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ABSTRACT 
 

Morphodynamics and stratigraphic architecture of compound dunes 

and point bars on the open-coast macrotidal flat in Gyeonggi Bay, 

west coast of Korea 
조 주 희(JO JOOHEE) 

지구환경과학부(School of Earth and Environmental Sciences) 

The Graduate School Seoul National University 

 

Morphodynamics and hydrodynamic conditions of lower intertidal dune fields 

on the Yeochari tidal flat of Ganghwa Island in Gyeonggi Bay, west coast of Korea 

were investigated to understand the external controls governing the stratigraphic 

architecture of the compound dunes formed in the open-coast tidal environment. 

Morphodynamic measurement of intertidal channels and compound dunes were 

conducted twenty times by using RTK GPS over four years. Hydrodynamic data 

such as current speed, significant wave height and Suspended Sediment 

Concentrations (SSCs) were collected by using ADCPs, AWAC, pressure sensors 

and OBS in July of 2014 and March of 2015. Morphodynamic observations 

revealed that simple dunes on the tributary channel migrate seaward as fast as 1-4 

m/ day. In contrast simple dunes on the southern channel bank migrate either 

landward or seaward as fast as 0.1-1 m/day during spring to fall and 1-2 m/day 

during winter. Compound dunes on the southern channel bank migrate either 

landward or seaward at much slower rates of 2-3 m/month. The tributary channel 

migrated at variable rates ranging from 1 m to 18 m per month with greater rates 

occurring during summertime rainy season. The tributary channel is ebb-dominated 
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with pronounced tidal asymmetry, whereas tidal flats on the southern channel bank 

are flood-dominated with smaller tidal asymmetry. Wind-induced waves with 

significant wave heights over 0.4 m seem to modulate tide-induced sediment 

transport. In the event of large waves that coincide with dominant current, westerly 

to northwesterly waves during winter to spring accentuate the ebbward migration 

of compound dunes, whereas southerly to southeasterly waves during summer 

result in the floodward migration. Deviations to this seasonal trend are possible 

when the large waves occur during subordinate current stage. The displacement of 

compound dunes onto the migrating tributary channel produces a composite 

succession in which a coarsening-up compound dune succession overlies a fining-

up point bar succession. The master bedding surfaces of the compound dunes dip in 

opposite to or oblique to the directions of accretion surfaces of the point bar. 

Recognition of non-tidal events from the intertidal compound dunes is not 

straightforward because the reversal and displacement of dune profile require 

relatively shorter response time compared to subtidal counterparts. Tidal 

asymmetry, tidal cycle in the event of waves, seasonality in wave intensity and 

direction, and the migration of tributary channel are seen to exert an important 

control on the stratigraphic architecture of compound dunes and point bars in the 

intertidal environment over time and space. 

 

Keyword : compound dunes, intertidal channel, tidal asymmetry, waves, 

morphodynamics, stratigraphic architecture  

 

Student Number : 2013-20345
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1. INTRODUCTION 

 

Dunes are common bedforms in tide-dominated environments where tidal 

currents are typically over 0.5 m/s and fine to coarse sands are available (Ashely, 

1990; Dalrymple and Rhodes, 1995). Dune morphodynamics has been regarded 

crucial in understanding bedload sediment transport rate and residual tidal currents 

over various time scales (Mohrig and Smith 1996; Hoekstra et al. 2004; 

Kostaschuk and Best 2005; Lee et al. 2006; Carling et al., 2006; Masselink et al., 

2009; Gómez et al., 2010; Todd et al., 2014). Non-tidal effects such as wind-

induced waves (Berné et al. 1988; Harris 1989, 1991; Le Bot and Trentesaux 2004; 

Héquette et al., 2008; Ferret et al., 2010; Schmitt and Mitchell, 2014), seasonal 

river discharge (Berné et al., 1993; Kostaschuk and Best, 2005), and channel 

migrations (Choi and Jo, 2015a) are also known to complicate dune 

morphodynamics in tidal environments. However, hydrodynamic observations to 

relate dune morphodynamics to the non-tidal effects are still rarely conducted for 

intertidal environment. 

Tidal compound dunes have multiple cross-beddings sets separated by master 

bedding surfaces, which smaller superimposed simple dunes are vertically stacked 

on the larger dunes (Ashely, 1990) and dip in the flow directions (Allen, 1980; 

Dalrymple, 1984; Terwindt and Brouwer, 1986; Dalrymple et al., 1990; Berné et al., 

1993; Dalrymple and Rhodes, 1995). The architecture of tidal compound dunes 

contrasts with that of tidal bars. Tidal bars are also tidally generated but with a long 

axis parallel with tidal currents (c.f. Dalrymple, 2010). These laterally migrate with 
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regard to flow direction (Dalrymple and Rhodes, 1995; Dalrymple, 2010; 

Dalrymple et al., 2012). Distinctions between the two types of deposits are vital to 

predict sandstone geometry and stratigraphic architecture formed in ancient tidal 

environments (Dalrymple and Choi, 2007; Martinius and Van den Berg, 2011; 

Longhitano et al., 2012; Olariu et al., 2012a).  

It is well established that the morphology and migration rate of dunes are 

strongly influenced by tidal asymmetry and are proportionate with bedload 

sediment transport rate (Dalrymple and Rhodes, 1995; Kostaschuk and Best, 2005; 

Lee et al., 2006; Masselink et al., 2009). In the case of symmetrical tidal currents, 

net migration of dunes over a tidal cycle is nearly zero (Lee et al., 2006). With tidal 

asymmetry, seasonal wind-induced currents can reverse the asymmetry of the 

compound dunes (Harris, 1989, 1991). Asymmetrical orientations and morphology 

of dunes can be modified by seasonal river discharge during monsoon period 

(Berné et al., 1993; Kostaschuk and Best, 2005). Recently, Choi and Jo (2015a) 

documented that compound dunes developed close to the lower intertidal channel 

have complex stratigraphic architecture with master bedding surfaces formed by 

tides and waves. In channelized intertidal systems, simple dune development and 

their size distribution seem to be influenced by the proximity from the channel 

(Masselink et al., 2009). The morphodynamics of compound dunes are further 

affected by channel migration (Choi and Jo, 2015a). Although numerous studies 

were documented on the morphodynamics and architecture of tidal compound 

dunes, controlling processes (i.e. tide and wave activity) and the influence of 

channel migration on architectural development are rarely explored especially for 

dunes formed in the intertidal setting. 
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The present study documents multi-year observations on the morphodynamics of 

simple and compound dunes developed in the channelized lower intertidal zone of 

an open-coast macrotidal flat, Yeochari tidal flat in the northern Gyeonggi Bay. A 

time series of dunes and channel profile is described to illustrate temporal and 

spatial changes of morphology of the dunes and channel. Governing processes 

involved in the long-term morphodynamics of the dunes and channel are evaluated 

based on hydrodynamic data as well as the profiling data in order to understand 

their roles in the development of intertidal compound dune and channel 

architecture. Discussion is made on the tidal and non-tidal effects on the temporal 

and spatial variability of the stratigraphic architecture of compound dunes. A model 

is then proposed to address the complexity of the stratigraphic architecture of dunes 

and channel in the open-coast macrotidal environment influenced by strong 

monsoon. 
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2. STUDY AREA 

 

The study area is located in the lower intertidal zone of Yeochari tidal flat of 

Ganghwa Island in Gyeonggi Bay, the largest macrotidal embayment along the 

west coast of Korea (Fig. 1B). The Yeochari tidal flat is bounded by prominent 

subtidal channels (Sukmo and Yeomha channels) that are main distributaries of the 

Han River. Jangbong channels are developed on the south part of Yeochari flat. 

Small and sinuous creeks in the upper and middle intertidal zone coalesce to form a 

large and wider main channels running southeastward in the lower intertidal zone 

(Fig. 1C). Yeochari tidal flat itself has no significant fluvial upstream reach. The 

main channel with 200-600 m width and 1-2.5 m depth at bankful stage is joined 

by a number of tributary channels in the lower intertidal zone and are linked to 

Jangbong Channel in the south. Well-developed simple and compound dunes are 

developed close to the tributary channels in the southern lower intertidal zone (Fig. 

1D). 

Tides are semidiurnal with distinct diurnal and fortnightly inequality (Fig. 2A). 

Mean tidal ranges are 5 m during neap tides and 9 m during spring tides (KHOA, 

2014, Fig. 2A). Tidal currents reach 1.5 m/s over channels and flats during spring 

tides (Lee et al., 2013). Yeomha channel, despite its small size, is known to 

contribute most of the mud originating from the Han River to the Yeochari tidal flat, 

while Sukmo and Jangbong channels play insignificant roles in supplying mud to 

the flat (Lee et al., 2013). Precipitation is seasonal with the highest falls occurring 

during the summertime rainy season, which accounts for about half of the total 

annual precipitation of 621 mm (KMA, 2014; Fig. 2B). Winds are generally 
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strongest during winter and early spring, when the NW monsoon prevails, and the 

summertime typhoon season when SW monsoon dominates (KMA, 2014; Kim et 

al., 2003; Fig. 2C). 
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Figure 1. Map showing the location of study area and transect lines XYZ, AB and CD. 

