
The Issue of The Issue of 
Uncertainty for Uncertainty for 

the River Watershed: the River Watershed: 
Data Analysis of Data Analysis of 

Scaled Space & Time VariabilityScaled Space & Time Variability

Boris A ShmaginBoris A Shmagin
South Dakota South Dakota 

State University  State University  

Photo credit: Photo credit: 

http://www.courierhttp://www.courier--journal.com/blogs/bruggers/uploaded_images/greatlakesjournal.com/blogs/bruggers/uploaded_images/greatlakes--748713.jpg748713.jpg

N
at

ur
e 

P
re

ce
di

ng
s 

: d
oi

:1
0.

10
38

/n
pr

e.
20

11
.6

00
8.

1 
: P

os
te

d 
6 

Ju
n 

20
11



The The 
UncertaintyUncertainty

LotfiLotfi A. ZadehA. Zadeh
(born Feb 4, 1921)(born Feb 4, 1921)

Professor in the Graduate School, Professor in the Graduate School, 
Computer Science Division Department of Computer Science Division Department of 

Electrical Engineering & Computer Sciences Electrical Engineering & Computer Sciences 
Director, Berkeley Initiative in Soft Computing Director, Berkeley Initiative in Soft Computing 

University of California University of California 
Berkeley, CA 94720 Berkeley, CA 94720 --1776 1776 

N
at

ur
e 

P
re

ce
di

ng
s 

: d
oi

:1
0.

10
38

/n
pr

e.
20

11
.6

00
8.

1 
: P

os
te

d 
6 

Ju
n 

20
11



(The) (The) UncertaintyUncertainty
““Uncertainty is a personal Uncertainty is a personal 
matter; it is notmatter; it is not thethe
uncertainty butuncertainty but your your 
uncertainty.”uncertainty.”

Dennis Lindley Dennis Lindley 
(2006) (2006) 
Understanding Understanding 
UncertaintyUncertainty

Dennis Victor LindleyDennis Victor Lindley
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& past Head of Department, & past Head of Department, 

at University College London (UK). at University College London (UK). 
He is a British statistician, decision theorist & He is a British statistician, decision theorist & 

leading advocate of Bayesian statisticsleading advocate of Bayesian statistics
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•• Introduction: The Challenge of the Uncertainty in Introduction: The Challenge of the Uncertainty in 
Science & Mathematic Science & Mathematic 

(presented earlier)(presented earlier)

•• The Uncertainty in Physic & HydrologyThe Uncertainty in Physic & Hydrology
•• The Language, Information & Uncertainty for The Language, Information & Uncertainty for 

the Artificial Intelligence Creationthe Artificial Intelligence Creation
•• The Complex Models The Complex Models 

•• The Cases of Cyber Model Application The Cases of Cyber Model Application 
•• Hydrology with StructureHydrology with Structure

•• The Coordinates for the River Watershed The Coordinates for the River Watershed 
•• The Knowledge & Uncertainty The Knowledge & Uncertainty 

about Great Lakes Watershedabout Great Lakes Watershed
•• The Scientist & the KnowledgeThe Scientist & the Knowledge

•• Results for DiscussionResults for Discussion
•• QuestionsQuestions

•• Appendix in Case of Specific Questions Appendix in Case of Specific Questions 
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The The 
Uncertainty Uncertainty 

Principle Principle 
in Physicin Physic
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The The 
Uncertainty Uncertainty 

Principle Principle 
in in 

PhysicPhysic
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The Uncertainty The Uncertainty 
Principle Principle 
in Physicin Physic
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The Uncertainty The Uncertainty 
in Physicin Physic
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The Uncertainty in The Uncertainty in 
Hydrology: Hydrology: 

the Usual the Usual 
ApproachApproach
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The The 
Uncertainty Uncertainty 

in in 
HydrologyHydrology
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“Uncertainty about an event suggests that the event may 
take on different values, & information is gained by observing 
the event only if there is uncertainty about it. … there is a 
connection between entropy, information, & uncertainty.” 

