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Summary

River deltas and estuaries are transition zones where rivers debouch into the sea. Land, river and sea
meet in these zones, making them very valuable, both economically and ecologically. Their
morphodynamic development is modified by an interplay between external—river and sea—forcing
and anthropogenic activities in the area. These processes could affect economic activity and the
natural habitat in the delta. Understanding the morphodynamics of river deltas is therefore very
important for delta management plans.

River deltas are formed by depositional processes driven by the interaction between upstream river
forcing and downstream sea forcing. This interaction results in unique patterns based on the forcing’s
relative importance. Tide-influenced river deltas have a typical distributary-channel landscape with
the number of channels increasing downstream. Here, the depositional processes are largely driven
by the interaction between river flow conveyed from upstream and tides that come in from the sea
along the channels. Most channel junctions in such systems are bifurcations: upstream channels that
split into two downstream channels. The sediment distribution at bifurcations determines the sediment
flux throughout the entire delta and hence themorphological development of the delta itself. Therefore
to understand the morphodynamic development of the delta and its distributary channels, we need to
understand the morphodynamics of bifurcations that connect the distributaries.

Unlike river-dominated deltas, tide-influenced deltas have a tidally modulated river flow that not
only changes in magnitude but can also change in direction. This flow modulation can differ in
different deltas, depending on the relative dominance of river discharge over tidal flow. The resulting
sediment transport patterns are spatially and temporally complex and so are the morphodynamics. In
addition, the morphodynamics of tide-influenced bifurcation are less well understood than those of
river-dominated bifurcation. This thesis therefore aims to improve our understanding of the
morphodynamics of tide-influenced bifurcations in river deltas.

To achieve this objective, a one-dimensional (1D) numerical model was developed to simulate
morphodynamics in tide-influenced channel networks under a wide range of conditions. In this
model, a novel approach was proposed to solve the sediment distribution at bifurcations under the
changing flow conditions in tide-influenced deltas. To confirm the findings of the new 1D model I
compared them with a well-established Delft3D model. With the help of these models, I
systematically studied the critical factors in nature that influence the morphodynamics of bifurcations
in tide-influenced deltas. The results are presented in Chapter 2 through 5 of this thesis, which are
summarized in the next four paragraphs.

chapter 2 describes how I used the 1D model to study the effect of channel slopes and sediment
grain size on the morphodynamics of river-dominated bifurcations in which only river discharge is
imposed from upstream, while the downstream channels’ sea boundary condition is a constant water
level. I investigated how channel slopes and sediment grain size affect the morphological stability of
river-dominated bifurcations. This study shows that besides larger width-to-depth ratio, as previous
studies have suggested, finer sediment and lower channel slopes, which are typical of tide-influenced
deltas, also result in a larger range of sediment mobility for asymmetric bifurcations and in
downstream channel abandonment (avulsion). I conclude, therefore, that, without taking tidal
influence into account, the typical landscape features in tide-influenced deltas are more likely to
induce channel abandonment than in river-dominated channel networks.

chapter 3 describes how I applied a 2D model (Delft3D-flow) to study the asymmetry of
tide-influenced bifurcations. I analysed the equilibrium asymmetry between downstream channels
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for bifurcations with imposed asymmetric downstream channel geometries (depth or length) or
asymmetric tidal conditions (tidal amplitude or phase difference). The forcing imposed on the
bifurcations were river discharge from the upstream channel and tides from the sea boundary of the
two downstream channels. I investigated the influence of tides on the asymmetry in the system by
running a series of simulations with different river discharges and tidal properties. I found that a
system with a larger tidal influence shows a less asymmetric bifurcation.

chapter 4 describes how the 1D model was applied to study the effect of tides on the morphological
stability of tide-influenced bifurcations. I investigated the effect of tides on bifurcations for a wide
range of natural conditions with varying sediment mobilities, tidal influences, and width-to-depth
ratios. This study expanded the conditions investigated in chapter 3. A complex image of bifurcation
morphodynamics emerged. For bifurcations with minor tidal influence, i.e. with low to no flood
flows, increasing tidal influence results in a wider range of conditions where symmetric bifurcations
are stable. However, in tide-dominated bifurcations with large flood flows, increasing tidal influence
results in a more limited range of conditions where symmetric bifurcations stay stable. Despite this
difference, for all tidal influences, the consistent pattern occurs. In conditions where symmetric
bifurcations are unstable, greater tidal influence causes a less pronounced depth asymmetry between
the two downstream channels. This confirms the findings in chapter 3. Therefore, compared to
river-dominated bifurcations, tides reduce the avulsion tendency of downstream channels, either by
reducing the conditions for asymmetric bifurcation or by reducing the asymmetry between
downstream channels.

chapter 5 describes how the 1D model was applied to investigate the morphodynamic stability of
deltaic channel networks with multiple bifurcations. This channel network setting was inspired by the
Mahakam Delta, where the number of bifurcations and channels increases downstream. I studied the
morphodynamic stability of the delta by exploring several distributary settingswith increasing numbers
of channels and bifurcations. This study shows that the morphological equilibrium of all channels with
initially uniform depth is insensitive to the number of channels and bifurcations in the delta, as long as
the summed width of all the channels stays the same and assuming negligible bank friction. However,
an imposed depth asymmetry at a downstream bifurcation can induce asymmetry of the bifurcation
apex and so reshape the morphological equilibrium of the entire delta. Compared to symmetric delta
networks, this asymmetric depth will also increase the total cross-sectional area and therefore the tidal
prism. I found that the morphological equilibrium of delta network systems strongly depends on their
initial conditions, i.e. their history. The more channels there are in a delta, the more possible final
equilibria. This is because perturbations in different channels can lead to different equilibria in the
network.

Lastly, chapter 6 focuses on the main findings of this thesis in the context of the literature on this
topic. The findings of this thesis provide insight into the key mechanisms underlying channel
morphology in tide-influenced bifurcations. This chapter also includes ideas for follow-up studies,
such as exploration of other factors that affect the morphological development of bifurcations in
tide-influenced deltas. Four areas of research that deserve further exploration are: better
representation of the complex natural flow structures and sediment transport processes; riverbank
and tidal flat dynamics; the effects of climate change reflected in the boundary conditions; and
anthropogenic interference in river deltas.
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Samenvatting

Rivierdelta’s en estuaria zijn overgangsgebieden waar rivieren uitmonden in zee. Land, rivier en zee
ontmoeten elkaar in deze zones, waardoor zij zowel economisch als ecologisch zeer waardevol zijn.
Hun morfodynamische ontwikkeling wordt bepaald door een samenspel van externe rivier- en
oceaankrachten en antropogene activiteiten in het gebied. Deze processen kunnen de economische
activiteit en de natuurlijke habitat in de delta beïnvloeden. Inzicht in de morfodynamiek van
rivierdelta’s is daarom van groot belang voor beheersplannen voor delta’s.

Rivierdelta’s worden gevormd door sedimentatieprocessen die worden aangedreven door de
interactie tussen rivierforcering stroomopwaarts en golven en getij stroomafwaarts. Deze interactie
leidt tot unieke patronen op basis van het relatieve belang van de forcering. Rivierdelta’s onder
invloed van getijden hebben een typisch vertakt geulenlandschap, waarbij het aantal riviertakken
stroomafwaarts toeneemt. Hier worden de sedimentatieprocessen grotendeels gestuurd door de
interactie tussen de rivierstroom van bovenaf en de getijden die via de riviertakken vanuit zee
binnenkomen. De meeste geulsplitsingen in dergelijke systemen zijn bifurcaties: stroomopwaartse
riviertakken die zich splitsen in twee stroomafwaartse takken. De sedimentverdeling bij bifurcaties
bepaalt de sedimentstroom in de gehele delta en daarmee de morfologische ontwikkeling van de delta
zelf. Om de morfodynamische ontwikkeling van de delta en haar verschillende riviertakken te
begrijpen, moeten we de morfodynamiek begrijpen van de bifurcaties die de riviertakken met elkaar
verbinden.

In tegenstelling tot rivier-gedomineerde delta’s hebben door getijden beïnvloede delta’s een door
getijden gemoduleerd rivierdebiet dat niet alleen in grootte maar ook in richting kan veranderen.
Deze modulatie van het debiet kan per delta verschillen, afhankelijk van de relatieve dominantie van
de rivierafvoer ten opzichte van het getijdendebiet. De resulterende sedimenttransportpatronen zijn
ruimtelijk en temporeel complex en dat geldt ook voor de morfodynamiek. Bovendien wordt de
morfodynamiek van een door getijden beïnvloede bifurcatie minder goed begrepen dan die van door
rivieren gedomineerde bifurcatie. Dit proefschrift heeft daarom tot doel ons begrip van de
morfodynamiek van door getijden beïnvloede bifurcaties in rivierdelta’s te verbeteren.

Om dit doel te bereiken is een eendimensionaal (1D) numeriek model ontwikkeld om de
morfodynamiek van door getijden beïnvloede riviertakken te simuleren. In dit model werd een
nieuwe methode toegepast om de sedimentverdeling op bifurcaties te bepalen, voor zowel
rivier-gedomineerde als getij-gedomineerde omstandigheden. Om de bevindingen van het nieuwe
1D-model te bevestigen heb ik ze vergeleken met een de resultaten van een Delft3D-model. Met
behulp van deze modellen heb ik systematisch de factoren bestudeerd die de morfodynamiek van
bifurcaties in door getijden beïnvloede delta’s bepalen. De resultaten worden gepresenteerd in
hoofdstuk 2 tot en met 5 van dit proefschrift, die in de volgende vier paragrafen worden samengevat.

Hoofdstuk 2 beschrijft hoe ik het 1D-model heb gebruikt om het effect te bestuderen van steilheid
van de rivierbodem en sedimentkorrelgrootte op de morfodynamiek van bifurcaties die alleen door
rivierafvoer van bovenaf worden geforceerd. Deze studie toont aan dat fijner sediment en kleinere
bodemhellingen, die typisch zijn voor door getijden beïnvloede delta’s, resulteren in een groter bereik
van sedimentmobiliteit waarvoor de bifurcatie asymmetrisch wordt en zelfs kan resulteren in het
dichtslibben van één van de riviertakken (avulsie). Ik concludeer daarom dat, zonder rekening te
houden met de invloed van het getij, de typische landschapskenmerken in door het getij beïnvloede
delta’s eerder leiden tot avulsie dan in rivier-gedomineerde delta’s.
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Hoofdstuk 3 beschrijft hoe ik een 2D-model (Delft3D-flow) heb toegepast om de asymmetrie van
door getijden beïnvloede delta’s te bestuderen. De geometrie bestond uit een bovenstroomse riviertak
die bij de bifurcatie splitste in twee benedenstroomse takken. De forcering bestond uit rivierafvoer
vanaf bovenstrooms en voorgeschreven waterstanden met getij vanaf benedenstrooms. De simulaties
begonnen met een opgelegde asymmetrie in geometrie (diepte of lengte van de twee
benedenstroomse takken) of in getij (getijamplitude of faseverschil) en de simulaties werden
voortgezet totdat er een morfodynamisch evenwicht was gevonden. Ik analyseerde de asymmetrie in
bodemligging tussen de twee benedenstroomse riviertakken en onderzocht de invloed van getijden
op de asymmetrie in bodemligging door een reeks simulaties uit te voeren met verschillende
rivierafvoeren en getijdeneigenschappen. Ik vond dat een systeem met een grotere getijdeninvloed
minder asymmetrische bifurcaties vertoont.

Hoofdstuk 4 beschrijft hoe het 1D-model werd gebruikt om het effect van getijden op bifurcaties te
bestuderen als functie van sedimentmobiliteit, getijdeninvloed en breedte-diepteverhouding. Deze
studie breidde de in hoofdstuk 3 onderzochte omstandigheden uit en met een groot aantal nieuwe
simulaties. Er ontstond een complex beeld van de morfodynamica van bifurcaties. Voor bifurcaties
met weinig invloed van het getij, resulteert een toenemende invloed van het getij in een groter aantal
omstandigheden waarin symmetrische bifurcaties stabiel zijn. Maar als het getij nog groter wordt en
grotendeels bepaald wat stroomsnelheid en -richting is, resulteert een toenemende invloed van het
getij in een beperkter scala van omstandigheden waarin symmetrische bifurcaties stabiel blijven.
Echter, wanneer deze symmetrische bifurcaties onstabiel zijn, veroorzaakt een grotere invloed van het
getij een minder uitgesproken diepte-asymmetrie tussen de twee stroomafwaarts gelegen
riviertakken. Dit bevestigt de bevindingen in hoofdstuk 3. Vergeleken met rivier-gedomineerde
bifurcaties verminderen getijden de neiging tot avulsie van benedenstroomse riviertakken, hetzij door
de kansen op een symmetrische bifurcatie te vergroten, hetzij door de asymmetrie tussen
benedenstroomse riviertakken te verminderen.

Hoofdstuk 5 beschrijft hoe het 1D-model werd toegepast om de morfodynamische stabiliteit van
de Mahakam Delta te bestuderen. Deze delta bestaat uit een netwerk van bifurcaties en riviertakken,
waar het aantal bifurcaties en takken stroomafwaarts toeneemt. Ik heb de morfologie en stabiliteit van
de delta bestudeerd door de aantallen riviertakken en bifurcaties in opeenvolgede simulaties steeds
verder te laten toenemen, beginnend bij een systeem zonder een bifurcatie. Deze studie toont aan dat
het morfologisch evenwicht van een symmetrische delta ongevoelig is voor het aantal riviertakken en
vertakkingen in de delta, zolang de totale gesommeerde breedte van alle riviertakken gelijk blijft, en
de diepte nier vestoord wordt. Resultaten tonen echter ook aan dat de bifurcaties niet stabiel zijn en
elke diepteverstoring tot een asymmetrische groei van de bodemligging leidt. Een opgelegde
diepte-asymmetrie bij een benedenstroomse bifurcatie kan ook diepte-asymmetrie van de apex
bifurcatie veroorzaken en zo het morfologisch evenwicht van de gehele delta veranderen. Bovendien
resulteert de asymmetrische diepteontwikkeling in een toename van de totale doorstroomoppervlakte
van de geulen in de delta en daarmee ook het getijprisma. Ik heb ontdekt dat het morfologisch
evenwicht van de delta sterk afhangt van hun initiële omstandigheden, d.w.z. hun geschiedenis. Hoe
meer bifurcaties en riviertakken er in een delta zijn, hoe meer mogelijke uiteindelijke evenwichten.
Dit komt doordat verstoringen in verschillende takken kunnen leiden tot verschillende evenwichten
in het netwerk.

Hoofdstuk 6 richt zich op de belangrijkste bevindingen van dit proefschrift en plaats dit in de
context van de bestaande wetenschappelijke literatuur. De bevindingen van deze dissertatie
verschaffen inzicht het effect van getij op de morfologie van door getijden beïnvloede delta’s. Dit
hoofdstuk bevat ook ideeën voor vervolgonderzoek naar andere factoren die de morfologische
ontwikkeling van bifurcaties in door getijden beïnvloede delta’s beïnvloeden. Vier aspecten die verder
onderzoek verdienen zijn: betere weergave van de complexe natuurlijke stromings- en
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sedimenttransportprocessen nabij bifurcaties; dynamiek van rivieroevers en intergetijdegebieden in
het model incorporeren; de effecten van klimaatverandering; en antropogene verstoring van
rivierdelta’s.
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Intisari

Delta sungai dan muara merupakan zona transisi yang mempertemukan aliran sungai dan laut.
Wilayah tersebut memiliki nilai ekonomi dan ekologi yang sangat tinggi dikarenakan posisinya yang
strategis, mempertemukan sungai, daratan dan lautan. Interaksi antara gaya-gaya yang dibangkitkan
oleh gaya-gaya eksternal (aliran sungai dan hidrodinamika lautan) serta aktivitas manusia di wilayah
tersebut mempengaruhi perubahan morfodinamika di delta sungai dan muara. Jika tidak dikelola
dengan baik maka perubahan morfodinamika tersebut dapat berdampak negatif pada ekosistem dan
kegiatan sosio-ekonomi di wilayah tersebut. Oleh karena itu, pemahaman mengenai perubahan
morfodinamika sangatlah penting untuk perencanaan tata ruang di wilayah delta sungai dan muara.

Delta sungai terbentuk dari proses sedimentasi yang diakibatkan oleh interaksi antara gaya-gaya
yang dibangkitkan oleh aliran sungai dari hulu dan gaya-gaya hidrodinamika yang berasal dari laut
seperti gelombang, pasang surut dan badai. Perbedaan variasi, kuantitas serta rasio dari Interaksi
antar gaya-gaya tersebut membentuk pola sedimentasi yang berbeda-beda di tiap delta sungai
tergantung seberapa dominan pengaruh relatif dari tiap-tiap gaya tersebut. Delta sungai yang proses
sedimentasinya didominasi oleh pengaruh gaya pasang surut yang berinteraksi dengan aliran sungai
disebut tide-influenced river delta. Tide-influenced river delta identik dengan pola deposit/sedimentasi
yang membentuk tipe sungai distributary dimana sungai utama akan bercabang-cabang dengan
beberapa anak sungai yang jumlahnya bertambah ke arah hilir sebelum aliran sungai tersebut
bermuara di laut. Bifurkasi, yang didefiniskan sebagai aliran sungai utama yang bercabang menjadi
dua anak sungai ke arah hilir, banyak dijumpai di sistem delta sungai yang memiliki tipe distributary.
Pada suatu sistem delta sungai, aliran sungai dari hulu yang membawa sedimen terdistribusi ke
anak-anak sungai di bagian hilirnya melalui bifurkasi-bifurkasi di delta sungai tersebut. Maka
distribusi sedimen pada bifurkasi juga mempengaruhi distribusi sedimen ke seluruh sistem delta dan
oleh karena itu, mempengaruhi perubahan morfodinamika di sistem delta sungai tersebut. Oleh
karena itu, untuk memahami perubahan morfodinamika pada suatu sistem delta sungai diperlukan
pemahaman mengenai mekanisme distribusi sedimen pada suatu bifurkasi beserta perubahan
morfodinamikanya.

Tidak seperti delta sungai yang proses sedimentasinya hanya didominasi oleh pengaruh arus yang
berasal dari debit sungai (river-dominated delta), tide-influenced river delta memiliki arus sungai yang
berubah-ubah setiap waktu, tidak hanya kecepatannya akan tetapi juga arah alirannya. Hal ini
disebabkan oleh pengaruh propagasi gelombang pasang surut yang melalui anak-anak sungai di delta
sungai tersebut. Dinamika pola arus ini dapat berbeda-beda di tiap delta sungai di dunia, tergantung
dari perbedaan relative antara pengaruh gaya pasang surut dan debit sungai di delta sungai tersebut.
Mekanisme dinamika arus sungai ini menghasilkan pola transportasi sedimen yang kompleks baik
secara spasial maupun temporal, yang kemudian juga mengakibatkan terjadinya pola morfodinamika
yang kompleks. Selain memiliki kompleksitas yang tinggi, pemahaman mengenai proses
morfodinamika di tide-influenced river delta masihlah sangat terbatas jika dibandingkan dengan
river-dominated delta. Maka penulisan disertasi ini bertujuan untuk meningkatkan pemahaman kita
dalam konteks sains untuk menjelaskan fenomena dan proses morfodinamika pada bifurkasi di
sistem delta sungai yang dipengaruhi pasang surut (tide-influenced river delta). Untuk mencapai
tujuan ini, penulis mengembangkan model numerik satu dimensi (1D) yang dapat mensimulasikan
morfodinamika pada sistem sungai bercabang yang kompleks dan memiliki aliran tak tunak seperti
pada daerah delta sungai yang dipengaruhi gaya-gaya pasang surut. Pada penelitian ini, persamaan
analitik termutakhir untuk menghitung distribusi sedimen di bifurkasi pada kondisi aliran tak tunak
dikembangkan dan diaplikasikan dalam model numerik. Model yang dikembangkan pada penelitian
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ini kemudian dibandingkan dan divalidasi dengan model numerik dua dimensi (2D) yang
menyelesaikan seluruh perhitungan morfodinamika secara numerik (tanpa pendekatan analitik).
Model 2D yang digunakan sebagai pembanding adalah model numerik yang dioperasikan dalam
prangkat lunak Delft3D. Dengan menggunakan model numerik 1D ini, penulis secara sistematis
mempelajari faktor-faktor alam yang terpenting dalam mempengaruhi proses morfodinamika dari
bifurkasi-bifurkasi di tide-influenced river delta. Hasil dari penelitian ini disajikan pada Bab 2 hingga
Bab 5 yang terangkum di dalam penjelasan di bawah ini.

Bab 2 berisi penelitian yang dilakukan oleh penulis untuk mempelajari efek dari kemiringan sungai
dan ukuran butir sedimen terhadap proses morfodinamika sungai bercabang (bifurkasi) di sungai
yang proses sedimentasinya didominasi oleh aliran debit sungai dari hulu tanpa adanya pengaruh
pasang surut. Penulis melakukan penelitian untuk menjelaskan bagaimana perbedaan kemiringan
sungai dan ukuran butir sedimen mempengaruhi kesetimbangan morfologi dari bifurkasi. Hasil
penelitian ini menunjukkan bahwa selain sungai dengan nilai rasio antara lebar dan kedalaman
sungai (width-to-depth ratio) yang lebih besar, seperti yang ditemukan pada-penelitian-penelitian
sebelumnya, sungai dengan ukuran butir sedimen yang lebih halus dan kemiringan sungai yang lebih
landai, seperti yang umumnya diamati di tide-influenced river delta, juga menghasilkan peluang
kondisi yang lebih besar untuk menghasilkan: (1) bifurkasi yang asimetris dimana salah satu anak
sungai lebih dangkal dari yang lain dan (2) penutupan salah satu anak sungai secara keseluruhan
akibat sedimentasi (avulsi sungai). Maka dengan mengabaikan gaya pasang surut, tipikal konfigurasi
dan ukuran butir sedimen di tide-influenced delta menghasilkan peluang yang lebih besar pada
sebuah bifurkasi untuk terjadinya penutupan salah satu anak sungai secara keseluruhan akibat
sedimentasi.

Pada Bab 3 penulis melakukan penelitian dengan mengaplikasikan model 2D pada perangkat lunak
Delft3D untuk mempelajari proses evolusi dari ketidaksimetrisan batimetri dari sebuah bifurkasi di
daerah pasang surut. Penelitian ini dilakukan dengan menganilisis derajat ketidaksimetrisan dari
morfologi kedua anak sungai pada bifurkasi yang dipengaruhi oleh gaya pasang surut pada kondisi
morfologi yang setimbang. Analisis dilakukan dengan mensimulasikan bifurkasi yang memiliki
kondisi awal geometri atau pasang surut yang asimetris. Kondisi awal geometri yang asimetris yang
dimaksud dalam penelitian ini adalah didefinisikannya kondisi awal bifurkasi yang memiliki
perbedaan kedalaman atau panjang antara kedua anak sungai. Sementara kondisi pasang surut yang
asimetris yang dimaksud adalah didefinisikannya perbedaan amplitudo atau fase pasang surut antara
pasang surut di kedua muara dari anak-anak sungai pada sebuah bifurkasi. Gaya-gaya hidrodinamika
eksternal yang diperhitungkan pada penelitian ini adalah debit sungai pada kondisi batas hulu dari
sungai utama dan gelombang pasang surut dari kondisi batas laut pada muara kedua anak sungai dari
bifurkasi yang dimodelkan. Pengaruh pasang surut terhadap ketidaksimetrisan morfologi antara
kedua anak sungai dipelajari secara sistematis dengan melakukan beberapa simulasi yang memiliki
perbedaan pengaruh pasang surut. Perbedaan ini diperoleh dengan memvariasikan debit sungai dan
properti pasang surut untuk tiap kasus dengan definisi ketidaksimetrisan yang berbeda (geometri
atau pasang surut yang asimetri). Pada penelitian ini ditemukan bahwa pada kondisi yang setimbang,
derajat ketidaksimetrisan antara kedua anak sungai pada bifurkasi akan semakin kecil pada sistem
bifurkasi yang memiliki pengaruh pasang surut yang lebih besar.

Pada bab 4 model numerik 1D yang dikembangkan pada penelitian doktoral ini diaplikasikan
untuk menganalisis efek pasang surut terhadap stabilitas morfologi pada bifurkasi sungai di daerah
pasang surut. Efek pasang surut terhadap bifurkasi di pelajari untuk kondisi seluas mungkin yang
dapat ditemui di delta sungai dan muara. Kondisi yang dimaksud terkait dengan mobilitas sedimen,
pengaruh pasang surut, dan rasio lebar-kedalaman sungai. Penelitian pada bab ini melanjutkan
penelitian pada Bab 3 dengan memperluas kondisi alam yang dicakup dalam Bab 3. Pada penelitian
ini, pola yang kompleks ditemukan terkait dengan morfodinamika bifurkasi di daerah pasang surut.
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Pertama, untuk bifurkasi sungai dengan pengaruh pasang surut yang lemah dimana arus yang
mengalir ke arah hulu (saat pasang) lemah atau tidak ditemukan, bifurkasi yang memiliki pengaruh
pasang surut yang lebih besar akan memiliki kemungkinan kondisi yang lebih besar untuk sebuah
bifurkasi memiliki morfologi yang simetris. Kedua, sebaliknya untuk bifurkasi yang memiliki
pengaruh pasang surut yang besar yang menyebabkan perubahan arah arus (arus bolak-balik) pada
tiap siklus pasang surut, pengaruh pasang surut yang lebih besar menyebabkan kondisi yang lebih
kecil untuk bifurkasi memiliki morfologi yang simetris. Akan tetapi, secara keseluruhan untuk kedua
kondisi pasang surut tersebut, pada situasi dimana bifurkasi memiliki morfologi yang asimetris,
semakin besar pengaruh pasang surut menyebabkan semakin kecilnya derajat asimetri morfologi
diantara dua anak sungai. Hasil ini mengkonfirmasi hasil yang ditemukan pada Bab 3. Maka dapat
disimpulkan bahwa pengaruh pasang surut mengurangi tendensi untuk terjadinya penutupan salah
satu anak sungai akibat sedimentasi (avulsi sungai) yang umumnya terjadi pada bifurkasi di daerah
aliran sungai yang tidak dipengaruhi pasang surut. Kesimpulan ini terjadi melalui dua kemungkinan
yakni dengan (1) semakin berkurangnya kondisi yang memungkinkan untuk bifurkasi memiliki
ketidaksimetrisan morfologi atau (2) semakin kecilnya derajat ketidaksimetrisan antara kedua anak
sungai pada kondisi dimana bifurkasi memiliki ketidaksimetrisan morfologi.

Di Bab 5, model numerik 1D diaplikasikan untuk mempelajari morfodinamika pada distributary
yang memiliki lebih dari satu bifurkasi. Distributary yang disimulasikan pada studi ini diadopsi dari
struktur distributary di Delta Mahakam. Kesetimbangan morfodinamika dari delta sungai dianalisis
dengan mensimulasikan beberapa konfigurasi distributary yang memiliki jumlah bifurkasi yang
berbeda. Hasil dari penelitian ini menunjukkan bahwa kesetimbangan morfologi pada distributary
yang memiliki kedalaman yang seragam, tidak sensitif dengan jumlah anak sungai di dalam
distributary tersebut. Selama total dari lebar sungai sepanjang distributary sama dan dengan
mengasumsikan tidak adanya friksi pada dinding sungai. Akan tetapi, ketika perbedaan kedalaman
didefinisikan pada kondisi awal dari setidaknya satu bifurkasi pada distributary, misalnya, dari satu
bifurkasi yang paling hilir, perbedaan kedalaman ini dapat menyebabkan asimetri morfologi hingga
ke bifurkasi yang paling hulu dari delta tersebut dan oleh karenanya, mengubah kesetimbangan
morfologi pada keseluruhan delta. Perubahan kesetimbangan morfologi ini juga menyebabkan
membesarnya total luas penampang keseluruhan anak sungai sepanjang delta dan menyebabkan
kenaikan prisma pasang surut di delta tersebut. Dari hasil penelitian ini dapat disimpulkan bahwa
kesetimbangan morfologi pada suatu delta sangatlah tergantung pada kondisi awal (initial condition)
atau, dalam kondisi di lapangan, bergantung pada perubahan yang pernah terjadi baik yang
diakibatkan oleh insiden alami maupun akibat campur tangan manusia. Semakin banyak anak sungai
pada suatu delta, maka makin banyak pula posibilitas dari kesetimbangan morfologi delta tersebut.
Hal ini terjadi karena perubahan pada anak sungai yang berbeda dapat menyebabkan perbedaan
kesetimbangan morfologi pada tiap anak sungai.

Pada bab 6, hasil dari penelitian dalam disertasi ini didiskusikan dalam konteks hubungannya
dengan literatur dan penelitian sebelumnya. Dipaparkan pula mengenai pentingnya hasil penelitian
pada disertasi ini untuk memberikan fondasi dalam memahami mekanisme utama dalam proses
morfodinamika pada sungai bercabang di daerah pasang surut. Selain itu, penulis menyadari adanya
limitasi dalam penelitian ini serta perlunya penelitian lebih lanjut untuk meningkatkan pemahaman
kita mengenai morfodinamika di tide-influenced river delta. Maka, penulis juga memberikan
beberapa gagasan untuk penelitian lanjutan di masa depan. Gagasan yang dimaksud adalah untuk
mengeksplorasi faktor-faktor lain yang mempengaruhi morfodinamika dari bifurkasi atau sungai
bercabang di tide-influenced river delta. Penulis merekomendasikan empat penelitian lanjutan yang
perlu mendapat perhatian lebih. Empat penelitian lanjutan tersebut adalah: (1) pengembangan model
1D untuk meningkatkan kompleksitas dalam mensimulasikan pola struktur arus sungai dan proses
transportasi sedimen agar hasil yang diperoleh semakin merepresentasikan kondisi alam pada delta
sungai dan muara, (2) menganalisis efek adanya evolusi dan morfodinamika bantaran sungai beserta
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daerah basah-kering yang umumnya dapat di amati di daerah yang dipengaruhi pasang surut, (3)
menganalisis efek perubahan iklim terhadap morfodinamika pada bifurkasi yang direfleksikan
dengan mempertimbangkan kenaikan muka air laut, serta (4) mempelajari efek adanya
pengembangan wilayah delta dan muara untuk aktivitas manusia.
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1.1 Background

River deltas are transition zones where rivers debouch into a large body of water, such as an ocean or
a lake. This transition results in deposition of alluvial sediment transported from upstream. The
depositional processes cause distributary channel networks to form in the deltas. Two mechanisms
are involved in the shaping of deltaic channel networks: mouth bar depositions that form bifurcations
(Edmonds and Slingerland, 2007; Jerolmack, 2009; Jerolmack and Swenson, 2007) and delta
aggradation, which induces avulsion that relocates the flow to a different path, creates a new
distributary and so expands the size of the delta (Ashworth et al., 2004; Jerolmack, 2009; Jerolmack
and Mohrig, 2007). In case a river debouches into the ocean, the shape of the delta and the number of
active channels is determined by the relative importance of river flow characteristics, wind-wave
energy and tidal action, as shown in Figure 1.1 (Galloway, 1975; Rossi et al., 2016; Shaw and Mohrig,
2014). Other studies suggest more factors that determine the shape of deltas, such as sediment type
and availability (Geleynse et al., 2011; Orton and Reading, 1993; Shaw and Mohrig, 2014), and sea
level variability (Dalrymple et al., 1992; Leuven et al., 2019; Nienhuis and van de Wal, 2021; Postma,
1995).

