere after Sandy landfall. This is also a special

case because most intense extratropical cyclones after ET

processes move northward or northeastward (Harr et al.,

2000). As previous studies indicated, TCs that undergo ET

can produce strong surface winds and extreme rainfall that

result in significant societal impacts (Thorncroft and Jones,

2000; Jones et al., 2003). The strong surface winds and

extreme rainfall are largely contributed and analysed by the

anomalous component in our method.

4.3. Model forecasts

The sudden left turn of Sandy occurred at the moment of

0000 UTC 29 October 2012 (Fig. 1a). We examine the

Sandy track in the following 24 and 48 hours using a set of

BAMs so finding the optimal level at 0000 UTC 29 October

2012. Figure 12 shows the meridional and zonal vertical

distributions of vorticity anomalies crossing the centre of

Sandy at 0000 UTC 29 October 2012. As an anomalous

system, the vertical structure of Sandy was well described

by the positive vorticity anomalies below 200 hPa with

its maximum centre at about 850 hPa. In the north side

Fig. 9. Height anomalies (black solid and dashed lines, 4�10 gpm interval) and temperature anomalies (shading, 2K interval) at (a)

500 hPa and (b) 850 hPa at 0000 UTC 30 October 2012. Panels (c) and (d) are the same as (a) and (b) but for total height (blue line,

8�10 gpm interval) and total temperature (red line, 4K interval) on (c) 500 hPa and (d) 850 hPa, respectively.

1Defined as the transition from a warm-core TC to a cold-core

extratropical cyclone.
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of Sandy, a negative vorticity maximum was centred at

around 508N and 250 hPa, which corresponded to the

anomalous high H4 (Fig. 12a). In the west side of Sandy,

the positive centre of vorticity anomalies at 250 hPa over

the US inland is the location of vortex L4 in Fig. 12b. At

1800 UTC 29 October, the two positive centres (L4 and L0)

of vorticity anomalies merged together and intensified the

Sandy strength (not shown).

Using a set of BAMs, we examine the influence of climatic

steering flow on the Sandy’s track and the interaction among

Sandy, H3 and L4 since 0000 UTC 29 October 2010. The

optimal level is determined at 850 hPa with the maxi-

mum positive centre of vorticity anomalies (Fig. 12a and

b). In Fig. 12c, the CBAM predicted that Sandy would head

toward southeast in the following 24 and 48 hours; the

ABAMpredicted that Sandy will have a circular track in the

coming 48 hours; and the GBAM showed that the 24-hour

prediction is close to the best track. It can be easily

understood that the predicted track of CBAM follows the

climatic steering flowwhile the predicted track ofABAM is a

result of interaction among three anomalous systems. If we

only remove the anomalous low L4 from the GBAM, the

predicted track is similar to that of theGBAM,which implies

that the anomalous low L4 has little effect on the left turn of

Sandy. The method of removing an anomalous system is

simply to replace it by its climatic vorticity. For example,

a positive anomalous vortex L4 is replaced by climatic vorti-

city. If we only remove the anomalous high H3 from the

GBAM, the predicted track is a circle, which implies that the

anomalous high H3 has an important role in the left turn of

Sandy. If we remove the two anomalous systems of high H3

and low L4 all together from theGBAM, the predicted track

is similar to that of theCBAM,which implies that the predicted

track is basically influenced by the climatic steering flow.

We further examine the predicted tracks of three classical

BAMs in Fig. 12d. If we use the BAM [eq. (10)] at 850 hPa,

it predicts a reversed ‘z’ type track (BAM-850 hPa). Among

the three classical BAMs, the best prediction is from the

BAMS, because it captures the positive centre of vorticity

anomalies in the lower troposphere. The other two models

Fig. 10. Same as Fig. 5a�d except at 0000 UTC 31 October 2012 for the two vertical sections along (a) 79.58W and (b) 40.58N, as well as

the two horizontal anomaly-based synoptic charts on (c) 300 hPa and (d) 700 hPa, respectively.
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of BAMM and BAMD have larger track deviations from

the best track, but their left turns are well predicted due to

the influence of the high #3.

