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Storm surges pose significant threats to coastal communities, yet negative surges are not as
well understood as positive surges. In this study, idealized experiments of a tropical cyclone
forcing a 3D ocean model are conducted to investigate the asymmetry of positive and negative
surges. Negative surges are larger in magnitude and extend further across the coastline than
positive surges. While positive surges are driven by wind blowing onshore, negative surges are
largely dominated by alongshore winds, with horizontal divergence as the main mechanism.

This asymmetry also increases with decreasing depth and increasing latitude.
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I. Introduction

With 44% of the world’s population living within 150
km from the coast (Resio and Westerink, 2008), storm
surges are a substantial threat to human lives and activ-
ities. Positive surges are widely studied due to the
high impacts of coastal flooding but negative surges are
less well understood. Some impacts of negative surges
include ship grounding and draining of coastal aquifers.
Ship grounding can lead to hull damage, subsequent
collisions and oil spill disasters. Draining of coastal
aquifers can lead to the depletion of drinking water sup-
ply and is detrimental to coastal communities depen-
dent on it (Pousa et al., 2013). Negative surges can also
destroy coastal aquacultures, which are major economic
contributors to countries such as Bangladesh (AsSalek,
1997).

AsSalek (1997) showed that negative surges are
affected by factors such as the cyclone’s inflow angle,
central pressure, radius of maximum winds, speed of
translation, propagation path, angle of coastal crossing
and interaction with astronomical tides. However, the
study was specific to selected points on the unique
coastal geometry of the Meghna estuary, making it
difficult to apply the same conclusions to other coastal
cases. Peng et al. (2006) studied positive and negative
surges using an idealized coastal setup, investigating
the sensitivity of the surges to the cyclone’s inflow
angle, radius of maximum winds and the speed of
translation. However, this idealized study was limited
to a one-dimensional (1D) analysis where the positive
and negative sea surface height (SSH) response was
investigated at a single point. Modelling results of the
surge at the Orissa coast of India in 1982 showed a pos-
itive surge to the right of the track and a negative surge
to the left of the track and this was attributed to winds

blowing onshore and offshore respectively (Pugh,
1987). However, the relatively larger negative surges
could not simply be accounted for by 1D advection
from the onshore and offshore winds. The idealized
study performed here provides a basic framework for
understanding the asymmetry between the negative
and positive surges. We show, for the first time, the
importance of the 2D wind field and the important role
of the alongshore wind for negative surges.

2. Methods

An idealized tropical cyclone is set up using the wind
field as described by Chan and Williams (1987). The
domain spans 5° —35°N and 120° — 180°E at a hori-
zontal resolution of 15 km. The axisymmetric vortex
is initialized to the right of the domain at 20°N, 165°E
and translated westwards at the speed of 15 kmh™!
for a total of 8 days. The maximum wind speed is 77
ms~!. The temperature, pressure, humidity, long- and
short-wave radiation fields are prescribed to be spatially
constant and time-invariant. Increasing the atmospheric
pressure has been known to decrease the SSH by 1 cm
per mbar (Roden and Rossby, 1999). However, this is
a systematic and symmetric change localized near the
cyclone centre (runs not shown here). For clarity, the
inverse barometer effect, together with other environ-
mental conditions that can affect SSH are not consid-
ered here in order to isolate the effect of wind on the
asymmetry of storm surges.

The 3D ocean model used is the Regional Ocean
Modelling System (ROMS v4.3). ROMS is a
free-surface, hydrostatic, primitive equation ocean
model that uses stretched, terrain-following coor-
dinates in the vertical and orthogonal curvilinear
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Figure 1. Surface stress (N m™2) response to the total wind stress (a) and to only the alongshore wind stress (b).

coordinates in the horizontal, with Shchepetkin and
McWilliams (2005) and Warner et al. (2008) outlining
the computational algorithms used. The model has 21
vertical levels and a horizontal resolution of 15 km.
The initial ocean state has a surface temperature of
28 °C, decreasing linearly to a constant 22°C from
the depth of 500 m and below. The salinity is uniform
at 35psu. The boundaries are closed, with the land
mask specified at the western boundary up to 140°E to
simulate the coastline.

The ‘control’ ocean domain has a spatial extent
identical to the atmospheric domain (5°—35°N,
120° - 180°E). The bathymetry is uniform at 100-m
deep. The ‘higher latitude’ case is shifted northwards
by 10° (15° — 45°N, 120° — 180°E). The cyclone wind
field used to force the ocean model is unchanged,
now translating along 30°N instead. The bathymetry
is identical to the control setup, uniform at 100 m. A
‘sloping bathymetry’ case with the same spatial extent
as the control case was also studied. The bathymetry
slopes linearly eastwards from 50 m near the coast to a
maximum of 954 m. The chosen ratio of 1:5000 is an
average of the range of coastal slopes studied by Irish
et al. (2008).

