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Abstract

The Ayeyarwady and Thanlwin Rivers, which primarily drain Myanmar, are together
one of the largest point sources of freshwater and sediment to the global ocean. Much
of the estimated 600 Mt of river sediment annually carried by the combined Ayeyarwady
and Thanlwin River system is delivered to a wide continental shelf in the northern An-
daman Sea. Called here the Ayeyarwady-Martaban continental shelf, this area is in
uenced
by strong tides, monsoon conditions, and periodic cyclones; however, the processes that
dominate dispersal of 
uvial material in the coastal ocean of this system remain poorly un-
derstood. The shelf exhibits a dramatic asymmetry of the surface morphology and sediment
texture in the east{to{west direction, and recent �eld observations indicate that sediment
accumulation rates increase and then decrease o�shore of the western portion of the Gulf
of Martaban. A three-dimensional coupled hydrodynamic and sediment transport model
was used to explore the oceanographic processes responsible for sediment dispersal o� the
Ayeyarwady-Thanlwin Rivers. Model runs were developed using ROMS (Regional Ocean
Modelling System) and SWAN (Simulating WAves Nearshore) to represent oceanographic
conditions in the region and suspended sediment transport. The model setup was applied
to two cases: one month representative of the winter northeast monsoon, and one month
representative of the summer southwest monsoon. Model estimates of sediment dispersal
and transport during summer and winter monsoon conditions were analyzed, and compared
to spatial patterns found in �eld measurements, as well as satellite imaging. Within the
Gulf of Martaban, both the surface and bottom currents were strongly tidally driven; there-
fore, seasonal signals were less prevalent. Over the Ayeyarwady delta region, the seasonal
signal was large in both wave energy and surface currents, which had a distinct bidirec-
tional pattern: 
owing eastward during the SW monsoon and westward during the NE
monsoon. Bottom currents over the Mouths of the Ayeyarwady had less seasonality. Dur-
ing the southwest monsoon, wave energy was higher over the Ayeyarwady Delta, leading
to increased resuspension of sediment that was subsequently carried into the Gulf near the
coast. Sediment resuspension was strongly tidal-dominated within the Gulf of Martaban,
with asymmetric tidal trapping making the Gulf region conducive to high turbidity. During
the NE monsoon, the Gulf acted as a "mixing-bowl," where there were high sediment 
uxes
during 
ood and ebb tides, but very little net export. Meanwhile, the SW monsoon had
high tidal 
uxes as well as a large net export of sediment out of the Gulf.
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1 Introduction

Rivers are the main pipelines that move sediment and particulate matter from the conti-

nents to the oceans. Himalayan rivers, in particular, are especially important for terrestrial

contributions of carbon as the high sedimentation rates resulting from high rainfall and

erosion provide an enhanced burial e�ciency of organic matter (Galy et al., 2007; Ra-

maswamy et al., 2008). Two of the largest Himalayan rivers are the Ayeyarwady (also

known as Irrawaddy) and Thanlwin (also known as the Salween), 
owing south from the

Himalayan mountains through Myanmar until emptying into the northern Andaman Sea

via the Ayeyarwady river delta and Thanlwin river valley. These two rivers are counted

among the largest rivers in the world in terms of freshwater, sediment, and organic carbon

discharge (Baronas et al., 2020; Kuehl et al., 2019).The Ayeyarwady system is home to the

majority of Myanmar's 47 million inhabitants (Furuichi et al., 2009; Kuehl et al., 2019)

as well as expansive mangrove forests and numerous endangered species. The delta and

the river that formed it are vital for those that live in the area, providing water regula-

tion, coastal protection, and supporting �shing industries (Webb et al., 2014). Myanmar's

largest �shery is the Hilsa Shad (Tenualosa ilisha), for which Myanmar has the second

largest global �shery (Hossain et al., 2020). With the Ayeyarwady discharging massive

quantities of freshwater, sediment, and nutrients, it plays a vital role in the region, impact-

ing the ecosystems, coastal morphology, and more. The Thanlwin River plays a similar part

in the region, with its catchment adjoining that of the Ayeyarwady for most of its length

and discharging into the Gulf of Martaban; these two rivers are often considered together

as the Ayeyarwady-Thanlwin, in a similar manner to the Ganges-Brahmaputra (Bird et al.,

2008).
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With modern anthropogenic impacts like damming (though there are other major an-

thropogenic in
uences), many Asian rivers have had a reduced 
ux to the oceans, but the

Ayeyarwady and Thanlwin have generally avoided this and are considered the last large

free-
owing rivers in Asia, though dam construction has begun within the Ayeyarwady

basin since the turn of the millennium (Chen et al., 2020; Hennig, 2016). In the coming

years, rivers in Myanmar are in a prime situation to be impacted by anthropogenic forcing

in the form of urbanization, changes in land use, and socioeconomic shifts as the country

has had dramatic and unprecedented political reforms in recent years (Bhattacharya and

Raghuvanshil, 2021; Webb et al., 2014). Agricultural land-use changes and deforestation in

the 2000s have begun to dramatically alter the state of the Ayeyarwady Delta, converting

land into aquaculture ponds and paddy cultivation areas (Chen et al., 2020); the mangrove

forests that protect the Ayeyarwady Delta have decreased by more than 64% and may be

completely depleted by 2026 (Webb et al., 2014). Terrestrial mining has increased expo-

nentially in the past decades, including mines directly on the river mainstem (Chen et al.,

2020). Damming and waterway sand mining preferentially remove coarse sands and grav-

els, whereas deforestation and terrestrial mining introduce additional �ne sediment to the

system, fundamentally changing the river's sedimentary environment (Chen et al., 2020;

Lazarus et al., 2018).