River deltas are of great economic and ecological value because fluvial deposits are so rich in
nutrients and because deltas are such strategic locations where rivers, land and sea meet (Ericson
et al., 2006). This is why so many river deltas have become hubs of anthropogenic activity. Deltas are
where megacities are built, where agricultural and aquacultural activities are concentrated, where
navigable channels are dredged and where tourism flourishes (Ericson et al., 2006; Novico et al., 2018;
Rahmawan et al., 2017; Setiawan et al., 2015; Syvitski and Saito, 2007). All these human activities
require engineering works, such as the construction of river embankments for land reclamation and
flood defence (Giosan et al., 2013), dredging and dumping activities (Jeuken and Wang, 2010; Luo
et al., 2007; Pinter et al., 2004), land-use conversion for human activities (Ve et al., 2021) and the
construction of dams(Yang et al., 2006). These engineering works have significantly influenced the
morphological development of the deltas which has created new problems, such as increased
vulnerability to flooding and delta subsidence (Syvitski et al., 2009; Syvitski and Kettner, 2011) and
excessive sedimentation (Ve et al., 2021; Yuanita and Tingsanchali, 2008). These problems are the
result of our lack of understanding of the morphodynamics of river deltas and morphodynamic
responses to perturbation. Therefore, studying morphodynamic processes in river deltas is key to
improving future delta management plans in a more sustainable way.

Many deltas consist of distributary channel networks. In such deltas, bifurcations—where a larger
upstream channel splits into two smaller branches—are the main geomorphological feature that
determines the delta’s morphological fate. The bifurcations distribute the water and sediment across
the entire delta and determine its morphological development (e.g. Jerolmack, 2009; Jerolmack and
Swenson, 2007). Some efforts have been made to investigate how the sediment is distributed at
bifurcations in bedload-dominated rivers (e.g. Bertoldi et al., 2009; Bertoldi and Tubino, 2007;
Bolla Pittaluga et al., 2003; Kleinhans et al., 2008; Van der Mark and Mosselman, 2013),
suspended-load dominated rivers (e.g. Edmonds and Slingerland, 2008; Slingerland and Smith, 1998)
and tide-influenced deltas (e.g. Buschman et al., 2013; Kästner and Hoitink, 2019). Regarding the
morphodynamics of bifurcations, previous studies have primarily explored the processes in
river-dominated systems and have used various approaches, namely field observations (e.g. Aslan
et al., 2005; Smith et al., 1989), physical modelling (e.g. Ashworth et al., 2004; Bertoldi and Tubino,
2007), and numerical modelling (e.g. Bolla Pittaluga et al., 2003; Kleinhans et al., 2008; Slingerland
and Smith, 1998).

By contrast, research into the morphodynamics of tide-influenced river bifurcations—where river
discharge flows from upstream and tides propagate into the downstream channels—is limited. We
have a reasonable understanding of hydrodynamics (Friedrichs, 2010), sediment transport and
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Figure 1.1 Delta classification and example of delta formation (after Galloway, 1975).

morphological change (Dronkers, 1986; Dyer, 1997; Dyer, 1995; Hibma et al., 2004) in single-channel
tide-influenced estuaries. However, the dynamics of tide-influenced delta networks is less well
understood. For example, the Yangtze estuary is strongly influenced by tides and most upstream
bifurcation in this system is asymmetrical. Northern branches gradually silt up and become narrower,
while southern branches deepen and widen (Chen et al., 1982). However, in other tide-influenced
deltas, bifurcations have a near-symmetrical depth distribution, e.g. Berau River Delta (Buschman
et al., 2013), and Kapuas River Delta (Kästner et al., 2017). Hoitink et al. (2017) also suggested that
tide-influenced river deltas have more stable distributary channel networks with more limited
occurrence of avulsion than river-dominated deltas. But again, we do not know exactly how the
mechanisms that govern these phenomena work. Furthermore, morphological change in the delta
networks affects the distribution of sediment and fresh water across the delta, which in turn affects
the coastal seas and their important habitats. For example, the Berau River (Indonesia) debouches on
the Berau shelf, which hosts a highly diverse coral reef area at its oceanic edge (Tarya et al., 2015).
Due to land cover change, fresh water and nutrients are beginning to affect coral reef health (Tarya
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et al., 2015; van Katwijk et al., 2011). For these reasons, this study focuses on research into the
morphodynamics of tide-influenced river bifurcations.

1.2 Existing theoretical analysis of morphodynamics in fluvial-dominated
river bifurcations

Over the last few decades, several efforts have been made to analyse the sediment division at
bifurcations, because this process determines the morphological stability of bifurcations. Instability
can lead to abandonment of one downstream channel, while stability enables the symmetrical or
asymmetrical development of two open channels. This systematic analysis was pioneered by Wang
et al. (1995) who concluded that the sediment division at bifurcation is a function of river discharge
ratio between downstream channels and the power of velocity relationship in a generic sediment
transport relationships. Slingerland and Smith (1998) studied the morphodynamics of river
bifurcations in situations with a crevasse, i.e. a smaller branch that takes off from the main channel,
and suggested that abandonment of a crevasse depends on (1) the depth difference between the main
channel and the crevasse, and (2) the ratio of channel slope between the crevasse and the main
channel. For broadly similar channel off-take systems, Van der Mark and Mosselman (2013)
suggested that helical flow in sharp bends partly determines the morphodynamics of bifurcations and
proposed a model for the sediment division for bifurcations in such conditions. Bolla Pittaluga et al.
(2003) inferred that transverse sediment transport just upstream of the bifurcation enables stable
bifurcations. Investigating bifurcations with fine-grained sediment, Edmonds and Slingerland (2008)
suggested that the stability of bifurcations is controlled by the transverse water level difference at
bifurcation.

Two analyses that have been widely implemented to study river bifurcation with the help of
numerical and analytical models are Wang et al. (1995) and Bolla Pittaluga et al. (2003). Wang et al.
(1995) pioneered a quantitative description of the mechanism behind the evolving morphology of
bifurcations. Investigating the morphodynamics of sand bed rivers, they suggested that the
morphological evolution of bifurcation depends on the sediment transport division at bifurcation.
The morphological equilibrium of the bifurcations depends on the calibrated parameter k in the
calculation of sediment transport division as follows:

Qs,2

Qs,3
=

(
Q2

Q3

)k (
w2

w3

)1−k

(1.1)

in whichQs is the sediment supply to each downstream channel, Q is the river discharge and w is the
width of the downstream channel. Subscripted notations indicate the downstream channel identity.
Any depth difference between a bifurcation’s downstream channels will decrease—resulting in a
symmetric bifurcation—when k>n/3, and increase when k<n/3. Here, n is the power of flow velocity
in the sediment transport relationship. Wang et al. (1995)’s research was applied and developed in
several other studies. For example, Fokkink et al. (1995) applied this approach to gravel bed rivers,
and Jeuken and Wang (2010) studied the sensitivity of bifurcation morphology to dredging-dumping
activities in an estuary. Wang’s pioneering study has some limitations. One is that the value of k in
Eq. 1.1 significantly varies for different bifurcations as obtained by Wang et al. (1995) from field
measurements and the physical model experiment. Another is that Wang′s approach assumes a
uniform distribution of water and sediment flux throughout the river cross-section. However, this
distribution is not uniform if there is transverse asymmetry in the upstream channel at the
bifurcation due to meandering or the presence of bars, for example, or if there is depth asymmetry
between downstream channels (Kleinhans et al., 2008; Kleinhans et al., 2013).
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An alternative approach to compute the sediment division at bifurcation was presented by
Bolla Pittaluga et al. (2003), who focused on the morphological equilibrium of bifurcations in
gravel-bed braided rivers. They proposed that the morphological development of bifurcations is not
only determined by the division of along-channel sediment transport, but also by local transverse
sediment transport just upstream of the bifurcation, as schematized in Figure 1.2. Transverse
sediment transport is driven by two processes, as follows:

transverse transport = transverse flow induced sediment transport−transverse bedslope
(1.2)

The first process is the transverse river flow caused by unequal flow division. The second is the
transverse bed slope effect caused by initially asymmetric morphology at bifurcation. These processes
might be triggered by an initial asymmetry in morphology between downstream channels, e.g. depth
or width differences. Using a one-dimensional model for their calculations, they suggested that the
equilibrium morphology depends on sediment mobility and width-to-depth ratio in the upstream
channel. Starting from a symmetrical condition, they found that a bifurcation’s downstream branches
will have an asymmetric morphology for the systems with lower sediment mobility. Additionally, the
range of sediment mobility for the asymmetric morphology will be wider for bifurcations where the
upstream channel has a larger width-to-depth ratio. Here, asymmetry can lead to channel
abandonment. These findings were confirmed by Bertoldi and Tubino (2007)’s physical scale model.
In this approach, the stability of bifurcations is independent of the calibrated parameter k in Wangs
model. Bolla Pittaluga et al. (2003)’s approach to computing the sediment division at bifurcations has
proven useful for studying the morphological evolution of river networks in various situations, for
example to study the effect of a meandering upstream channel (Kleinhans et al., 2008); or the effect of
upstream boundary change to the morphodynamics of an anastomosing river (Kleinhans et al., 2012);
the effect of a downstream sink condition, similar to a delta, for bifurcations that are connected to the
sea (Salter et al., 2017); and the morphodynamics of a delta with multiple bifurcations (Salter et al.,
2020).

Figure 1.2 Sketch of along-channel sediment transport (Qs) and transverse sediment transport (Qs,y ) at a
bifurcation.

Bolla Pittaluga et al. (2015a) used Bolla Pittaluga et al. (2003)’s approach to compute river
bifurcations’ morphodynamic stability in both sand-bed rivers with high sediment mobility and
gravel-bed rivers with low sediment mobility. They found that symmetric bifurcations are stable in a
narrow range of intermediate mobility. This means that when bifurcations have a sediment mobility
within this range, any perturbation that initially causes asymmetric bifurcation, such as a depth
difference between the downstream channels, will ultimately reduce and result in a bifurcation with
symmetric downstream channels. They also found that symmetric bifurcations are unstable in a
wider range of low and high sediment mobility conditions. In this range, asymmetric bifurcations
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occur, potentially leading to abandonment of one of the downstream channels. They also suggested
that the parameter range for stable symmetric bifurcations is more limited in systems where the
upstream channel has a wider width-to-depth ratio.

1.3 Morphodynamics in tide-influenced river bifurcations

The theory for fluvial-dominated river bifurcations might not be fully applicable to tide-influenced
river bifurcations because of time-varying hydrodynamic conditions and typical coastal conditions
such as a lower channel slope and finer sediment. In addition to the discharge that flows from the
upstream river, tides propagate upstream from the sea into the downstream channels (Figure 1.3).
Tide-influenced systems also have a gentler channel slope and finer sediment compositions than
river-dominated systems. The river flow tends to be slower, and the sediment finer, which could make
the importance of suspended load transport more important than bedload transport. This affects the
transverse bed slope transport process at, and the stability of, the bifurcation. In addition, tidal
propagation induces a bi-directional flow that changes in magnitude and direction in a tidal cycle,
which significantly affects the time-averaged flow division at a bifurcation (Buschman et al., 2010;
Sassi et al., 2011).

Figure 1.3 Schematization of a bifurcation imposed by discharge from the upstream river and tidal waves
from the sea that propagate into the downstream channels.

Ragno et al. (2020) implemented Bolla Pittaluga et al. (2003)’s approach to investigate the stability
of river bifurcations with limited tidal influence, i.e. where tides do not cause a change in flow
direction. In a range of sediment mobility and width-to-depth ratio conditions, Ragno et al. (2020)
found that tides increase the range of conditions where symmetric bifurcation is stable. They
suggested that this is because tides cause a frequent flow fluctuation that deepens the downstream
channels, which reduces the width-to-depth ratio. However, the tidal influence conditions studied by
Ragno et al. (2020) are confined to limited tidal influence, where tides change the magnitude of the
river flow but not the direction. Additionally, many bifurcations in tide-influenced river deltas appear
to have an asymmetric geometry where one downstream channel is narrower and shallower while the
other is deeper and wider (e.g. Kästner and Hoitink, 2019). Yet they also seem to have a stable
morphology in which channel abandonment does not seem to occur as often as in fluvial-dominated
river bifurcations. The underlying mechanism is still unknown. Another aspect of tide-influenced
deltas concerns complexity of the distributary. Delta distributaries tend to consist of several,
connected bifurcations. In the more tidally influenced Mahakam Delta, bifurcations located near the
sea were found by Sassi et al. (2011) to have a less asymmetric river discharge division than
bifurcations further upstream. However, Buschman et al. (2010) found the opposite behaviour.
When they applied a flow model to a schematic bifurcation to study the sensitivity of river discharge
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division to a range of tidal amplitudes, they suggested that the bigger the tidal influence, the larger the
asymmetry in river discharge division. Since the morphological change in a bifurcation’s downstream
channels depends on the flow division at bifurcation, this indicates that there are processes at work in
multiple network deltas that a single-bifurcation setup fails to capture. As many tide-influenced river
deltas are important for human activities and our knowledge about tide-influenced bifurcations is still
limited, it is imperative to learn how tides govern the morphological stability of river bifurcations.

1.4 Objectives

The objective of this study is to improve our understanding of the morphodynamics of
tide-influenced bifurcations in river deltas. Before we can examine the effect of tides on the
morphodynamics of bifurcations, we first need to establish how the characteristics of a typical river
delta landscape affect these morphodynamics. Tide-influenced river deltas have lower channel slopes
and finer grained sediment than river-dominated deltas, but it is not known what effect this has on
the morphodynamics of bifurcations. As a first step, I will analyse the effect of channel slopes and
sediment grain sizes on the morphological stability of bifurcations without taking tidal influence into
account. My first research question therefore is:

1. How do channel slope and sediment size affect the morphological stability of river bifurcations?

Once I have established what effect these characteristics have, I will include the effect of tides in my
research. I will then address the second and third research questions:

2. How do tidal and fluvial influences affect the morphological asymmetry of bifurcations that have
asymmetric downstream geometries or different tides in their downstream channels?

3. How does the relative importance of river and tidal influence affect the morphological stability of
river bifurcations with a symmetric downstream geometry?

Finally, tide-influenced river deltas often have multiple interconnected bifurcations. We do not know
how themorphology of the entire delta evolves and how bifurcations in the system influence each other.
Therefore, my fourth and final research question is:

4. How do multiple bifurcations in tide-influenced delta networks affect the equilibrium of the entire
deltaic channel network?

1.5 Approach and thesis outline

To answer these research questions, I used two process-based numerical models to conduct
morphodynamic simulations. The first model is a one-dimensional (1D) model developed in the
Matlab environment. The second model applies the depth-averaged version (2D model) of the
Delft3D model.

I built a one-dimensional numerical model to simulate the hydro- and morphodynamics in river
network systems under unsteady flow condition. This makes the model suitable to study the
morphodynamics in both fluvial-dominated and tidal-dominated rivers. Using 2D and 3D modelling
techniques for morphodynamic modelling is computationally expensive because morphological
development, especially in low-lying areas such as river deltas, is a long-term process that could take
place on a millennial time scale. On such a long timescale, application of a 1D model is more efficient,
especially when studying morphodynamics of a wide range of conditions in the spatial scale of river
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network deltas. In other words, a 1D model is computationally more efficient for morphodynamic
simulations than 2D and 3D models. To determine the morphological evolution in the river network
channels, and hence the entire deltaic system, it is crucial to understand the sediment distribution, or
division, at the junction. This study improves upon the sediment distribution calculation proposed by
Bolla Pittaluga et al. (2003) by (1) separating suspended load and bedload transport to enable
application to the suspended load-dominated river bifurcations (described in chapter 2) and (2)
allowing the calculation for hydrodynamic condition with changing flow magnitude and direction
that occur in tide-influenced junctions (described in chapter 4).

Subsequently, I used the depth-averaged version (two-dimensional model) of the Delft3D model
suite to study the asymmetry of bifurcations imposed by the downstream channels’ asymmetric
geometry or tides. In the 2D model, a bifurcation is schematized using the approach of Kleinhans
et al. (2008). The model setup is described in detail in chapter 3. The 2D model is applied to take into
account the tide-induced 2D effect in the flow structures at the bifurcation that could significantly
influence its morphodynamics. The 2D model results are also used to validate the 1D model
developed.

These two models are used to conduct four studies, described in Chapters 2 through 5. chapter 2
describes and validates the 1D model development for river bifurcations. The study in this chapter is
intended to answer the first research question. Hence, the model is applied to investigate how channel
slopes and sediment grain sizes affect the stability of river-dominated bifurcations in a range of
sediment mobilities from suspended load-dominated to bedload-dominated regimes and
width-to-depth ratio of the upstream channel. The second research question is addressed in chapter 3
and chapter 4. In chapter 3, the 2D model is applied. The asymmetry of tide-influenced bifurcations
is studied by analysing the equilibrium asymmetry for bifurcations with asymmetric geometries
(depth or length) or asymmetric tides (tidal amplitude or phase difference) between downstream
channels. The tidal influences are varied by running a series of simulations with different river
discharges or tides to investigate the effect of tidal influence on the asymmetry. chapter 4 describes
how the 1D model for tide-influenced bifurcations has been developed. This model is used to answer
both the second and third research questions. The morphological stability of tide-influenced
bifurcations is studied in a wide range of conditions of sediment mobility, width-to-depth ratio of the
upstream channel and tidal influence at bifurcation. This study is conducted to analyse which settings
and tidal influences make initially symmetric bifurcations stable or unstable, and to explain the
intratidal mechanisms that drive the morphological development. The study in chapter 4 also
confirms the findings in chapter 3 and expands the range of conditions of sediment mobility,
width-to-depth ratio of upstream channel and tidal influence at bifurcations. In chapter 5, the 1D
model is applied to investigate the morphodynamic stability of deltaic channel networks with multiple
bifurcations (the fourth and final research question). The channel network setting is inspired by the
Mahakam Delta, which has a distributary pattern characterized by an increasing number of
downstream bifurcations and channels.
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Effects of sediment grain size and channel slope
on the stability of river bifurcations

Chapter 2 | Effects of sediment grain size and
channel slope on the stability of river bifurcations

Abstract

Channel bifurcations can be found in river network systems from high gradient gravel-bed rivers to
fine-grained low gradient deltas. In these systems, bifurcations often evolve asymmetrically such that one
downstream channel silts up and the other deepens and, in most cases, they eventually avulse. Past
analytical and numerical studies showed that symmetric bifurcations are unstable in high and low Shields
stress conditions resulting in asymmetric bifurcations and avulsion, while they can be stable in the
mid-Shields range, but this range is smaller for larger width-to-depth ratio. Here, using a 1D numerical
model, we show that effects of sediment grain size and of channel slope aremuch larger than expected for
low-gradient systems when a sediment transport relation is used that separates between bedload and
suspended load transport. We found that the range of Shields stress conditions with unstable symmetric
bifurcations expanded for lower channel slopes and for finer sediment. In high sediment mobility,
suspended load increasingly dominates the sediment transport, which increases the sediment transport
nonlinearity and lowers the relative influence of the stabilizing transverse bed slope-driven flux. Contrary
to previous works, we found another stable symmetric solution in high Shields stress, but this only occurs
in the systems with small width-to-depth ratio. This indicates that suspended load-dominated
bifurcations of lowland rivers are more likely to develop into highly asymmetric channels than previously
thought. This explains the tendency of channel avulsion observed in many systems.

Published as: Iwantoro, A. P, van der Vegt, M., & Kleinhans, M. G. (2021). Effects of sediment grain size and
channel slope on the stability of river bifurcations. Earth Surface Processes and Landforms, 46(10),pp. 2004–2018.
https://doi.org/10.1002/esp.5141
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2.1 Introduction

Various types of channel networks can be found in fluvio-deltaic environments, from tributary channel
networks and braided rivers in the upstream to anastomosing rivers and river deltas in the downstream
part (Kleinhans et al., 2013). Bifurcations are the locations in the channel network where a channel
upstream splits into two downstream channels. At the bifurcations, river flow and sediment transport
divide and control the morphodynamic evolution of the downstream channels (Wang et al., 1995). The
sediment division processes are determined by many factors, such as a meandering upstream channel
(Kleinhans et al., 2008), downstream sediment sinks (Salter et al., 2017), width-to-depth ratio of the
upstream channel (Bolla Pittaluga et al., 2015a; Redolfi et al., 2019), and changing flow magnitude and
direction induced by rivers and tides in tide-influenced deltas (chapter 3 and chapter 4). These factors
determine whether the sediment transport division will increase the asymmetry of bifurcations and at
high asymmetry, effectively lead to avulsion whereby one channel is abandoned.

Asymmetric bifurcations occur when bifurcations are unstable for symmetric conditions and any
bed perturbation will result in aggradation in one downstream channel and erosion in the other. If
the aggradation in the dwindling channel is sufficient for vegetation settling and floodplain formation
processes to commence (Kleinhans et al., 2011; Smith et al., 1989), one downstream channel has been
abandoned and an avulsion has occurred. Avulsions are common in various types of river networks
such as in gravel-braided rivers (e.g. Burge, 2006; Lane et al., 2003), alluvial fans (e.g. Assine, 2005;
North and Warwick, 2007) and lowland rivers (e.g. Hoyal and Sheets, 2009; Jones and Harper, 1998;
Stouthamer andBerendsen, 2001). Bifurcations also occur in cases of flowdiversion fromameandering
channel into a chute cutoff, in braided rivers (Ashmore, 1982; Leddy et al., 1993) and in enlarging
crevasses in anastomosing rivers and river deltas (Smith et al., 1989; Aslan et al., 2005). As such, high
asymmetry of a bifurcation is a necessary condition for avulsion.

Efforts to understand the morphodynamic evolution of bifurcations have mainly been conducted
using idealized mathematical models. Wang et al. (1995) introduced a nodal point relation to compute
the sediment transport division at the bifurcation using a one-dimensional (1D) numerical model.
They proposed that the asymmetry of bifurcations depends on the river discharge ratio to the power of
a calibrated parameter k. Any depth asymmetry will decay in time resulting in a symmetric bifurcation
when k > n/3 and will increase in time for k < n/3, where n is the velocity power in the sediment
transport relation. While this work illuminated the importance of the sediment transport nonlinearly, it
has some limitations. First, the stability of symmetric bifurcations depends on a non-physical calibrated
parameter. Second, the estimated value of the calibrated parameter can be considerably different for
different field and scale model conditions (Kleinhans et al., 2013).

Bolla Pittaluga et al. (2003) proposed an alternative nodal point relation. Their approach was
designed for bifurcations in gravel braided rivers that have bedload dominated sediment transport. In
their nodal point relation, they considered a transverse sediment transport at the bifurcation driven
(1) by transverse river flow induced by unequal discharge division between the downstream channels
and (2) by transverse bedslope effect (adopting the approach by Ikeda et al. (1981)). They showed that
a symmetric bifurcation is unstable in low sediment mobility (low Shields number) and the Shields
number range of unstable condition is wider for a larger width-to-depth ratio. Their results have been
experimentally tested by Bertoldi and Tubino (2007) and developed further by including, for instance,
evolving river banks (Miori et al., 2006; Kleinhans et al., 2011), the effect of meandering upstream
channel (Kleinhans et al., 2008), and the effect of helical flow for offtake channel (Van der Mark and
Mosselman, 2013).

Some studies have addressed the morphodynamic evolution of bifurcations in suspended load
dominated rivers. Using a one-dimensional (1D) numerical model, Slingerland and Smith (1998)
investigated the stability condition of crevasses to keep open and found that it depends on sand grain
size, and the difference of channel slope ratio and depth between crevasse and the main channel.
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Edmonds and Slingerland (2008) studied the stability of bifurcations for high sediment mobility
conditions where the suspended load dominates the sediment transport. They suggested that in high
sediment mobility symmetric bifurcations are unstable. Therefore, any perturbation in the
downstream channels will cause the system to develop an asymmetric morphology.

Bolla Pittaluga et al. (2015a) proposed a general theory to predict stability of symmetric
bifurcations for gravel and sand bed rivers (range of bedload to suspended load dominated
conditions). They extended the nodal point relationship by Bolla Pittaluga et al. (2003) to suspended
load and bedload transport conditions and found that symmetric bifurcations are unstable in high
sediment mobility for sand bed rivers and for low sediment mobility for gravel bed rivers. Symmetric
bifurcations can only be stable for intermediate sediment mobility. This range of sediment mobility
for stable symmetric condition is narrower for rivers with higher width-to-depth ratio. Redolfi et al.
(2019) further investigated the effect of width-to-depth ratio of upstream channel on the stability of
bifurcations for sand and gravel bed rivers.

Generally, the stability of symmetric bifurcations depends on the ratio of sediment supply from the
upstream channel and the sediment transport capacity in the downstream channels. When the
morphology of the two downstream channels is asymmetric due to a small depth disturbance in one
of the channels, a larger river discharge is conveyed into the deep channel than in the shallow channel.
Due to this asymmetrical discharge division, the sediment transport capacity in the deep channel
increases relatively fast due to the nonlinearity of sediment transport, while it decreases quickly in the
shallow channel. However, because the sediment supply from upstream channel is also constant, this
results in a lack of sediment supply to the deep channel but an over capacity to the shallow one. As a
result, erosion occurs in the deep channel while the shallow channel has deposition, which increases
the morphological asymmetry between the downstream channels and thereby results in unstable
bifurcations. However, according to Bolla Pittaluga et al. (2003) there is a transverse sediment
transport at the bifurcation induced by the transverse flow and transverse bedslope effect by which
sediment is transported transversely, upstream of the bifurcation, from the side of shallow channel to
the side of deep channel. This transverse sediment transport increases the sediment flux asymmetry
between downstream channels and might be sufficient to change the system from unstable to stable.
The stable symmetric bifurcations occur in the conditions when the combination of transverse
sediment transport and the flow division driven asymmetry of sediment flux provides a sufficiently
large sediment supply difference to exceed the difference of the sediment transport capacity between
downstream channels.

Despite our understanding about the basic mechanisms that determines the stability of
bifurcations, the dependence of the bifurcation stability on the mode of sediment transport raises
new questions on how sensitive these mechanisms are to sediment grain size and to channel slope.
Previous theoretical studies mainly focused on river settings with steep channel slope and coarse
sediment (e.g. Bertoldi and Tubino, 2007; Bolla Pittaluga et al., 2003; Van der Mark and Mosselman,
2013). Though Edmonds and Slingerland (2008) studied the stability for high sediment mobility
using a series of fine sand and cohesive sediment, it is unclear how channel slope affects the results.
Ashworth et al. (2004) found in their experiments that the gentlest channel slope and thereby smallest
flow resulted in highest occurrence of avulsion, suggesting that the effects of grain size and channel
slope need more attention. Model results probably depend on the type of sediment transport
predictor that is used. In a total load formula like Engelund-Hansen (Engelund and Hansen, 1967)
(hereafter EH), no differentiation is made between bedload and suspended load. The total transport
only depends on the Shields number and Shields number depends on flow velocity and the sediment
grain size. In sediment transport predictors that differentiate between bedload and suspended load
transport (e.g. van Rijn, 1984a; van Rijn, 1984b; Van Rijn, 1993), the ratio of the two not only depends
on the Shields stress but also on the grain size and channel slope. Hence, for the same Shields stress
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but different grain size and channel slope the ratio of bedload and suspended load will be different.
This is further illustrated in Figure 2.1. For the same range of Shields stress, the systems with finer
sediment result in a more suspended load dominated condition. Regarding the channel slope, the
more suspended dominated condition occurs for the systems with lower channel slope.

Figure 2.1 ratio of bedload over suspended load transport for (a) different grain size and (b) different channel
slope as a function of Shields stress in an undivided channel (upstreamof a bifurcation). The sediment transport
is computed using sediment transport equation by van Rijn (1984a) and van Rijn (1984b)

Physically, the grain size and channel slope affect the relative quantity of suspended load and
bedload, which then could affect the sediment division. If bedload transport dominates, transverse
bedslope effect would have a significant contribution to the total transverse sediment transport. On
the other hand, its contribution would be less significant if the system has a more dominant
suspended load transport because it is not affected by the transverse bedslope effect. This remains
untested as Bolla Pittaluga et al. (2015a) used a fixed grain size for both sand and gravel rivers to
investigate the stability of bifurcations. In their results, stability of bifurcations is only affected by
grain size through the Chézy friction parameter. Therefore, we aim to study the effect of grain size
and channel slope on the morphological stability of river bifurcations in the range of sand and gravel
bed. To address this objective, a one-dimensional model was developed to study the sensitivity of
symmetric bifurcations to bed perturbations. In this study, we applied the sediment transport
equations by van Rijn (1984a) and van Rijn (1984b) that separate the contribution of suspended load
and bedload transport in the total sediment transport. Moreover, the contribution of those transports
to the transverse sediment transport and therefore sediment division at bifurcations was also
separated. This allowed us to investigate the effect of different channel slopes and sediment grain sizes
to the ratio of bedload over suspended load and therefore stability of bifurcations. Finally, the
sensitivity of results to channel slope and sediment grain size was studied in different sets of
simulations.

Themodel description andmodel set-up are described in Section section 2.2, followed by the results
in Section section 2.3. The physical mechanism behind the results and how this study contributes to
the findings of the previous studies are discussed in Section section 2.4. Finally, the conclusions are
provided in Section section 2.5.
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2.2 Methodology

2.2.1 Model description
A bifurcating channel was studied using a 1D numerical model. Three channels connected at the
bifurcation, where the upstream channel split in two downstream channels, as illustrated in
Figure 2.2. The 1D model computed the hydrodynamics in each channel by numerically solving the
Saint-Venant equations:

w
∂z

∂t
+
∂Q

∂x
= 0 (2.1)

∂Q

∂t
+

∂

∂x

(
Q2

A

)
+ gA

∂z

∂x
+

| Q | QPg
C2A2

= 0. (2.2)

Here, x and t are the spatial and temporal axes, z and Q are the water level and discharge, w is the
channel width, g is the gravitational acceleration and C is Chézy coefficient as the roughness term
calculated as follows

C = 18 log10 (12h/ξ) (2.3)

where ξ is the Nikuradse roughness length related to the bedforms and h is water depth determined as

h = z − η (2.4)

in which η is the bed level. Meanwhile, A and P are the cross-sectional area and wetted perimeter
of the channel. We assume that the channels have a rectangular cross section where A = wh and
P = w + 2h.

In the model, two types of boundary nodes exist, namely open and junction boundary. Open
boundaries are located at the upstream end of the upstream channel (upstream boundary in
Figure 2.2) and at the downstream end of the downstream channels (downstream boundary in
Figure 2.2). The junction boundary is shared by the three channels at the bifurcation, also known as
nodal point. At upstream boundary, an equilibrium discharge condition was applied

Q1 = w1Ch1

√
gh1S1 (2.5)

where the subscripted note indicates the channel identity as in Figure 2.2 and S is channel slope (m
m−1). At the downstream boundaries, since we neglected the presence of tides, a constant water level
was prescribed. At the nodal point, to satisfy the conservation of mass, the discharge condition at the
junction is

Q1 = Q2 +Q3. (2.6)

Meanwhile, the water level condition is

z1 = z2 = z3. (2.7)

The subscripted number in Eq. 2.5, 2.6 and 2.7 indicates the channel identity.
The sediment transport in the channels for the default setting was computed using van Rijn (1984a)

and van Rijn (1984b) (hereafter vRijn), while the EH relation (Engelund and Hansen, 1967) was used
to compare the model results with Bolla Pittaluga et al. (2015a). The advantage of using vRijn equation
is that it can compute the bedload (van Rijn, 1984a) and suspended load (van Rijn, 1984b) separately
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Figure 2.2 1D model discretization for bifurcation and sediment division scheme at the bifurcation point
(inside the black box).

