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ABSTRACT: In a previous study, Foufoula-Georgiou (1989a) investigated a sto-
chastic storm transposition (SST) approach as a possible methodology of assessing
the probability of exceedance of extreme precipitation depths over a catchment.
The purpose of this paper is to report further methodological advances on the SST
approach and present the results of a pilot implementation study in the Midwest.
Under the assumptions of an elliptical storm shape and spread function of a given
functional form, ¢xtreme storms have been described by the joint probability dis-
tribution of seven storm parameters (five specifying the magnitude, oricntation,
shape, and within-storm spatial variability, and two specifying the location of the
storm center). A nonhomogeneous spatial multivariate point process model has
been postulated for the joint probability distribution of the storm center depth and
storm location und it has been fitted (o 65 extreme storms in the nine-state mid-
western region. The method has been used to estimate the tails of the probability
distribution of the average catchment depths over several hypothetical catchments
in the Midwest and to describe the spatial variability of the estimates over the
studied region.

INTRODUCTION

Several studies have demonstrated that risk-based decision making in water
resources, €.g., the sclection among alternative spillway designs of ncw dams
or the modification of existing ones, is sensitive to the specification of the
risk of very low-frequency events [return period greater than 100 years; sce,
c.g., Stedinger and Grygicer (1985)]. Standard frequency analysis mcthods
do not provide reliable estimates of such low-frequency events and alter-
native methods need to be developed.

Estimation of the frequency distribution of extreme precipitation dcpths
over a catchment becomes difficult if one relies only on the few storms that
have occurred over that particular catchment. The underlying idea of the
stochastic storm transposition (SST) approach [the term coined by Fontaine
and Potter (1989)] is the enlargement of the record of storms available for
estimation by considering storms that have not occurred over the catchment
of interest but that could have occurred over it. This approach lcads to storm
regionalization and estimation of the joint probability distribution of storm
characteristics and storm occurrences within a prespecificd storm transpo-
sition area. :

The concept of storm transposition has been extensively used in a deter-
ministic framework for the derivation of probable maximum precipitation
(PMP) estimates [e.g., Myers (1967); Wang (1984)] but it has not been ad-
cquatcly cxplored in a probabilistic framework. Studies on this approach
include those of Alexander (1963), Gupta (1972), Newton (1983), Foufoula-
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Georgiou (1989a), and Fontaine and Potter (1989). The discussions prompted
by the publication of the paper of Newton are encouraging because they
demonstrate that applied hydrologists and meteorologists seem to be in
agreement about the necessity of an objective methodology of estimating
cxceedance probabilities of extreme storms and floods to be used in con-
junction with, or as alternatives to, the current PMP/PMF standards of hy-
draulic design.

The lack of risk estimates prohibits the use of any risk-based economic
analysis and decision making in hydraulic design and evaluation of high-
hazard dams. This has prompted several investigators [e.g., Buchlcr (1984)J
to suggest the idea of assigning a fixed probability (e.g., 107 or 1077) to
cxisting PMP estimates. We are not in agreement with this approach but
instcad belicve that serious efforts have to be dirccted toward developing a
methodology that has an objective basis and can give consistent results of
comparative probabilities for a range of extreme rainfall depths and resulting
floods (including PMP and PMF cstimates). The development of such a
mecthodology has been the motivation of the work presented in Foufoula-
Georgiou (1989a) and its extension presented herein. The first paper for-
mulated a probabilistic storm transposition methodology for the estimation
of exceedance probabilitics of extreme precipitation depths over a catchment
and it identified the conceptual and methodological difficulties associated
with this approach. In that study, the distribution of extreme storm centers
was assumed homogencous over an arbitrarily sclected arca and an illustra-
tive implementation considering only 18 very extreme storms in the Midwest
was given. The purpose of this paper is to report further methodological
advances on the SST approach and present the results of the first pilot im-
plementation study for the Midwest. Also, the results of a preliminary sen-
sitivity analysis of the estimates to uncertainties inherent in the data and
estimation procedures are presented. Further refinements of the method and
a morc cxtensive sensitivity analysis arc currently under study and will be
reported in the future.

BRIEF REVIEW OF STOCHASTIC STORM TRANSPOSITION APPROACH

Let d(x,y,t) denote the rainfall depth deposited from a storm at the ground
location of spatial coordinates (x,y) during a period of time (0, ¢]. For design
purposes, a variable of particular interest is the maximum average depth that
can occur over a catchment of area A, during a time period At,

|
d(Ar) = —IA | fj ldx,y,t, + A — d(x,y, t)ldxdy ... )
| Ac

where the period At = a critical duration of rainfall in tcrms of flood pro-
duction, and

/| = fj ld(x,v, 1, + A1) = d(x,y, t,)]dxdy
Ac

o~ ff [dvoy ot v A — de,y Dldvdy V-0 <q, — Ao (2)
A

where 1, = the storm duration. The random variable d.(Ar) can be interpreted
as the maximum average depth deposited from a storm over a catchment of
arca A, during a time period equal to Ar.
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Following Foufoula-Georgiou (1989a) let A, denote the random vector of
storm characteristics describing a storm. In general A, will comprise the
parameters of a stochastic model describing the rainfall field. Depending on
the model, these parameters may or may not be directly interpretable in terms
of physical storm characteristics. Let A, denote the two-dimensional vector
describing the position of a storm (here this position is called the storm
center). The storm center may be defined as the location of the maximum
observed total depth or as the location of the maximum accumulated depth
over a specified period of time. Alternatively, it may be defined as the center
of mass of the storm. The cumulative distribution function of d.(Af) can be
expressed as

