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2\ Lecture contents of the last week (Week-4)

S

CHAPTER -2 Rainfall-runoff Relationships

2.4 SCS Curve Number ano

Time-Area Methods

2.5 Stream Flow Hydrograp
2.5.1 Factors Affecting
2.5.2 Effective Rainfall

1

Flood Hydrograph

2.5.3 Separation of Base Flow and Runoff

2.5.4 Hydrograph Analysis




g%% Home assignment:

| hope you are sure you area able to exercise on:

= SCS-CN methods: symbols, units and problem analysis
= Compare and contrast rainfall, effective rainfall and direct runoff.
= Relate parameters under these methods
= Try to solve mathematical expression and problem solving on these methods
for effective rainfall
= Baseflow separation: definitions and methods
= What does baseflow mean?
= Why it is important?
= Compare and contrast baseflow separation methods graphically.
= Hydrograph: Factors affecting hydrograph



2%\ Lecture contents of the week (Week-5)

S

CHAPTER -2 RAINFALL-RUNOFF RELATIONSHIPS
2.6 The Unit Hydrograph (UH)

2.7 Applications of Unit Hydrograph
2.8 Synthetic Unit Hydrographs

2.8.1 Snyder’s Method

2.8.2 Dimensionless Unit Hydrograph
2.9 Hydrology of Ungauged Catchment



2y Lecture Learning Outcomes

~

Course Learning Outcomes: After completion of this Lecture, you will be able to:

MOl Apply measurement techniques of the components of the hydrologic cycle, water
balance and filling of missed data;

Examine rainfall-runoff relationship and hydrograph;
« Apply UH
« Apply SUH
« Describe means for data transfer for ungauged watersheds
LO-3:
LO-4.

LO-5:
LO-6:



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Definition:

= |s a direct runoff hydrograph (DRH) resulting from 1 or a unit
of effective rainfall (rainfall excess) or hyetograph (ERH)

= |s distributed uniformly over the entire basin at a uniform
rate during a specified time period (or duration), D,

= showing the Interaction between ERF and RO on a
watershed by viewing the watershed as a lumped linear
system.

= Unit excess rainfall volume equaling 1 mm may be
considered as a standard value since rainfall is usually
measured in mm.

= However, In certain cases, UH is derived for 1 cm effective
rainfall.



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Definition: 0 S

" The intensity of the rainfall of a UH is 1/D e
cm/hr for 1 cm UH under D-h DRO.

= The area under the UH curve Is 1cm over
the entire area of the catchment.

= A UH shown in the figure:

Catchment area

= 1292 km?2
120

o 6-h unit

80 hydrograph

Discharge (m3/s)

40 |+

Direct runoff =1 cm

0 L ] |
. 0 6 12 18 24 30 36 42 48 54 60 66
= 1Cm Peff |n 6 hl’ (D:6'h) Time in hours
. The hydrogl‘aph iS 6'h UH + Typical 6-h Unit Hydrograph

i S : Textbook, (Subra a, 2008
* The DRO under the UH curve is 12.92 m?3 ource: Textbook, (Subramany )
= =1 cm*1292 km?2

= Time invariant: it is applied for the same 1-
cm, 6-h unit hydrograph at any time of
raining.



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

UH assumptions:

= The effective rainfall is uniformly distributed within its
duration (Temporal uniformity).

= The effective rainfall is uniformly distributed over the
whole drainage basin (spatial uniformity).

= The base duration of direct runoff hydrograph due to an
effective rainfall of unit duration is constant.

= The ordinates of DRH are directly proportional to the total
amount of DR of each hydrograph (principles of
Inearity, superposition, and proportionality)

= For a given basin, the runoff hydrograph due to a given
period of rainfall reflects all the combined physical
characteristics of basin (time-invariant)




2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Laws of Unit Hydrograph: 1. Law of proportionality.
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Q Is proportional to the total volume
of excess rainfall.

Source: Textbook, (Ojha et al, 2008)



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Laws of Unit Hydrograph: 1. Concurrent Flow Assumption or Law of superposition.

o
1

Excess rainfall
r N

*The total hydrograph of
surface runoff is the sum
of the surface runoff
produced by the individual
portions of the excess
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Source: Textbook, (Ojha et al, 2008)
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2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Laws of Unit Hydrograph:
3. Time Invariance Assumption.

= the unit hydrograph derived for a watershed does not vary with
time.