Location of hydrodynamic measurements are also indicated in (D). 
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Figure 2. (A) Predicted tidal curve of study area during one year from 2014 to 2015 (KMA, 2014) with indication of mean sea level (MSL), mean spring 

high water level (MSHWL), mean neap high water level (MNHWL), mean neap low water level (MNLWL), and mean spring low water level (MSLWL). (B) 

Monthly precipitation data of Ganghwa Island (KMA, 2014). Note pronounced precipitation during summertime rainy season. (C) Trends of daily mean wind 

speed and significant wave height data of Seosu Island (KMA, 2014). Winds are generally strongest during spring (March and April), winter (November and 

December) and summertime typhoon season (July and August).
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3. MATERIALS and METHODS 

 

High-precision profiling of dunes and tributary tidal channels has been 

conducted using RTK GPS with 10 mm horizontal accuracy and 20 mm vertical 

accuracy for the leveling of the four transects (XYZ, AB, and CD). Transects AB 

and CD are 120 m and 140 m long, respectively (Fig. 1D). Both transects were 

profiled eight times from April 1, 2014 to January 22, 2015 to estimate daily 

migration rate of dunes. Transect XYZ are 1285 m long. They were profiled twenty 

times from August 3, 2011 to April 5, 2015 (Fig. 1D). Elevations are corrected to 

the Incheon Datum level. A time series of satellite images downloaded from 

Google Earth was compared to estimate channel morphodynamics in the study area. 

And also, aerial photos taken by drone are used to recognize the overall channel 

and intertidal dune system development. 

Hydrodynamic data such as current, wave and Suspended Sediment 

Concentrations (SSCs) were obtained by ADCPs (Teledyne RDI, Acoustic Doppler 

Current Profilers), AWAC (Nortek, Acoustic Wave And Current meters) and OBS 

(WET Labs, Optical Backscatter Sensor), respectively. All of dataset were acquired 

over a period of 30 days, during summertime from July 15, 2014 to August 14, 

2014 and during wintertime from March 8, 2015 to April 6 22, 2015. Three ADCPs 

(500 kHz, 1000 kHz and 1200 kHz;) were deployed to measure current speed and 

current direction within the tributary channel, channel margin and southern channel 

(Fig. 1D). Current speed and direction were sampled at every 1 min with a ping 

rate of 1 s or burst mode at an interval from 5 min and 10 min. Cell ranges vary 
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from 0.2 m to 0.6 m. Burst and depth-averaged horizontal current speed and 

direction were calculated from measured current data. Water depth was corrected to 

the Incheon Datum level, taking blanking distance into account. During winter, 

significant wave height and direction were acquired every 30 min with a burst 

mode at an interval of 17 min. SSCs were sampled every 30 seconds at the 

tributary channels. A series of water samples were taken at the same height of OBS 

sensor every 1 min to convert NTU units to concentration units (g/L). In the 

laboratory, the water samples were filtered through 0.45 micro meters Millipore 

membranes and dried 3 hours at 90 ºC. The suspended sediment concentrations 

(SSCs) were calculated from the dry weight of the filtered particles. 

Two types of stainless steel can corer (60 cm × 10 cm × 2 cm, 80 cm × 10 cm × 

2 cm) were used to obtain a total of 47 undisturbed cores for the analysis of 

sedimentary facies and stratigraphic architecture of dunes and channel complexes. 

Grain size analysis was conducted using conventional sieving and pipetting 

methods. Orientations and dip angles of dunes and bedding surfaces were measured 

by a clinometer (Sunto Tandem 360PC). 

 

 

 

 

 

 

 



 

 10

4. RESULTS 

 

4.1. Occurrence and morphology of intertidal dunes and tributary channels 

 

Simple and compound dunes are present on the tributary channel and channel 

bank in the lower intertidal zone of Yeochari tidal flat (Fig. 3). Tributary channel 

has an asymmetric profile with a gentle slope on the southern channel bank and a 

steep slope on the northern channel bank with an erosional scarp. Simple dunes are 

located on the tributary channel and southern channel bank with elevations between 

-2.1 and -4.3 m below mean sea level, whereas compound dunes occurred at the 

higher elevations between -2.0 and 2.7 m below mean sea level. The channels is 

1.2 – 1.4 m deep and 100 – 250 m width at the bankful stage and is up to 8 m deep 

during spring high tides. The northern channel bank is covered by 

semiconsolidated mud deposit or intermittently simple dunes. They have flat-top 

morphology and are submerged during entire neap tides. 

Simple dunes have asymmetrical morphology with their steeper lee face toward 

the ebb current direction (Fig. 4). Simple dune heights and wavelength range from 

0.3 to 0.6 m and 3 to 10 m, respectively. Cross bedding inclinations range between 

34 and 37° and reactivation surface angles vary between 10 and 14° with more 

gentle slope than the cross beddings. Simple dunes are superimposed on the lee 

side of the compound dunes and oriented at an oblique angle to the crest of the 

compound dunes. Compound dunes on the southern channel bank have asymmetric 

morphology toward ebb or flood current direction and heights and wavelengths 
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range between 0.8 to 1.2 m and 20 to 30 m, respectively. Cross bedding and master 

bedding surfaces toward ebb or flood current direction were developed in simple 

dunes and compound dunes (Fig. 5). Cross bedding inclinations range between 27 

and 32° and reactivation surface angles vary between 3 and 20°. Cross-beddings 

generated by flood currents are typically preserved as a flood cap in the landward 

side of simple and compound dunes (Fig. 5). Superimposed ripples are occasionally 

developed on the stoss side of the simple dunes (Fig.3D, E). Runoff channels are 

highly sinuous and erode dunes at their cutbank positions by their active migration 

(Fig. 3F). Semiconsolidated mud flat deposits are locally exposed at the trough of 

simple dunes (Fig. 3F, G). 
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Figure 3. Photographs showing dunes and neighboring tributary channel. (A) Simple dunes (SD) developed on northern channel bank during summer. (B) 

Flat-topped, semiconsolidated mud flat is exposed at the cutbank of the tributary channel on the northern channel bank. Erosional scarp by channel migration 

is developed. (C) Photo mosaic showing the tributary channel, compound dunes superimposed with simple 3D dunes and rill channel on the southern channel 

bank. Meandering rill channels erode dunes during the falling stage of ebb tides. Dip direction between superimposed simple dunes and compound dunes are 

slightly oblique. 
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Figure 3. (continued) (D) Simple 2D dunes with superimposed ripple on the stoss side developed close to the channel margin on the southern channel bank. 

(E) Simple dunes and compound dunes on the southern channel bank. Simple dunes and low elevation parts of compound dune are covered by mud drape and 

superimposed ripples on the stoss side and trough. (F) Straight-crested simple 2D dunes and exposed semiconsolidated mud flat on the dune trough on the 

southern channel bank. Superimposed ripple on the stoss side are not observed. Small scale runoff channel eroded the mud flat. (G) Simple dunes and 

exposed mud flat (black arrows) on the southern channel bank.  
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Figure 4. Photographs showing trenches of simple dunes with linedrawings that delineate cross-beddings, reactivation surfaces and master bedding surfaces. 

Dipping angles are given in degree for selected surfaces. Note all dunes are ebb asymmetric. Simple dunes have bidirectional cross beddings generated by 

flood (white) and ebb current (black) and master bedding surfaces are inclined toward ebb current direction. (C) Reactivation surfaces by flood currents 

areinclined seaward direction. Simple dunes stoss sides are covered by mud drape.  
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Figure 5. Photographs showing trenches of compound dunes with linedrawings that delineate cross-beddings, reactivation surfaces and master bedding 

surfaces. Note all dunes are ebb asymmetric. Compound dunes have cross beddings inclined either ebb or flood current direction. Master bedding surfaces 

are mainly inclined toward ebb current direction. Flood-generated (blue line) and ebb-generated (orange line) reactivation surfaces are developed. Small scale 

scours by superimposed simple dune migration are developed on the uppermost part of compound dunes
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4.2. Morphodynamics of intertidal dunes and tributary channel 

 

The morphology and migration of simple dunes displayed a spatial-temporal 

variability. Transects AB and CD show the cross sectional morphology of simple 

dunes developed on the tributary channel and southern channel bank, respectively 

(Fig. 6). Along the channel, simple dunes have asymmetrical morphology inclined 

toward seaward direction. In contrast simple dunes on the southern channel bank 

have symmetrical morphology. Daily dune migration profile measurements for four 

seasons revealed that migration rate of simple dunes were different between the 

channel and the southern channel bank (Fig. 6). Simple dunes close to the channel 

migrated seaward with asymmetrical morphology at a rates between 0.6 ~ 3 m/day, 

and they tended to migrate faster during winter (Fig. 6C, E, G, I). They had steeper 

lee side dipping seaward throughout the year. In contrast simple dunes on the 

southern channel bank migrated either floodward from spring to fall or seaward 

during winter, and they had symmetrical morphology during spring to fall (Fig. 6D, 

F, H, J). They had slower migration rate than that on the channel. Migration rate 

were 0.1 ~ 1 m/day during summer, and 0.5 ~ 2 m/day during winter. Transect 

XYZ shows the seasonal development of simple dunes on the northern channel 

bank (Fig. 7). Simple dunes on the northern channel bank mainly developed during 

summer to fall and had asymmetrical morphology toward flood current direction 

(Fig. 7). In contrast, simple dunes on the northern channel bank were dissipated 

from winter to spring (Fig. 7). During summer to fall, the height and wavelength of 

simple dunes were 0.2 ~ 0.5 m and 3 ~ 10 m, respectively.  
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Repeated measurements over five years revealed that compound dune migrated 

bi-directionally in either ebb or flood current direction with symmetrical or 

asymmetrical morphology (Fig. 7). Compound dunes migrated about 4.5 m toward 

the southern channel bank from August 3, 2011 to February 12, 2012. Afterwards 

compound dunes further migrated about 60 m until July 14, 2014. From July, 2014, 

compound dune migrated about 30 m toward the southern channel bank until the 

end of study period. Monthly dune-migration rates over 3 m were recorded three 

times, which were between July 23 and October 18 in 2013, between July 14 and 

October 8 in 2014, and between October 8, 2014 and April 5, 2015 (Fig. 7). 