(see Appendix 2B for details). This is not possible in EH (See Appendix 2B for details on sediment
transport). For the sediment division at the nodal point we adopted the approach of Bolla Pittaluga et
al. (2003) and Bolla Pittaluga et al. (2015a) that includes transverse sediment transport at bifurcation in
determining the distribution of sediment to downstream channels. At the nodal point, the conservation
of sediment mass takes the following form

Qs,1 = Qs,2 +Qs,3. (2.8)

According to Bolla Pittaluga et al. (2003), the sediment that enters the downstream channels comes
from the along-channel and transverse sediment transport at the junction (Figure 2.2). The transverse
sediment transport occurs due to the transverse flow driven by asymmetric flow division and by the
transverse bedslope effect driven by asymmetric bed levels across the channel at the bifurcation. This
transverse sediment exchange effectively takes place over a distanceαb1 upstream from the bifurcation
point, where constant α takes a typical value between 2 and 3 (Bolla Pittaluga et al., 2003). Unlike
the approach of Bolla Pittaluga et al. (2003) and Bolla Pittaluga et al. (2015a), here the contribution
of bedload and suspended load for the transverse sediment transport is separated because suspended
sediment transport is not affected by transverse bedslope effect. The separation between those transport
modes is as follows
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Qs,y = Qbedl,y +Qsusp,y. (2.9)

whereQs,y ,Qbedl,y andQsusp,y are the total, bedload part and suspended load part of the transverse
sediment transport. Qbedl,y andQsusp,y are expressed by

Qbedl,y = Qbedl,1

(
Qyh1

Q1αh123
− r√

ϑ′

∂η

∂y

)
(2.10)

Qsusp,y = Qsusp,1

(
Qyh1

Q1αh123

)
. (2.11)

The first and the second term in the right-hand side of Eq. 2.10 account for the transverse sediment
transport driven by transverse flow and the transverse bedslope, respectively, while transverse
suspended load transport only has a transverse flow driven component. When EH sediment
transport is used, the nodal point relationship becomes

Qbedl,y = Qs,1

(
Qyh1

Q1αh123
− r√

ϑ′

∂η

∂y

)
(2.12)

In Eq. 2.10 - Eq. 2.12,Qy is the transverse water discharge calculated as

Qy =
1

2

(
Q2 −Q3 −Q1

w2 − w3

w2 + w3

)
(2.13)

where h123 is the average depth at the nodal point, expressed by

h123 =
w1h1 + w2h2 + w3h3

w1 + w2 + w3
. (2.14)

The constant r in Eq. 2.10 and Eq. 2.12 is a calibration parameter for transverse bedslope effect (Ikeda
et al., 1981; Talmon et al., 1995; Schuurman et al., 2013). Baar et al. (2018) experimentally determined
the value of r to be in range of 0.2-1.5 depending on mobility and bedform characteristics. Moreover,
unlike the previous works (e.g. Bolla Pittaluga et al., 2015a; Kleinhans et al., 2008; Talmon et al., 1995)
grain-related Shields stress (ϑ′) is applied to calculate the sediment mobility in the transverse bedslope
effect term instead of total Shields stress that has been shown to be more represented to determine the
transverse bedslope effect by Baar et al. (2018). Grain-related Shields stress is calculated as

ϑ′ = µϑ, (2.15)

where µ is efficiency factor (van Rijn, 2007) defined as µ = (C/C ′)
2 where C′ is grain-related Chézy

coefficient given by

C′ = 18 log10 (12h/2.5D50) (2.16)

and ϑ is total Shields stress as follows

ϑ =
(Q1/A1)

2(
ρs
ρw

− 1
)
C2D50

(2.17)

where ρs and ρw are the density of sediment and water, respectively, andD50 is the median grain size
of sediment. However, for EH, the sediment mobility term in transverse bedslope effect still applied
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the total Shields stress (Eq. 2.12) because EH computes the total transport that is related to bedforms.
Lastly ∂η

∂y
in Eq. 2.10 and Eq. 2.12 is the transverse bed slope at the bifurcation calculated as

∂η

∂y
=
η2 − η3
0.5w1

. (2.18)

As a result, due to the presence of this transverse sediment transport,Qs,2 in Eq. 2.8 becomes

Qs,2 =
w2

w2 + w3
Qs,1 +Qs,y (2.19)

and thereforeQs,3 is expressed by

Qs,3 = Qs,1 −Qs,2. (2.20)

Finally, the morphological change was computed using the sediment continuity equation (Exner
equation),

w(1− p)
∂η

∂t
+
∂Qs

∂x
= 0. (2.21)

p is the sediment porosity and Qs is the total sediment transport (m3s−1) obtained from the
summation of bedload and suspended load transport (hereafterQbedl andQsusp, respectively).

Meanwhile, two assumptions were made regarding the channel banks. First, fixed channel banks
are defined. Although evolving channel banks also affect the stability of bifurcations (Miori et al.,
2006; Kleinhans et al., 2011), we neglect this effect to keep the analysis as simple as possible. This
assumption is reasonable because the adjustment of the hydraulic geometry to the hydrodynamic
condition can still be accommodated by the morphodynamic changes of the riverbed. Second, the
width of the downstream channels is half the value of the upstream channel. In nature, the summed
width of downstream channels tends to be larger than the upstream width (see van den Berg (1995)
for channel width and discharge relation). However, when applying such a condition the
morphodynamic equilibrium would deviate from a linearly sloping bed (backwater effects expected)
and we therefore chose to not take this into account. Using a wider downstream channel will increase
the range of unstable conditions, but this effect is insignificant and can also be achieved by reducing
the transverse bed slope effect.

2.2.2 Numerical methods
The mass and momentum balance in Eq. 2.1 and Eq. 2.2 were solved using an implicit Preissmann
scheme according to Cunge et al. (1980) (see section 2.6). The advantage of this scheme is that it is
unconditionally stable and allows for the computation of discharge and water level at the same node.
Thus, the time step can be chosen freely to give sufficient accuracy or reduce the computational cost.

The Exner equation in Eq. 2.21 is solved in each channel using a modified FTCS (forward in time,
central in space) scheme that solves the equation explicitly as follows

(1− p)wi

(
ηj+2
i − ηj+1

i

∆tj

)
+

(1− Φ)
(
Qs

j+1
i+1 −Qs

j+1
i

)
+ (1 + Φ)

(
Qs

j+1
i −Qs

j+1
i−1

)
2∆xi

= 0

(2.22)
where i and j are notations representing the node number in space and time, respectively. Φ is weighing
factor for space derivatives that ranges between 0.5 and 1. The value of 1 may result in numerical
oscillation. In this application we applied the value of 0.55.
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Regarding the morphological change at the boundaries, a second-order upwind scheme was applied
to solve the Exner equation:

(1− p)wi

(
ηj+2
i − ηj+1

i

∆tj

)
+

−Qs
j+1
i+2 + 4Qs

j+1
i+1 − 3Qs

j+1
i

2∆xi
= 0. (2.23)

Meanwhile, at the downstream boundaries, the following equation was solved

(1− p)wi
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)
+
Qs
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i+2 − 4Qs

j+1
i+1 + 3Qs

j+1
i

2∆xi
= 0. (2.24)

Since we imposed an equilibrium discharge at the upstream boundary (Eq. 2.5), the morphological
change at the upstream boundary is small.

Sincemorphological change is a slowprocess that requires a duration in centennial or evenmillennial
time scale, the sediment transport Qs is multiplied by a factor MorFac (Morphological acceleration
factor) to accelerate the morphological process. This allows the model to simulate the morphological
change in much shorter time scale than in the actual duration and thereby reduce the computational
cost. MorFac was also applied and tested in Delft3D (see Lesser et al., 2004). Furthermore, since the
scheme is explicit, the numerical scheme is conditionally stable. The application of MorFac affects
the stability condition because it increases the quantity of simulated sediment transport. After the
sensitivity test, the condition for numerical stability of the model was found to be

MorFac
Qs

A

∆t

∆x
≤ 1. (2.25)

We chose the largest MorFac value for which the morphology had similar development as for value
of 1 and numerical stability was satisfied. For high Shields stress condition, the Morfac value ranges
between 18-100 while for low Shields stress condition it ranges between 1000-4000 depending on the
time scale required to the morphological equilibrium. The high value for low Shields stress condition
is still reasonable range for river systems with uni-directional flow (see Ranasinghe et al., 2011).

2.2.3 Set-up of simulations and determining bifurcation asymmetry
Simulations started with a symmetric condition, with equilibrium bed slope (changes between
simulations) and water depth (10 m). To investigate whether this equilibrium condition is stable it
was perturbed. We prescribed a depth difference between the downstream channels (which had a
length of 1 km), where one downstream channel was slightly deepened (1 cm) and the other was
shallowed (1 cm). We simulated the morphological evolution until the system reaches equilibrium
again. The discharge asymmetry between downstream channels was calculated using the following
equation

ΨQ =
Q2 −Q3

Q2 +Q3
. (2.26)

When the final ΨQ equals to zero, both downstream channels have the same discharge, meaning that
the perturbed bifurcation has returned to the initial condition and the symmetric bifurcation is stable.
When the final ΨQ is unequal to zero, discharge in one of the channels is larger than the other, and
a new asymmetric equilibrium is found. It means that the symmetric bifurcation is unstable. For the
unstable symmetric bifurcations, complete avulsions are indicated byΨQ equals to one (Bolla Pittaluga
et al., 2015a; Wang et al., 1995), while approaching unity also indicates avulsion as floodplain processes
can take over (Kleinhans et al., 2012).

Using this method, the effect of grain size and channel slope on the stability and asymmetry of
bifurcations was investigated. To ensure that our model settings are in the reasonable range, we first
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Table 2.1 Parameter settings for the simulations carried out in this study.

set of simulations simulations
D50

(mm)

channel
slope

(mm−1)

Effect ofD50

Sand_0.25 0.25 4.5x10−5 - 7.2x10−4

Sand_0.5 0.5 8x10−5 - 1.35x10−3

Sand_1 1 1.4x10−4 - 2.3x10−3

Gravel_5 5 1x10−4 - 2.7x10−4

Gravel_10 10 2.4x10−4 - 5.1x10−4

Gravel_20 20 3.5x10−4 - 9x10−4

Effect of channel slope
Slope_5e-4 0.25 - 32 5x10−4

Slope_1e-4 0.065 - 4 1x10−4

Slope_3e-5 0.065 - 0.9 3x10−5

studied the variation of grain size and channel slope based on the dataset from 132 rivers worldwide
collected by Kleinhans and van den Berg (2011) (Figure 2.3a). Three typical grain sizes for sand and
gravel were chosen to represent the stability of bifurcations with fine, medium, and coarse sediment.
Each grain size was run for different Shields stress conditions by varying channel slope and thereby
river flow. The grain size values, and the range of channel slopes are shown in Table 2.1. Furthermore,
to isolate the effect of channel slope, four typical channel slopes were used, and subsequently Shields
stress was changed by varying the grain size (see Table 2.1). Both sets of simulation were repeated for
a width-to-depth (w/h) ratio of 10 and 30 for the upstream channel. To keep the flow condition to be
the same for both values of w/h, only the width of the channel was changed.

We kept all other parameters constant. For the roughness, we used aChézy coefficient of 40m1/2s−1.
Thus, the roughness length ξ in Eq. 2.3 is 0.0656h. According to the dataset from Kleinhans and van
den Berg (2011), only a weak relation between Chézy, sediment grain size and channel slope is present
and the entire range of channel slope and sediment grain size considered in this study shows a similar
Chézy value (Figure 2.3b and Figure 2.3c). Furthermore, for the other parameters, we used the value
of 3 for α (in Eq. 2.10, Eq. 2.11 and Eq. 2.12) and 0.5 for r (in Eq. 2.10 and Eq. 2.12), respectively.

2.3 Results

2.3.1 Comparison of model results with nature and Bolla Pittaluga et al. (2015a)
To compare 1D model results with nature, we simulated the morphological development of
bifurcations with the settings observed in Columbia River (Kleinhans et al., 2012) and Cumberland
Marshes, Saskatchewan River, Canada (Bolla Pittaluga et al., 2015a). The results show that the
bifurcations have asymmetric equilibrium configuration, both in the model and observed
(Figure 2.4). For the Columbia River, the discharge asymmetry of the model and dataset are very
similar. For the Cumberland marshes there is good correspondence between model and data for the
bifurcations with large asymmetry, but significant difference for the intermediate values. For the
cases that the model over-predicts the asymmetry (Delta 1 and Delta 3 in Figure 2.4), these
differences can be caused by non-equilibrium morphology of the observed bifurcations and hardly
erodible layers below the bed (as reported in Appendix 2 in Bolla Pittaluga et al. (2015a). However,
for one observed bifurcation the model significantly underestimates the asymmetry (Smith1 Island in
Figure 2.4). The discrepancies are due to meandering of the upstream channel or large angle between
upstream and one of the downstream channels (close to 90 degrees), resulting in more asymmetric
downstream channels.
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Figure 2.3 Scatter plot and fit between (a) Sediment grain size and channel slope, (b) Chézy coefficient and
sediment grain size, and (c) Chézy coefficient and channel slope based on dataset from 132 rivers worldwide
from Kleinhans and van den Berg (2011) overlaid by the model settings in Table 2.1 and Chézy coefficient.
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Figure 2.4 Discharge asymmetry from the model results and datasets obtained from Kleinhans et al. (2012)
for Columbia River (blue dot) and Bolla Pittaluga et al. (2015a) for Cumberland marshes (red cross).

A series of simulations was run using the same settings as used in Bolla Pittaluga et al. (2015a) that
applies EH for sediment transport to observe whether the developed 1D model can reproduce their
results. We applied EH for this comparison because this sediment transport predictor depends on
fewer parameterizations than vRijn reducing the model setup differences between our model and Bolla
Pittaluga et al. (2015a) that may cause different results. As a result, the differences that occur between
models is only due to numerical reasons. Bolla Pittaluga et al. (2015a) prescribed a single value of grain
size (0.275 mm) and they varied the channel slope to simulate different Shields stress condition. Our
1D model shows similar results with Bolla Pittaluga et al. (2015a) regarding the transition between
stable and unstable symmetric bifurcations (Figure 2.5). The differences between model are only in the
discharge asymmetry value in high Shields stress but it is negligible. This shows that the 1D model is
capable to confirm the previous findings regarding the stability of bifurcations.

2.3.2 Effect of grain size and channel slope
The stability of bifurcations clearly depicts a sensitivity to grain size (Figure 2.6a-d). Finer sands and
gravels tend to have a smaller range of sediment mobility conditions for which symmetric bifurcations
are stable. For sand and width-to-depth ratio of 10, the critical transition of the stability for the grain
size of 0.25 mm occurs around Shields stress of 0.3 while it occurs around 0.5 and 0.8 for a grain size
of 0.5 and 1 mm, respectively. With width-to-depth ratio of 30 only the set of simulations with grain
size of 1 mm still has a limited range of stable symmetric conditions while the other grain sizes show
that symmetric bifurcation is unstable for all Shields stress conditions. Meanwhile for gravel rivers,
although the critical transition differences between grain sizes are small for width-to-depth ratio of 10,
the same behaviour with sandy rivers occurs in which the finer gravels result in wider condition for
unstable symmetric bifurcations. This behaviour is more obvious for the case of larger width-to-depth
ratio (w/h 30).
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Figure 2.5 Stability of bifurcation as a function of total Shields stress from 1Dmodel (solid red line) and from
Bolla Pittaluga et al. (2015a) (solid blue line) using the same configuration for the width-to-depth ratio of 30,
sediment transport by EH, alpha= 3 and r= 0.5.

There is also a clear effect of channel slope to the stability of bifurcations, as shown in Figure 2.6e
and Figure 2.6f. The stable symmetric bifurcations in the intermediate range of Shields stress are more
limited for gentler channel slope. In themost extreme case, for the width-to-depth ratio of 30, no stable
symmetric bifurcations occur for the entire range of Shields stress. Surprisingly, we found another
Shields stress range in which stable symmetric bifurcations occur in the high Shields stress regime.
However, this condition only occurs for the systems with a small width-to-depth ratio on the very
lower end of typical values found in nature, and for a more typical width-to-depth ratio of 30 this stable
symmetric solution does not occur. For the set of simulations with channel slope of 1x10−4 and 3x10−5

the simulations are conducted until the finest sediment size for sand. Therefore, this results in a smaller
maximum Shields stress than for the set of simulations with the steepest channel slope.

2.4 Discussion

2.4.1 Effect of suspended load transport on transverse sediment transport and
bifurcation asymmetry

Symmetric bifurcations are stable for intermediate Shields stress as expected from Bolla Pittaluga et
al. (2015a), but the transition from stable symmetric to asymmetric bifurcations differs considerably
between runs. We found that the transition depends strongly on grain size and on slope (Figure 2.6),
despite the fact that both are already incorporated in the dimensionless Shields stress.

The shift of stability transition for different sediment grain size and channel slope is caused by the
different ratio of suspended load transport over the bedload transport for similar Shields stress (see
Figure 2.1). A larger fraction of total load transport is caused by suspended load transport for finer
sediments. For the effect of channel slope, a smaller channel slope requires finer sediment to have the
same Shields stress and therefore results in a larger suspended load fraction. The stable symmetric
bifurcation can occur when the transverse sediment transport is sufficient to increase the difference

30 | CHAPTER 2



Figure 2.6 Stability of bifurcations as a function of grain-related Shields stress for sand and gravel bed river
for a different grain size with width-to-depth ratio of 10 and 30 ((a) and (b)), and different channel slope with
width-to-depth ratio of 10 and 30 ((c) and (d)). In panel (a)-(d), Shields stress was varied by changing the bed
slope (and thereby flow velocity), while in panel (e) and (f ) it was varied by changing the grain size.

of sediment supply to the downstream channels until it is larger than the difference of sediment
transport capacity. In the intermediate range of Shields stress, where the bifurcations are stable in
symmetric condition, the transverse sediment transport is smaller for the case with higher
contribution of suspended load transport, because of the absence of a transverse bedslope effect for
suspended load. As a result, the difference of sediment supplies between downstream channel
decreases and therefore the Shields stress range where it can balance the difference of sediment
transport capacity also decreases.

The stability that occurs in the high Shields stress range for small channel slopes is caused by the
very fine sand required for high Shields stress. As a result, even though bedload transport drives a
low transverse sediment transport, the suspended load is sufficiently large to drive a high transverse
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sediment transport. This results in a higher sediment supply difference than the capacity (Figure 2.7),
driving a stable bifurcation as shown in Figure 2.6.

Figure 2.7 Sediment supply (dashed line) and capacity (solid line) difference for suspended load (blue) and
bedload (red) transport between downstream channel in the initial condition forw/h= 10 and S= 1x10−4 .

2.4.2 Effect of sediment transport and nodal point relations
As argued in the introduction, the stability transition is also related to the sediment transport predictor
used. We therefore also studied sensitivity of the results to grain size and bed slope using the EH
sediment transport predictor. The results presented in Figure 2.8a,b show that results are insensitive
to channel slopes and grain sizes when using the EH predictor. Irrespective of how Shields stress is
changed, by either changing flow velocities through bed slope or by changing the grain size, it yields
the same equilibrium and stability of the bifurcation. This is explained by the fact that EH sediment
transport predictor is only a function of Shields stress, and not directly depends on grain size or bed
slope.

By using the EH sediment transport predictor, also the nodal point relation is affected. For the
transverse sediment transport, the suspended load and bedload transport are not treated separately.
Therefore, both are subject to a transverse bed slope effect. When this approach is applied with vRijn,
this makes symmetric bifurcations more stable for a wider range of Shields stress conditions
(Figure 2.8c). We adapted the nodal point relation such that the transverse bed slope term also
applied to the suspended load part (combined relation in Figure 2.8c). Hence, we used Eq. 2.12
together with the van Rijn sediment transport predictor. Applying the transverse bedslope effect in
the nodal point relationship to the suspended load part results in the higher Shields stress for stability
transition and less asymmetric equilibrium in the Shields stress range in which bifurcations are
asymmetric. As the transverse bedslope effect opposes the asymmetric bed level development
between downstream channel, applying the transverse bedslope effect to suspended load transport
enhances the opposing mechanism against the asymmetry.
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Figure 2.8 Stability of bifurcations using EH as a function of total Shields for (a) channel slope of 5x10−4 (red
solid line) and 1x10−4 (cyandashed line), (b)D50=0.5mm (red solid line) andD50=0.25mm (cyandashed line)
(c) using vRijn as a function of grain-related Shields stress for the caseD50=0.25 mm that applies in this paper
(separated relation, solid blue line) and applies the transverse bedslope effect to the suspended load transport
(combined relation, solid magenta line).

Besides the dependence of the sediment transport, the stability transition is also related to the
parameterization in the sediment transport. In vRijn, the quantity of suspended load transport
depends on the reference height (see za in Eq. 2.49 in Appendix 2B) interpreted as the maximum
height of bedload transport layer above the riverbed. The sediment transport above this height is
defined as suspended load transport. It is related to the bedforms (van Rijn, 2007) but when it is not
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known the minimum value is 0.01h (van Rijn, 1984b). The choice of the reference height affects the
quantity of suspended load transport because it determines the suspended sediment transport
quantity. Figure 2.9 shows the results using the default za (0.0656h) and za=0.01h as suggested for
the minimum value by van Rijn (1984b). The result shows that a smaller reference height results in
wider range of unstable symmetric bifurcation. This is because the suspended load is higher when
smaller za is defined. The smaller za results in a larger predicted reference suspended load
concentration at za and therefore higher suspended sediment transport.

Figure 2.9 Stability of bifurcations as a function of grain-related Shields stress for different reference height
(za) for suspended load transport for the case with (a) D50 = 0.25 mm and (b) channel slope of 1x10−4 . All
parameters beside za had default values andw/h=10.

In this study, we applied grain-related Shields stress to determine the transverse bedslope effect in
the nodal point relationship as suggested by Baar et al. (2018), while previous studies applied total
Shields stress (e.g. Bolla Pittaluga et al., 2003; Bolla Pittaluga et al., 2015a; Kleinhans et al., 2008).
These different approaches result in different stability transition because, for the systems with the same
settings, grain-related Shields stress is always smaller than total Shields stress. As a result, when the total
Shields stress was applied, the bedslope term is smaller than when the grain-related one was applied
as shown in Figure 2.10. Furthermore, Baar et al. (2018) showed that for high Shields stress the power
of sediment mobility in transverse bedslope effect is smaller than 0.5. This results in almost constant
value of r

√
ϑ′ in Eq. 2.10 where the value of 0.5 was applied in Figure 2.10. The stability of bifurcations

with these three different approaches is compared in Figure 2.11. The smallest transverse bedslope
term with total Shields stress induces the smallest transverse sediment transport compared to other
approaches. This results in the smallest range of stable symmetric conditions, or even absence of it,
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while our approach results in the widest range. With constant r
√
ϑ′, this term becomes a callibrated

parameter in which symmetric bifurcations will be stable in wider range of Shields stress when a higher
constant is applied.

Figure 2.10 constant r over the square root of sediment mobility as a function of grain-related Shields stress
for three different approaches to calculate transverse bedslope effect.

2.4.3 implications
Our findings show that beside the meandering of upstream channel (Kleinhans et al., 2008) and width-
to-depth ratio of the channel (Bolla Pittaluga et al., 2015a; Redolfi et al., 2019), the typical landscapes
and sediment properties in channel networks also considerably controls the stability of bifurcations.
The effect of smaller sediment grain size and gentler channel slope to cause instability of symmetric
bifurcations also implies that asymmetric bifurcations will occur for a larger range of conditions than
previously suggested by Bolla Pittaluga et al. (2015a) and Redolfi et al. (2019). By implication, avulsion
can also occur for a larger range of conditions. Lower channel slopes are found in themore downstream
part of river systems (Pitlick and Cress, 2002) such as lowland rivers and deltas, which usually also have
finer sediment (Figure 2.3). Therefore, the occurrence of asymmetric bifurcations and avulsion would
be higher in the more downstream part of river systems.

In deltas where the rivers debouch in a lake or sea, several processes oppose the asymmetric
development of bifurcations. First, the switching downstream channel lengthening could oppose the
channel avulsions (Salter et al., 2017). The initial asymmetry between downstream channels results in
the large amount of sediment transported in the dominant downstream channel to the sea or lake.
The deposited sediment sinks results in delta progradation seaward and lengthens the dominant
channel until it becomes longer than the other channel. Then the sediment transport capacity in the
other channel becomes higher than in the lengthened channel. As a result, the other channel
lengthens. This switching behaviour keeps both channels to remain open and convey the river flow.
The process is more likely to occur when the channels lengthen fast without filling all the
accommodation space (Salter et al., 2017). Second, tides may oppose the development towards
asymmetry, such as obvious in the Berau River Delta (Buschman et al., 2013) and the Mahakam Delta
(Sassi et al., 2013; Sassi et al., 2011). Even in the systems with small tides where tides only cause a
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Figure 2.11 Stability of bifurcations for different sediment mobility for different choices of the transverse
bedslope effect for the case with (a)D50=0.25 mm and (b) channel slope of 1x10−4 .

change in flow magnitude and not direction, Ragno et al. (2020) found that the conditions of stable
symmetric bifurcations are larger for the systems with larger tidal amplitude. Iwantoro et al. (2020)
also found that the less asymmetric bifurcations occur in the more tide influence systems (presented
in chapter 3).

2.4.4 Model limitations
Despite the general findings that explain the observed stability or instability of bifurcations in the
various fluvial landscapes, the model neglects some physical processes. The model only accounts for
the evolution of the river bed while in nature the river width also evolve to adjust the flow condition
(Kleinhans et al., 2010). The evolving channel banks enlarge the range of conditions with instability of
bifurcations and increases the possibility of avulsion (Miori et al., 2006; Kleinhans et al., 2011).
Including the evolving banks in the model likely results in larger range of Shields stress conditions for
which the bifurcation is unstable than in the present results. Another factor is the presence of
transverse bedslope induced diffusive transport of suspended sediment (Biswas et al., 2015; Hepkema
et al., 2019). In the model we assumed that the suspended load transverse transport at the bifurcation
is only driven by the flow induced by asymmetrical discharge division. In nature, a diffusive
cross-channel suspended load transport also occurs due to different depth in cross section at the
bifurcation and difference in sediment concentration. This diffusion-induced sediment transport
mechanism may lead to two opposed effects. First, since the deeper downstream channel receives
higher river flow and therefore has higher sediment concentration, diffusion induces transverse
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sediment transport from the deep channel to the shallow channel. As a result, this leads to
asymmetric morphological development between downstream channels resulting in a wider Shields
stress condition for asymmetric bifurcations because the sediment supply to both downstream
channels becomes less asymmetric. Second, an opposing mechanism to the asymmetrical
development of bifurcations may also occur due to the nonuniform distribution of sediment over the
vertical. A transverse depth difference at an asymmetric bifurcation (as we imposed in the initial
condition) will therefore result in a cross-channel concentration gradient. For the same vertical level,
it is closer to the bed on the side of the shallower channel than on the side of the deeper channel, and
combined with the vertical concentration profile, this will result in a diffusive sediment flux from the
shallow to the deep side where lower concentration will occur on the deeper side. This induces
transverse sediment transport to the side of deep channel resulting in the same effect as the transverse
bedslope effect for bedload transport, as shown by Hepkema et al. (2019) for tidal bar formations in
estuaries. Which of these effects dominates in lowland river bifurcations is presently unknown, but it
is plausible that the range of stable bifurcations is closer to the model results in this paper than under
the assumption of bed slope effects applied to the suspended load component. In other words,
symmetrical bifurcations in lowland rivers with fine sand (without tides) are more likely to be
unstable than hitherto thought.

2.5 Conclusions

In this study we applied a 1D model to investigate the stability of river bifurcations for different
sediment size and channel slope conditions that represents various channel networks in different
landscapes along the river stream. A significantly larger range of conditions for asymmetric
bifurcations than previously thought was found for lowland rivers, which typically have fine sediment
and gentle channel slope. Apart from Shields stress, sediment grain size and channel slope directly
affect the quantity of sediment transport and determine the quantity of transverse sediment transport
at bifurcation as a factor to compensate the asymmetrical sediment transport capacity in the
downstream channels. Lastly, in high Shields stress conditions, suspended sediment transport
induces asymmetric bifurcation by reducing the relative contribution of transverse bedslope effect to
balance the sediment distribution to the downstream channels. However, when the suspended load is
sufficiently large due to the existence of fine sand in the systems with small width-to-depth ratio, the
transverse flow can compensate the instability to the symmetric bifurcation resulting in a stable
symmetric bifurcation in high Shields stress condition.
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2.6 Appendix 2A

2.6.1 Preissmann Scheme for hydrodynamic simulations
Eq. 2.1 and Eq. 2.2 were solved numerically using Preissmann scheme. The advantage of this scheme
is that it allows the computation of discharge and water level at the same node. The scheme uses values
from nodes (i,j),(i+1,j),(i,j+1) and (i+1,j+1) to discretise the Saint-Vennant equations such that i
and j are notations representing the node number in space and time, respectively.

Eq. 2.1 was modified to apply Preissmann scheme expressed by:
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(2.27)
i, j and i+1 are known while j+1 is at the next time step and therefore unknown. θ ≥ 0.5 is weighing
coefficient for space derivatives. θ=0.5 is the solution for central approximation so called box scheme. If
θ=1 the solution is fully implicit. The accuracy of Preissmann scheme decreases as the increasing θ from
0.5 to 1. However, θ=0.5 may result in numerical oscillation. Thus, the value 0.55≤ θ ≤0.6 was often
used (Islam et al., 2003). In this study, we use θ=0.56. Other advantage features of Preissmann scheme
us the scheme are unconditionally stable as long as θ≥0.5 and the space interval between the x axes can
be variable (Chau, 1990). Thus the time step can be chosen freely to give sufficient accuracy or reduce
the computational cost, and, in terms of spatial axes, this scheme allows a more flexible placement of
cross sections. Furthermore, width between nodes
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)
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Thus Eq. 2.27 becomes
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The same rearrangement was also applied for Eq. 2.2(
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All multiplications in the equation with known variables are moved to the right hand side of the
equation. Eq. 2.31 becomes
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i = F2 (2.32)

in which C2,D2, E2 and F2 is known variables as follow
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To solve Eq. 2.29 and Eq. 2.32, the value of z and Q at the open and junction boundaries of each
channel should be initially known. For open boundaries, the water level at downstream open
boundaries and the discharge at upstream open boundaries for all time levels should be prescribed. in
contrast,Qj+1 and zj+1 at the junction is unknown. Their value cannot be self-defined because their
magnitude depends on the condition imposed from external boundary and therefore the condition at
the node next to the junction. To overcome this problem, double sweep Thomas algorithm is applied.
First, the substitution ofQi andQi+1 Eq. 2.29 and therefore Eq. 2.32 results in
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The coefficients in Eq. 2.34 are
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(2.35)

To correlate the hydrodynamic condition at all nodes with the boundary conditions, Eq. 2.34 are
rewritten as
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The coefficients in Eq. 2.36 are defined as follow
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Finally, the relationship between upstream and downstream boundary of each channel is
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From the correlation among Eq. 2.5, Eq. 2.38, and water level prescribed at downstream open
boundaries Qj+1 and zj+1 at the boundaries of all connected channels can be solved simultaneously
using tridiagonal matrix system applied in Thomas Algorithm. Finally, after Qj+1 and zj+1 at all
boundaries are known, Qj+1 and zj+1 at all in-channel nodes are calculated sequentially from
downstream to upstream using Eq. 2.34 and Eq. 2.36.
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2.7 Appendix 2B

2.7.1 Sediment transport equation by van Rijn (1984a) and van Rijn (1984b)
In vRijn, the non-dimensional bedload is calculated by

ϕbedl = 0.1T 1.5D−0.3
∗ . (2.39)

D∗ is Bonnefille number to express a non-dimensional sediment grain size given by

D∗ = D50

√√√√( ρs
ρw

− 1
)
g

ν2
. (2.40)

ν is kinematic viscosity of water as 4x10−5/(20+temp) where temp is water temperature in oC. In
Eq. 2.39, T is the Shields number fraction with respect to the Shields number threshold for incipient
motion (ϑcrit = 0.047) given by

T =
ϑ′ − ϑcrit

ϑcrit
. (2.41)

ϑ′ is grain-related Shields stress according to Eq. 2.15. Finally, bedload flux is calculated as

Qbedl = ϕbedlw

√(
ρs
ρw

− 1

)
gD50. (2.42)

In van Rijn (1984b), the non-dimensional suspended load is calculated by

ϕsusp =
fcsuhCa√(
ρs
ρw

− 1
)
gD50

. (2.43)

Thus, the suspended sediment flux is calculated as

Qsusp = fcsuhCa (2.44)

where u is flow velocity and h is water depth. fcs is a shape factor for the vertical distribution of
suspended sediment concentration, parameterized by

fcs =

{
fcs,0, zc ̸= 1.2

fcs,1, zc = 1.2

fcs,0 =

(
za
h

)zc −
(
za
h

)1.2
(1.2− zc)

(
1− za

h

)1.2
fcs,1 =

( za
h

1− za
h

)1.2

ln
za
h
.