Fiand) = prid (An) S d] ... (3a)

Faan(d) = f f prid.(Ar) < d|\,, N, 1dF 4, AAGN) (3b)
1A,)
where Faa, (A, N,) = the cumulative joim distribution function of the ran-

dom vectors A, and A,. Of interest is the exccedance probability of
d.(Ar), which can be obtained as

J."A”((i) =1- J,.(At)(d) ......................................... (4)

Let Z(r) denote the counting process of the number of extreme storms in
an interval of ¢ ycars (stationarity in time is assumed). The annual exceed-
ance probability can be expressed as

Ghaan(d) = 1 = Faunld) oo (5a)
Géaan(d) = 1 = D prld. (A = d|Z(1) = v] - prlZ(1) = V] .., (5b)
v=0

Assuming that Z(1), the random variable of the number of extreme storm
occurrences per year, is independent of the storm depths d.(Af), and that
d.(Ar) are independent and identically distributed random variables, the an-
nual probability of exceedance of d.(Af) can be written as

Goaand) = 1 = D [Faap@1" prZ(1) = vl ..o, (6)
v=0

Assuming that Z(1) follows a Poisson distribution with annual occurrence

ratc A\ (this is a realistic assumption shown later to hold true for Midwestern

cxtreme storms), the annual exccedance probability of d.(At) can be shown
to be

han(d) = 1= exp [“AGiaan ()] oo )

Throughout the rest of the paper, F;n(d) will be abbreviated as F(d) and
Iian(d) as F*(d). G(d) and G“(d) represent similar abbreviations.

AREA OF STUDY AND STORM DATA USED IN ANALYSIS

The arca of study is the nine-state Midwestern arca of North Dakota, South
Dakota, Nebraska, Kansas, Minnesota, lowa, Missouri, Wisconsin, and Il-
linois. This area will be referred to as the transposition area, A,. The data
available for the estimation arc the cxtreme storms published in the catalog
of the U.S. Army Corps of Engineers (Storm 1945-1990). The pros and
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cons of using this catalog as the sole source of information for the estimation
of the exceedance probabilities of extreme precipitation depths have been
discussed in Foufoula-Georgiou and Wilson (1990) and is currently under
more detailed investigation. In a preliminary implementation of the SST
methodology in the Midwest (Foufoula-Georgiou 1989a), storms were se-
lected from the catalog according to the following two criteria:

1. Their center (defined as the point of maximum total depth) was within the
nine-state Midwestern region.
2. Their total 10-sq mi average rainfall depth cxceeded 13 in.

These criteria resulted in a total of 18 storms during the 61 years of the
available period of storm catalog record for the Midwest (1891-1951). Es-
timation of the annual exceedance probabilities G“(d) from only 18 storms
proved inadequate, at least in terms of inferring and estimating the spatial
storm occurrence process and assessing the probability of very extreme depths
of the order of the probable maximum precipitation estimates for the Mid-
western region. This prompted the study of Foufoula-Georgiou and Wilson
(1990), which was an effort to identify trends and similarities in extreme
Midwestern storm characteristics. These results provide the basis of the re-
gional frequency analysis presented in the present paper.

The estimation study reported herein is based on all storms of the catalog
that have their centers within the nine-state Midwestern area and for which
the maximum recorded 24-hour average depth (Ar = 24 hours) was greater
than or equal to 8.0 in. Table 1 identifies and lists 65 such storms, together
with their duration, maximum 24-hour observed depth, maximum 24-hour
areal extent, and associated average depth reported in the depth-area-duration
tables (Storm 1945-1990), location, and date of occurrence.

Because of the lack of detailed data for these extreme storms, it was not
possible to build a stochastic model that accurately described the space-time
structure within the storm. The only data.available for estimation are the
depth-area-duration (DAD) data, which describe not the actual storm pattern
but rather the maximum average depth that can occur over a given arca
during a given period of time. Note, however, that this maximum avcrage
depth over a given area is an important variable in terms of design and its
usc in design studics is common practice. Duc to data limitations, the fol-
lowing assumptions were made regarding the spatial distribution of the max-
imum 24-hour depth accumulation:

1. The maximum 24-hour depth distribution within the storm arca cnclosed
by the contour of 3 in. (this arca is referred to herc as the storm arca A)) is
described by homocentric, geometrically similar contours around a single center.
These contours were further approximated by cllipses of major-to-minor-axis ra-
tio equal to ¢ and orientation of major axis equal to ¢ (this angle being measured
counterclockwise from the horizontal east-west direction).

2. The maximum 24-hour average depth over an area A, [d(A)], is related to
the storm-center depth and the area A by the relationship
dA)=de™ . .. ... .. e e e (8)
where d, = the maximum 24-hour recorded depth, taken as the storm-center
depth, and k and n = parameters to be estimated for each individual storm.

