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Introduction

Objectives

Understand Runoff Generation

= Runoff production
Runoff concentration
Flood routing

Runoff measurement
Runoff data analysis

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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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 — [[mm]

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

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

Runoff

Tarboton, 2003

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

B Runoff

Transpiration

Tarboton, 2003

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

Runoff

= Saturated area
near rivers

= Runoff
producing
areas

= High correlation
of moisture with
runoff
coefficient

o 100 200 300 400
L L 1

fert
Dunne & Leopold, 1997

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

Gauging Methods
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2017
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Open Channel Hydrometry

Gauging Station

WMO, 2008, Vol. 168

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

Current Meters

WMO, 2008, Vol. 168

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

Methods

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

(b)

©

current meter at 0.6 of the depth below the
surface. The value observed should be taken
as the mean velocity in the vertical. Where
measurements are made under ice cover, this
method is applicable with a correction factor of
0.92 for depths shallower than 1 m. Under ice
conditions, the current meter may be placed at
0.5 of the depth. A correction factor of 0.88 is
then applied to this result;

Two-point method - Velocity observations
should be made at each vertical by placing the
current meter at 0.2 and 0.8 of the depth below
the surface. The average of the two values should
be taken as the mean velocity in the vertical;
Three-point method - Velocity observations
are made by placing the current meter at each
vertical at 0.2, 0.6 and 0.8 of the depth below
the surface. The average of the three values
may be taken as the mean velocity in the verti-
cal. Alternatively, the 0.6 measurement may
be weighted and the mean velocity may be
obtained from the equation:

V=025 vy, +2v o+ V)

Prof. Dr. Christoph Kills, Hydrology Lab

2017

(d) Five-point method - It consists of velocity meas-

(e

urements on each vertical at 0.2, 0.6 and 0.8 of
the depth below the surface and as near as poss-
ible to the surface and the bottom. The mean
velocity may be determined from a graphical
plot of the velocity profile as with the velocity
distribution method or from the equation:

v=0.1(v

surface + 3V0.2+ 3o+ 2Vo.s+ Vied

(5.7)
Six-point method — Velocity observations are
made by placing the current meter at 0.2, 0.4,
0.6 and 0.8 of the depth below the surface
and as near as possible to the surface and the
bottom. The velocity observations are plot-
ted in graphical form and the mean velocity
is determined as with the velocity distribution
method or from the equation:

v=0.1(

surface
+ 2V 5+ Vi)

+ 2V 4 2V 4+ 2V

WMO, 2008, Vol. 168
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Methods

= 1-point: vy e
= 2-point: (Vo2 + Vosg)/2
= 3-point: (Vo2 + Vos + Vog)/3 0r (Voo +2* Voe + Vos)/4
= 5-point: (Vsur. + 3% Voo + 3% Vog + 2 % Vog + Vbeq)/10
= 6-point:

(Vsurf. + 2% Voo + 2% Voa + 2% Vog+ 2% Vog + Vbeg)/10

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Methods

(f) Two-tenths method —In this method, the veloc-

(8

ity is observed at 0.2 of the depth below the
surface. A coefficient of about 0.88 is applied to
the observed velocity to obtain the mean in the
vertical;

Surface velocity method - In this method,
velocity observations are made as near as poss-
ible to the surface. A surface coefficient of 0.85
or 0.86 is used to compute the mean velocity in
the vertical.

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab

2017
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Logarithmic Profile

WATER SURFACE

DISTANCE BELOW WATER S URFACE,
IN PERCENTAGE OF TOTAL DEPTH

4

x

100 //

0.20 0.40 0.60

VELOCITY, IN METRES PER SECOND

= Average at 0.