These rapid changes in Myanmar's political, socioeconomic, and physical landscape have

intensi�ed population exposure to the dangers of river 
ooding, coastal erosion, and cyclones

that are further exacerbated by climate change, land subsidence, and sea-level rise (Anthony

et al., 2019; Chen et al., 2020). Despite the importance of these two rivers, both regionally

and globally, the area has been historically understudied due to the insular nature of the

country in previous decades (Webb et al., 2014). The transport and fate of the river-derived

sediments across the shelf is poorly known and has the potential to have dramatic impacts
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in the area. Similarly, the river-derived nutrients, especially organic carbon, are likely to

have large e�ects on the coastal ocean, but the transport pathways remain unidenti�ed.
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2 Background And Relevance

2.1 Study Region

To describe the study region, we discuss features that in
uence the marine sedimentary

environment including the geologic setting, and climatic and oceanographic factors.

2.1.1 Geologic Setting

The Ayeyarwady continental margin has a complex geologic structure due to the nature

of the main tectonic control in the area (Fig. 1 b1). The India plate is obliquely collid-

ing with and then subducted beneath the Eurasian plate (Singh and Moeremans, 2017).

This collision has generated the Andaman-Nicobar ridge and the associated deep Andaman

Trench as well as the Andaman Sea, a pull-apart basin lying above and behind the primary

subduction zone. The nature of the collision has created strike-slip faults, most notably the

Sagaing fault in the Andaman Sea, which runs N-S through the Ayeyarwady continental

margin (Kravtsova et al., 2009).

Shelf morphology shows a distinct bilateral asymmetry across the Sagaing fault (Fig.

1 b). To the east is the shallow Gulf of Martaban, a bathymetric low in the form of the

Martaban depression, and a subaqueous delta clinoform feature bridging those two features.

The "Mouths of the Ayeyarwady" is the southern-facing portion of the Ayeyarwady river

delta (labeled in Fig. 1 b1), which lies to the west of the fault, along with an approximately

linearly increasing "ramp" in front of the delta. This area will heretofore be referred to as

the "delta ramp." The sediment bed across the continental margin has a few key regions

(Kuehl et al., 2019; Rao et al., 2005). The �rst is a substantial mud belt in the Gulf of

Martaban, the second being a sandy region on the delta ramp, and the third being regions

5



Figure 1: Map of the study area. a) Map of southeast Asia around the study area. b)
Bathymetry of the Andaman Sea surrounding area (adapted from Sindhu and Unnikrishnan
(2013)) with relevant rivers labeled. b1) The same region as panel b, showing the major
geographic features (adapted from Kuehl et al. (2019)). c) The black box indicates extent
of the model domain.
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Figure 2: Left: Spatial sediment texture map of the continental margin, from Rao et al.
(2005). Right: Pie charts of sediment grain size derived from Kasten sediment cores, from
Kuehl et al. (2019).

of mixed sands and muds (Fig. 2).

2.1.2 Tidal Regime

Tidal range within the Gulf of Martaban can reach upwards of seven meters, with tidal

currents approaching three m/s during spring tide (Ramaswamy et al., 2004; Rao et al.,

2005). Westward, along the Mouths of the Ayeyarwady, the tidal climate becomes less

intense, dropping to a meso-tidal system with amplitudes from two and three meters. In

this study region, the dominant harmonic tidal constituents are the M2 (principal lunar

semi-diurnal) and S2 (principal solar semi-diurnal), though the N2 (larger lunar elliptic
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semi-diurnal), K1 (principal lunar diurnal), and O1 (lunar diurnal) are also signi�cant in

the region. The amplitude of the M2 has an interesting interaction in the Gulf such that it

increases north/northeast into the shallow Gulf, as discussed in Sindhu and Unnikrishnan

(2013). The spring-neap cycle has a large e�ect on water level, with spring tidal amplitudes

reaching seven meters in the Gulf of Martaban, whereas it is only three meters during neap.

2.1.3 Monsoon In
uence

The Andaman Sea and the surrounding area is heavily in
uenced by the seasonal mon-

soons that cover the entire Indian Ocean region. The monsoon is a result of the movement of

the Intertropical Convergence Zone (ITCZ), an area of low pressure and converging winds.

The "summer" monsoon from mid-May to October, also known as the southwest (SW)

monsoon, is characterized by heavy precipitation and thus high river discharge. Winds

are predominantly from the southwest and the area generally experiences more energetic

conditions, i.e. large waves and strong winds. In contrast, the "winter" northeast (NE)

monsoon is the dry season (here de�ned as November through February) and is character-

ized by low precipitation, low 
uvial discharge, and smaller wave energy. Winds weaken

and switch direction to originate from the northeast (Kravtsova et al., 2009; Ramaswamy

et al., 2008). The transition periods between monsoon conditions are associated with the

northern Indian Ocean cyclone season, which has a bimodal distribution peaking in May

and November (Hoarau et al., 2012).

Twelve years (2006-2018) of atmospheric data from the Global Forecast System Environ-

mental Modeling Center (2003) global model was analyzed as a way to quantify seasonality

more rigorously (Fig. 3). Average winds were slowest during April (only approximately 2

m/s), though winds slowed similarly in October and November. Wind speeds were fastest

during the summer (SW monsoon), averaging about 7 m/s. During the winter (NE mon-
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soon), winds were moderately fast, averaging 4-5 m/s. Wind direction has a similarly strong

seasonality. During the SW monsoon (summer), winds are consistently from the southwest

as the name implies, with low variability. During the NE monsoon (winter), winds are from

the northeast, though there is higher variability in the direction.

