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and Martin M, Fogel,> M. ASCE

INTRODUCTION !

Ephemeral flow in aridlands is characterized by alternating random pe-
riods of wetness and dryness. Sustained .. .ation of flow occurs only in those
aridland watersheds fed by snowmelt, large aquifers, reclaimed waste waters,
or during sustained periods of rainfall, Stochastic analysis of these flows
focuses on the properties of the following random variables: (1) Flow dura-
tion; (2) temporal distribution of flow within a single wet period and within a
long wet-dry sequence; (3) antecedent dry period; and (4) flow volumes.

Such analysis is a prelude to the synthesis of models of ephemeral flow.
Models are considered an efficient consolidation of available data, a positive
framework for incorporating future data, a means for reducing the inherent
physical indeterminacy of hydrologic systems, and a basis for imbedding a
priori hypotheses which allow for the possibility of occurrence of events that
have not been observed historically. Models may be based primar.ly on the
data, primarily on physical princirles, or combinations of both bases, The
presumption is that physlcally-based models in hydrology, either stochastic
or deterministic, have greater transfer and regional value than nonphysically
based models. However, this generalization must be tempered by the realiza-
tion that more data are required to implement physically based models and
that not all management objectives require such models.

Of concern in the modeling of aridland hydrology is the sparsity of actual
rainfall and streamflow events in space and time and paucity of data on these
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events even when they do occur. The high degree of water development in
aridlands and the high variability of rainfall and runoff volumes even on a
monthly and annual basis arefacts thatleadto the requirements of much more
infarmation than for regions with much more stable streamflow (2). Lustig
(24) emphasizes that a distinction must be made between actual length of rec~
ord and effective length of record; this is a manifestation of redundancy in
information (21). Efficient estimates of model parameters are dependent on
sample size and naturally lead into questions onthe efficient design of hydro-
logic data collection systems and the worth of additional hydrologic data for
water resource planning, design of water supply systems levees, dams, storm
drainage systems, and watershed management in aridlands (8,11,15).

The purpose of this paper is to present recent results in the stochastic
analysis of ephemeral flows in the metropolitan area of Tucson, Ariz,, and to
propose a framework for future analyses of such data.

SYSTEM CHARACTERISTICS

Arid versus Temperate.~Relevant to the analysis isacomparison of flows
in arid, temperate, and transition climates. In all regions, both area-wide
and local storms influence the runoff pattern whether it be in an urban or
rural watershed. Analyses in both are conditioned by sparse data but, in gen-
eral, streamflow records in aridlands are not as long and as dense in space
(28). The difference in the precipitation pattern is emphasized by Hershfield
(19) who developed empirical rainfall models all over the United States, but
found that his approach for determining raingage network density broke down
for the Walnut Gulch Watershed near Tombstone, Ariz.

Because of increased mining of aquifers in arid regions, interconnections
between the stream channel and aquifer are notas common today except in the
upper reaches of a watershed and temporarily during recharge-producing
streamflow. Asaconsequence, base flow isanuncommon component of ephem-
eral flow, even in the humid islands of mountain watersheds on the periphery
of the desert floor. Duration of individual flow events determines the extent
of opportunity for natural recharge of aquifers. Flow duration as used in
temperate climates is not as meaningful a concept under these circumstances.

Generally speaking, stochastic analysis of ephemeral flows is complicated
by the fact that flow is not continuous and that for the same number of years
of record fewer events are observed in aridlands (17). This reality mitigates
the transfer of properties of point streamflow patterus to other areas, Fur-
thermore, correlation and spectral methods of time geries analysis must be
applied with care to precipitation and flow sequences with lengthy periods of
zero disturbance levels (21). The common interpretations of autocorrelation
functions for streamflow in temperate climates must be modified. In the face
of the aforementioned realities there is considerable motivation to augment
data by appropriate models.

Time Interval.—Flows may be described in terms of their physical and
statistical properties according to artificial or natural time sequences. In the
latter, nature dictates the time of observation and provides an event series.
This is dichotomized against the arbitrary dissection of time and events when
annusl, monthly, and daily series are formed. Flows occur only during a
certain percentage of the time each day, month, or year but the arbitrary
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series is formed on the premise that flows occur instantaneously at the be-
ginning, middle, or end of the time period as lumps or that flows occur at a
constant average rate over that time period. These approaches eatail loss of
informaticn and are important considerations in the interpretation of such
arbitrary series, Furthermore, notice that as far as rainfall duration (DR)
1# concerned, the usual concept of x-year-y-min rainfall does not seem very
uceful in a semiarid region; this was noticed for example, by Hershfield (18),
who states that “the annual maximum for rainfall durations at the same sta-
tion come from the same storm. This is particularly true in the desert re-
gions of the southwestern United States . ., .”, It seems better to consider the
concept of rainfall (or runoff) event, defined in the rigorous sense of proba-
bility theory.