= This principle holds when:

1. The physical characteristics of the watershed do not change with time
and

2. Storm pattern and its movement do not change with time.



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

D D D D

Applications of Unit Hydrograph: ot M s e

R R
1 F»‘56

= A unit hydrograph converts the rainfall
(excess rainfall) to runoff (direct
surface runoff) easily.

= If D-h UH and hyetograph are available:

= |nitial and infiltration losses can be estimated and
deducted from hyetograph to get P4 (R)) o Iu(t‘) T

= This P is divided in to M blocks of D-h durations. Kt

= Each D-duration P+ (R;) can be transformed in
DRO hydrograph wusing the unit hydrograph
developed for this duration.

= Finally, the hydrograph of the DRO can be
superimposed to the total hydrograph.

excess

Ra

Excess rainfall

D-h unit
hydrograph

Discharge —» -— Rainfall

- DRH due to an ERH
Source: Textbook, (Ojha et al, 2008)



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Applications of Unit Hydrograph:

= A unit hydrograph converts the rainfall
(excess rainfall) to runoff (direct
surface runoff) easily.

The direct runoftf due to R, at time 7 18

O =R, - ult]
The direct runoff due to R, at time (# — D) 1s
O, =R, ult-D]
Similarly, O, =R, ult—(i—1)D]
and Qm:Rm'u[r_(M_ I)D]
Thus at any time ¢, the total direct runoff 1s

M M
=2 0= 2 R -ult—(i—-1)D]
i=1 i=1

excess

Discharge —» -— Rainfall

D D D D

PP P P B 2

R R
1 F»‘56

Ra

Excess rainfall

D-h unit
hydrograph

u(t)
[ Y T . A

D t
H Time —>»

~ DRH due to an ERH

Source: Textbook, (Ojha et al, 2008)



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Applications of Unit Hydrograph:

= Used to predict flood hydrographs from known rainfall
events,

= Flood Forecasting and Prediction: or managing flood
risks and issuing timely warnings.

= Runoff Estimation: dams and reservoirs, to effectively
manage water resources.

= Design Flood Determination: peak discharge that a dam
structure must be able to withstand.

= Water Resource Management: for managing water
resources, including irrigation, water supply, and
hydropower generation.

= Synthetic Unit Hydrograph: watershed characteristics for
similar watershed



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Unit Hydrograph Derivation: from a single-period storm:

When a storm is of short duration and of fairly uniform intensity,
UH can be derives following these procedures:

(1) Extract hydrographs from stream-flow records
= using observed gauge-discharge or rating curves.

(i) Separate base-flow from total hydrograph to produce direct
surface runoff

= Compute the surface runoff volume Q in mm.

= |In practice, floods of runoff volume greater than 20 mm are
analyzed.

(i) Examine the rainfall records available for the rain gauge
stations in the catchment and

= compute average rainfall for the storm under investigation.



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Unit Hydrograph Derivation: from a single-period storm:

(iv) Derive the hydrograph and the total average rainfall
= for the time period to the desired unit period of the unit hydrograph.

(v) Estimate the excess rainfall: determine the loss rate by subtracting the
direct surface runoff from the total rainfall in each of the unit periods.
(vi) Unit hydrograph is a multiplying factor to convert excess rainfall

to DSRO, then:
= Plot the surface runoff hydrograph.
= Determine the volume of excess rainfall, P, In the single unit period.
" Pgg, also equals the volume of the direct surface runoff hydrograph Q. .
= Relate the value of P, to the unit volume of the unit hydrograph, Q.




2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Unit Hydrograph Derivation: Examples-1.
What does mean 1 mm unit hydrograph?

= 1 mm effective rainfall occurs uniformly over a catchment for a unit
time,

= the volume of UH will be equal to (1 mm x area of catchment).

= |f we divide this volume by the catchment area A, this will be just
equal to 1 mm (the unit used for effective or excess rainfall).

= the term “unit volume of unit hydrograph™ implies that the volume
under the UH is equal to one unit used for effective rainfall of one

unit.



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Unit Hydrograph Derivation: Examples-2.

For a given P of 30 mm, derive proportionality factor (F) to get a
unit hydrograph for 10 mm unit volume.

Given: P4 = 30 mm, Q4= 10 mm.
Req.: proportionality factor (F) (-)
Solution: F= Pg / Q=30 mm/10 mm=3 .....#

» Please note that unit volume of such UH will be equal 10 mm.

Ordinates of the UH can be obtained by dividing the direct surface
runoff hydrographs by F.