2.1.4 Wind Wave Climate

Anthony et al. (2019) examined 38 years (1978-2016) of hindcast data for this region from

the ECMWF (European Centre for Medium-range Weather Forecasting) Wave Atmospheric

Model. They found the energetic wind waves that reach the delta and gulf are primarily

generated by the southwest winds and as such are almost entirely from the southwest

direction. The waves have moderate fetch and an average period of 10 seconds with typical

values ranging from 8-12 seconds. Wave height is highly seasonally variable, with larger

waves during the wet summer monsoon when winds strengthen with average wave heights

reaching two meters, though waves can be much higher (up to �ve meters) during cyclones.

During the dry winter monsoon, wave heights attenuate as the ITCZ moves south, reducing

winds in the area.

This project examined 12 years (2006-2018) of hindcast data from the WaveWatch III

(Tolman (2009)) wave model (Fig. 3) and found similar seasonal patterns to those reported

in Anthony et al. (2019). During the summer (SW monsoon), average wave heights were

approximately two meters, whereas wave heights during the winter (NE monsoon) were

about 0.75 meters. During certain extreme conditions wave heights exceeded three meters,

though this only occurred nine times in the 12-year record and all were during summer.
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Figure 3: Climatological conditions for the model domain. Grey dots are daily-averaged
model output from WaveWatch 3 (Tolman, 2009) and GFS (Environmental Modeling Cen-
ter, 2003) over the 12 year period from 2006-2018. The black lines are the averages over
those 12 years, while the light green areas are the region between the 16th and 84th per-
centiles. a) Signi�cant wave height. b) Wind speed. c) Meteorological wind direction
(N means from the north). Directional average becomes less meaningful during periods
between the monsoons when wind direction is highly variable, resulting in the jumps in
average direction.
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2.1.5 River In
uence

Three rivers feed into the northern Andaman Sea|the Ayeyarwady, Thanlwin, and Sit-

tang. The Ayeyarwady is approximately 2,170 km long with a catchment area of 413,000

km2 that covers the majority of Myanmar, discharging 380-430 km3 of water annually (Milli-

man and Farnsworth, 2013). It discharges primarily through the Mouths of the Ayeyarwady,

though it also has several distributaries elsewhere on the Ayeyarwady Delta that discharge

directly into the Gulf of Martaban such as the Yangon River. The Thanlwin is approxi-

mately 2,400 km long, originating high on the Tibetan plateau with a catchment area of

324,000km2 and discharging 210 km3 of water into the eastern edge of the Gulf annually

(Milliman and Farnsworth, 2013). The Sittang is the smallest of these three rivers at only

420 km in length and discharging 50 km3 of water each year into the northernmost part of

the Gulf (Milliman and Farnsworth, 2013). The values for annual discharge vary between

sources and have a high level of uncertainty given the limited �eld observations. Values

given here are only to demonstrate their total mainstem discharges. The distribution of

discharges are evaluated more thoroughly within the Methods section. Just as the winds

and waves have intense seasonality, so do the river's discharges: approximately 80% of the

annual freshwater discharge occurs during the summer SW monsoon (Fig. 4).

2.1.6 Sediment Dynamics

Research in the sedimentary system of the Ayeyarwady/Thanlwin rivers has been active

in the past decades (Anthony et al., 2019; Baronas et al., 2020; Furuichi et al., 2009; Kuehl

et al., 2019; Ramaswamy et al., 2008; Rao et al., 2005; Robinson et al., 2007). Sampling

via turbidity sensors and point samples has shown that suspended sediment concentrations

(SSC) in the Gulf of Martaban were as high as 500 mg/l in the surface layer and increased

to almost 700 mg/l in a nepheloid layer (Ramaswamy et al., 2004), though concentrations
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Figure 4: Average climatological discharge of the Ayeyarwady River mainstem. Light blue
dots indicate monthly data from 1966-1996 reported by the Department of Hydrology and
Meteorology in Myanmar, originally published in Furuichi et al. (2009). The blue bars are
the averages of that 30 year period for each month.

may be even higher. The extent of the high-turbidity zone of the Gulf of Martaban has been

shown to have temporal variability on both daily and seasonal time scales by satellite imag-

ing (Ramaswamy et al., 2004; Matamin et al., 2015). Spring tides were characterized with

a larger surface turbidity extent, while neap tides show the region shrinking (Ramaswamy

et al., 2004). Interestingly, monthly averages of suspended sediment over the decade from

2002-2012 have shown that satellite-based SSC was higher during the winter relative to the

summer and the extent of the region was larger (Anthony et al., 2019; Matamin et al., 2015).

It has been hypothesized that this change was due to the monsoonal shift of winds, creating

upwelling favorable conditions during the winter NE monsoon (Liu et al., 2020) or 
ood

plain sedimentation during the SW monsoon and lag e�ects Anthony et al. (2019). Kuehl

et al. (2019) hypothesized that the sediment bed o�shore of the Mouths of the Ayeyarwady

is wave-swept, removing �ne sediment from the area and measured that the Gulf of Marta-

ban has thick sediment mixing depths. Holocene sediment deposits have been shown to

be thickest along the clinoform feature between the Gulf of Martaban and the Martaban

Depression (Kuehl et al., 2019; Liu et al., 2020).
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2.2 Numerical Models

Field experiments are both expensive and di�cult|equipment can cost tens of thou-

sands of dollars and sampling during energetic conditions, especially storms, becomes dif-