Managerial Use of Data.—Flood control and water supply problems domi-
nate the managerial use of hydrologic data. Annual and monthly streamflow
sequences are studied todefine overyear storage toameliorate futare droughts
and to forecast within-year storage and supply requirements for irrigation
(33). The event series is pertinent to the study of annual flood extremes and
their duration. For example, the log-normal distribution has heen found to be
an appropriate model for annual flood extremes on the Rillito Creek in Tuc-
gon; the model in turn is used in a decision theoretic study of the worth of
additional hydrologic data in the design of bridge piers against scour and in
the design of flood levees (8). Volumes and durations of natural recharge are
important in the operation and location of wells along ephemeral channels.
However, previous pattern= of natural rechavge will change, as schemes de-
velop to capture surface water in arid urban areas both for flood control and
water supply.

REVIEW OF PREVIOUS RESEARCH

A representative sampling of previous studies of ephemeral flows reveals
that most data analyses and modeling efforts have focused on annual and
monthly flows and flood peaks.

Use of Descriptive Statistics.—Annual and monthly flows in the Mogellon
Rim area of central Arizona were studied in 1960 by McDonald (27). The
characteristic climatology of this region, precipitation with low mean values
and high coefficients of variation, is typical of arid regions. McDonald finds
that coefficients of variation for runoff on annual and monthly bases are dis-
tinctly higher than for precipitation and he explains this surprising result in
terms of the small difference between precipitation and evapotranspiration
losses. This small difference is typically taken asa rough physical definition
of aridity. Also reported is the fact that the greater relative variability of
winter as compared with summer precipitation is also found in the seasonal
differences of streamflow variability. This result has important implications
for watershed modification efforts because streamflow augmentation by weather
modification and land treatment is projected as an important dimension of
future water development in the west, Correlation coefficients between re-
corded flows and precipitation amounts at adjacent stations are used as a
rough measure of spatial homogeneity. For both variables McDonald finds
greater spatial homogeneity in winter than summer and he explains this in
terms of the widespread cyclonic and frontal storm systems that govern
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winter precipitation, Isolated orographic and convective thunderstorms ac-
count for the greater heterogeneity in the summer,

Floods.—An extensive study of runoff-producing precipitation on semiarid
rangeland watersheds is being pursued by the Southwest Watershed Research
Center of the Agricultural Research Service in Arizona and New Mexico (10,
31). Their descriptive statistics reiterate the substantial variability of annual
precipitation (44 % coefficient of variation for a 10-yr record on Alamogordo
Creek watershed). The variability is even _reater on a monthly and seasonal
basis, Apparently, the short records deter a more comprehensive use of de-
scriptive statistics in the manner of McDonald (27). A measure of the sub-
stantial variability of runoff is noted by the fact that during the 10-yr period
(1956-1965) about 60 % of the total runoff was recorded in 1960,

Floods on smaller arid streams have been studied more intensively in
anticipation of future population growth and urbanization. Historically, most
cities in aridlands have no subsurface storm drainage system; streets and
highway dips in urban and rural areas are used as drainage channels (20).
Flood damages and attendant court suitshave beenincreasing in recent years,
Compleinenting the increasing need for flood control is the increasing economic
motivation for capturing surface runoff for urban water supply (23). Stochastic
analysis of floods in aridlands is complicated by sparsity of flood data in
space and time. Such analysis may focus on annual flood extremes in the
manner of Gnumbel’s theory of extremes for complete duration series or Tod-
orovic’s theory of extremes for partial duration series (34), cr focus on pre~
diction of the entire flood hydrograph. Most progrese has been made in the
first case; the problem of flood routing of waves in permeable bea channels
in order to predict downstream hydrographs does not have a satisfactory so-
luti~.n as yet. The prediction of flood peaks may be based: (1) On an empirical
or envelope relation between flood peak and basin area; (2) on the controver-
sfal idea of probable maximum precipitation, including storm transposition
(29); or (3) on probability fitting methods with or without a particular proba-
bility distribution function in mind. The flood estimate may also be derived
from point rainfall estimates obtained from Technical Paper No. 40 of the
National Weather Service (formerly U.5. Weather Bureau), For some prob-
lems such as spillway design or design of drainage structure 'n high-value
districts, a combination of the aforementioned methods may be used. Recent
frequency studies of floods on the Alamogordo Creek Basin in New Mexico as
observed over 14 yr, demonstrate that a point rainfall estimate based on
Technical Paper No. 40 can be extremely misleading (31). Also noted was
the difficulty in fitting a probability distribution to the flood data. Because
even 59 yr-60 yr of flood data does not eliminate :ie hydrologic uncertainty
in many flood control problems, recent efforts toapply the decision-theoretic
approach merit serious consideration (8).