(2.45)

Here, za is the reference height for suspended load transportmeasured from the bed. It is interpreted as
the threshold to distinguish bedload and suspended load transport where sediment transport above this
height is defined as suspended load transport while below this height is defined as bedload transport.
Meanwhile, zc is interpreted as the Rouse suspension number
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zc = min

(
20,

ws

βκu∗

)
(2.46)

where ws is sediment settling velocity. The Van Rijn settling velocity predictor consists of three
separate functions depending on the grain size with breaks between them. Here we used the similar
but continuous settling velocity predictor by Soulsby (1997) to keep the settling velocity continuous for
differentD50 and thereby Shields stresses in the results. The equation is given as

ws =
ν

D50

(√
10.362 + 1.01D3

∗ + 10.36
)

(2.47)

β is coefficient to represent the ratio between the sediment water diffusion with the value of 1, κ is von
Karman constant with the value of 0.4 and u∗ is bed-shear velocity given as

u∗ = uC. (2.48)

C is nondimensionalized total Chézy coefficient. In Eq. 2.43 and Eq. 2.44, Ca is the reference
concentration at elevation za calculated by

Ca = 0.015
D50

za

T 1.5

D0.3
∗
. (2.49)

2.7.2 Sediment transport equation by Engelund and Hansen (1967)
EH directly compute total transport where its non-dimensional value is calculated by

ψs =
0.05C2

g
ϑ2.5 (2.50)

and the total sediment flux is

Qs = ϕsw

√(
ρs
ρw

− 1

)
gD50. (2.51)
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2.7.3 Notation
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A cross section area of the channel
Ca reference concentration
D∗ Bonnefille number for sediment grain size
C Total Chézy coefficient
C grain-related Chézy coefficient
D50 median diameter of sediment
fcs vertical distribution of suspended load for sediment transport equation
g gravitational acceleration
h water depth
i notation for spatial node number
j notation for temporal node number
P wetted perimeter of the channel cross section
p sediment porosity
Q water discharge
Qbedl bedload flux
Qbedl,y transverse bedload flux at bifurcation
Qs total sediment load
Qsusp suspended load flux
Qsusp,y transverse suspended load flux at bifurcation
Qy transverse water discharge
r empirical constant for transverse bed slope effect
S channel slope
T dimensionless bed shear stress parameter
t time
temp water temperature in oC
u flow velocity
u∗ bed-shear velocity
w channel width
ws sediment settling velocity
x spatial coordinate in streamwise direction
y spatial coordinate in transverse direction
z water level
za reference height from the riverbed to indicate bedload layer thickness
zc Rouse number
α dimensionless length of the downstream end of upstream channel
β ratio of sediment and fluid diffusion coefficient for sediment transport equation
∆Qs sediment transport difference between downstream channels
∆x space interval
∆t time interval
η bed level
ϑ total Shields stress
ϑ′ grain-related Shields stress
ϑcrit critical Shields stress for incipient of sediment motion
κ von Karman constant
µ efficiency factor for grain-related Shields stress
ν kinematic viscosity of water
ξ Nikuradse roughness length related to the bedform
ρs sediment density
ρw water density
Φ weighing factor for upwind and downwind space derivatives for the calculation of morphology
ϕbedl nondimensional bedload transport
ϕs nondimensional total sediment transport
ϕsusp nondimensional suspended load transport
ΨQ discharge ratio between downstream channels

44 | CHAPTER 2



Morphological asymmetry of bifurcations in
tide-influenced deltas

Chapter 3 | Morphological asymmetry of
bifurcations in tide-influenced deltas

Abstract

In river-dominated deltas, bifurcations often develop an asymmetrical morphology; i.e. one of the
downstream channels silts up, while the other becomes the dominant one. In tide-influenced systems,
bifurcations are thought to be less asymmetric and both downstream channels of the bifurcation remain
open. The main aim of this study is to understand how tides influence the morphological development of
bifurcations. By using a depth-averaged (2DH, two-dimensional horizontal) morphodynamic model
(Delft3D), we simulated the morphological development of tide-influenced bifurcations on millennial
timescales. The schematized bifurcation consists of an upstream channel forced by river discharge and
two downstream channels forced by tides. Two different cases were examined. In the first case, the
downstream channels started with unequal depth or length but had equal tidal forcing, while in the
second case the morphology was initially symmetric, but the downstream channels were forced with
unequal tides. Furthermore, we studied the sensitivity of results to the relative role of river flow and tides.
We find that with increasing influence of tides over river, the morphology of the downstream channels
becomes less asymmetric. Increasing tidal influence can be achieved by either reduced river flow with
respect to the tidal flow or by asymmetrical tidal forcing of the downstream channels. Themain reason for
this behaviour is that tidal flows tend to be less unequal than river flows when geometry is asymmetric.
For increasing tidal influence, this causes less asymmetric sediment mobility and therefore transport in
both downstream channels. Furthermore, our results show that bedload tends to divide less
asymmetrically compared to suspended load and confirm the stabilizing effect of lateral bed slopes on
morphological evolution as was also found in previous studies. We show that the more tide-dominated
systems tend to have a larger ratio of bedload-to-suspended-load transport due to periodic low sediment
mobility conditions during a transition between ebb and flood. Our results explain why distributary
channel networks on deltas with strong tidal influence are more stable than river-dominated ones.

Published as: Iwantoro, A.P., van der Vegt, M., & Kleinhans, M. G. (2020). Morphological evolution of bifurcations
in tide-influenced deltas. Earth Surface Dynamics, 8(2), pp. 413-429. https://doi.org/10.5194/esurf-8-413-2020
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3.1 Introduction

Deltas often consist of distributary channel networks. In these systems, water and sediment are
divided at the bifurcations and distributed over the delta. The shape of the delta and the number of
active channels depends on many factors like the forcing by rivers, tides and waves (Galloway, 1975;
Rossi et al., 2016; Shaw and Mohrig, 2014), sediment availability and sediment type (Geleynse et al.,
2011). Bifurcations tend to develop differently in river- than in tide-dominated systems, because tides
influence the mouth bar formation processes of active river-dominated deltas (Edmonds and
Slingerland, 2007; Leonardi et al., 2013; Shaw and Mohrig, 2014). In tidal deltas tides propagate
upstream and can induce bi-directional flows. This unique characteristic may lead to a different
morphological evolution of the bifurcations than would occur in the river-dominated zone (Frings
and Kleinhans, 2008; Hoitink et al., 2017), but this has not been proven yet and the underlying
mechanisms have not been studied. The focus of this paper is on the stability and depth asymmetry of
bifurcations in tidally influenced deltas. We do not focus on the morphological evolution of the entire
delta or the formation process of mouth bars, but consider a single bifurcation consisting of one
upstream and two downstream channels. These are the building blocks of deltas and the hydro- and
morphodynamics of such a system has been studied before by many others (Wang et al., 1995;
Bolla Pittaluga et al., 2003; Kleinhans et al., 2008; Buschman et al., 2010; Sassi et al., 2011; Buschman
et al., 2013).

In river-dominated systems, the morphology of the downstream channels of bifurcations often
develops asymmetrically, such that one downstream channel deepens while the other silts up
(Kleinhans et al., 2008). In many cases this condition develops into an avulsion. This asymmetric
development can be triggered by a small perturbation such as a different bed elevation at the junction
(Bolla Pittaluga et al., 2003), by a meandering upstream channel nearby the bifurcation or by the
geometry of the downstream channels such as different length of the downstream branches
(Kleinhans et al., 2008). The study of this morphological evolution in river-dominated bifurcations
was pioneered by Wang et al. (1995). They applied an analytical model to predict the stability of river
bifurcations. They found that bifurcations can be stable if any tendency for a downstream branch to
become more dominant is counteracted by a relatively large share of the sediment input.
Bolla Pittaluga et al. (2003) improved the model of Wang et al. (1995) by taking into account the
cross-channel flow that can be induced by an asymmetric cross-sectional profile at the bifurcation.
This effect induces a lateral bedload transport, which affects the asymmetric sediment division to the
downstream branches. Using this approach, they found that the asymmetry of depth of the two
downstream branches depends on the Shields number and on the width-to-depth ratio of the
upstream channel at the bifurcation. Bifurcations with high width-to-depth ratio and low Shields
number will be unstable and develop asymmetrical depths. Bertoldi and Tubino (2007) confirmed the
results of Bolla Pittaluga et al. (2003) using a physical-scale model. Kleinhans et al. (2008) proposed
that this asymmetrical depth development is also influenced by meandering of the upstream channel.
The meandering bend induces an asymmetrical cross-sectional bed profile, and thereby influences the
division of sediment at the junction. Bolla Pittaluga et al. (2015a) continued the work of
Bolla Pittaluga et al. (2003) for a wider range of sediment mobility conditions. They found a range of
sediment mobility numbers that result in stable symmetric bifurcations. Meanwhile, bifurcations
with sediment mobility higher or lower than this range will grow asymmetrically and avulse.
Applying the concept of Bolla Pittaluga et al. (2003), Salter et al. (2017) showed that deposition of
sediment at a relatively shallow shelf causes the shorter channel to lengthen and reduce in gradient,
thereby balancing the sediment transport division between downstream channels with unequal
lengths. Redolfi et al. (2016) eliminated the need for a calibrated parameter in the lateral bedload
transport of Bolla Pittaluga et al. (2015a) and by using that approach, Redolfi et al. (2019) showed that
stable symmetric bifurcations can only occur when the width-to-depth ratio of the upstream channel
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is below the critical limit originally defined in the theory of meandering rivers by Blondeaux and
Seminara (1985) where the critical limit value depends on the friction and Shields stress at
bifurcation.

In contrast to our knowledge of morphological development of bifurcations in river-dominated
systems, our knowledge of this particular area in tide-influenced systems is still limited. Observations
suggest that a similar development as in river-dominated systems can occur, as for example found in
the most upstream bifurcation of the Yangtze Estuary that divides the main channel into North
Branch and South Branch. According to Chen et al. (1982), the North Branch has evolved to be
narrower and shallower while the South Branch has deepened. However, bifurcations in other
tide-influenced deltas have downstream channels that seem to have a less asymmetric depth
distribution, for example the Berau River Delta (Buschman et al., 2013) and Kapuas River Delta
(Kästner et al., 2017). It has been suggested that tidal deltas have more stable distributary channel
networks than their river-dominated counterparts (Hoitink et al., 2017), but the underlying
mechanisms are unknown. Furthermore, several studies have investigated tidal characteristics at tidal
bifurcations. Despite a general understanding on tides and subtidal water division at tidally
influenced bifurcations (Buschman et al., 2010; Sassi et al., 2011; Zhang et al., 2012; Buschman et al.,
2013; Alebregtse and de Swart, 2016), the effect of tides on the morphological evolution of tidal
bifurcations has not been fully understood yet. From previous studies it is clear that tides influence
the subtidal flow (Buschman et al., 2010; Sassi et al., 2011) and sediment division (Buschman et al.,
2013), induce tidal currents that influence the sediment mobility, and can cause cross-channel
currents at the junction (Buschman et al., 2013; Kleinhans et al., 2013). In river systems, all these
factors are important for the morphological development of the downstream channels and it is
expected that this is also the case for tide-influenced systems.

Therefore, the main aim of this paper is to study the effect of tides on the morphological evolution
of bifurcations with the focus on how tides contribute to the asymmetrical development. For this
purpose, an idealized bifurcating channel was set-up in Delft3D. We simulated the morphological
evolution of a system consisting of two downstream channels (branches) forced by tides and an
upstream channel forced by river discharge. We consider this system as a building block of each delta
system. We studied two cases, i.e. asymmetric geometry of downstream channels, and asymmetric
tides between the downstream channels. In the former case, the asymmetric downstream geometry
was initially prescribed to see how tides affect the asymmetrical development of the downstream
channels. The relative effect of tides was investigated by imposing equal tides at downstream
boundary of each downstream branch and by using different values for the river discharge in a series
of simulations. In the latter case, we imposed unequal tidal forcing at the two downstream
boundaries that had a symmetric geometry. In tide-influenced deltas, the asymmetric tides between
downstream channels can occur because the downstream channels are connected to other channels
with different complexity, which may dissipate the tidal range or slow down the tides unequally
before the tides propagate into the downstream channels of the bifurcation.

This paper is organized as follows. The model setup and methodology are described in
Section section 3.2. In Section section 3.3, the results of the simulated morphological development
are presented. Section section 3.4 presents a discussion on the findings. Finally, the conclusions of
this study are provided in Section section 3.5.

3.2 Methodology

3.2.1 Model set-up
An idealized bifurcating channelwas set up and itsmorphological developmentwas simulated using the
depth-averaged version (2DH) of Delft3D. This 2D approach is suitable for long-term and large scale
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morphodynamic modelling because it is computationally lighter than a 3D approach. Even though a
3D approach allows for vertical flow patterns (Lane et al., 1999) such as curvature induced flow, which
might be important for the sediment transport process (Daniel et al., 1999), the 2Dapproach is sufficient
for this study since we focus on large scale morphodynamic evolution and therefore simulating detail
3D features of flow and morphology is not our goal. Furthermore, the reason to prefer the 2D above
the 1D approach is to explicitly simulate cross-channel flow induced by tidal propagation from one
branch to another at the junction as observed in Buschman et al. (2010) and Buschman et al. (2013)
and as being identified by Bolla Pittaluga et al. (2003) as an important process for sediment division at
the junction.

The model solved the 2DH unsteady shallow water equations using an semi-implicit Alternating
Direction Implicit (ADI) scheme on a staggered grid (see Lesser et al., 2004). For bed friction the
Chézy formulation was used with a value of 60 m0.5s−1. Meanwhile the horizontal eddy viscosity was
set to 10 m2s−1. This value was chosen because applying a smaller value for horizontal eddy viscosity
will cause a numerical instability near the bifurcation as flowmagnitude and direction rapidly change in
this location and applying a larger value will not significantly affect the results. Bedload and suspended
load sediment transport were calculated by the Van Rijn (1993) method. We used medium sand with
a single grain size of 0.25 mm with a dry bed density of 1600 kg m−3. This sediment size is in the
range of observed grain size in tide-influenced deltas, as for example by Buschman et al. (2013) in
Berau River Delta (0.125-0.25 mm), Kästner et al. (2017) in Kapuas Delta (0.22-0.3 mm), Sassi et al.
(2011) in Mahakam Delta (0.25-0.4 mm), and Stephens et al. (2017) in Mekong Delta (0.074-0.385
mm). Transverse bed slope effects for bedload transport were accounted for by the approach of Ikeda
(1982) and we used a value of 10 for αbn. This value is much higher than Delft3D default value (1.5)
and that suggested by Bolla Pittaluga et al. (2003) (0.3-1) because a low value of this parameter in
Delft3D leads to unrealistic and grid size-dependent channel incision as well as bar formations (Baar
et al., 2019). Even though we prescribed a high αbn, this value is still in the range of what other studies
used for Delft3Dmodelling work e.g. Dissanayake et al., 2009; van derWegen and Roelvink, 2012; Van
Der Wegen and Roelvink, 2008. For streamwise bed slope effects the Bagnold (1966) approach was
used with a Delft3D default value of αbs =1. For morphology the MorFac approach was used (Lesser
et al., 2004; Roelvink, 2006) with an acceleration factor of 400. We tested several values between 1 and
1000 and chose the largest value for which morphology had similar development as for value of 1 and
numerical stability was satisfied. This allows for long-term morphodynamic simulation at time scales
of decades (Lesser et al., 2004) and centuries (van der Wegen et al., 2008) in much shorter duration.
Furthermore, in this study, non-erodible channel banks were used. This limitation was acceptable since
changes in width-depth ratio could still be accommodated by the bed level change, and using erodible
banks is not realistic as long as the model is not able to allow for channel bank growth.

The spatial domain consisted of an upstream channel that bifurcates in two downstream channels.
The two downstream channels had a default length of 30 km, although in one series of simulations the
length of one channel was 15 km. The upstream channel had a length of 220 km to ensure that
upstream propagating tides decay smoothly. The downstream channels and the first 20 km of the
upstream channel had a convergent width profile, while the upstream 200 km had a constant width.
The channel width was configured by:

Wupstream(x) =

{
W0e

x/Lw , for− 20km ≤ x ≤ 0

W0e
−20km/Lw , forx ≤ −20km

Wdownstream(x) = 0.5W0e
x/Lw ,

(3.1)

in which W (x) is the channel width, x the longitudinal distance from the junction (i.e. positive in
upstream direction, x = 0 is at bifurcation, hence negative x in downstream channels),W0 =480 m is
the width at the junction and Lw =50 km is the e-folding length scale. Further, in a region within 800
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m near the junction an additional widening was applied (Figure 3.1b) to overcome the loss of two grid
cells (see grid description in Kleinhans et al. (2008)). This widening is a typical feature of bifurcations
found in delta systems (Kleinhans et al., 2008). After the additional widening,W0 becomes 750 m.

The spatial domain of the model was discretized in a curvilinear grid and followed the same
method as in Kleinhans et al. (2008) and Buschman et al. (2010). At the bifurcation two grid cells had
to be removed in the middle of the channel for numerical reasons (Kleinhans et al., 2008), as
illustrated in Figure 3.1. The grid cell length in along channel direction was 80 m. The upstream
channel had 12 grid cells across the channel whereas in both downstream channels 5 grid cells were
used. Therefore, the grid cell size in across channel direction was spatially varying in order to adapt
the funnelling shape of the channel and the additional widening near the bifurcation. Near the
junction this resulted in typical grid cell width of 62.5 m. Based on grid size and channel depth a time
step of 6 seconds was used in all simulations to have Courant Number smaller than 4

√
2 as required

for the ADI scheme. The domain had three open boundaries where boundary conditions for flow and
sediment transport were prescribed. At the upstream end of the upstream channel river discharge was
prescribed while at the ends of the two downstream channels M2 tidal water levels were imposed. At
all open boundaries, equilibrium sediment transport was computed during inflow while during
outflow the sediment transport was assumed to be just flushed out from the domain. As a result, no
morphological change occurred during inflow but the bed is free to evolve during outflow.

Figure3.1 (a) Illustrationof bifurcationmodel setup from theupstreamchannel forcedby river dischargeQ to
the downstream boundaries which are forced by tidal water levels. Here, h indicates the depth and L indicates
the length of each channel. Meanwhile, η and θ indicates amplitude and phase of tidal water levels at each
downstream boundary. (b) Zoom of model grid near the junction, showing the additional widening near the
junction and the disappearance of two grid cells downstream of the junction.

Because the formation of alternating bars will affect flow and sediment division at the junction, the
channel depth and upstream prescribed river discharge were chosen such that the system was in the
overdamped bar regime (Struiksma et al., 1985). To this end, we conservatively followed the empirical
classification proposed by Kleinhans and van den Berg (2011). Therefore, the three connected
channels had an initial depth of 15 m and a constant along-channel bed slope of 3x10−5. The
prescribed discharge ranged between 500 and 2,800 m3s−1.

3.2.2 Description of model scenarios and boundary conditions
Depth, width and length of the downstream channels of bifurcations in deltas can be unequal. Hence,
in Case 1 we started the simulations with an unequal geometry, either being a difference in depth or
length between the two downstream channels. We simulated the morphological evolution of the
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Table 3.1 Summary of simulations undertaken in the present study and their boundary conditions (river
discharge and tidal properties), and geometry differences between the downstream channels.

ηM2 (m)
scenario simulation name Q (m3s−1)

branch 1 branch 2
∆θM2

(o) ∆L (km) ∆h (m)

Control_Q2800 2,800 1 1 0 0 0
Control simulation

Control_Q1596 1,596 1 1 0 0 0
Depth1_Q2800 2,800 1 1 0 0 7.5
Depth1_Q1596 1,596 1 1 0 0 7.5
Depth1_Q500 500 1 1 0 0 7.5
Depth2_Q2800 2,800 1 1 0 0 1

Depth difference

Depth2_Q1596 1,596 1 1 0 0 1
Length_Q2800 2,800 1 1 0 15 0

Length difference
Length_Q1596 1,596 1 1 0 15 0
Amp_0.75 0.75 1 0 0 0
Amp_0.5 0.5 1 0 0 0Amplitude difference
Amp_0.25

2,800
0.25 1 0 0 0

Phase_10 1 1 10 0 0
Phase_22.5 1 1 22.5 0 0Phase difference
Phase_35

2,800
1 1 35 0 0

bifurcation until it approximately reached morphodynamic equilibrium (discussed later on). Note
that length of the branches was fixed in time, while an initial depth difference does not necessarily
result in an asymmetric equilibrium depth because it can adapt. All simulations belonging to Case 1
were forced by equal tides from downstream and river discharge from upstream (settings summarized
in Table 3.1). The depth difference scenarios were performed in two different ways. First, simulations
were started from a system in which the upstream channel and one downstream channel were 15 m
deep, while the other branch was 7.5 m deep (called Depth1). The upstream 2 km of the shallow
downstream channel was gradually changed over 2 km to avoid a sudden depth change near the
bifurcation. In a second type of simulation, we started with uniform bathymetry of 15 m depth and
simulated till morphodynamic equilibrium was reached (called Depth2). Next, one downstream
channel was made 0.5 m deeper and the other 0.5 m shallower. We studied the sensitivity of the
results to the relative magnitude of tides over river discharge by changing the prescribed upstream
discharge. The simulation with largest river discharge (2,800 m3s−1) represents a river dominated
system while the simulations with lower river discharge (500 m3s−1) represent the more
tide-influenced systems.

In Case 2 the effect of unequal tidal forcing on morphological development was studied. In natural
systems tides in the two downstream branches can be unequally forced. For example, when the two
branches end in a shelf sea, amplitude and phase in the two channels can be different because they
have a different position with respect to the amphidromic system in the shelf sea. Furthermore, in
deltas with multiple bifurcations and unequal depths and channel lengths, tidal amplitude and phase
differences will be present in the channels because propagation speeds and times in the channels are
different. Hence, in Case 2 we started simulations with a symmetric geometry but with asymmetric
tidal forcing, either being a tidal water level amplitude difference or a tidal phase difference. The
corresponding settings of the simulations can be found in Table 3.1. The difference in downstream
tidal forcing between the two channels was studied for values between zero and 0.75 m (η1 in
Figure 3.1 was 0.75, 0.5 or 0.25 m while η2 was 1 m) where η1 and η2 are tidal water level amplitude
imposed at the downstream end of downstream channel 1 and 2, respectively. Meanwhile for another
set of simulation the tides had equal amplitude, but the phase difference was 10, 22.5, or 35 degrees
(for M2 tide this means one channel had delayed tides of 20, 46 or 72 minutes).

We also performed two control simulations with different discharge, symmetric geometry, and equal
tides (see Table 3.1) to study the equilibrium bed profiles in absence of any initial asymmetry. The
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morphology change simulated for Case 1 and Case 2 were caused by the asymmetric forcing/geometry
and by the adaptation to the initial conditions. Therefore, the results of the control simulations can be
used to better interpret the simulations of Case 1 and Case 2.

3.2.3 Methods to evaluate model simulations
The morphological development of the bifurcation was observed by evaluating for each downstream
channel the tidally and spatially averaged depth of the first 2 km from the bifurcation (Figure 3.2,
called h1 and h2 from hereon). This region was chosen because it determined the morphological
development of the entire downstream channel. The development of the downstream channels starts
from upstream and develops downstream. Therefore, analysing the most upstream end of the
downstream channels is sufficient to determine the growth in asymmetry between them. After
analysing all cases, it was found that a distance shorter than 2 km cannot be representative due to the
presence of local morphological features near the bifurcation such as bar formation or small incisions
in the downstream channel that is silting up. However, a longer distance cannot be representative
because even though one downstream channel almost avulses upstream, tides can cause a deepening
of that same channel near the downstream boundary. To determine whether the system was in
morphodynamic equilibrium we analysed the evolution in time of h1 and h2. We stopped the
simulation when the changes in h1 and h2 were small. A true morphodynamic equilibrium, in the
sense that no bed level change occurred in the entire domain, was never achieved. This is very
common for morphodynamic simulations of estuaries (Van Der Wegen and Roelvink, 2008; Nnafie
et al., 2018). Typical simulated period was between 1,200 and 2,400 years, depending on the
prescribed river discharge.

Figure 3.2 The grids in surrounding of the bifurcation overlaid by the areaswhere the bed level changeswere
evaluated (greyboxes), thegridswhere the asymmetry indices (red lines) andupstreamchannel flow (black line)
were calculated.

To compare the depth of the two downstream channels, the depth asymmetry parameter Ψh was
calculated as:

Ψh =
| h2 − h1 |
h2 + h1

. (3.2)

A larger Ψh indicates a more asymmetric morphology. When Ψh is close to one this indicates an
avulsion, given that the widths are fixed, while a zero value indicates equal depth of the downstream
channels.

The sediment mobility was evaluated by calculating the width-averaged value of the Shields number
two grid cells away from the bifurcation, as illustrated in Figure 3.2. The Shields number at each grid
point was calculated as:
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τ∗ =
τb

(ρs − ρw) gD50
(3.3)

where ρs−ρw=1650 kgm−3, g is gravitational acceleration (9.81m2s−1) and τb is the bed shear stress
magnitude expressed by

τb =
ρwgu

2

C2
, (3.4)

in which C is the Chézy coefficient and u is instantaneous flow velocity. In tide-influenced systems,
tides cause a temporal change of bed shear stress and we calculated both the peak and the tide-averaged
value of the Shields number. A Shields asymmetry parameterΨτ∗ was defined and calculated by:

Ψτ∗ =
| ∆τ∗;1,2 |
τ∗,2 + τ∗,1

. (3.5)

where τ∗,1 and τ∗,2 are the width-averaged Shields number in each downstream channel and∆τ∗;1,2
is the difference between both. A higher value ofΨτ∗ indicates a more asymmetric sediment mobility
condition while Ψτ∗=0 indicates a symmetric sediment mobility. When Ψτ∗ was based on peak bed
shear stresses it is denoted by Ψτ∗max while Ψ<τ∗> is used when it is based on tidally averaged bed
shear stresses.

At the grid locations where we determined the Shields number, we also determined the tidally
averaged (U0) and the M2 tidal (UM2 ) flow magnitudes, in a similar way as for the Shields number.
Furthermore, we calculated the width-integrated and tidally averaged bedload and suspended load
transport at the cross-sections shown in Figure 3.2.

3.3 Results

3.3.1 Evolution of control runs
Results of the two control simulations show that bed levels were initially not in morphodynamic
equilibrium. The time-stack diagram of width-averaged depth as a function of space is shown in
Figure 3.3. The morphology changed over time until an approximate equilibrium was reached, which
took about 1,200 years. There are two time-scales involved. First, there are deposition fronts from the
upstream channel that migrate downstream. Second, there is a slower adaptation to the equilibrium
condition. The results also show that true morphodynamic equilibrium, in the sense that bed levels
are steady, was not achieved after 1,200 years. However, bed level changes were small at the end of the
simulation. The lowest discharge resulted in the smallest depth for the upstream channel, but the river
discharge does not significantly affect the depth of the two downstream channels. This is because
both control simulations were imposed by the same tidal forcing and the morphology of the
downstream channels is mainly controlled by the tides. Typical depths are around 8 - 10 m for the
downstream channels, and 10–12 m for the upstream one.

3.3.2 Geometry difference case
When simulations started with unequal channel depth, a similar evolution as the control simulations
occurred. The morphological evolution was characterized by three typical time scales. First, there was
erosion near the bifurcation, mainly because of the decrease in the cross-sectional area directly
seaward of the bifurcation. Second, this erosion was followed by deposition fronts that migrated
downstream during the simulation. This deposition front can be identified by a rapid decrease of the
depth in the downstream channels at the beginning or halfway the simulation (Figure 3.4). It is
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Figure 3.3 Time-stack diagram of width- and tide-averaged depth (colour) of the upstream channel (left
panels; km 0 is junction, km 20 upstream) and downstream channels (middle and right panels; km 0 is junction,
km 30 near sea) as a function of distance from the bifurcation (vertical axis) for the two control simulations. The
top panels ((a), (b), and (c)) are the result from the high discharge simulation (Control_Q2800) while the bottom
panels ((d), (e), and (f )) are for the low discharge simulation (Control_Q1596).

similar to the evolution of Control_Q2800 and Control_Q1596, but this depositional front was not
necessarily similar in the two downstream channels because of the imposed differences in the initial
bed level. Furthermore, in the lowest discharge simulations (Q=500 m3s−1) it takes much longer for
the deposition front to reach downstream boundary and therefore it takes much longer before the
system is in the steady state. Third, after the initial adaptation phase, the morphology of the channels
started to change gradually. Some simulations took 2,400 years (Q=500 m3s−1) until the
morphological changes near the junction were small. Furthermore, the results show that at the end of
the simulation the depth of the shallow branch depends on the discharge (Figure 3.4). The higher the
discharge, the shallower the shallowest branch is. For the deepest branch it is the other way around.
The deepest branch is shallowest for the lowest discharge.

The simulations that were based on perturbed equilibrium depth (Depth2) had a different
morphological evolution and final equilibrium than the ones that started with 7.5 m depth difference
(results not shown). The Depth2 simulation did not show the fast, initial depth response, but was
mainly characterized by a slow adaptation to a new equilibrium because the system was still close to
equilibrium at the start of the simulation. It took relatively long to achieve the new equilibrium and
total simulation time was 2,400 years in this case. Interestingly, although the external forcing for the
Depth1 and Depth2 simulation were the same, the final equilibria were different. Because the depth
in the channels influences the tidal dynamics (by for example the relative importance of friction and
by difference in tidal propagation speed due to the different initial depths), the tide-induced flows
were different at the junction and stayed different during the entire simulation. Hence, the
equilibrium not only depends on external forcing but also on initial conditions. The initial and final
morphology near the bifurcation for all Depth1 and Depth2 simulations can be seen in Figure 3.14 in
Appendix 3A.