Based on these assumptions, the rainfall depth d(r,8) at distance r from
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TABLE 1. Characteristics of Extreme Midwestern Storms Used In Analysis
U.S. Army Maximum | Areal extent sq mi
Corps of 24-hr [associated
Storm | Engineers | Duration| depth average depth Storm Center
number |  number (hours) (in.) (in.)} Town State Date

(1) (2) (3) (4) (5) (6) 7 (8)

1 MR 4-24 54 24.0 63.300 (2.7) |Boyden lowa September 1926
2 MR -5 20 [RX{ 20,000 (3.5) Guant Township Nebiuska June 1940

3 MR 6-15 78 15.8 16,000 (2.9) Neur Stanton Nebraska June 1944

4 MR 7-2A 78 15.0 45.000 (2.9 Near Cole Camp Missouri August 1946

5 MR I-10 96 14.7 59,000 (2.9) Woodburn lowa August 1903

[ MR 2-29 78 12.2 113,500 (1.5) Gramt City Missouri July 1922

7 MR 1-5 78 12.3 100,000 (2.0) Primghar lowa July 1900

8 MR 10-2 108 9.3 57,000 (2.5) Council Grove Kansas July 1951

9 MR 8-20 120 12.0 306,000 (0.7) |Near Holt Missouri June 1947

10 MR 1-9 168 8.1 136,000 (1.2) Abilene Kansas May 1903

11 MR 3-14 120 8.8 120,000 (2.2) Pleasanton Kansas September 1927
12 MR 4-2 96 12.9 30,000 (2.4) Larrabee lowa June 1891

13 UMV |-11 108 1.5 50,000 (2.0) |{lronwood Michigan July 1909

14 UMV 2-18 180 8.1 70,000 (1.8) |Boonville Missouri September 1905
15 UMV |-22 78 12.4 60,000 (2.2) Haywood Wisconsin August 1941

16 OR 4-8 %€ 9.0 70,000 (4.9) Golconda inois October 1910
17 SW 2.} 1] 14.0 30,000 (2.2) Near Neosho Falls | Kansas September 1920
I8 MR 1-3A 30 12.5 7,200 4.1) Blanchard lowa July 1898

19 MR 2-22 102 1.9 19,900 (2.9) |Warmensburg fowa August 1919
20 MR 4.3 78 12.3 84,000 (1.8) Greeley Nebraska June 1896

21 MR 6-2 96 11.4 16,000 (3.3) Lindsborg Kansas October 1941
22 UMV 3-29 15 12.0 20,000 (2.6) Near Dumont Towa June 1951

23 GL 2-29 120 12.4 58,000 (2.2) Near Merrill Wisconsin July 1912

24 MR 1-23 96 10.8 40,000 (2.3) |Nemaha Nebraska July 1907

25 MR 2-11 96 11.2 24,000 (2.3) |Moran Kansas September 1915
26 MR 3-20 60 9.9 60,000 (3.6) |Lebo Kansas November 1928
27 UMYV 2.5 12 12.1 20,000 (3.9) Near Bonapart lowa June 1905

28 UMYV 2-8 66 8.8 27,000 (3.2) |Bethany Missouri July 1909

29 UMYV 3-20B 186 8.4 80,000 (2.2) Galesburg Illinois Scptember 1941
30 UMV 3-21 42 1.0 12,600 (2.4) |Thompson Farm Missouri July 1942

31 GL 2-12 120 8.9 67,000 (2.4) Medford Wisconsin June 1905

32 UMV 2-14 63 9.6 70,000 (1.6) |Washington Towa June 1930

33 GL 3-11 42 1.0 20,000 (3.2) |Libertyville inois June 1938

34 MR |-21A 102 8.6 24,300 (2.7) Warsaw Missouri August 1906
35 MR 3-6 48 8.9 45,000 (2.7) Lockwood Missouri September 1925
36 UMV 2-30 24 11.0 10,400 (2.8) |Oxford Junction lowa June 1944

37 LMV 1-3A 84 8.4 20,000 (3.3) |Sikeston Missouri September 1898
38 GL 4-5 66 10.0 15,000 (4.3) |Buttemut Wisconsin July 1897

39 MR 6-3 24 10.9 5,000 (3.6) |Ballard Missouri June 1943

40 MR 1-16A 120 8.2 45,000 (1.7) El Dorado Kansas June 1905

41 MR 6-1 72 8.9 35,000 (2.5) Clifton Hill Missouri June 1942

42 UMYV 2-15 24 9.0 13,000 (4.4) Gorin Missouri June 1933

43 UMYV 3-28 30 10.7 10,500 (3.8)  |Mifflin Wisconsin July 1950

44 MR 1-28 78 8.1 39,000 (2.2) Topcka Kansas September 1909
45 MR 3-1A 78 9.0 3,900 (3.9) Medicine Lodge Kansas September 1923
46 MR 3-29 30 10.0 14,000 (3.1) Sharon Springs Kansas May 1938

47 UMYV 2.22 RV 9.0 23,400 (2.8) Gunder lowa July 1940

48 UMV 4-11 54 9.2 28,500 (2.3) Galva Iilinois August 1924
49 MR 79 30 10.0 8,300 (4.1) Jerome Towa July 1946

50 GL 2-30 54 8.9 5,000 (3.4) |Viroqua Wisconsin July 1917

51 MR 3-11 54 8.9 13,300 (2.3)  |Chanute Kansas April 1927

52 MR 2-23 66 8.7 58,350 (2.6) |Bruning Nebraska September 1919
53 MR 4-14A 90 8.5 66,000 (2.3) Hazelton North Dakota {Junc 1914