Modeling of Streamflow Sequences.—The past 10 yr have witnessed sub-
stantial progress in the development of deterministic and stochastic models
for the synthesis of strezamflows. The deterministic watershed models re-
quire hypotheses about waterched hiehavior and actual precipitation series or
stochastic models of prucipitation a=s forcing functions, The Stanford water-
shed model () generates long s:quences including zeros whereas the U.S.
Geological Furvey’s model gencrates single-flood hydrographs (8). On the
other han¢, stochastic iodels, extensively reviewed by Fiering (14), are
noncausal in that there is no explicit consideration of tnputs and watershed
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behavior. Generally speaking, these two modeling strategies are not in op~
position in that each servee distinctly different purposes, watershed models
being employed to predict floods and the effects of human activity and sto-
chastic models being used for forecasting and simulaticn of equally likely
future input sequences to storage reservoirs and spillways. Where the two
models do compete for use on the same problem, there is evidence to support
the contention that the two models have a common physical basis (22); after
all, even simple rainfall-runoif relations derived by least squares optimjza-
tion may account for considerable part of the variance (16), The choice he-
tween the two should be made on operational grounds—goodness of estimate,
data requirements, cost, transfer value to other regions, and sensitivity of
management solution 0 chosen model. There is an important research area
involved in the problem of choosing among hydrologic models for both tem-
perate and arid climates. A review of the aforementioned literature leads to
the conclusion that both kinds of models have not been critically reviewed in
terms of their utility to aridland problems.

Deterministic Watershed Models of Multiple Event Series.—A8 suggested
herein, there are management problems where modeling of the multiple event
series is important, namely, (1) Routing of floods through complex drainage
systems and (2) operation of surface storage reservoirs and well pumping
systems contiguous to recharge channels. The Stanford watershed model and
the University of Texas version in Tortran IV (5) tend to generate many zero
flows in response to the many quiescent periods in the precipitation input and
the regimen »f the arid watershed. Aside from the questions generated in the
fitting of such daily flow series, would it not be more meaningful to look at the
statistical properties of wet and dry periods in terms of a stochastic renewal
proc2ss and then to use deterministic hypotheses (e.g., the aforemeantioned
watershed models) to reconstruct and predict the amplitude of flows during the
wet period? Furthermore, this line of reasoning suggests a probabilistic
structure for firding the combination of rainfall events in space and time that
could have given rise to the observed flow event.

Stochnstic Models for Multiple Flow Event Series.—Stochastic models of
daily, monthly, or annual streamflow are generally in the Markovian idiom.
Almost without exception these models are assumed to apply to sequences
with long periode of zero flow. Fiering (14), however, in a notable exception,
explicitly states: “The linear autoregressive scbemes proposed in this book
certainly are not the only acceptable models ici flow synthesis. In some arid
regions of the world, precipitation patterns are characterized by bimodal
distributions; there is either no rain or an intense cloudburst. The cyclic,
smoc.ly varying seasonal precipitation characteristic of humid regions—like
that ¢n which our recursion relations are based—does not occur,” One in-
stance where the zero flows were differentiated from flow events is the effort
by Allen (1) who considered the diverse flow regimes in California; a Markov
lag-one monthly streamflow generator was 1erived along with methods: (1) To
increase the sample size by combining unrelated streamflows and (2) to match
streams with similar watersheds in order toprovidedata for streams without
records. Allen reports considerable variation in the mean, variance, and
skew properties of flows from month to month. The number of months with no
flow reduced the number of flow months such that the sample size for esti-
mating higher-order moments ismeager. (The writers present similar results
later in connection with flows on Rillito Creek in Tucson,) Variance of esti-
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mates i8 severe to the extent that their subsequent use to generate synthetic
traces is fraught with uncertainty. No wonder that some hydrologists prefer
to stay with the classical critical period estimate for required reservoir
storage, as determined from the historical record alone,

Tocircumvent the problem of zeros the frequent prescription is toaugment
all flows by a small positive number or some other simple augmentation for-
mula, This is a prelude to subsequent logarithmic transformation to achieve
normality (3). Even if the streamflow modeling is done in the original untrans-
formed space, negative flows arise in the simulation and are then arbitrarily
set at zero. Negative values can arise also in sum-of-harmonics process
models (32).

In all of this procecs of modeling and computer generation, the writers be-
lieve that important questions need to be answered.