0.80

6

1

1.20

Ratio of observation depth to
depth of water

Ratio of point velocity to
mean velocity in the vertical

1.160
1.160
1.149
1.130
1.108
1.067
1.020
0.953
0.871
0.746
0.648

WMO, 2008, Vol. 168

= 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 Kills, Hydrology Lab

2017
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Velocity profile

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

1
00 02 04 06 08
1
o
o

0.0 0.5 1.0 15 2.0 2.5 3.0

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Ratio of real to mean velocity

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

oo

1
02 04 06 038

0.7 0.8 0.9 1.0 11

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

Averaging of velocities

by_y

= b is total distance
= from benchmark

s = d is depth from
o ) water table to
river-bed

Ao Yy iS average
velocity of depth
profile

Notes: WMO, 2008, Vol. 168
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1,2, 3, cieiiieninnn n: Observation verticals
by, by, by b,: Distance, in metres, from the initial
point to the observation vertical
d,, dy, dyeernnnnnn. d: Depth of water, in metres, at the observaion vertical
Dashed lines: Boundaries of subsections: the one heavily

outlined is discussed in text.

Prof. Dr. Christoph Kills, 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>—|—...+V,,>|<dn>k(bn_12—i_bn>

2

with Q discharge [L3/T]
v, velocity [L/T]
d depth (L]
b; width [T]

Prof. Dr. Christoph Kills, 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:

V1+V2*d1+d2*

2 2 b

Q:

with  Q discharge [L3/T]
v, velocity [L/T]
d; depth [L]
b width [T]

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

ADCP measurement

The layout of a typical acoustic Doppler measurement
(Source: United States Geological Survey, http://www.usgs.gov)

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

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

ADCP Profiler

=
B \WATER SURFACE & WATER SURFACE
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f WALUE, IN SQUARE FEET PER SECOND, PER SECOND
f VALUE, IN SQUARE FEET PER SECOND, PER SECOND

WMO, 2008, Vol. 168

= Upper and lower end not measured
= Extrapolation needed

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

ADCP problematic zones

Unmeasured Unmeasured
' near-shore discharge  near-shore discharge \

Unmeasured area due to blanking distance
and transducer draft

Area of measured discharge

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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ADCP Fixed Installation

Central processor

Velocity measured along acoustic beam -
A D

Cable

Sample volume L Transducer g
-~

C B
(a) Cross-paths

(b) Multiple vertical paths

Q} Reflector

Cable

o Resp(lmder ™

cells (€) Reflector

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab
2017

<8
(d) Responder
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Electro-Magnetic Station

Hectrode
potential

Insulating

L membrane Instrumentation unit
Channel

Hut contalning
Instrumentation unit

Displays

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab
2017



. FACH
. ‘nucnscnuu

LUBECK

Open Channel Hydrometry

Weirs

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

When to use weirs?

Measuring structures should not be built in rivers

having a high Froude number (F), where

£ —-v/Jgi, (d = average depth of flow and = F <05

v = average velocity). = not to fast

= not to
shallow

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Weirs for Discharge Measurement

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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V Notch Triangular Weir

The equation for discharge through a triangular,
V-notch, thin-plate weir is as follows:

Q- %,/ycu tang/ﬁ’2

Direction
of flow

where Q = discharge, C[, = coefficient of discharge,
@ = angle included between sides of notch, and
h = gauged head referred to vertex of notch.

Enlarged view of V notct

h,
showing chamfer on downstream

g of noteh

The coefficient Cp, varies from 0.608 at /1 = 0.050 m
to 0.585 at i = 0.381 for a 90° notch. A table of
discharges for 90°, 1/2 90° and 1/4 90° V-notches is
given in pages 1.7.14 to 1.7.27.

WMO, 2008, Vol. 168

Note:

= for rather small variability (springs)
= precise for small discharges

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

Rectangular Thin Plate Weir

The basic discharge equation for a rectangular
thin-plate weir is as follows:

Q- C% 2 i

Enlarged view of crest
and side of rectangular notch,
showing chamfer on

downstream edge of notch

WMO, 2008, Vol. 168

Note:

= for higher variability (creeks)
= less precise for small discharges

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Large Weirs

Alternative geomedries
of downstream face

Rad. = 2H max.
Head gauging
section

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Hydrometric Weirs
Rectangular Profile Weir

Rad. = 2H max. The Rehbock discharge equation for the full width
(20 = 2

Head gaugin irise
sec[iog 99 welr 1s:

O
i Q= %,IZX(JD[)/{,W

<« Stilling well

where /1, =/ +0.0012 m, and C;, = 0.602 + 0.083 //P.