54 MR 4-12 42 8.4 13,200 (3.7) |Lincoln Nebraska August 1910
55 MR 1-3B 30 8.3 20,000 (2.5) Edgchill Missouri July 1898

56 MR 2-3 18 8.0 6,800 (3.9) |Wichita Kansas September 1911
57 UMV 1-4A 54 8.0 32,000 2.1) Minnesota City Minnesota June 1899

58 UMYV 2-17 12 8.4 15,000 (2.9) Toledo lowa August 1929
59 OR 4-22 30 8.0 24,100 (3.6) Charleston Illinois September 1926
60 MR 6-16 36 9.1 5,100 (2.2) Ncar Bagnell Missouri August 1944

61 MR 7-16 10 10.0 220 4.3) Near Gering Nebraska June 1947

62 UMV 1-14B 126 8.0 5,000 (2.9) |Worthi M la August 1913
63 UMV 1-6 102 8.0 50,000 (3.1) Elk Point South Dakota | September 1900
64 UMV 1-7A 8 8.0 15,200 (3.2) |LaCrosse Wisconsin October 1900
65 UMV 2-19 3 8.4 570 (2.4) |Plainville Illinois May 1941
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FIG. 1. Elllptléal Storm Shape and Definition of Parameters r, 0, and ¢

the storm center and angle 6 from the storm oricntation axis (scc Fig. 1) is
given as

dr,0) = dye™ L = 0] e 9)

where

£&r,0) = k- <Z> S(sin®® 4 ¢ cosP0) L (10)
c

REGIONAL STORM CHARACTERISTICS AND DISTRIBUTIONAL
ASSUMPTIONS

The aforementioned simplified description of the storm’s spatial pattern
results in the representation of the random vector A, by the following random
variables

A =D, KNCOY 11

where ' denotes transpose, and D,, K, N, C, and ® denote the random
variables taking on values d,, k, n, ¢, and ¢, respectively. Thus, for esti-
mation of the joint probability distribution Saa,(As,N,) needed in Eq. 3b one
needs to estimate the joint probability distribution fn(w) where

Q=D KNCOXY) . (12)

and (X,Y) denotes the random vector of the spatial coordinates of the storm-
center position. Then, Eq. 4 becomes

Gld)y=1 - f prid.(Arn) = dlo] fo(w)dw .. ... . (13)
Q

From a statistical and cross-correlational analysis of the characteristics of
the analyzed storms, the following properties were revealed and used for the
estimation of the joint probability distribution fi(w):

1. The storm orientation @ is independent of all other random variables of
the vector 2. In the present implémentation, the estimation of the marginal dis-
tribution f4,(d) was not considered, due to the lack of maximum 24-hour storm-
orientation data. Thus, the cstimation of G(d) was restricted to circular catch-
ments for which the storm orientation ¢ will have no effect on the estimate of
G(d) and the integration over the parameter ¢ need not be considered.

2. The storm elongation parameter C is independent of all other random vari-
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FIG. 2. Empirical Distribution of Parameter ¢

ables of the vector £ and follows a distribution f.(c). To simplify the estimation
of G(d), however, this parameter was taken to be as a constant (¢ = 2.0). As
can be seen from Fig. 2, a large percentage of the extreme storms from the
catalog have a total depth-shape parameter of 2.0, or a value of 1.5 or 2.5. In
Foufoula-Georgiou (1989a), it was shown that a difference of +0.5 in the spec-
ification of the parameter ¢ of a storm had little effect on the estimation of the
exceedance probabilities. (This finding was confirmed by a more extensive sen-
sitivity analysis as will be reported in a later section.) Thus, it was assumed that
fixing C to 2 and not integrating over its distribution would have little effect on
the estimation of G(d).

3. The parameters K and N of the spatial spread function of Eq. 8 are de-
pendent upon each other but independent of all other random variables of the
vector {). If we let K’ = In K, then the pair (X',N) follows a bivariate normal
distribution

|
Jiwlk',n) = ————————exp [~~ Q(K'.N)] ................... (14)
1 - p2 2

2Ok Oy

where

1 k'—p.,(.2 k' — pe\ [n — py n-—uN2
Q(K',N) = 2 - 2p +{—) | ..... (15)
I =p° L (™ Ty Oyn 4%

Empirical frequency distributions of the parameters k' and n arc given in Figs.
3(a) and 3(b), respectively. Estimates of these parameters were obtained by a
weighted least-squares fit of Eq. 8 to the maximum 24-hour depth-arca data for
storm arcas of 10-10,000 sq mi. For larger storms, where the storm arca cn-
closed within the contour of 3 in. was greater than 10,000 sq mi, the areas
beyond 10,000 sq mi were also included in the fit. Then, estimates of the pa-
rameters (py, Oy, by, On, pxv) Of the bivariate normal distribution were ob-
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FIG. 3. (a) Empirical Distribution of Parameter k' = In k; (b) Empirical Distribu-
tion of Parameter n

tained as: iy = —5.437, 6 = 1.335; fiy = 0.597, 6y = 0.147; and p = Py
= —0.917.