The The 
UncertaintyUncertainty

in Hydrologyin Hydrology
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The Uncertainty The Uncertainty 
in Physics & in Physics & 
HydrologyHydrology

In Physic, In Physic, 
the principle of Uncertainty is the base for the principle of Uncertainty is the base for 
consideration of locality, communication & timeconsideration of locality, communication & time--
symmetry for specifically determined systems & symmetry for specifically determined systems & 
for proposing of new hypotheses. for proposing of new hypotheses. 
In Hydrology, In Hydrology, 
the Uncertainty has to be defined with system the Uncertainty has to be defined with system 
specification, information & communication specification, information & communication 
consideration for defined systems.    consideration for defined systems.    
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The Language, The Language, 
Information & Information & 
Uncertainty for Uncertainty for 
the Artificial the Artificial 

Intelligence CreationIntelligence Creation
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The Uncertainty The Uncertainty 
& Information & Information 
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The The 
InformationInformation

Natural & artificial languages dealing with Natural & artificial languages dealing with 
information for Artificial Intelligence creationinformation for Artificial Intelligence creation
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Information in Information in 
the Languagethe Language

““In cognitive linguistics as In cognitive linguistics as 
in cognitive science, the human in cognitive science, the human 

mind is considered to be an mind is considered to be an 
informationinformation--processing device processing device 

((StillingsStillings 1995), 1995), 
& language is viewed as & language is viewed as 

a vehicle for communicating a vehicle for communicating 
information.”information.”

From: J. Van de From: J. Van de WalleWalle, 2008, 2008

Six 
communication 

functions 

distinguished 

by Jakobson,

(from Wiki)
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The KnowledgeThe Knowledge

Bertrand Russell
“Human Knowledge. 

Its Scope & Limits.”
1948

““I. THE DEFINITION OF KNOWLEDGEI. THE DEFINITION OF KNOWLEDGE
The question how knowledge should be defined is perhaps the mostThe question how knowledge should be defined is perhaps the most important and difficult of the important and difficult of the 

three with which we shall deal. This may seem surprising: at firthree with which we shall deal. This may seem surprising: at first sight it might be st sight it might be 
thought that knowledge might be defined as belief which is in agthought that knowledge might be defined as belief which is in agreement with the facts. reement with the facts. 

The trouble is that no one knows what a belief is, no one knows The trouble is that no one knows what a belief is, no one knows what a fact is, & no one what a fact is, & no one 
knows what sort of agreement between them would make a belief trknows what sort of agreement between them would make a belief true.ue.

Belief. Words. Truth in Logic.Belief. Words. Truth in Logic.
II. THE DATAII. THE DATA

Animal Inference. Mental & Physical Data.Animal Inference. Mental & Physical Data.
III. METHODS OF INFERENCEIII. METHODS OF INFERENCE

Induction. Probability. Limitation of Variety. Grades of CertainInduction. Probability. Limitation of Variety. Grades of Certainty.”ty.”

The book has six The book has six 
parts, & the part parts, & the part 
named “Language” is named “Language” is 
the biggest one with the biggest one with 
eleven chapterseleven chapters
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The Science & The Science & 
the Languagethe Language

“Chomsky argues that no science 
has a mechanical procedure for 

discovering the truth anyway” 
[In linguistic] ... 

“the proper object of study was 
the speaker's underlying 

knowledge of the language, 
his "linguistic competence" 

that enables him to produce & 
understand sentences 

he has never heard before”
From: "Chomsky's Revolution in 
Linguistics" by John R. Searle

The New York Review of Books, June 29, 1972
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Learning Learning 
ConceptConcept
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Statistics & UncertaintyStatistics & Uncertainty
“… uncertainty should be 
described solely in terms 

of your probability. 
The statistician's task is to 

articulate the scientist's 
uncertainties in the 

language of probability… A 
model is merely your 

reflection of reality &, like 
probability, it describes 

neither you nor the world, 
but only a relationship 

between you & that world.” 
(p. 303)

“… data analysis assists in the formulation of a model & is an activity that precedes 
the formal probability calculations that are needed for inference.” (p. 305)
“Karl Pearson said 'The unity of all science consists alone in its method, not in its 
material' (Pearson, 1892). It is not true to say that physics is science whereas 
literature is not.” (p. 316)
“Statisticians are not masters in their own house. Their task is to help the client to 
handle the uncertainty that they encounter. The 'you' of the analysis is the client, not 
the statistician.” (p. 318)
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The Complex The Complex 
Models Models 
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& of the & of the 
Watershed Watershed 
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Vertical slice of 
the Geographical Sphere with 

two independent elements: 
System of 

Anthropological Geography 
(SAG) & 

System of Physical Geography 
(SFG). 