Remarkable channel migration occurred between August 3 and December 28 in 

2012, between December 28 in 2012 and July 23 in 2013. The channel morphology 

at the northern channel bank tended to be convex-up during winter to spring, but it 

becomes concave-up during summer to fall. During the entire study period, the 

cutbank at the northern channel bank retreated about 45 m, while compound dunes 

on the southern channel bank migrated about 35 m toward the northern channel 

bank (Fig. 7). 

Transect YZ showed that channel migration toward southeastern direction 

affected the compound dune migration trend. Compound dune developed on the 

southern channel bank migrated bi-directionally either ebb or flood current 

direction with asymmetrical morphological features similar to what observed along 

transect XY. As the channel migrated toward southeastern direction, the channel 

became sinuous and had well-developed ebb barb in the upstream of meander bend. 

Compound dune near the ebb barb migrated persistently seaward with the gradual 

decrease of dune height. Compound dune and simple dune fields were contracted 
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as channel migration continued. As channel migrate southwestern direction from 

October 18, 2013, simple dune fields on the southern channel bank were dissipated. 

On the opposite side of the southern channel bank, fine sandy point bar were 

formed as a result of channel migration. During the entire study period, compound 

dunes on the transect YZ migrated about 45 m. Satellite images depict channel 

migration over three years from 2011 to 2013 with distinct cutbank retreat at the 

northern channel bank (Fig. 8). Aerial photo shows the meandering morphology of 

the tributary channel with ebb and flood barbs (Fig. 9).  
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Figure 6. Repeated profiles of simple and compound dunes along transects AB (A) and CD (B) 

from April, 2014 to April, 2015. Measurements for daily simple dune migration rate on 

representative days in spring (C, D), summer (E, F), fall (G, H) and winter (I, J). Note that 

simple dunes on the channels were ebb asymmetric. In contrast simple dunes on the southern 

channel bank had slightly symmetrical morphology, except during winter. Simple dunes on the 

channel migrated ebbward from spring to winter. In contrast simple dunes on southern channel 

bank migrated floodward from spring to fall, but ebbward during winter. 
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Figure 7. Time-series of profiles illustrating both channelward and landward migration of 

compound dunes during the study period. Channel thalweg maintained its position throughout 

the time, while compound dunes on the southern channel bank migrated toward the northern 

channel bank direction. Note that as channel sinuosity increases compound dunes on line YZ 

migrate mainly seaward direction. 
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Figure 8. Temporal changes of locations of dunes and channels (C) based on the comparison of 

satellite images of Sep 23, 2010 (A) and Oct 22, 2013 (B). Red arrows indicate the migration 

direction of compound dunes during the period. The tributary channel also migrated laterally 

during the period.  
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Figure 9. Satellite images showing the temporal changes of locations of dunes and channels of 

October 10, 2013 (A) and February 6, 2015 (B). White-filled arrows indicate the migration 

direction of compound dune. The tributary channels migrated laterally either northwest or 

southeast direction. As channel sinuosity increased from 2013 to 2015, dune field on southern 

channel bank are expanded toward northwest direction. (C) Aerial photo taken by drone 

showing the meandering tributary channel with flood- and ebb barb. 
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4.3. Hydrodynamics of southern channel bank and tributary channels 

 

4.3.1. Tide process 

 

ADCP measurements indicate that tidal currents are semidiurnal with distinct 

diurnal inequality of up to 1.2 m. Tidal range is up to 6 m below mean sea level. 

There is no slack water tide when current speeds increase again and have rectilinear 

tidal current condition (Fig. 10). ADCP deployed in the channel and channel bank 

indicate that that the tidal current regimes of two environments were different from 

one another. (Figs. 11, 12). 

Tributary channel is ebb-dominant environments with peak ebb and flood tidal 

current speed up to 1.2 m/s and 0.8 m/s, respectively (Figs.11D, 12D). Ebb and 

flood peak current is observed late stage of ebb tidal current stage and early stage 

of flood tidal current stage, respectively. Tidal current direction in the channel 

rotate counterclockwise from 50 ° during early flood stage to 280 ° during late 

flood stage. During early ebb stage tidal current direction range between 280 and 

180 ° during early ebb stage, and then rotate clockwise from 180 to 240 ° during 

late ebb stage. Tidal current direction when peak ebb tidal current observed is 

concordant with channel axis extended from northeast to southwest.  

In contrast, the southern channel bank is slightly ebb-dominated but temporarily 

flood-dominant environment (Figs.11F, 12F). Peak ebb and flood tidal current 

speed up to 1.1 m/s during late stage of ebb tidal current stage and 1.0 m/s during 

early stage of flood tidal current stage, respectively. Tidal current direction in the 

southern channel bank rotate counterclockwise from 360 ° during early flood stage 
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to 280 ° during late flood stage. During early ebb stage tidal current direction range 

between 280 and 180 ° during early ebb stage, and then rotate clockwise from 180 

to 210 ° during late ebb stage. In contrast with tidal current in channel, peak current 

in the southern channel flat have dominant current direction between north and 

south. Tidal asymmetry is pronounced at the tributary channels with 0.4 m/s than 

the southern channel bank during spring tides. Tidal currents are rectilinear with 

nearly uniform flow directions during neap tides (Figs. 11, 12). Well-defined slack 

tides occur at the times of both peak high tide and peak low tide in the channel 

(Figs. 11, 12). They occur only during peak high tide on the channel bank (Figs. 11, 

12). Flood currents tend to flow parallel to the axis of the main channel (e.g., 

Martinius and Van den Berg, 2011), resulting in cross-tributary channel flows. In 

contrast, ebb currents flow more or less parallel to the axis of the tributary channel. 

 

4.3.2. Wave process 

 

During the study periods, stormy season when mean wind speeds increased more 

than 10 m/s were detected (Figs. 11, 12). Significant wave height in the tributary 

channels was increased up to two times during the stormy season than fair-weather 

condition. In summertime fair-weather condition, significant wave height range 

between 0.05 to 0.1 m during neap tide and 0.05 to 0.2 m during spring tide, 

respectively. When storm condition occurred, significant wave height increased up 

to two times than the fair-weather condition, 0.2 and 0.6 m during neap tide and 

spring tide, respectively (Fig. 11A). In contrast, during winter significant wave 

height and their frequency was more pronounced than that of summertime (Fig. 
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12A). In wintertime fair-weather condition, significant wave height range between 

0.05 to 0.2 m during neap tide and 0.1 to 0.4 m during spring tide, respectively. 

During the storm condition significant wave heights range between 0.6 to 1.1 m 

during spring tide. Although storm condition lasted for half day or at best one day, 

most of largest significant wave heights were observed between the late stage of 

flood tide and the early stage of ebb tide (Fig. 13B, C). Significant wave height was 

proportional to the degree of mean wind speed. Maximum significant wave height 

lagged 2-3 hours after the peak of mean wind speed (Figs. 11, 12). Significant 

wave heights tend to increase toward spring tides.  

Significant wave directions seem to be concordant with mean wind direction 

(Fig. 14). During summer, wind direction is mainly either southeasterly or 

northeasterly from Seosu Island Light house AWS data (Fig. 14A). In contrast wind 

direction is westerly during winter (Fig. 14B). AWAC data acquired at the tributary 

channel indicate that wave direction during the same period is northwesterly (Fig. 

14C). It means effective wave activity exerted mainly toward southeast direction. 

 

4.3.3. Suspended Sediment Concentrations 

 

In the event of storms, suspended sediment concentrations (SSCs) increased up 

to two times larger than the fair-weather condition (Figs. 11C, 12C). In 

summertime, maximum SSCs during spring tide were measured 0.5 and 1.3 g/L 

during flood and ebb tide, respectively (Fig. 11C). During neap tide, maximum 

SSCs were observed 0.1 during flood tide and 0.7 g/L during ebb tide. SSCs value 

during stormy days reached up to 2.5 g/L (Fig. 11C). Also, SSCs tend to increase 
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during rainy days. Because of the increased discharge in the channel, much of 

suspended sediment in the water column can be transported by ebb tidal current. In 

wintertime, SSCs over tidal cycles appear to be similar with those of summertime. 

But SSCs value is generally higher than the summertime (Fig. 12C). During spring 

tide SSCs range between 0.05 to 0.3 g/L and 0.5 to 0.7 g/L during flood tide and 

ebb tide, respectively. When stormy condition occurred, SSCs value increases up to 

2.9 g/L during spring tide (Fig. 12C). Significant time gap exists between 

maximum significant wave height and maximum SSCs. Maximum value of SSCs 

were concordant with the peak ebb tidal currents of spring tides in the channel. 

Once significant wave occurred between the late stage of flood tide and the early 

stage of ebb tide, surface sediments resuspended by wave orbital processes were 

transported by strong ebb tidal current. Maximum orbital velocity in summertime 

and wintertime of channels are 0.4 m/s and 0.8 m/s, respectively (e.g., Soulsby, 

1987). Maximum value of SSCs in the tributary channel was concordant with peak 

ebb tidal current during spring tide.  
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Figure 10. Depth-averaged current speed and directions during spring (A) and neap (B) tides at the tributary channel. Current speed contours during spring 

(C) and neap (D) tides and entire filed campaign period (E) at the tributary channel.  
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Figure 10. (continued) Depth-averaged current speed and directions during spring (F) and neap (G) tides at the southern channel bank. Current speed 

contours during spring (H) and neap (I) tides and entire field campaign period (J) at the southern channel bank. Note that tributary channels have pronounced 

tidal asymmetry in contrast with southern channel bank, having symmetrical tidal currents.  



