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Introduction

Intense rainfall events

are common i mgh

mountainous areas

Lower slopes are cloaked by sands and
gravels of glacial origin that provide a
source of sediment for rivers

Modification of rivers in
agricuitural and urban areas

Cohesive bank materials‘.u o — = —

d TO DAY and engineering reduce

rates of bank erosion

» Hydrology
* Bedrock Rivers
* Report Writing



Hydrologic Cycle

* Moisture over land \

| Precipitation ?
|l . onland

Evaporation from land
Precipitation
on ocean

| Evaporation and
% Evapotranspiration

iivsion 1

Evaporation from ocean

Surface outflow s s

Groundwater flow

Groundwater outflow = i,



Global water balance (volumetric)

Units are in volume per year relative to precipitation on
land (119,000 km?3/yr) which is 100 units

Precipitation Atmospheric moisture flow Precipitation
100 39 385

-

Evaporation
424

Evaporation
61

I Surface Outflow
3

Land (148.7 km?) )
(29% of earth area)  Subsurface Outfl

What conclusions can we draw from these data?



Global water resources

A World of Salt

Total Global Saltwater and Freshwater Estimates 105,000 km?3 or

~(03% Lakes and river storage) +—— 0.0076% of total

I 3087 ' . ing water
¢ soil moisture, swamp water
Ffe:'g;‘:w and permafrost
35000000 km® | 6gg% Giaciers and permanent
snow cover

Saltwater
97.5%
1 365 000 000 km?

Source: Igor A. Shiklomanov, State Hydrological Institute (SHI, St. Petersburg) and United Nations Educational, Scientific and
Cultural Organisation (UNESCO, Paris), 1999



Hillslope hydrology

Runoff Processes:
Horton overland flow
Subsurface stormflow,
Return flow
Groundwater flow




Water Movement
' |n SO|Is

Factors Affecting

Soil Surface Conditions

Flow Influences

® Flow Head

® Viscosity

® Flow Chemistry

® Soil Chemistry

® Soil and Water Temperature
e Air Entrapment

® | and Use
® Vegetation Cover
® Roughness

® Cracking and Crusting

e Surface Sealing

[ \
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INFILTRATION

14—

Val

| H ydrophobicity

® Dryness

® Heat

® Plant Chemicals
® Aromatic Oils

® Other Chemicals

A

Influencing Factors

® Mechanical Processes
® Frost

® Residue/Organic Matter
e Compaction

® Antecedent Soil Water
® Chemical Activity

® Biological Activity

® Microbial Activity

Subsurface Conditions
® Soil
Hydrologic Group
Texture
Porosity
Depth
Shrink and Swell
Layering
Spatial Variability
Structure
® Root System
® Water Table Depth
® Subsurface Drainage
e Water Release Relationship
® Hydraulic Conductivity

|




Runoff generation
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Overland Flow

 Qverland flow Is the term used to describe
surface flow that is outside the confines of a
stream channel.

* The generation of overland flow is traditionally
divided into two primary mechanisms,
Infiltration excess (Horton; after Horton (
and saturation excess (Dunne; after
Black (1970a, 1970b)).




lorton Overland Flow (HOF)

Horton overland flow occurs when the rainfall
Intensity exceeds the infiltration capacity

Net rain (+)

A 4
Infiltration (-)

[ sl fr

Hortonian
runoff (-)




Infiltration and runoff over time
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.g L Infiltration rate decreases over time as dry pore spaces between soil particles
g £ fill with water. Rates of infiltration drop and become steady as the soil saturates.
& ~ After saturation, the infiltration rate is a function of soil hydraulic conductivity.
=

Runoff increases over time because soil pores are filling with water, allowing less
of the rainfall to soak into the ground. Once the soil as saturated, runoff varies

with the precipitation intensity.

Runoff
Trends



Horton Overland Flow (HOF)

* Once thought to be the ONLY mechanism of runoff
generation

 Became coded into hydrologic models still in use t

« Subsequent work showed role of partial s
where Saturation overland flow is prod



Horton Overland Flow (HOF)

If rainfall exceeds soll infiltration capacity:

— Water fills surface depression then

— Water spills over downslope as overla
flow and

— Eventually to the stream



Subsurface stormflow

J

" Interflow / Subsurface Stormflow

PR LRV | ¥ LN il Lateral flow
W | through soil

| above

+ Interflow 3 14 conductivity
Ly contrast.

‘VV\

Baseflow

Consists of both slower matrix flow and faster
macropore flow

©The COMET Program



Macropore flow,
Tennessee Valley,
California

Complex Macropore Network within a Soil Matrix




Saturation Overland Flow

Runoff Processes - Section Two: Paths to
Runoff (luther.edu)

Direct rainfall onto saturated areas.