Arrows indicate 
vertical & horizontal 

components of matter, energy 
& information circulation 

(after Krcho, 1978)

The Cybernetic Model The Cybernetic Model 
of the of the 

GeosphereGeosphere
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The  Cybernetic Model The  Cybernetic Model  
for the Landscapefor the Landscape

Each of these components may be 
characterized by matrix of input {Wi}, 
matrix of output {Qi}, & 
matrix of states {Hi}.                                          

System of 
Physical 

Geography 
Sphere (SFG) 

with five 
independent 

elements: 
a1- atmosphere, 

a2- hydrosphere, 
a3- lithosphere, 
a4- pedosphere, 

a5- biosphere
(after J. Krcho, 

1978).
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The gThe g22 -- stream runoff system stream runoff system 
as a part of aas a part of a22-- hydrospherehydrosphere

may be presented as:may be presented as:
SgSg22 = { = { ggjiji, , RRjiji },},

System Model (a) System Model (a) 
for Watershed in Landscape,  for Watershed in Landscape,  
with Map of Conditions (b) with Map of Conditions (b) 

&  Multilayer Map (c)&  Multilayer Map (c)

Any watershed gji for territory may 
be considered as a part of stream 
runoff system Sg2.

ca

b

ggjiji

Each of these components may be 
characterized by matrix of input {Wi}, 
matrix of output {Qi}, & matrix of states {Hi}.                                     

System of Physical System of Physical 
Geography Sphere Geography Sphere 

(S(SFGFG) with five ) with five 
independent elements: independent elements: 

aa11-- atmosphere, atmosphere, 
aa22-- hydrosphere, hydrosphere, 
aa33-- lithosphere, lithosphere, 
aa44-- pedospherepedosphere, , 

aa55-- biospherebiosphere
(after Krcho, 1978)

where where ggJiJi-- watershed watershed 
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{Ri} 
is a matrix of relations between 
parts of landscape (after Krcho, 
1978)

Entering the codes & numbers 
for initial matrix {Xn*p} we 
open the way to recovery 
connections those exist in landscape

Axis for hydrological space –
factors (principal components) 

of initial data matrixes 
{Xn*p}, 

allow consider 
{Ri} 

as a time spatial structure

The number of characteristics for 
elements of landscape & watershed is 

unlimited but for stable landscape the 
set of watersheds or stations with 

data allows to obtain statistical 
description of connections   

Rij

The Multidimensional The Multidimensional 
Structure of the Structure of the 

RelationsRelations
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The Cases of The Cases of 
Cyber Model Cyber Model 
ApplicationApplication
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Results for Watershed’s ModelingResults for Watershed’s Modeling
http://precedings.nature.com/documents/1371/version/1http://precedings.nature.com/documents/1371/version/1http://precedings.nature.com/documents/3289/version/1
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Philosophy of Data Analysis Philosophy of Data Analysis 
& & Natural StructuresNatural Structures

Factor analysis is method for extraction that 
are regarded as the basic variables that account for 
the interrelations observed in the data

A factor is a portion of a quantity, usually an integer or polynomial 
that, when multiplied by other factors, gives the entire quantity

The main applications of 
factor analytic techniques are: 

• (1) to reduce the number of 
variables and 

• (2) to detect structure in 
the relationships between variables, 
that is to classify variables. 

(From: Wolfram MathWorld)

The variables selected after factor analysis are considered as typical & 
may be used for time-series analysis 
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Monthly Monthly 
Proportions of Annual Proportions of Annual 

StreamflowStreamflow for 45 Watersheds for 45 Watersheds 

Average for 1956-70:
blue – MAXIMUM;
red – MEAN;
green - MINIMUM
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Table of Factor Loadings for Table of Factor Loadings for 
Monthly Monthly 
Proportions Proportions 
of Annual of Annual 
StreamflowStreamflow
(1956(1956--70) 70) 

Month
Factor 

1
Factor 

2
Factor 

3
October 0.43 0.39 0.80

November 0.97

December -0.25 -0.91

January -0.88 -0.40

February -0.77 -0.60
March -0.40 -0.63 -0.58
April -0.68 0.69
May 0.91

June 0.60 0.70

July 0.89 0.28

August 0.80 0.53

September 0.53 0.41 0.69

Explained
Variability

3.01 
(25.8%)

4.85 
(40.4%)