4. The coordinates of the random location (X,Y) of the storm center are in-
dependent of all other random variables of £ except D,, the maximum 24-hour
storm-center depth. The joint probability distribution fyy,, (x,y,d,) is cstimated
by first characterizing the conditional probability density function (pdf)
fxypo(x,yldo) and then the marginal pdf fj (d,). Based on empirical evidence and
a statistical analysis of the spatial position of storm centers within the major
nine-state area A, , it is hypothesized that different distributions fm,,o(x,yldo)
hold for storm-center depths d, < dpi, and d, = dpa, Where dy, is a prespecified
cutoff depth. For d, < d,,,—that is, for less extreme storms—the distribution
of the storm centers is assumed to be homogencous. Then, thc probability den-
sity function for the random vector (X,Y) is uniform and given by

1
?}(x,y) Efxnu‘,«/,,,,u(x,y’d,, < dyin) = ]A I'I(.r,y) ..................... (16)

where I(x,y) is an indicator function defined over the region 4, as

I(x,y) =1 LY E AL oo (17a)
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FIG. 4. Spatial Occurrence of Storm Centers as Function of Latitude and Lon-
gitude

I(x,y) =0 OthEIWISE ..ottt e (17b)

For d, = d,,, there is strong evidence that extreme storms have prcferred storm-
center locations, with a larger probability of occurrence in the south and south-
east and smaller probability of occurrence in the north and northwest region of
the transposition area A,.. Thus, the spatial distribution of storm centers is, in
general, characterized by a nonhomogeneous anisotropic point process within the
arca A,.. Bascd on obscrvations related to the spatial distribution of cxtreme
rainfall depths in the Midwest [see Fig. 4 reproduced from Foufoula-Georgiou
and Wilson (1990)], it was hypothesized that the distribution of (X,Y) condi-
tional on d, = dg;, (where d;, remains to be specified) could be represcnted as
a transformed bivariate normal distribution independent in each direction. Thus

0 Y) = firp,z oV do Z dui) = L) FP) oo (18)
where '
! I fx = e
190 = exp [__ ( "-“) ] —o < x < ... (19)
V 2"ﬂ' Ox 2 Ox
and
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FIG. 5. Coordinate System for Distribution f\}(1,y) and Locatlons of 16 Catch-
ments within Nine-State Region

fiy) = V2 - ex L y—u,,)z forp,=y<® (20a)
Yy \/;T.Go p 5 Ro=Sy<® ... 0.,

FUP) =0 FOF =00 < Y < Py eveeee e e e (20b)

In the previous equations, all distances are with respect to a global coordinate
system positioned arbitrarily at the point of latitude 35° N and longitude 105° W
outside the nine-station region shown in Fig. 5. The parameters (py,0x, K, 0,
of the model remain to be estimated from the data, as will be discussed in this
section. Note that f)(x,y) is a probability density function on the upper half-
plane of a local coordinate system centered at point O = (jx, 1,) (see Fig. 5)
and thus it satisfies

fjf?y’(x,y)dde-:l
Bo J—o

Combining the two distributions, onc obtains
Saro, (6,3,d0) = F006,)  Fo, (dmia) + 57 009) - (1 = Fo(dmin)] oo @n

where Fp (dpin) = pr(d, < dmi,) refers to the cumulative distribution function of
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D,. Empirical cvidence suggests that the cutoff level d,;, (for homogencous ver-
sus nonhomogeneous distribution of storm centers) is less than 8 in. Thus, since
the set of extreme storms used in this study includes only storms for which the
maximum 24-hour depth d, is greater than or equal to 8 in., Eq. 21 reduces to:

Fxrp, %, Y,d0) = FR0GY) 11 = Fo@min)] «ovoeeeeie (22)

where £ (x,y) is given by Eq. 18. The parameters (py, 0y, po, 07,) of the trans-
formed bivariate normal distribution were estimated as follows. From Eq. 19 it
is obvious that py can be estimated as the mean horizontal distance of all storm-
center positions with respect to the global coordinate system, and oy as the stan-
durd devintion of these distanees, These estimates were fly = S8 mi and & -
150 mi. From Eq. 20 one can derive the following relationships between the
first two moments of the random variable Y (vertical distance of the storm center
positions with respect to the global coordinate system) and the parameters .,
and o, of the distribution f{”(y)

By = W, +

™= 2
oy = 0, \/ .............................................. (24)
ki

Based on these relationships and the estimates of iy = 398 mi and 6, = 179
mi obtained from the data, it was found that g, = 161 mi and 6, = 297 mi.
Note that with these estimates, the south boundary of the Midwest area is de-
termined by the i, = 161 mi horizontal linc, and the other three geographical
boundaries of the Midwest arca are fairly well approximated by the distances
+3G, (cast, west) and 36, (north) according to the model f}zy’(.r,y).

5. 'I'he Irequency distribution of the maximum 24-hour storm-center depth D,
(see Fig. 6) was modeled by a shifted exponential distribution given by

/. ( / ) 1 (dn - dmin) (')ﬁ)
DS CXp | T 20
n,\d, N CX| 0

with dyis = 8.0 as previously discussed. The parameter 8 was estimated as 0 =
2.38 in.
6. The number of extreme storm occurrences per year (see Fig. 7) was mod-
cled by a Poisson distribution given by
1~)‘ v

priZ(l) = v] = T v=0,1,2, . (26)
v

The parameter A, which is equal to the mean number of storms per year, was
estimated as 1.07 storms/year.