The simulations with Length difference show that the shortest branch developed to be the deepest,
while the longest became very shallow (Figure 3.5). The longest branch becomes so shallow that it
becomes morphologically inactive. This occurred for both the highest and for the medium discharge
scenario and is also independent of the initial conditions (starting with equilibrium bathymetry and
shortened channel, or with 15 m deep channels). Meanwhile, the shortest channel was deepest for the
highest discharge condition. The final morphology near the bifurcation for the simulations in
Length difference scenario is provided in Figure 3.14 in Appendix 3A.
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Figure 3.4 Same plot as Figure 3.3 but for simulations of Depth1. The panels from top to bottom show the
results from different simulation (Depth1_Q2800, Depth1_Q1596, Depth1_Q500, respectively) while from left
to right show the upstream channel, shallow branch, and deep branch, respectively.

Figure 3.5 Time-stack diagram of width- and tide-averaged depth as a function of space for the simulations
in Length difference scenario with the same order as Figure 3.4 but with short (panel (b) and (e)) and long
(panel (c) and (f )) downstream branch.

3.3.3 Tide difference case
Asymmetric forcing of tides resulted in asymmetric morphological evolution. Because the system
started out of equilibrium, the morphological evolution is again characterized by a quick adaptation
followed by a slow evolution to the equilibrium. When forced by different tidal amplitude, the
downstream branch with the smallest downstream tidal forcing evolved into the shallowest branch
(Figure 3.6). Interestingly, when tidal amplitude in Branch 1 was decreased from 0.75 m to 0.5 m or
even 0.25 m the bifurcation evolved into a less asymmetric system. Furthermore, when the two
downstream channels were forced by equal amplitudes, but with different phase, this also resulted in
the development of an asymmetric morphology of the bifurcation (Figure 3.7). In general, the
channel with delayed tides developed smallest channel depth while the channel with earlier tides
developed deeper channels. Interestingly, the deposition front in the shallowest branch became

54 | CHAPTER 3



stagnant for the largest imposed phase differences, suggesting that the flow magnitude was below the
threshold for erosion (static equilibrium). However, the depth around the bifurcation did not become
zero and still evolved. The larger the difference in tidal phase at the two downstream boundaries the
shallower the delayed branch became, while the other branch was deeper. The final morphology near
the bifurcation for all simulations of this case is provided in Figure 3.15 in Appendix 3A.

Figure 3.6 Time-stack diagram of width- and tide-averaged depth as a function of space for
Amplitude difference scenario.

Figure 3.7 Time-stack diagram of width- and tide-averaged depth as a function of space for
Phase difference scenario.
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3.4 Discussion

3.4.1 Relation between tides and the morphological evolution of bifurcations
The results suggest that tides cause less asymmetric bifurcations. To quantify how tides affect the
morphology, the results from all scenarios were correlated. Figure 3.8 shows a scatter plot and linear
fit between the final Ψh (dimensionless depth asymmetry) and Ψτ∗ (dimensionless Shields
asymmetry) for all model simulations. As can be seen, Ψh is linearly correlated with Ψ<τ∗> and
Ψτ∗max. Hence, the degree of asymmetry in the morphology is directly related to the degree of
asymmetry in the sediment transport capacity. From the comparison of Ψ<τ∗> and Ψτ∗max against
Ψh (Figure 3.8a and Figure 3.8b), the latter comparison shows the strongest relation and therefore the
maximum mobility, which occurred during the peak ebb flow in our simulations, is the most
representative to determine the morphological asymmetry of the downstream channels.

Figure3.8 Relationbetweendepth asymmetrynumberΨh and: (a) the asymmetry in tidally averagedShields
number (Ψ<τ∗>), and (b) the asymmetry in peak Shields number (Ψτ∗max) at the equilibrium condition for all
simulations from scenarios described in Table 3.1. Note that in panel (a), two simulations ofPhase difference
scenario and a simulation of Depth1 scenario is slightly overlapping.

According to Eq. 3.3, in a system with uniform sediment properties and water density, the sediment
mobility in the downstream channels only depends on the total bed shear stress τb. Because in the
downstream channels the flows are mainly in along-channel direction, the instantaneous flow velocity
to calculate the total bed shear stress τb in Eq. 3.4 can be represented by the along-channel flow velocity.
Based on a harmonic analysis, it became clear that the mean flow (U0) and M2 component (UM2 )
were the main tidal constituents and higher harmonics like M4 were relatively small. Therefore, the
maximumsedimentmobility scales verywell with the square of summationofUM2 andU0 (Ψτ∗max ≈
(UM2 + U0)

2). The sediment mobility and flow conditions near the bifurcation for all simulations is
provided in Table 3.2 in Appendix 3A.

The relatively strong river discharge in the simulations performed causes the ratios of U0 to UM2 in
the upstream channel cross section near the junction to be in the range between 0.2 and values
slightly larger than 1 (see Figure 3.16a in Appendix 3A). This similar importance between those
components indicates that our model is a mixed river- tide-influenced system. For most simulations,
U0, dominated by the river flow, in the two downstream branches was more asymmetric than UM2

(see Figure 3.16b in Appendix 3A). In river-dominated systems, bifurcations with higher flow
division asymmetry will also develop a more asymmetric morphology (Kleinhans et al., 2008).
Interestingly, the tidal flows oppose the asymmetry induced by U0. UM2 becomes less asymmetric
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with the increase of tidal influence, shown by the decreasing trend in ΨUM2
for increasing sum of

UM2 (
∑
UM2) in the two downstream channels (Figure 3.9a), in which the summed UM2 was

measured from the width-averaged UM2 at UM2 section in the downstream channels shown in
Figure 3.2. This explains why the increased tidal influence, indicated by larger sum of UM2 in
Figure 3.9a and Figure 3.9b, causes less asymmetric bifurcations. Due to tides, the sediment mobility
in both channels is closer to each other than without tides (Figure 3.9b). A more tide influenced
condition is not only achieved by decreasing river discharge, but also by inducing an asymmetry in
the tidal forcing in the downstream channels. For either increased difference in amplitude or phase,
the sum of UM2 in both downstream channels also increased and became similar in magnitude. The
scatter in the results shown in Figure 3.9 is caused by the different imposed asymmetries for different
scenarios. The asymmetry is not only controlled by external forcing, but also determined by internal
dynamics when the depth of the branches develop, and because we have different types of initial
asymmetries (forcing, depth, length), there is quite some scatter in Figure 3.9. Still, we found that all
simulations have a similar behaviour, i.e. more tidal influence drives less morphological asymmetry
between downstream channels.

Figure 3.9 Comparison between: (a) tidal flowasymmetry and (b) Peak Shields number asymmetry in the two
downstream branches against the total tidal flowmagnitude from the two downstream channels.

There are two processes that drive a less asymmetric tidal flow in the more tide-influenced
condition. First, the propagation of tides from the dominant downstream channel to the other
downstream channel balances the tidal flow in the two downstream channels. This process mainly
rules in tide difference case. Tidal forcing asymmetry between downstream channels drives tidal
propagation from one downstream channel to the other and results in phase lags of tidal flow
inducing strong cross-channel flow at the junction (similarly as discussed in Buschman et al., 2013).
This can be seen by a larger cross-channel flow in the upstream channel near the bifurcations for
larger asymmetry between the prescribed tides in Figure 3.10. This cross-channel flow is dominated
by the tides VM2 while its mean flow value (V0) was close to zero. Strong cross-channel flows caused
erosion at the bifurcation, resulting in a trench-like scour connecting the downstream channels. This
scour can be found in the Amplitude difference and Phase difference scenarios and is most
pronounced in the simulation Amp_0.25 (see Figure 3.15c-f in Appendix 3A). Although a bar
developed in the upstream channel on the side of the downstream channel imposed with lower tidal
amplitude, the cross-channel flows deepened the bed at bifurcation and maintained the connection
between both downstream channels and the upstream channel. The development of the trench-like
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scour at the bifurcations is also observed in the Berau River Delta (Buschman et al., 2013) and
Mahakam Delta (Sassi et al., 2011). This deepening at the bifurcation can be also affected by the angle
of the bifurcation, something we did not study here. Second, with equal tides imposed in the two
downstream channels for Depth difference and Length difference scenario, the larger river
discharge in the dominant downstream channel dampens the tides in this channel while the
shallowing bed level in the other downstream channel increase the tidal flow in this channel. As a
result, this combining effect induces a less asymmetric tidal flow in the downstream channels.

Figure 3.10 Cross channel flow of: (a) tidal current amplitude and (b) mean current at bifurcation in the
upstream channel for all simulations.

3.4.2 Role of bedload versus suspended load
In the theory of Bolla Pittaluga et al. (2003) and Bolla Pittaluga et al. (2015a) the lateral bed slope
causes additional sediment transport into the dominant channel, thereby having a stabilizing effect on
the bifurcation. Here, we used the Van Rijn (1993) sediment transport formulations in which bed
slope only affects the bedload transport and not the suspended load transport. Based on this, we
expected that bedload transport will be divided less asymmetrically than suspended load transport.
To check this hypothesis, the tidally averaged and width-integrated sediment transport at the
cross-sections shown in Figure 3.2 were calculated. We calculated an asymmetry index similar as we
did for the Shields number and depth. The results of the scatter plot of suspended load asymmetry
versus bedload asymmetry index clearly show that suspended load tends to be divided more
asymmetrically at the bifurcation (Figure 3.11a). Only when the system is fully symmetric or
asymmetric is there no difference in asymmetry of bedload and suspended load transport because the
downstream channels receive an equal amount of sediment when the downstream channels are
symmetric, while only one downstream channel receives all sediment when an avulsion occurs (both
bedload and suspended load asymmetry are 1). Furthermore, from a scatter plot of depth asymmetry
(Ψh) versus the ratio of bedload to suspended load transport in the upstream channel, it becomes
clear that systems that have more asymmetric bed levels have a smaller contribution of bedload
transport to the total transport, and vice versa (Figure 3.11b). However, there is also some
considerable scatter due to the sensitivity to the initially imposed asymmetry. Lastly, a scatter plot of
the ratio of mean flow and M2 flow magnitude versus ratio of bedload and suspended load transport
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in the upstream channel (Figure 3.11c) suggest that when river flow is relatively important, the system
is suspended load dominated, while for more tide-dominated conditions bedload plays a more
important role. This further explains why the more tide-dominated conditions result in less
asymmetric morphology.

Figure 3.11 Comparison of: (a) Suspended load asymmetry (ΨQs ) against bedload asymmetry (ΨQb
)

overlaid by the line of equality (black line), (b) Scatter plot of morphology asymmetry (Ψh) against ratio of
bedload and suspended load transport in the upstream channel, and (c) Scatter plot ratio of bedload and
suspended load transport in the upstream channel against the dominance of river flow over tidal flows in the
upstream channels. The legend for all panels is provided in panel (c).

3.4.3 Sensitivity to sediment grain size and transverse bedslope effect
Defining a different sediment grain size would change the sediment mobility and drive a different
ratio of bedload to suspended load transport. These would affect the sediment transport division and
therefore the morphological development in the downstream channels. When using finer sediment
this results in a more asymmetric development of the downstream channels, as is shown in
Figure 3.12. The finer sand induces a larger contribution of suspended load transport to total
sediment transport and therefore counteracts the stabilizing effect by the transverse bedslope effect
on the bedload. As a result, the depth asymmetry between downstream channels increases. Similarly,
a coarser sediment results in smaller depth asymmetry between the downstream channels.

The importance of the effect of transverse bedslope to oppose the asymmetrical morphological
development between downstream channels causes the model results to be sensitive to the parameter
αbn. Using physical scale models, previous studies have suggested that αbn value should take values
between 0.2-1.5 (Baar et al., 2018; Ikeda, 1982; Schuurman et al., 2013; Talmon et al., 1995). However,
Delft3D shows unrealistic morphological development when small values of αbn are used, as shown
in Figure 3.13. Simulation Depth1_Q2800 with small αbn (αbn=1) showed the development of an
elongated bar upstream on the side of shallow downstream channel and a large incision occurred on
the other side. This unrealistic behaviour has also been evaluated by Baar et al. (2019). The use of
small value of αbn causes the morphological development to be dependent on the grid size (Baar
et al., 2019). Several studies have used much higher value to overcome this issue (Dissanayake et al.,
2009; van der Wegen and Roelvink, 2012; Van Der Wegen and Roelvink, 2008, e.g.). Using our model
set-up, the model results started to be insensitive to the value of αbn when αbn is 10. Using this value
the transverse slope developing upstream of the bifurcation is less than threefold of upstream channel
width as also suggested by Bolla Pittaluga et al. (2003) and Kleinhans et al. (2008) for river-dominated
bifurcations.
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Figure 3.12 Initial ((a), (c), and (e)) and final (b, d, and f) depth near the bifurcation for coarser sand ((a) and
(b)), applied sand ((c) and (d)), and finer sand ((e) and (f )) using the set-up of simulation Depth1_Q2800.

Figure 3.13 Initial ((a) and (c)) and final ((b) and (d)) depth near the bifurcation for large ((a) and (b)) and small
((c) and (d)) αbn using the set-up of simulation Depth1_Q2800.

3.5 Conclusions

In this manuscript, the effect of tides on the morphological development of bifurcations was
investigated using a numerical modelling approach in Delft3D. An idealized bifurcation was built by
splitting an upstream channel into two downstream branches. The idealized bifurcations were forced
by river discharge from upstream and tides from downstream. To identify the effect of tides, two
cases were studied, namely geometry difference (length and depth of channels) and tide difference
(difference in prescribed tides at the two downstream channels).

The results show that increased tidal influence compared to river influence, results in a less
asymmetric morphology of the bifurcation. This increased tidal influence can either be achieved by
smaller river discharge or by asymmetric tides from downstream. The main mechanism is that tidal
flows tend to be less asymmetric in the two downstream channels than tidally averaged flows. This
causes the peak Shields number in the branches to be closer to each other with increasing influence of
tides. Furthermore, we have shown that bedload transport tends to be divided less asymmetrically
than suspended load due to the influence of lateral bed slopes, which tends to stabilize the system. In
our simulations, bifurcations with increased tidal influence had a relatively high ratio of bedload over
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suspended load transport and therefore developed a less asymmetric morphology than in
river-dominated systems. Our results can explain why tides tend to stabilize the bifurcations in deltas.
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3.6 Appendix 3A

Figure 3.14 Initial (left panels) and final (right panels) depth near the bifurcation for all simulations in Case 1.
ForDepth difference scenario (panel (a)-(j)), the top branch in each panel is the deep downstream branch
and thebottomone is the shallowdownstreambranch. ForLengthdifference scenario (panel (k)-(n)) the top
branch in each panel is the long downstream branch and the bottom branch is the short downstream branch.
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Figure 3.15 Final depth for Case 2. For Amplitude difference scenario (panel (a)-(c)) the downstream
branch imposed by low tides is the bottom branch while for Phase difference scenario (panel (d)-(f )) the
bottom branch is the downstream branch imposed by delayed tides.

Figure 3.16 (a) Ratio of U0 and UM2
for all simulations and (b) Comparison of asymmetry of UM2

against
asymmetry of U0 .
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Stability of tide-Influenced river bifurcations

Chapter 4 | Stability of tide-Influenced river
bifurcations

Abstract

Bifurcations are important geomorphological features in tide-influenced deltas. At bifurcations, river flow
and tides distribute sediment over the channel network and determine the morphodynamic evolution of
the entire delta. Using a one-dimensional numerical model, we study the effects of tides on the
morphological evolution of bifurcations from river-dominated to tide-dominated systems. In accordance
with previous studies, bifurcations with small tidal influence, in which the flood flow hardly drives
morphological change, have a larger range of Shields stress and width-to-depth ratio conditions for which
symmetric bifurcations are stable to depth perturbations, compared to their river-dominated
counterparts. We extended the existing studies to tide-dominated conditions. When bifurcations become
increasingly tide-dominated, the range of conditions under which balance discharge partition (symmetric
morphology) can exist, shrinks. Under these conditions, the bed can also change during the flood phase
and growth of the bed asymmetry is larger than the decay during ebb. However, the bed asymmetry in
equilibrium becomes less pronounced with increasing tidal dominance. We conclude that tides reduce the
tendency of closure and abandonment of one of the downstream channels compared to river-dominated
bifurcations, either by inhibiting the instability or by reducing asymmetry.

Published as: Iwantoro, A.P., van der Vegt, M., & Kleinhans, M. G. (2022). Stability and Asymmetry of
Tide-Influenced River Bifurcations. Journal of Geophysical Research: Earth Surface, 127 (6), pp. e2021JF006282.
https://doi.org/10.1029/2021JF006282
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4.1 Introduction

Bifurcations are common features in fluvial systems, where a larger upstream channel splits into two
smaller downstream channels and can be found in steep slope rivers as well as in lowland rivers and
deltas. In the fluvial-dominated channel networks, river flow divides at bifurcations and determines
the sediment distribution as well as the morphodynamics of the downstream channels. In these
systems, one of the downstream channels of a bifurcation is often abandoned, resulting in one
dominant downstream channel that conveys the river discharge (Bolla Pittaluga et al., 2015a;
Kleinhans et al., 2008). In the tide-influenced systems, tides cause a change in flow magnitude during
ebb and even change the system into a confluence during flood if tides are large enough, suggesting
that bifurcations in these systems may develop differently. Hoitink et al. (2017) suggested that such
channel abandonment rarely occurs in tide-influenced systems, keeping both downstream channels
open to convey the water. In this paper we investigate the effect of tides on the stability and
asymmetry of bifurcations as found in tide-influenced river deltas.

Morphodynamics of river-dominated bifurcations have been thoroughly studied for a range of
settings in river systems, from low sediment mobility in gravel bed rivers (Bertoldi and Tubino, 2007;
Bolla Pittaluga et al., 2003; Bolla Pittaluga et al., 2015a) to high sediment mobility rivers (Bolla
Pittaluga et al., 2015a; Edmonds and Slingerland, 2008; Slingerland and Smith, 1998). It was found
that symmetric bifurcations are unstable in high and low sediment mobility (Shields stress), resulting
in asymmetric bifurcations and abandonment of one of the downstream channels. Only a limited
mid-range of sediment mobility conditions exists that results in stable symmetric bifurcations. The
stability of symmetric bifurcations also depends on width-to-depth ratio of the upstream channel.
Bifurcations with larger width-to-depth ratio have a more limited range of sediment mobility for
which stable symmetric bifurcations can exist (Bolla Pittaluga et al., 2015a; Redolfi et al., 2016;
Redolfi et al., 2019). Some studies have addressed effects of different geomorphological features in
river systems. Meandering of the upstream channel enhances the asymmetry between downstream
channels (Kleinhans et al., 2008; Slingerland and Smith, 1998), migrating bars increases the dynamics
of bed level of bifurcations (Bertoldi et al., 2009), and evolving river banks increase the conditions for
asymmetric downstream channels (Kleinhans et al., 2011; Miori et al., 2006). Furthermore, Salter
et al. (2017) showed that the asymmetric morphological development of bifurcations in
river-dominated deltas can be controlled by the presence of downstream sediment sinks. Sediment
deposition at a shallow estuary-shelf boundary will result in channel lengthening. This will shift the
asymmetry evolution of the bifurcation, where the lengthened channel will silt up and the shallow
channel will deepen, whereupon this channel will lengthen. This shifting asymmetry evolution will
continue until the estuary-shelf transition is in very deep water.

The stability and morphodynamics of tide-influenced bifurcations are much less clear. Though
observations demonstrate the existence of seemingly stable, nearly symmetric bifurcations in
tide-influenced deltas such as in Mahakam Delta (Sassi et al., 2013) and Berau River Delta (Buschman
et al., 2013), some observations also found highly asymmetric bifurcations (e.g. Chen et al., 1982;
Kästner and Hoitink, 2019). Based on a two-dimensional (2DH) modeling study, Iwantoro et al.
(2020) found that bifurcations are less asymmetric for tide-dominated rivers because tide-induced
flows tend to partition less asymmetrically than river-induced flow velocities (see chapter 3).
However, they only simulated a small range of sediment mobility, tidal influence and width-to-depth
ratio conditions applied in 13 simulations and in many cases the asymmetry was externally forced by
differences in either channel length or tidal forcing. They were also not able to find stable symmetric
bifurcations. Simulating a full deltaic channel network by using a 2DH numerical model, Rossi et al.
(2016) found that delta systems with stronger tidal influence have a more stable morphology resulting
in a less frequent avulsion. Using physical laboratory experiments, Lentsch et al. (2018) confirmed the
finding of Rossi et al. (2016) and suggested that the same results will occur under sea level rise

66 | CHAPTER 4



conditions. However, they only simulated a limited range of tidal amplitudes and sediment sizes, and
did not systematically vary the sediment mobility and width-to-depth ratio that were shown to be
important parameters for the morphodynamics of bifurcations in river dominated systems (e.g. Bolla
Pittaluga et al., 2015a; Redolfi et al., 2019). In a recent study, Ragno et al. (2020) showed that
symmetric bifurcations are stable to bed perturbations for a wider range of Shields stress and
width-to-depth ratio values when tides are added to a river system. This is caused by the increased
flow velocity in a tidal cycle, which deepens both downstream channels, reduces the width-to-depth
ratio, and reduces the asymmetry between them. However, Ragno et al. (2020) studied small tide
conditions in which tides only cause a fluctuation in river flow magnitude but no flow reversal during
a tidal cycle. Besides, they also applied a straight channel while in tidal systems a converging channel
width is more common (e.g. Davies and Woodroffe, 2010; Fagherazzi and Furbish, 2001; Langbein,
1963; Lanzoni and Seminara, 1998; Savenije, 2015). As a result, it is still unclear how tides affect the
asymmetry of tide-dominated bifurcations for a wide range of Shields stress conditions and
width-to-depth ratios.

To extend our knowledge about the morphodynamics of tide-influenced bifurcations, in this study
we aim to determine the effects of tides on 1) the stability and 2) the asymmetry in morphodynamic
equilibrium of tide-influenced bifurcations, from small tidal influence that results in a changing flow
magnitude, to tide-dominated conditions at which the flow is bi-directional. To achieve this objective,
the one-dimensional (1D) morphodynamic numerical model in Chapter 2 was applied to tidal
systems. The model was adapted such that flow and sediment transport at the bifurcation can change
in magnitude and direction. Though a 1D model is not as capable to simulate the detailed flow
conditions and morphology as 2D or 3D models (e.g. Edmonds and Slingerland, 2007; Edmonds and
Slingerland, 2008; Kleinhans et al., 2008; Rossi et al., 2016) or physical models (e.g. Bertoldi et al.,
2009; Bertoldi and Tubino, 2007; Lentsch et al., 2018), 1D models have been widely applied to study
long-term morphodynamic evolution of rivers, estuaries and deltas (e.g. Bolla Pittaluga et al., 2015b;
Salter et al., 2017; Salter et al., 2020). The advantage of the 1D approach is that it is computationally
less expensive than 2D and 3D approaches, but still capable to explain the important processes that
drive the morphodynamic evolution of bifurcations (e.g. Bolla Pittaluga et al., 2015a; Iwantoro et al.,
2021; Ragno et al., 2020; Redolfi et al., 2019). As a result, a broader range of conditions that exists in
nature could be studied in a much shorter computational time than with the other approaches. We
limit our study to deltas that have a sandy bed, thereby ruling out muddy systems, which need a
different approach to model sediment transport.

A single bifurcation was studied at which three channels connect (Figure 4 1). The two downstream
channels were forced by tides from the downstream boundary, while at the upstream channel a steady
river discharge was prescribed. Sets of simulations were prepared to simulate the morphodynamics
of bifurcations with different tidal influence. This was achieved by changing discharge, tidal range,
and the geometry of the system (width profile). The detailed approach is described in Section 4.2.
Then the results and the explanation of the basic mechanisms that drive the morphodynamic evolution
tide-influenced bifurcation are provided in Section 4.3. The results, limitations and future studies are
discussed in Section 4.4, and finally the conclusions of this study are presented in Section 4.5.

4.2 methodology

4.2.1 Model description
Hydrodynamics

The Saint Venant equations were solved to compute the hydrodynamics (Cunge et al., 1980). This
approach is more suitable for this study than other approaches, such as locally uniform flow (Salter
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Figure 4.1 Illustration of bifurcation model domain and boundary conditions. Channel 1 is the upstream
channel and is forced by river discharge from upstream boundary, while Channel 2 and Channel 3 are the
downstream channels that are forced by time-varying water levels at the downstream boundary. The three
channels are connected at the junction point/boundary.

et al., 2017) or the backwater equations (Kleinhans et al., 2008) because tides cause unsteady flow. The
following equations were solved:

w
∂z

∂t
+
∂Q

∂x
= 0 (4.1)

∂Q

∂t
+

∂

∂x

(
Q2

A

)
+ gA

∂z

∂x
+

| Q | QPg
C2A2

= 0. (4.2)

in which x and t are the spatial and temporal axes and Q is the discharge caused by river flow and tides.
Furthermore, w is the channel width and A and P in Eq. 4.2 are the cross-sectional area and wetted
perimeter of the channel, respectively. The model assumes that the presence of tidal flats is negligible.
Therefore,w is constant in the entire tidal cycle. This assumption is considered plausible because many
tidal systems has limited tidal flat that are insignificant to the flow dynamics in the channel such as
in Mahakam Delta, Berau River Delta and Mekong River Delta. By assuming that the channels have
a rectangular cross section, A is calculated by A = w(z − η) = wh, where η is the bed level, z is
water level and h is water depth. Meanwhile, we approximate here that P = w, therefore P/A in the
friction term in Eq. 4.2 equals 1/h, and the friction term does not depend on the width-to-depth ratio.
By doing this the hydrodynamics and morphodynamics of the system are independent of the width
as long as the prescribed specific discharge upstream is not changed between simulations. This allows
for studying the sensitivity of the results to the width-to-depth ratio without changing the equilibrium
bathymetry. Finally, g is the gravitational acceleration andC is Chézy coefficient, related to roughness
by

C = 18 log10 (12h/ξ) (4.3)

where ξ is the Nikuradse roughness length related to the presence bedforms (van Rijn, 1984a).
Two kinds of boundary nodes are present, namely open boundaries and junction boundaries.

Open boundaries are located at the upstream node of the upstream channel (upstream boundary in
Figure 4.1) and at the downstream node of the downstream channels (downstream boundary in
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Figure 4.1). The junction boundary is a node shared by three connected channels at the bifurcation,
known as nodal point. At the upstream boundary, equilibrium river discharge was prescribed as
follows

Q1;ub = w1;ubCh1

√
gh1S1 (4.4)

where the subscripted number defines the channel identity as in Figure 4.1,w1;ub is the channel width
at upstream boundary and S is channel slope (m m−1).

At the downstream boundaries, water level is prescribed as

z = z0 +

N∑
k=1

ak cos (ωkt+ φk) (4.5)

where z0 is themeanwater level (z0=0 here), ak andφk are amplitude and phase of the tidal constituent
k, and ωk = 2π/Tk , in which Tk is tidal period of constituent k. Here, we only prescribed one tidal
constituent at the seaward boundary, but in principle multiple constituents can be prescribed.

Defining the junction boundary to be located at x=0, and positive x in downstream direction, the
discharge at the junction satisfies the conservation of mass as follows

Q1(0, t) = Q2(0, t) +Q3(0, t) (4.6)

while the water level was assumed to be equal, neglecting the effect of dynamic pressure:

z1(0, t) = z2(0, t) = z3(0, t) (4.7)

Because the dynamic pressure was neglected, the water level difference between the channels at the
junction due to energy dissipation by turbulence as used, for example, in Edmonds and Slingerland
(2008), Gurram et al. (1997), Ragno et al. (2021), is neglected. The hydrodynamic calculations were
solved using an implicit Preissmann scheme (see Cunge et al. (1980) for details). The scheme is
unconditionally stable. Therefore, the time steps can be independently defined to optimize the spatial
accuracy and computational capacity.

Sediment transport andmorphodynamics
The sediment transport is based on van Rijn (1984a) and van Rijn (1984b) and is applicable in the
range of sand and gravel. It computes the bedload and suspended load separately. The details of the
sediment transport equations applied in the 1D model can be found in chapter 2. The applied
sediment transport model assumes local flow and transport are in equilibrium and neglects time lags
that may occur between peak flow and sediment transport (Groen, 1967) as well as a spatial settling
lag (Postma, 1961) that typically occurs in tide-influenced systems. We applied this simplification
because of two reasons. First, we would like to keep the computation in the model as simple as
possible and focus on how tides can affect the morphological evolution of bifurcations. Second, the
time and spatial settling lag are mainly important for fine-grained sediment like mud (e.g. van
Straaten and Kuenen, 1958; Pritchard and Hogg, 2003), while in this study we use sand. For very fine
sand of 70 microns (smallest value used in this study) the settling velocity (ws) is around 0.4 cm/s and
for the water depth of 5 m the settling time scale (h/ws) is around 20 minutes, which, although not
very small, is considerably less than the semidiurnal time scale. Therefore, the assumption to neglect
these lag effects are plausible for sandy systems as studied here.

Compared to chapter 2 the main difference is the calculation of sediment transport at the junction.
For tide-influenced conditions, the sediment transport direction depends on the phase of tidal currents
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in the branches (it can be ebb or flood flow in each channel and timing of ebb and flood is not necessarily
the same in each channel) and the junction can behave as a bifurcation or as a confluence. There are
three possible conditions under which the junction behaves as a bifurcation and three for which the
junction is a confluence, as illustrated in Figure 4.2. The conditions depicted in the lower two rows of
Figure 4.2 can occur because of different phase of the flow at the junction, causing a timing difference in
ebb and flood at the junction. This can itself have many reasons, like a difference in bed level between
the downstream channels, different channel lengths, difference in amplitude or phase at the seaward
boundaries (see chapter 3) and these time differences have been observed in deltas, such as in Berau
River Delta (Buschman et al., 2013) and Wax Lake Delta (Wagner and Mohrig, 2019). When the flow
merges the system is a confluence and the sediment transport to the channel that receives the sediment
(sink channel) is calculated by adding the sediment transport from the other two channels:

Qs,out = Qs,inp1 +Qs,inp2. (4.8)

Qs,out is sediment transport in sink channel while Qs,inp1 and Qs,inp2 is sediment transport from
the channels that distribute the sediment transport (source channels). Meanwhile, when the flow
bifurcates, the sediment transport from one source channel distributes to two sink channels:

Qs,inp = Qs,out1 +Qs,out2. (4.9)

Hence, during bifurcation conditions an expression is needed that describes how the sediment of the
source channel is distributed over the two sink channels. This is the so-called nodal point relationship
and previous studies have shown that results critically depend on it (Wang et al., 1995).

Here, we applied the same nodal point relationship as used in chapter 2, which was based on the
nodal point relationship of Bolla Pittaluga et al. (2003). The main difference here is that, depending on
the flow condition, the input channel is different. This is also depicted in Figure 4.2 by the splitting of the
last cells in the source channel. In this area a transverse sediment transport is calculated. Basically, the
along channel sediment transport divides according to the width of each sink channel, plus a correction
termQ(s, y) caused by transverse suspended load transport (Qsusp,y) and transverse bedslope driven
bedload transport (Qbedl,y):

Qs,y = Qbedl,y +Qsusp,y. (4.10)

where

Qbedl,y = Qbedl,x

 Qyhinp

Qinpαh123
− r√

ϑ′
inp

∂η

∂y

 (4.11)

whileQsusp,y is expressed by

Qsusp,y = Qsusp,x

(
Qyhinp

Qinpαh123

)
. (4.12)

Here, Qbedl,y and Qsusp,y are along-channel bedload and suspended load transport from the source
channel at the junction, respectively. The transverse bedload transport is affected by both transverse
flow (first term on the right-hand side), which occurs because one of the two sink channels receives
relatively more water than the other, and by transverse bedslope effect (second term on the right-hand
side). The transverse suspended load transport is only affected by the transverse flow. In Eq. 4.11 and
Eq. 4.12,Qinp is discharge in the source channel andQy is transverse discharge computed by
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Figure 4.2 All six possible flow-induced sediment transport conditions for a tide-influence bifurcating
channel. The arrow indicates the sediment transport direction for each condition. The left conditions are for
the confluence conditions and the right conditions are for the bifurcation conditions.

