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Learning objectives

By the end of this lecture, you will be able to:
1) Explain what a watershed is

2) Explain how graph theory can be used to determine
the watershed

3) Use ArcGIS to calculate the watershed from a digital
elevation model.
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Lecture 3: Watersheds and ArcGIS

What is a watershed?

Introduction to Graph Theory

Determining watershed boundaries in ArcGIS
HydroSHEDS
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What is a watershed?

The area from which water drains to a common outlet.

Watershed

(Basin, Cakchment,
Contributing area)

Watershed Boundaries
O raimage Divides)

Pour Points
(Outets)

A watershed is also known as a drainage basin, basin,
catchment, or contributing area.

http://webhelp.esri.com/arcgisdesktop/9.2/index.cim?TopicName=Undémsta drainage systems T U D e I ft




What is a watershed?

A stream network is made up of nodes and links

Watershed
m ‘::'f.:'; Watershed Boundaries

Nodes

Pour point = outlet

http://webhelp.esri.com/arcgisdesktop/9.2/index.cim?TopicName=Undémsta drainage systems T U D e I ft




What is a watershed?

A stream network is made up of nodes and links

Watershed

(Basin, Cachment,
Contributing area)

Watershed Boundaries
@ raimage Divides)

Pour Points
(Outets)

Stream channel = “link”

http://webhelp.esri.com/arcgisdesktop/9.2/index.cim?TopicName=Undémsta drainage systems T U D e I ft




Graph theory = study of graphs

Graph = collection of nodes (aka vertices)
and edges (links).
Undirected graph
Graphs are used to model pairwise relations
between objects

Directed graph aka network
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Introduction to Graph theory

Adjacency Matrix
Which nodes are adjacent to which other nodes

(2)

eN X N mMatrix

oIf node i drains into node j,

set A(i,j)=1.
@

oOtherwise, set to zero
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Drainage patterns

Adjacency Matrix

Which nodes are adjacent to which other nodes:

1

Oo| Ol O] O O
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Drainage patterns

Adjacency Matrix
Which nodes are adjacent to which other nodes:

(2) 001

Oo| Ol O] O O
OOl O| O O
OO O|O|
OO OO O] O
O|O|kF|IFL|IO| O

Y A
:

Io@oooo,
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Drainage patterns

Adjacency Matrix2
Which nodes are connected by two steps:

(2) ‘0|0 O o@
olololo] 1

(2) _|oJo]ofofo
5y AT=10Tolololo
olololofo

& ololololo
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Drainage patterns

Adjacency Matrix2

Which nodes are connected by two steps:

(2)

FoR
;

Oo| Ol O] O| O

OOl O| O] O
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Drainage patterns

Adjacency Matrix3
Which nodes are connected by three steps:

(2) 0|0

/

)

Oo| Ol O] O| O
OOl O| O O
OO OO O] O
OO OO O] O
OO OO O] O

O
:
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Drainage patterns

“Water availability matrix”: Columns show
S = A+ A2 + A3 “upstream” nodes!
0|0 1 0 1 1 @
oo [1llo |1 |1
O OOl O 1 1
> = (4)
O O O]l O 1 1 _—
0 |0of|O0f/O0 |0 |1
0 |0 \O/]O |O | O @

Which nodes are upstream from node 3? Nodes 1 and 2

I
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Drainage patterns

“Water availability matrix”: BOWS show .
downstream
S = A+ A%+ A° nodes!
010|110 1|1 (2)
<0 [0 |1 |0 |1 [Tp
O[O0 |0 |O 1 1
> = (4)
O[O0 |0 |O 1 1 _—
O[O0 |0 |0 O 1
0|0 |0 |0 |0 |0 @

Which nodes are downstream from node 27 ... Nodes 3, 5 and 6.
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Drainage patterns

“"Watershed matrix”:

S+ 1 = A+ A+ A+ | @
“\1?\0\1 0] 111
0\1\\1\0 1] 1
o o TN o 1]1

2+ =15 O\O\\l\l 1 /@
0|0 |oO b\\l\\l
0]0]0]|oO o\\l\:@

We want to include the “zero-th” step, i.e. that a node drains itself
=> We get the real watershed matrix!
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Drainage patterns
“Watershed matrix”:

S+ = A+ A2+ A+
‘1 l]o |10 1] 1 @
o|l1|l1l0] 1]1
o|lo|1]0]|1]1

2+l = s To ol 111 /C4>
olo|lo|lo]| 1]1
olo|lo|lo0O] 0] 1 @
1 1 3 1 5 6

Summing the columns gives the “drainage area” or watershed size for each

pixel s
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Drainage patterns

Adjacency/Watershed Matrix Used in
Interesting property: GIS

/
A A+AZ AT = (1 - A) software!