1. What effect does addition of positive numbers and logarithmic transfor-
mation have on the preservation of the original statistics including those fea-
tures of importance to design and operation, namely, extreme droughts and
floods?

2. On the assumption that the problem in 1does not exist, what effect does
historical or small sample bias in the estimates of the mean, variance, skew,
and serial correlation coefficicnts have on the subsequent use of synthetic
traces insimulation and mathematical programming studies of water resource
systems?

3. Isthere a more natural statistical structure for modeling of streamflows ?

Without having undertaken an exhaustive theoretical and simulation study of
question 1, the writers' experience suggests that the simulated extremes are
generally depresser or lower than their historical counterparts, even though
in principle Montc Carlo simulation should lead to convergence to the histor-
fcal (but biased) parameters,

The writers believe that decision theory (8) offer:: one of the best avenues
for reconciling the issues raised in question 2. Question 3 suggests that more
basic hydrologic knowledge must somehow be coupled to the stochasiic model-
ing effort.

Distributed (Space-Time) Models of Streamflow.—Two approaches are pos-
sible for generating streamflows at multiple points in a river basin.

1. Useof existing streamflow records inorder to find a spatial correlation
structure that refiects a measure of the regional hydrometeorology.

2. Use of hydrodynamic or watershed models in order to predict response
to observed or model precipitation patterns over the basin, ’

The mathematical problems involved in approach 1 have been reviewed else-
where (3,7,25,26). Inconsistent matrices arise because the streamflow recor¢s
at multiple sites over the basin are not of the same length. The method basi-
cally relies on the available record and it does not invoke prior knowledge
about the drainage network, meteorology, and watershed dynamics, Continuity
of flows at gaged and ungaged sites are not necessarily preserved incurrently
developed models.

To move in the direction of approach 2 would require another class of hy-
drologic data. This strategy leads to a more intuitive feel for the spatial cor-
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relation structure mentioned herein. Anexcellent example of approach 2 is the
work of Eagleson (12) who studies the one-dimensional cyclonic and convective
storms. While there has been considerable {dealization of the natural process,
the work (12) does represent animportant conceptual step inspace-time models
of hydrologic phenomena. Morerefined or distributed models of the hydrologic
processes may be the only route to take to get at the problem of network den-
sity and the prediction of response statistics of regulated systems.

MODEL OF STREAMFLOW AND OPPORTUNITY
FOR NATURAL RECHARGE

In this section, a methodology is set forth to model and analyze rainfall and
runoff events from the standpoint of contribution of runoff to natural recharge.
This is intended to demonstrate the utility of basic concepts of probability
theory to the general modeling problem. As said earlier, the random variable
of prime importance for recharge of aquifers is the duration, DF, of the flow;
the occurrence of a precipitation and of a flow constitute events, Recharge is
taken to be the downward perc~'ation of flood waters to an aquifer not in per-
manent connection with the river bed. In actuality, the transformation of chan-
nel losses to true natural recharge is a complex problem that remains to be
modeled satisfactorily. In this section, of prime concern is the opportunity
for natural recharge as « consequence of enduring flows in the channel prior
to complete dissipation of the wave through channel losses.

First, climatic considerations lead {uv a distinction between summer and
winter phenomena. Inspectionof data taken between 1945 and 1967 at the Tuc-
son Arroyo gaging station, displayed in Figs. 1, 2, and 3, confirms that sum-
mer and winter flows tend to belong to different populations. In fact, summer
precipitation is mainly caused by convective thunderstorms, while winter rain
is of a frontal nature; sometimes, in September, both types of rain can occur
simultaneously in the form of hurricane activity from the Pacific Ocean, As a
first approximation, this mixed regime will be included in the summer pre-
cipitation study. In a semiarid land, the chain of events can be studied as
follows.

Summer Rainfall Frequency.—In a previous study (15) it was found that a
Poisson distribution to describe the frequency of point rainfall occurrences
was generally accepted inthe scientific community; experimental results found
in the southwest did not modify this hypothesis. Thus it can be inferred that
summer storms occur inan independent manner; flows caused by these storms
should occur the same way.

Asnorainfall measurements havebeen taken inthe watershedof the Tucson
Arroyo under study herein, it will be assumed that climatic conditions are
similar to those above the Atterbury Watershed, where a mean number, 1, of
at least five summer precipitation events per year have been observed overa
period of 15 yr. In fact, more than five events per year have occurred; how-
ever, several events were not analyzed although they were runoff-producing
events because the center of the storm cell was located outside of the gaged
area.