Qy =
1

2

(
Qout1 −Qout2 −Qinp

wout1 − wout2

wout1 + wout2

)
(4.13)

whereQout1 andQout2 are the water discharge in the two sink channels. Note that when the discharge
divides at the bifurcation proportional to the respective widths of the sink channels,Qy=0. In Eq. 4.11
and Eq. 4.12, α is the dimensionless length (scaled by channel width of the input channel) of the region
of influence of the bifurcation and determines over which distance from the junction the transverse
transport in the source channel occurs. Bolla Pittaluga et al. (2003) suggested that α is between 2-
3. From physical experiments, Bertoldi and Tubino (2007) suggested that α has an optimum value of
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6. However, Redolfi et al. (2019) found that the value of α depends on the Shields stress and friction
coefficient. We usedα=3. Moreover, the constant r in Eq. 4.11 is a calibration parameter for transverse
bedslope effect and according to Baar et al. (2018), r ranges between 0.2-1.5 depending on sediment
mobility and bedform characteristics. To keep the computation in the model as simple as possible and
focus the study on investigating how tides affect the morphodynamics of bifurcation, a constant α and
r are applied (3 and 0.5) as also applied in chapter 2 and in Bolla Pittaluga et al. (2015a). Meanwhile,
hinp is the depth of the source channel at the junction and h123 is the weighed average depth of the
connected channels at the junction, expressed by

h123 =
winphinp + wout1hout1 + wout2hout2

winp + wout1 + wout2
. (4.14)

wherewinp is the width of the source channel at the junction whilewout1 andwout2 are the widths
of the sink channels. In Eq. 4.11, ϑ′

inp is the grain-related Shields stress in the input channel at the
junction and was calculated by

ϑ′ = µϑ, (4.15)

where µ is efficiency factor (van Rijn, 2007) and is calculated as µ = (C/C ′)
2 in which C′ is grain-

related Chézy coefficient,

C′ = 18 log10 (12h/2.5D50) (4.16)

withD50 the median grain size of sediment (van Rijn, 1984a). Furthermore, ϑ is total Shields stress,

ϑ =
(Q/A)2(

ρs
ρw

− 1
)
C2D50

(4.17)

in which rhos and rhow are the density of sediment and water, respectively. ∂η
∂y

in Eq. 4.11 is the
transverse bed slope at the bifurcation calculated between the channel centres as:

∂η

∂y
=
ηout2 − ηout1

0.5winp
. (4.18)

Finally, the morphological change is computed using the sediment continuity equation and assumes a
dynamic riverbed while the riverbanks are fixed:

w(1− p)
∂η

∂t
+
∂Qs

∂x
= 0. (4.19)

Here, p is the sediment porosity, which has a value of 0.35. The numerical scheme to solve Eq. 4.19
was described in chapter 2.

4.2.2 Model set-up
The schematized junction consists of an upstream channel of 80 km length and two downstream
channels of 20 km length, discretized with spatial and time steps of 250 m and 5 minutes, respectively.
The river discharge was imposed at upstream boundary applying a defined slope to calculate Eq. 4.4
that was constant for all simulations in this study (3x10−5) while a semi-diurnal tidal component
with Tk of 12 hours was imposed at downstream boundaries. The location of these boundaries can be
seen in Figure 4.1.

To investigate the stability of bifurcations as a function of tidal influence, we defined sets of
simulations in which prescribed tidal amplitude and channel width profile were changed (Table 4.1).
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The tidal influence is indicated by the ratio of tidal flow amplitude (U2) over tide-averaged flow (U0)
in the upstream channel at the bifurcation in morphodynamic equilibrium (symmetric condition, not
yet perturbed). Note that tidally averaged flow is caused by river discharge and by Stokes return flow
and is nonzero for zero river discharge. We simulated conditions from U2/U0=0 (river-only/no tide)
to U2/U0=9. We prescribed the following width profile. The downstream channels are convergent
over their entire length, which can be characterized by the e-folding length scale for width (Lw).
These converging channels are very typical for tidal systems (e.g. Davies and Woodroffe, 2010;
Fagherazzi and Furbish, 2001; Langbein, 1963; Lanzoni and Seminara, 1998). The upstream channel
is convergent until x = −Lc, after which the channel is straight until the upstream boundary:

Wupstream(x) =

{
W1;0e

x/Lw , for− Lc ≤ x ≤ 0

W1;0e
−Lc/Lw , forx ≤ −Lckm

Wdownstream(x) =W2;0e
x/Lw =W3;0e

x/Lw .

(4.20)

Here, w1;0 is width of upstream channel at the junction, and w2;0 and w3;0 are the widths of both
downstream channels at the junction, which in this study were defined asw2;0 =w3;0 = 0.5w1;0. Since
w1;0 is self-defined, by changing Lc and Lw , w1;ub also changes. This affects the prescribed discharge
according to Eq. 4.4 and also the tidally-averaged flow velocity at the bifurcation (U0). Furthermore,
Lc and Lw affect the propagation of tides in the system. Similarly, river discharge (see Eq. 4.4) and
tidal propagation are also affected by the prescribed upstream water depth. As a result, beside defining
a different tidal amplitude at seaward boundaries, we varied the tidal influence in the system by having
different Lc, Lw and initial depth.

For the design of channel shape, the effect of Lw , Lc, river discharge and grain sizes on the
equilibrium bed profile was studied. The settings for these simulations are shown in Table 4.2. These
runs were also used to estimate conditions for which U2/U0 at the bifurcations obtains a certain
desired value. After this, two continuous simulations were conducted in which we aimed to simulate,
for a certain value of U2/U0, the sensitivity of the results to width-to-depth ratio and Shields stress.

Firstly, unperturbed simulations were conducted. We simulated the morphological evolution of a
symmetric bifurcation until equilibrium (morphology is constant in time). This was followed by a set
of simulations in which a perturbation was imposed on the symmetric equilibrium morphology. One
downstream channel was deepened and the other one was made shallower by 1 cm and the perturbed
systemwas simulated until a new equilibriumwas achieved. We analysed the depth asymmetry between
both channels as a function of time, computed as

Ψh =
h3 − h2

h3 + h2

. (4.21)

whereh3 andh2 arewater depth averaged over the tidal cycle and over the entire branch length. A stable
symmetric bifurcation is stable when the initially prescribed asymmetry decays, resulting in Ψh=0 in
final equilibrium, while the symmetric bifurcation is unstable when the asymmetry grows, resulting in
a non-zeroΨh (asymmetric bifurcation).

The sensitivity of the results to the width-to-depth ratio (w/h) was studied by varying the width of
the upstream channel at the bifurcation (w1;0), while the sensitivity to the grain related Shields stress
was studied by varying the sediment grain size between 0.06-0.5 mm. This range of bed sediment size
is within the range of observed values in tide-influenced deltas and estuaries according to observations
of several tidal systems (e.g. Buschman et al., 2013; Hoitink et al., 2017; Hu et al., 2009; Sassi et al., 2013;
Stephens et al., 2017).

Other model parameters were the morphological acceleration factor and the Chézy bed roughness
coefficient. Since morphological development is a long-term process that requires up to thousands of
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Table 4.2 Channel geometry, boundary conditions andMorFac for test simulations to study the sensitivity of
equilibrium bed toLw ,Lc ,river discharge andD50 .

test case Lw (km) Lc (km) D50 (mm) tidal amplitude (m) discharge (m3s−1) initial depth (m) w1 at bifurcation (m) MorFac U2/U0 at equilibrium

Sensitivity ofLw 15 - Inf 20 0.25

1.5

1,252 - 10,392.3
10

1,000

400 0 - 4
Sensitivity ofLc 15 20 - 40 0.25 1,252 - 710.2 220 0 - 3
Sensitivity ofQ 15 20 0.25 214.4 - 710.2 4.5 - 10 30 - 400 0 - 9
Sensitivity ofD50 15 20 0.1 - 0.4 1,252 10 200 0 - 1.7

years until the bed level achieves a morphological equilibrium, we applied a parameter morphological
acceleration factor (MorFac) to accelerate the morphological development (Lesser et al., 2004). The
MorFac value applied depended on the model settings as shown in Table 4.1 and Table 4.2. Regarding
the bed roughness, a dimensionless Chézy coefficient was applied with the value of 20 (60 m0.5s−1

in dimensional form) as typically applied in tidal systems (Guo et al., 2015; Iwantoro et al., 2020; Xu
et al., 2017). The channel configuration, boundary conditions and model settings for each simulation
are shown in Table 4.1.

4.2.3 Validation of 1D approach by comparison with 2Dmodel
The1Dmodel results for hydrodynamics andmorphodynamics were compared with a well-established
2Dnumericalmodel (Delft3Dmodel). This was done to checkwhether the 1Dmodel is able to simulate
the morphological evolution for cases that flows reverse during a tidal cycle. We therefore compared
the 1Dmodel results to a case similar as described in chapter 3. The numerical approach of the Delft3D
model can be found in Lesser et al. (2004). The grid schematization to build a bifurcation followed the
method of Kleinhans et al. (2008), in which the upstream channel was split by removing one node, or
two grid cells, in the middle of the domain, as illustrated in Figure 4.3 (see also chapter 3 for details).
For the comparison, we applied settings and forcings from the simulation with U2/U0=3, as shown in
Table 4.1 applying aw/h of 50 andD50 of 0.07mm. Thiswas a case forwhich the symmetric bifurcation
is unstable and in final equilibrium the bed levels of the two downstream channels are asymmetric.

Figure 4.3 Close up of the numerical grid near the bifurcation for Delft3D model setup.

Regarding the hydrodynamics, the tide-averaged, semi-diurnal amplitude and its overtides
(quarter- and sixth-diurnal amplitude) of water levels and flow velocities were compared for the
symmetric case. No morphological update was included for the hydrodynamics comparison to
prevent possible differences caused by different morphological evolution. The 1D results were
compared with width-averaged values of the 2D model. The 1D model and 2D model show a fairly
high correlation with r2 values above 0.97 for all tidal constituents, both for along-channel water
levels and flow velocities.

Regarding themorphodynamic evolution, the symmetric casewithout bed perturbation shows a very
similar bed level profile in both models, in which a downstream shallowing pattern occurs from the
point where the channel starts to widen (Figure 4.4a). The 1Dmodel has a bit deeper lying bed than the
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2Dmodel, but the difference is less than 1 meter. The jump in bed level between upstream channel and
downstream channels in Delft3D is due to the removal of two grid cells in the middle of the upstream
channel, which caused a sudden reduction of channel width, starting at the bifurcation. Therefore,
the bed level of the downstream channel compensates this width reduction resulting in a deepening of
both downstream channels. As this width reduction was also applied to this 1D model run it likewise
shows a sudden deepening after the bifurcation. After the bed levels of the symmetric bifurcation were
perturbed and the bed evolution was simulated till a new equilibrium was achieved (Figure 4.4b), both
models show similar bed level patterns and bed level asymmetry, in which the shallow downstream
channel deepens in seaward direction while the deep shallows, and the depth difference between both
channels is smaller downstream. While the model bed levels in the 1D model and 2D model are not
exactly the same, the differences are acceptable and are caused by the fact that 2D model allows for
variations in flow velocities and depth over the channel width. Because of the nonlinear feedbacks
between flow and bed level this results in different width-averaged bed levels in the 1D and Delft3D
model. The two models show some differences in the time series of morphological evolution of the
downstream channels near the bifurcation (Figure 4.4c). Where Delft3D results show a gradual change
until the new equilibrium, the 1Dmodel shows a fastermorphological change after 400 years. However,
both models show a similar equilibrium depth of around 2.6 m for the shallow channel and 5.8 m for
the deep one. Based on the comparison of the 1D and Delft3Dmodel we conclude that the 1Dmodel is
able to simulate the morphodynamics of tide-influence bifurcations and can be used for further study.

Figure 4.4 (a) Comparison of equilibriummorphology between the results of Delft3D (red line) and 1Dmodel
(cyan line) for symmetric bifurcation, Solid line is upstream channel and dashed lines represents morphology
in downstream channels. Bifurcation is located at x=0. (b) Same as (a), but now after a bed perturbation
in downstream channels was applied. (c) Time series of the morphological development in the downstream
channels at bifurcation after bed perturbation.

76 | CHAPTER 4



4.3 Results

4.3.1 Effect of channel width profile on equilibrium morphology of symmetric
bifurcations

The sensitivity of the equilibrium channel depth profile to the channel width profiles was simulated
for the symmetric conditions (unperturbed) for a system forced by both river flow and tides (S2
amplitude of 1.5 m). The e-folding length scale for channel width (Lw) and the position where the
upstream channel becomes straight (Lc) strongly control the equilibrium morphology of the
symmetric bifurcations (Figure 4.5a, b). Regarding the effect of Lw (Figure 4.5a), a straight channel
(Lw=inf) results in channel deepening in seaward direction, up to about 25 m at sea. This confirms
results of Leuven et al. (2021), Ragno et al. (2020) and Bolla Pittaluga et al. (2015b), who also found
that tides in straight channels cause deeper channels compared to river-dominated conditions. The
strong tidal flow downstream and river discharge upstream results in an unrealistic deepening of the
channels and larger tides result in a deeper equilibrium depth profile. When prescribing a converging
channel width profile in the seaward portion of the system, the depth profile at equilibrium has a
linear bed profile in the upstream part, until the point where the channel starts widening. The slope
has a small dependence on the value of Lw . Seaward from the straight-converging transition point
the channel starts shallowing. The converging channel width increases the tidal influence upstream
while decreasing the river-induced flow velocities, and a smaller Lw (stronger convergence) results in
a stronger tidal influence and a more pronounced shallowing of the channel at the seaward side, as is
found in many estuaries. Furthermore, a larger Lc, results in the shallowing part of the system to shift
more upstream (Figure 4.5b) while the depth at the mouth seems to be independent of Lc. The value
of Lc mainly influences the river-induced flow velocities and thereby the relative strength of tidal
currents compared to river flow. Thus, beside defining a smaller Lw , a stronger tidal influence can be
achieved by defining a channel width profile with a larger Lc.

The equilibrium bed profile is also sensitive to the prescribed initial depth (Figure 4.5c) because its
value influences the prescribed discharge upstream (Eq. 4.4). Though the same tides were imposed for
both simulations, the smallest discharge results in largest tidal influence (U2/U0 = 9, comparedU2/U0

= 3 for largest discharge) at the bifurcation and the bed profile is very different.
In contrast to the channel width profile or upstream depth, the equilibrium bed profile is insensitive

to the chosen grain size (Figure 4.5d). Thus, for the same tidal and river influence a change in grain sizes
and therefore Shields stress will result in a similar equilibrium bed profile. Similarly, the equilibrium
bed level of the symmetric bifurcations is also insensitive to the width at the bifurcation (w1;0) and
therefore width-to-depth ratio. This is because we approximated the wetted perimeter to be equal to
width of the channel, as described in Section 4.2.1. By doing this, the morphological equilibrium of a
symmetric bifurcation with the same Lw , Lc and initial depth but different channel width will be the
same. The insensitivity of the equilibrium bed profiles to w1;0 and grain size allows for a systematic
study of the stability properties of the symmetric bifurcations as a function of width-to-depth ratio and
Shields stress, while the sensitivity of the results to tidal influence can be studied by changing the width
profile or depth.

4.3.2 Stability and asymmetry of tide-influenced bifurcations
The stability of symmetric bifurcations is highly sensitive to the tidal influence in the system.
Figure 4.6a shows the neutral stability curves, indicating the transition for which symmetric
bifurcation are stable to depth perturbations (lower left-hand side of graph) and unstable (upper
right-hand side). The neutral stability curves were obtained from the model for a range of tidal
influences (indicated by U2/U0) as a function of ebb-averaged width-to-depth ratio< w/h >ebb and
the ebb-averaged grain-related Shields stress < ϑ′ >ebb averaged over the ebb phase. Figure 4.6b
shows the neutral stability curves for different ebb-averaged with-to-depth ratios as a function of tidal
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Figure 4.5 Equilibrium depth in all channels for the symmetric bifurcations for (a) different Lw with Lc = 20
km; (b) differentLc withLw = 15 km andD50 = 0.25 mm; (c) different discharge due to different initial depth;
and (d) different values of D50 withLw = 15 km andLc = 20 km. All simulations applied S2 tidal amplitude of
1.5 m. The thick solid line indicates bed profile in the upstream channel while the dashed line is in downstream
channels. The black (in (a), (b), and (d)); green; and magenta line (in (c)) are the equilibrium bed profile in river-
only conditions (without tides and straight channel) and initial condition for simulations with tides.

influence and the ebb-averaged grain-related Shields stress averaged over the ebb phase. The
averaging over the ebb phase was considered to be more suitable than tide-averaging because of two
reasons. First, ebb flow has the same flow direction as river flow and therefore the results from the set
of simulations with U2/U0<1 can be more easily compared to river-only bifurcations. Second, for the
sets of simulations with low tidal influences (e.g., U2/U0=1.7), the Shields stress is nearly zero for
several hours during rising tides. This is because the flood flow is counteracted by the river discharge.
This would result in a small tide-averaged Shields stress, while it is clear that morphological change
mainly takes place during ebb. Without the presence of tides (U2/U0=0), symmetric bifurcations are
stable in only a limited range of low Shields stress and small w/h. This is consistent with findings in
chapter 2 and in the previous studies (Bolla Pittaluga et al., 2003; Bolla Pittaluga et al., 2015a; Redolfi
et al., 2019). When forced by small tides, the range of conditions for stable symmetric bifurcations
significantly expand to a much larger width-to-depth ratio value (Figure 4.6a). The larger U2/U0 also
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results in a larger range of ebb-averaged Shields stress conditions with stable symmetric bifurcations,
up till a maximum (Figure 4.6b). However, when the system becomes more tide dominated, indicated
by the cases of U2/U0=5 and 9, the opposite behaviour occurs. The unstable conditions expand to a
much lower ebb-averaged values of Shields stress and w/h. As a result, only a limited stable regime
exists, as shown for U2/U0=5 in Figure 4 6a,b and for U2/U0=9 in Figure 4.6b.

Figure4.6 Neutral stability curves of symmetric bifurcations for a rangeof ebb-averagedgrain-related Shields
stress< ϑ′ >ebb : (a) as a function of ebb-averaged width-to-depth ratio (w/h) for U2/U0 of 0-5 and (b) as a
function of U2/U0 ; and (c) the bed level asymmetry between downstream channels in equilibrium forw/h of
50 andU2/U0 of 0-9.

Besides having a strong influence on the range of conditions for which stable symmetric
bifurcations occur, tides also reduce the final asymmetry for the unstable conditions. Figure 4.6c
shows the asymmetry in equilibrium for a range of Shields stress conditions and tidal dominance, for
w/h=50. In the river-only case, asymmetric bifurcations occur for the entire range of Shields stress
conditions, where the bed level asymmetry Ψh for higher Shields stress is close to 1, indicating a
condition in which one of the two downstream channels will be abandoned. For the case of
U2/U0=1.7, the asymmetry in unstable condition is about 50% smaller than for the river-only
situation, and a range of conditions exist in which the bifurcation is stable to depth perturbations. For
increasing tidal influence, the final asymmetry for the unstable symmetric conditions becomes
increasingly smaller. Therefore, though the unstable symmetric bifurcations expand to a lower
ebb-averaged Shields stress conditions for the most tide dominated conditions (U2/U0=5 and 9), the
final depth asymmetry shows a further reduction, with maximum values around 0.2 This results in
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bifurcations where both downstream channels continue to convey significant flow and sediment
discharge.

4.3.3 Physical mechanism determining stability of bifurcations
We analysed our simulations to study the intratidal dynamics that determine whether a symmetric
bifurcation is stable or unstable. It turned out that during ebb the asymmetry of the bifurcation
decays, while it grows during flood, as long as flow velocities during flood are above the threshold
value. We analysed the intratidal behaviour of flow, sediment transport and morphological change for
two cases that have similar hydrodynamics, but different sediment mobility due to differentD50. One
case had a stable symmetric bifurcation, while the other was unstable to depth perturbation. For the
unstable case the asymmetry decay during ebb could not compensate the asymmetry growth that
occurred during flood, while for the stable case it did. Because the asymmetry index based on the
most upstream nodes in the downstream channels (Ψh;0) behaves similarly as the asymmetry index
based on the spatial average of the bed level in each downstream channel (Ψh), focusing on what
happens near the bifurcation is sufficient.

Tides cause a time-varying sediment mobility (Figure 4.7a,b), width-to-depth ratio and Ψh;0

(Figure 4.7c,d) when U2/U0=5. It can be seen that at flood the asymmetry grows. During ebb the
asymmetry change is more variable in time, but it is mainly growing in the first part of the ebb (till
8h) and decreasing during the second part. The bed evolution in both channels ∂Qs;0

∂x
≈ ∂η;0

∂t
, shows

that erosion and deposition (positive ∂Qs;0

∂x
indicates erosion and negative ( ∂Qs;0

∂x
indicates

deposition) in both downstream channels occur simultaneously during a tidal cycle (Figure 4.7e,f),
but at different rates, explaining the change in bed-level asymmetry.

Asymmetry growth during flood
At early flood, deposition occurs in both downstream channels (Figure 4.7e,f). This is because during
this phase, flood-directed flow velocities are larger seaward than they are landward resulting in a
negative ∂Qs;0

∂x
. The bed level asymmetry grows during this phase, because in the shallow channel

deposition rate is faster than in the deep channel. Because in the deep channel the tides propagate
faster than in the shallow channel, the tides tend to arrive earlier from the deeper channel. This causes
spilling of water from the deep channel to the shallow channel (indicated by the interaction term of
flow in Figure 4.8a), decreasing the spatial gradient in flow velocities (and thereby sediment
transport) in the deep channel and increasing it in the shallow channel. This mechanism is illustrated
in Figure 4.8a, where the interaction of flow between downstream channels induces a different spatial
gradient of flow in both channels resulting in a development of bed level asymmetry. This asymmetry
growth is more pronounced for the unstable symmetric case than for the stable case because the
Shields stress is much larger for the unstable case, because of the smaller D50. After the peak flood,
the decreasing sediment mobility is followed by a decreasing deposition rate and in the late flood even
erosion occurs, followed by a few hours without morphological change because Shields stress is too
small to induce sediment transport. The same asymmetry change during flood is also found for
U2/U0=3, (Figure 4.10 in Appendix 4A) but for U2/U0=1.7 the flood flow is too weak to induce
sediment transport (Figure 4.10 in Appendix 4A). We conclude that when flood flows are large
enough to induce sediment transport, during the flood phase the bed level asymmetry grows.

Asymmetry change during ebb
During ebb, the morphodynamics in the downstream channels are determined by the sediment
division at the bifurcation. At early ebb, both downstream channels have an increasing erosion rate.
At these moment the ebb-directed flow velocities increase in seaward direction, explaining the erosive
trend. This is followed by a decreasing erosion rate and even a phase with deposition, when ebb flow
is declining (Figure 4.7e,f). However, the rate of bed level change in both downstream channels is
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Figure 4.7 Afluctuation in a tidal cycle at the beginning of the simulation after the perturbationwas imposed
(the first 50 years) for: grainrelated Shields stress (ϑ′) ((a) and (b)), bed level asymmetry at the most upstream
grid in downstream channels (x=0) ((c) and (d)), sediment transport spatial gradient in downstream channels at
x = 0 ((e) and (f )), and sediment supply and capacity difference between downstream channels ((g) and (h)) for
simulations withU2/U0=5,< ϑ′ >ebb=0.12 (left panels),< ϑ′ >ebb=0.26 (right panels), andw/h=50.

different, which explains the change in bed level asymmetry in time. The temporal behaviour ofΨh;0

during ebb can be explained by the relation between the sediment transport capacity difference
(∆Qs,cap) between both channels and sediment supply difference (∆Qs,inp) from upstream channel
to both downstream channels (Figure 4.7g,h). Qs,cap is the sediment transport capacity at the most
upstream node in the downstream channels while Qs,inp is the sediment supply from the upstream
channel to each downstream channel that is computed by the nodal point relationship. When
∆Qs,inp is higher than∆Qs,cap the bed level asymmetry between downstream channels decays, and
otherwise it grows (Bolla Pittaluga et al., 2015a; Iwantoro et al., 2021). The differences between
sediment supply and sediment transport capacity change in time during the ebb phase. At the
beginning of ebb, when Shields stress is small, ∆Qs,inp compensates ∆Qs,cap and therefore reduces
the asymmetry between downstream channels (Figure 4.7e,f). When the sediment mobility increases,
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Figure4.8 Mechanismofflowdistributionat abifurcationdue toadepthdifferencebetween thedownstream
channels (defined perturbation) during (a) flood and (b) declining ebb flow, and its effect on themorphological
development in the channels. Brown arrow indicates the symmetric flow condition when the bed level in
the downstream channels is equal. After imposing bed level asymmetry between downstream channels, flow
propagation from one downstream channel to the other (green arrow) occurs and results in a different spatial
gradient of flow between downstream channels (blue arrow).

∆Qs,cap gradually exceeds ∆Qs,inp. The more rapid increase of ∆Qs,cap is due to the nonlinear
dependence of sediment transport capacity on flow velocity. The flow velocity in deep channel is
larger than in the shallow channel, for the same reason as why it is larger during flood. As a result, the
erosion rate in deep channel is larger than in shallow channel and therefore the asymmetry between
downstream channels increases. When ebb flow declines, ∆Qs,cap decreases more rapidly than
∆Qs,inp and at some point the asymmetry starts to decay. During this phase the flow velocity in the
upstream channel is larger than in both downstream channels as the declining ebb flow is earlier
downstream. Furthermore, there is this interaction flow from the shallow to the deep channel, which
causes a relatively large supply of sediment to the deep channel (caused by the cross-channel flow
component in the nodal point relation as indicated by the interaction term of flow in Figure 4.8b).
This explains the relatively fast deposition occurring in the deep channel during this phase. The same
asymmetry change during ebb is also found for the other tidal influence conditions as shown in
Figure 4.10 for U2/U0=3 and Figure 4.11 for U2/U0=1.7 in Appendix 4A.

4.4 Discussion

4.4.1 Applicability of the 1Dmodel
In this study, a 1D morphodynamic model for bifurcations in river-dominated systems was extended
to tide-influenced systems. Unlike earlier 1D models for tide-influenced systems (e.g. Jeuken and
Wang, 2010; Zhang et al., 2014), the present 1D numerical model incorporates a nodal point
relationship for sediment partitioning at bifurcation that considers transverse sediment transport
when the sediment divides at the junction. Previous studies that used this approach were limited to
river-dominated bifurcations (e.g. Bolla Pittaluga et al., 2015a; Redolfi et al., 2019; Iwantoro et al.,
2021), or small tidal influence (Ragno et al., 2020) in which tides induce a changing flow magnitude
but no change in direction (U2/U0<1). In this study we developed the approach further to allow the
nodal point relationship to be applied in tide-influenced systems in which the flow magnitude and
direction can differ in each connected channels and change through time. As a result, this model can
be applied for a wide range of tide-influenced conditions. We have shown that the outcome of the 1D
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model results in a similar morphological development as with a 2D model but requires a much
shorter simulation time at less computational cost. Therefore, this model is more suitable to
investigate a long-term morphological development at the scale of tidal deltas. Furthermore, in this
study we base our conclusions on 800 simulations, while the findings in chapter 3 were based on 13
simulations. By having more simulations, a wider range of sediment mobility, width-to-depth ratio,
and tidal influence than in chapter 3 were investigated. As a result, in contrast to the study conducted
in chapter 3, this study found stable symmetric bifurcations with considerable tidal influence.

This study applied a new approach to compute sediment distribution at a bifurcation in unsteady
flow conditions and can be applied in tide-influenced situations. It was assumed that the bed-slope
driven sediment transport component can be scaled by the bed level differences between the different
branches that connect at the junction and that it can immediately adapt when flow conditions change.
However, in reality it may take time for this bedslope to develop, because it originates from a bar that
develops at the junction (Redolfi et al., 2016; Salter et al., 2017). The comparison of the 1Dmodel with
the Delft3D simulations shows that this simplified approach works well, but further study is needed
whether this is related to the fact that most of the time the flow was in a bifurcation condition in which
water was flowing from the upstream channel to the two downstream ones as shown in Figure 4.9. The
bifurcation condition at which the water flows from one of the downstream channels to the other two
channels occurs when the depth between downstream channels is asymmetric and is limited to the
transition between ebb and flood (shaded area in Figure 4.9). In this limited duration, the flow is small
and therefore the sediment transport as well. When a situation occurs in which for a large portion
of the tidal cycle water and sediment are flowing from one of the downstream channels to the other
two channels also 3D flow effects can possibly be important, because the bifurcation angle is then very
large. A vertical flow variation (3D effect) as presented, for instance, in Marra et al. (2014) and Lane
et al. (1999) could become significant. However, in the 1D numerical model, this 3D effect is not taken
into account (e.g. Kleinhans et al., 2012; Bolla Pittaluga et al., 2015a; Ragno et al., 2020). Field data is
required for further study of the 3D effects in 1D models for tide-influenced bifurcations.

4.4.2 Comparison with previous findings
The wider range of conditions for stable bifurcations for weak tidal influence systems as shown in this
study were also found by Ragno et al. (2020). They proposed that the more stable symmetric
condition occurs because fluctuation of tidal flow deepens the downstream channels and therefore
reduces the imposed asymmetry between downstream channels. The deepening of the channels also
causes the w/h ratio to become smaller, favouring stability. While we also found that channel
deepening occurs during ebb flow, we found that the morphological asymmetry development in an
ebb cycle is due to the changing dominance of sediment transport capacity and supply difference
between the downstream channels. This study also confirms the finding in chapter 3 that the
equilibrium asymmetry of bifurcations is lower for systems with more tidal influence. As a result, the
unstable symmetric bifurcations would not lead to abandonment of one downstream channel as often
found in river-dominated systems, but instead asymmetric bifurcations can exist in a wide range of
conditions. This is consistent with observations in tide- influenced deltas, such as by Kästner and
Hoitink (2019). It is interesting to note that predicted equilibrium asymmetry for U2/U0>5 is in the
order of 0.2 or even smaller. This implies that both channels will convey a considerable part of the
tidal prism, river discharge and sediment transport, which has long-term ramifications for symmetry
of delta progradation. In a purely fluvial situation with full channel avulsions, the delta only prograde
around the mouth of active branches, but with tidal flows keeping both branches active, delta
progradation would be more widespread and continuous.

The depth difference between downstream channels in the asymmetric bifurcations causes a partial
tidal propagation from the deep channel to the shallow channel, as explained in the results section.
This mechanism was also observed by Wagner and Mohrig (2019) in Wax Lake Delta where the tidal
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Figure4.9 Intratidal behaviour of flow (u) andgrain-related Shields stress (ϑ′) at thebifurcation in all channels
for asymmetric equilibrium condition of 1D model and Delft3D comparison. The shaded area indicates the
transition period between ebb and flood atwhich flow (1)merges from the downstream and upstream channel
to the other downstream channel (indicated by negative (flood-direction) u in the deep downstream channel,
and positive (ebb-direction) u in the upstream and the shallow downstream channel) and (2) divides from one
downstreamchannel to the theother two channels (indicatedbypositive u in the shallowdownstreamchannel,
and negative u in the upstream channel and the deep downstream channel). The dashed-dotted line indicates
the critical Shields stress for sediment transport.

phase difference between downstream channels has caused a tidal propagation from one downstream
channel to the other. Besides the phase difference they also observed a larger tidal flow amplitude in the
channel that has the earlier tides as also shown in ourmodel (Figure 4.12 inAppendix 4A). According to
Chapter 3, the tidal propagation from one downstream channel to the other can lead to a development
of subtidal trench at the bifurcation that connects the two downstream channels. This deepening at the
bifurcation and tendency to keep both downstream channels open has also been observed in the Berau
River Delta (Buschman et al., 2013).