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Unit Hydrograph Derivation: Examples-3:

A thunderstorm of 6-hr duration with the excess rainfall of 154 mm produces
as shown on the table. Find the ordinates of a 6-hr UH of unit volume equal to
100 mm.

Date June 15 June 16 June 17

Time

(Hrs) | 0600|1200 | 1800 M.N. | 0600 | 1200 |1800 |M.N. |0600 | 1200 [1800 | M.N.
DSRO

(m’/s) 10| 500 (1600|3500 (5200|3100 (1500 650 250 0 0 0

Given: Pg; = 154 mm, D = 6 hr, Q 4= 100 mm.
Req.: Ordinates of UH (can be presented using table or plot)
Solution: F= Pg / Quy = 154 mm/100 mm=1.54 ....#

The ordinates of unit hydrograph are computed dividing the direct surface
runoff hydrograph ordinates by the conversion factor, 1.54 ....#

Source: Textbook, (Ojha et al, 2008)



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Unit Hydrograph Derivation: Examples-3:

Solution:
Date Time Direct surface runoff 6-hr 100 mm unit hydrograph

(hr) (m’/s) (m’/s)

Q Q/F

0600 10 7

June 15 1200 500 325
1800 1600 1039

2400 3500 2272

0600 5200 3377

June 16 1200 3100 2013
1800 1500 974

2400 650 422

0600 250 162

June 17 1200 0 0
1800 0 0

Source:
Textbook, (Ojha et al, 2008)



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Determination of DRH from Complex storm: Methods

Unit hydrograph theories used to derive multi-storm UH:

Let with given P and Q, , Pgi = P, *D, where D is duration of the rainfall
P.; = Intensity of excess rainfall (mm/hr),

Pg = volume of excess rainfall (mm),

U. = ordinates of unit hydrograph (m3/sec),

Q, d: ordinates of direct surface runoff hydrograph (m3/sec),
an

| = an integer value for an ordinate.

To determine the direct surface runoff hydrograph from Pg
mm of rainfall that occurred in D-h:

= a U mm unit hydrograph of D-h duration having N unit
periods (time base = N x D hrs) can be used.




2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Determination of DRH from Complex storm: Methods

For example, T=D

= to determine the direct surface runoff hydrograph from 4 mm of rainfall,
= that occurred in 2 hrs,

= the 10 mm unit hydrograph of 2-hr duration having 7 unit periods (time base =
7 x 2 =14 hrs) is used.

0,=04x U, 0;=04xU; Qs=04xUs 0;=04xU,
0,=04xU, 0,=04xU, O5=0.4x U

If P,, =4 mm/h (2"d next period of rainfall) or P, =4 X 2 =8 mm,
the ordinates for DRO of the second period of rainfall are:

0, =08xU,, =038x0,



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Determination of DRH from Complex storm: Methods

= The equations for the combined surface runoff can be:

Method of Single Division:is a
trial and error approach.

With known Pg,, Ui, and Pg, ,

Q2 — PEZUI

Q) =Py U,

Q) =Pp Uy + Py U

Q; = Pg Uy + Py U, + P U
Q4 =Pp Uy + PRy Us + Py U,
Qs =P Us + Py Uy + Py Us
Qs = Pg Usg + Py Us + Pz U
Q7 =Pg Uy + Py Ug+ Py Us
Qs =0+ Py Uy + Pz Us

Qo =0+0+ P Uy

Q3 — PESUZ

O, =P Upy+ P U U, = P
1
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, and so on.



Break:-

for rehearsal :
on: Unit Hydrograph




2y Hydrograph Analysis: Synthetic Unit Hydrographs

Conceptual Models

. Detail rainfall and runoff measurements are needed to develop unit
hydrograph.

= These measurements are available for few locations.

= Empirical/conceptual models can be applied to derive unit hydrograph for
areal with no runoff measurements.

= These models are intermediate position between the fully physical approach
and empirical black-box analysis.

= They are formulated to consider a relatively small number of components,

=  are a simplified representation of one process element in the system being modeled.



2y Hydrograph Analysis: Synthetic Unit Hydrographs

Conceptual Models for Synthetic Unit Hydrographs (SUH)
= Are used to enable the runoff from catchments to be

estimated using standard parameters together with actual

rainfall data.