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Broad Crested Weir

The general discharge equation for broad-crested
weirs is:

Q=Cyp\soH™"

where H = total head (gauged head plus velocity
head), or:

Q=C,C (213 [y b

where /i = gauged head and C;, may be obtained
from Table 1.7.4.

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab
2017

Table 1.7.4. Values of coefficient of approach

velocity C, for broad-crested weirs

Cpbh/A C,
0.1 1.003
0.2 1.010
0.3 1.020
0.4 1.039
0.5 1.057
0.6 1.098
0.7 1.146
0.8 1.217
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Hydrometric Weirs

Parshall Flume

—
{
) = B '

Upper Head, H,
Gage point

PLAN VIEW

"
|

HB
Zero Datum T
 I— =1
Nl —— i
| J H, gage K
Y X
B F G

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab
2017



Hydrometric Weirs

FACH
HOCHSCHULE
LUBECK

3 Discharge range Equation Head range Moduiar
m:_":;a;,::‘g:?b inm3 st x 102 Q=Khj in metres limit
minimum maximum (metric) minimum maximum h./h,
0.025 0.09 5.4 0.0604 hy** 0.015 021 0.50
0.051 0.18 13.2 0.1207 h)*5 0.015 0.24 0.50
0.076 077 321 01771 hy** 0.03 033 0.50
0.152 1.50 m 0.3812 b8 0.03 0.45 0.60
0.229 2.50 251 0.5354 p52 0.03 0.61 0.60
0.305 332 457 0.6909 h ¥ 0.03 0.76 0.70
0.457 4.80 695 1.056 h}~** 0.03 076 0.70
0.610 121 937 1.428 h}550 0.046 0.76 0.70
0.914 17.6 1427 2.184 h}566 0.046 076 0.70
1.219 358 1923 2953 h}°78 0.06 076 0.70
1.524 441 2424 3.732 n}5E 0.06 076 0.70
1.829 74.1 2929 4.519 )95 0.076 076 0.70
2134 858 3438 5.312 )0 0.076 076 0.70
2438 97.2 3949 6112 hy* 0.076 076 0.70

inm?*s?

3.048 0.16 8.28 7.463 hy 0.09 1.07 0.80
3.658 0.19 14.68 8.859 )% 0.09 1.37 0.80
4.572 0.23 25.04 10.96 1y 0.09 1.67 0.80
6.096 0.31 37.97 14.45 R150 0.09 1.83 0.80
7.620 0.38 47.14 17.94 R150 0.09 1.83 0.80
9.144 0.45 56.33 21.44 h}0 0.09 1.83 0.80
12.192 0.60 74.70 28.43 K150 0.09 1.83 0.80
15.240 075 93.04 35.41 K10 0.09 183 0.80

Prof. Dr. Christoph Kills, Hydrology Lab

2017
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Portable Parshall Flume
Mobile Installation in the Field

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Where to measure stage?

. 3 Location of head
Measuring structure measuring section = 3 _ 4 * hmax for
thin plate

Thin plate Triangular notch 3-4h_
Weirs Rectangular notch ~ 3-4h_ m 2 — 3% Hpay for
Broad crested  Triangular (Crump) 2H_ .. (from crest line) broad Crested
weirs Round nosed 2-3H
m = 2/3xAfor
Rectangular 2-3H
FlatV T0H" or 2H . from Parshall
crest line whichever is
the greater
Standing- Rectangular 3-4hmax
wave flumes Trapezoidal 1-4h . *
U-shaped 1-4h_.*
Parshall 2/3A%

WMO, 2008, Vol. 168

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

Stage-Discharge

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Energy - Bernoulli

V2
2g-- - EGL] M, .,
o Entrance loss
ENERG
AR sz P Y GRADE LINE h"[.:
329 OF CULVERT
h = P +7 T
1T Se~a - W, 2
1 bd=Tte =~ = JATER SUREsc o
v Te-s -
BOTTOM OF CULVERT d, L‘
1 Datum l |
m (2) Culvert barrel 3) (4
Approach Culvert Culvert ~ Downstream
section entrance outlet section

Mote: The loss of energy near the entrance is related to the sudden contraction and subsequent
expansion of the live stream within the culvert barrel.

