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The Development of Hydrology and The Application
of Stochastic Hydrology
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X Dr. J. Amorocho HZE AN BRFHEALEZMER :
1. Parametric Hydrology
(1) Correlation and regression analysis
(2) Synthesis
(3) Combination of partial synthesis and linear analysis
(4) General non-linear analysis
2. Stochastic Hydrology
(1) Analysis of frequency
(2) Use of Markov chain for simulation
(3) Bilinear model

) EEFFIEABAN TEBHBALESEL (Dr. Ven Te Chow) B :
1. Hydrologic processes
(1) Deterministic process (chance-independent)

—-— 82 —

} Mohte Carlo techniques



(2) Stochastic or probablhstlc proceas (chance—dependent)
a. Probablistic process (tm‘e-mdependent or sequence lgnored) pure random
process. ' . -
b. Stochastic process (t1n1°—dependent or sequence considered).
(a) Pure random process
(b) Nonpure random process .
(c) Stationary process (time-independent distribution)
(d) Nonstationary process (time-dependent distribution)
2. Stochastic analysis
(1) Sequential generation of hydrolog'c information
(2) Generating techniques-Markov chain and Monte Carlo methods
3. Water Resources Systems Design hy Operatlons Research ‘
(1) Design by simulation
I. Simulation analysis
I. Sampling techniques
a. Random sampling
b. Systematic sampling
M. Operating procedures
‘IV. Sequential generation of hydrologlc data
(2) Design by mathematical models .
I. Nature of models
I. Deterministic models
a. Linear pfogramming
b. Dynamic programming
. Stochastic models
a- Stochastic models
b. Stochastic dynamic programming
G EEABRESMrAELARSE Dr. E. F. Schulz 288 (BEALZFHEHEM Y 1931 58
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Parametric Hydrology and the Stochastic Processes

1. Stochastic processes ‘it hiydrology
2. Application of Markovian analysis to hydrologic time series ; Markov chains and
random walks; Monte Carlo methods.

3. Problems of predictive reliability
(1) Characterization of distributions
(2) Data reliability
(3) Use of reconstructed data from. parametrlc hydrology
(4) Confidence bands in pred ction

(] % RRE TREME A TEBOEE (E:Ef?k) ﬁfﬁ%%a‘ﬂ Austin XEEFHARFLEHFAL R
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Stochastic Models and Applications -
1. Need for Synthetic Sequences
(1) Present techniques do not extract all information from data
(2) Complexity of water resources ptoblems requires deta‘iledssequential operation
studies -
(3) Uncertainties in the order of a factor of 2 exlst in soms destgn problems
2. Nature of Random Processes
(1) Concept and characteristics of parent populations -
a. Continuous distributions
b. Gaussian normal dictribution
c. A symmetrical distributions
d. Transforms
- (2) Random sgelection - T :
a. Definition-every possible sample has a calculable chance of selectior
b. Techniques
(a) Uniform distribution
(b) Normal distribution -
(¢) Transforms
c. Considerations (jf time invariance
3. Serial Correlation Effects
(1) Nature and importance
a. Storage effects
b. Other effects
c. Seasonal variations
{(2) Model techniques
a. Linear correlation
b. Other possibilites
c. Variations w1th ﬂow
4 lntercorrelatxon Effects -
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(1) Nature and importance

a.
b.
c.

Causes
General magnitudes
Effects

(2) Measuremant

a.
b.
c
d.
e.

Multiple correlation

Serial correlation complications
Negative partial correlations
Seasonal variations

Variations with flow

5. Use of Linear Regression and Random Cempoﬁentj
(1) Basic equation ;

10.

L=atbeX reeeereeen RS +annf|'1/1_R2 X:

(2) Error distributions
(3) Implications of logarithmic transform
(4) Agcuracy requirement . o
(6) Frequancy statistics and standardized variate
6. Problems of Noh—linearity and Remedial Techniques
(1) Correlation bias
(2) Transform to normal
7. Some Questions of Validity
(1) Sampling error effects
(2) Model assumptions
(3) Computer accuracy
8. Completion of Data Sets
(1) Purpose
(2) Technique
(8) Mathematical inconsistencies
(4) Remedial technique
9. Application in Water Resources Planning
(1) Facility of application Z
(2 Basic application téChn‘idue
(3) Computation of expected benefits
(4) Examination of rare consequences
(5) Frequency applications ,
(6) Effects on optimization compatations
(7) Over-all checks
Application in Project Operation
(1) Uncertainties in forecasting
(2) Present techniques
(3) A suggested technique