While many tide-influenced channel networks exist without significant intertidal areas, many others
do have extensive intertidal areas (Bain et al., 2019; Hiatt and Passalacqua, 2015). The presence of tidal
flats could significantly change the asymmetry between flood and ebb flow. A larger tidal flat area in
tidal systems generally leads to amore ebb-dominated condition (Pethick, 1980). This study has shown
that flood flow increases the asymmetrical morphology between downstream channels. Defining tidal
flats in the model may therefore reduce the influence of flood flow on the morphological development,
which could lead to a broader range of conditions in which symmetric bifurcations are stable and a
lower asymmetry between downstream channels for unstable symmetric conditions.

4.4.3 Future directions
This study showed the effects of tides and proposed an explanation of the physical mechanisms that
determine the morphological evolution of tide-influenced bifurcations, but future studies are still
required to explain other important effects that could be important for the stability and asymmetry of
tide-influenced bifurcations. We propose several promising research directions.

First, human interventions can significantly disturb the morphodynamics of tide-influenced
bifurcations in deltas. Globally, deltas with their distributary channels have high ecological and
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economical values and are the centre of populations (Ericson et al., 2006; Syvitski and Saito, 2007).
Engineering works such as dredging-dumping activities for navigation, e.g. in the ebb-flood channels
of the Western Scheldt in the Netherlands (Jeuken and Wang, 2010) and the construction of short-cut
channel between downstream branches of bifurcations could significantly influence the
morphodynamics of these systems. Jeuken and Wang (2010) have, for example, shown that the
equilibrium depth asymmetry between downstream channels can depend on the magnitude of the
imposed initial perturbation. However, in their study the presence of transverse sediment transport at
bifurcations that can compensate the asymmetry growth was not applied yet. This raises the questions
whether transverse transport at a bifurcation can compensate the imposed asymmetry and whether
there is a critical asymmetry threshold above which it cannot compensate the initial perturbation.

Second, sea level rise is important to the morphodynamics of bifurcations, especially in
tide-influenced deltas. It changes tidal amplitude, tidal asymmetry and therefore the morphological
response in the estuaries and deltas (Leuven et al., 2019; Prandle and Lane, 2015). Important
questions are how and why sea level rise will affect the stability of bifurcations and their asymmetry.
The deepening of the channel due to sea level rise increases the flood dominance (Wang et al., 2002)
and different deposition rates in both downstream channels during flood, as shown in this study, may
increase the asymmetry of the bifurcations. However, the morphological response during flood also
depends on the relative importance of flood flow over ebb flow after sea level rises, so the effect is not
clear yet.

Third, implementing movable channel banks in the model could further improve our knowledge
about the morphodynamics in tide-influenced bifurcations. In tidal systems, tides induce
morphological changes of the banks, resulting a converging channel width (as hypothesised in
Savenije (2015)). This converging channel width provides feedback to the tidal propagation and
affects the deformation of tides along the estuaries. In this study, the converging channel width was
imposed. The effect of movable banks on tide-influenced bifurcations is unknown. However, effects
of movable river banks in river dominated bifurcations were studied by Kleinhans et al. (2011) and
Miori et al. (2006). They found that the unstable conditions for river bifurcations expand when the
movable riverbanks are allowed in the model. This raises the question whether such an approach can
be implemented in tide-influenced systems and whether this results in the same behaviour as in
river-dominated systems.

Fourth, in the model the transverse transport of suspended sediment at bifurcation is only driven
by cross-channel flow, while in nature a diffusive transverse suspended load could also occur due to
a transverse bed slope (Baar et al., 2018; Hepkema et al., 2019). This transverse suspended sediment
transport could oppose the asymmetric morphological development between downstream channels
during flood and ebb may lead to a wider range of conditions for where symmetric bifurcations are
stable than presented in this paper. Besides, this mechanism may also result in a smaller bed level
asymmetry for unstable symmetric bifurcation.

Lastly, many deltas in the world have complex channel networks formed by several junctions, such
as in Mahakam Delta, Rhine-Meuse Delta and Mekong River Delta. Our model results suggest that
tidal channel networks with two active channels are not ephemeral systems that develop slowly
towards asymmetry and abandonment but are in a stable condition. The more complex settings with
more than two channels may lead to a significant asymmetric tidal propagation throughout the
system. For instance, a length difference between downstream channels would impact the
propagation of the tides and will result in differences in tidal flow velocities between channels.
Furthermore, while we prescribed the same phase for the tides at the downstream boundaries, in
reality both amplitude and phase can be different. We did not study these kind of externally forced
asymmetries in this paper. The results in chapter 3 showed that increasing tidal influence will reduce
the bed level asymmetry due to a length difference between downstream channels. They also showed
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that a larger difference in tidal amplitude or phase prescribed at the two downstream channels results
in a less asymmetric bifurcations. Simulating the hydrodynamics in the entire Mahakam Delta, Sassi
et al. (2011) found that bifurcations closer to the sea have a higher tidal influence and have a less
asymmetric tide-averaged discharge division between downstream channels. In contrast, using a
series of simulations with a single, schematic bifurcation, Buschman et al. (2010) showed that tides
increase this discharge asymmetry. This indirectly suggests that, beside affecting the flow
distribution, the morphodynamics of bifurcations in a complex channel network may influence each
other and induce an effect that cannot be captured by studying a single bifurcation. This leads to an
open question whether the morphodynamics of an individual bifurcation in tide-influenced channel
networks are influenced by the morphodynamic evolution of the other bifurcations.

4.5 Conclusions

Using a schematized bifurcation in a one-dimensional numerical model, this study showed the effects
of tides on the stability and asymmetry of bifurcations in the range of river- to tide-dominated
conditions and explained the mechanisms behind the effect of tides. We extend previous studies,
which either focused on weak tides or were limited to few simulations, to tide-dominated conditions
and explored a much larger parameter space. Compared with river-dominated systems, tides extend
the conditions for which stable symmetric bifurcations can occur in mixed fluvial-tidal dominated
systems, as long as the flood flow hardly drives morphological change. For these systems, the
asymmetry change is determined by the ebb flows. For increasing tidal dominance, the smaller river
discharge relative to the tidal discharge results in smaller peak ebb velocities and longer periods with
low sediment mobility, and thereby cause symmetric systems to be stable. When tidal influence is
increased above a certain optimum, the range of conditions for which symmetric bifurcations are
stable becomes smaller again. We find that during flood the asymmetry grows. When the flood flow
magnitude becomes comparable to the ebb flow magnitude, the asymmetry growth that occurs
during flood cannot be compensated anymore during the ebb phase, and the bifurcation becomes
unstable. However, although stronger tidal influence results in a more likely asymmetric development
of the bifurcation, the final morphodynamic equilibrium becomes increasingly less asymmetric,
confirming earlier findings. This keeps both downstream channels open and therefore prevents the
tendency of abandonment of a downstream channel in tide-influenced bifurcations.
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4.6 Appendix 4A

4.6.1 Additional figures: Mechanisms that induce morphological development in
downstream channel

Figure 4.10 and Figure 4.11 shows that the asymmetric development between downstream channels
depends on the sediment transport fluctuation in the downstream channels for simulations with
U2/U0=3 and U2/U0=1.7, respectively. For the different tidal influence the most significant
difference is during flood where the sediment mobility is larger for larger tidal influence
(Figure 4.10a,b and Figure 4.11a,b). This also causes a larger asymmetric development during this
phase (Figure 4.10c,d and Figure 4.11c,d) due to a larger morphological change (Figure 4.10e,f and
Figure 4.11e,f). Meanwhile during ebb a similar asymmetry development occurs for different tidal
influence that is mainly due to the relation between ∆Qs,inp than ∆Qs,cap (Figure 4.11g,h) where
∆Qs,cap is dominantly due to the asymmetry of tidal flow (Figure 4.12).

Figure 4.10 Same figure as Figure 4.7 for U2/U0=3 at< ϑ′ >ebb=0.15 (right panels), and< ϑ′ >ebb=0.25
(left panels).
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Figure 4.11 Same figure as Figure 4.7 forU2/U0=1.7 at< ϑ′ >ebb=0.15 (right panels), and< ϑ′ >ebb=0.45
(left panels).

88 | CHAPTER 4



Figure 4.12 Tidal amplitude and tide-averaged flow velocity difference between deep and shallow
downstream channel (∆U2 and∆U0 , respectively) along the channels for (a) stable and (b) unstable symmetric
bifurcation at the beginning of simulation after perturbation was imposed (the first 50 years with U2/U0=5,
< ϑ′ >ebb=0.12 (left panels),< ϑ′ >ebb=0.26 (right panels), andw/h of 50.
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4.6.2 Notation

< ϑ′ >ebb ebb-averaged grain-related Shields stress at bifurcation in upstream channel
< w/h >ebb ebb-averaged width-to-depth ratio at bifurcation in upstream channel
A cross section area of the channel
ak tidal amplitude
C total Chézy coefficient
C grain-related Chézy coefficient
D50 median diameter of sediment
g gravitational acceleration
h water depth
Lc upstream distance from bifurcation where upstream channel width is funneling
Lw e-folding length scale for width
P wetted perimeter of the channel cross section
p sediment porosity
Q water discharge
Qbedl bedload flux
Qbedl,y transverse bedload flux at bifurcation
Qs total sediment load
Qs,cap sediment transport capacity
Qs,inp sediment supply from upstream channel to downstream channels
Qsusp suspended load flux
Qsusp,y transverse suspended load flux at bifurcation
Qy transverse water discharge
r empirical constant for transverse bed slope effect
S channel slope
Tk tidal period
t time
U0 tide-averaged flow
U2 tidal flow amplitude
w channel width
ws sediment settling velocity
x spatial coordinate in streamwise direction
y spatial coordinate in transverse direction
z water level
α dimensionless length of the region under bifurcation influence
∆Qs,cap sediment transport capacity difference between downstream channels
∆Qs,inp sediment supply difference between downstream channels
η bed level
ϑ total Shields stress
ϑ′ grain-related Shields stress
µ efficiency factor for grain-related Shields stress
ξ Nikuradse roughness length related to the bedform
ρs sediment density
ρw water density
φk tidal phase
Ψh asymmetry index of along channel- and tide-averaged depth between downstream channels
Ψh,0 asymmetry index of tide-averaged depth between downstream channels at bifurcation
ωk tidal frequency
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Delta: a channel network consisting of multiple
bifurcations

Abstract

Abstract Mahakam River Delta in Indonesia is a typical example of a mixed fluvio- and tide-influenced
river delta with a distributary channel network. The channels are connected at bifurcations where each
upstream channel splits into two downstream channels. In such systems, the sediment distribution at the
bifurcations determines the morphological development in the downstream channels. Furthermore, the
tides, that drive unsteady flows in the network, induce a periodically changing sediment distribution at
the bifurcations. This makes the morphological development of the delta more complicated than of
river-dominated deltas. This study investigates how multiple tide-influenced bifurcations in the channel
network affect the morphodynamics of the delta and whether the number of channels in the delta affects
the morphological equilibrium of the entire delta. A channel network, inspired by the Mahakam Delta,
was set up in a one-dimensional numerical model and simulations with different complexity of channel
network were conducted. We found that, for a uniform initial bed level in convergent channels, the
number of channels in the delta networks does not affect equilibrium channel morphology. We also
found that in the case where the system has multiple bifurcations, imposing an initially different bed level
in channel pairs downstream of bifurcations affect the morphological development of the entire delta and
triggers asymmetric development of other bifurcations. Moreover, this enlarges the channels: the
asymmetric condition increases the summed cross-sectional area of the channels along the delta. Unlike is
common in river-dominated deltas, tides prevent channel abandonment in the shallowing channels while
the other channels deepen, because tides reduce the difference between downstream bed elevations and
keep both channels open. Since the morphological equilibrium of delta networks depends on the
interaction among the channels, the more channels in a delta increase the possible equilibrium conditions
that will occur due to the different initial conditions of the morphology.
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5.1 Introduction

5.1.1 Background
Tide-influenced river deltas tend to be characterized by distributary channel networks with increasing
numbers of downstream channels. The morphodynamics of tide-influence river deltas are mainly
driven by the upstream river flow and by tidal propagation from the sea. In these systems, river flow
and sediment transport through the delta are distributed mainly by bifurcations. Hence, bifurcations
are the main factor determining morphodynamic development of each channel. As the studies in
chapter 3 and chapter 4 showed, tides can have a stabilizing influence on bifurcations and induce less
asymmetry, i.e. less of a difference in bed levels between the two downstream channels. However,
these studies were based on a river network with one bifurcation only: one upstream channel that
splits off into two downstream channels. However, many tide-influenced deltas have channel
networks with multiple bifurcations, which begs the question whether tides influence a multi-channel
network differently than a single bifurcation. Using the Mahakam Delta as a case study, we studied
how the asymmetric evolution of one bifurcation system in a delta influences the other bifurcations.
In terms of hydrodynamics, Sassi et al. (2011) found that in the Mahakam Delta the tide-averaged
discharge asymmetry is smaller at the bifurcations further downstream, where tidal influence is
bigger. These findings contradict Buschman et al. (2010)’s two-dimensional, idealised-model results
of a single-bifurcation system, which showed that the tide-averaged discharge asymmetry at the
bifurcation increases with increasing tidal influence. This raises the question whether the
contradictory results are caused by the presence of multiple bifurcations in the channel network.

In this chapter we investigate how multiple tide-influenced bifurcations affect the
morphodynamics within a delta and whether the number of channels in a delta influences the
morphological equilibrium of the entire delta. We applied the one-dimensional (1D) numerical
model from chapter 2 and chapter 4 to the Mahakam Delta (Figure 5.1). Although a 1D model will
not yield detailed hydrodynamic and morphological features, as 2D and 3D models do, applying a 1D
model has proven useful for systematically investigating complex channel networks, such as braided
rivers (Howard et al., 1970), anastomosing rivers (Kleinhans et al., 2012) and river-dominated deltas
(Salter et al., 2020), especially for studying morphodynamics at centennial or millennial time scales.

5.1.2 Study area
TheMahakamDelta was formed by alluvial deposits from theMahakamRiver into theMakassar Strait.
TheMahakam is one of the largest rivers in Indonesia with a catchment area of 77,100 km2 (Hidayat et
al., 2011) and a total channel length of about 900 km (Sassi et al., 2011). The delta has a very mild slope,
allowing for tidal water level fluctuations up to 150 kilometres inland from the river mouth (Hidayat
et al., 2011). In this tidal limit area, the river is connected to a lake which acts as a buffer for the
river flooding upstream from the delta region (Hidayat et al., 2012). Kalimantan Island has a tropical
climate with a dry season (May to September) and a wet season (October to April), which affect the
river discharge in the delta, but the variation in discharge is reduced by the buffering lake. The annual
mean discharge is estimated at about 3,000m3s−1 (Allen and Chambers, 1998) with the peak discharge
during the wet season at around 5,000 m3s−1 (Sassi et al., 2011). Two kilometres upstream from the
delta apex (red star in Figure 5.1) is the Port of Samarinda, one of the biggest ports in Kalimantan
for both container and passenger transport. The southern channels of the MahakamDelta are dredged
every year tomaintain the depth of the shipping fairways that connect the port to the sea. These dredged
channels are represented by solid white lines in Figure 5.1.

The Mahakam Delta has a fan-shaped distributary network and can be classified as a mixed
fluvial-tidal delta (Galloway, 1975). The typical tidal regime in this delta is mixed, mainly semidiurnal
(Indonesian Ministry of Transportation, 2021). During spring tides, the tidal range is between 1.8 and
2 m, while during neap tides, it ranges from 0.6 to 0.7 m (Indonesian Ministry of Transportation,

92 | CHAPTER 5



Figure 5.1 The Mahakam Delta in Kalimantan Island, Indonesia. The red dot in the inset shows where in
Indonesia the delta is located. The solid white line indicates the shipping fairways through theMahakamDelta.
(Source: Google Earth©)

2021). At the delta apex, which is currently located about 35 km from the coastline, the river splits
into two main distributary systems. One of these runs northeast and the other southeast. The
southeastern distributary has a more complex channel network than the northeastern branch (see
Figure 5.1). All the channels have diverging width downstream, as is common in tide-influenced
channels (Friedrichs, 2010; Savenije, 2005). The channels are typically between 2 and 15 m deep, with
the deepest end near bifurcations and the shallowest end near the river mouth. Neither channel
migration (Allen et al., 1976) nor avulsion (Storms et al., 2005) occur in this delta, so the channel
network has remained fixated for millennia. Channel sediment deposits in the Mahakam Delta
consist of medium to fine sand with sediment sizes ranging from 0.2 to 0.3 mm, and of mud with
sediment sizes smaller than 0.062 mm Gastaldo et al., 1995; Pham Van et al., 2016; Sassi et al., 2011.

5.2 Methodology

To study the multiple bifurcations in this delta, we used the 1D model presented in chapter 4. This
model solves the Saint-Venant equations for hydrodynamics, van Rijn (1984a) and van Rijn (1984b) for
sediment transport, the Iwantoro et al. (2021) and Iwantoro et al. (2022) approach for sediment division
at the junctions under bifurcation conditions and the Exner equation for morphological development.
chapter 2 and chapter 4 describe this model in more detail. Below is a description of the model set-up
and schematizations for this chapter’s study.

5.2.1 Defined cases
The Mahakam Delta channel network was simplified into three cases, based on the number of
bifurcations in the channel network system. First, a 0-bifurcation case simulated a single channel
estuary by merging all the channels of the Mahakam Delta into one channel. Second, a 1-bifurcation
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case simulated a system with a single bifurcation, where the Mahakam River split into two
downstream channels at the delta apex (Figure 5.2a). The width of each distributary was based on the
summed width of the channels at a certain distance from the apex, which is the same as the 0-
bifurcation channel’s width. Each downstream channel was simplified based on the distributaries
divided at the delta apex (represented by a red and white line in Figure 5.2b). Third, a 3-bifurcation
case simulated a channel network with three bifurcations (Figure 5.2c). The approach was similar to
the 1-bifurcation case, but here another downstream bifurcation was added to each channel.
Figure 5.2d shows the steps by which the Mahakam distributaries were simplified into the channels
used in the model. The 3-bifurcation case was included to investigate how one bifurcation in a large
network can influence the morphological development of other bifurcations and therefore the entire
system.

Figure 5.2 Schematization of the Mahakam Delta and the forces applied at open boundaries for (a) the 1-
bifurcation case and (b) the 3-bifurcation case. The channels were defined based on the simplification of
colorized channels for (c) the 1-bifurcation case and (d) the 3-bifurcation case.

5.2.2 Channel schematization
In the 0-bifurcation case, the width of the channel was assumed to remain constant for the upper 80
km, and widen along the lower 34.5 km. The transition from straight to widening channel is assumed
to take place at the delta apex. The upstream section was defined as 1,240 m wide, based on the width
of the Mahakam River near the apex at mean sea level as derived from a dataset collected by the
Indonesian Navy (Pusat Hidro-Oseanografi Angkatan Laut (Pushidrosal)). The channel is assumed to
widen exponentially downstream by applying the following expression
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w(x) = w0e
x/Lw (5.1)

where w0 is upstream channel width and x is the local coordinate along the channel, where x = 0 at
the apex and positive downstream. Lw is the e-folding length scale for width with a value of 10.6 km.
The Lw value was obtained by measuring and fitting the summed width of all main channels from the
river mouth to the apex based on the Pushidrosal dataset. Themain channels that were included in the
measurement are coloured in Figure 5.2c,d. The river mouths in which the width measurement was
started are shown in red in Figure 5.3a. In defining the channel length from sea to apex, we needed
to take into account that each river mouth in the delta is at a different distance from the apex and
that there are many channel pathways whose distances needed to be measured. We therefore defined a
polar coordinate system with its centre at the delta apex and its perimeter running along the distal of
the delta as shown in Figure 5.3b. The channel length was defined as the radial distance from the centre
to the perimeter. By taking this approach, we neglected any channel meandering and length differences
between channels. This could be another variable to be investigated in a different study. Table 5.1 shows
a summary of the channel configuration for the 0-bifurcation case.

Figure 5.3 The Mahakam Delta overlaid by (a) the sea boundary locations (solid red line) and (b) a virtual
circle (solid black line) with the delta apex at the centre and the delta’s distal zone as the edge for measuring
the distance from the apex to the sea, for the settings with symmetric length.

In both the 1-bifurcation case and the 3-bifurcation case, the upstream channel (Channel 1 in
Figure 5.2) was defined to be the same as the upstream part of the channel in the 0-bifurcation case:
straight, 1,240 m wide, 80 km long. The differences were in the distributaries only. In the 1- and
3-bifurcation cases, the channel divides flux equally at all bifurcations. Hence, the width of the
bifurcates is half of their upstream channel width. This simplification was applied to avoid any effect
of channel width difference between bifurcates on the morphological development of each
bifurcation. Except for the upstream channel, all channels widen exponentially downstream from the
apex to the sea by applying Eq. 5.1. For each channel, w0 in Eq. 5.1 is the channel width furthest
upstream. By applying these settings, the summed width of the channels along the delta and the
distance from the apex to the sea are identical to the 0-bifurcation case. This means that the
morphological development in the different cases can only be affected by the number of channels in
the system, which is what this study was designed to investigate.
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Table 5.1 The boundary conditions and parameter settings for all simulations.

case
channel
name

length
(km)

width at bifurcation
(at apex for Case 0)

(m)

e-folding
length scale

(km)

tidal
amplitude

(m)

river
discharge
(m3s−1)

channel
slope

0-bifurcation channel 1 114.5 1,239.66 10.76

0.55 3,500 1x10−5

1-bifurcation
channel 1 80 1,239.66 Inf.
channel 2 34.5 619.83 10.76
channel 3 34.5 619.83 10.76

3-bifurcation

channel 1 80 1928.53 Inf.
channel 2 15.5 619.83 10.76
channel 3 3.75 619.83 10.76
channel 4 19 1,308.7 10.76
channel 5 19 1,308.7 10.76
channel 6 30.75 439.14 10.76
channel 7 30.75 439.14 10.76

For the 1- and 3-bifurcation cases, two types of runs were performed. The first run was performed
by initializing a uniform depth profile for all the channels (symmetric condition) and running the
model until the equilibrium morphology was achieved. The final bed level from the first run was
applied to simulate the second run. For this run, the equilibrium morphology was perturbed. In the
1-bifurcation case, the symmetric condition was perturbed by shallowing Channel 2 and deepening
Channel 3 by 10 cm. In the 3-bifurcation case, the perturbation was applied in three different ways:
by shallowing Channel 6 and deepening Channel 7 (hereafter: south perturbation), by shallowing
Channel 4 and deepening Channel 5 (hereafter: north perturbation), and by combining both
perturbations (hereafter: north-south perturbation). All deepening and shallowing had an amplitude
of 10 cm. The perturbations were used to study the stability of the symmetric cases and possible
interactions between the bifurcations.

5.2.3 Boundary conditions and parameterizations
The model was driven by river discharge from the upstream boundary and tides from the sea
boundaries. The river discharge was based on the upstream channel properties.

Q = wCh
√
ghS (5.2)

where w is channel width, h is channel depth, g is gravity and S is the initial channel slope. C is the
nondimensional Chézy coefficient with a value of 20 (equivalent to about 60 m0.5s−1 for the
dimensional Chézy), which is a typical value for tidal systems (e.g. Davies and Woodroffe, 2010;
Fagherazzi and Furbish, 2001; Lanzoni and Seminara, 1998). In all simulations, the channel had an
initial slope of 1x10−5 (Sassi et al., 2011). Using Eq. 5.2, the river discharge was 3,500 m3s−1 which is
within the range of the Mahakam Delta’s annually averaged discharge and its wet period discharge
(3,000-5,000 m3s−1) (Allen and Chambers, 1998; Sassi et al., 2011). Hence, the upstream depth was 6
meters. To define tides, the model requires the amplitude and phase data of the tidal components at
the sea boundaries. In this study, we only imposed the most dominant tidal component in the
Mahakam Delta, namely the semidiurnal tide M2, in order to isolate the system from the effect of
periodic tidal range variation on the morphological development caused by multiple tidal
components. The M2 amplitude at the downstream boundaries was set at 0.55 meters (Sassi et al.,
2011) and the tidal phase was assumed to be equal at all downstream boundaries. Table 5.1. shows the
boundary conditions.

Regarding sediment properties, Sassi et al. (2011) observed that the Mahakam riverbed mainly
consists of fine to medium sand (0.2-0.3 mm). This sediment size is transported mainly as bedload,
while the fine-grained sediment in the system (<0.062 mm) is transported largely as suspended load
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(Pham Van et al., 2016). Since the model can only define a single medium grain size (D50), we ran all
simulations in Table 5.1 twice, each with a different sediment size. These two sets of simulations were
defined to analyse whether the coarse and fine sediment contributed to the system’s morphodynamics
and if so, how. We first applied a medium grain sizeD50 of 0.25 mm, since this is within the range of
sand sizes observed by (Sassi et al., 2011) in the Mahakam Delta. Then we applied a finer grain size
than observed in the Mahakam Delta (D50 = 0.1 mm) to analyse the effect of finer-grained sediment
on the morphodynamics in the system.

The channels were discretized with a 250-meter spatial step (∆x) and a 5-minute time step (∆t).
Since morphological time scales are much longer than hydrodynamic time scales, we used an
acceleration factor of 50 (Lesser et al., 2004) for morphological change (MorFac). This value is in the
range used in our other 1D model studies (see chapter 2 and chapter 4 as well as in Delft3D
simulations (e.g. Iwantoro et al., 2020; Roelvink, 2006; Van Der Wegen and Roelvink, 2008). We
checked numerical stability and we checked that the results were not sensitive to the MorFac value.
For all simulations, the bed levels of all channels and the morphological asymmetry of all bifurcations
were analysed (calculated by Eq. 4.21 in chapter 4), and simulations were continued until a
morphodynamic equilibrium was achieved. Morphological equilibrium is reached when
morphological development ceases. The morphological time scale required to achieve an equilibrium
is different for each simulation, depending on how much the initial morphology differs from the
equilibrium morphology.

5.3 Results

5.3.1 Unperturbed runs
Figure 5.4 shows the equilibrium bed levels for all unperturbed cases. All cases showed very similar
bed level profiles. In the upstream channel (or the upstream section of the channel in the
0-bifurcation case) where the channel is straight, the bed level gradually deepened downstream, and
the equilibrium bed level was deeper than the initial bed level. The downstream widening of the
channel, from the delta apex toward the sea, resulted in a shallowing of the downstream bed level
profile. This profile is consistent with the available bed level data from the Mahakam Delta’s north
distributary, which is unperturbed by engineering activities, and shows the shallowest depths near the
river mouths and a gradual increase of bed level upstream. The measured bed levels were obtained
from Indonesian Ministry of Transportation (2021) and were averaged over the width. Compared to
the north distributary data, the bed level dataset from the south distributary shows a more uniform
depth, because the main channels of this distributary are regularly dredged to maintain the shipping
fairways (Indonesian Ministry of Transportation, 2021). The measurements also show much more
spatial variability and the presence of deep sections near the bifurcations (Sassi et al., 2011). Still, the
modelled bed levels were within the range of the observed bed levels, with the exception of the most
seaward 20 km of the estuary where the observed bed levels tended to be a bit deeper than the
modelled ones. Given the simplified width profile compared to the real situation, we concluded that
the comparison was satisfactory and usable for the second set of models.

The modelled M2 water level profile along the channel in the unperturbed equilibrium for the
3-bifurcation case was compared with the dataset obtained from Indonesian Ministry of
Transportation (2021) (Figure 5.5a). This dataset was based on a fortnightly water level measurement
at four locations in the delta on 17-31 August 2014, as shown in Figure 5.5b. Table 5.2 shows the M2

water level amplitude values from the dataset and the model results. Without an imposed
morphological asymmetry or perturbation, the spatial pattern of the modelled M2 water level
amplitude looks similar to the observed water levels and ranges from 0.4 to 0.5 m. The model
generally captures the gradual decreasing trend upstream also visible in the observations, but
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Figure 5.4 Equilibrium bed level profile along the channel for all unperturbed cases; their initial bed level;
and the observed width-averaged bed level from the Mahakam Delta’s north and south distributaries. The
bifurcation locations are represented by a dashed line, where bif45 is the bifurcation that splits Channel 2 into
Channels 4 and 5 and bif67 is where Channel 3 splits into Channels 6 and 7.

underestimates the M2 water level amplitude at Samarinda and Tanjung Dewa. This could be caused
by the friction coefficient variation along the channel in the Mahakam River and the simplification of
the channel geometry applied in the model, such as width variations, too shallow water depths at the
river mouth and the absence of stratification effects due to salinity differences.

Figure 5.5 (a) Comparison of M2 water level amplitude in the 3-bifurcation case at symmetric (unperturbed)
equilibrium morphology with the data obtained by observation at four locations in the Mahakam Delta
(Indonesian Ministry of Transportation, 2021) and (b) the locations of the measurements.

5.3.2 Equilibrium bed level for perturbed runs
The equilibrium bed level in the 1-bifurcation case was perturbed by shallowing one downstream
channel and deepening the other one. The simulation was continued until a morphodynamic
equilibrium was reached. The initial asymmetry increased, and the final bed level asymmetry was
much greater than the initial perturbation. This indicates that the symmetric bifurcation is unstable.
Furthermore, the final equilibrium morphology was asymmetric for both grain sizes studied
(Figure 5.6). The initially shallow channel (Channel 2) became much shallower than 5 meters, while
Channel 3 became deeper, and deepest at the apex (almost 20 m deep). Although the bed level was
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Table 5.2 M2 water level amplitude at four locations in the Mahakam Delta, shown in Figure 5.5b, from the
dataset provided by Indonesian Ministry of Transportation (2021) and model results.

locations
M2 water level amplitude (m)

measured model results (unperturbed)
Muara Pegah 0.55 0.54
Tanjung dewa 0.51 0.40
Samarinda 0.48 0.41
Tenggarong 0.48 0.48

asymmetric, both channels showed maximum depth near the bifurcation and gradually shallowed
downstream. Interestingly, the bed level in both channels became more similar near the sea
boundaries and similar to the depths in the unperturbed simulation. This is because the
hydrodynamic conditions near the sea boundaries are strongly tide-influenced and the tidal
amplitude in both channels is the same. This results in a similar morphological equilibrium which is
insensitive to the initial condition. Also note that the upstream channel is deeper in the asymmetric
equilibrium than in the unperturbed, symmetric case.

Figure 5.6 Equilibrium bed level for 1-bifurcation case in unperturbed (solid and dashed red lines) and
perturbed simulations, for the coarse (0.25 mm) grain size run (solid and dashed blue lines) and the fine (0.1
mm) grain size run (solid and dashed magenta lines).

Figure 5.7 shows the equilibrium bed level for the 3-bifurcation case in which the branches furthest
downstream were perturbed. In all variations of this case, the asymmetry increased, and the
symmetric case turned out to be unstable. The growing asymmetry between the two downstream
branches also induced asymmetry of the bifurcation at the delta apex and caused the equilibrium bed
level in the upstream channel (Channel 1) to deepen. Similar to the 1-bifurcation case, the bed level
asymmetry between each bifurcation’s channels was greatest close to the bifurcation and significantly
less downstream, particularly near the sea boundaries.