 

 29

 

 

 

Figure 10. (continued) Significant wave height measured at the tributary channel (K). Wave heights are increased during stormy season with increasing mean 

wind speed.  
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Figure 11. Hydrodynamic measurement results with physiolographic setting from July 22, 2014 

to July 29, 2014 in summer. Significant wave height during spring tide in stormy season 

increased up to two times more than the fair-weather season. Suspended sediment 

concentrations (SSCs) of tributary channel increased up to two times during spring tides in 

stormy season. Also, in rainy season SSCs increased slightly during neap tide period. Tidal 

asymmetry is pronounced on the tributary channel with ebb-dominant current. As closer the 

tributary channel, ebb current flows parallel to the axis of the channel including channel margin. 

On the southern channel bank tidal asymmetry is small with flood-dominant current. 
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Figure 12. Hydrodynamic measurement results with physiolographic setting from March 8, 

2015 to March 15, 2015 in winter. Note that stormy periods were increased. Significant wave 

height during spring tide in stormy season increased up to two times more than the summertime 

season. SSCs also increased during stormy season and their value were pronounced than that of 

summertime season.  
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Figure 13. Photographs showing the wave effect with tidal current during falling stage of ebb tide. (A) Standing waves during peak ebb tidal current at the 

main channel thalweg. (B) Symmetrical wave occurred on the dune field tributary channel during the rainy season with maximum wind speed increasing up 

to 10 m/s. Wave height and length is 0.3 m and 1 m, respectively. (C) Combined wave-tidal current in close to the main channel. (D) Symmetrical ripples 

developed on simple dune trough at the southern channel bank. Symmetrical ripples are formed by runoff channel with combined tide-wave action during 

falling stage of ebb tide. 
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Figure 14. Rose diagrams delineate that mean wind speed and direction during one month from July 15, 2014 to August 14, 2014 (A) and from March 1, 

2015 to March 31, 2015 (B), in summertime and wintertime, respectively. (C) Significant wave height and wave direction during winter observed by AWAC 

in the tributary channels. Wave direction is mainly westerly and northwesterly direction during study periods. 
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4.4. Sedimentary facies association 

 

Four sedimentary facies associations are recognized in the tributary channel and 

the channel bank, which include bank dune, channel dune, sand flat, and mud flat 

facies association (Figs. 15, 16). 

 

4.4.1. Bank dune facies association (FA1) 

 

FA1 consists of cross-bedded medium to coarse sands, forming dunes and runoff 

channels on the channel bank. Compound dunes are coarser grained than simple 

dunes. Cross-beddings are normally graded and rich in shell concentrations at their 

base. Cross beddings are mainly bidirectional but are dominantly ebb-oriented in 

the simple dunes located close to the tributary channel. Mud drapes are generally 

thin and rarely preserved within cross beddings. Simple dunes appear to have more 

mud drapes. Rippled fine to medium sands are present in the lower part of dunes, 

which are 5 to 15 cm thick. Ripples are bidirectional (Fig. 16L). In the lower part 

of FA1, planar laminated to wave-rippled fine to medium sands grade upward into 

a 4-cm thick, massive mud layer (Fig. 16J) and massive silt bed (Fig. 16N), 

forming a fining-up succession. Locally, a coarsening-up succession is developed 

(Fig. 16M). Diminutive shell fragments and flat, rounded mud pebbles are 

occasionally present. FA1 is thickest where compound dunes are present on the 

southern channel bank (Fig. 18B, C). FA1 exhibits overall coarsening-up or nearly 

uniform textural trends. FA1 is none to weakly bioturbated. Sediments are 

composed of 0-2% of gravel, 90-95% of sand, and 5-10% of mud with mean grain 
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sizes varying between 0.5 and 1.5 phi (0.354-0.707 mm). 

FA1 is formed by the migration of the dunes on the channel bank under the 

current hydrodynamic condition. Bidirectional cross beddings indicate the presence 

of strong tidal currents with little tidal asymmetry. Common occurrence of ebb-

dipping cross-beddings in the compound dunes adjacent to the tributary channel 

suggests that tidal currents become ebb-dominated toward the channel and master 

beddings tend to dip in the same direction. The fining-up successions in the lower 

part of the dunes are formed by the lateral migration of runoff drainage channels at 

the dune trough. Where the runoff channels enter into a pond at the scour pit of the 

dunes, small-scale coarsening-up successions are developed like deltas that 

prograde into the water. Wave-influenced structures are not recognized in the 

compound dunes due to their coarser-grained nature. Abundant wave-induced 

structures within the runoff channels indicate that wave actions during falling tides 

have greater preservation potential. Mud drapes preserved within the dunes are 

interpreted to have formed during the late runoff stage of ebb tides, when turbid 

water with high SSCs were trapped in the dune trough (e.g., Fenies et al., 1999). 

The mud drapes are unlikely to form during high-tide slack, because there is no 

cessation of tidal current around high tide (e.g., Dalrymple and Choi, 2003). 

Greater SSCs during ebb tides indicate that noticeable erosion of tidal flat surface 

takes place during falling tides (e.g., Bassoullet et al., 2000). 

 

 

 

 



 

 36

4.4.2. Channel dune facies association (FA2) 

 

FA2 is dominated by cross-bedded medium to coarse sands with abundant shell 

fragments and mud pebbles (Fig. 16C, D, F, G, H). Cross beddings are mainly 

unidirectional and ebb-oriented. Mud drapes are thicker than those of FA1. Locally, 

cross bedded sands are sharply overlain by 4-10 cm thick channel lags (Fig. 16C, 

F) and 3-15 cm thick mud beds (Fig. 16F). The thick mud beds are not bioturbated 

and contain faint and thin laminations. Compared to those of FA1, FA2 are poorly 

sorted due to the mixture of medium to coarse sands and muds. FA2 occurs mainly 

below -3.5 m below present mean sea level and confined to the tributary channel, 

which is submerged during spring low tides. FA2 is also preserved in the ebb barb 

of the tributary channel (Fig. 18B). FA2 overlies sharply FA3 and FA4 (Fig. 16G). 

FA2 is none to weakly bioturbated. Except the thick mud layers, sediments are 

composed of 20-24% of gravel, 60-80% of sand and less than 10% of mud with 

mean grain sizes varying between -0.5 and 0.5 phi (0.707-1.414 mm).FA2 is 

formed by migration of dunes in the tributary channel where ebb currents are 

relatively dominant. FA2 dip dominantly ebbward, which is the opposite or at least 

perpendicular to the direction of inferred accretion surfaces of point bars of the 

tributary channel. Concentrations of large shell fragments and mud pebbles formed 

at the channel thalweg as lag deposits. Thick mud layers with thin faint laminations 

are interpreted fluid mud deposits formed under highly turbid water conditions. 

Lack of bioturbation indicates rapid deposition of muddy sediments. Although 

measured turbidity at 1 m above the channel base indicates turbid but dilute 

suspension (McAnally et al., 2007), high SSCs sufficient to trigger hindered 
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settling were likely to occur at the channel base presumably during energetic 

stormy condition (e.g., Wells et al., 1990; Baas et al., 2011; Mackay and Dalrymple, 

2012) or intense heavy rainfall at low tides (e.g. Rao et al., 2011). Mud pebbles 

present within channel lag seem to be originated from older, semi-consolidated 

mud flat deposits of FA4 that are exposed on the channel cutbank and dune troughs.   

 

4.4.3. Sand flat facies association (FA3) 

 

FA3 is composed of laminated to ripple cross laminated fine to medium sands 

with thin mud drapes (Fig. 16A, H). Asymmetric and bidirectional current ripples 

are common. Locally, symmetric wave ripples are present (Fig. 16A). Sediments 

are none to weakly bioturbated. Well-defined fining-up succession of 45 cm thick 

is preserved on the northern channel bank, which is floored with 6-cm thick shelly 

sands (Fig. 18A). Fining-up successions are also present in the middle of the 

tributary channel (Fig. 18C), where they are overlain by either FA4 or FA1. Shell 

fragments are diminutive and generally occur in low concentration. Sediments are 

composed of over 70% of sand and 20-30% of mud with mean grain sizes varying 

between 3.0 and 3.5 phi (0.088-0.125 mm). 

Fining-up succession with basal shell lags indicates that FA3 was formed by 

channel migration. Common occurrence of wavy structures as well as bidirectional 

current ripples represents mixed energy condition of tidal currents and waves, 

where oscillatory combined flow is dominant (Dumas et al., 2005). Field 

observation indicates that the northern channel bank adjacent to the tributary 

channel, where FA3 is exposed, is subject to waves in the event of strong winds. 
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Absence of well-defined mud drapes is congruent with the high-energy condition. 

The fining-upward successions in the middle of the tributary channel are 

considered to have formed prior to the development of the current dune fields. 

