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Abstract. Typhoon-induced storm surge is the largest threat to the Zhanjiang Coast of the
northern South China Sea. In this study, we report on two processes of storm surges generated
by Typhoons Rammasun (TR) and Kalmaegi (TK) with similar tracks at this region. Results
show that the peak of the storm surge during TK (with a maximum value of 4.50 m) was
significantly larger than that during TR (with the maximum value of 2.60 m), although the
intensity of TK (Category 4 with 40 m s maximum wind and 960 hPa central air pressure)
was much weaker than that of TR (Category 6 with 60 m s”' maximum wind and 910 hPa
central air pressure). Comparisons of the typhoon properties and astronomic tides reveal that
the peaks of storm surge were closely related to typhoon maximum wind radius, typhoon
moving speed, and tide-surge interaction rather than typhoon intensity during the two
cases, indicating complex dynamics of storm surge at the Zhanjiang Coast.
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1. Introduction

The storm surge hazard induced by landing typhoons in Asia and hurricanes in North America (both
are named typhoon in this study) has become a serious threat to the coastal ecological environment and its
dynamics have been studied for several decades. Weisberg and Zheng (2006) pointed out that the intensity
of a typhoon is a key factor for determining the strength of the storm surge in the Tampa Bay off the Florida
coast based on numerical simulations. Their result indicated the height of the storm surge was proportional
to the square of the wind speed in the Tampa Bay. Powell and Reihold (2007) also suggested storm surge
can be estimated by kinetic energy of a typhoon based on the analyses of the relation between storm surge
and typhoon kinetic energy during several typhoons in North America.

Proudman (1953) concluded that the moving speed of a typhoon has an important impact on the peak
of the storm surge, in which storm surge reached maximum value when the moving speed was close to the
propagation speed of its long wave. Rego and Li (2009) studied the responses of storm surge to hurricanes
with different moving speeds at the coasts of Louisiana and pointed out that typhoons with faster moving
speeds can indeed cause higher surges, but with faster dissipation rates. A similar phenomenon has also
been found in the Florida Bay (Zhang et al., 2012). However, the peaks of storm surges are reduced by
typhoons with faster moving speeds in some areas with complex topography, such as the Tampa Bay in
Florida (Weisberg and Zheng, 2006), North Carolina coasts (Peng et al., 2004), and Hangzhou Bay (Han
and Pan, 2013), where the propagation speed of long waves is smaller than the moving speed of the
typhoons. Xu et al. (2010) found the peaks of storm surges were determined by typhoon tracks around the
Florida coasts and found that topography with half-closed bay and estuary more easily allowed for
accumulation of the water column. Han and Pan (2013) found different typhoon tracks caused largely
different storm surges at the Hangzhou Bay. In addition, the shallow continental shelf is favorable for
formation of a storm surge, as the surge wave is upraised suddenly when it runs up against the shallow

topography (Rego and Li, 2010). The above studies indicate that the peak of a typhoon-induced storm surge
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is dependent on a number of factors and the dynamics are very complex.

22 Figure 1. Tracks of TK (squared line) and TR (dotted
line). Triangles represent tide-gauge stations at
Naozhou, Zhanjiang, Shuidong and Zhapo. Black and
gray lines represent coastline and isobaths at the
Zhanjiang Coast, respectively.
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The Zhanjiang Coast is located on the west coast
of Guangdong Province (Figure 1). It connects with the
northern South China Sea through a wide and shallow
shelf which extends about 230 km from the coastline to
100 m water depth. Its shallow and half-closed shelf
makes the Zhanjiang Coast one of the most storm-surge
prone areas along China’s coastline (Elliott et al., 2015).
sy, Dong et al. (2014) studied the temporal and spatial
895 110 1165 111 1115 112 “11a5 distributions of storm surges along the Guangdong

