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Introduction

Objectives

Understand Runoff Generation

Runoff production
Runoff concentration
Flood routing
Runoff measurement
Runoff data analysis

Prof. Dr. Christoph Külls, Hydrology Lab
2017



4

Relevance in Hydrology

Runoff
Overflow, Cascading
Runoff generation is the key topic and concern of hydrology [?]:
We need to know it as a generic resource and to control flood
risks.

Qs = P − I [mm]

mit Qs = surface runoff in mm, P Precipitation, I Infiltration in
mm.

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Relevance in Hydrology

Runoff

Tarboton, 2003
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Relevance in Hydrology

Runoff

Tarboton, 2003
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Relevance in Hydrology

Runoff

Dunne & Leopold, 1997

Saturated area
near rivers
Runoff
producing
areas
High correlation
of moisture with
runoff
coefficient

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Relevance in Hydrology

Gauging Methods

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Open Channel Hydrometry

Gauging Station

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
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Open Channel Hydrometry

Current Meters

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
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Open Channel Hydrometry

Methods

WMO, 2008, Vol. 168, p.I-5-4
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Open Channel Hydrometry

Methods

WMO, 2008, Vol. 168
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Open Channel Hydrometry

Methods

1-point: v0.6

2-point: (v0.2 + v0.8)/2
3-point: (v0.2 + v0.6 + v0.8)/3 or (v0.2 + 2 ∗ v0.6 + v0.8)/4
5-point: (vsurf . + 3 ∗ v0.2 + 3 ∗ v0.6 + 2 ∗ v0.8 + vbed )/10
6-point:
(vsurf . + 2 ∗ v0.2 + 2 ∗ v0.4 + 2 ∗ v0.6 + 2 ∗ v0.8 + vbed )/10

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Open Channel Hydrometry

Methods

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
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Open Channel Hydrometry

Logarithmic Profile

WMO, 2008, Vol. 168

Average at 0.6
Surface velocity is 1/1.160=0.85
At 0.2*depth 1/1.49 or 0.87 to 0.88 of velocity

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Open Channel Hydrometry

Velocity profile

Velocity as a function of depth, here 1-d:
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Open Channel Hydrometry

Ratio of real to mean velocity

Ratio of real to mean velocity as a function of depth, here 1-d:
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Open Channel Hydrometry

Averaging of velocities

b is total distance
from benchmark
d is depth from
water table to
river-bed
v is average
velocity of depth
profile

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Open Channel Hydrometry

Mid-section method

The mid-section method is used to average the mean velocity
of a profile with its distances from the benchmark b and the
measured depth (at the profile) d :

Q = v1 ∗ d1 ∗
(

b1 + b2

2

)
+ ...+ vn ∗ dn ∗

(
bn−1 + bn

2

)

with Q discharge [L3/T ]
vi velocity [L/T ]
d depth [L]
bi width [T ]

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Open Channel Hydrometry

Mean-section method

The mean-section method is used to average the velocities and
depths of two profiles with a width of that section b:

Q =
v1 + v2

2
∗ d1 + d2

2
∗ b

with Q discharge [L3/T ]
vi velocity [L/T ]
di depth [L]
b width [T ]

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Open Channel Hydrometry

ADCP measurement

WMO, 2008, Vol. 168, p.I-5-4

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Open Channel Hydrometry

ADCP Profiler

WMO, 2008, Vol. 168

Upper and lower end not measured
Extrapolation needed

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Open Channel Hydrometry

ADCP problematic zones

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
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Open Channel Hydrometry

ADCP Fixed Installation

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
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Open Channel Hydrometry

Electro-Magnetic Station

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
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Open Channel Hydrometry

Weirs

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrometric Weirs

When to use weirs?

WMO, 2008, Vol. 168

F < 0.5
not to fast
not to
shallow

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrometric Weirs

Weirs for Discharge Measurement

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrometric Weirs

V Notch Triangular Weir

WMO, 2008, Vol. 168

Note:

for rather small variability (springs)
precise for small discharges

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrometric Weirs

Rectangular Thin Plate Weir

WMO, 2008, Vol. 168

Note:

for higher variability (creeks)
less precise for small discharges

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrometric Weirs

Large Weirs

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrometric Weirs

Rectangular Profile Weir

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
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Hydrometric Weirs

Broad Crested Weir

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
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Hydrometric Weirs

Parshall Flume

WMO, 2008, Vol. 168
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Hydrometric Weirs

Parshall Flume

Prof. Dr. Christoph Külls, Hydrology Lab
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Hydrometric Weirs

Portable Parshall Flume
Mobile Installation in the Field

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrometric Weirs

Where to measure stage?

WMO, 2008, Vol. 168

3− 4 ∗ hmax for
thin plate
2− 3 ∗ Hmax for
broad crested
2/3 ∗ A for
Parshall

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrometric Weirs

Stage-Discharge

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Stage Discharge Function

Energy - Bernoulli

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Stage Discharge Function

General Stage-Discharge: Manning

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Stage Discharge Function

General Stage-Discharge: Manning

Prof. Dr. Christoph Külls, Hydrology Lab
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Stage Discharge Function

General Stage-Discharge: de Chezy

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Stage Discharge Function

Stage-Discharge: Conveyance Method

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Stage Discharge Function

Stage-Discharge: Weirs

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Stage Discharge Function

Stage-Discharge: Weirs

Prof. Dr. Christoph Külls, Hydrology Lab
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Stage Discharge Function

Stage-Discharge: Trenton Weir

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Stage Discharge Function

Stage-Discharge for Flow over Dam

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Stage Discharge Function

Stage-Discharge: River Bend

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Stage Discharge Function

Stage-Discharge: Natural Channel

Prof. Dr. Christoph Külls, Hydrology Lab
2017



50

Stage Discharge Function

Stage-Discharge: Example

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Stage Discharge Function

Stage-Discharge: Logarithmic

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Stage Discharge Function

Stage-Discharge: Changes

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
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Stage Discharge Function