EsTIMATION OF EXCEEDANCE PROBABILITY G(d)

Based on the aforementioned postulates regarding the joint probability dis-
tribution of the random vector ), Eq. 13 can be written as

o1 [ [ [ [ [
D, JY Jx JN JK' JC J@

= d|d,c,k',n,x,y,d,1dFo($)dFc(c)dF oy (k' ,n)dFxyp, (X, y,do) . oo 27
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which, based on the results from the previous section, can now be written

as
Gd) =1 —f ffJ' J' pr{d,. (A
p, Jy Jx IJn Jk'

= dlk',n,x,y,d, ) fxw ko) f B0y o (d)dk dndx dy ddy .o (28)

Estimation of G(d) is performed as follows. Synthetic storms are gener-
ated with elliptical shape of major-to-minor axis equal to 2, storm center
depth equal to d, [sampled from f,,(d,)], and spatial distribution described
by the spread function of Eq. 8 with parameters (k',n) [sampled from
Siw (k' n)], Due to the randomness of (d,, k', n) the arcal extent of the storm
(defined as the area enclosed within the contour depth of 3 in.) is also ran-
dom. These storms are positioned within the storm transposition arca A,

according to the spatial occurrence distribution modcl ff\?y’(x,y) of their cen-
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ters. Since not all storms centered within the transposition area A, will con-
tribute a nonzero depth d.(Ar) to the catchment, the simulation is simplified
by transposing storms only within the cffective arca of the catchment. The
cffective arca (A, ) is defined as the area within which a storm, if it is
centered, will have at least one point common with the catchment. Although
in gencral, A,, can be defined by the Minkowski addition of the catchment
und storm areus

Ag = AcB A, 29)

(Serra 1982), its geometrical shape cannot be easily described parametri-
cally. Instead, it must be determined numerically, except for spccial cascs,
as for example a circular storm (of radius r,) and circular catchment (of
radius r.) where A,y is also circular (with radius r. + r,). Note that A,
changes every time a new storm is transposed over the catchment of intcrest.

To simplify the estimation it is assumed that the storm centers follow a
uniform distribution within A, —that is, the probability of a storm &enter
occurring at any point within A is constant and cqual to prl(v,y) € Ay,
which is evaluated from the integration of £ (x, y) over A,;. This assumption
improves the computational efficiency of the estimation and is not critical
since A,y is very small compared to the whole transposition arca A,,. In view
of this, Eq. 28 may now be written as

3

Gld) =1 “f fDa(do)f f {1 = prld.(A1) = dlk',n,d,,(x,y)
Dy=dyun ¢ e N0

€ Agllpri(x,y) € Ayl fin k' ,mydk'dndd, ........................... (30)

By sampling (k',n,d,) triplets from their respective distributions, using
these triplets to construct storms and transposing the storms at grid points
within A, the integration is evaluated numerically. The terms to be esti-
mated are

I = prid(AD) = dik' ,n,d, (0, Y) E Al o v (31)

and

I = pri(v,y) € Ayl = f f FRGYXdy . o (32)
A,,

If d, = the average depth over the catchment from a storm with given pa-
rameters (k',n,d,) and centered at position (x,y);, /, is estimatcd as

N .
Bo= =D KAy =d) oo (33)
o
where
1d,=d) =1 ifdy=d .o (34u)
I(dq =d)=0 OREIWISE « . o vttt e e et (34b)

and N = the total number of sampled storm-center positions within A ;. The
sccond probability, I,, can be evaluated by numerical intcgration of
@ (x,y) over the effective area. For computational efficiency this integral
can also be evaluated semianalytically after a small approximation is intro-

duced, as described in Appendix I.
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ResuLTS OF IMPLEMENTATION

As previously stated, the transposition area A, consists of a nine-state re-
gion in the Midwest. To capture the variability of the exceedance probability
estimates within the Midwest, 16 sites were selected in A,,, each site having
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FIG. 9. Contours for 107° Event (24-hour 100 sq mi Average Depth)

a circular catchment with an area of 100 sq mi. The locations of the centers
of these catchments are given in Fig. 5. The regional variation in the annual
exceedance probability estimates G“(d) will be solely due to the nonhomo-
geneous distribution of the storm-center locations.

Figs. 8(a)-8(d) give the estimated curves for G“(d) for all 16 catchments.
Using the information from these curves, contour maps of the 24-hour av-
erage rainfall depths deposited over 100-sq mi catchments and having spec-
ified exceedance probabilities, c.g., 1072, 107, or 107%, can be constructed.
For example, the map of the 107° event is shown in Fig. 9.

This figure shows that, in general, the trend of the spatial variability of

extreme precipitation depths in the Midwest is captured [compare, for ex-
ample, Fig. 9 with figures of PMP estimates in Hershficld (1961)]. The
gradient in the western (and to a lesser degree in the eastern) part of the
region, however, is much steeper than that expected from meterological con-
siderations. These steep gradients are of course the result of the assumed
transformed bivariate normal distribution for the storm-center positions, which
for the estimated parameters assumes almost zero probability of storm oc-
currences at the west and east boundaries of the studied region. Milder gra-
dients can be obtained by adjusting the parameters of this distribution to
acknowledge that such storms can occur outside the arca of interest with
nonzero probability. Such refinements and the possibility of dircctly incor-
porating meteorological information into the estimation procedure of the storm-
center distribution are presently under study.
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Although the estimates given in the present paper are still preliminary and
should not be used for design purposes, they clearly demonstrate the ability
of the stochastic storm transposition methodology to provide an objcctive
means of arriving at realistic, comparatively consistent regional estimates of
storm exceedance probabilities. Moreover, the method provides a vehicle for
performing objective comparative risk studies within a region or among re-
gions in a more constructive way than using, for example, the limited rel-
ative conservatism index proposed by Wang and Revell (1983). Comparative
risk studies are very helpful in resource allocation decisions arising from
retrofitting evaluation of existing structures declared inadequate under the
current PMP/PMF design criteria [e.g., Dawdy and Lecttenmaicr (1987)].
An additional important aspect of the SST method is that it provides the
means of performing uncertainty analysis of the estimates that can be in-
corporated in the risk-based decision-making methodology. Some prelimi-
nary sensitivity analysis results are presented in the next section.

