
Journal of Coastal Research SI 75 760-764 Coconut Creek, Florida 2016

____________________
DOI: 10.2112/SI75-153.1 received 15 October 2015; accepted in 
revision 15 January 2016.

Corresponding author: ijmoon@jejunu.ac.kr
©Coastal Education and Research Foundation, Inc. 2016

Increasing the highest storm surge in Busan harbor
Sang Myeong Oh †, Il-Ju Moon†† , and Suk Jae Kwon§,

†Climate Research Department/APEC Climate Center, 
Busan, Republic of Korea

§Ocean Research Division, Korea Hydrographic and 
Oceanographic Administration, Busan, Republic of 
Korea

††Typhoon Research Center, Jeju National University, 
Jeju, Republic of Korea

ABSTRACT

Oh, S.M.; Moon, I.-J., and Kwon, S.J., 2016. Increasing the highest storm surge in Busan harbor, In: Vila-Concejo, 
A.; Bruce, E.; Kennedy, D.M., and McCarroll, R.J. (eds.), Proceedings of the 14th International Coastal Symposium
(Sydney, Australia). Journal of Coastal Research, Special Issue, No. 75, pp. 760-764. Coconut Creek (Florida), ISSN 
0749-0208.

One of the most pronounced effects of climate change in coastal regions is sea level rise and storm surges. Busan in 
particular, the fifth largest container handling port in the world, has suffered from serious storm surges and 
experienced a remarkable mean sea level (MSL) rise. This study investigates a long-term variation of annual 
maximum surge height (AMSH) using sea level data observed in Busan over 53 years (1962~2014). The 
decomposition of astronomical tides and surge components shows that the AMSH has increased 18 cm over 53 years 
(i.e., 3.5 mm/year), which is much larger than the MSL trend (2.5 mm/year) in Busan. This significant increase in 
AMSH is mostly explained by the increased intensity of landfall typhoons over the Korean peninsula (KP), which is 
associated with the increase of sea surface temperature and the decrease of vertical wind shear at mid-latitudes of the 
western North Pacific. In a projected future warming environment, the combination of an increasing MSL and 
AMSH will accelerate the occurrence of record-breaking extreme sea levels, which will be a potential threat in Busan 
harbor.
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           INTRODUCTION
After the late 19th century, the rate of sea level rise associated 

with global warming has significantly increased. Research
indicates that global sea level rose at a rate of 1.7 mm/yr. for the 
period between 1900–2009 based on tide gauge observations 
(Church and White, 2011). The Intergovernmental Panel on 
Climate Change’s (IPCC) Fifth Assessment Report (AR5) also 
noticed that by the late 21st century, about 95% of the world’s 
oceans will experience a sea level rise, with 70% of global 
coastlines affected. As three-quarters of all large cities are 
established on coastal regions and half of the world’s population 
lives within 200 km of a coastline, future sea level rise is a 
potential threat for all people living in coastal regions. In 
particular, the coastal regions of the Korean peninsula (KP) have 
experienced the rapidest sea level rise, largely exceeding the 
global mean (Choi et al., 2004; Ha et al., 2006; Kang et al.,
1985; Kang et al., 2005; Kang et al., 2008). Future projections 
predict that the largest increase in sea level will take place over
the western North Pacific, including the Kuroshio region and the 
KP (Choi et al., 2002; Landerer et al., 2007; Oh et al., 2011).

Another future danger for coastal regions is the increase of 

storm surge height, which is mostly caused by tropical cyclones 
(TCs) and extratropical cyclones. Most projections based on 

climate modeling indicate that extreme surge events will 
globally increase under the warmer climate, although regional 
differences exist (Oh and Moon, 2013; Sterl et al., 2009; Wang 
et al., 2008; Woth et al., 2006). The combined increase in storm 
surges and mean sea level (MSL) will aggravate coastal
damages. Therefore, preparation for potential coastal hazards 
requires an investigation on the variability of not only MSL, but 
also storm surges. 