 

4.4.4. Mud flat facies association (FA4) 

 

This facies association consists of laminated muds and fine sands that are semi-

consolidated and bioturbated (Fig. 16B, G, I, M). Rippled sands are occasionally 

preserved. FA4 is identified over the entire study area except the landward part of 

the northern channel bank (Fig. 18). FA4 occurs as high as -3 m below mean sea 

level on the southern channel bank where it is exposed on the dune trough. FA4 

crops out in the seaward part of the northern channel bank near the tributary 

channel. Laminae thicknesses range between 1 and 5 mm. Laminations are often 

packaged into rhythmic thickness variations resembling neap-spring tidal cycles 

(Fig. 16G). Sediments are composed of 5-40% of sand and 60-95% of mud with 

mean grain sizes varying between 5.1 and 7.1 phi (0.01-0.03 mm).Fine-grained 

textural composition with well-defined rhythmic structures suggests that FA4 was 

formed in the low energy condition such as an upper intertidal flat that is protected 

from wave influence. Semi-consolidated property of FA4 indicates mud deposits 

were subaerially exposed over long time prior to the development of overlying 

dunes on the bank (FA1) and the channel (FA2). Therefore FA4 is not considered to 

reflect current hydrodynamic conditions. Boundaries between FA4 and overlying 

FA1 and FA2 are interpreted as flooding surfaces representing abrupt increase of 

energy condition due to submergence. 
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Figure 15. Representative core photos showing the major facies constituting dunes (A, B, C, D, 

F, G), tidal channels (B, D, E) and flats (A, C, E, F, G). DU; dune, SF; sand flat, CH; channel, 

MF; mud flat, FM; fluid mud, CL; channel lag, RC; runoff channel. Scale bars are 5 cm. 

Numbers in each core top and base indicate elevations in meter below mean sea level. Refer to 

Fig. 17 for the location of cores and the stratigraphic core location. White dashed lines indicate 

major stratification in the dune facies association. 
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Figure 16. Representative core photos showing major facies of dunes (C, D, E, F, H, I, J, K, L, M, N), tidal channels (C, D, F) and sand flats (A), mud flats 

(B, G, I, M). Refer to Fig.15 for the facies code. Numbers in each core top indicate elevations in meter below mean sea level. All of core scale bar (white box) 

is 3 cm long. White dashed lines indicate major sedimentary structure in the sand flat and dune facies association. 



 

 41

 

Figure16. (continued) Rill channel facies developed on the dune trough are divided into three categories (K, L, M) based on the sedimentary facies; fining-

upward succession formed by channel migration (K) and graded bed formed during storms (J, N) and coarsening-upward succession (M) by runoff channel 

delta. 
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4.5. Stratigraphic architecture 

 

The dune facies association is spatially extensive and constitutes the upper part 

of the sedimentary succession (Figs. 17, 18). The bank dune facies association 

(FA1) is thickest on the southern channel bank, where stacked simple dunes form a 

meter-thick compound dune deposit. The dune facies association becomes thinner 

toward both the northern channel bank and the upstream direction, where it is 

underlain by mud flat facies association. In close proximity to the tributary channel, 

channel dune facies association (FA2) is underlain by mud flat facies association. 

The mud flat facies association is often exposed in the dune trough and is typically 

semiconsolidated on the southern channel bank and tributary channel thalweg. The 

dune facies association grades down to sand flat facies association in the southern 

channel bank and downstream location close to the main channel. Sand flat facies 

association (FA3) is developed along the channel margin and is overlain by channel 

dune facies association. Those sand flat facies association can be divided into two 

groups based on the stratigraphic order. Old sand flat facies association is overlain 

by the channel dune facies association near the channel. Old sand flat association 

has little amount of shell fragments and they occur lower elevation than the channel 

and bank dune facies association (Fig. 18). At the northern channel bank and 

margin of southern channel bank, sand flat facies association (FA3) is overlain by 

the mud flat facies association (FA4) with highly bioturbated sedimentary facies. 

Modern sand flat facies association occurs at the point bar location of the northern 

channel bank (Fig. 18). Modern and old sand flat facies developed near the channel 

have an overall fining-upward succession from shell lags at the bottom to the 
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parallel to ripple crosslamination at the top (Fig. 18 A, C). The mud flat facies 

associations (FA4) is overlain by sand flat facies association at the northern and 

southern channel bank. Fluid mud and rhythmic parallel lamination below the dune 

facies seem to be deposited older time than the present time, especially in close to 

the channel with protected condition (Mackay and Dalrymple, 2011), and no dune 

field development. So, mud flat facies association constitutes the substrate over the 

entire study area. The bank dune facies association rests on the channel dune facies 

association in the tributary channel and has a relief of greater than 2 m. The 

channel dune facies association occurs below −3.5 m elevation, which is 

submerged during neap tides. Laminated sands and muds of the channel facies 

association seem to be ubiquitous in the most channel area, whereas fluid mud 

layers and channel lags are thought to have limited continuity (Figs. 17, 18). The 

channel dune facies association is generally thicker in the present channel location, 

which grades laterally into the sand flat facies association in the southern channel 

bank and mud flat facies association in the northern channel bank. The sand flat 

facies association is present at lower elevations than the mud flat facies association, 

and it is considered to be extensive in the southern channel bank. The mud flat 

facies association is locally exposed on the southern channel bank and the northern 

channel bank near the confluence of the main channel (Fig. 3F, G). 
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Figure 17. Fence diagram showing the stratigraphic correlations of major sedimentary facies 

association representing dunes, channels, sand flats and mud flats. Topography of transects are 

based on morphologic information from satellite images and profiling data collected from the 

study area. 
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Figure 18. Core correlation along the channel (A) and the southern channel bank (B) showing the stratigraphic architecture of major sedimentary facies 

association; bank dunes (FA1), channel dunes (FA2), sand flats (FA3) and mud flat (FA4). Channel dune (FA2) cross beddings direction mainly show 

seaward (ebb) direction and mud flat facies (FA4) are exposed. (B) Master beddings surfaces on the southern channel bank shows bidirectional trends 

because of flood-dominant current. Refer to Fig. 18C for the location of transect with cores and legends. 



 

 46

 

Figure 18. (continued) Core correlation along transect C-C’ from northern channel bank, tributary channel to southern channel bank. Refer to Fig. 15 for the 

core photo images of selected cores. Mud flat facies distribution are inferred from the profiling data by measuring the exposed semiconsolidated mud flat 

along the transect C-C’. Topography of transects are based on the profiling data collected from the study area. 
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5. DISCUSSION 

 

5.1. Processes and controlling factors on the morphodynamics of compound 

dunes 

 

Hydrodynamic data indicate the suspended sediment concentration (SSCs) in the 

tributary channel might be controlled by three factors: 1) tide, 2) rainfall and 3) 

wave intensity. SSCs in tributary channel show the maximum values concordant 

with peak ebb current during whole tidal cycle and their values increase more up to 

two times during rainfall and storm season than fairweather season (Figs. 11, 12). 

In the tide-dominated environments, occurrence of tidal asymmetry is the one of 

the key factors on net sediment transport to induce residual tidal currents toward 

landward or seaward (Friedrichs, 2012). Especially, as the western coast of Korea 

is influenced by the monsoon climate, suspended sediment influx towards seaward 

are increasingly seaward by riverine discharge during summer flooding season (Lee 

et al., 2013), whereas during the winter erosion process are pronounced by wave 

processes (Kim, 2003; Lee et al., 1999). These processes results in the seasonal 

variation in sedimentary processes i.e. summertime deposition and wintertime 

erosion of fine-grained surficial sediments (Lee et al., 1999, Friedrichs, 2012). 

Maximum orbital velocity in summertime and wintertime of channels are 0.4 m/s 

and 0.8 m/s, respectively (e.g., Soulsby, 1987). In wintertime storm season, 

increased wave energy triggers the sediment resuspension and increase suspended 

sediment concentration near the bed and in the water column (Dyer et al., 2000; 
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Lee et al., 2004; Lee et al., 2013). Resuspended suspended sediment in the channel 

may be transported seaward by subsequent ebb-dominant tidal flow (Figs. 11, 12). 

These increased suspended sediment may contribute to develop mud drape on dune 

trough during low tide (Figs. 13B, C, 16I). Also, small-scale fining upward 

succession which is developed between dune cross bedding on the southern 

channel bank may be associated with relatively high waves that increased the SSCs 

(Fig. 16J, N). Generally, the SSCs curve shows a non-linear trend during a tidal 

cycle when even small waves exist (Lee et al., 1999; Kim, 2003; Lee et al., 2004; 

Green and Coco, 2007; Lee et al., 2013). There are two peaks of SSCs over tidal 

cycle that correspond to flood and ebb current peaks. In addition, high SSC 

occurred at the start of the flood and then again at the end of the ebb indicating 

wave-resuspension of local bed sediments (Green and Coco, 2007). However, 

although observed SSCs in channels during storm season shows similar double 

peak trend mentioned above, SSCs increased only (single peak trend) at peak ebb 

current during tidal cycle (Figs. 11, 12). Because channel base is covered by the 

simple dunes with medium to coarse sand sediment, differential sediment transport 

trend might occurred in the water column with bedload sediment and suspended 

sediment. But to support this hypothesis, additional dataset on bedload sediment 

transport in the channel need to be analyzed. SSCs seem to be increased only at 

peak ebb tidal current because there is no slack water tide period that current speed 

nearly reached up to 0 m/s. In this respect, increased suspended sediment may 

develop the mud drape on the dune trough by flowing run-off channel during low 

tide period, especially when they were exposed to subaerial condition (Fenies et al., 

1999). Although it is difficult to find the erosion surface and symmetrical ripple by 
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wave action in the dune facies, poorly sorted facies with coarse sand and very 

fine/mud within dune facies may be influenced by wave action (Ferret et al., 2010). 

Daily morphologic measurements indicate that simple dunes in the tributary 

channel migrate much faster than compound dunes on the southern channel bank. 