Return flow from saturated soils in topographic
lows and along valley bottoms where water
table rises to intersect the surface.


http://www.faculty.luther.edu/~bernatzr/RainfallRunoff/comet/hydro/basic/Runoff/print_version/02-pathstorunoff.htm
http://www.faculty.luther.edu/~bernatzr/RainfallRunoff/comet/hydro/basic/Runoff/print_version/02-pathstorunoff.htm

Groundwater and the vadose zone

Unsaturated Zone
(Vadose Zone) l

) Water
| Infiltrates (
» glue.;m;

Saturated Zone
(Phreatic Zone)




lydrograph Definitions

50% of

Center of

Mass
50% of

Rainfall Rainfall
_— Center of
= Mass . N -
£ Centroid Lag Time is the time difference between the
= > center of mass of a rainfall event and the center of mass
= of river flow.
3
c i Peak
b 1 .
é : BlEg il Lag To Peak is the time difference between the peak

I

River Discharge (m3/s)

Rainfall

Discharge

rainfal intensity and the peak river discharge. This is an
important consideration in flood forecasting.

50% of 50% of
River Flow River Flow

Base Flow - fed by groundwater

Time =

During a rainfall event, the intensity at which precipitation falls on a
landscape is often variable. The peak rainfall, a measure of the greatest
intensity of rainfall, does not necessarily occur in the middle of a rainfall
event. Therefore, the peak and the center of mass of rainfall (the point at
which half of the total rainfall has fallen) often do not correspond.

As precipitation falls across a landscape, some infiltrates the soil and some
runs off and enters river channels causing discharge and river stage to rise.
As the soil fills with water, more precipitation enters river channels as
runoff, groundwater flow and subsurface stormflow. Stage rises until
reaching the peak, or maximum discharge resulting from a rainfall event.
As water drains from soils and from the landscape, the river stage begins to
fall, eventually returning to base flow, which reflects normal groundwater
discharge to rivers in humid regions.
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Variable source area

Drainage Basin

And Rainfall

Variable
Source Areas

Rain Begins

MO|4 pUBISAQ

Y
+

Just before the storm begins, the only
flow in the stream is base flow,
groundwater draining from basin soils.
The stream network is short and simple.
Only a few tributaries, the largest ones,
carry flow.

As the storm continues and water
begins infiltrating, it begins to move

as subsurface stormflow. Soon, this
water reaches streams increasing
discharge, The drainage network
begins to expand as ephemeral streams,
usually dry, fill with water.

At the peak of the storm, after much
rain has fallen, soils in low areas near
streams are saturated and the drainage
network continues to expand. Rainfall
onto this saturated ground runs off
directly into channels. Water moving
downslope is returning to the ground
at the base of slopes as return flow.



Basin scale and shape

Effects Of Basin Scale On The Hydrograph: Effects Of Basin Slope and Shape On The Hydrograph:
* 1 km?2 Basin 8 & 100 km? Basin
' Steeply sloped
elongate

10 km2 Basin @ LA 100 km? Basin

:VT L ¥ 1Y
Tt A
v
-y
T
= :
2 A :
2 A\ | |
z '
A 100 km? Basin A 100 km? Basin
: gently sloped
equant
Time > Time >
River discharge increases with basin area. : Hydrographs are more peaked and floods
Rivers rise and fall more slowly in large ; more abrupt in narrow, steep basins than

basins than in small basins. in equant, gently sloping basins.



lydrograph, chemograph & sedigraph

River Discharge (m3/s)

Hydrograph: Chemograph: Sedigraph:
t,- peak time
______________________________________________ o ______________________..O--_-____.
t2
t;-falling
o e OO ] - __O __________ .‘. ________________
t, -rising t t;

Time P

Soon after the storm begins, discharge increases
above baseflow at t; and rises to a peak at t,.

As the storm subsides, flow diminishes until discharge
returns to baseflow (ts).

Solute concentration —p

Much of the water delivered to the
channel at the beginning of the storm
(t;) is old water that's been stored in pore
spaces and is enriched in dissolved ions.
After the storm is over (t3), newer, more
dilute water that has spent less time in
the shallow subsurface enters the
channel. This pattern of dissimilar ion
concentration at similar discharge levels
is referred to as a Hysteresis Loop.

Sediment concentation —P

As flow begins to increase, sediment
doesn't begin to move until a critical
shear stress is exerted on the bed.
Once the bed begins to move and the
armor layer becomes mobile, large
amounts of fine material are released
into the flow. As the storm ends, and
the flow decreases, sediment
continues to move through the system.