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kiills, Hydrology Lab

2017
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General Stage-Discharge: Manning

T
1
1
:-c— Section 1
I

R ———

Section 2_,:

-

Plan view
{hK)L _________ e E nNergy gradient hf+ Kahy)

-‘h-__________V_Vat [
h, Tersuface - _(hv)z

N N h,
Datum :

L
Profile view

Prof. Dr. Christoph Kills, Hydrology Lab
2017

WMO, 2008, Vol. 168
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General Stage-Discharge: Manning

The Manning equation, written in terms of
discharge, is:

Q - lARz/3S1/3

n
where Q = discharge in m?® s°'; A = cross-sectional
area in m?; § = friction slope, and n = roughness
coefficient; R = hydraulic radius in m, = 2 where P
is the wetted perimeter. P

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

General Stage-Discharge: de Chezy

The Chezy equation is:

Q = 614]‘)1125112

where C is the Chezy form of channel roughness.

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Stage-Discharge: Conveyance Method

The conveyance slope method is based on equations
of steady tlow, such as the Chezy or Manning
equation. In those equations:

Q - Ksl.-'Z
In the Chezy equation:
K = CAR"™

and in the Manning equation:

1 R .
K =;ARZB (metric units)

Prof. Dr. Christoph Kills, Hydrology Lab

2017
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Stage-Discharge: Weirs

CAUGE HEICHT, IN METRES

09

0.7

0.5

0.4

0.22

——CH. =043
1 — GH.=00m
- 137m
P=1
L]
20
10
07 r_uﬂ"i'ﬁb'//
N T
05 LT | g 1
' 2921 . !
L= L —1 3
03 * ’r1 o,
i | *
02 Y
=
&
0l §
&

0.07

Vi
0.05
0.03
0.0 /

08 0.1 02 0405 07 10 2 45 7 10 20

DISCHARGE, IN CUBIC METRES PER SECOND

Prof. Dr. Christoph Kills, Hydrology Lab

2017
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Stage Discharge Function
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Stage-Discharge: Weirs

T}

o1

100
Discharae 0 m*/s

Prof. Dr. Christoph Kills, Hydrology Lab

2017

150

Q=C,BH?*

where Q is discharge, in cubic metres per second
(m3s1); C) is a coefficient of discharge and may
include several factors; B is cross-section width,
in metres (m); H is hydraulic head, in metres, and
B is an exponent depending on the shape of the
control (for example for V-shaped, = 2.5 and for
rectangular, g =1.5).
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Stage-Discharge: Trenton Weir

FLOW

Dimensions in mm

Prof. Dr. Christoph Kiills, Hydrology Lab
2017

The so-called Trenton-type control is a concrete
weir that is popular in the United States. The
dimensions of the cross-section of the crest are
shown in Figure 1I.1.7. The crest may be constructed
so as to be horizontal for its entire length across the
stream or for increased low flow sensitivity the crest
may be given the shape of an extremely flat V. For a
horizontal crest, the equation of the stage discharge
relation, as obtained from a logarithmic plot of the
discharge measurements, is commonly of the order
of:

Q=231

where b = top width of water surface, in metres.
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Stage-Discharge for Flow over Dam

The basic equation for flow over a dam is:
Q = CbH??

where QQ = discharge; C = a coefficient of discharge
having the dimensions of the square root of the
acceleration of gravity; b = width of the dam normal
to the flow, excluding the width of piers, it any, and
H = total energy head (h + V2 /2g) referred to the
crest of the dam, where h = static head, and
V_ = mean velocity at the approach section to the
dam.