Tracer Methods

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Tracer Methods for Discharge Measurement

Tracer Slug Injection

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Tracer Methods for Discharge Measurement

Tracer Slug Injection
Equation

Qr =
M∫ t

0 c(t) ∗ dt

with Qr discharge or river [L/T ]
M mass of injection [g]
c(t) concentration of tracer [g/L]
dt time step [T ]

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Tracer Methods for Discharge Measurement

Tracer Continuous Injection

WMO, 2008, Vol. 168

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Tracer Methods for Discharge Measurement

Tracer Continuous Injection
Equation

mt = mr

qt ∗ ct = (Qr + qt) ∗ cr

Qr ≈ Qr + qt

qt ∗ ct ≈ Qr ∗ cr

Qr = qt ∗
ct

cr

with Qr discharge or river [L/T ]
qt flow of injection [L/T ]
ct concentration of injection [g/L]
cr concentration in river [g/L]

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Tracer Methods for Discharge Measurement

Tracer Methods
Summary

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Tracer Methods for Discharge Measurement

Direct and Baseflow

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrograph Separation

Graphical Separation

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrograph Separation

Wundt Kille Method

Baseflow is separated using a flow duration curve
(sort in descending order, determine median, reject Q10 and
Q90 or Q95)

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrograph Separation

Isotopic and Chemical Separation
Qt ∗ ct = Qd ∗ cd + Qb ∗ cb

Qt = Qd + Qb

Qd = Qt −Qb

Qt ∗ ct = (Qt −Qb) ∗ cd + Qb ∗ cb

Qt ∗ ct = Qt ∗ cd + Qb ∗ cb −Qb ∗ cd

Qt ∗ ct = Qt ∗ cd + Qb ∗ (cb − cd)

Qb ∗ (cb − cd) = Qt ∗ (ct − cd)

Qb

Qt
=

(ct − cd)

(cb − cd)

with Qt discharge or river [L/T ]
Qd ,Qb direct flow, baseflow [L/T ]
cd , cr concentration of direct and base flow [g/L]

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Hydrograph Separation

Runoff Models

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

Φ− IndexMethod

Φ is a constant infiltration rate
R > Φ : Q = R − Φ runoff
R < Φ : Q = 0 no runoff
coarse material, long time steps, large basins

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

SCS Method
Rural Basins

yields total runoff in [mm]
regional model (!), conversion to SI [mm]: CN*25.4

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

SCS Method

soil
groups
A,B,C,D

vegetation
type
yield
Curve
Numbers
(CN-
values)

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

SCS Method

normal II
if dry I
if wet III

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

SCS Equation
Basic Assumptions
The SCS equation is based on the assumption that:

F
S

=
Q

(P − Ia)

with F infiltration amount [mm]
S maximum storage [mm]
Q runoff [mm]
P precipitation [mm]
Ia initial loss [mm]

We also assume that the water balance holds:

F = (P − Ia)−Q

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

SCS Equation
Solution
The SCS equation is derived by combining both assumptions
and solving for Q:

F = (S ∗Q)/(P − Ia)
F = (P − Ia)−Q

(P − Ia)−Q = (S ∗Q)/(P − Ia)
(P − Ia)2 −Q ∗ (P − Ia) = (S ∗Q)

(P − Ia)2 = (Q ∗ S) + Q ∗ (P − Ia)
(P − Ia)2 = Q ∗ (P + S − Ia)

Q =
(P − Ia)2

(P + (S − Ia))

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

SCS Equation
Initial loss
The equation is simplified by expressing Ia as a function of S:

Ia = f ∗ S
f = 0.1

Q =
(P − f ∗ S)2

(P + (S − f ∗ S))

Q =
(P − f ∗ S)2

(P + ((1− f ) ∗ S))

Q =
(P − 0.1 ∗ S)2

(P + (0.9 ∗ S))

For U.S. f=0.2 for Europe usually f=0.05-0.1.

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

SCS Equation

Runoff Q in [mm] can be calculated using the equation:

Q =
(P − Ia)2

(P − Ia) + S)

with F infiltration amount [mm]
S maximum storage [mm]
Q runoff [mm]
P precipitation [mm]
Ia initial loss [mm]

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

Curve Numbers

The storage can be translated into curve numbers or CN into
storage using:

S =
1000

(S + 10)

S = fc ∗
[

1000
(S + 10)

]
S =

25,400
(S + 254)

S maximum storage [mm]
CN curve number [−]
fc conversion inches→ mm [−] = 25.4

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

Estimation of initial loss and total storage
Regional
experiments Ia
versus S
S estimated
from water
balance
Requires
measurement
of P, Q, F

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

Estimation of initial loss and total storage
Regional
experiments Ia
versus S
S estimated
from water
balance
Requires
measurement
of P, Q, F

Prof. Dr. Christoph Külls, Hydrology Lab
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Runoff Estimation

Curve Numbers
TR-55 Handbook soil for

hydrologic
groups
vegetation
specifically for
agriculture

Prof. Dr. Christoph Külls, Hydrology Lab
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Runoff Estimation

Curve Numbers
Impervious Area Correction

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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Runoff Estimation

Curve Numbers
Impervious Area Correction

Prof. Dr. Christoph Külls, Hydrology Lab
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Summary

Summary

Measurement methods: Volumetric, velocimetric,
ADCP
Weir formulae
Stage-discharge relationships
Additional methods: Tracers

Prof. Dr. Christoph Külls, Hydrology Lab
2017
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