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Fluvial geomorphology
(River hydro-morphology)

Study of the physical and the 
resulting bedforms for a watercourse.

Discipline appeared in the 1940s in 
the United States.

Nowadays it gained importance for 
the design of effective 
renaturalization and restoration 
projects.
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What are we dealing with ?
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Water flows

h(x,y,t), 

U(x,y,t) Sediment

GSD(x,y,z,t)

Vegetation

Type, f(x,y,t), hv(x,y,t)
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Water flows

h(x,y,t), 

U(x,y,t) Sediment

GSD(x,y,z,t)

Vegetation

Type, f(x,y,t), hv(x,y,t)

Outcomes?
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Animals

Beaver dams

Animal burrows

Groynes (Le et al., 2018)

What are we dealing with ?

Human 

activities

Other factors



Variables

▪ Climate

• Precipitations: 
types and amount

• Seasonality

▪ Soil

• Type (permeability)

• Saturation

▪ Human activities (e.g., 
regulation by dams)

Temporal variability

▪ Q=Q(t)

Flow discharge
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Sediment
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▪ Particle size (d) 

▪ Availability of bed material

Supply limited

(usually in bedrock rivers)

vs. 

Transport capacity limited

• inside the channel: riverbed

• outside the channel: bank erosion, 

landslide (eventually with organic material)

• d=d(x,y,z,t)      but usually d=d(x,z)

• Gravel bed rivers

• Sand bed rivers

Jacob et al., 2006

•
𝜕 𝑑

𝜕 𝑥
< 0 downstream fining



Sediment transport rate
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Transport capacity

qs = qs (q(x,t) , D50)

qs = qs (q(x,t) , Rep)

q

Several
relationships
depending on 
transport 
mechanism

Real sediment transport rate

▪ Bedload measurements
with Helley-Smith sampler

▪ Suspended load measured
through vertical integrated samplings
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Vegetation
Velocity profile and vortices (turbulent structures)

Bank protection

Local patterns of erosion/deposition



Morphological response

Longitudinal profile

Cross-section geometry

Planimetric configuration
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Elevation of the thalweg

Common characteristics among rivers

• Progressive decrease of bed slope

• Concave shape

• Smoothing over time

The longitudinal profile appears to 
follow a sort of «universal law»

Longitudinal profile
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𝑦 = 𝛽1𝑒
𝛽2𝑥 + 𝛽3

𝑦 = 𝛽1 𝑥 + 𝛽2
𝛽3 + 𝛽4

𝑦 = 𝛽1log(𝑥 + 𝛽2) + 𝛽3

0

500

1000

1500

2000

2500

0 25 50 75 100 125 150 175

E
le

v
a
ti
o
n

[m
 A

M
S

L
]

Distance from Rhône glacier [km]

Rãdoane et al. 

2003

Longitudinal profile of the 

upper Rhône

Thalweg

Centerline



Achievement of an equilibrium profile

Continuous adjustments between erosion 
and deposition processes

Long-term evolution predicted by 
numerical models (e.g., Snow and 
Slingerland, 1987)
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Longitudinal profile

Temporal space between profiles = 20y

Different initial bed profile (different
concavity) → information on the IC is lost
just after the first  timestep (t=20y)



Downstream control on the profiles

Usually the BC is defined by the sea level

Local/Temporal BC:

• a lake

• an alluvial fan

• channel narrowing/widening

• bed material composition

Longitudinal profile
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Société Suisse de Géomorphologie (SSGm) – Schweizerische Geomorphologische

Gesellschaft Fiches – Géomorphologie de la montagne – Août 2009

Actual longitudinal profile

Local level (lake)

River reach

subjected to 

deposition

Theoric equilibrium profile

River reach subjected

to erosion

Sea level

Horizontal distance
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Bed decomposition

• Main channel, corresponding to low water flows → Q < mean(Q)

• Bankfull channel

• Floodplain 

Relationships between bankfull channel and…

offshore discharge, vegetation, catchment area, grain size
(Schumm, 1960; Hey and Thorne, 1986; Parker et al., 2007)
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Transversal profile (cross section geometry)

Bankfull channel

Floodplain

Main channel

Bankfull width



Assuming rectangular cross-section:

𝑄 = 𝐴 ∙ ҧ𝑣 = B ∙ ℎ ∙ ҧ𝑣
• 𝐵 = 𝑎 𝑄𝑏 (bankfull)

• ℎ = 𝑐 𝑄𝑓 (water depth)

• ҧ𝑣 = 𝑘 𝑄𝑚 (mean flow velocity)

According to the literature:

• b, f and m > 0   usually, b ≅ 0.6, f ≅ 0.3 and m ≅ 0.1

• a, c and k depend on watershed properties (e.g., catchment area, land use)

Can all flow rates lead to an adjustment of the hydraulic geometry?
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Transversal profile (cross section geometry)
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Barry et al. (2008)