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Stage-Discharge: River Bend

The discharge equation given by Apmann (1973)
is:

_ a8k

Prof. Dr. Christoph Kills, Hydrology Lab
2017

The value of K is determined from the equation:
5 re T, )

K ==tgh|—|llog, | =
(L) [2)

Note: tgh is the hyperbolic tangent.

The symbols in equation 9.8 are shown in the
sketch in Figure 1.9.5.

P.C. (beginning of curve)

The angle 815 measured In Fadians.
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To understand the principles that underlie the
stage-discharge relation of channel control in a
natural channel of irregular shape assume, that the
roughness coefficient, n, in the Manning equation
is a constant at the higher stages and that the energy
slope, S, tends to become constant. Furthermore,
area, A, is approximately equal to depth, H, times
width, W. By making the substitution for A in the
equation 1.7 and 1.8, and by expressing §¥*/n as a
constant, C,, the following equation is obtained:

Q- C,HWR™ (approx)
If the hydraulic radius, R, is considered equal to H

and W is considered a constant the equation
becomes:

Q=CH" =C(h- s’)l‘w(approx)

Prof. Dr. Christoph Kills, Hydrology Lab
2017

Stage-Discharge: Natural Channel

However, unless the stream is exceptionally wide, R
is appreciably smaller than H. This has the effect of
reducing the exponent in the last equation,
although this reduction may be offset by an increase
of § or W with discharge. Changes in roughness
with stage will also affect the value of the exponent.
The net result of all these factors is a discharge
equation of the form:

Q-Cli-e)f

where g will commonly vary between 1.3 and 1.8
and seldom reach a value as high 2.0.
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Stage Discharge Function

Stage-Discharge: Example

4
18
342
2 ’dr 12
- b 30 212 T
= 1 f#:\l)& [ 2p1
v =
= 375 ]
0.1
1 10 100 200

Discharge, Qm?/s

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Stage-Discharge: Logarithmic

2
a=1.5
1
0

5 4.5 4

35 3

GAUGE HEIGHT, IN METRES
S

27 22
25 2
23 03 b—oo
22 0.2 —
’
’
21 0 L

Note — All curves represent

the same rating. The true
value of “a” is 1.5.

0.1

02 03

0407 1 2 3 5 7 10 20 30 50

DISCHARGE, IN CUBIC METRES PER SECOND

Rating curve shapes resulting from the use of differing values of effective zero-flow

WMO, 2008, Vol. 168

Prof. Dr. Christoph Kills, Hydrology Lab

2017
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Stage Discharge Function

Stage-Discharge: Changes

Original
rating—, —
1 -
R
T AT
Shift curve | -~ A7 1

— )
for channel fill e

s e
el
. e Shift curve

rd
4
’, / , for channel scour

Ld 4
20
’ 4 O Discharge measurement
7
/&

GAUGE HEIGHT——»

DISCHARGE —

WMO, 2008, Vol. 168

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

Tracer Methods

Prof. Dr. Christoph Kills, Hydrology Lab
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Tracer Methods for Discharge Measurement
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Tracer Slug Injection

Slug
injection

¥

ae
Flowf‘> be
Cce

z Definition sketch
8 of sample points
2
=
z |<_ Ty—
ol
9]
5 b
b
S/ /8 LA NP S—
TIME —— T,

Short Distance

Curve areas not the same,
lateral mixing incomplete.

WMO, 2008, Vol. 168
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Optimum Distance
Curve areas about the same,

mixing nearly complete.