(4)-Expected results of operation decision
(8) Automatic selection of operation decision

— 6 —



& AzEdt

Analysis of Stochastic Hydrologic System RIEI N
Mathematical Techniques oo

Mathematical Models for Time Series. :

The hydrologic time series is denoted by (u,; t, T), where u, is' the hydrologic
variable attributed .to the t-th time interval and T is the length of hydrologlc record.
1. Moving Average Model. may be express as

U =2a,6,F As€, gt ocooereonrocranencn. Ay €pomty *ot e eooiesrontacintenciniiannioes reveee e sasens TRTPTN (1)

where €, is a random variable B

A1, Qgeereeeeersesenncns an are the weights

m is the extent of the moving average
2. Sum of Harmonic Model- may be express as

in 2rit - , :
E(A,cosf—T +B, si ? )+f‘..................f .......................... b f'f(z)
where A, and B; are the amplitudes
2rijt

T is the period of cyclicity with j=1 2———N is the number of record intervals

in months, years or other units used in analyms
€, is a random variable
~ 3. Autoregression Model- may be express as o
u,=f (u,-;, uv,—h"""""""""_ut-k) o {RITITITT ..... (3)
where f( ) is a mathematical function ' . Y
k is an integer
€, is a random variable
4. CORRELEGRAM: The correlegram is a graphical representat:on of a serial correla-
tion coefficient r. as a function of lag k wher the value r, are plotted as ordmate
against their respective values of k as abcissa.
cov (uy, Uy4y)

var(u)var(u.., )"
where cov (u,, u.) is the sample autocovariance

Iry=

var (u,) and var (u.+,) are sample variances.-

_ 1 B 1 T}—;k r}—;x' o ; a 0
cov (U, Uu4y) T k ‘-;lus Utk (T_‘l?)_, (t=1u'>; §¢=1 u;+!:) '"'" ( )
1 T-k 1 T-k . ERIE s - . .
- % | 2 . 2
var (W) =5 ®wl-argy (Zu) : reneenesseeeeses (B),
1 mge 1 Tk . o = 6 .
var (u”k)_T:R ‘_21 ul (—W ( E Uet) ceeenae .....’..‘..........-.,..--‘...( )

5 SPECTRUM ANLYSIS; This method is another diagnostic tool for the analys1s of

time series in the frequency domain that can help develop an approprlate tlme s~r1es
model for the hydrologic process.

All stationary stochastic process can be represented in the form

o= J‘Ier“‘("]Z(W) . . _ ..‘ ,“ (7‘)



where i=(-1)""
and z(w) is a complex, random functlon .

The autocovariace rk_fe dF(W) [ T T T T T TT YT T TP (8)

i=(=1)¥2, k is time lag
w is the angular frequency

F(w)
'

between F(—z)=0 and F(z)=r,=o*
where o is the standard diviation ° - L SE U
and F(w) is called the “power spectral distribution fuaction”™

if k=0, ro= o _I dF(W) ...[‘. ....... (9)

is a distribution function monotonically increasing and bounded

which shows that dF(w) represents the variance: attn‘buted to the frequency
band (w, w+dw). Thus '
dF(w) = f(w)dw
f(w) is called the “power spectrum” of the process
Frem (8) e

= 2f coskw f(w) dw-...-.......---.‘ ..... '...'.....'.'-'..;..‘ ........ eensees :.......;’ ........ (10)
- The mathematical inversion of the above equation glves the power spectrum as
f(w) - (r°+ Erk cos kW) ceesearerrenns ‘.7...-....-......-----........: ............ eiven (11) .
For the finite amount of data tlm estlmate of the power spectrum is ‘ _
£ (w) =W C.+ 2‘510,‘ cos kw) .... .......... ............ 12) |

where C. is autocovariance for the time lag k
To adjust the smocthness \

fl(w) =—2%(19(W)C°+2k§}k(w)ck cos kw)-....“..-iuvic...’..-‘-'nv--t:.‘.:;..-eo;-r.(-l3) !