For the Tuceon Arroyo, a small watershed in the same area range as At-
terbury (18 sq miles), it will thus be assumed that the probability function of
the number, N, of rainfall events per summer season is Poisson:
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P(N=j)=fNU)=e-;nlmz F=0,4,2,... m>5 ..., (D)

This model assumrs independence of rainfall events within the season. The
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generating function of fy s
Fp(s) = Mt ms i ittt (2)

The concept of generating function: F(s) is introduced to obtain the summation
of a known or random number of random variables.



HY 10 EPHEMERAL FLOW 1707

-F(s)=Zf(x)s" X=20,1,000 tetrernrsenernansinsas (3)
x

This permits computation of the mean and variance by evaluating the following
equations at s = 1;

Mean = F'(s)ls’=1 ................. et 4

Variance = {F''(s) + F'(s) - [F'(s)]’}l e, )
S§F1
Summeyr Rainfall Event—Amount, Duration, and Shape Factor.—The amount,

R, of point rainfall, given that a rainfall event occursover the area considered,
was found to be geometric (15):

JrX) = -pyp* x=0,1,... ..covvrn. B ()
The parameter, p, is the probability that a point receives a runoff-producing
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amount of rain. The generating function corresponding to Eq. 3 is

'Fnts)=11_'p’; R e e (M)

Clearly, summer runoff cannot be described using rainfall at one point only
(although this is the quantity measured physically). For a small watershed,
the sumof two or three point measurements may be sufficient to deseribe the
contribution of rainfall amount to runoff. The distribution of the sum of %, in-
dependent and identically distributed geometric random variables is negative
binomial with generating function (13):

Gko(8)=(11,'pi)k°.-------------------------------(8)
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1t will beassumed that the areal rainfall amount distribution isgiven by Eq. 8.
If the point measurements are dependent, 2, is smaller than the number of
measurement points in space. This naturally suggests a pathway for the de-
sign of rainfall networks and the evaluation of the worth of rainfall data. In
order to get at the prediciion of opportunity for natural recharge, it seems
natural to consider the flow duration.

In addition to depending upon the amount, R, of rainfall and the parameter,
k,, the flow duration, DF, depends also, among other variables, upon rainfall
duration DR and a shape factor of the hyetograph TM. The joint probability
density of DR and TM should thus be known before the probability density of
DF can be determined; however, data that would permit such analysis are ei-
ther not available or not yet retrieved, so that this step isleft for further re-
search, In the meantime, rough hypotheses will allow the analysis to proceed.

Summer Streamflow Event—Frequency.—In a semiarid country, assume
that the number of events occurring per year is suchthat the streamflow fre-
quency density is the same as the rainfall frequency density and is given by a
Poisson distribution (Eq. 1). As shown in Fig. 1, a Poisson distribution with
mean m = 9.6 may be acceptable; the use of a Kolmogorov-Smirnov test,
shown in Fig. 4, illustrates that this hypothesis cannot be rejected at the 0.10
level of significance. The variance, s?, is found to be 16, which indicates that
the distribution may be flatter than a Poisson distribution because by defini-
tion the mean and variance should be identical. This may be explained by the
fact that some flows are caused by more than one rainfall event. For a larger
watershed, the flow frequency will be obtained by adding a random number of
Poisson rainfalls. If the number of rainfall cells over a watershed is geomet-
rically distributed, the probability density of streamflow occurrenes will be
a compound Poisson distribution, Experimental confirmation of this hypothe-
sis ie another area for further study,

Summer Streamflow Event—Duration.—A priori considerations on a mini-
mum B8et of factors probably affecting the duration of flow DF lead to the fol-
lowing relation

DF = f(R,DR, TM, WT) ... vrivrerncnsnanncsneanss(9)

in which R = areal rainfall amount; DR = duration of rainfall; TM = time to
mass center, a shapc factor of the hyetozraph; and WT = water table depth
below streambed. Othar factors suczh as storm direction and antecedent
watershed conditions migiit be included.

As none of the quantitiez, DR, TM and WT are known, it is hoped that the
relation, DF = f(R), will explain a substantial part of the variability in DF.

As a firstapproximation, assume that DF has the same density function as
R, namely, negative binomial with parameters p and k, and generating func-
tion given by Eq. 8. Experimental results are snown in Fig. 5; the hypothesis
that the duration of flow per event DF (with a 4-hr grouping) follows a nega-
tive binomizl distribution with parameters p = 0.56 and k&, = 2 cannot be re-
jected using a Kolmogorov-Smirnov test at the 0.10 level. The paramecters
were found by the method of moments on the grouped data. Note that the mean
of the actual and assumed distribution are the same:

kb _ 2 X 058 _
Ty = A T e (100)

Summer Streamflow—Numbeyr of Hours of Flow per Year.—The total num-




HY 10 EPHEMERAL FLOW 1709

ber of hours of flow X per summer season is obtained by summing a random
number, N, of independent identically distributed random variables DF. The
generating function of X is then (13):