3.26 
(27.2)
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Scatterplot M2
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Factor Scores for 45 Watersheds in Plane Factor Scores for 45 Watersheds in Plane 
of First & Second Factors Axis of First & Second Factors Axis 

Month
Factor 

1
Factor 

2
Factor 

3

October 0.43 0.39 0.80

November 0.97

December -0.25 -0.91 0.10

January -0.88 -0.40

February -0.77 -0.60

March -0.40 -0.63 -0.58

April -0.68 0.69

May 0.91

June 0.60 0.70

July 0.89 0.28

August 0.80 0.53

September 0.53 0.41 0.69

Explained
Variability

3.01 
(25.8%)

4.85 
(40.4%)

3.26 
(27.2)
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Map Source: Keys et al. 1995, Ecological units of Map Source: Keys et al. 1995, Ecological units of 
the eastern United States (scale 1:3,500,000). the eastern United States (scale 1:3,500,000). 

Atlanta, GA: U.S. DA, Forest Service.Atlanta, GA: U.S. DA, Forest Service.

EcoregionsEcoregions for for 
US Great Lakes basinUS Great Lakes basin
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Month
Factor 

1
Factor 

2
Factor 

3

October 0.43 0.39 0.80

November 0.97

December -0.25 -0.91 0.10

January -0.88 -0.40

February -0.77 -0.60

March -0.40 -0.63 -0.58

April -0.68 0.69

May 0.91

June 0.60 0.70

July 0.89 0.28

August 0.80 0.53

September 0.53 0.41 0.69

Explained
Variability

3.01 
(25.8%)

4.85 
(40.4%)

3.26 
(27.2)
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& & 

Seasonality Seasonality 
of Annual of Annual 

StreamflowStreamflow
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Structures of Structures of StreamflowStreamflow
VariabilityVariability
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Data & Structures Data & Structures  
for Climate Variability for Climate Variability 

CharacterizationCharacterization

{T105*198}
{P105*165}
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Hydrology with Hydrology with 
StructureStructure

• Number of factor’s axis create annual & seasonal 
structure of hydrologic space

• Distribution of watersheds in this space depends 
upon their hydrologic characteristics

• Groups of watersheds in hydrological space may 
provide a base for regionalization & creation of 

hydrological map
• The factor model characteristics present the part 

of information used from empirical data
• The use of Cyber Model & Data Analysis allows 

communicate the knowledge of hydrologic 
structures
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The BeginningThe Beginning
of the Earth of the Earth 
SciencesSciences
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The Coordinates The Coordinates 
for the River for the River 
WatershedWatershed
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The Uncertainty The Uncertainty 
& Different & Different 

Systems of Coordinates Systems of Coordinates 

Mathematical & Mathematical & 
physical objects physical objects 
“have” the principle “have” the principle 
of uncertaintyof uncertainty

Technological  Technological  
objects have objects have 
the errors of the errors of 
measurement measurement 

Natural objects have Natural objects have 
fuzzy boundaries in their fuzzy boundaries in their 
own coordinates of multiown coordinates of multi--

dimensional process  dimensional process  

zz

xx

yy

xx

zz

yy

xx

zz

yy
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The Coordinates for The Coordinates for 
the Earththe Earth
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The Coordinates for The Coordinates for 
the Earththe Earth
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The Coordinates on The Coordinates on 
the Earththe Earth
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The Knowledge & The Knowledge & 
the Uncertainty the Uncertainty 

about about 
the Great Lakes the Great Lakes 

WatershedWatershedN
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The Uncertainty & The Knowledge The Uncertainty & The Knowledge 
through Modeling: Object, through Modeling: Object, 
Data, Analysis & ResultsData, Analysis & Results

Photo picture Photo picture 

as  presentation as  presentation 

of the  natural of the  natural 
objectobject

The conceptual 

model (Cyber 

Model) is the way to 

use previously 

obtained knowledge

The knowledge (K)= 0,The knowledge (K)= 0,
about a new object about a new object 
for the considerationfor the consideration
the uncertainty (U)= 1the uncertainty (U)= 1

KKpp = 1 & we have the = 1 & we have the 
direction for the direction for the 
research, the task,research, the task,
U = 0, but the U = 0, but the 
knowledgeknowledge
is previous (is previous (KKpp))

The Data Analysis is The Data Analysis is 
the way to “extract” the way to “extract” 
(obtain) the structure (obtain) the structure 
of a natural objectof a natural object