�cult if not impossible. In addition, samples are often collected at fairly limited points

in time and space and researchers must then make assumptions and inferences about the

regions and times between. Numerical modelling allows for relatively high resolution model

calculations based on the local processes that can incorporate existing data and is able

to extrapolate beyond the sampling region, allowing for a more spatially and temporally

complete understanding of a system. Numerical sediment transport models have become

more robust and more widely used over the years for a wide range of applications and study

regions (Amoudry and Souza, 2011; Harris et al., 2005; Hendriks, 2016; Moriarty et al.,

2014)

Numerical models such as ROMS (Regional Ocean Modelling System) are able to solve

three dimensional behaviors and characteristics of the hydrodynamics. The Coupled Ocean

Atmosphere Wave Sediment Transport (COAWST) modeling suite was developed to incor-

porate multiple models and allow for two-way coupling between them in order to quantify

processes and interactions within a study region. The models suitable for native use in

COAWST are as follows:

ˆ ROMS [Regional Ocean Modeling System] hydrodynamics model,

ˆ SWAN [Simulating WAves Nearshore] wave model,

ˆ WRF [Weather Research and Forecasting model] atmospheric model, and

ˆ CSTMS [Community Sediment-Transport Modeling System] sediment model

(Warner et al., 2005, 2008, 2010). Within this thesis, COAWST was implemented to use
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ROMS, SWAN, and CSTMS in a three-dimensional con�guration, as described below in

the Methods section.

For regional scale applications, numerical ocean models often use output from large,

lower resolution models to specify input forcing or boundary conditions. Jana et al. (2015)

used ROMS to model the entire Bay of Bengal using a spatial resolution of 1/12� (� 9 km)

and included wind forcing and 
uvial input. While their grid did include the Ayeyarwady

Delta, Gulf of Martaban, and northern Andaman Sea, this area was not the focal point

of their study, they did not include sediment transport or tides, and the 9 km resolution

did not resolve �ne-scale processes there. Chatterjee et al. (2017) developed a numerical

model with similar spatial resolution to Jana et al. (2015) (0.1� or � 11 km) focused on the

Andaman Sea and explored seasonal circulation there. Relative to exchange with the Bay

of Bengal, they found that the Andaman Sea currents were driven by equatorial forcing and

local winds to similar degrees. Hendriks (2016) used a Delft3D model focused on 
ooding

and salt intrusion into the Ayeyarwady Delta channels, neglecting the larger margin region.

They did consider sediment with regards to bed roughness, but did not report explicitly

modeling sediment transport. Therefore, while numerical models have been developed for

the study region, no model has been developed that can account for sediment transport

processes from the river mouths to terminus in depositional locations on the continental

shelf o�shore of the Ayeyarwady and Thanlwin rivers.

However, several studies have used regional-spatial scale models to address sediment dis-

persal issues o�shore of other 
uvial systems. For example, Moriarty et al. (2014) modeled

the region around the Waipaoa Shelf, New Zealand, but did include 
uvial input, winds,

waves, tides, and suspended transport within the COAWST system. They also nested their

grid within a large-scale hydrodynamic model similar to what was done here. Harris et al.

(2020) used ROMS with sediment transport for the Gulf of Mexico region, including winds,
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waves, and river discharge. Bever and Harris (2014) utilized the ROMS and SWAN models

to examine sediment transport dynamics and dispersal mechanisms across the continental

shelf, including gravity-driven transport e�ects. Wang et al. investigated sediment trans-

port processes through the Bohai Strait, China by comparing ADCP platform data to a

coupled ROMS and SWAN model.
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3 Project Methods

3.1 Approach

This section outlines the development of the numerical model as a means to answer the

aforementioned questions and gauge hypothesis success. The model has been implemented

within the COAWST system and utilizes available datasets such as global model output as

a supplement to the limited available �eld data. The spatial domain of the model covers the

box c in Fig.1. The model incorporates processes including waves, tides, winds, river dis-

charge, sediment resuspension, and open boundary exchange. COAWST was implemented

to include the wave model, SWAN; and hydrodynamics and sediment transport using ROMS

with CSTMS. Atmospheric forcing and open boundary conditions were obtained from global

scale models as described below; a summary of data sources used to force the model can

be found in Table 1. SWAN and ROMS were run with one-directional coupling, where the

SWAN waves impacted ROMS hydrodynamics, but not vice versa; both were run on the

same 1 kilometer spatial resolution model grid. The model setup was broadly based on a

ROMS implementation of the Gulf of Mexico used in Harris et al. (2020).
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Table 1: Data sources and the parameters used from each.

Data Source Parameter Used Resolution Citation

ETOPO1 Bathymetry 1/60 � (Amante and Eakins, 2009)

WaveWatch III Wave height
Wave period
Wave direction

1/2 � (Tolman, 2009)

Global HYCOM Sea surface height
Salinity
Temperature
Flow velocity

1/12� (Chassignet et al., 2007)

TPXO Tidal Constituents 1/30 � (Egbert and Erofeeva, 2002)

GFS Winds
Longwave radiation
Shortwave radiation
Air temperature
Air pressure

1/2 � (Environmental Modeling
Center, 2003)

August 2017 and January 2018 have been chosen as the primary time frames that were

examined using the model. August and January are both broadly representative of the

monsoonal conditions (Fig. 3). Though they are slightly less energetic than average (Fig.

5), the speci�c August and January chosen, 2017 and 2018 respectively, were chosen as

they straddle December 2017, in which �eld work was completed by Kuehl et al. (2019).