X(s)=FN[Gko(s)]............................... (100)

in which Gy (s) = the generating function corresponding to DF, Using Egqs. 2
and 8: o

k
1 - 0
X(s):exp[-m+m(l_pps)].. ..... P 61
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100 e -
e ey L
S oata 1 Ly hmum
w o7s4 0 [ DEVIATION
2
[«
w
o
w
50}
‘g POISSON
2 =~ DISTRIBUTION
':I {m=96)
3 25 ,
=
oo ]
U b v d
0 +— T T
10 5 20

(o]
NUMBER OF EVENTS PER SUMMER

FIQ. 4.~NUMBER OF EVENTS PER SUMMER, CUMULATIVE

50
> -
= ~l«—TUCSON ARROYO DATA
[72] d412 [
uzJ .20 'I \
ra) \
B —
> .10+ \=— NEGATIVE BINOMIAL
w \ DISTRIBUTION
3 \ (p=056, r=2)
w
14
w o - |M—_f53=——_" '
0 20 40 60 80

DURATION PER SUMMER EVENT,
HOURS

FIG. 5.~DURATION PER SUMMER EVENT, IN HOURS



1710 October, 1971 HY 10

The distribution corresponding to Eq. 11 with m = 9.6, p = 0.56, and &, =
2, has a mean and variance of 110 hr and 113 hr?, respectively; whereas, the
data shown in Fig. 2 have a mean and variance of 118 hr and 167 hr?, respec-
tively. The discrepancy maybe explained by the fact that the number of events
per year follows a distribution with a larger variance than the Poisson. This
is still another point left for further study. Also, distributions should, strict-
ly speaking, be truncated, but this effect is not significant as compared to
small sample error. The actual distribution can be found from Egq. 11, by
taking successive derivatives which are evaluated at s = 0. There isa need
to computerize this process. A less detailed analysis will be performed for
winter events, so that total hours of flow on a yearly basis can be computed.

Winter Streamflow Event—Frequency.—Here the data on rainfall frequen=~
cy, the amount, duration, and shape factor of rainfall events are not avallable;
obtaining or retrieving and analyzing the data, or both, is left for further in-
vestigations. This study will be restricted to an examination of the avallable
data in order to set forth a methodology.

Data shown in Fig. 3 indicate that winter flow events may follnw a geo-
metric distribution with parameter p, = 0.6 and generating function given by

Eq. T:

Fal) = 2B e (1D
o

A reason for departure from a Polsson distribution is due to meteorological
factors such as persistence, which often prevents the occurrence of more
than one yearly flow. As pointed out earlier, winter and summer flow events
thus seem to belong to different vopulations.

Winter Streamflow Event—Duration,~Inthe ahsence of any rainfall data, it
can only be said that a negatlve binomial distribution for the duration of flow
DF, with parameters p, = 0.65 and k, = 2, cannot be rejected, using a
Smirnov test, at the 0.10 level (Fig. 6). Therefore, the generating function of
DF is given by Eq. 8:

k
_(1-p\"
ka(s)~<T—_'FlJ;> .............................(13)

Winter Streamflow—Number of Hours of Flow Per Year.—The generating
function, Y{(s), of the tota] number of hours of flow per winter season Y is ob-
tained by the formula derived in a similar fashion as for summer flows:

Y(s)=FM[le(s)].............................. (14a)

Using Egs. 12 and 13:

kx_l
y(s>=(1-po>[1-po(;_—‘£x§)] e (140)

is obtained in which p, = 0.6; p, = 0.65; and k, = 2. The mean and variance
computed from Eq. 14b are, respectively, 85 hr and 450 hr?, as compared to
the actual values 93 hr and 284 hr?, The actual distribution is shown in Fig.
2. As for the number of hours of summer flow it would be desirable to plot
the theoretical density represented by Eq. 140,

Summey and Winter.—The total number of hours of flow per year Z can be
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obtained using the convolution Z = X + ¥, because winter and summer flows
are, by construction, independent. The generating function of Z is then

2(8) = X(S) Y(S) v vviveri i ininieninenennnnan.. (15

in which X(s) and ¥(s) are given, respectively, by Eqs. 11 and 14k, The mean
and variance computed from Eq. 15 are, respectively, 194 hr and 563 hr? as
compared to the actual values of 211 hr and 461 hr2,

Glven the density function of the total number of hours of flow per year,
the next step is to relate duration of flow to flow magnitude and to recharge
rate into the aquifer. Not only would this require well data on water level
fluctuation proximate to the channel but also the postulation of some deter-
ministic hypothesis in the transformation of streamflow to natural recharge,
To arrive at estimates of the stochastic properties of natural recharge over
the entire recharf . zone assoclated with the river channel would require ex-
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trapolation of observed streamflow fluctuations at the gaging station to other
locations. This may be done by appropriate flood routing models for perme-
able bed channels. The ground-water hydrologist tends to circumvent the
aforementioned questions by water balance studies (on an annual basis) of
well water levels in the vicinity of the river. Little is known about the sta-
tistical reliability of such estimates in a formal sense.