Although a number of studies have attempted to examine 
variations in the regional MSL, long-term variations for storm 
surge, particularly in the KP coasts, have hardly been studied 
(Kwon et al., 2008; Oh and Moon, 2013). This paper aims to 
examine long-term variability in the annual extreme storm surge 
heights in Busan, the largest harbor in Korea, with a special 
focus on investigating the cause of the variability and the 
importance of tidal phases in the occurrence of extreme sea 
levels. Finally, this study suggests the worst scenario with 
extreme sea levels in Busan harbor.

METHODS
To investigate a long-term trend of storm surge in Busan, we 

used sea level data measured in 1-hour intervals at Busan harbor 
from 1962 to 2014. Surge heights were calculated by subtracting 
the predicted tidal elevation from the observed sea level. The 
predicted tidal elevation was estimated using a harmonic 
analysis. For the analysis and verification of the estimated surge 
heights, we also used wind speed and sea level pressure data 
from the Korea Meteorological Administration (KMA). Figure 1 
is an example that shows the time series of observed sea level, 
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the predicted tide, the estimated surge height, and the observed 
wind speed/surface pressure in September 2003 when Typhoon 
Maemi occurred. From the monthly-based analysis over 53 
years using this method, we calculated the annual maximum 
surge heights (AMSH).

Information on TCs was obtained from the Regional 
Specialized Meteorological Center (RSMC) in Tokyo. To 
investigate the environmental changes influencing TC activity in 
the western North Pacific, we used the atmospheric data from 
the National Center for Environmental Prediction-Department of 
Energy’s (NCEP-DOE) reanalysis 2 (Kanamitsu et al., 2002) 
and sea surface temperature (SST) from National Oceanic and 
Atmospheric Administration’s (NOAA) Extended Reconstructed 
SST version 3 (ERSSTv3; Smith et al., 2008) for the period of 
1979–2014. Vertical wind shear (VWS) was calculated using the 
difference in wind vector between 200 and 850 hPa pressure 
levels. The linear regression analysis of SST and VWS were 
conducted using the averaged values over the TC peak season 
(June – October) using the NCEP-DOE reanalysis and ERSSTv3 
data, respectively. Significance tests on linear trends were
conducted using the Mann-Kendall trend test (Kendall, 1970;
Mann, 1945).

Figure 1. Time series of the observed sea level (red line in upper panel), 
the predicted tide (black line in upper panel), the estimated surge height 
(black line in middle panel), and the observed atmospheric pressure and 
wind speed (blue and black lines in lower panel, respectively) at the 
Busan tidal station in September 2013 when Typhoon Maemi occurred.
The location of Busan tidal station is indicated in the upper left corner.

RESULTS
The long-term variation of AMSH in Busan over 53 years 

(1962-2014) exhibits a clear uptrend of 3.5 mm/year, which is 
statistically significant with 95% confidence (Figure 2A) and 
much higher than the rates previously reported at Sokcho (2.4 
mm/year) and Mukho (2.6 mm/year) along the east coasts of the 
KP (Kwon et al., 2008). The uptrend is associated with the fact 
that 80% of the top 20 peak surge events were recorded after 
1990 (Table 1). It is also surprising that 14 among the top 20 
(70%) occurred after 2000. A similar uptrend (2.5 mm/year) is 

found in the time series of the MSL, but the rate is smaller than
that of AMSH (Figure 2B). The increase in MSL is believed to 
be connected with global warming and relevant local oceanic
environmental changes (Kang et al., 2008). Although both storm 
surges and MSL contribute to the occurrences of extreme sea 
levels, the significant uptrend in the AMSH has been mostly 
ignored in previous studies on coastal sea level changes. Our 
results indicate that the increase of the AMSH in Busan has also 
played a critical role in the recent increase in the occurrence of 
peak sea levels, in addition to MSL rise. This is well supported 
by Table 2 which shows that 75% and 60% of the top-twenty 
peak sea level events were recorded after 1990 and 2000, 
respectively, which is consistent with the tendency of the AMSH.