Considering that peak tidal currents on the channel bank are greater than those in 

the channel, dunes on the channel bank would migrate much faster during each tide 

because migration rates of dunes are proportionate with current velocity (Terwindt 

and Brouwer, 1986; Dalrymple and Rhodes, 1995; Villard and Church, 2002; 

Kostaschuk and Best, 2005). As tidal asymmetry between flood and ebb is 

relatively pronounced in the channel, however, net displacement of dune after each 

tidal cycle is much greater in the tributary channel than channel bank. In the case of 

symmetrical tidal currents, net migration of dunes over a tidal cycle is nearly zero 

(Lee et al., 2006). Simple and compound dunes seem to migrate during the most 

spring tides, when peak tidal currents exceed over 0.8 m/s. Dunes are thought to be 

immobile during neap tides when tidal currents do not exceed the threshold of dune 

migration. Overall ebb-dominance in the channel and over the channel bank 

implies net ebbward sediment transport, which is manifested by the prevalence of 

ebbward dipping cross-beddings and master bedding surfaces within the dunes. 

Orientations of simple dunes in the tributary channel are different from those of 

simple and compound dunes on the southern channel bank, implying that dominant 

current directions are different between the two locations. Orientation of compound 

dunes that is nearly perpendicular to the axis of the main channel suggests that 

sediment transport on the southern channel bank is affected by flood currents due 

to close proximity to the main channel. 
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Compound dune morphology and their migration trend show bidirectional 

morphological change. Orientation and asymmetrical/symmetrical morphology of 

dunes indicate the net sediment transport dependent on the residual tidal current 

direction (Allen, 1980; Dalrymple and Rhodes, 1995; Friedrichs, 2012). In the 

presence of small tidal asymmetry with slightly ebb dominance on the southern 

channel bank, net migration of dunes over a tidal cycle is nearly zero (Lee et al., 

2006). But the landward migration of compound dunes cannot be explained by tidal 

current only (Choi and Jo, 2015b). In open-coast tidal systems, various processes 

controlling the dune morphodynamics are reported; estuarine/fluvial discharge 

(Berne et al., 1993; Kostaschuk and Best, 2004) and wind-induced wave 

(Langhorne, 1982; Dalrymple, 1984; Terwindt and Brouwer, 1986; Harris, 1989, 

1991; Le Bot and Trentesaux, 2004; Ferret et al., 2010). During summer rainy 

season, high discharge may affect the superficial sedimentary facies on the tidal flat 

by rill erosion or channel migration. Because, however, there are no fluvial 

channels directly connected to Yeochari tidal flat (Fig. 1), another processes can be 

considered. Considering that those periods coincide with stormy conditions (Fig. 2), 

wind-induced waves are expected to exert an effect on the dune mobility (Choi and 

Jo, 2015b). In the tide-dominated system, if episodic storm event or wind-induced 

wave by monsoon climate are existed, net sediment transport can be modified and 

reversed by wind-induced wave with seasonality (Harris, 1989, 1991; Hequette et 

al., 2008). Those reversed sediment transport can trigger the change of morphology 

(erosion or deposition) and migration direction (Le Bot et al., 2004; Ferret et al., 

2010). The present study cannot show the quantitative value on net sediment 

transport change with wind-induced wave. But seasonal change of residual tidal 
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currents are discussed using SWAN model (Simulating WAves Nearshore; third-

generation wave model) on the Gyeonggi Bay i.e. flood currents are intensified in 

summertime and ebb currents are intensified in wintertime (MOF annual report, 

2008). In this context, those seasonal change of residual tidal current are expected 

to trigger the net sediment transport either landward (summer) or seaward (winter). 

Small waves have negligible impact on dune mobility (e.g., Lee et al., 2006), but 

large waves with wave orbital velocity exceeding 0.3 m/s are known to trigger 

dune migration (Hoekstra et al., 2004). As Choi and Jo (2015a) discussed, in the 

event of strong waves blowing onshore against the dominant tidal current direction, 

i.e., ebb currents, dune displacement will occur toward subordinate tidal current 

direction (e.g., Harris, 1991; Le Bot and Trentesaux, 2004), and cause the master 

bedding surfaces to dip in the same direction. In this context, seasonal 

morphological changes of compound dune might have bidirectional master bedding 

surfaces inclined either landward during summertime or seaward during wintertime. 

At present study, compound dune migrated seaward direction (southeast) despite of 

southeasterly wind (Figs.7, 11). During summer, because significant wave height 

increased during the ebb tidal current period, wave activity with ebb current 

displaced the compound dune seaward. In open coast tide-dominated systems, 

wave activity can be an important factor by modifying the tidal current and results 

in compound dune bidirectional morphodynamics with long-term time scale. 

As compound dunes are located on the southern channel bank of tributary 

channel that becomes either a cutbank or a point bar, the morphodynamics of 

compound dunes seems to be also influenced by channel migration. When the 

tributary channel migrates toward the southern channel bank, compound dunes may 
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experience erosion by channelized flow that impinges on the dunes, leading to 

steeper channelward dune faces (Fig. 7). In contrast, when the tributary channel 

shifts its position to the northern channel bank, compound dunes may receive 

additional input of sediments and have gentler channelward dune faces (Fig. 7). 

The tributary channel seems to migrate in response to seasonal fluctuations of 

runoff discharge, which is mostly pronounced during the summertime rainy season 

when heavy precipitation occurs and triggers rapid channel migration (Wells et al., 

1990; Choi, 2011; Choi et al., 2013). Although the tributary channel has migrated 

back and forth, a time-series of channel profiles along the XY transect indicates 

that the tributary channel has maintained its overall position during the study 

period (Fig. 7). Limited extent of channel migration seems to be associated with the 

presence of semiconsolidated muddy substrate or mud flat facies association on 

both sides of the channel bank. The present study shows that an intertidal tributary 

channel near the confluence of the main channel is a most likely venue to observe 

dune morphodynamics modulated by channel migration, because conditions such 

as a distinct seasonal discharge fluctuation to trigger channel migration and a 

strong tidal current to generate dunes can be satisfied simultaneously. Furthermore, 

wave-modulated dune morphodynamics is also likely to occur near the confluence 

of the main channel, where larger waves could develop because of greater channel 

depth and width that accommodate greater wind fetch. 
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5.2. Implications for the stratigraphic architecture of compound dunes and 

point bars 

 

Compound dunes exhibit an overall coarsening-up succession resulting from 

forward accretion of simple dunes. Locally, a small scale fining-up succession is 

developed by the lateral migration of runoff channels that are present at the dune 

trough (Figs. 15C, 16J, L, M). Despite an apparent influence of waves (Figs.11, 12, 

13D), compound dunes have little evidence of wave induced sedimentary structures 

such as wavy beddings and washover sheets. Normal grading fining-upward 

deposit on dune trough and bidirectional symmetrical ripple cross lamination on 

sand flat facies associations (Fig. 16A, H) are evidence of the wave activity with 

highly sediment concentrations. Because of coarse sediment existed on overall 

dune fields and dune trough erosion, those lines of evidence may be difficult to be 

preserved in dune sedimentary facies. Mud drapes in bank dune facies associations 

are rare and incompletely developed because tidal currents are rotary and have no 

slack period especially during spring tides when the weakest current speeds are 0.3 

m/s. In close to the channel, mud pebble and faintly mud drape are preserved with 

poorly sorted (Fig. 16C). Ebb-dipping master bedding surfaces within the 

compound dunes indicate that there is a net sediment transport toward ebb, as the 

dip orientation of master bedding surfaces is known to reflect dominant sediment 

transport direction (e.g. Berné et al., 1993; Dalrymple and Rhodes, 1995). The 

apparent ebb-dominance in the facies and stratigraphic architecture is incongruent 

with the landward or floodward displacement of compound dunes, which is driven 

by wave processes and channel migration. This implies that tide-induced sediment 
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transport can be modified considerably in the presence of significant wave activity 

and a highly mobile channel.  

Compound dunes on the transect YZ show the decreasing of their top and basal 

elevation from February 27 in 2014 to April 5 in 2015 (Fig. 7). As the channel 

sinuosity increased by channel migration, compound dunes in close the channel 

migrate mainly seaward direction with lower elevation. Time-series of transect XY 

profiles exhibit that compound dunes on the southern channel bank nearly 

maintained their top and basal elevation during most of the study period (Fig. 7). 

As the dunes approach a tributary channel, those elevations occur at lower 

elevations in the later stage of study period (Figs. 17, 18). This response suggests 

that mud flat (substrate) beneath dune have nearly uniform elevations on the 

southern channel bank and occur at lower elevations near the channel. Of course 

mud flat substrate beneath southern channel bank have undulatory elevation by 

dune trough erosion, runoff and rill channel (Fig. 18). The mud flat facies 

association is exposed on the dune trough where ebbtide runoff channels induce 

headward erosion because of channel–bank slope. However, overall mud flat 

substrate elevation decrease toward channelward based on profiling the exposed 

mud flat. Transect profiles indicate that the southern channel bank experienced net 

deposition caused by lateral migration of the tributary channel (Fig. 7). Although 

the magnitude of accretion is small compared to the thickness of compound dunes 

because of limited channel migration, small-scale, wedge-shaped, point-bar 

succession could develop on the flank of southern channel bank (Fig. 19). Channel 

dune facies association in close to the channel consist of relatively medium-grained 

sediment with dune cross beddings and sub-parallel lamination. Those facies 
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association have finer grain than that of other dune facies association (Fig. 16) and 

form the locally fining-upward succession in the overall architecture. Given the 

dataset used for this study, the stratigraphy of point bar succession cannot be 

constrained with certainty. Considering that the channel dune facies association is 

overlain by the bank dune facies association, the resultant point-bar succession is 

likely to consist of finer channel dune facies with medium-grained sediment 

derived from the adjacent dunes (Figs. 19, 20), . 