To physically and quantitatively detect the different

impacts of the climatic flow and anomalous flow on the

Sandy movement, a budget analysis is conducted. During

Sandy’s lifetime, most optimal levels are near 850 hPa as

shown in Figs. 6a, 6b, 12a and 12b. The GBAM can be

written as three terms as

@10

@t
¼ � ~u

@10

@x
þ ~v

@10

@y

� �
� u0

@10

@x
þ v0

@10

@y

� �
� bv0 (11)

here, � ~u @10

@x
þ ~v @10

@y

� �
represents the vorticity advection

by climatic flow, � u0 @1
0

@x
þ v0 @1

0

@y

� �
represents the vorticity

advection by anomalous flow and �bv0 is the beta term.

Figure 12d compares the relative contributions of

� ~u @10

@x
þ ~v @10

@y

� �
, � u0 @1

0

@x
þ v0 @1

0

@y

� �
and �bv0, respectively, to

the moving direction and intensity of Sandy during its

lifetime. We have calculated the three terms within the

radius of 500 km and centred at the central point of

Sandy. Results in Fig. 12e show that the beta term is so

small that can be neglected. Since Sandy reached the

hurricane intensity, its first peak at 0600 UTC 25 October

was contributed largely by the vorticity advection by anoma-

lous flow and the second peak from 0600 UTC to 1800

UTC 29 October was also largely contributed by the

vorticity advection by anomalous flow. It implies that

the vorticity advection by anomalous flow had a larger

contribution to the intensity and motion of Sandy.

The results of the simple BAM experiment provide

insight into the dynamics of the interacting anomalies

and the influence of the climatic steering flow on Sandy’s

track. However, the GBAM cannot predict any TC tracks

beyond 3 d because the optimal level is not constant and

varies with time. On the other hand, the ECMWF model

provided an excellent forecast of Sandy’s landfall up to 8 d

in advance at 0000 UTC 22 October 2012 (Bassill, 2014).

Although the NCEP Global Forecast System (GFS) has a

shorter predictability length than the ECMWF model, it

also correctly predicted the landfall 4 d in advance at 0000

UTC 26 October 2012. The real-time forecasts from these

two operational global models (ECMWF and NCEP GFS)

will be investigated in a separate study with the following

two issues: the comparison of Sandy’s structure and inten-

sity evolution from reanalysis data and the two operational

models; and the examination of the possible reasons why

the GFS had a shorter predictability length than the

ECMWF model in Sandy’s track forecasts.

5. Conclusion

An analysis approach based on anomalous field and a set

of simple BAMs have been used to examine the structure

evolution and unusual left turn of Hurricane Sandy (2012)

before it made the landfall in the US east coast. The

anomaly-based analysis can clearly (1) describe Sandy’s

vertical structure through the spatial configuration of

height and temperature anomalies, and (2) reveal Sandy’s

intensity evolution including its dynamical and thermo-

dynamical interactions with other synoptic systems, leading

to the intensification and ET processes. The last intensifi-

cation and the ET process occurred when the mid-latitude

vortex (or the mid�high latitude trough in total field) merged

into the Sandy vortex in the mid�low troposphere on early

30 October. At that time, Sandy transformed into a large,

intense extratropical cyclone. During the ET process, an

Fig. 11. (a) Time-pressure section of height anomalies (black

solid line for positive and dashed line for negative, 2�10 gpm

interval) and temperature anomalies (shading, 1K interval) with 6-

hour interval from 1800UTC 21 to 1200UTC 31October 2012. The

heavy dotted line and the heavy dashed line are the axes of height

anomalies and temperature anomalies, respectively. Three vertical

axes of height anomalies at the mid�low troposphere are indicated

by the heavy dotted line at 1800 UTC 24, 1800 UTC 27 and 0000

UTC 30 October, respectively. (b) Same as in (a) except for total

height (thin solid line, 200�10 gpm interval) and total temperature

(shading, 10K interval).
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anomalous warm air column with an anomalous rising

flow is located over the Sandy vortex and an anomalous

cold air column with an anomalous sinking flow is ob-

served beneath the mid-latitude trough. This process

should theoretically transform potential energy into kinetic

energy. The enhanced energy resulted in an expansion of

Sandy’s wind field, which exacerbated the storm surge

in her northeastern quadrant. The anomalous cold air

intruded into the southwest of Sandy and resulted in the

heavy snowfall through upslope anomalous warm and

moisture flow. A set of simple BAMs and the budget analysis

of the vorticity advection confirmed the importance of

the decomposition. The GBAM showed that the left turn

of Sandy was mainly influenced by the anomalous high

(blocking high) in its northeast.
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