SENSITIVITY ANALYSIS

A preliminary sensitivity analysis was performed to test the robustness of
the estimates to uncertainties in the data and uncertainties in the estimation
proccdure itself. Uncertainties in the data may come from the underesti-
mation of recorded storm depths [e.g., Foufoula-Georgiou (1989b)] and thc
omission of storms from the catalog. Uncertainties in the procedure may
come from the difficulty in estimating the parameters from small samples
as well as from several assumptions introduced for simplicity or lack of data,
as, for example, the assumption of fixed-storm ellipticity or the assumption
of singlc-center storms versus more realistic complex spatial pattcrns.

Case 1

To assess the effect of an incomplete catalog on the estimates, an omission
rate of 20% was assumed for all storms, based on their rate of occurrence.
Assuming that all the other properties of the storms remain unchanged (which
might not be true in reality), only the parameter A was changed. Initially
estimated as 1.07, it was reestimated as \' = 1.28 storms/year. In effect,
this means 78 storms with storm-center depth exceeding 8 in. actually oc-
curred during the period of record, but only 65 were documented in the
storm catalog. The estimated curves for G“(d) (not reproduced herc duc to
space limitations) did not show any appreciable differences from the original
ones. This is to be expected when one examines Eq. 6 for the A values used
for the two cascs.

Case 2

A more realistic case of assessing the effects of an incomplete storm cat-
alog was also performed. This involved dividing the storm sct into two groups
with different omission rates. This would seem a more reasonable model of
storm omission since the most severe storms would have a much smaller
chance of being omitted from the storm catalog compared to the less scvere
storms. The two omissien rates were specified as 8 = d, < 10 in. = 30%
and d, = 10 in. = 5%. This enlarged the original set from 65 to 81 storms.
Now, both the distribution of storm-center depths, f;,,(d,), and the distri-
bution of storm occurrences per year, priZ(1) = v], changed. The new pa-
rameters were estimated as 6” = 2.04 in. and A" = 1.33 storms/year. For
this case, the differences in the estimates of G“(d) werc more apprcciable,
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but still within an order of magnitude from the original estimates, despitc
the assumed high omission rate. For comparison purposes, the estimated
curves for the original data and the two cases just presented, are shown here
for area three in Fig. 10. It is observed for example, that for a 100-sq mi
catchment in central Missouri, the 24-hour average depth of 30 in. would
have an annual exceedance probability of 1077 (original and case 1) and
approximately 107" (case 2). In our opinion, this is an encouraging result
given that the assumed omission rate of 30% is higher than that expected in
reality.

Case Three

To assess the effect of the variation in the storm shape parameter ¢, which
was assumed to be cqual to its most likely value of 2.0, the cstimation was
reevaluated assuming c to be equal to 2.5 and 3.0. For the 100-sq mi catch-
ment area used herein, the effect of this variation on the estimates of G“(d)
was unnoticeable and the curves were not presented here.

Sensitivity analysis of the estimates to underestimation of storm depths
and assumptions regarding the spatial distribution of depths within the storm
are currently under investigation and the results will be reported in the fu-
ture.

SuMMARY AND CONCLUDING REMARKS

In an earlier study, Foufoula-Georgiou (1989a) presented the gencral
methodology and estimation problems associated with the stochastic storm
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transposition (SST) approach for the estimation of exceedance probabilitics
of extreme precipitation depths. This method has been further advanced and
refined in this paper, and implemented for the Midwest.

Under the assumptions of an elliptical storm shape and spread function of
a given functional form, extreme storms have been described by the joint
probability distribution of seven storm parameters (five specifying the mag-
nitudc, orientation, shape, and within-storm spatial variability, and two spec-
ifying the location of the storm center). A nonhomogeneous spatial multi-
variate point process model has been postulated for the joint probability
distribution of the storm-center depth and storm location and it has been
fitted to 65 extreme storms in the nine-state Midwestern region. The method
has been uscd to estimate the tails of the probability distribution of the av-
erage catchment depths over several hypothetical catchments in the Midwest
and describe the spatial variability of the estimates over the studicd region.
The results of a preliminary sensitivity analysis are encouraging in that the
method shows robustness to some of the uncertainties (e.g., storm catalog
incomplcteness) that arc of concern to most hydrologists. It should be kept
in mind that, from the practical standpoint, one only need estimate the ex-
cecdance probabilities with an accuracy that falls within the range of prob-
abilitics that would not significantly affect the design or decision-making
process.

Although further refinements of the method are nceded, mainly related to
the distributional assumption of storm-center positions that dircctly affects
the regional variability of the estimates, the potential of the method to pro-
vide an objective basis for extreme storm probability assessment has been
demonstrated. Such refinements are currently under investigation in parallcl
with a more extensive sensitivity analysis of the estimates to several distri-
butional assumptions and uncertainties inherent in the data and cstimation
procedures.