Formative

discharge

Qf = Qbf

(bankfull discharge)

Qf = Q(Tr=2-5 years)

Transversal profile (cross section geometry)

Incipient

motion



Planimetric configuration
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Columbia River, Canada

Waimakariri River, New ZealandTilt River, Scotland

Upper Amazon River, Brazil

Green River, US
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Planimetric configuration
Tagliamento River, Italy

LR = 80 km

• Length as the crow flies (i.e. straight line between two points = LS)

• Length along the water course (i.e. actual river length = LR)

• Sinuosity Index IS = LR / LS (e.g., IS = 80 km / 25 km = 3.2)

Planform configuration = f(x,t)
𝜕𝑓(𝑥,𝑡)

𝜕 𝑡
≈

𝑓(𝑥,𝑡)

𝑇

with T the timescale of planform evolution ( 1 y < T < ~105 y)



Classification based on IS
• IS < 1.05  rectilinear

• 1.05 < IS < 1.25  sinuous

• 1.25 < IS < 1.5  very sinuous

• 1.5 < IS  meandering

IS = IS(t) particularly for highly active 
meandering rivers
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19Planimetric configuration Yamuna River, India

Upper Amazon River, Brazil



Schumm (1963): correlation between sinuosity index and…

• Width-to-depth ratio (i.e. aspect ratio)

• Bed slope

• Bank composition (with particular regards to silt and clay fractions)
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Planimetric configuration
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Number of channels, N

N=1 → Single-thread channel N>1 → Multiple channels
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Relationship between bankfull
discharge and bed slope

Empirical relationship based
on field studies

𝑠 °/°° = 0.013𝑞𝑏𝑓
−0.44 [m3s−1]

With some exceptions…
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Meandering

Braided

Leopold and Wolman (1957)

B
e

d
s
lo

p
e

Bankfull discharge, qbf [cf/s]

Planimetric configuration
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𝜔𝑏𝑓 = 900 ∙ 𝑑50
0.42

Planimetric configuration

Empirical relationship between bankfull
discharge, bankfull width, bed slope and 
bed material (Ferguson, 1987)

𝜔𝑏𝑓 = 𝜌 𝑔
𝑞𝑏𝑓

𝑊𝑏𝑓
𝑠

wbf = bankfull stream-power 

per unit-width [W / m2]

<IS<

<IS<

IS>

w
b

f
[W

 /
 m

2
]

d50 [mm]
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Classification based on the width, 
and the water depth in bankfull
conditions and a characteristic
grain size, dm (usually dm → d50).

• Empirical formulations based on 
real rivers and flume experiments

• Presence of bars (bedforms)

Planimetric configuration Ahamri and da Silva (2001)

Alpine Rhine, Liechtenstein

Alatna River, US
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Meandering rivers

Mississippi River, US Allier River, France
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Meander skewness

• depends on aspect and 
resonant conditions

• b < bR (sub-resonant) →
upstream skewness (more
common, with regular
meanders)

• b > bR (super-resonant) →
downstream skewness (less
common, multi loops)

Meandering rivers

Notikewin River, Canada

Zolezzi and Seminara (2000)

bR

A
s
p

e
c
t 
ra

ti
o

 b
[-

]

Wavenumber l [-]

Amazon River, Brazil

Seminara et al., 2000
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Meandering rivers

Average velocity profile in straight channel

Typical logarithmic profile 

along the vertical direction

No-slip condition at 

the river bed

Horizontal water surface

Secondary current in river bends Blankaert and de Vriend (2003)

Inclined water surface
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Braided rivers

Rakaia River, New Zealand Brahmaputra River, Bangladesh

Wbf = 15-20 km

Wbf = 1-2 km
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Main characteristics

• Rivers with the largest sediment transport and 
lateral mobility in short temporal scales

• One or two main channels

• Number of secondary channels depending on q

• Multiple channels separated by alluvial deposits, 
sometimes vegetated (no islands)

• Main channel is almost rectilinear (IS < 1.1)

• If IS > 1.1, planform configuration is «wandering» 

Braided rivers

• Secondary channels have IS <1.5

• Braiding Index IB - Number of active channels

▪ q=0 → IB  = 0

▪ q > qbf → IB  = 1

▪ 0 < q < qbf → IB  >1

▪ IB  = IB  (x,t)

12.10.201819.10.2015

Waimakariri River, New Zealand

Rakaia River, New Zealand



Braided rivers

• Usually located in the upstream 
part of the water basin (NZ rivers!)

• High bed slope

• Coarser bed material (gravel, sand)

• High stream power per unit width

• Low sinuosity (almost rectilinear)

• High bankfull discharge

Meandering rivers

• Located in the downstream part of the 
water basin 

• Lower bed slope

• Finer bed materials (sand, silt, clay)

• Low stream power per unit width

• High to very-high sinuosity

• Low bankfull discharge

Braided-Meandering comparison
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Tagliamento River, Italy