Climatological wind roses of global model forcing (Environmental Modeling Center, 2003)

used for the two model cases can be found in Fig. 6 to highlight the strong contrast between

seasonal winds. Many analyses were described over the course of a 14-day spring-neap cycle.

The spring-neap cycle was examined from spring to spring within each model run due to
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Figure 5: Model forcing time series of waves and winds used for the two model cases as
compared to global model climatology. The black line are the daily averages from Figure
3. Green lines indicate the spatial average of values used to force the models in this work.
Left) NE monsoon model forcing. Right) SW monsoon model forcing. a) Signi�cant wave
height. b) Wind speed. c) Meteorological wind direction (N means from the north). d)
Modeled sea surface elevation for a point in the Gulf of Martaban to show tidal stage and
the spring-neap cycle.
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Figure 6: Wind roses of atmospheric forcing for the two model runs. Left) NE monsoon
condition wind forcing. Right) SW monsoon condition wind forcing. Angle indicates mete-
orological direction (N means from the north, etc), color indicates wind speed, and length
indicates frequency of occurrence.

the phasing of the cycle. A general tidal stage can be interpreted from Fig. 5d, which shows

sea surface elevation calculated along the 10-m isobath from a location in the middle of the

Gulf of Martaban.

3.2 Model Development And Implementation

3.2.1 Model Grid

The model domain was comprised of a structured grid of square cells, one kilometer on

a side, with a spatial extent of 488� 363 kilometers. The southwestern corner of the grid

aligns with the northern-most of the Andaman Islands, and the eastern boundary of the grid

was the coastline of Myanmar. In the 3D application, 40 vertical sigma layers were used,

with a terrain-following stretching function for high bottom boundary layer resolution for

use in sediment applications with� s = � b = 3 :0 (Chen et al., 2013). For instance, along the

20m isobath, bottom vertical resolution was on the order of 10cm, though layer thickness
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Figure 7: Extent of the northern Andaman Sea model domain. Land is colored in green.
Bathymetry is contoured at 10m intervals from 0 to 200m in order to focus on the shelf
morphology. Thicker contours correspond to 10, 50, 100, 150, and 200m. Blue dots show
the locations where freshwater was introduced into the model, size not to scale. The east-
ernmost two are discharge points for the Thanlwin; the northernmost one for the Sittang;
the remaining nine are discharge points for the Ayeyarwady.

varies with water depth. For computational e�ciency, the grid has been run in parallel and

tiled on a 4 � 9 distribution.

The model grid bathymetry (Fig. 7) was created using ETOPO1 data and the matlab

tool EASYGRID with manual editing to remove grid artifacts and smooth the coastlines.

ETOPO is NOAA's global relief (or Earth TOPOgraphy) dataset, incorporating both con-

tinental topography and oceanic bathymetry at various spatial resolutions (Amante and

Eakins, 2009). ETOPO1 was utilized in this project, so-called because it has a 1-arc minute

spatial resolution. ETOPO1 was generated by combining a large number of datasets and

measurements, which allows for global coverage; however, within our study region, the

ETOPO1 dataset contained discontinuities and unrealistic artifacts that seem to stem from
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merging datasets and/or resolution limits of the original data. In order to use the ETOPO1

data for this project, the bathymetry in this region was hand edited to match the coastline

more closely and remove isolated bathymetric highs. It was then smoothed using a Shapiro

�lter to remove high-frequency noise and reduce the steepness of the bathymetry, an impor-

tant requirement for terrain-following models (Shapiro, 1970). The GEneral Bathymetric

Chart Of the Oceans (GEBCO) dataset was examined once available (GEBCO Compilation

Group, 2019), but found that it yielded very similar bathymetry and as such, this study

continued use of the ETOPO1 dataset. Within the Gulf of Martaban, the model grid had

a bathymetric low in the shallow region to the north. After evaluating the ETOPO1 data

and comparing to other observations and discussing with Steve Kuehl, this bathymetric

low was considered likely a model artifact and removed. The region was then "�lled" and

smoothed to give the resulting bathymetry, though the uncertainty in the bathymetry in

this northern portion of the Gulf lends some uncertainty in the model calculations there.

The model grid successfully captures the major features of the region: the shallow Gulf of

Martaban, the Martaban depression (though with less steep sides as a result of the Shapiro

smoothing), and the subaqueous delta o�shore of the Mouths of the Ayeyarwady.

3.2.2 Hydrodynamics

The hydrodynamic model was a ROMS (Regional Ocean Modelling System) model

(Shchepetkin and McWilliams, 2005), implemented within the COAWST modelling suite

(Warner et al., 2010). Sub-grid scale mixing was represented using the generic length scale

(GLS) scheme of Warner et al. (2005). Advection in the hydrodynamic model utilized the

3rd order HSIMT scheme for tracers in both the horizontal and vertical directions (Wu and

Zhu, 2010) with a time step of 20 seconds. The hydrodynamics included wind forcing, tides,

freshwater discharge via rivers, and open boundary conditions for temperature, salinity, and
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sea surface elevation as described below. Model calculations were saved as hourly output.

Tides were added to the model using free surface and velocity tidal constituents from

TPXO 9. TPXO is the Oregon State University Global Inverse Solution (Egbert and Ero-

feeva, 2002) tidal model that combines TOPEX-Poseidon (TOPography EXperiment - Po-

sitioning, Ocean, Solid Earth, Ice Dynamics, Orbital Navigator) satellite altimetry and the

Laplace tidal equations. TPXO best-�ts (by least-squares) to both the equations and data

in order to create global models of tides and their individual harmonic constituents. TPXO

provides constituent amplitudes, phases, and directions. The TPXO data for the harmonic

constituents M2, S2, N2, K1, and O1 were used for tidal forcing in this model. The �ve con-

stituents chosen are those that are most dominant in the study region as shown in Sindhu

and Unnikrishnan (2013). They were applied to the open boundary with Chapman (for

free-surface) and Shchepetkin (for momentum) conditions (Chapman, 1985; Shchepetkin

and McWilliams, 2005).