‘ - Ay(w) are selected weighting factors
| XBRBEREFRTALHERK D. R- Dawdy:

derologxc ‘Model- Evaluation
1. Why use A Hydrologic Model? ' '
(1) Stochastic
a. Extend records in txme at a s1te
b. Regionalization of parameters
* (2) Parametric o , -
a. Extend records in time at a Site :
b. Regionalization of pa_.rametefs
" ¢. Effect of man-made changes on parameter values.
2, Measure of Model Respose
(1) Standard statxstncal linear theory



(2) Analogous simulation error measures
3. Sources of Error in Simulation and Thelr Effects .
(1) Model errors—non-equivalence - et
a. Approximations L
b. Indices as apparent parameters R
(2) Data errors
a. Input errors
(a) Bias vs. random components . e _
(b) Time vs. volume distribution errors ., - . . . o ..
b. Discharge measurement errops . - .. . . o g
¢, Curve-fitting errors. '
4. Sensmvrty Analysis
(1) Stakility. of parameter values:
(2) Improvement of model structure P I S IPR

) EEEETZMEKXTESD:

1. Purposes of Streamflow Generatron ,
(1) Qperation studies. A useful feature of a streamﬂow generat;on model is the
ability to estimate missing values so that a longer set of penqd—of—record” flows can
be routed through  the ireservoir system: to test various' eperalionai: plans: -Al¥o, the
establishment of operational criteria for a reservorr systen} by analysis. of only the
recorded flows is naturally biased by the small sample of flows. Therefore, the testing
of a set of operational criteria on severdl generated streamflow sequencés thatare just
as likely. to occur in the future as the recorded flows “should pmvrde an-indication of
the adequacy of a set of criteria.

(2) Planning studies. For planning: studies; it is necessary to evaluate’ the yield
potential of various basins. The correlation of streamflows for short record stations
with streamflows for long record stations can provxde streamflo'WS which will assist
in the evaluation of potential reservoir sites.

(3) Data for ungaged areas. By analyzing thé statistics at surroundmg stations and
relating these statistics to basin and hydrolog*rc characteristies, 'a set of’ stat—i‘strcs can
be derived for an ungaged arsa.: Thgse;s;sagrst};gs»cag_ fhen be used to generate several
sequences of synthetic streamflow for use in yield apa}yges-_ L

2. Definitions B

It is important to define the terms that are used in discussions of StOChaStIC hydrc—
logy as there are several terms that can be used to defme fhe same thmg and worse
yet, some terms mean one thing to some people :md somethmg qu1te dlfferent to others

RN TR

(1) Deterministic - A deterministic process is one that defmes a varlable by the use
of determined values of other variables and constants, but the process 1s chance-mde—

pendent. A common example of a determmlstxc process 1s the cIassxcaY u
method. ’

(2) Probabilistic~ A probabilistic process considers the probé’blhty, br chance, t’}xat
some event will occur. The analysis of dam')g"es based oa flcod-fréquency curve




considers the prObabllIStlc nature of floods, but the timie mequendé of tie fibod vedts
is ignoted. ¢ EEN NS T

(8) Stochastic - A stochastic ‘procéss: considers the probabilistic dature of the events
and, in addition, can consider the timé sequence of the events. A streamflow genera-
tion model which takes into account the pxev1ously generated events in estimating the

current event is 4 ‘$tochdstic process.. T ‘ )
(4) Other terms-In the literature one will fmd several terms which essentially

define the same process. The monthly streamflow .generation model as tised by the
Corps of Engineers has called: 1) autéregressive, : 2) Markovian, 3) synthesis, 4)
simulation, 5) stochastic, and 6) operational hydrology. Other ferms used in the
literature that pertain to stochastic processes are stationary and nom~stationary. A sta-
fidtrary Procass desures that the parameters defining the probability distributien remain
unchanged during the time span of interest, whilé a nomstationary process would allow
the parameters defining the probability distribution to ch@nm with time.
8. General Procedure T e o

(1) A simple stochastic generation model can be cmhpmedmf w deterministic portion

developed by multtple regresszon techmques and a random component.

determmxstlc 7 randém
Xy=a+biXs+ beXgh weseereseseet- b X + ’Z,S;/l_—R"" ‘
where: e
X, = dependent variable
a = regression constant
ba = regresslon coefficients

= mdependent variable
.= rapdom number from (0,1) population
= standaxd dev1at10n of dependent varlable "
v = multlple correlatlon coefﬁcxent : '
(2) The random component can be expressed m dszerent terms
TPy RCSEZS-/IR"-
{2 because., .
b8 oyt R— 1/1 SER/S‘
i LSE= S .;/1.—.R2. :
where: LRSI

e
)

';U ﬁ;“_m"“ N

-4 . RC= rdndom-gomponent -
SE = standard error of estimate o
& = random numpet, (0,1) zero mean and unit standard deviation -

S = standard deviation of dependent variable
R = multiple linear correlation coefficient
(3) The random component is wecessary to: ‘
a. Preserve the range of values
"+ b Preserve the variance:
. Presérve:the correlation