Long Distance

Curve areas identical,
perfect mixing.
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Tracer Methods for Discharge Measurement

Tracer Slug Injection

Equation
M
Qr — f
Jo c(t) ot

with  Q,  discharge or river [L/T]
M mass of injection (9]
c(t) concentration of tracer [g/L]
dt  time step [T]

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Tracer Continuous Injection

Slugs

My My M3 My Mg -

I |

CONCENTRATION ——s

Plateau

n
Slug
responses

Ty

WMO, 2008, Vol. 168
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Tracer Methods for Discharge Measurement
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Tracer Continuous Injection

Equation
m
Qt * Ct
Qr
Qi * Ct
Qr

my

(Qr+a1) *cr
Q + g
Qrxcr

g+ 2
g

with  Q, discharge or river
g: flow of injection
¢:  concentration of injection
¢, concentration in river

Prof. Dr. Christoph Kills, Hydrology Lab
2017

[L/T]
[L/T]
[9/L]
[9/L]



Tracer Methods for Discharge Measurement
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Continuous Injection

CONCENTRATION ——

Discharge
WeightedISampling

ae
Flow:>b.
Ce

Definition sketch of

sample points

Sample

Slug
Injection

o — — — —

Short distance

1. Curve areas not the same,

lateral mixing incomplete.

Rapid buildup to plateaus

of different levels.

. Dilution-discharge
measurement can be
obtained by using
discharge proportional
sampling or by discharge

I

w

T

Optimum distance

1.

2.

weighting the concentration

data.

Prof. Dr. Christoph Kills, Hydrology Lab
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Curve areas about the same,

mixing nearly complete.
Fast buildup to plateaus
nearly the same in
concentration mixing
adequate.

. Good dilution discharge

measurement can be made
with moderate length
injection, T,

Long distance

1.

]

W

Curve areas identical,
perfect mixing.

. Slow buildup to plateau

concentrations exactly the
same but only after long
period of injection.

. Excellent dilution

discharge measurement
can be made if injection
is long enough to allow
sampling after slowest
point in section had
reached an equilibrium
plateau.
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Tracer Methods for Discharge Measurement

Direct and Baseflow
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Hydrograph Separation
Graphical Separation
I

Discharge 2

Time
{a) Straight line method.
(b) Fixed base method.
(¢} Variable slope method.
Baseflow Separation Techniques (from Chow et al, 1988).
Linsley et al. (1982) suggest as a rule of thumb N=0.2A, for A in square
miles and N in days for the fixed base method (b).

Prof. Dr. Christoph Kills, Hydrology Lab
2017



Hydrograph Separation
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B Wundt Kille Method

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

Flow (m3/s)

100.0

10.0

0.10

0.01

0.00

T T T T T T T T T
10 20 30 40 50 &0 70 80 90
Exceedance frequency (per cent)

100

Source: Manual on Low-flow Estimation and Prediction (Operational Hydrology Report No. 50, WMO-No. 1029), page 50

Prof. Dr. Christoph Kills, Hydrology Lab
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Hydrograph Separation
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Isotopic and Chemical Separation

with

Q; * G Qg xCqg+ Qp*Cp
Q = Qu+Qp
Q = &—Q
Qxct = (Q—Qp)*xcyg+ Qpxcp
Qixc = Qr*Cqg+ QpxCp— Qp*cCy
Qxc = Q[*Cd-i-Qb*(Cb—Cd)
Qpx(Co—Cq) = Qr*(ct— Ca)
Q _ (ct—cq)
Q  (c—Ca)
Q; discharge or river

Qq,Qp direct flow, baseflow
C4, Cr  concentration of direct and base flow

Prof. Dr. Christoph Kills, Hydrology Lab

2017

[L/T]
[L/T]
[9/L]
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Hydrograph Separation

Runoff Models

Prof. Dr. Christoph Kills, Hydrology Lab
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Runoff Estimation |\ i

® — IndexMethod

Rainfall intensity (cm/h)
2
1

¢ index
s 1 T T T T
0.0 0.5 1.0 1.5 20
time (h}

® is a constant infiltration rate

R>®: Q= R— ¢ runoff

R < ®: Q= 0 no runoff

coarse material, long time steps, large basins

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

SCS Method
Rural Basins

10

9 P—0.28 2 | | |ﬂ

2 R_:iﬁp oss) ;\@I/Rlszib
¥ ors=12% g0 7]
« i__ CN ] 5Q7
£ ™
o 2 /( ___/'Tb‘ 4

i ,/ 1T | _ _,.'5()