The present study highlights the architectural complexity of tidal compound 

dunes formed in the intertidal channel and channel bank. Compound dunes on the 

southern channel bank migrate back and forth in response to the intensity of tidal 

currents and wave activity, with the majority of master bedding surfaces dipping 

southeast in the residual current direction. Simultaneously, compound dunes shift 

their position to the northern channel bank and eventually overlie channel point 

bars. A composite stratigraphy is expected in the point bar location, where a point-

bar succession is overlain by a coarsening-up compound-dune succession (Figs. 19, 

20). Orientations of master bedding surfaces in the compound dunes are nearly 

opposite to those of accretion surfaces in the underlying channel point bars (Fig. 

19). Although dunes and bars are known to be influenced by separate 

hydrodynamics associated with different water depths (Dalrymple and Rhodes, 

1995; Longhitano et al., 2010; C. Olariu et al., 2012a; M. Olariu et al., 2012b), the 

present study documents that contrasting architectures of dunes and bars can be 

simultaneously produced in the macrotidal channel and channel bank without 

involving base-level changes (e.g., Yoshida et al., 2004). Compound dunes 

commonly overlie barforms such as elongated bars and side-attached bars in the 
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channelized subtidal setting. Under the circumstances, dunes tend to move either 

along the strike of the bars that migrate laterally (Dalrymple and Zaitlin, 1994; 

Dalrymple and Rhodes, 1995; M. Olariu et al., 201b2; Chaumillon et al., 2013) or 

the downdip of the downcurrent-accreting bars (Lambiase et al., 2003; Legler et al., 

2013). 
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Figure 19. Schematic model showing the architecture of tidal compound dunes developed in 

close proximity to migrating channels in the macro-intertidal environment. The crest of 

compound dunes are oriented oblique to those of simple dunes. Master bedding surfaces of 

compound dunes may dip in opposite direction to the accretion surfaces of point bars. 
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Compound dunes developed in close to the lower intertidal channel seem to 

migrate bidirectionally because of wind-induced waves whose direction vary 

seasonally. In additional to wind-induced waves, channel migration with the 

increase of sinuosity can influence on the migration, occurrence and extinction of 

intertidal dunes. Schematic morphodynamic model of compound dunes that 

consider tide, wave and channel migration facieses illustrated in Fig.20. If 

symmetrical tidal currents with slightly flood-dominance exist and there is no 

active channel migration, compound dune may migrate floodwardly with slightly 

asymmetrical morphology (Fig. 20A). Internal structure of compound dunes have 

unidirectional master bedding surface and cross beddings inclined toward dominant 

current direction (Le Bot and Trentesaux, 2004; Olariu et al., 2012). In close to the 

channel, accretion surfaces of point bar may be deposited and they are underlain by 

the channel dune facies association with fining-upward succession (Fig. 21A). As 

Yeochari tidal flat has been influenced by southeasterly wind and active channel 

migration during summertime rainy season, compound dune may migrate landward 

direction with asymmetrical morphology (Fig. 20B). However, the 

morphodynamics of compound dunes seems to be different depending on relative 

distance from the channels (Fig. 20B). Compound dunes located near the channel 

migrate seaward by intensified ebb tidal current (Fig. 7). As channel migrated 

toward northwest direction, point bar migration rate may be pronounced during the 

summer rainfall season. As channel continued to migrate, compound dune facies 

overlie fining-upward point-bar facies, forming an overall coarsening-upward 

succession (Fig. 21C). The magnitude of rill channels on the southern channel bank 

tends to be increased by high discharge. Master bedding surfaces may dip towards 
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landward direction, indicating net sediment transport occurred landwardly by 

southeasterly wind-induced wave (Fig. 21B). Runoff channel fining-upward 

succession may be deposited during the stormy days in the lower part of the 

channel bank. During winter, dune field may be influenced by northwesterly winds 

and slow channel migration (Fig. 20C). If northwesterly wind-induced wave 

coincides with dominant tides, compound dune migrate seaward. Master bedding 

surfaces may dip in the seaward direction, indicating net sediment transport 

occurred seawardly by northeasterly wind-induced wave (Fig. 21C).  
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Figure 20. Morphodynamic and stratigraphic architecture models of tidal compound dunes with the major sedimentary facies. (A) Compound dune may 

migrate slightly floodwardly under the symmetrical tidal flow with slightly flood dominant. In close to the channel, dunes migrate mainly ebbwardly with 

asymmetrical morphology. (B) Landward migration of compound dunes with active channel migration during summer rainfall season. With southeasterly 

wind-induced wave may influence development of master bedding surfaces dipping landwardly. (C) During winter, because of northwesterly wind-induced 

waves and ebb-dominance, compound dunes migrate seaward. Master bedding surfaces may dip seaward direction. 
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Figure 20. (continued) 
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Figure 21. Schematic compound dune architecture models showing the major sedimentary 

facies associations. Refer to fig. 20 for the pseudo core location. Compound dune architecture 

shows the overall coarsening-upward succession from bioturbated mud flat (FA4), sand flat 

(FA3), channel dune (FA2) to bank dune (FA1). Accretion surface of point bars may preserved 

relative finer part of channel dune FA with fining-upward succession and they are overlain by 

the bank dune FA. Master bedding surfaces may developed bidirectionally due to waves and 

tidal currents.  
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If the area is influenced by intense wave activity, seasonal discharge fluctuation 

and channel migration, compound dunes on the intertidal channel bank could 

migrate in a direction that is nearly opposite or at a high angle to the dip direction 

of accretion surfaces of the point bars (Fig. 22). Master bedding surfaces produced 

by tidal currents are likely to be nearly unidirectional in the channel, but 

bidirectional in the channel bank where overall ebb dominance alternates with 

temporal flood dominance with little tidal asymmetry (Fig. 22A). In the event of 

strong waves blowing onshore against the dominant tidal current direction, i.e., ebb 

currents, dune displacement will occur toward subordinate tidal current direction 

(Fig. 22B; e.g., Harris, 1991; Le Bot and Trentesaux, 2004), and cause the master 

bedding surfaces to dip in the same direction (Fig. 22B). If the channel migrates in 

response to seasonal discharge fluctuation, the accretion surfaces of the point bar 

tend to dip oblique to ebb current direction (Fig. 22C). Compound dunes and point 

bars have a complicated stratigraphic architecture, consisting of bidirectional, tide 

and wave-generated master bedding surfaces, as a result of combined effect of tidal 

asymmetry, direction and intensity of wind-induced waves, and channel migration 

that vary in time and space.  
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Figure 22. Schematic model showing the complexity of the architecture of tidal compound 

dunes and point bars in response to tidal currents (A), waves (B) and channel migration (C). 

 

 

 

 

 



 

 65

6. CONCLUSIONS 
 
 

Compound and simple dunes on the tributary channel and channel bank in the 

lower intertidal zone of Yeochari tidal in Gyeonggi Bay migrate actively in 

response to tides, waves, and rain-induced discharge fluctuation. Simple dunes on 

the channel are ebb-oriented and migrate faster than flood-directed dunes on the 

channel bank due to greater tidal asymmetry in the channel. Compound dunes on 

the channel bank migrate either seaward or landward at much slower rate than 

those of simple dunes. Notable migration of compound dunes coincides with 

periods of storms or typhoons. Southerly to southeasterly winds during summer 

leads to the landward migration of compound dunes, whereas westerly to 

northwesterly winds during winter facilitate the seaward migration of compound 

dunes. Tidal cycle at the time of peak waves could reverse the seasonal migration 

pattern. The proximity to the tributary channel also affects the direction of 

compound dune migration, as tidal asymmetry increases toward the channel. 

Compound dunes that migrated onto the point bar constitute a composite 

succession in which a coarsening-up compound dune succession overlies a fining-

up point bar succession. The master bedding surfaces of the compound dunes dip in 

opposite to or oblique to the directions of accretion surfaces of the point bar. 

Combined influences of tidal asymmetry, tidal cycle in the event of waves, 

seasonal variation in the direction of wind-induced waves, and the mobility of the 

tributary channel complicated the architecture of intertidal compound dunes 

compared to that formed in the subtidal setting. 
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spm(mg/L) and NTU with regressive curve in summer 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

date time sample 
spm 

(mg/L) 
NTU SSCs remark 

2014.07.15 

14:18 SS 1  94.0 27.6 113.8 

Flood tide 

14:19 SS 2 105.0 27.6 113.4 
14:20 SS 3 129.7 - - 
14:21 SS 4 146.7 31.1 135.1 
14:22 SS 5 186.3 - - 
14:23 SS 6 202.0 36.9 171.0 
14:24 SS 7 242.7 47.4 236.2 
14:25 SS 8 260.7 41.8 201.5 
14:26 SS 9 266.0 42.2 203.8 
14:27 SS 10 234.0 42.6 206.1 

2014.07.16 

14:58 SS 11 102.7 31.3 136.3 

Flood tide 

15:00 SS 12 101.7 31.7 138.9 
15:02 SS 13 142.0 31.5 137.4 
15:04 SS 14 166.0 34.4 155.3 
15:06 SS 15 201.3 42.9 208.4 
15:08 SS 16 218.7 47.3 235.1 
15:10 SS 17 257.3 50.2 253.4 
15:12 SS 18 190.3 50.9 257.6 
15:13 SS 19 212.0 45.5 224.4 
15:14 SS 20 221.0 47.5 236.6 
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spm(mg/L) and NTU with regressive curve in winter 
 
 

 
 