4. Monthly” Streamflow: Simulation” - = BT e T S L P U S
Q) The monthly streamflow simulation model used in HEC—4 has the followmg form'
13=B1K 1+ 8K gt oeeee e +B3-1Kis 1+ ByKivnpt. o
Byt Kiopygrtoeeeee vt By K:—x-n‘*'l/l—R’u.' iy
where: : ,
K =log of monthly streamflow transformed to normal dewate
B =beta coefficient ‘ : '
R= multrpbe‘- mrrelatlon coefficient
- Z =random mofmal standard dev:tate
i =month number SR
. j =station number : .
" (2) Serial correlation, .or persistence, is mainiained by mcludmg the. prevmus value
(subscripted as i-1) in the model
5. Daily Streamflow Generation .
(1) The daily model is similar to the monthly
Kx“Bsz-ri'ﬂaKx-rk'l/l“R' . Zs
Where: L
K =log of dally streamflow transfermed to normal devnate
B =beta coefficient ° L e e ‘
R =multiple correlation coefficient
Z =random normal standard dmate
i =day number
(2) Note that two previous days are used
(8) Volumes of the gemerated daily flows are ad]usted tb equal the mput monthly flow:
6. Analysis of Generated Flows :

The generated output should be revrewed carefully to ensure that the generated
data are consistent with the recorded data The maxrmum and mmlmum values of the
generated sequences should be compared w1th those of the ‘recorded data to see if any
unreasonable values have been generated. Tf the generated flows are to be used in
analyzing the water yield capabilities of a reservoir system, the ‘minimum 1, 6, and 54-
month volumes should be compared for‘reaso'nablexress with those of the -recorded
data. It is quite possible that the minimum volumes, especially for the'i"long periods, of
the generated sequences will not be as ’severe’f" as those for som; extremely severe
recorded drought. Markov models are occasionally unable to simulate the extreme
long-term drought, and several researchers are trymg new generatxon processes to
alleviate this problem. R
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“'gﬁi Suz® FERFEMAER (Original Population) Zg@% Sx. ZHR s LTREZ 8-
: Sz=S. /N2 evenrine ceiressestasert st e R s s st s et e nes shsE s ba R R b sev Rt ee Ie))
- AH N=8%#o EHHRET N Eﬂiz‘ﬂiﬁ » REIEZ R R N o AR B k2
BB RN RAERLE - BATHEZ RERARAEES i AFBESNEHRERZTHE My
' RE N £RTEHBZTHHEME > N G5BT RESTHRERL No
% BEFFIZ B (Serial Correlation) » AIEREHMBNMEZREREEER Chow KiRZ
TR (EF TR BT » XRAMT

n-1 1-R%  PR,A-ROTE
S2s=S2% [1 n(I—R.)? + :‘(1 R‘SI vereore . (2)

v Sns=ﬁ;ﬂ$ﬁﬁﬁﬁiﬁEZ¥$§ (@ﬁﬁﬁﬁ%‘&zgﬁﬁ)
n =iEHFEH=16
RL—EJﬂHﬁﬁﬁﬁa& (Senal Correlation Coeff1c1ent) =0.929..6 .
S1s=0.21634 HEHBEMELBE=B P HTEHPHTRBZ Si= =0.121706 158 » AIMEEE K
. JRED Chow ECHTEEE n B35/ Ry BB KRS » Sus B Sy ZHEARKRSERHLS o
BEREATHEZEEE Sux THTRRZ: ,
T T T J AL TR T AR T R T PO P PTTSOT TP ORISR TP ITTUOTTRPROPEOP AP 6))
ERERZEE  KBRBERIHER » E N=3,» N=6 % N=10 ﬁ%ﬁ“ﬁd‘ﬁ“ﬁ—‘ﬁﬁiﬁi
ZRBHBETFIHERITEZERIIAL—F » MFPRFAN BB EREEE BT » SMHAERZ
y I o A2 EMERS PRGRAM YIH (REE3E 4 ()
B BRAERZ THE~ES] SHREMERRFES BE

Table 1: Probability of: Occurrence for' Long Duration Flows Using a
Theoretical Log~-Normal Distribution

| E ¢8) N 1 3 6 10

M, : , 4100989 4100989 | .. 4.100989 4.100989

- ZSYUEIMER (mdfsec/yr) 12618 12618 12618 12618
SREHHR (m¥sec) 12618 37854 75708 126180
B (% » SRR | oo | %0 50
Six 0.21634 0.12490 0.08832 0.06841
(My—SrLx) 3864639 | 3976089 4012669 4032579
FgEyii (m¥sec/yr) 77615 9464.3 10296 10779
REHRR (md/sec) 77615 28393 61776 107790
B (9% SRR : 15,9 159 . 15.9 - 189
24Sux 0.43268 ' 024980 0.17664 ~ 0.13682
(Mi—2S1p) o : 3.668309 3.851189 3.924349 3.964169
FIGERHR (md/sec/yr) 4659 7099 8401 9208
LR (mdsec) - 4659 © . 21297 50408 92080
B (% + FRIVNR) 23 23 23 23