3. Results

Figure 1 shows the surface stress at 105h when the
cyclone crosses the coastline at 140°E. At this time, the
alongshore surface stress near the coastline is directed
northwards. The cross-shore surface stress (not shown)
is westwards to the north of 20°N and eastwards to the
south of 20°N. Figure 2 shows the SSH response and
the corresponding surface currents at 105 h from initial-
ization. This particular time is chosen to show the maxi-
mum magnitude of the positive and negative surges dur-
ing the event. Not all the cases exhibit their maximum
surges at the same time and 105 h was selected for con-
sistency. A later analysis (Figure 3) shows that 105his a
good representation of the peak surges. The figures are
zoomed into 13° —28°N and 132° — 158°E to display
details at the coastline. In the control run (Figure 2(a)),
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an anticlockwise circulation centering 20°N 142°E is
generated with a decrease in SSH at the circulation cen-
tre. Along the coastline at 140°E, the magnitude and
the alongshore extent of the negative surge are much
larger compared to the positive surge (Figure 3). The
positive surge is up to +5.3 m and the negative surge
is up to —13.1 m. Along the coast, the surface currents
flow in the southeastward direction between 18° and
20°N and in the northeastward direction between 13°
and 17°N. Figure 2(b) shows the SSH response to only
the cross-shore component of the wind stress, with the
alongshore component removed. Similar to Figure 2(a),
an anticlockwise circulation is generated, but it is elon-
gated zonally and the circulation centre is shifted east-
wards to 143°E instead of 142°E. The surge pattern is
substantially more symmetrical with a positive surge
of up to +4.0 m and a negative surge of only up to
—4.5 m.

We next explore the role of the Coriolis parameter in
Figure 2(c). A 10° northward shift in latitude shows a
greater rightward deflection in the surface currents com-
pared to the control run in Figure 2(a). There is a larger
decrease in SSH at the anticlockwise circulation cen-
tred at 30°N 142°E. The alongshore extent of the nega-
tive surge is much larger compared to the positive surge
(Figure 3). The positive surge is decreased from the con-
trol case of +5.3 to +4.4 m, but the negative surge is
enhanced from the control case of —13.1 to —14.6 m.
Without the alongshore wind stress (Figure 2(d)), the
positive surge is decreased slightly to +3.9 m but the
negative surge is weakened substantially to —5.0 m.

With a sloping bathymetry (Figure 2(e)), there is an
overall weaker response in SSH and the ocean currents
are less regular. A negative SSH can still be observed at
the centre of the anticlockwise circulation. The magni-
tude and alongshore extent of the negative surge is also
much larger compared to the positive surge. The pos-
itive surge is up to +4.0 m and the negative surge is
up to —6.7 m. In Figure 2(f), the absence of the along-
shore wind stress generated a much weaker response in
SSH compared to all the other cases. The positive and
negative surges are more symmetrical with similar mag-
nitudes of up to 2.8 m.

Atmos. Sci. Let. 17: 334—338 (2016)



336 B. Wong and R. Toumi
(a) min=-13.1228 max=5.3282 (C) min=-14.5614 max=4.4271 (e) min=-6.67 max=4.0356
]
‘ s S
25°N | S RNRRRRan T 35N S-S seweeerrvrenPLIVE
NS \ j Sy
| W WY
20°N 1 B0°N 20°N -
3
| N
15°N 3 25N é 15°N
N 4
140°E 150°E 140°E 150°E
SSH, m SSH, m
[
45 -10 -5 0 5 10 15 -5 -10 -5 [ 5 10 15
i i
Retaronca Voo Roforonce Votor
(b) (d) (®

min=-4.4791 max=4.0458

25°N | //‘%@«—‘-«s 35N
S
& - NN
LR

20°N

—
27774 oBoN

SaaaasacCoe gy
% s
PN aasasy|

140°E 150°E

140°E

R —
Reference Vector

===
150°E

min=-4.9806 max=3.8731

e
]

== 25°N-

20°N-

SSH, m

Figure 2. Sea surface height (m) response to the total wind stresses (a, c, €) and to only the cross-shore wind stress (b, d, f): for
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Figure 3. The maximum magnitude of the positive surge
(2) and negative surge (b) in meters along the coast line dur-
ing the simulation for 10 —30°N (control case) and 20 — 40°N
(higher latitude case).