Longitude Coasts using a 50-year dataset at ten tide gauge stations
and concluded that the Zhanjiang Coast was the most severely affected area with the highest frequency of
storm surges. There is no doubt that different typhoons can cause different levels of storm surge along the
Zhanjiang Coast. For example, Typhoon 8007, which was a Category 4 storm, caused a 5.90 m storm surge
at Nandu tide gauge station along the Zhanjiang Coast, while Typhoon Krovanh, another Category 4 storm,
and Typhoon 6508, rated a Category 6, only caused about 3.80 m and 2.40 m storm surges at the same place,
respectively (Chen et al., 2002; Shi et al., 2004; Cao et al., 2006). All of the above studies suggest that the
height of storm surge was closely related to typhoon intensity, track, and landing location along the
Zhanjiang Coast. In this study, we report storm surge processes during two different typhoons with similar
tracks and landing locations, but with different intensity, and discuss the potential dynamic mechanisms for
the processes at this region. The flow chart of research methodology is showed in Figure 2.

Figure 2. Flow chart of research
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Typhoon Rammasun (TR) initially

Tide force

[ roerce | formed as a tropical depression at about 210
km west of Guam in the Northwestern Pacific at noon of 12 July, 2014. It moved westwards and landed in
the central coast of the Philippines after intensifying as a severe typhoon on 15 July. TR entered the South
China Sea on 16 July and developed as a super typhoon with maximum 55 m s™ sustained winds and 930
hPa air pressure on 18 July. It moved northwestward and made landfall near Wenchang over the northern
Hainan Island at 15:00 on 18 July, becoming the strongest landing typhoon (with 60 m s maximum wind
and 910 hPa central air pressure) in China since 1949. Seven hours later, it crossed over the Leizhou
Peninsula and entered into the Beibu Gulf. It continued to move northward and crossed over Guangxi on
19 July, after weakening to a Category 2 typhoon.
Figure 3. Damages and huge
storm surge caused by TR (a)
and TK (b), respectively.

Typhoon Kalmaegi (TK)
initially generated as a tropical
depression about 1100 km
southeast of Manila in the

- : Philippines at 14:00 on 12
September 2014. It rapidly developed into a tropic storm, moving northwest and then strengthened into a
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typhoon with 30 m s™ peak winds and 980 hPa air pressure at about 7:00 on 13 September. TK crossed over
the Luzon Island and entered into the South China Sea at midnight on 15 September. The intensity of TK
remained at almost the same level, with 40 m s maximal winds and 960 hPa air pressure, as it drifted
northwestward toward the Hainan Island. Like TR, TK also made landfall near Wenchang at 10:00 on 16
September and then moved northwestward across the Leizhou Peninsula and Beibu Gulf. It finally landed
at Hatrang in Vietnam at 23:00 on 16 September.

It can be seen that TR and TK had similar tracks and landing places but largely different intensities

and shapes. At landing time, TR reached a Category 6 with 60 m s maximal winds and 910 hPa air pressure,
while TK reached Category 4 with 40 m s maximal winds and 960 hPa air pressure (Figure 4). They both
caused severe damage to the China coasts. TR killed at least 62 people and caused 37000 houses collapses
and an economic loss of about US$ 6.25 billion. TK killed at least eight people and caused 1800 houses
collapse and an economic loss of about US$ 55.86 million. Figure 3 show house damages and surge at the
Zhanjiang Coast during TR and TK, respectively.
970 % Figure 4. Central air pressure, moving speed,
960 maximum wind, and seven wind circle radius during
TR (solid lines) and TK (dashed lines) before and
after landing time.
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___________________ s Figure 5 shows the instantaneous (hourly) storm
surges, tides, wind speeds, and air pressures during
the two typhoons at the Zhapo, Shuidong, Zhanjiang,
and Naozhou tide gauge stations along the Zhanjiang
Coast. It can be seen that TR caused the highest storm
Mesasoao0123456 ss432401 23456 surgeatNaozhou, where the peak of the storm surge
rendngtime (o) Lendngime (o) reached 2.60 m. Surprisingly, the maximum storm

surge of 4.50 m was caused by TK at the same tide gauge station, although the intensity of TK (Category
4) was much weaker than TR (Category 6). Higher peak surges also have been found at Zhanjiang (4.35
m), Shuidong (3.00 m), and Zhapo (2.20 m) during TK, compared with those during TR (2.56 m, 1.60 m
and 1.15 m, respectively), indicating the height of the storm surges was not proportional to the typhoons’
intensity in some cases along the Zhanjiang Coast. We provide specific analyses about why the weaker TK
Surge and tide during Rammasun Surge and tide during Kalmaegi caused a much higher storm surge compared with the stronger