3 Siy 0.64902 0.37470 - 0.26496 0.20523
(M, —3S15) 3451969 3726289 | 8836029 3.895759
ZRISERTR (m¥seclyr) 2831 5324.6 6855.3 7866
RAESNE (m¥fsec) . . . 2831 ‘ 15973.8 41320 78660
B (% FRIVDR) 0.135 0.135 0.135 0.135
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ERMERE L L R R SRR (Srmulatlon Equatlon) i?ﬁtﬂ'ﬁﬁﬁﬁﬁ% (Ge—
nerate Normal Standard Deviates) » REWH B (Transform) #H Log-Pearsop I 4rifiHe
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Xx RLXXI:"FX (1 R”L)llz Frhsvessian - ge eibseiedbsebn ..?a“T.T«.Q4)
ook Xy =B EsE (Carrent Year) MEZHK - .U\*-ﬁ?é%ﬁ%%z»
Xp =Hi—4 (Previous Year) Wi Zz%¥ s %uyﬁﬁ.ﬁgﬁﬁiz °
X, =FEBEBEsEE - '
Ry =F5IEBA R > m%—ﬁﬁsﬁﬁﬂiﬁﬁﬁ ﬂu—‘ﬁiiﬁéﬁﬁﬁﬁ.'?_ﬂﬁﬁﬁﬁ*ﬁ °

WERRAZZR » DBTHERIERMEZ 3P RS R,=092956 Ktk PROGRAM
YIH3 (#%) 5% X, ml‘%&ﬁ?ﬁﬁgﬁéﬁﬁz ﬁzﬁi’&lﬁﬁ% 00, &ﬁﬂ(% 10 gEIELR - 6.0= +
6. 0 °

:, X", Tﬁ%ﬁ Log-Pearson I fH% (EATZMERRD)

_ % {[wa(x——)ﬂ 1} ........... R — e e (8)

&#  K=Pearson Type Il
g ={RMHAM (Skew Coefficient)
HGEHBERMMAS g kR ~040,
BTERBEBRERS TRASR |
Log Q=M.+K +S§;

b M & S, ERFEHESSES0)-2 ﬁﬁﬂP (B8) Z M. X 8. HF - #f7 500 iR
345 6 £ R 10 E RBER B E 2 BAEHBTHARZE R PROGRAM YIH3 (iﬁﬁﬁ@2&4) (B%)
REZ » WABLUR/DNRFEES » HHBEZIHE -

3. Weibwll-Gumbel 7-#7%:

ﬁ}@——ﬁut;ﬂfﬁﬁﬁ y IRTT e dE We1bu11 Gumbel FHBFHBRENBIREZ » lﬂsﬁﬁ v
B B4 EEEHEN (Regression Relationship) Rz —FEFIHEMED (Serially Correlated
Component) B—pE#ES (Random Component) s BHEERZHFRMT ¢

Y =(DXHC)FE ssertreeesesutiseineimiuniiiiiernientiisonrennannnn dassis vavinite e (6)

At Y=E—EZHE

v X =W—EZHE

b =[EF R

c =F¥ ' .

E = BESRHRRG » HFSHAR - o
Eﬁﬁ]#ﬁﬁﬁﬁﬂﬁ*Zﬁ‘ﬁ ce ‘IH&'Fif:ikz

A X = EHEN LT NE
Y Y =HESRESER (Orlgmal Period of Record) &_&—-ﬁi QLagged by One
. Year) 2T HHE - _—
1BCT)Y Rz c BRA Y R B -

Y= b(X.*_fj()_F?_,_E...-a..,............,........; ......................................... (8)‘
F@ﬁiiﬁ%Z“ﬁﬁeﬁﬁﬂﬂﬁﬁ Al b= Tﬁ%*ﬁ'ﬁ'ﬁ"*ﬁﬁﬂ%& R» {EEEF??UﬁiﬁZﬁ‘JrEWF‘ ﬁ‘
B T - et (B
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S’ =BiEH—Emmus ‘ |
RS AEER Sy Y HER Xo2H5E R R X /ARSI
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