We next examine the peak surges in Figure 3, showing
the worst case scenario that the coastline experiences
for this event. The three cases with both the cross-shore
and alongshore wind stresses show a larger magnitude
in the negative surge compared to the positive surge. For
the control case, the surge ranges from —13.1 to +5.3 m.
The higher latitude case ranges from —14.6 to +4.5 m.
The sloping bathymetry case ranges from —6.7 to +4.0
m. The three cases without the alongshore wind stress
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have comparable positive and negative surges. For the
control case, the surge ranges from —5.3 to +4.6 m. The
higher latitude case ranges from —5.4 to +4.4 m. The
sloping bathymetry case ranges from —3.0 to +3.0 m.
These results also confirm the choice of 105 h to map the
horizontal extent of the surges for all cases (Figure 2)
as the surge at 105h and the simulation maximum in
Figure 3 are very similar.

Figure 3 also shows the horizontal extent that the
positive and negative surges affect the coastline. In
cases with both the cross-shore and alongshore wind
stresses, the positive surge is narrowly distributed along
the coast compared to the negative surge which extends
far to the south. The cases without the alongshore wind
stress show comparably narrow distributions for both
the positive and negative surges. As an illustration, the
horizontal coastal extent (control case) affected by a
positive surge greater than +4 m is 2°, while the region
affected by a negative surge larger than —4 m is 20° or
more. Without the alongshore wind stress, the coastal
region with a positive surge greater than +4 m is halved
to about 1°, while the region with a negative surge
larger than —4 m is reduced by a factor of 10 to about
2°. Shifting the latitude northwards by 10° reduces the
extent of the positive surge to 1° while the extent of the
negative surge is increased much further to 25° or more.
Without the alongshore wind stress, the region with a
positive surge greater than 4 m remains at 1°, while the
region with a negative surge larger than —4 m is reduced
by a factor of 13 to only 2°. For the sloping bathymetry
case, the coastal region impacted by a positive surge

Atmos. Sci. Let. 17: 334—338 (2016)



Asymmetry in tropical cyclone-induced positive and negative surges

greater than 2 mis 2.5°, while the region with a negative
surge larger than —2 m is 10°. Without the alongshore
wind stress, the region with a positive surge greater than
2 m is reduced to 1.5°, while the region impacted by a
negative surge larger than —2 m is only 2.5°.

4. Discussion

A mechanism has been proposed by Peng et al. (2006)
to account for the 1D asymmetry in the sea level
response, where the pressure gradient force required to
balance the wind is a function of (4 + {)d{/dx (where A,
¢, x are the undisturbed water depth, the sea surface ele-
vation and distance from the coast, respectively). This
1D analysis explains the basic asymmetry in positive
and negative surges, since it is easier to move the lower
water mass for a negative surge, given the same wind.
However, observations and analyses described by Pugh
(1987) and Pousa et al. (2013) showed horizontal surge
features that a 1D mechanism cannot fully represent
quantitatively.

The idealized study here provides a basic spatial
framework for the understanding of cyclone-driven
surges and the asymmetry between positive and nega-
tive surges. In the absence of the alongshore wind stress
(Figure 2(b)), the coastal surge pattern is more symmet-
rical along 20°N. The anticlockwise circulation is elon-
gated along 20°N since only the cross-shore wind stress
is present. The centre of the anticlockwise circulation
is shifted eastwards with the western land-mask act-
ing as a barrier, shifting the elongated water mass east-
wards. The northward alongshore wind stress generates
a northward advection of water mass that increases the
positive surge and decreases the negative surge. In addi-
tion, Ekman transfer of momentum deflects the north-
ward alongshore flow rightwards, decreasing the overall
SSH at the coast. Without the alongshore wind stress,
the two effects oppose in the case of the positive surge,
showing an overall decrease from +5.3 to +4.0 m. For
the negative surge, the two effects add up and resulted in
a substantial decrease in the magnitude of the negative
surge from —13.1 to —4.5 m. This substantial additional
decrease demonstrates that the alongshore component
of the wind stress plays a very important role in creat-
ing the horizontal divergence that is the main driver of
the negative surge. Surges simply generated by onshore
and offshore winds alone generate fairly symmetrical
surge patterns as shown in Figure 2(b). In the case of a
southern hemisphere scenario, the tropical cyclone will
be rotating clockwise, creating a southward alongshore
component in the same domain setup. The results will
be inverted but conceptually the same.