Figure 2. Variations of (A) annual maximum surge heights and (B) mean 
sea level in Busan during 1962-2014. The red and blue lines represent 
the 5-year running average and linear regression, respectively. The rates 
of the variation are denoted in the lower right corner.

70% of the top-twenty peak surge events were related to TC 
activities (see Table 1). This suggests that the rapid increase of 
surge heights in Busan is connected with the changes in TC 
activity in this region (Choi and Moon, 2008). To prove this
assumption, we investigated variations in the annual records of 
minimum central pressure of TCs that made landfall over the KP 
during 1975-2012. Figure 3 reveals that the intensity of TCs 
increased with time, with a trend that is statistically significant
with 95% confidence.

It is known that SST and vertical wind shear (VWS) are the 
most important environmental parameters related to the change 
in intensity of TCs (Wang and Wu, 2004). Warm SST and weak
VWS provides a more favorable condition for the development 
and intensification of TCs. We analyzed the linear trend of SST 
and VWS over the western North Pacific from 1979 to 2014 
(Figure 4). The uptrend of SST is the most dominant in the mid-
latitudes (> 30ºN) including seas adjacent to the KP and Japan, 
as well as the eastern seas of Taiwan and the Philippines, in 
which the maximum trend is about 0.2 degC/decade. It is 
interesting that the high uptrend regions are consistent with the 
typical tracks of TCs heading for the KP. We also found that the 
VWS decreased with time in the middle latitude where TCs 
heading for the KP pass. These overall results suggest that 
atmospheric and oceanic conditions became favorable for TC 
development in the mid-latitudes of East Asia, contributing to 
the recent uptrend in the intensity of KP-landfall TCs. 
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Figure 3. Variations in the annual records of minimum central pressure 
during typhoon events in the KP for the period 1975-2012. The red line 
represents the linear regression.

Figure 4. Linear trend of (A) sea surface temperature on 2º×2° grid and 
(B) vertical wind shear on 2.5º×2.5° grid during 1979-2014.

In this section, we examined the importance of tidal phases in 
the occurrence of extreme sea levels in Busan. For this, we 
compared two surge events for typhoon Dinah in 1987 and 
Typhoon Maemi in 2003. Typhoon Dinah recorded the highest 
peak surge height (70.1 cm) during 53 years in Busan. However,
at the same time, the observed peak sea level (PSL) was only 
128.7 cm, which is below normal (see Table 1). When the 
second highest surge peak (65 cm) was recorded by Typhoon 
Maemi in 2003, the observed PSL was 211 cm, which was the 
record-breaking highest value (Table 1). The large discrepancy 
in the observed PSLs between the two big surge events with 
similar heights is explained by the difference in tidal phases for 

the two events: ebb and near-low tide (B2) for Dinah; and spring 
and high tide (A1) for Maemi (see Figure 5 & Table 1). This 
implies that the occurrence of a record-breaking high sea level 
requires not only a high storm surge, but also high/spring tides. 
Actually, all of the top-twenty PSLs are recorded during high 
and spring tides (Table 2). The importance of tides in the 
extreme sea levels in Busan is also explained by the fact that the 
tidal range (~150 cm) in Busan is about twice the highest surge 
peak (70.1 cm).

Figure 5. Definitions of four (1, 2, 3, 4) and two (A, B) phases divided 
for (A) high and low tides and (B) spring and ebb tides, respectively, 
which are used in Table 1 and 2.

If we simply assume that the peak surge events in Table 1 
occurred during the nearest spring high tide (i.e., A1 in Figure 5), 
the extreme (worst-case) PSL scenario in Busan can be 
estimated (see the 9th column (E) of Table 1). The results reveal 
that the extremes reach up to 200 cm for Typhoons Dinah, 
Sanba, Megi, and Rusa, which are comparable with typhoon 
Maemi in 2003. Proper preparedness with consideration of these 
worst-case scenarios as well as the increase of surge and MSL 
due to climate change will require Busan to reduce the potential 
for damages.