HYCOM (HYbrid Coordinate Ocean Model) has been developed as part of a coordinated

e�ort between a consortium of institutions sponsored by the National Ocean Partnership

Program (NOPP) (Chassignet et al., 2007). The created product is a data-assimilative

ocean model hindcast that utilizes a hybrid vertical coordinate system that retains isopycnal

coordinates within the open ocean, but converts to a terrain following coordinate in coastal

waters where bathymetry has a larger impact. The idea was that one coordinate system is

not optimal at all locations, so a combination is preferable. Model output from the Global

HYCOM model was used for both initial and boundary condition forcing (at one hour

temporal resolution), including sea surface height, salinity, temperature, and 
ow velocities

along the boundary of the model. These were interpolated from the HYCOM grid to the

Andaman ROMS grid by linear interpolation.
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3.2.3 Atmospheric

Atmospheric forcing was implemented via bulk 
uxes (Fairall et al., 1996) of the Global

Forecast System (GFS) data �elds. GFS, previously known as the Medium Range Fore-

cast (MRF) model, is a global weather model comprised of four coupled sub-models: at-

mospheric, ocean, soil, and sea-ice (Environmental Modeling Center, 2003). Spatial and

temporal resolution have varied through the model's life, but the version utilized for this

project returned output at 1/2 � and 6 hourly resolution. GFS output was used to specify

the model's atmospheric forcing, including winds and shortwave/longwave radiation.

3.2.4 Waves

The wave �elds were calculated using the SWAN (Simulating WAves Nearshore) model

(Booij et al., 1999; Ris et al., 1999), also implemented within COAWST. Boundary con-

ditions were speci�ed from WaveWatch III data, entered as �les containing nonstationary

wave parameters. GFS winds were applied as velocities at the surface. The SWAN wave

model was run in non-stationary two-dimensional (2D) mode with temporal resolution of

ten minutes on the same 1-km grid as the ROMS model. SWAN calculations accounted for

wave-induced wave generation, dissipation by bottom friction, nonlinear wave interactions,

and depth-induced wave breaking. Bottom friction used the Madsen formulation (Mad-

sen et al., 1989) with a bottom roughness of 0.05 m. There were 36 directional bins used

for wave propagation and wave frequencies were calculated between 0.05 Hz and 0.5 Hz.

Wave output from the SWAN model (wave height, surface/bottom period, peak/nonpeak

direction, and bottom orbital velocity) was input into the ROMS model at one hour tem-

poral resolution over the entire domain. The implementation does neglect wave-current

interactions, which could be accomplished by full two-way coupling of ROMS and SWAN,

functionality that is available in COAWST (Warner et al., 2010). Given the large magnitude
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of tides in the region, the strong variation of water depth and tidal currents could impact

wave propagation, but was not considered at this time. To account for wave contributions

to bed stress in the hydrodynamic model, the ROMS bottom boundary layer formulation

uses the Styles and Glenn (2000) combined wave-current model.

WaveWatch III (WW3) (Tolman, 2009) is a third-generation wave model created by

NOAA / NCEP. Its predecessors, WaveWatch and WaveWatch II were designed at Delft Uni-

versity of Technology and NASA, respectively. WW3 has developed into a wave modelling

framework, allowing for implementation of newer approaches as they arise. WW3 calculates

wave properties by solving the spectral action density balance equation in wavenumber-

direction-frequency space. NOAA maintains a global WW3 model at 1
2

� spatial resolution

(as well as others), with output freely available and accessible through their FTP server.

At 1/2 � spatial resolution, WW3 does not account for important bathymetric and coastline

e�ects in this area, as can be seen in Figure 10 of Kuehl et al. (2019). Due to the coarseness

of the WW3 model, we used WW3 to provide wave parameters on the open boundaries

and ran the SWAN wave model for this region to account for wave modi�cations within the

grid at the 1 km scale. As the WW3 grid has a coarser resolution than the Andaman grid,

a nearest neighbor interpolation was done to generate open boundary �les for the SWAN

model at the correct resolution.

3.2.5 Sediment

Suspended sediment transport has been enabled using the tracer transport equations

within COAWST (Warner et al., 2008, 2010). Bedload was neglected as the transport

processes relevant to 
uvial discharge in the Gulf are likely to be suspension dominated.

All sediments were implemented as non-cohesive. The initial sediment bed was created as a

simple uniform bed one meter thick, evenly distributed between the sediment classes (25%
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each). As most analysis was completed on the spring neap cycle, the initial bed had more

than a week of "spin-up" in each model to change from the unrealistic uniform distribution.

Sediment properties for the four classes were chosen via the method from Soulsby (1997)

in such a way that the classes covered a broad range of sediment sizes and settling velocities.

Three of the four grain sizes for sediment classes fall within the observed sediment ranges

found in Kuehl et al. (2019) and Rao et al. (2005). The largest size falls into the broad

'sand' category of both studies and was added to ensure that some sediment remained on

the bed as initial testing resulted in all sediment being eroded. Critical shear stresses were

limited to a minimum of 0.1 Pa for similar reasons as the tidal currents were energetic

enough to suspend nearly the entire bed simultaneously. Implementing cohesive sediments

could potentially prevent such issues in a more physical manner.