As a final remark, we want to briefly elaborate on a very important issue
that lies at the heart of any extreme event analysis, but is often misinter-
preted. Several investigators are skeptical of methods attecmpting to cstimate
events of low annual frequency, i.e., less than 107>, The major criticism is
the lack of stationarity of climate and precipitation over periods of thousands
of years. This criticism is unfounded and arises from the misconception that
the event of annual exceedance probability, e.g., 107>, should be equiva-
lently interpreted as an event that will be exceeded on the average only once
in a 100,000 years. But who really knows what the state of this planct will
be in a 100,000 years, leaving aside that no hydraulic structure of today will
be in place to witness failure or success from that once-in-a-1,000,000-years
flood! It should be made clear that the assumption of stationarity over mil-
lions of years is neither made nor implied in rare event probability asscss-
ment studies as the one presented herein. Rather, the assumption of station-
arity is made only over the period of record used in the analysis (61 ycars
in this study) and this is not even necessary as evidence to the contrary
should be incorporated in the methodology. Thus, the rainfall event with
10~* annual exceedance probability should be interpreted as the event that
has a probability of exceedance in the next year (and any subsequent ycar
il no other changes are identified) cqual to 1075, These probabilitics should
be revised as new data or new information about climate change become
available. We hope this clarification will help resolve this unfortunatc mis-
conception that seems to have hindered progress on extreme event analysis.
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ApPPENDIX |. ESTIMATION OF I,

The integral to be evaluated is

= f f SRCYxdy (35)
Agr

where f7(x,y) is given in Eq. 18. Throughout the appendix wec simplify
f”’(x y) to f(x,y), which, duc to the independence assumption, may be writ-
ten as f(x) - f(y). To simplify the numerical cvaluation of this integral, the
assumption is made that the effective area is elliptical. This is not a bad
approximation given that we deal with a circular catchment that is small with
respect to the size of the elliptical storm. For the ellipse representing the
effective area, let (c,d) denote the coordinates of its center with respect to
the global coordinate system (x,y), and ¢ and b denote the major and minor
axes. The lengths a and b are equal to (r. + r)) and (r, + r;), where r, =
the radius of the circular catchment and r, and r, = the major and minor
axes of the ellipse representing the storm. Using the cquation of the cllipse

2 N2
G- G-df

7 R LR R R 36)
one obtains
(x — ¢y
y=d=xb- = 37
a

The integration of the surface f(x,y) = f(x)-f(y) over the cllipse gives

I, = ¢f(x,y)dxdy = j SOhW)dx ... (38)

=

where
d+bV1—[(x—)/d?]

h(x) j SOy o (39)
d-bV l—l(r—r)z/a']

Introducing f(y) in the previous integral, results in

b 5 b
-Va - x—-cV+p, —d “-Vd - (x=-c)lP =, +d
a

h(x) = erf 4 + erf (40)

\/50’“ \/50' "

where erf () denotes the error function given by (Abramowitz and Stegun
1972)

The integral /, is then evaluated from Eq. 38 by numerical integration on a

line, not on a surface.
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AprPENDIX lll. NOTATION

The following symbols are used in this paper:

A. = catchment area;

Ay = storm effective area;

A, = storm area;

A, = storm transposition area;

major to minor axis of storm elliptical shape;
rainfall depth at distance r from storm center and angle
0 from storm orientation axis;

c
d(r,0)
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d(x,y,?)

dmin
d,

d(A)
d. (A1)

erf z

F dd{An (d )
Flan(d)
Fra,(As )

Jo(ds)

Wx,y)

ax,y)

fA,AP(An xp )

Ja(w)
G.L.(A:) (d )

G:AAI)(d)
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P = Prw

[

Q0
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1

1l
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Il

Il

Il

Il

il

1

1l

Il

rainfall depth at point of spatial coordinates (x,y) dur-
ing time period (0, 1];

specified cutoff rainfall depth;

maximum 24-hour recorded depth (taken as storm cen-
ter depth);

maximum 24-hour average depth over arca A;
maximum average depth over catchment arca A, during
time period At

error function of z;

F(d) = cumulative distribution function of d.(Ar);
F“(d) = annual noncxceecdance probability of d.(Ar);
cumulative joint distribution function of random vec-
tors A, and A,;

probability density function of the storm-center depth
D,;

probability density function of the random vector (X, V)
for D, < dpin;

probability density function of the random vector (X,Y)
for D, = da;

joint probability distribution of the random vectors A,
and A,;

probability density function of the random vector (Q;
G(d) = cxccedance probability of d.(Ar);

G“(d) = annual exceedance probability of d,(Af);

indicator function defined in Eq. 17;

indicator function defined in Eq. 34,

function dcfined in Eq. 31;

function defined in Eq. 32;

paramcters of the average depth-arca relationship;

Ink;

storm duration;

number of extreme storms in interval of ¢ years;
random vector of storm-center location;

random vector of storm characteristics;

mean and standard deviation of parameter K';

mean and standard deviation of paramcter N;
parameters of the transformed bivariate normal distri-
bution £ (x,y);

mcan and standard deviation of the Y vertical distances
of storm-center positions with respect to the global co-
ordinate system;

corrclation cocfficient of parameters K' and N;

storm oricntation (assuming clliptical shape); and
random vector of storm characteristics and location.
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