= Examples:
= Snyder's Method

= Dimensionless Unit Hydrograph
= SCS Method
= Instantaneous Unit Hydrograph Method



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Snyder’s Method

used three parameters to
describe the hydrograph

= lag-to-peak, t;

= peak discharge, Q,; and

= Dbase time, tg;

Empirical relationships
suggested by Snyder (1938)

Used for large drainage
basin with more than 2 days
lag-time.

0.75 0,

0.5 0,

Dis‘fa”ge Source:
Textbook, (Ojha et al, 2008)

>
< @ }J Time
Source: Textbook, (Ojha et al, 2008)




2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Snyder’s Method

= Empirical relationships suggested
by Snyder (1938)

t;,=Cr(L Ly )
0,=640C, 411,
tp=T2+31,,

| Time

where,
« L is the length of the main stream from the outlet to the catchment boundary in miles,

* L4 Is the distance from the outlet to a point on the stream nearest to the centroid of the

catchment in miles,
« C;is a coefficient that depends upon units and basin characteristics (it varies from 1.8 to 2.2 for

FPS unit and from 1.32 to 1.65 for Sl units),
« C, Is also a coefficient that depends upon units and basin characteristics (it varies from 0.56 to

0.69),
« A s the area of the catchment in square miles,

* t ,andtgarein hrs,
. Qp is in ft3/s, and QP= 2.778 CFA / 'y (ST unit)

. . 2 . . 3
4 1s in km” and @, 1s m m"/s.



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

y Discharge
Snyder’s Method (= Co(L Loy F
= These relationships are valid for excess bp =T e -
rainfall of standard duration, Tgp =t, 0,=640C, 4 /1, e iiaA
{ IB =72+3 tLp 050, - J
P )
I.F' = —
3.5 |
= For rainfall duration, T, not equal to, Tgp ] Time

tp=1t;, +(T—Ten)4d
where, oR = 11p * sp)

" t,rIstherevised lag-time in hours, and
= T is the actual rainfall duration.

. Empiri%al expressions for the time base can be generalized as: t; =
T+aA

where, a and b are the coefficient and the exponent, respectively;
and A is the area of the catchment in km?.



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Snyder’s Method

" empirical expressions
are added as W-. and
W, (in hr) as functions
of g, = Q,/A in m3/s/km?,
which  represent the

0,=2.778 C, 4/ 1,,, (SL unit)

width of: tor=ty, + (T— Top)/4 ) ”

= UH at 0.5Q, and

0.75Q,, respectively as:

Wso=5.6/(g,)" "
Wis =3.21/(g,)"

>
.| Time
>



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Discharge

Snyder’s Method

= The area under the UH Is has
to be ensured as 1.

= Hydrograph for an ungauged
watershed can be derived by
determining the Snyder
coefficients for the adjoining
gauged watershed.

Source: Textbook, (Ojha et al, 2008)



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Discharge

Snyder’s Method: Example

= The Snyder's parameters for a
catchment are given as: —
= C,=0.65 C=15,L=25km, 070

= L, (distance from the outlet to a 050,
point on the stream, nearest to the
centroid of the catchment in miles)
=12 km, and

= catchment area, A = 1295 km?Z.

= Using Snyder’s method, develop
a 2-hr UH for the catchment.




2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Discharge
Snyder’s Method: Example 4
Required:
= Q, (m3sec), tg, W,sand Wq, (hr). =
Solution: 0,=2.778 C, 4/ 1, (S unit) 0.75 0y
= Time-to-peak of the UH, 050,

— ﬂ3 - 0.3 =
t1,= Cp(L Ly )*? 11y =15%(25x15)°7 = 8877 hr

=  Time of standard excess-rainfall duration,

Tep = 8'527 ~1.614 hr

= So, calculate the adjusted time-lag,

_ —  2.778x0.65x1295
Lr=8.877+ (2'0 41‘614) =8.973 hr 0= "¢
_ =260.6 m’/sec
o Then, Qp and qp for W75 and W50 (hr) are: q,= % =0.201 m>/s/km?

¥




2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Snyder’s Method: Example

Solution:
= Then, W.g ., We (D). —

—

WS{] : 5.6!((}';))['{}8
Wos = 3.211(%)‘”3

~—

.| Time

) W75 =31.67hrs; W50 = 18.157hrs i?%)

- IB — 72 T 3 tLF %EE

= t;=72+ (3 x8.877) =98.63 hr.

= A smooth curve is drawn through S R R Il

these points to get a UH.



2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Dimensionless Unit Hydrograph
(SCS Method)

IS widely used for estimating
floods on small to medium sized
ungauged drainage basins.