(s/ew) abaeydsiq 19A1Y



Water balance of catchment

Net difference between precipitation and
evaporation yields streamflow or groundwater
recharge

EmpntrnnspimriﬂnT Subbasin

Surfoce
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Fig Z2-3. Diagram showing terms essential to describe the drainage
hesgin and its water balance. Underflow is unmeasured streamnflow
in sands, gravels and rocks beneath the channel bed.



Gaining v losing streams

Typically found in arid regions

Unsaturated Zone

Saturated Zon

Typically found in Humid regions

t
Unsaturated Zone

Saturated Zone

Losing Stream:

In arid regions, streambeds are
usually dry. When storm flows
fill the channel, water infiltrates
through the bed recharging
the aquifer below.

Gaining Stream:

In humid regions, streambeds
are usually wet. Groundwater,
recharged by frequent rainfall,
flows into the stream
maintaining baseflow.



Catchment urbanisation

<— Hydrograph after
urbanization

<——— Hydrograph under
natural conditions

River Discharge (m3/s)

40% evapotranspiration 38% evapotranspiration

Time >

Before development, rainfall followed a more convoluted
path through the landscape - held in detention storage by
pit and mound topography, infiltrating into organic-rich
forest soil and moving slowly to the channel. The infiltrating
water fed baseflow during times when it was not raining.
Flood peaks were lower and came later.

25% shallow 190 S hal o f\fter urbanlzatl_on, rainfall moves rapidly to the channgl with
infiltration infiltration little chance to infiltrate during storms, thus baseflow is

25% deep 21% deep reduced. Flowing directly off impervious surfaces such as
infiltration infiltration . A o :
parking lots, runoff enters streams quickly raising their level.
Natural Ground Cover 109%-20% Impervious Surface Flood peaks now come sooner and are higher, increasing
flood hazards and the tempo of geomorphic change. For
example, the natural 25 yr flow becomes the much more

35% evapotranspiration 30% evapotranspiration frequent 2 year flow.
3001
2 yr flow 25 yr flow
? |
)
E
o 2007
(22
B
©
£
b
20% shallow 10% shallow a
infiltration infiltration o :
15% deep i 5% deep © i
infiltration infiltration g !
|
35%-50% Impervious Surface 75%-100% Impervious Surface !
0 T T T T T TTT T T o
1 Recurrence'fhterval (yrs) 100

Figure 1.2: Relationship Between Impervious Cover

and Surface Runoff
Source: Federal Interagency SRWG, 2000
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Bedrock Rivers

Intense rainfall events

are common i high

mountainous areas : W /
—p/‘/ (o] 7%, Steeptopographyand |~
- y . / . responsive soils results £

J

Lower slopes are cloaked by sands and
gravels of glacial origin that provide a
source of sediment for rivers

Modification of rivers in
agricultural and urban areas
hides the natural morphology

e Where and how it all
begins...

and engineering reduce
rates of bank erosion

« Channel initiation by
surface erosion



Bedrock Rivers

Mountain or
bedrock

rivers: Q. > Qg
(i.e. excess

power), steep
headwaters

Allt Bhran, Highland

River Feshie, Highland

Bedrock

Boulder-bed®

Wanderl_g )
| Frane bed

Briiaéa

—‘:;,..1 "

Actlve

meandering . p..dive

meandering

River Brora, Highland

Ch/énnel resistﬁnce

River Blackwater, Perthshire River Devon, Stirlingshire

Whitecart tributary, South Lanarkshire



Hillslope — channel transition...

Ry

Interfluve

ILECERCN A distance — depth, velocity &
it all begins... turbulence — shear stress... Gulles
 Channel
initiation by

surface erosion

 Stream Order
systems

Drainage divide

> +

Channel

1st order
2nd order

3rd order

Drainage divide

Gullies

Stream flow

A

Mountain or bedrock rivers: Q. > Qg
(i.e. excess power), steep headwaters

Diffusive hillslope processes,
such as soil creep, dominate.

Elevation

\\>

Mainstem
river

Advective fluvial processes dominate.

Distance from divide




Mountain Rivers...

1.What are bedrock (and mountain) rivers and
what are the mechanisms of bedrock erosion?

2.Which role does sediment play in bedrock
erosion?