0 =T 1 ] L -I-'ZO

0 2 4 6 8 10 12

Precipitation (in)
= yields total runoff in [mm]

= regional model (!), conversion to SI [mm]: CN*25.4

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

Bl scs Method

Land Use Description Hydrologic Soil Group
A B C D
Cultivated land: without conservation treatment 72 81 88 99 .
with conservation treatment 62 71 787 81 L S O | |
Pasture or range land: poor condition’ 68 79 86 89
good condition' 39 61 74 80 g rou pS
Meadow: good condition 30 58 71 78 A B C D
Wood or forest land: thin stand, poor cover, no mulch 45 66 77 83 T
good cover’ 2! 55 70 77 =
Open Spaces, lawns, parks, golf courses, cemeteries, etc.
good condition: grass cover on 75% or more of the area 39 61 74 80 H
fair condition: grass cover on 50% to 75% of the area 49 69 79 84 Veg etatl on

Commercial and business areas (85% impervious) 89 2 94 95 type
Industrial districts (72% impervious) 81 88 91 93
Residential H
Average lot size Average % impervious " y e | d
1/8 acre or less 65 77 85 90 92
1/4 acre 38 61 75 83 87 C u rve
1/3 acre 30 57 72 81 87
1/2 acre 25 54 70 80 85 Numbers
1acre 20 51 68 79 84 (C N-
Paved parking lots, roofs, driveways, efc. 98 98 98 98
Streets and roads: va I u eS)

paved with curbs and storm sewers 98 98 98 98

gravel 76 85 89 91

dirt 72 82 87 89

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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Runoff Estimation
SCS Method

Total 5-day antecedent rainfall (in)
AMC group  Dormant Season  Growing Season

1 Less than 0.5 Less than 1.4
I 0.5t01.1 1.4to 2.1
11 Over 1.1 Over 2.1
420N(II
oN(D) = —3ENAD
10— 0.058CN(II) = normal Il
and w jf dry I
= if wet lll

23CN(ID)

CN(III)=———————
(m 10+ 0.13CN(II)

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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ﬂ SCS Equation
Basic Assumptions

The SCS equation is based on the assumption that:

with

F
S
Q
P
la

F Q

S (P-1y

infiltration amount
maximum storage
runoff
precipitation

initial loss

[mml
[mml
[mm]
[mm]
[mm]

We also assume that the water balance holds:

Prof. Dr. Christoph Kills, Hydrology Lab
2017

F=(P-1)-Q



. FACH
l ‘nccnscnuu
LOBECK

Runoff Estimation

ﬂ SCS Equation
Solution

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

F o= (4P
F = (P-1)-Q
(P-1)-Q — (S+Q)(P— 1)
(P—1L) —Qx(P—-1) = (SxQ)
(P—Ia)2 = (Q*xS)+Qx(P—1I)
(F’—Ia,)2 = Q*(P—i—S—la)
B (P—/a,)2
@ = PG

Prof. Dr. Christoph Kills, Hydrology Lab
2017



Runoff Estimation
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SCS Equation
Initial loss

The equation is simplified by expressing /; as a function of S:

I
f

Q

Q

Q

fxS
0.1
(P —fx8)?
(P+(S—1xS))
(P —fx8)?

(P+((1-1)x9))
(P—0.1%S)?
(P+(0.9%9S))

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

Prof. Dr. Christoph Kills, Hydrology Lab
2017



Runoff Estimation
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SCS Equation

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

with

Prof. Dr. Christoph Kills, Hydrology Lab
2017

F

STUOWm

(P — 1,)?