SUH iIs determined from an
average dimensionless Q/Q,
versus t/t, hydrograph

The time-to-peak (t,) and peak

discharge (Q,) are computed,
respectively, as:

Rainfall excess

— m'« tp

Direct
runoff

>\

-

e NY

< T >
»: tp > 1.67t, ———>
- 2.671t, >

Source: Textbook, (Ojha et al, 2008)




2\ Hydrograph Analysis: The Unit Hydrograph (UH)

Dimensionless Unit Hydrograph (SCS
Method)

= The time-to-peak (t;) and peak discharge
(Q,) are computed, respectlvely, as:

L, = TfZ-f-ILp

where, Q,=484 4V 1,

* t.p, Is the lag-time (hr) from centroid of rainfall to peak discharge Q,,
* t,,=0.6t;, wheret, is the time of concentration.

» T is the duration of rainfall (hour),

 Q,isin ft3/s,

« A is the area in square miles,

* t,isinhour,

 Visininches. V is the volume estimated from the rainfall which 1/2
Qpte.

. thiS the base length of can be described as the net excess rainfall,
l.e., the hydrograph and is assumed equal to 2.671.

Rainfall excess

|
T2 |<7— trp —>
|
]
| Direct
: Op runoff
|
|
i
|
|
< T > |
|
< Ip > 1.67t) ——>
-« 2671, >




2\ Hydrograph Analysis: The Unit Hydrograph (UH)

_ _ _ Rainfall excess
Dimensionless Unit Hydrograph (SCS Method)

. |

= The time-to-peak (t;,) and peak discharge (Q,) are —‘"Tﬂ" fp—>
|

1

|

|

|

|

computed, respectively, as: | {
runoff
0,=484 AV 1,

|
|
= In Sl units, with Q, in m3/s, basin size in km2, and V i .
in mm; the coefficient 484 is replaced by 0.208. The T |
lag-time (t,,) PR - 1678, — >
[98(S, +1)%7 < 2671, >
I —
#1900 §9°
where,
 |is the length to divide in feet, S is the average slope in percent,
and

« S, Is the potential maximum retention derived from curve number
(CN) in inches as:
) Sy = (1000/CN) — 10



2\ Hydrograph Analysis: IUH

Instantaneous unit Hydrograph (IUH)

For a given catchment a number of unit hydrographs of
different durations are possible.

The shape of these different UHs depends upon the value of
effective RF duration, D.

As the value of D is reduced, the intensity of rainfall excess

being equal to 1/D increases and
= the unit hydrograph becomes more skewed. A finite UH is indicated
as the duration D—o.

The limiting case of a unit hydrograph of zero duration is

known as instantaneous unit hydrograph (IUH).



2\ Hydrograph Analysis: IUH

Instantaneous unit Hydrograph
(IUH)

1. 0 < u < u(t) a positive value, for
t>o0;

2. u(t) =0 for t <0;
3. u(t) ~ 0 fort ~ ;

Discharge

Time

4. Time to peak = time to the Source: Textbook, (Ojha et al, 2008)

centroid of the curve.



2y Hydrology of Ungauged Catchment

An ungauged catchment refers to a drainage basin lacking
sufficient In-situ hydrological data, such as precipitation,
streamflow, and evaporation,

= difficulty of calibrating and validating hydrological models

There are different technigues to study ungauged
catchments:

Regionalization: use data from gauged catchments In
similar regions.

Hydrological Models: simulate hydrological processes
calibrated and validated using data from gauged
catchments.

Remote Sensing: estimate some hydrological parameters,
using remote sensing data.

Machine Learning:



gﬁ&% Home assignment:

Make sure that you can do:

= Unit hydrographs:
= definitions, assumptions, laws
= UH to DRO hydrograph formation
= UH derivations

= Synthetic Unit hydrographs:
= definitions and methods
= derivations

= Ungauged catchment:

= Data transfer mechanisms



¢ Home assignment:

S

Make sure that you can write, select, compare on the following topics:
= Hydrograph: Factors affecting, UH, SUH

* What is UH mean?

= Why it is important?

= What are the assumptions behind UH?

= Why these assumptions are needed?

= What about the uncertainties due to these assumptions?

= Why SUH? And what are they?

= Drive a UH of single event rainfall given the measured hydrograph of this rainfall.

= Try to solve mathematical expression and problem solving on UH and SUH from given effective rainfall
and DRO.

= Data transfer for ungauged watersheds
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