3. How does climate and environmental ¢
Influence erosion and the evolution of
form?

4.How does the river longprofi
river system) adjust to



Stream Power

Harsprangsfallet (Sweden) before and after hyc
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Surrcunding liquid
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wedging,
plucking

\\ Impact

hydraulic ¢
wedging




The role of bedrock propertles

wedging,
plucking

: hydraulic clay

' wedging

p P
»“-_4“-_[‘-{#]-—-_&-%;—

Crack Growth




The role of sediment g P
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The role of sediment
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The I‘O|e Of Sed|ment Pressure difference

1. local
shear stress

» Processes at river bed: Force
(fluvial T, or ®) vs Resistance
(gravity, rock strength)

2. shear strength @VS resistance
Gravily

force
Water surface
= 0.14
o

& Flow y = & e

e 0124 £ &
oy ' ; .. o
3 ) =
v

Sediment ﬁ 0.10 - '% e el
= O ‘!
2 e o
P Critical shear ‘.-
s 0084 stress (g/cm’) * -
z No motion ° ..
-y e
§ 0.06 - .
- - g \
0.04- :
- . g o
Critical & v g
0.02 - = 'Q
shear stress g; "-
TC O L L} | L] | L]
0 0.002 0.004 0.006 0.008 0010 0012 0014

Shear stress (g/cm?)




The role of sediment

» During a flood, shear :
stress on the stream
bed increases as the
depth and velocity
of water increase

» Critical shear stress
above which bedrock
erosion occurs (t,) IS
higher than that
required to entrain
sediment from the
channel bed (1)

1. — critical shear stress
--- for sediment entrainment

Shear stress on bed

« Thus, rare floods, high-stream po
large shear stresses on the bed,



The role of bedrock properties

 What controls the rate of
bedrock incision (E) ?
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Weathered sandstone

Artificial - 20:1 wet
Sandstone
Artificial -12:1 dry
Artificial - 6:1 wet
Artificial - 8:1 dry
Mudstone
Artificial - 4:1 wet
Mudstone

: Artificial - 2:1 wet
: Sandstone

: Limestone

: Marble

: Sandstone

: Sandstone

16: Weathered granite

E=7.7(+1.4)0, 2000

Rock strength

17: Marble

18: Basalt

19: Graywacke
20: Sandstone
21: Sandstone
22: Sandstone
23: Andesite
24: Greenstone
25: Metasandstone
26: Welded tuff
27: Granite

28: Quartzite

| |
10°
Tensile Strength (o,) (MPa)

constant k
represents
erosivity role of
rock type/
properties (often
estimated instead
of measured)...
l.e. steepness
index

Bedrotk structure

_"3‘* ” ;'-;"«‘? “:\ - ‘
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Bedrock Incision Rates

 What controls the rate of _
bedrock incision (E) ? E=f (Qc’ S

« Rate of bedrock incision also depends on the
sediment supply to the channel

J k’ Qs)

<————— Depth

Water surface

A

No “tools”

available for

erosion
@
et
I
b 59
g B / erosion rate
x ; - -
§ detachment-limited
S
P _Mock and stream

power matter)

Sediment cover
shields bedrock

from erosion

A

Sediment supply to channel

transport-li
(sediment

mited




Bedrock River Dynamics




Bedrock River Dynamics

1.0
Olympic Mountains,
Washington State

0.8 1
°
°
°

0.6 1

Erosion rate (mm/yr)

0 - 10 15

20 .95 30 35
Mean slope (deg)

Erosion rate (mm/yr)

« Hillslope steepening (fluvial incision
causes hillslope erosion...)

 Threshold hillslopes — erosion rates
controlled by mass-wasting frequencies
(and rock strength) instead of slope

(O Biee et
g

0 500 1000
Mean local relief (m)

erosion rates

Global i

W Tectonically active
® Tectonically inactive

s d )

-

i Lower 7ﬁgher
i strength
' (wetter) | (drier)

o
4 A

strength

1
1500

2000

Sub-threshold
slopes

Threshold
slopes




Bedrock River Dynamics

" 4

7

(F

Slot C

_— =

Utah

Gulch Canyon,

anyons

Blue Mountains, NSW




Bedrock River Dynamics

Transport-limited bedrock incision
E ~ sediment transport rate

Qs~Qc

Bedrock erosion in flood
¥ o) -
ns across valley

=
he. B

crossprofile

e ‘EROSION ‘

BT oo O 0. COS OO G0 veo

R -

« Channel lowering by diffusive erosion (top-down...)

Liwu R, Taiwan



Bedrock River Dynamics

« Change in conditions over time leads to adjustment... !