The initial depth difference between Channel 6 and Channel 7 (south perturbation in Figure 5.7a)
resulted in a growing asymmetry between the two channels. The deep channel (Channel 7)
overdeepened, to a maximum of about 30 m near the bifurcation, while the equilibrium depth in the
shallow channel (Channel 6) was about 5 m. Furthermore, Channel 3, which is directly connected to
the perturbed south branches, became much deeper than Channel 2 (north branch), while the
shallowing occurred through the entire north distributary. However, although Channels 4 and 5 both
shallowed, their bed levels were the same, because in this case there was no trigger that would induce
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Figure5.7 Equilibriummorphologyof the3-bifurcationcase inperturbed simulations after imposingan initial
depth difference between: (a) the south branches (Channel 6 (shallow branch) and Channel 7 (deep branch)),
(b) the north branches (Channel 4 (shallow branch) and Channel 5 (deep branch)), and (c) both the north and
south branches. Simulations are shown for a 0.25 mmD50 (solid lines) and a 0.1 mmD50 (dashed lines). The
unperturbed equilibriumbed level (solid red line) is also plotted in each panel for assessment of the asymmetry.

asymmetry. Interestingly, the north branch bed levels ended up very similar to the bed level in
Channel 6 (shallow south branch).

Similar results were obtained when the north branch bifurcation was perturbed (imposed depth
difference between Channel 4 and Channel 5). The development was a mirror image of the south
perturbation: the asymmetric development between Channels 4 and 5 resulted in asymmetric bed
levels in Channels 2 and 3, but in this simulation, Channel 2 became deeper than Channel 3 and the
shallowing occurred along the entire south distributary (Figure 5.7b).

Figure 5.7c shows the equilibrium bed level in the simulation in which both the north and south
branches were perturbed. The north bifurcation’s final asymmetry is similar to the asymmetry resulting
from the simulation in which north perturbation was imposed. The south bifurcation ended up less
asymmetrical than in the simulation in which only south perturbation was imposed. The asymmetry
between Channels 4 and 5 was larger than the asymmetry between Channels 6 and 7. Furthermore, the
perturbation in the downstream bifurcations also caused Channel 2 to become deeper than Channel 3.

Sediment grain size mildly affected the equilibrium bed level and the bifurcations’ asymmetry, but
the general patterns did not change. In the upstream channel, using a finer grain size caused a slightly
deeper channel and the bifurcations tended to becomemore asymmetrical. A noticeable exception was
the bifurcation of Channel 6 and Channel 7 in the simulation with both north and south perturbation.
In the fine-sediment simulation, this bifurcation’s branches were nearly symmetrical near the south
bifurcation, while in the course-sediment simulation, they ended up asymmetrical.
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5.3.3 Temporal evolution of bed level asymmetry
Asymmetric development of the delta apex bifurcation’s branches is driven by the asymmetrical
development of the bifurcations furthest downstream. The depth perturbation propagates upstream.
Figure 5.8a and Figure 5.8b show bed level asymmetry of the bifurcation at the delta apex compared
to the asymmetry at the bifurcation furthest downstream for all time steps, in the simulation with
south perturbation (Figure 5.8a) and north perturbation (Figure 5.8b) respectively. The asymmetry
between branches in the downstream bifurcation increased much earlier and faster than asymmetry
at the delta apex, because the perturbation was initially imposed in the downstream bifurcation. As
the asymmetric growth in the downstream bifurcation slowed down, the asymmetry in the delta apex
bifurcation started to grow faster. This delayed growth in asymmetry at the delta apex bifurcation
indicates that perturbation of the channels further downstream propagates upstream.

In the simulation with north and south perturbation combined (Figure 5.8c), the bifurcations also
interact, but their interaction is less straightforward. The north bifurcation and the delta apex
bifurcation interact in a way that is similar to the interaction in the north-only perturbation.
However, the interaction between the south bifurcation and the delta apex bifurcation differs from
the interaction in the south-only perturbation. In the combined perturbation, the asymmetry in the
south bifurcation increases at the beginning of the simulation, but starts decreasing again when the
asymmetry of the delta apex bifurcation exceeds 0.7. This indicates that the interaction between
bifurcations is not just a one-way interaction, with the perturbed bifurcation affecting the others, but
that it is a two-way process. This reduction in asymmetry only occurred close to the bifurcation, as
shown in Figure 5.9. At the beginning of the simulation, the shallow channel (Channel 6) silted up
due the presence of a sand bar that propagates downstream. This was followed by an increase in depth
near the bifurcation, resulting in a depth that was more similar to the deep channel (Channel 7) that
continued to deepen over time. However, this increase in depth in Channel 6 occurred only near the
bifurcation, while in the middle of the channel, a sand bar caused a very shallow depth (less than 1
meter) and barely moved during 8,000 years of simulation. This very shallow depth in the middle of
the branch indicates near-abandonment of Channel 6 and therefore weakens the tidal flow in this
channel. The extreme shallowness of the shallow channel and the presence of tides that propagate
from Channel 7 induce tidal propagation from Channel 7 to Channel 6 resulting in a strong tidal
flows near the bifurcation in both channels. In accordance with chapter 3, this results in channel
deepening at the bifurcation and development of a transverse subtidal trench that connects the
branches. This process explains the sudden deepening at the bifurcation in Channels 6 and 7 in the
fine-sediment simulation in Figure 5.7.

5.4 Discussion

5.4.1 Equilibrium depth in tide-influenced channel networks
This study showed that river deltas withmultiple junctions and channels have the same bed level profile
as a single channel estuary in which the width equals the summed width of all channels, as long as the
bifurcations are symmetric (Figure 5.4). This supports the idea that simplifying delta channel networks
into a single estuary is a plausible approach to study estuarine hydrodynamics and processes. This is
because the single channel has almost the same total cross-sectional area and tidal prism as the delta
with multiple channels and junctions (Figure 5.10). This approach has been used before, for example
by Nguyen and Savenije (2006). In this study, the researchers simplified parts of the multi-channel
Mekong Delta into a single channel to investigate salt intrusion.

The bed level profile of the Mahakam Delta in an unperturbed condition deepens in the straight,
river-dominated section, attains maximum depth at the apex, and becomes shallower seaward in the
section of the diverging channel width. Hence, the modelled bed level profile for the Mahakam Delta
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Figure 5.8 Bed level asymmetry over time (indicated by arrows) for the 3-bifurcation case; (a) delta apex
bifurcation (y-axes) compared to south bifurcation in the simulation with south perturbation, (b) delta apex
bifurcation compared to north bifurcation in the simulation with north perturbation, and (c) delta apex
bifurcation compared to both bifurcations furthest downstream (north bifurcation in solid blue and south
bifurcation in solid red). Black dots represent the asymmetry in which the compared bifurcations are in
morphological equilibrium. Asymmetry is calculated for the upstream node in the branches. Results are shown
for the simulation withD50=0.1 mm.

has a‘large-scale scour hole’, as Leuven et al. (2021) showed. They also found that for these systems the
maximum depth occurs at the transition between the section that has a constant width and the section
that has a diverging channel width. Furthermore, they found that this‘scour hole’is deeper for systems
with a larger tidal amplitude and stronger channel divergence and is absent when the divergence is not
strong enough.

A second main finding of this study is that when the bifurcations in a delta develop asymmetrically,
the depth profile and summed cross-sectional area of all channels differ from those in the symmetric
system. We perturbed the depth of different channels in the delta and found that in the Mahakam
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Figure 5.9 Bed level evolution along Channel 6 (solid lines) and Channel 7 (dashed lines) for the 3-bifurcation
case (north and south perturbation) and simulation withD50 of 0.1 mm.

Figure 5.10 Total cross-sectional area for all simulations in the equilibrium morphology condition. See text
for explanation.

model, this asymmetry increased, and new equilibrium bed level profiles were reached. As a result,
the total cross-sectional area of all channels along the delta becomes larger than in the symmetric
system and the presence of more bifurcations in a delta leads to a larger cross-sectional area
(Figure 5.10). This is because tides keep the shallow channels open. Even though the deep branch of a
bifurcation overdeepens, the shallow branch is not abandoned, which results in an increase in the
total cross-sectional area. In addition, tides also cause less asymmetric bifurcations compared to
river-dominated bifurcations, as we showed in chapter 3 and chapter 4. Asymmetric bifurcations in
tide-influenced systems have been observed in many natural systems, such as in the Yangtze Estuary
(Chen et al., 1982; Jiang et al., 2012) and in the Kapuas River Delta (Kästner et al., 2017; Kästner and
Hoitink, 2019). In the Kapuas River Delta, there are three main bifurcations, whose depth asymmetry
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Table 5.3 Comparison between the results of this study and those in chapter 4 regarding the stability of the
bifurcations in the symmetric condition.

case bifurcation U2/U0

ebb-averaged
Shields

(< ϑ >ebb)
<w/h>ebb

model stability plot

fine
grain

coarse
grain

fine
grain

coarse
grain

fine
grain

coarse
grain

1-bif apex 1.61 0.14 0.062 117.70 unstable unstable Shields too low Shields too low

3-bif
apex 1.63 0.144 0.064 119.296 unstable unstable unstable Shields too low
bif45
(north perturbation)

2.002 0.094 0.044 664.102 unstable unstable unstable unstable

bif67
(south perturbation)

1.68 0.164 0.058 108.828

unstable;
stable for
combined

perturbation

unstable unstable Shields too low

index (Eq. 4.21 in chapter 4) ranges from 0.25 to 0.45 and whose downstream channels differ more
than 50% in width (Kästner et al., 2017). However, this asymmetric condition seems to have been in a
steady state for centuries (Kästner et al., 2017), suggesting a stable asymmetric situation.

5.4.2 Comparison of bifurcation asymmetries in chapter 4 (Iwantoro et al., 2022)
We determined the ebb-averaged Shields stress and width-to-depth ratio for all junctions in the
Mahakam Delta’s modelled configurations and compared the values to our findings in chapter 4
(Table 5.3). The results in this chapter are consistent with the stability conditions in the single
bifurcation system we studied in chapter 4. The large width-to-depth ratios (above 117) and the
moderate Shields stress conditions in the Mahakam Delta favour asymmetric bifurcations.

Most of the coarse-sediment simulations showed a lower sedimentmobility (close to the beginning of
sedimentmotion) than studied in chapter 4. However, we know from river-dominated bifurcations that
such lowmobility bifurcations tend to grow asymmetrically (Bolla Pittaluga et al., 2003; Bolla Pittaluga
et al., 2015a). This tendency to have asymmetric bifurcations is evenmore pronounced in systems with
gentle channel slopes (chapter 2). Hence, we conclude that the asymmetry of the bifurcations in the
Mahakam model are fully in line with the findings of previous studies, for both the fine and coarse
sediment fractions.

5.4.3 Comparison with the real condition in the Mahakam Delta
The results from the symmetric bifurcation simulation compared favourably to the bed levels
observed in the Mahakam Delta. However, these symmetric bifurcations are unstable and turn into
asymmetric bifurcations. While the modelled bed levels in the dominant channels are much deeper
than the observed levels, observations in the delta also suggest that bifurcations are asymmetric. For
example, in the north distributary, the asymmetry index for tidal-averaged flow (that has the same
expression as Eq. 2.26 in chapter 2) between Channels 4 and 5 (see Figure 5.2d) is presently 0.15 (Sassi
et al., 2012), with Channel 4 showing larger flow velocities than Channel 5. This asymmetry is also
reflected in the channels’ respective width, with Channel 4 being wider than Channel 5 (Figure 5.2d).
In addition, the fact that the south distributary (Channel 7 in Figure 5.2d) serves as the navigational
channel from the Port of Samarinda to the sea (Figure 5.1) because it is deeper than Channel 6, also
suggests the existence of bed level asymmetries in the Mahakam Delta. However, modelled channel
depths of more than 20 m have not been observed in the delta.

There are several possible causes for this lack of correspondence between model and observations.
The first cause could be the presence of fine sediment in the Mahakam Delta (Pham Van et al., 2016).
In this study, the possible effects of multi-sediment conditions were assessed by conducting two sets
of simulations with different grain sizes. The effect of fine sediment on the morphodynamics in the
delta was studied by parameterising fine sand (D50 = 0.1 mm). However, these simulations show a
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similar asymmetry for two reasons. First, the shallow equilibrium bed level results in a large
width-to-depth ratio causing a very limited range for stable symmetric bifurcations. Second, the
model did not account for the cohesiveness of fine sediment. Braat et al. (2017) found that estuaries
with a larger fine sediment fraction have shallower and narrower channels due to the cohesiveness of
fine sediment. This cohesiveness reduces the erodibility of the riverbed and could thus counteract the
deep channel’s overdeepening that the model computed. Because the Mahakam Delta sediment is
dominated by two fractions, namely sand (Sassi et al., 2011) and fine (cohesive) sediment (Pham Van
et al., 2016), and because we focused solely on the sand fraction here, the omittance of the cohesive
fraction could have resulted in too deep channels. Therefore, the model needs to be developed further
to include multiple sediment grain sizes, as Braat et al. (2017) and Franz et al. (2017) did.
Furthermore, when cohesive sediment is involved, the saltwater intrusion and stratification become
significant to the morphodynamic processes in the delta and need to be considered as well, because
density-driven currents have been observed to play an important part in driving sediment transport
in deep channels (Allen et al., 1980; Friedrichs, 2009).

A second possible cause for the differences between modelled and observed results is the simplified
hydrodynamic forcing from the sea. The spring-neap variation affects sediment transport (Li et al.,
2015), because at spring tide the larger tidal range could enhance the generation of higher harmonics,
resulting in a stronger tidal asymmetry and larger net sediment transport in the flood direction
(Dronkers, 1986; Friedrichs and Aubrey, 1988; Speer et al., 1991). In addition, subtidal waves caused
by river-tide interaction (Buschman et al., 2010) could influence morphological development.

A third possible cause for the differences between the model and the real condition is that we
assumed a constant river discharge, while seasonal variations in river discharge causes variations in
sediment input from upstream. During the wet season, the increased river discharge (Sassi et al.,
2011) and sediment input into the delta could compensate for the erosional processes in the delta.
Although the presence of the lake dampens the peak discharges and hence also the seasonal discharge
variation (Hidayat et al., 2012), deforestation in the Mahakam catchment has increased the sediment
input into the delta over the past decades (Prayoga, 2016; Tambunan, 2014). This could increase the
disequilibrium deposition rate in the delta, including in the deepened channels.

A fourth possible cause are the simplifications we used to define the model. The reduced complexity
of the system could affect themorphodynamics of the systems. In theMahakamDelta, there are several
small channel networks that were neglected in themodel, especially in the south distributary. Channels
6 and 7 are simplifications of these complex channel networks, as seen in Figure 5.2d. Based on the
model results, we showed that asymmetric development of a bifurcation in a channel network system
could affect other bifurcations’ asymmetry, whichwas corroborated by observations in river-dominated
channel networks (Kleinhans et al., 2012; Salter et al., 2020). Based on these modelled and observed
interactions, we could argue that if we set up a more complex channel network with more junctions,
the morphodynamics in the smaller Mahakam Delta bifurcations might also affect the asymmetric
development of the main bifurcations in the model.

A fifth and last possible cause is that we simulated the perturbed conditions until morphological
equilibrium was achieved. This took thousands of years, because the gently sloping landscape in the
Mahakam Delta and the relatively small tidal amplitudes offshore create a low-energy condition. This
in turn results in low sediment mobility and slower morphological change than in river systems with
steeper channel slopes. Therefore, today’s MahakamDelta might still be in a non-equilibrium state and
might develop into amore asymmetric delta over the next centuries. Morphological change in the delta
is also slowed down by the presence of cohesive sediment that reduces the erodibility of the riverbed.
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5.4.4 Implications of the results for the Mahakam Delta
Human activity in the Mahakam River catchment could be regarded as a given perturbation that
might induce asymmetric development of the bifurcations in the Mahakam Delta. Increasingly
intensive agriculture, coal mining and palm oil plantations (Carlson et al., 2013) have led to massive
infrastructural development to accommodate cargo shipping in Kalimantan (Indonesia), and
particularly in the river deltas there. Kalimantan’s river deltas play a vital role in the transportation
and distribution of natural resources and in the transportation of people between islands. This is
because water transportation is the most effective mode of transportation in the region (Mahmudah
et al., 2010). To maintain the navigational channels between port and sea, regular dredging is
required in high-traffic deltas, such as the Mahakam Delta, the Kapuas River Delta, the Barito River
Delta, and the Berau River Delta. In this study, we have shown that a slight deepening of one channel
in the delta will also perturb the morphology of other channels when the bifurcations are unstable,
and will result in morphological changes such as silting up (3-bifurcation case for the distributary of
Channel 2). The dredging works in the Mahakam Delta represented in Figure 5.1 act as a
perturbation to the system that could shift the morphological equilibrium of the entire river delta.
According to the model simulations, this perturbation could cause asymmetric development of all
bifurcations in the delta. Though avulsion is less likely to occur, the other channels could silt up,
which would disrupt the ecosystem in the delta. This merits further investigation in future studies.

5.5 Conclusion

In this study we used a 1Dmodel whose settings were based on the current condition of the Mahakam
Delta in Indonesia to investigate the morphodynamics of a tide-influenced river delta as a function of
the number of bifurcations in the delta. The channel pattern of this delta was simplified to three levels
of complexity, ranging from a systemwithout bifurcations to a channel networkwith three bifurcations.

First, we investigated whether simplifying the delta system in terms of its number of channels and
bifurcations would affect the morphological equilibrium of symmetrically shaped, unperturbed
networks, where the equilibrium is expressed as the collective cross-sectional area along the channels.
We found that the number of channels and bifurcations does not affect the depth profile and summed
cross-sectional area along the delta in a symmetric, unperturbed condition. All studied channel
network cases resulted in the same bed level profile as the single-channel estuary without bifurcations.

Subsequently, we perturbed the symmetric equilibrium by deepening one channel and shallowing
the other channel downstream of a bifurcation. We ran simulations until morphodynamic
equilibrium was achieved and studied how perturbations of the bifurcations furthest downstream
affect the dynamics of the entire delta. When the morphodynamic equilibria were perturbed,
asymmetric bed level profiles developed. The perturbed simulations showed that morphological
development among the channels depended strongly on the number of bifurcations. For three
bifurcations, all bed level profiles in the delta became asymmetric at the bifurcations. However, tides
prevent complete abandonment of the shallow channels while the deep channels become quite deep
in the cases with one and three bifurcations. This results in a larger total cross-sectional area in an
asymmetric, perturbed delta than in a symmetric delta.

Based on the results of this study, we conclude that the morphological equilibrium of river deltas
depends on the system’s initial condition. In multi-channel systems, the channels’ strong
interdependent morphological development results in more possible equilibrium conditions
depending on which channels were perturbed in the initial condition. In the case of the Mahakam
Delta, anthropogenic interference with the morphology of the delta, such as new dredging works in
other channels, will shift the morphological development from the existing situation to a new
equilibrium.
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Themain objective of this research is to improve our understanding of the morphodynamics of tide-
influenced bifurcation in river deltas. Based on this objective, four research questions were defined in
chapter 1:

1. How do channel slope and sediment size affect the morphological stability of river bifurcations?

2. How do tidal and fluvial influences affect the morphological asymmetry of bifurcations that have
asymmetric downstream geometries or different tides in their downstream channels?

3. How does the relative importance of river and tidal influence affect the morphological stability of
river bifurcations with a symmetric downstream geometry?

4. How do multiple bifurcations in tide-influenced delta networks affect the equilibrium of the entire
deltaic channel network?

The detailed results, discussions and conclusions of the research can be found in chapter 2 through
chapter 5. This chapter summarizes and discusses the main findings and ends with suggestions for
future research, aimed at further application and development of the 1D model for morphodynamic
studies.

6.1 Summary of the main findings

From this research we conclude that, despite the fact that in tidal systems asymmetric bifurcations
occur in a wider range of conditions than in river-dominated systems, tides counteract the avulsion
and channel abandonment that often occur at river-dominated bifurcations. The detailed findings from
chapter 2 through chapter 5 are summarized below:

1. Channel slopes and sediment sizes significantly influence the morphological stability of river
bifurcations. Given a range of sediment mobility and width-to-depth ratio conditions, bifurcations
with lower channel slopes and finer sediment sizes will have wider ranges of conditions that may lead
to asymmetric bifurcations and a higher chance of avulsion.

2. For bifurcations with limited tidal influence, where no or only minor flood flows occur,
increased tidal influence results in a wider range of conditions in which symmetric bifurcations are
stable. However, in tide-dominated bifurcations where flood flow is considerable, increased tidal
influence results in a narrower range of conditions in which symmetric bifurcations are stable.

3. In conditions where symmetric bifurcations are unstable, tides reduce the asymmetry between
downstream channels compared to river-dominated conditions. At the same ebb-averaged
width-to-depth ratio and sediment mobility, bifurcations with more tidal influence will show less
depth asymmetry between downstream channels.

4. In distributary delta networks with multiple bifurcations, the number of channels does not affect
the morphological equilibrium nor therefore the summed cross-sectional area of all channels along
the symmetric geometry deltas, assuming negligible bank friction. However, the depth asymmetry
imposed on a bifurcation furthest downstreamof a distributary in the river delta can induce asymmetry
of the apex bifurcation and reshape themorphological equilibrium of the entire delta. This asymmetric
equilibrium depth will increase the total cross-sectional area and therefore tidal prism along the delta
compared to the symmetric delta network. Hence, the morphological equilibrium of delta networks
strongly depends on their initial conditions. The more channels there are in a delta, the greater the
possibility of an ultimate equilibrium.
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6.2 Stability of bifurcations in tide-influenced river deltas

Our first finding shows that small channel slopes and fine sediment increase the chances of
abandonment of a downstream channel in river-dominated bifurcations. Hence, avulsion will occur
in a wider range of conditions in lowland rivers, including river deltas, than suggested by previous
studies (e.g. Bolla Pittaluga et al., 2015a; Redolfi et al., 2019). This is because lower channel slopes are
observed further downstream in river systems (Pitlick and Cress, 2002) which, according to the
relationship in Figure 2.3 (chapter 2), are also more likely to have finer sediment compositions.

The presence of tides in river deltas significantly affects the stability of bifurcations. Although we
found a different explanation, part of our results confirms the findings of Ragno et al. (2020) for
limited tidal influence, where increased tidal influences result in a broader range of conditions in
which symmetric bifurcations are stable. While Ragno et al. (2020) suggested that the increase in the
range of conditions in which symmetric bifurcations are stable is caused by the downstream channel
deepening due to tide-induced flow fluctuation, our study shows that this increase is due to intratidal
flow, and hence sediment mobility fluctuation, which causes the changing regime for bifurcation
asymmetry in a tidal cycle as explained in chapter 4. This study also shows that this range of
conditions for stable symmetric bifurcations peaks at a certain tidal influence condition. In more
tide-dominated conditions, increased tidal influence leads to a wider range of conditions in which
symmetric bifurcations are unstable. This is because there is more flood flow, which drives
morphological change in the initially perturbed downstream channels. During flood, the asymmetry
between downstream channels grows and this reduces the range of conditions for stable symmetric
bifurcations. Though the conditions that foster unstable symmetric bifurcations increase, we found
that increased tidal influence will have a dampening effect on a downstream channel’s abandonment
processes. In the conditions that favour unstable symmetric bifurcations, increased tidal influence
also results in smaller asymmetries, as described in chapter 3 and chapter 4. This implies that the
instability of a symmetric bifurcation will not lead to channel abandonment as observed in the
Kapuas River Delta for bifurcations with large planform asymmetry (Kästner and Hoitink, 2019). The
insights gained by this modelling explain the occurrence of nearly symmetric bifurcations in
tide-influenced river deltas such as in the Berau River Delta (Buschman et al., 2013) and the
Mahakam River Delta (Sassi et al., 2011) in conditions that would be conducive to avulsion in
river-dominated deltas.

The stability of a single distributary with multiple bifurcations in tide-influenced distributaries
such as the Mahakam Delta is not only affected by tides, but it is also determined by the
morphological development of other bifurcations. In general, we found a strong interaction between
the bifurcations in distributary delta networks. The bed level and asymmetry of bifurcations evolves
in response to a perturbation imposed by a slight depth asymmetry in another bifurcation.
Furthermore, in this new asymmetric equilibrium, a distributary system with more channels results
in a larger summed cross-sectional area of all channels along the delta and therefore a larger tidal
prism. This is because tides maintain all channels to keep conveying the water, which prevents the
channels from silting up and being abandoned as they would in river-dominated distributaries. The
perturbation that drives asymmetric development might be induced by sand mining or navigational
dredging and dumping activities in estuaries and river deltas (e.g. Jeuken and Wang, 2010).
Dredging-dumping activities in deltas and estuaries are required to maintain the depth of the
shipping fairways. Navigation-related channel deepening is often conducted in response to
anthropogenic activities upstream (e.g. Carlson et al., 2013) that require massive infrastructure
development to accommodate transportation activities. The findings in chapter 5 suggest that
dredging-dumping activities in a particular channel in a complex delta network will change the
geomorphological equilibrium of the entire delta by inducing an asymmetrical development and a
change in hydrodynamic conditions through an increase in tidal prism.
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6.3 Future studies

6.3.1 Future advancement of 1D numerical model
In this study, we developed a 1D numerical model to simulate morphodynamics in tide-influenced
channel networks. Using this model we showed and explained how the morphology of river
bifurcations in river- and tide-dominated bifurcations evolves under a range of sediment mobilities,
width-to-depth ratios, sediment grain sizes, channel slopes and tidal influences. The 1D model has
confirmed the findings of a study that used a well-established 2D model (Delft3D). Future
improvement of the 1D model is required to explain other important effects on the morphodynamics
of bifurcations in river deltas. I propose several research directions.

First, naturally formed downstream channels of bifurcations have various and time-varying angles.
The 1D model has ignored this. For bifurcations whose downstream channels are at a wide angle, the
effect of non-uniform vertical flow structures (3D effect) at bifurcation could be important to the
channels’ morphodynamics (Kästner and Hoitink, 2019; Van der Mark and Mosselman, 2013).
Although the downstream channels in tide-influenced systems have a narrow angle, tidal flows that
result in flow and therefore sediment division from a downstream channel to another downstream
channel and upstream channel could have great 3D flow effects, such as flow separation, on the
sediment division at bifurcations. Further studies involving field measurement (e.g. Buschman et al.,
2013; Kästner and Hoitink, 2019) and physical modelling (e.g. Marra et al., 2014) would be useful to
quantify and parameterize this effect by adapting the nodal point relationship for implementation in
the 1D model .

Second, diffusive, transverse, suspended load transport was observed in suspended
load-dominated rivers (Biswas et al., 2015; Hepkema et al., 2019). In this study, the 1D model
assumed that the transverse suspended load transport at bifurcation was caused only by transverse
flow induced by asymmetric discharge division. At bifurcations, diffusion-induced sediment
transport could also occur, due to a lateral variation in bed level and sediment concentration (Biswas
et al., 2015; Hepkema et al., 2019). According to Hepkema et al. (2019), it has a similar direction as
the transverse bedslope effect. Therefore, it also counteracts the asymmetrical development of
bifurcations. This could result in a wider range of conditions that foster stable symmetric bifurcations
and decreased asymmetry of unstable symmetric bifurcations.

Third, while many tide-influenced delta networks have limited intertidal areas that act as flood
storage, others have been observed to have extensive intertidal areas (Bain et al., 2019; Hiatt and
Passalacqua, 2015). In chapter 4, we showed that the morphological asymmetry of bifurcations is
highly dependent on the dynamics of flood and ebb flow. Pethick (1980) suggested that a larger tidal
flat leads to more ebb-dominated conditions. Thus, the presence of tidal flats could reduce the effect
of flood flow on the morphodynamics of bifurcations. According to chapter 4, this could lead to a
wider range of conditions that are conducive to stable symmetric bifurcations, and, for unstable
symmetric bifurcations, to less asymmetry between downstream channels. The 1D model needs to be
improved to include tidal flats, like Hepkema et al. (2018) did, and their effects on the stability of
bifurcations needs to be studied.

Fourth, while previous studies have included river bank evolution in 1D models (Kleinhans et al.,
2011; Miori et al., 2006), these have been limited to river-dominated bifurcations and are not readily
applicable to tide-influenced bifurcations where flow direction regularly and systematically changes
muchmore rapidly than themorphology. Including river bank development is not only relevant for the
morphology. Anthropogenic activities such as aquaculture (Aslan et al., 2021; Setiawan et al., 2015),
tourism Rahmawan et al., 2017 and agriculture (Nelson and Gunma, 2015; Yuen et al., 2021) have
required land conversion, resulting in a significant reduction of mangrove forests in many river deltas
(Alongi, 2002; Aslan et al., 2021; Webb et al., 2014). This land conversion has been observed, for

110 | CHAPTER 6



instance, in the Mahakam Delta as shown in Figure 6.1 (Fawzi and Husna, 2021). This deforestation
not only damages and removes valuable ecosystems, but it also increases the erodibility of river banks
and so could change the geomorphological equilibrium in deltas (Braat et al., 2017; Emberson, 2017).

Figure 6.1 Land conversion from mangrove (Avicennia and Rhizophora) (dark green) and nypa palm (light
green) forests to aquaculture ponds (red and yellow) in the Mahakam Delta, Indonesia over the last 30 years
(after Fawzi and Husna, 2021).

6.3.2 Prospective applications of the 1D numerical model for river deltas
Although several improvements are needed to explore more morphodynamic processes in river deltas,
the 1D model developed in this study is ready to be applied for studying important phenomena that
significantly influence the development of river deltas all over the world. We mention two possible
studies that could be conducted using the 1D model.

One is a study into the reduction of sediment flux from upstream that has been seen to occur in
many river deltas. This is caused by land use change and extensive engineering works upstream over
the past decades, such as upstream damming and levee hardening (Day et al., 2007; Syvitski et al., 2009;
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Syvitski and Saito, 2007). As a result, many river deltas have lost land and have becomemore vulnerable
to flooding due to storms, high river discharge and heavy rainfall (Day et al., 2007; Syvitski et al., 2009).
However, the effect of sediment flux reduction on the morphodynamics of bifurcations in river deltas
is unknown. Bifurcation stability may be affected by both channel shortening due to coastal erosion
and channel deepening due to reduced upstream sediment supply. The 1D model developed in this
study could be a useful tool to investigate this anthropogenic effect on river deltas. Instead of applying
an equilibrium sediment transport condition at the upstream boundary as presented in this study, a
reducing sediment input can be defined at the upstream boundary to study whether, how and why the
upstream sediment reduction affects the morphological stability of tide-influenced bifurcations.

The second study that we propose is a study into the effect of climate change-driven sea level rise
on the morphodynamics of tide-influenced bifurcations in river deltas. Sea level rise changes the tidal
propagation into the channels (Ensing et al., 2015; Leuven et al., 2019) and therefore reshapes the delta’s
morphology (Van De Lageweg and Slangen, 2017). In systems with deep estuaries, sea level rise leads
to sediment starvation and channel deepening (Leuven et al., 2019). Channel deepening increases
flood dominance (Wang et al., 2002). During flood, a different deposition rate leads to an increase
in downstream channel asymmetry as shown in chapter 4, so sea level rise may increase the range of
conditions for unstable symmetric bifurcations and increase their asymmetry. However, morphological
development during flood also depends on the relative importance of flood flow over ebb flow. In
other words, the effects of sea level rise on tide-influenced bifurcations is still unknown, but could be
investigated with the 1D model.
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