Window from af_dem c: 1440 r: 2638 to c: 2662 - 4159

[
[

GTOPQ30 for the Volta Watershed of the
Basin and environs Akosombo dam.

s
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Drainage patterns

Adjacency/Watershed Matrix
Interesting property:

|+ A+ A+ A =(1 - A

g ~ % \
All the_ Information needed to Adjacency Matrix
describe watershed

l.e. “local
Information”
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Drainage patterns

_ S+ = A+ AT+ A3+
Flow accumulation i

_ 110| 1] 0] 1|1

So far, we assumed all pixels o1 1l ol 11
generated same amount of input.

0|01 1/0] 1 1

>*1=10Tolo[ 1

In practice run-off from pixels is 11

variable 0(0/0|0| 1|1

0|00 0] O] 1

Build a row vector Q containing

the run-off produced at each Q= [3'2 23 0 0 0 O]
node: e.g node 1 generates 3.2 units of water;

node 2 generates 2.3 units

I
]
TUDelft



Drainage patterns

Flow accumulation @

Build a row vector Q containing
the run-off produced at each

node:
Q=[32 23 0 0 0 0 /@

Q*(z+1)=[32 23 55 0 55 55 (o)

This gives the total flow accumulated in each node
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Water use along river network

This case will be a bit more complicated.
: AN Let’s start by filling in the regular

adjacency matrix ....

o]
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Water use along river network

This case will be a bit more complicated.
: AN Let’s start by filling in the regular

adjacency matrix ....

e 01 0000

@X 3 001100
"

000110

W =

: ‘, 000O0O01

@ @ 0 00O0O00O

000000
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Water use along river network

But how can all the water go from node 2

?

%0% to both nodes 3 and 4:
... It doesn't!

7?0// 30% What happeps to our adjacency matrjx?

@’ 0%\

100% 80% \W =

OO
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Water use along river network

oW

7AO%/

But how can all the water go from node 2

to both nodes 3 and 4?

... It doesn't!

30% What happens to our adjacency matrix?

3

@ 20%

100%

v

(®

0

o O O O O

o O O O O BB

O 0 O
0.3 0.7 O
0O 0.2 0.
O 0 O
O 0 O
O 0 O

0
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Water use along river network

@\ Put W into Matlab/excel and calculate W2:

100%

i e.g. Where does the water from node 2
get to in two steps?

7AO°/0/ 30%
4 )
Q 20% 3
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Water use along river network

@\ Put W into Matlab/excel and calculate W2:

100%

i e.g. Where does the water from node 2
get to in two steps?

7AO%/ 30%

@: ; 0003 07 0 O

T 20% 0 0 6006 024 0P
0)

100% o so%  wz=|0 0 0 0 0 07

(70%), 1 (24%) O 0 O 0 0) 0

@ @ 00 0 O 0 O

000 0 0 O
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Water use along river network

@\ Put W into Matlab/excel and calculate W3:
100%
e.g. Where does the water from node 1

get to in three steps?

7?0/0/ 30%
— T
@g 2 0_ 006 024 07

0 0

20% 000 O O 006

100% 6% 000 O O O
80% W2 =

70% | 24% O 00 O 0 0

@ @ 000 O O 0

000 O O O

After 3 steps, 94% of the water from (1) has made it to an outlet, but 6%
is just getting to node 4!
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Water use along river network

@\ One last time step, let’s calculate W+4:
100%
i e.g. Where does the water from node 1
get to in four steps?
7f)%/ 30% ]
@’ 20%  \O

0 W* =
100% 80%
v

OO |
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Water use along river network

@\ One last time step, let’s calculate W+4:
100%
i e.g. Where does the water from node 1

get to in four steps?

70% 30%
/ 0 0 0 0 0 0.0
@< (3 000O0GO0 O
wio|0 0000 O
100% 80% 00000 O
Y v 00000 O
@ @ 00000 O
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Water use along river network

Let’s calculate the water availability
100% matrix, Q, for this case:

Q=W +W?+W°>+W*
7A00/0/ 30% -

@’ 0%\

100%

80% $2=
v

OO
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Water use along river network

Let’s calculate the water availability
100% matrix, Q, for this case:

Q=W +W?+W°>+W*

70% 30% -
/ 0 1.0 03 076 024 0.76
@\ (3 0 0 03 076 024 076
20 o o o 5 19
| ,, |
@ @ O 0 0O O O O
00 0 0O 0 0
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Water use along river network

Let’s calculate the water availability
100% matrix, Q, for this case:

Q=W +W?+W°>+W*

70% 30% i
/ 0 1.0 03 076 1024 076
@\ (3 0 0 03 076 [0.24 0.76
220 o o o o 19
| ,, |
@ @ O 0 0O O |0 O
00 0 0 |0 O]