; | = TR in the discussion section.
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Figure 5. Storm surge (solid lines) and tide (dashed lines) at
the Zhapo, Shuidong, Zhanjiang and Naozhou tide gauge
stations along the Zhanjiang Coast during TR (left panel) and
TK (right panel). Vertical dashed lines represent landing times.

4. Discussion
4.1. Atmospheric forcing

It is well known that height of a storm surge is
proportional to the square of wind speed:

n«w?/H, (D

in which n and w are the surge height and wind speed,
... respectively (Powell and Reihold, 2007). Figures 6 shows that
/7%.¢ the peak wind speeds (minimum air pressures) of TK were
| | N s much larger (lower) than that of TR at all tide gauge stations
YT YT T cennunnesuw  along the Zhanjiang Coast. In addition, all the tide gauge
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stations were located at the northwest of the typhoon centers before landing time, which made the wind
direction similar. Figure 7 shows that wind direction switched from the northern direction to the
northeastern direction at all tide gauge stations during TR and TK, which paralleled the shelf of the
Zhanjiang Coast and was favorable for the Ekman transport of water mass toward the shore. These results
indicate that the larger wind speeds and lower air pressures possibly contributed in some way to the higher
surge during TK. The question of why atmospheric forcing during the lower category TK storm was
stronger than that of the higher category TR storm at these tide gauge stations can be explained by the
distribution of their maximum wind circle radii. Jelesnianski et al. (1992) purposed a formula for calculating
the wind speed profile of a stationary storm, which is described as:
Vi = Vinax X (2 X Ripax X 7)/(Rhax +17), (2)
in which V4, is the maximum wind speed, r is the radius, and Ry, q,1s the radius of maximum wind.
The formula for the air pressure profile is the same as for the wind. The authors suggested that the wind
speed and air pressure in the outer circle of a typhoon are not only determined by typhoon intensity, but
also by the typhoon maximum wind radius. It can be seen that TR and TK had similar ten wind circle radii
at between 140 and ~160 km (not shown). However, TK had a much larger seven wind circle radius (about
320 km) than that of TR (about 260 km) (Figure 4), which suggests the power of TR was weakened much
faster than that of TK when the wind circle extended outward to these tide gauge stations along the
Zhanjiang Coast. As a result, more severe atmospheric conditions occurred at this region during TK.
Wind and pressure during Rammasun  Wind and pressure during Kalmaegi Figure 6. Wind speed and air pressure at the Zhapo, Shuidong,
i i o0 e 00 Zhanjiang, and Naozhou tide gauge stations along the
el E R 7 ™% Zhanjiang Coast during TK (solid lines) and TR (dashed
' : ! lines). Vertical dashed lines represent landing times.

4.2. Typhoon moving speed

Proudman (1953) suggested storm surges reach maximum
value when the moving speed is close to the propagation speed
of the long wave, i.e.