TIME SERIES ANALYSIS OF MONTHLY RILLITO
CREEK STREAMFLOW

The utility of the methods of time series analyses of streamflow data has
been amply demonstrated for channels with perennial flows (14). However,
when the time serles contains on the order of 53 % zero flow, as is the case
for Rillito Creek (see Table 1), serious questions arise about the .aterpreta-
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tion of correlograms and variance spectra for such sequences. Serial corre-
lations found between streamflows of adjacent months (as shown in Table 2)
do not necessarily reflect the storage capabilities of the basin because there
is no kase flow. The only explanation for such persistence in flows would be

TABLE 1.~STATISTICS OF TOTAL MONTHLY STREAMFLOW®

Coefficient Number of | Zero flows,
Month | Mean? | Variance 32“;2‘:{ d of S: e:/s- years with asa
viathon | yorgation | € zero flows | percentage
(1) (2) 3) 4) (5) (6) (7) (8)
Octobe. 2.54 7.32 2,71 1.07 7.54 38 66
November 8.20 188.3 13.72 1.67 7.53 41 71
December | 115.80 | 63,800. 252.60 2,18 7.83 40 69
January 64.32 | 17,080. 130.70 2.41 7.54 31 63
February 54.26 | 9,080. 98.03 1.81 7.67 31 53
March 31.62 | 1,910. 43.71 1.38 7.54 25 43
April 4.46 36.91 6.08 1.36 7.52 44 76
May 4.16 65.63 8.1” 1.95 7.61 64 93
June 3.11 12.46 3.3 1,14 7.51 47 81
July 36.80 | 8,072. 89.84 2.44 7.54 6 10
August 45.256 | 2,5673. 50.73 1.12 7.53 4 07
September | 22.29 | 2,519. $50.19 2.25 7.66 12 21

8 pwcluding zero flows.
In acre-feet (AF).
Note: There were 373 months with zero flows over a total of 696 data points. The
percentage of zero flows over this record i8 53.

TABLE 2.~MONTHLY FLOWS ON RILLITO CREEK

Month October November December January February
) (2) @) “4) ) (8)
Octowsr 1,00 0.25 0.39 0.27 0.33
November 0.256 1.00 0.31 0.20 0.56
December 0.39 0.31 1.00 0.40 0.88
January 0.27 0.20 0.40 1,00 0.45
February 0.33 v.66 0.88 0.45 1,00
March 0.28 0.30 0.55 0.40 0.63
April 0,37 0.47 0.62 0.37 0.69
May -0.06 -0.04 -0.03 -0.04 -0.05
June -0.13 -0.09 -0.08 -0.08 -0.10
July -0.11 -0.05 -0.08 -0.08 -0.09
August -0.2% -0.17 -0.14 -0.10 -0.10
September -0.14 -0,11 -0.04 -0.05 -0.01

8 Confidence limits on the cross correlation coefficlents were based on a two tailed
= 0.28; upper limit of confidence band is approximautely + 0.28.

in the persistence of regional meteorological conditions. Even though this
factor dominates flows in more temperate climatos, it seems more natural to
model aridiand streamflows in terms of alternating sequences of wet and dry
periods and to include inthe modala provision for meteorological transitions.
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It would seem that this approach is important to future use of stochastic
models of streamflow in subsequent operations research studies of water re-
sourc& systems in aridlands,

Tables 1 and 2 summarize the results of a statistical study of total month-
ly streamflow on Rillito Creek for the period 1909 to 1966. A bimodal popula-
tion of flow and noflow periods is clearly indicated inthe results, But the 53%
of the time in which zero-flow occurred is deceptive because in many of the
months flows were recorded only a few days within a month, This condition
repeats itself in many other streamflow records and provides a strong argu-
ment for stochastic models that are distinctly different from the class of
models described by the lag-one or first-order Markov process model,

The coefficients of variation noted in Table 1 are quite typical of aridland
conditions, The skewness reflects the wide spread in observed flows in each
month, Table 2 gives the cross-correlation matrix for each month with re-
spect to the remaining 11 months, Of significance in this table are the sub-
stantial positive cross-correlations between the set of months from Oc’ober
to May. These strong seasonal linkages and the extreme variability of month-
ly flow totals are important features to be preserved in any proposed sto-
chastic model.