]
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Water use along river network

Let’s calculate the water availability
100% matrix, Q, for this case:

Q=W +W?+W°>+W*

70% 30% -
/ 0 1.0 03076024 076
@\ (3 0 0 03[076[024 076
220 o oo lo 19
| ,, |
@ @ 00 O|l O /|0 o
00 0[O0 |0 o0
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Water use along river network

Let’s calculate the water availability
100% matrix, Q, for this case:

Q=W +W?+W°>+W*

70% 30%
/ 0 1.0 03 076 024 0.76
@\ (3 0 0 03 076 024 0.76]
et T W
| ,, |
@ @ O 0 0O O O O
00 0 0 0 0
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Water use along river network

Suppose we inject 200 units of water at
100% node 1. How much will we see at each

node?

7AO°/0/ 30%
4 )
Q 20% 3

100%

80%
v

OO
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Water use along river network

Suppose we inject 200 units of water at
100% node 1. How much will we see at each
node?
7?0/0/ 30% Calculate P*Q where P=[200 0 0 0 0 0]

@ 20% 3

100%

v

OO
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Water use along river network

Suppose we inject 200 units of water at
100% node 1. How much will we see at each
node?
7?0/0/ 30% Calculate Q=P*Q where P=[200 0 0 0 0 0]

@ 20% 3

100%

Q=[0 200 60 152 48 152]

v
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Water use along river network

How do you account for water being
100% used at a node?

7AO°/0/ 30%
4 )
Q 20% 3

100%

80%
v

OO
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Water use along river network

How do you account for water being
100% used at a node?

Suppose we inject 200 units at node
7?"/0/ 30% 1, but use 100 units at node 2:

p=?
@ 20% 3

100%

80%

v

OO
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Water use along river network

How do you account for water being
100% used at a node?

Suppose we inject 200 units at node
7?"/0/ 30% 1, but use 100 units at node 2:

@ _——(3) P=[200-100000 0]

100%

80%

v

OO
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Water use along river network
200

P=[200 -100 0 0 0 O]

100%
100 Q=P*Q

Q=[0 200 30 76 24 76]

]
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Water use along river network
200

P=[200 -200 0 0 0 O]

100%
200 Q=P*Q

]
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Water use along river network
200

P=[200 -200 0 0 0 O]

100%
200 Q=P*Q

Q=[0 200 0 O O O]

]
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Water use along river network

What if you demand too much
100% water??

7A0%/ 30% P=[200 -300 00 0 O]
) _ 3
/ 20%

100%

80%

! Q=7

OO
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Water use along river network

What if you demand too much
100% water??

7?%/ 30% P=[200 -300 00 0 O]
) _ 3
/ 20%

100%

| % Q=[0 200 -30 -76 -24 -76]

OO
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Watershed delineation in ArcGIS

What is a watershed?

The area from which water drains to a common outlet.

Watershed Y
2‘:.‘?..‘5.‘:‘..."‘:‘.‘3 \Zalersll)l::l-f!oundaria W
rairage -

Pour Points

AKA drainage basin, basin, catchment, or contributing area.

- &
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Watershed delineation in ArcGIS

Depressionless

DEM
\
Flow Feature
Direction Pour Points
Stream
to Feature
Stream Flow Raster
(1/0) Accumulation Pour

Stream Points
Order

Watershed

- s
Blue=> Hydrology Toolset

5
Black=> Standard ArcGIS TUDelft




Watershed delineation in ArcGIS

Digital Elevation Model
Raster data describing surface of earth.

Accuracy depends on:

Resolution
Data type

Observation method

]
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HydroSHEDS

Hydrological data and maps based on Shuttle
Elevation Derivatives at multiple Scales)

HydroSHEDS

Global river network
derived from SRTM
elevation data

http://hydrosheds.cr.usgs.gov/

* ' HydroSHEDS
= v Amazon Basin
River network derived

from SRTM elevation data
at 500 m resolution

Only
major A
rivers and
streams are =
visualized

River line width
proportional to
upstream basin area

0 500 1000
— :

Kilometers
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HydroSHEDS:
Shuttle Radar Topography Mission

Main Antenna

Outhoard Antenna

Reflected radar signals collected at two antennas,
providing two se ofd ratdar signals separated by
a distance.

(http://www2.jpl.nasa.gov/srtm/index.html)
A
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Watershed delineation in ArcGIS
Identifying and filling Sinks

Sinks most likely to be imperfections in DEM

Remove before flow direction calculations!!

Coarser DEM => More sinks!