 
 
 
 
 
 

date time sample 
spm 

(mg/L) 
NTU SSCs remark 

2015.01.21 

12:59 WS 1  98.0 41.8 38.3 

Flood tide 

13:00 WS 2 101.0 38.6 22.9 

13:01 WS 3  98.0 42.1 40.2 

13:02 WS 4 114.0 45.0 54.1 

13:03 WS 5 122.0 47.0 63.8 

13:04 WS 6 142.0 39.5 27.4 

13:05 WS 7 138.0 38.7 23.2 

13:06 WS 8 171.0 42.6 42.3 

13:07 WS 9 154.0 43.6 47.1 

13:08 WS 10 199.0 52.3 90.2 

2015.03.22 

14:04 WS 11 223.3 77.4 213.3 

Flood tide 

14:05 WS 12 198.0 81.9 235.5 

14:06 WS 13 297.0 (84.8) (249.7) 

14:07 WS 14 272.7 84.7 249.1 

14:08 WS 15 256.0 87.0 260.7 

2015.04.06 

11:31:30 WS 16 256.0 77.9 215.8 

Ebb tide 

11:32:30 WS 17 220.9 78.0 216.4 

11:33:30 WS 18 216.4 77.1 211.8 

11:34:30 WS 19 202.5 76.0 206.4 

11:35:30 WS 20 190.8 77.7 214.9 

11:36:30 WS 21 216.5 76.9 211.2 

11:37:30 WS 22 188.5 76.0 206.7 

11:38:30 WS 23 182.5 (85.8) (254.9) 

User
선
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core description and grain size 
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core code 
(2013.10) 

Range 
(cm) 

composition Graphic momentum 
Gravel Sand Silt Clay Median Mean Sorting Skewness Kurtosis Mean Sorting Skewness Kurtosis

core 01 
(appendix p.137)

0-5  9.4 73.6  4.2 12.9  0.8  1.5 3.1 0.5 1.5 2.6 3.7 1.4 4.0 
15-20  0.0 40.1 43.1 16.7  4.3  5.1 3.0 0.4 1.3 5.4 2.9 1.0 3.0 
40-45  0.0 19.9 55.9 24.2  4.8  6.3 2.9 0.6 1.0 6.5 2.8 0.9 2.4 

core 02 
(appendix p.89) 

0-5  0.0 80.9  9.4  9.7  3.4  3.5 1.7 0.4 3.5 4.5 2.3 2.3 7.3 
15-20  5.4 39.3 30.1 25.2  4.5  5.6 4.0 0.3 0.9 5.6 3.8 0.2 2.2 
25-30  0.1 29.7 51.5 18.7  4.6  5.9 3.0 0.6 1.6 6.0 2.7 1.1 3.1 
35-40  0.1 81.2  8.6 10.1  3.1  3.3 1.9 0.5 2.7 4.3 2.5 2.0 6.2 

core 03 
(appendix p.116)

30-35  0.0 79.0 10.1 10.9  3.5  3.6 1.8 0.4 3.9 4.7 2.4 2.0 6.0 
50-55  0.0  6.1 77.8 16.1  4.8  5.7 2.1 0.7 2.0 6.2 2.3 1.6 4.1 

core 04 
(appendix p.90) 

10-15 21.6 66.0  3.2  9.2  0.3  0.7 3.1 0.5 1.8 1.8 3.4 1.7 5.4 
30-35  6.4 84.1  2.7  6.8  0.8  1.0 2.5 0.4 2.9 2.0 2.8 2.3 8.1 
50-55  0.7 82.6  8.7  8.0  2.2  2.5 2.3 0.4 2.1 3.4 2.7 1.9 6.3 

core 08 
(appendix p.94) 

5-10 20.3 70.2  3.1  6.5 -0.1  0.4 2.7 0.5 2.2 1.4 3.0 2.2 7.5 
10-15 21.7 69.1  2.4  6.8 -0.2  0.2 2.7 0.5 2.6 1.3 3.1 2.3 7.6 
15-20 25.2 66.0  1.5  7.3 -0.4 -0.2 2.5 0.5 3.3 1.0 3.1 2.5 8.5 
40-45 23.5 68.3  2.2  6.0 -0.2  0.1 2.6 0.5 2.7 1.1 2.9 2.4 8.5 
50-55  0.0  4.7 58.5 36.8  5.9  7.1 2.8 0.5 0.6 7.6 2.8 0.4 1.6 

core 09 
(appendix p.95) 

5-10  0.0  4.3 67.5 28.2  5.5  6.8 2.7 0.6 0.6 7.1 2.7 0.7 2.1 
10-15  7.7 83.1  2.6  6.6  0.3  0.6 2.5 0.5 3.1 1.6 2.9 2.4 8.4 
20-25  9.3 76.2  7.0  7.5  1.3  1.5 3.0 0.3 1.5 2.5 3.1 1.4 5.0 
30-35 11.4 77.5  3.4  7.6  0.7  1.2 2.9 0.4 1.6 2.1 3.1 1.7 5.6 

core 10 
(appendix p.96) 

5-10  0.4 16.9 61.3 21.4  4.8  6.3 2.9 0.6 1.5 6.3 2.8 0.8 2.9 
15-20  6.0 85.0  2.2  6.8  1.1  1.1 2.6 0.3 1.9 2.2 2.8 2.0 7.1 
20-25  7.9 82.4  2.3  7.4  1.0  1.1 2.6 0.4 2.3 2.1 2.9 2.0 7.0 
30-35  0.0  1.8 65.2 33.0  5.9  7.1 2.6 0.6 0.6 7.6 2.6 0.6 1.8 
45-50  2.3 36.0 40.1 21.5  4.5  5.6 3.8 0.3 1.2 5.6 3.5 0.4 2.4 
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요   약 

 

하부 조간대 조수로 근방에 발달하는 복합사구(compound dunes)의 층서 

아키텍쳐를 제어하는 외부요인을 이해하기 위해 형태변동성을 관찰하였고, 

이와 동시에 수력학적 데이터를 획득하였다. 연구지역은 우리나라 서해안 

경기만 남단에 위치한 여차리 갯벌로 겨울철 파랑의 영향을 강하게 받으며 

조차가 최대 9 m 이상인 개방형 대조차 환경에 속하는 곳이다. 

연구지역에서 RTK GPS를 사용하여 4년 동안 21번의 측량을 실시하여 

복합사구와 조수로의 단면형태와 이동을 관찰하였다. 조류의 유속, 

유의파고, 부유퇴적물 농도 등의 수력학적 데이터는 ADCP, AWAC, 

압력센서, OBS를 사용하여 여름철과 겨울철 약 한 달간의 장기관측을 

수행하였다. 조수로 근방에 위치한 단일사구(simple dune)는 하루 약 1~4 

m/day의 속도로 바다방향으로 이동하는 반면, southern channel bank의 

단일사구는 봄에서 가을철엔 0.1-1 m/day의 속도로 육지 혹은 

바다방향으로 이동하였으며, 겨울철엔 바다방향으로의 이동속도가 1-2 

m/day로 증가하였다. Southern channel bank의 복합사구는 월 2-3m의 

이동속도를 보이면서 육지 혹은 바다방향의 양방향으로 이동하였다. 

조수로는 여름철 집중강우의 영향을 받는 시기에 현저하게 이동하는데, 월 

최대 18 m 가량의 이동속도를 보인다. 수력학적 관측결과 조수로는 조석 

비대칭성이 크면서 낙조우세(ebb-dominant)를 보이는 반면, southern 

channel bank는 조석 비대칭성이 작은 창조우세(flood-dominant)의 특징을 

보인다. 조수로에서 획득된 유의파고는 주로 fair weather보다 폭풍시기에 

두 배 이상 증가하였으며, 0.4 m 이상의 유의파고는 조류에 의해 운반되는 
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퇴적물의 이동에 영향을 주는 것으로 생각된다. 파랑작용과 우세한 조류가 

함께 작용하게 되는 시기에 복합사구는 현저한 이동을 보인다. 겨울에서 봄 

사이의 서-북서풍의 영향으로 복합사구가 썰물방향으로 이동하는 반면, 

여름철엔 남-남동풍의 영향으로 복합사구는 밀물방향으로 이동하는 것으로 

관찰되었다. 복합사구의 이러한 계절적 특성은 subordinate current 시기 

동안에 유의한 파랑이 발생했을 때 나타날 것으로 생각된다. 조수로의 

이동에 의해 상향 세립화층서를 보이는 우각사주 상부에 복합사구가 

놓여지게 됨으로써 전반적으로 상향조립화 층서를 보인다. 복합사구의 

master bedding surface는 우각사주의 accretion surface 방향과는 

반대방향 혹은 비스듬하게 경사져 발달한다. 조간대에 발달하는 복합사구의 

내부 층서를 토대로 non-tidal events를 인지하는 것은 조하대에 발달하는 

dune과 비교했을 때 상당히 복잡한데 이는 사구의 소멸, 이동방향 혹은 

단면형태 역전이 될 때까지의 반응시간(response time)이 조하대 환경보다 

짧기 때문이다. 따라서 개방형 대조차 환경의 하부 조간대 조수로 근방에 

발달하는 복합사구와 우각사주의 층서 아키텍쳐는 조석 비대칭성, 조석 

주기 동안의 파랑작용과 파랑의 계절적 특성, 그리고 조수로의 이동과 같은 

외적 요인에 의해 시공간적으로 복잡하게 제어되는 것으로 생각된다.  

 

주요 핵심어: 복합사구, 조수로, 조석 비대칭성, 파랑, 형태변동성, 층서 
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