% — 00, 3)
on
in which U is the typhoon moving speed and \/ﬁ is the
long wave propagation speed. The mean depth of the
Zhanjiang Coast is about 25 m and its long wave propagation
speed is about 15.8 m s™'. Figure 4 shows that TR and TK had
similar moving speeds (about 7 m s™) at 1 hour prior to
landing. After that, TK suddenly accelerated and its moving
speed increased to 15 m s at 1 hour after landing at the
Wenchang. This was very close to the long wave propagation
speed. Conversely, TR decelerated very fast to about 4 m s™ at 1 hour after landing at the Wenchang, a
speed that was much smaller than the long wave propagation speed. As a result, a much higher storm surge
was generated along the Zhanjiang Coast during TK compared with that of TR. This phenomenon also has
been found at other worldwide coastal areas (Rego and Li, 2009; Zhang et al., 2012). Note that the storm
surge was generated and dissipated much quicker during TK than TR. Figure 5 shows that the time for
storm surge generation from zero to peak was about 24 hours and reduced from peak to zero in about 6
hours during TK. But these times were more than 42 hours and 12 hours for TR, respectively. These results
suggest that typhoon with faster moving speed can fleetly cause higher storm surge, but the storm surge
declines quicker after its passing through the Zhanjiang Coast.
4.3. Tide—surge interaction
Tide—surge interaction has been recognized for the past half century. Tide not only affects the storm

surge height, but also changes the storm surge phase through linear and nonlinear interactions (Rossiter,
1961; Wolf, 1978; Jone and Davies, 1998; Shen et al., 2006; Rego and Li, 2010, Xu et al., 2010). Usually,
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flood tide produces higher storm surges compared with ebb tide, and the linear superposition of storm surge
and tide can represent total water elevation during typhoons in coastal regions (Proudman, 1957). In this
study, we separate the tide and storm surge to see how tide impacted the storm surge during TR and TK.
Figure 5 shows that the storm surge reached its peak at the ebb period of spring tide during TR, and the
declining tide retarded the development of the storm surge and reduced the total water level along the
Zhanjiang Coast. Contrarily, storm surge reached its maximal value at the flood period of neap tide during
TK, and the rising tide had a positive effect on development of the storm surge in this region. It is understood
that the effect of nonlinear tide—surge interaction on the height of a storm surge is mainly due to alteration
of bottom friction. Positive tide increases the total water level and reduces bottom friction, which is
constructive to storm surge, while negative tide does the opposite (Davies et al. 2000; Xu et al., 2010).
Figure 5 shows that tide level was higher than the mean water level, which increased total water depth and
reduced bottom friction during TR. The tide level during TK was lower than the mean water level, which
decreased total water depth and added bottom friction, suggesting that the nonlinear tide—surge interaction
was destructive to the storm surge during this period. However, how much impact of the nonlinear tide—
surge interaction had on storm surge during the two typhoons is unable to be estimated by currently
observed results. To explore this, more studies using numerical models will be needed in the near future.

Wind direction during Rammasun Wind direction during Kalmaegi Figure 7. Wind directions (degree) at

360 RS all four gauge stations during TR and
D TK. Direction 0, 90, 180 and 360
s 2701 S represent northern, eastern, southern
g and western winds. Vertical dashed
L o B lines represent landing times.
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5. Summary
oI ! The distributions and propagation
0 6 121824 303642485460 0 6 1218 24 30 36 42 48 54 60 processes of storm surges along the

Time from 00:00 07/17/2014 Time from 12:00 09/15/2014 Zhanjiang Coast during TR and TK
are reported in this study. We find that the peak of the storm surge during TK was significantly larger than
that of TR in this region, although the intensity of TK was much weaker than TR. The question of why a
higher storm surge was generated during TK than TR can be answered by the three combination of three
factors : 1) The power of TK was weakened when the maximum wind circle extended outward to the
Zhanjiang Coast, causing stronger winds and lower air pressure during TK compared with TR in this region;
2) the moving speed of TK was closer to the long wave propagation speed compared with TR, which is a
favorable factor for high storm surge; and, 3) TR passed by the Zhanjiang Coast during flood tide, which
increased its storm surge, while TK passed by this region during ebb tide, which reduced its storm surge.
Although the tide—surge nonlinearity had negative and positive effects on the storm surge during TK and
TR, respectively, it may have played only a minor role during these processes. To understand speficic
impacts of these factors on storm surge along the Zhanjiang Coast, numerical study will be applied in our
future work.
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