Table 2: Sediment model size classes, along with corresponding settling velocity (ws and
critical shear stress (� cr ).

Class Class Size (mm) ws (mm/s) � cr (Pa)

1 0.12 8.0 0.15

2 0.42 1.0 0.1

3 0.0147 0.125 0.1

4 0.0052 0.075 0.1

3.2.6 Fluvial Input

The model needs a speci�cation of freshwater input (m3=s) and 
uvial suspended sed-

iment concentration (kg=m3) at every grid cell where a freshwater river or distributary

discharges into the coastal ocean. As this model was run for August 2017 and January

2018, the ideal scenario would have been to use discharges for those time periods. However,
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this was problematic because the Ayeyarwady, Thanlwin, and Sittang are not regularly

gauged and the distribution of discharge in the complex Ayeyarwady distributary network

is unclear. To develop the model input for 
uvial discharge, grid cells where major distribu-

taries meet the coast were identi�ed. These areas are identi�ed in Fig. 7 as blue circles.

The easternmost two circles are the outputs of the Thanlwin river and the northernmost is

the Sittang river; the rest are distributaries of the Ayeyarwady, including the Yangon.

As the rivers were not gauged for the months being modeled, we depended on historical

data. Ayeyarwady annual freshwater discharge was available from Baronas et al. (2020);

Furuichi et al. (2009); Kravtsova et al. (2009); Milliman and Farnsworth (2013); Ramaswamy

et al. (2008); Robinson et al. (2007); Thanlwin from Baronas et al. (2020); Milliman and

Farnsworth (2013); Robinson et al. (2007); Ramaswamy et al. (2008); Sittang from Baronas

et al. (2020); Milliman and Farnsworth (2013); Robinson et al. (2007). The values of

annual e�uence given in each of the above di�er from one to the next, so values for annual

discharges were taken to be 422, 211, and 50km3=yr for the Ayeyarwady, Thanlwin, and

Sittang, respectively. The only data with higher frequency than annual was Furuichi et al.

(2009), which had monthly discharge for the Ayeyarwady from 1966-1996.

Once the annual discharges for the three rivers (Ayeyarwady, Thanlwin, and Sittang)

were speci�ed, appropriate values for freshwater discharged at hourly timescales were esti-

mated for each distributary mouth (blue circles on Fig. 7). Freshwater was split up into

equal parts among the Ayeyarwady distributaries. Though Kravtsova et al. (2009) does

provide relative discharge amounts for some distributaries of the Ayeyarwady, it was not

all-encompassing and as such, an even split was completed rather than making unjusti�ed

assumptions regarding the remaining distributary contributions. There was no available

monthly data for the Thanlwin or Sittang, but given the monsoonal in
uence and close

proximity, it was assumed that the seasonal cycle of these rivers was proportional to the
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Ayeyarwady; i.e. Furuichi et al. (2009) showed the Ayeyarwady released� 21% of its annual

discharge in August, so 21% of the annual Thanlwin and Sittang discharge was applied in

the SW monsoon model case, represented by August 2017. January had� 2.25% of annual

discharge for the Ayeyarwady and was applied to the Thanlwin and Sittang similarly. The

Thanlwin discharge was split evenly between the two locations shown in Fig. 7 as those

two points join slightly upstream and the separation was only a result of the model grid.

Sediment data for the rivers was even less available. Only some of the aforementioned

papers discuss 
uvial sediment (Baronas et al., 2020; Furuichi et al., 2009; Kravtsova et al.,

2009; Milliman and Farnsworth, 2013; Robinson et al., 2007), with only one providing data

for the Thanlwin, and absolutely none providing data for the Sittang. What was available

was an Ayeyarwady rating curve from Furuichi et al. (2009), which was then applied to the

freshwater discharges in order to have a consistent calculation of sediment e�ux. The curve

was de�ned as:

L = 0 :0127� Q1:4264; (1)

where L is sediment load (kg=s) and Q is freshwater discharge (m3=s). ROMS 
uvial input

requireskg=m3, however, so L/Q was used as suspended sediment discharge. The sediment

coming out of the rivers was evenly split between the sediment classes at 25% each due to

limited availability of suspended sediments in the river e�ux.

3.3 Analysis

Broadly speaking, all analyses were evaluated over a spring-neap cycle unless otherwise

speci�ed. This was due to the relative tidal phasing for each month (August and January),

as each month contained di�erent proportions of the spring-neap cycle. For instance, August

had two full spring tides, whereas January did not complete the second spring tide; biasing
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August towards higher energy characteristics if evaluated over the full month rather than

spring neap cycle. In addition, by focusing analysis on the spring-neap cycle, it allows the

models to have an additional 13 and 8 days of spin-up for January and August, respectively.

Some results refer to 'surface' and 'bottom' properties, most frequently with regards to

current velocities. Surface and bottom in this context are taken to mean one meter below the

surface and 1 meter above the seabed, respectively. Model output �elds were interpolated to

those levels to more easily compare surface or bottom values for grid locations that spanned

from very deep to coastal water.

Time series of the modeled currents were analyzed as follows. First, the residual cur-

rents were calculated as the time-average of the currents. Then, variability of currents was

quanti�ed using an analysis similar to that used by Pullen et al. (2003) for the Adriatic

Sea. The covariance of the current data was calculated, and the analysis identi�ed the

eigenvectors along which the data are correlated, as well as the angle between the major

eigenvector to the east-west axis. This was essentially �nding the principal component axes.