ANALYSIS
Insight into the results shown in Table 1 can be obtained by conslﬂerlng

the results of the event-based analysis of the Tucson Arroyo. The noticeable
features of the flow are: LW

(1809-1966), CROSS CORRELATION OF MONTHS"

March April May June July August September
(7) (8) 9) (10) (11) (12} 13)
0,28 0.37 ~0,06 -0.13 -0,11 ~0.24 -0.14
0,30 0.47 -0.04 -0.09 ~0.05 -0.17 -0.11
0.66 0.62 ~0,03 -0,08 ~0,08 ~0.14 0.04
0.40 0,37 -0.04 -0.08 -0,08 0.0 -0.05
0,53 0.69 -0.05 -0.10 -0.09 -0.10 -0,01
1.00 .46 0.40 0.16 -0,08 -0.12 -0.10
0.46 1,00 -0.04 -0.10 0.21 -6.12 -0.09
0.40 -0.04 1.00 0.52 -0,05 -0,11 ~0.05
0.16 -0.10 0,52 1.00 0.01 -0,02 -0.05

-0.08 0.21 -0.05 0.01 1.00 0.50 -0.00
-0.12 -0.12 -0.11 -0.02 0.50 1.00 0.26
-0.10 -0.19 -0.05 -0.05 -0.00 0.26 1.00

test at the 5 % significance level: lower limit of confidence band is approximately

1. The flow duration per event is similar in summer and in winter (Figs.
5 and 6).

2. The numbar of events per season looks radically different in summer
than in winter (Figs. 1 and 3). The number of summ=r events is approximate-
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ly Poisson, so that m:an and variance are equal; the number of winter events
is geometric, so that the variance is 1/(1 - p,) = 2.5 times larger thau the
mean,

3. Thus, wirter flows would differ from summer flows principally because
the number of events in winter is much more variable than in summer, ag
confirmed by Table 1.

4. Notice that by studying only the yearly duration of flow, the reason for
different distributions in summer and winter disappears.

5. By studying montuly flows, the seasonal differences appear; however~,
there is no reason other than the Gregorian calendar to cut up flows (if any)
the first of each moaih.

6. The advantages of an event-based analysis have thus been spelled out
regarding differentiationbeiween seasons, and correlation with known meteo-
rological faciors (independence in summer, persistence in winter).

. Parametersm, p, %, Do, ¥, and p, may have a value for analysis of re-
gional properties cf streamflow in aridlands and possibly in more temperate
climates.

SUMMARY AND CONCLUSIONS

2 framework has b~en presented for the analysis and modeling of stream-
fluws in aridlands. The basic event series of streamflows as observed in
nature is found to be more informative than monthly and annual series. The
frequency of occurrence of summer and winter events at the Tucson Arroyo
gaging station are described, respectively, by a negative binomial distribu-
tion and a geometric distribution. Meteorologically this result is explained in
terms of the temporal and spatial independence of summer thunderstorms and
the persistence of winter cyclonic storms. The negative binomial distribution
also describes the duration of flow per event in both winter and summer.

Meriting further exploration in the study of cphemeral flows but not con-
sidered herein are the following: (1) Zero~crossing theory (30); (2) theory of
forecasting (4); (3) extreme value theory for a random number of random
variables (34); (4) multivariate time serles models to allow for inclusion of
other causal variables that influence flow prediction; {(5) a decision-theoretic
approach to estimation of parameters in deterministic and stochastic models
(8); and (6) the study of time series of ground-water level fluctuations in
wells adjacent to aridland channels periodically recharging the unconfined
aquifer.
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APPENDIX I.—-NOTATION

The following symbols are used in this paper:

duration of flow;
duration of rainfall;

(17 I A 1

F(s) generating function;
Fpls) = generating function of M;
Fyls) = generating function of N;
Fpls) = generating function of R;
S N(4) = discrete distribution of N;
Gy = generating function of areal rainfall amourt in summer;
0 §
Gp {s) = generating function of DF in winter;
1
j = index;

k, = parameter for DF ln summer;
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parameter for DF in winter;

number of rainfall events per winter season;

mean of Poisson distribution;

number of rainfall events per summer season;
probability that point recelves runoff-producing 1ain;
parameter for number of events per winter season;
parameter for DF in winter;

amount of point rainfall;

variable in generating functions;

varifnince;

wate. table depth below streambed;

total number of hours of flow per summer season;
generating function of X;

total number of hours of flow per winter season;
generating function of ¥;

tetal number of hours of flow per year; and
gencrating function of Z,

1
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