After After 
Data Data 

Analysis Analysis 
K > UK > U

The The 
Uncertainty Uncertainty 

from from 
Analysis =Analysis =

11-- explained  variabilityexplained  variability
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Communicating the Communicating the 
Knowledge for the  Knowledge for the  

WatershedWatershed
Scientists Scientists 
working in working in 

Hydrology have Hydrology have 
to develop to develop 

principles  to principles  to 
handle the  handle the  

Uncertainty & Uncertainty & 
communicate the communicate the 
Knowledge about Knowledge about 

timetime--spatial spatial 
variability of the variability of the 

Watershed  Watershed  

N
at

ur
e 

P
re

ce
di

ng
s 

: d
oi

:1
0.

10
38

/n
pr

e.
20

11
.6

00
8.

1 
: P

os
te

d 
6 

Ju
n 

20
11



The Scientists The Scientists 
& the & the 

KnowledgeKnowledge
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"In questions "In questions 
of science, of science, 

the authority of a thousand the authority of a thousand 
is not worth is not worth 

the humble reasoning of the humble reasoning of 
a single individual.“a single individual.“

Galileo GalileiGalileo Galilei

The The 

Scientist
Scientist

“A model is merely your 
reflection of reality &, 
like probability, 
it describes neither you 
nor the world, 
but only a relationship 
between you & that world”
Dennis Lindley
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The The 
ScientistScientist
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Results for DiscussionResults for Discussion
• Knowledge about natural systems (watershed in our case) may be 

only obtained by the analysis of the empirical data (instrumental 
observations)

• Uncertainty starts from the research task unveiled by the 
scientist

• The cyber model of watershed applied to landscape allows for 
formulating research tasks, developing methods of analysis, & 
presenting results as a map

• The main sources of the uncertainty come from the natural system
“extraction” (the first is the unit’s boundaries) for modeling &
from the unavoidable limitations of data representing both time & 
space variability

• The math model does not have the criteria to verify itself (Gödel's 
incompleteness theorems) & multi-scale studies with empirical data 
have to be completed

• The uncertainty has to be considered in the context of time & 
space of the watershed in natural coordinates 

• The watershed has the formal determined boundary - this property 
places hydrology in the center of regional climate research 
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Questions?Questions?

View from View from 
south shore south shore 

of Lake Superior of Lake Superior 
in Michigan's in Michigan's 

Upper Peninsula Upper Peninsula 
4646oo31’N 8631’N 86oo24’W 24’W 
08/03/10 9:27 08/03/10 9:27 
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AppendixAppendix
in Case in Case 

of Questionsof Questions
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Structures of Structures of StreamflowStreamflow
Regimes Regimes 
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Seasonal Structure for First & Fourth Seasonal Structure for First & Fourth 
Typical Watershed’s Typical Watershed’s StreamfowStreamfow

First
Factor 
1

Factor 
2

Factor 
3

Factor 
4

Oct 0.71

Nov 0.85 0.33

Dec 0.89

Jan 0.89 0.25

Feb 0.79 0.35

Mar 0.25 0.84

Apr 0.61 -0.33

May 0.32 0.53 -0.43

Jun 0.80

Jul 0.42 0.73

Aug 0.82 0.27

Sep 0.87 -0.25

Expl.Va
r 3.62 1.92 1.99 1.33

Fourth Factor 1 Factor 2

Nov 0.90

Jan 0.88 0.28

Feb 0.87 0.26

Dec 0.82

Oct 0.78

Mar 0.70

May 0.81

Apr 0.80

Jun 0.80

Jul 0.27 0.77

Aug 0.31 0.67

Sep 0.26 0.51

Expl.Var 4.37 3.49
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Data for Data for 
Characteristics Characteristics 

of Climate of Climate 
VariabilityVariability

{P105*165}
{T105*198}
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Air Air 
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Explained 
Variability by 

Factor in 
“Precip.” [%]

Explained 
Variability by 

Factor in 
“Temp.” [%]

No of 
COOP 
station

Factor 
Loading 

of station 
in “Precip.”

I - 27 I – 0.86

II – 0.81

III – 0.81

IV – 0.77

V – 0.55

II - 35

III - 25

Factor 
Loading of 

station 
“Temp.”

I - 14 300042

391739

115768

333373

216612

I – 0.89

II - 10 II – 0.91

III - 10

IV - 11 III - 0.86

V - 5

The Typical StationsThe Typical Stations
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