To quantify the variability of the currents along each of the principal component axes, the

95% con�dence interval of the data was found along each of the eigenvector axes. These

can be plotted as ellipses that are rotated to the principal component axes to give a sense

of both the residual 
ow and the variability around it.

Sediment export 
ux was taken across a transect across the Gulf of Martaban at ap-

proximately 16� latitude. Output sediment concentrations and velocities were multiplied.

Then they were scaled by the vertical thickness of the cell and summed in order �nd the

depth-integrated 
ux. These were then either evaluated with respect to time as either time

averaged (Fig. 11) or cumulatively summed over time (Fig. 12). Time averaged was over a

spring neap cycle to remove time period biases and mentioned previously. Cumulative 
ux

is shown for the entire period of the model runs so that total 
ux could be compared to
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sediment input from the rivers.

To evaluate asymmetries in the 
ood and ebb tides' capacity for sediment 
ux, the

following analysis of tidal asymmetry was conducted. This tidal asymmetry was quanti�ed

using a statistical skewness peak current asymmetry (PCA) method as described in Guo

et al. (2019). Skewness is a metric that �nds the asymmetry around the mean of a sample

and it is calculated as

Sk(x) =
1

N � 1

P N
t=1 (x t � �x)3

h
1

N � 1

P N
t=1 (x t � �x)2

i 3=2
; (2)

where x is the input time series, �x is the mean value, and N is the length of the time series

data. PCA represents a tidal regime in which 
ood and ebb tidal currents have uneven

speeds. Other types of tidal asymmetry exist and have been described as slack water

asymmetry (SWA) when the duration of high and low slack water currents are uneven, and

tidal duration asymmetry (TDA) when the duration of the rising and falling tidal amplitude

are uneven. Peak current asymmetry was chosen over the others for several reasons. First,

TDA only accounts for tidal height and not currents, which limits the relevance for sediment

transport. Second, SWA does account for currents, but is more focused on the vertical

settling of �ne sediments rather than the horizontal transport. SWA is also poorly studied

relative to PCA and its control over sediment transport is not as well established. (Guo

et al., 2019; Gong et al., 2016).

This analysis makes several assumptions regarding sediment transport in the Gulf. First,

that the along-Gulf 
ows (�v0) are the dominant transport mechanisms for suspended sed-

iment rather than waves or across-Gulf currents. Second, that a depth-averaged current

threshold (vc) is an appropriate threshold for sediment transport rather than a bed shear

stress. Third, that depth-averaged currents are a suitable representation of sediment trans-
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port rather than currents that are not depth-averaged.

The PCA used for this project was quanti�ed via the skewness of depth-averaged current

velocities. For each grid cell, the model output provides a time series of the depth-averaged

velocity components, �u; �v, relative to the east/west and north/south directions, respectively.

These were rotated to align with the axis of the Gulf of Martaban and transformed into

(�u0; �v0), which represent velocity parallel to and perpendicular to the mouth of the Gulf,

respectively. Then, Equation 2 could be applied to �v0 to indicate whether the 
ows into and

out of the Gulf were ebb- or 
ood- dominant. The skewness of �v0 was examined rather than

a combination of the u and v components, as these tidal asymmetry metrics are for time

series with only one spatial dimension, having been developed for use in estuaries (Gong

et al., 2016; Guo et al., 2019). For these tidal currents in this coordinate system, a negative

skewness means that the time series has more ebb currents than 
ood, a positive skewness

meaning that there are more 
ood currents than ebb. However, for sediment transport

an extra step was necessary. As sediment needs su�ciently large currents in order to be

transported, only those currents should be considered. As such, the skewness of �v0 was

calculated only for j �v0j > v c, where vc is a critical transport threshold. For the purposes

of this project, vc was chosen to be 10 cm/s. Now, a negative skewness indicates that the

ebb currents are more capable of transporting sediment than the 
ood currents and vice

versa for a positive skewness. In grid cells where the rotated currents were often below the

critical threshold, skewness was not calculated and a value of zero was assigned.
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4 Results

4.1 Spatial Trends Between Monsoon Conditions

To evaluate the spatial and seasonal di�erences in the wave and current bed shear

stresses, we analyzed the time-averaged bed shear stresses over a spring neap cycle for

each model case (Fig. 8). These bed shear stresses induced by waves and currents show

some interesting similarities and di�erences between the two model cases. For both of the

months modeled, current-induced bed shear stresses were highest in the Gulf of Martaban

and decreased dramatically outside of that region. Both models calculated current shear

stresses that were consistently over 1 Pa within the Gulf region and the spatial distribution

was nearly identical. Bed stresses were unsurprisingly lower in the deeper region of the

model domain for both runs, but current stresses were also low along the delta ramp region.

Along the Mouths of the Ayeyarwady, current bed shear stresses only exceeded 0.2 Pa

in isolated locations within the distributary channels. Wave-induced bed shear stresses,

however, did vary between the two model runs. Both runs had higher wave stresses along

the delta ramp area than in the Gulf, though wave stresses in the SW monsoon run were

substantially higher, with values along the delta ramp reaching 0.5 Pa in many locations as

compared to the NE monsoon run, when they rarely exceeded 0.2 Pa. In both cases, the Gulf

of Martaban region was strongly dominated by current-induced shear stresses generated by

fast tidal currents. SW monsoon conditions had higher wave energy along the delta ramp

than NE monsoon conditions, however.

The pattern of surface currents varied dramatically between the two runs, perhaps un-

surprisingly given the considerably di�erent atmospheric wind patterns between monsoon

conditions (Fig. 9). Within the Gulf of Martaban, the residual (here used to refer to time-
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