When the ocean domain is shifted northwards by 10°
(comparing Figures 2(a) and 2(c)), the ocean currents
are deflected more towards the right with the enhanced
Coriolis force. The increased rightward deflection of the
northward alongshore surface stress decreases both the
positive and negative surges. Comparing Figures 2(b)
and 2(d), both the positive and negative surges decrease
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in magnitude with the weakened cross-shore stress that
resulted from the enhanced rightward deflection. The
enhanced rightward deflection also increases the out-
ward divergence of the anticlockwise circulation, result-
ing in a greater decrease in the SSH here. Overall, both
the positive and negative surge decreases. That the Cori-
olis force affects the extent of negative storm surge is
not a surprise since the storm negative surges are driven
by horizontal divergence. This cannot be accounted for
by 1D mechanisms.

While the previous two cases represent a near-shore
or continental shelf scenario, the sloping bathymetry
case (Figures 2(e) and 2(f)) shows a different scenario
where the cyclone approaches the coastline from deep
waters. As the response of the SSH to wind stress is
inversely proportional to the depth of the water column
(Pugh, 1987), the deeper water shows a weaker SSH
response compared to the shallower cases. While the
sloping bathymetry case produced smaller magnitude
and range in asymmetry between the positive and neg-
ative surges, it delivers the same qualitative message as
the control case. The asymmetry in the magnitude and
horizontal extent of the positive and negative surges is
still substantial, with horizontal divergence as the main
driver of this asymmetry. The absence of the alongshore
wind stress component generates a fairly symmetrical
surge response that is expected from having onshore and
offshore winds alone.

The surge asymmetry can be characterized by the
ratio defined as §—+ (where ¢~ and {* are the magni-

tudes of the minimum and the maximum SSH at the
coast, respectively). In the control case, the alongshore
wind stress increases the ratio from 1.2 to 2.5, demon-
strating the significance of the alongshore wind stress
in generating the large asymmetry. With a 10° north-
ward shift in latitude, the asymmetry increases to 3.2.
This increase is expected with horizontal divergence as
the main mechanism for driving the negative surges. A
deeper and sloping bathymetry lowers the ratio to 1.7,
illustrating the effect of the deeper waters weakening
the SSH response. The surge ratios for the storms at
the Orissa coast in 1982 (Pugh, 1987) and the Argen-
tinian coast in 1984 (Pousa et al., 2013) are 2.7 and 1.9,
respectively, both of which are well within the range
estimated in this study.

The asymmetry in the horizontal extent of the posi-
tive and negative surges along the coastline has not been
noted in literature. Comparing the horizontal extent
of the positive and negative surges in Figure 3 shows
that the alongshore wind stress is the main contribu-
tor to this large asymmetry. In the control case, the
negative surge affected coastal regions by a factor of 10
compared to the positive surge. Without the alongshore
wind stress, the asymmetry decreases by a factor of 2.
Increasing the latitude by 10° northwards raises this
asymmetry to 25 but in the absence of the alongshore
component, the asymmetry decreases to 2. For the slop-
ing bathymetry case, the extent of the negative surge is
four times larger than the positive surge. Without the
alongshore wind stress, the coastal extent affected by
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the negative surge is only a factor of 1.7 larger than the
positive surge. This comparison in horizontal extents
gave a similar conclusion as the surge ratios discussed
previously. The simulation results of Pugh (1987) for
the storm hitting the Orissa coast of India also show the
negative surge affecting a greater coastal extent than the
positive surge.

5. Conclusion

Storm surges can result in high economic consequences
and even the loss of lives. While the impacts and occur-
rences of positive surges are widely investigated, neg-
ative surges are less understood. Existing studies on
negative surges have been limited to either specific real
case studies with specific inferences, or idealized stud-
ies that do not consider the horizontal extent of the
SSH response. In this study, the asymmetry of pos-
itive and negative surges in the magnitude and spa-
tial extent is investigated using idealized experiments.
Three cases have been examined. While the occurrence
of positive and negative surges has previously been
understood as being driven by winds blowing onshore
and offshore, respectively, the wind stress experiments
here reveal that the alongshore component is the main
cause of asymmetry in the magnitude and spatial scale
of the surge. We further examine the sensitivity of the
asymmetry to latitude and bathymetry. The asymme-
try increases with increasing Coriolis force. A north-
ward shift in latitude increases the asymmetry. The
third case investigates the SSH response in a deeper,
sloping ocean floor. The overall SSH response for this
case is weaker than the shallower cases and the surge
asymmetry decreases. The alongshore wind stress is
also the main contributor to the large asymmetry in the
length of coastline affected by the positive and nega-
tive surges. This study shows that positive and negative
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surges have some similarities but also different causes
and properties. Simplified storm surge models that only
incorporate cross-shore winds to analyse the positive
and negative surges will not capture the large asymme-
try shown here.
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