= ’S
s = G{0.S) s < Gi(ChS)
thin covering of
: bedrock exposed
alluvium
 Transformation from
g | g detachment-limited to
- sediment supply i .
+ discharge < transport-limited
bedrock + slope bedrock channel
Gis = Ge(Aw,S)
thin covering of bed has aggraded
alluvium to new mobile-bed

/

bedrock

equilibrium

+ sediment supply
- discharge
- slope

—

bedrock
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Change and Adjustment

Internal vs
External
controls

Driving
variables vs
boundary
conditions

Which climate parameters would influence fluvial system ??

CLIMATE 1
™

Fluvial system boundary \

=

+ Sni{st_& \I
Topography [ vegetation
| + Hillslope >
> system =
=
Flow  Sediment 9
regime  regime -
=y
=
Channel- g
floodplain system

BASE LEVEL 3




Sediment production, general aridity More rainfall, less sediment supply
and channel aggradation and channel incision

Qs > Qc Qs < Qc

= — INCREASING RESISTING POWER INCREASING STREAM POWER

~—— Sediment size

@E .?
Stream discharge

|

@
=
@}
a
O]
<
-
2]
%)
w
c
O}
.
3
o
&)
=

INCREASING STREAM POWER




Climate Change, Incision and Terraces

 Fill Terraces vs Straths - Uplift = Slope change = stream power ?

« Tectonics vs Climate... « Climate change = more rain = stream power ?

4000 m asI ~0°C mean annual temp. = intense frost dynamics = sedlment productlon

A EY NS W

Paired
fill terrace

Modern
floodplain

Modern
channel



Climate Change, Incision and Terraces

- Strath vs Fill Terraces_

Southern Tibet, Himalaya

Modern
floodplain

Modern

Alluvial
cover

Paired
strath terraces

Modern
floodplain

Paired
fill terrace







River longprofile

» What causes ‘bedrock rivers’ & why do they predominate in mountain regions?

Bedrock rivers: Q. > Q. (i.e. excess power) Alluvial rivers: Q. > Q.

1 >50% ‘bedrock’ exposed, minimal sediment 2 sediment storage in
storage (frequent flushing), steep floodplains - lowlands,
headwaters, high Q high Q, low S

A | Head Approaching a “balance”
Exogenic (dynamic equilibrium)
(Climate)

Change in...

baselevel
(erosional base)

Gentler gradient

Elevation

A Mouth
-

River length

* Rivers only want the energy to tr
sediment to ocean basins, an



Baselevel change

» Longprofile trying to approach a “balance” (dynamic equilibrium)

Time2 Time 2

Knickpoint 1

Base Base
level fall level rise

ﬁ 7'_‘_/
/ As base level rises, the river
deposits its load of sediment.

Time 3 Time 3
Continued
base Foreset beds
Knickpoint 2 level rise
Base

Delta

When base level falls,
a knickpoint is initiated
and begins to
propagate upstream.

Knickpoint 1

Topset beds

~ -
-~
S~
-
-
ol 3
-
-
-
-
-~

-
- -
-
- ——

-
~—a
-
-
- -
-
-~

Channelreachesabove B\ g Tt m-- Subsequent rises in
the active knickpoints , base level shift the
remain graded to the Buried delta locus of deposition

original base levels. <o farther inland.

 Rapid change in s



: Break-in-gradient knickpoints Break=in-elevation knickpoints
: . (vertical knickpoints)

—t ,

cohesive non-cohesive
substrates substrates knickpoint height (Hx) knickpoint height (Hk)
<= flow depth (h) >> flow depth (h)

h
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B Fixed knickpoint (Model 1)

Stationary




Knickpoints and Waterfalls

Niagara Falls; US

(4) Waterfall retreats upstream

Hard rock

Soft rock

Porto Alegre, Brasil, Cascada de Caraco



S, Argentma
resistant bedrock steps ~ Ilthogemc knLckpom{S
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S * Headward
OO0 sssvssooessnsnssisist migration of

.....00:.,.::.'70

S knickpoint

« 0.3 m/yr (0.91 m/yr
historically)

« Expected lifetime
of 50.000 yrs

« Adjustment to new baselevel: Transient landscapes (headward propagati

« Rapid initial knickpoint propagation rates, which decline as drainage
decreases stepwise at tributary junctions

* Transmission of
information (event of .
base-level change in the https://youtu.

past)



https://youtu.be/B3FOBcOKmok

Bedrock and Mountain Rivers....

 Bedrock rivers occur where Q. > Qq

« Erosion proceeds via plucking, abrasion &
solution

* Bedrock erosionrate, E=1(Q, S, g5 K)

* Knickpoint retreat is the key mechanism f
transmitting base level fall

« Sediments exert strong control
processes of bedrock erosio
effect’
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