DISCUSSION
The characteristics of the landfall TCs over the KP may be 

influenced by periodic climate variability in the Pacific such as 
El Niño/Southern Oscillation (ENSO) and Pacific Decadal 
Oscillation (PDO). However, previous studies revealed that the 
variability of the intensity and frequency for the landfall TCs 
over the KP is little connected with the climate variability since 
the KP is located far from topical regions and the landfall TCs 
are mainly affected by regional steering flows and local oceanic 
and atmospheric conditions around the KP where TCs pass 
(Moon and Kwon, 2012; Oh and Moon, 2013; Choi and Moon, 
2012). Therefore, this study focused on the changes in local 
environments related to TC development around the KP to 
explain the long-term variations of surge heights in Busan.

CONCLUSIONS
This paper examined the long-term variability in annual 

maximum surge heights (AMSH) and mean sea level (MSL) in 
Busan, the largest harbor in Korea, using 53-year sea level data 
measured from a tidal gauge. From the separate analysis of 
predicted tides and surge components, we found a significant 
long-term uptrend for the AMSH (3.5 mm/year), which is 
statistically significant with 95% confidence and also higher 
than the uptrend of the MSL (2.5 mm/year). The uptrend of the 
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surge heights is associated with a recent increase of extreme 
surge events (i.e., 80% of the top-twenty peak surge events were 
recorded after 1990). 

Since the occurrence of extreme sea levels in a specific region 
is caused by contributions of both storm surge and MSL, the 
significant uptrend in the AMSH, which has been mostly 
ignored in the studies on the coastal sea level rise, should be 
considered when calculating extreme values for the design of 
offshore and coastal structures.

We found that the rapid increase of the extreme surge heights 
in Busan is connected to the increasing intensity of TCs that 
made landfall over the KP. A trend analysis of sea surface 
temperature and vertical wind shear, the most important 
environmental parameters related to TC intensity change,
reveals that atmospheric and oceanic conditions for TCs heading 
for the KP are changing to be favorable, which has led to the 
uptrend of TC intensity.

Finally, we emphasize the importance of tidal phases in the 
occurrence of the extreme sea levels at Busan from statistics on 

the top 20 extreme sea level events. The analysis reveals that it 
is impossible to break previous extreme sea level records 
without spring and high tides in Busan. Therefore, to prepare for 
potential threat of record-breaking sea level extremes in Busan, 
we require proper preparedness for the worst-case scenario, 
assuming the coincidental timing of historical big surge events 
and high/spring tides, as well as considering the increase of 
surge and MSL due to climate change.
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Table 1.  Top 20 of the peak surge heights (P) recorded at Busan during 1962–2014  and additional information on the observed sea level (O), the 
nearest spring high tide level (S), and the extreme sea level scenario (E, i.e.,  P+S), the name of influencing tropical cyclone, tidal phases, wind 
speed, and surface pressure at the time of the surge peak.

Rank Year Month Day TC Name
Peak Surge

Height
(P), [cm]

Observed
Sea Level
(O), [cm]

Nearest
Spring High
Tide Level
(S), [cm]

Extreme
Sea Level
Scenario
(E), [cm]

Tidal
Phase

Wind
Speed
[m/s])

Surface
Pressure

[hPa]

1 1987 8 31 DINAH 70.1 128.7 142.6 212.7 B2 15.7 971.0
2 2003 9 12 MAEMI 65.0 211.0 147.6 212.6 A1 22.6 981.4
3 2012 9 17 SANBA 54.0 168.0 153.0 207.0 A2 10.1 987.7
4 2004 8 19 MEGI 53.0 134.8 148.0 201 A4 8.8 981.5
5 2002 8 31 RUSA 51.2 152.7 158.1 209.3 B1 10.1 988.5
6 2010 3 1 - 47.0 113.0 127.0 174.0 A2 5.4 1010.3
7 2011 7 21 MA-ON 42.0 126.5 139.0 181.0 B1 1.9 1004.2
8 1986 8 28 VERA 41.1 147.6 144.8 185.9 B1 14.7 987.5
9 2009 2 14 - 41.0 129.0 129.0 170.0 A1 2.5 1010.0