Q:(P—Ia)+8)

infiltration amount
maximum storage
runoff
precipitation

initial loss

[mml
[mm]
[mm]
[mml
[mm]
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Curve Numbers

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

1000
° = (5110
1000
5 = f°*[(3+10)]
s _ 25,400
~ (S+254)
S maximum storage [mm]
CN curve number -]

f. ~ conversion inches - mm [—]=25.4

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

Estimation of initial loss and total storage

1~ 714 = Regional
N — ] f?,/*g,/%f/,." experiments I,
A7 1T T versus S
AL - = S estimated
3 iEseAL il from water
£ i J:‘}/': i balance
- IO Iy L ! i )
E 7B e —— = Requires
E AW ;_/ S , measurement
0.1 yd (3 - -
,'1 nr 4 Pai - - I of P, Q’ F
// //{ -,' < — |
Ay Rl _.
# | | |
4 . EEERR |
/' | || 50% of points are within the dash lines.
s | | . Reference: NEH — 4
001 L2 | L R
o1 " Value of S inInches '° oo

Prof. Dr. Christoph Kills, Hydrology Lab
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Runoff Estimation

Estimation of initial loss and total storage

1~ 714 = Regional
N — ] f?,/*g,/%f/,." experiments I,
A7 1T T versus S
AL - = S estimated
3 iEseAL il from water
£ i J:‘}/': i balance
- IO Iy L ! i )
E 7B e —— = Requires
E AW ;_/ S , measurement
0.1 yd (3 - -
,'1 nr 4 Pai - - I of P, Q’ F
// //{ -,' < — |
Ay Rl _.
# | | |
4 . EEERR |
/' | || 50% of points are within the dash lines.
s | | . Reference: NEH — 4
001 L2 | L R
o1 " Value of S inInches '° oo
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B Curve Numbers

Curve numbers far
Caver description hydrologc soil group—

Cower type Treatment® 2ﬂﬂg¥ A B < o

Fallow Bare Sl - 7 8 91 W

Crop residue cover (CR) Paor 76 & 90 93

Good 74 83 8 90

. Poor 72 81 88 9l

Row erops Straight row SR} Goad & 78 8 &

Poor 71 80 & W%

SR+ CR Goad 6 75 82 85

Poar w73 84 88

Cantoured [C} Good 6 75 & 86

Poor 63 78 83 &7

C4CR Geod 64 7 81 8

Peor 6 74 80 82

Contoured & terraced (C&T) Cnmri 62 71 78 81

Poar 6 73 79 Al

C&T + CR Goed a1 70 77 80

’ Poor 6 76 84 88

Small grain SR Good 6 75 83 &

Poat 6 75 83 8

SR+ CR Good 60 72 8D 84

Pour 63 74 8 &

c Good 61 73 61 84

Poor 62 73 81 m

C4+CR Geod 60 72 80 B

Pacr 61 72 719 82

CaT Good 59 70 78 @

Paor 60 71 78 8l

C&T + CR Good 58 &9 77 80

Pacr 66 77 8 8

c‘”’w seeded g Good 58 72 8 8

lequmesor Poor 64 75 B3 85

! Good 55 6 78 83

meadow Poor 63 73 &0 83

C&T Good 51 & 76 B0

Sampla curve numbers. Reference: TR-55

Prof. Dr. Christoph Kills, Hydrology Lab

2017

= soil for
hydrologic
groups

= vegetation
specifically for
agriculture



Runoff Estimation

Curve Numbers
Impervious Area Correction
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100

Hervious CN = 90

Composite CN

0 10 20 30 40 50 60 70 80 90 100

Connected Impervious area (percent)
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Runoff Estimation

Curve Numbers
Impervious Area Correction

0.0
s
"zﬁ_
El 05
£
W
&l
o0 | g0 | 70 \ 60 |\ 50 1.0
0 80 70 60 50 4

o o 0 10 20 30

{Unconnected impenvious)
(Total impenvious)

Gomposite CN Total impervious
area (percent)

Prof. Dr. Christoph Kills, Hydrology Lab
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Summary

Summary

= Measurement methods: Guelph, double ring, single
ring and suction plate

= Models: Horton, Philip, Green-Ampt, Haverkamp
= Application: Runoff modeling, recharge, pollutants

Prof. Dr. Christoph Kills, Hydrology Lab
2017
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