Profile view of a sink

Peaks are more often natural, and cause fewer problems

=
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Watershed delineation in ArcGIS

Depressionless

DEM
\
Flow Feature
Direction Pour Points
Stream
to Feature
Stream Flow Raster
(1/0) Accumulation Pour

Stream Points
Order

Watershed

- %
Blue=> Hydrology Toolset

5
Black=> Standard ArcGIS TUDelft




Watershed delineation in ArcGIS

Flow Direction
Where does the water flow from each cell?

7872|169 715849
74| 67]|56]49]|46]50
69]153|44|37|38] 48
6458551223124
68161147|21]116] 19
741533411211 12

Elevation surface

Direction coding

=
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Watershed delineation in ArcGIS

Flow Direction
Where does the water flow from each cell?

Southwest
West
Northwest
North

¢ "_’:" 1;:
5 Tin -
£ e | | Northeast

High : 1330

ILow: 15
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Watershed delineation in ArcGIS

Depressionless

DEM
\
Flow Feature
Direction Pour Points
Stream
to Feature
Stream Flow Raster
(1/0) Accumulation Pour

Stream Points
Order

Watershed

-7
Blue=> Hydrology Toolset

5
Black=> Standard ArcGIS TUDelft




Watershed delineation in ArcGIS
Flow accumulation

0 0
1 2
71514
0 0
0

S|lo|lw]l~]|C

1124

0
0
0
1
0
2147|352

=N -3 NS R-EE-2 B,

Flow direction Flow accumulation

B B

Direction coding
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Watershed delineation in ArcGIS

Flow accumulation

East
Southeast
South
Southwest
West
Northwest
North
Northeast

Flow accumulation

' High : 75035

Low : 0

Stream raster
[ ] 0-100
B ;00

]
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Watershed delineation in ArcGIS

Pour points:

1) Create in a featu
class

2) Convert to raster

=> Ensure you are in
high flow
accumulation grid
cell!!

]
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Watershed delineation in ArcGIS
Watershed

Basin

Flow accumulation

' High : 75035
oo -'

ISOMMOCO @©r

Flow accumulation

Watershed

Watershed tool

raster

Pour point raster

]
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Watershed delineation in ArcGIS

Depressionless

DEM
F|Z)W Feature
Direction Pour Points
Stream
to Feature
Stream Flow Raster
(1/NoData) Accumulation Pour
Stream Points
Order
Watershed

- & |
Blue=> Hydrology Toolset

5
Black=> Standard ArcGIS TUDelft



Watershed delineation in ArcGIS

Stream to feature

Input network raster

[ value = NoData

N

Stream to Feature output

A%

Raster To Polyline output

]
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Watershed delineation in ArcGIS

Stream Ordering

Classify the reach within
the larger river system

Strahler stream ordering method

- 000000000« |
]
http://www.fgmorph.com/fg_4 8.php T U D e I ft



Watershed delineation in ArcGIS

“DEM" Sinks: ‘FiledDEM”  “FlowDir”

Flow
| Directio

“ElowAcc” Watersheds

Watershed

]
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Case Studies

Dr. Markus Hrachowitz,
UD, Hydrology

Rolf Hut,
PhD student, Water Resources Managemen

]
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Assignment 3:

In this assignment, you
will use ArcGIS to
delineate the watershed of
the Red and White Volta
basin and to study the
stream network.

IVORY COAST

)=
,5§
)
"o
B . w":?-
asin <
(40 inh/km2) ¢ ‘_E, Red&Whlte

Volte

~1— —

Basin

(64 inhkm2) _

Volta Basin
Population Density (2000)

| ] Capital
River
. Lake
—— Basin Boundary
Country Boundary

Population Density

| 0-5

5-10
10-25
25 - 50

50 - 100
100 - 250
250 - 500
500 - 1000
1000 - 1500
1500 - 2000

Subwéter-‘ 4

shed ’*%‘ ‘b

(54 inh/km2) lake.
Volta ? (f

BENIN
‘-r.h.\u \m%
o ;‘{ LOME
i
&
ACCRA
Data Source:

Kilometers

UNEP - United Nations Environment Program
USGS - U.S. Geological Survey
Www.g .com - GeoC

Projection: Transverse Mercator
WGS 1984, UTM 30 N

GLOWA Volta Project
ZEF - Center for Development Research
University of Bonn, 2008.




Watershed delineation in ArcGIS

Depressionless

DEM
\
Flow Feature
Direction Pour Points
Stream
to Feature
Stream Flow Raster
(1/0) Accumulation Pour

Stream Points
Order

Watershed

- = |
Blue=> Hydrology Toolset

5
Black=> Standard ArcGIS TUDelft




Sources images

If @ website or source is not added to a picture, then the image is taken from the ArcGIS software
or from www.esri.com.

y
|

TU Delft

OpenCourseWare
ocw.tudelft.nl