10 2009 12 3 - 41.0 80.0 125.0 166.0 A3 2.0 1015.7
11 2000 9 16 SAOMAI 39.8 102.0 155.1 194.9 A3 18.6 979.5
12 2007 9 16 MARI 39.0 88.0 144.0 183.0 A3 6.0 1002.8
13 2009 11 15 - 39.0 82.0 125.0 164.0 A4 2.3 1025.8
14 1976 9 28 - 38.1 130.2 154.7 192.8 B4 2.3 1013.3
15 2011 9 19 TALAS 38.0 109.0 140.0 178.0 B1 5.2 1013.9
16 1991 7 29 CAITLIN 37.3 74.3 139.0 176.3 A3 15.7 979.3
17 1998 10 1 YANNI 36.3 106.4 147.8 184.1 B3 10.7 999.8
18 2010 9 8 MALOU 36.0 45.0 144.0 180.0 A3 3.4 1011.3
19 2010 1 4 - 35.0 132.7 128.0 163.0 A1 10.4 1005.1
20 1980 9 11 ORCHID 34.7 69.0 142.6 177.3 A3 6.0 987.7
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Table 2. Top 20 of the peak sea levels recorded in Busan during 1962-2014 and additional information on the name of influencing tropical cyclone, 
surge height, wind speed, surface pressure, predicted tidal level, and tidal phases at the time of the sea level peak.

Rank Year Month Day Hour
Peak

Sea Level
[cm]

TC Name
Surge
Height
[cm]

Wind
Speed
[m/s])

Surface
Pressure

[hPa]

Predicted
Tidal Level

[cm]

Tidal
Phase

1 2003 9 12 21 211.0 MAEMI 64.7 22.6 981.4 146.3 A1
2 2012 9 17 10 184.0 SANBA 45.0 6.1 988.4 139.0 A1
3 1975 9 6 20 174.3 - 2.1 4.3 1010.4 172.2 A1
4 2010 9 7 20 171.0 MALOU 29.0 5.3 1008.5 142.0 A1
5 2014 8 11 21 170.0 HALONG 13.0 2.7 1002.9 157.0 A1
6 2001 8 21 22 169.2 PABUK 7.0 1.4 996.9 162.2 A1
7 2004 8 31 21 168.5 CHABA 9.9 2.1 1006.4 158.6 A1
8 1991 8 10 20 168.2 - 6.2 7 1003.4 162.0 A1
9 2005 8 21 22 168.1 - 12.5 3.2 1008.4 155.6 A1

10 2000 9 15 21 167.9 SAOMAI 14.2 5.2 996.8 153.7 A1
11 1964 8 23 21 167.0 KATHY 5.8 9.7 997.4 161.2 A1
12 1975 8 23 21 166.0 RITA 8.9 6.0 1011.0 157.1 A1
13 1999 9 24 7 165.1 BART 11.5 4.2 996.4 153.6 A1
14 2002 9 6 20 165.0 - 11.8 8.0 1012.3 153.2 A1
15 2010 8 11 22 164.0 DIANMU 19.0 4.9 1002.8 145.0 A1
16 1974 8 18 21 164.0 - 4.1 8.3 1007.5 159.9 A1
17 2000 7 31 20 163.1 BOLAVEN 15.0 3.8 994.4 148.1 A1
18 1974 7 6 21 163.0 GILDA 22.8 10.7 993.8 139.2 A1
19 2006 10 9 9 161.7 - 5.3 2.2 1018.0 156.4 A1
20 1999 8 12 21 161.2 - 4.2 4.2 1006.6 156.8 A1


