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METRIC CONVERSION FACTORS

Multiply inch pound unit By To obtain metric units

millimeter (mm) 0.03937 inch
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SEA LEVEL

In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929

(NGVD of 1929)—a geodetic datum derived from a general adjustment of the first- |
order level net of both the United States and Canada, formerly called “Sea Level |
Datum of 1929.”
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Climatic Variability and Flood Frequency of the Santa
Cruz River, Pima County, Arizona

By Robert H. Webb and Julio L. Betancourt

Abstract

Past estimates of the 100-year flood for the Santa Cruz
River at Tucson, Arizona, range from 572 to 2,780 cubic
meters per second. An apparent increase in flood magnitude
during the past two decades raises concern that the annual
flood series is nonstationary in time. The apparent increase
is accompanied by more annual floods occurring in fall and
winter and fewer in summer. This greater mixture of storm
types that produce annual flood peaks is caused by a higher
frequency of meridional flow in the upper-air circulation
and increased variance of ocean-atmosphere conditions in
the tropical Pacific Ocean.

Estimation of flood frequency on the Santa Cruz River is
complicated because climate affects the magnitude and fre-
quency of storms that cause floods. Mean discharge does
not change significantly, but the variance and skew coeffi-
cient of the distribution of annual floods change with time.
The 100-year flood during El Nifo-Southern Oscillation
conditions is 1,300 cubic meters per second, more than
double the value for other years. The increase is mostly
caused by an increase in recurvature of dissipating tropical
cyclones into the Southwestern United States during E!
Nifio-Southern Oscillation conditions. Flood frequency
based on hydroclimatology was determined by combining
populations of floods caused by monsoonal storms, frontal
systems, and dissipating tropical cyclones. For 1930-59, an-
nual flood frequency is dominated by monsoonal floods,
and the estimated 100-year flood is 323 cubic meters per
second. For 1960-86, annual flood frequency at recurrence
intervals of greater than 10 years is dominated by floods
caused by dissipating tropical cyclones, and the estimated
100-year flood is 1,660 cubic meters per second. For design
purposes, 1,660 cubic meters per second might be an ap-
propriate value for the 100-year flood at Tucson, assuming
that climatic conditions during 1960-86 are representative
of conditions expected in the immediate future.

INTRODUCTION

Statistical flood-frequency analysis is a commonly
used method for assessing flood hazards and cisks in the
United States (Interagency Advisory Committee on Water
Data, 1982; Thomas, 1985). This method uses the annual
flood series, which is an array of the largest discharges

that occur each year at a gaging station, to estimate dis-
charges associated with various recurrence intervals, such
as 10, 50, and 100 years. Certain recurrence-interval
floods, such as the 100-year flood, are then used in engi-
neering design of flood-plain structures or in managing
flood plains for development. An example of the use of
flood-frequency analysis is the National Flood Insurance
Program, which is based primarily on the area of inunda-
tion caused by a 100-year flood (Federal Emergency Man-
agement Agency, 1986).

Flood-frequency analysis requires certain assump-
tions about the statistical properties of the annual flood se-
ries (Interagency Advisory Committee on Water Data,
1982). The annual flood series is assumed to be composed
of random events and to be stationary in time; in other
words, all floods were randomly generated from a single
probability distribution with stable moments, such as the
mean and variance. Thus, the floods that compose the an-
nual flood series are assumed to be derived from the same
population. Climate is assumed to be invariant, and the ef-
fects of watershed changes on flow conveyance must be
negligible (Interagency Advisory Committee on Water
Data, 1982). Climatic fluctuations, however, are a source
of uncertainty and can lead to misjudgment and misuse of
flood-frequency analyses (Dunne and Leopold, 1978,
p-311).

Many of the assumptions required for flood-
frequency analysis are not routinely tested and thus
could be violated. Obvious hydrologic changes com-
monly result from urbanization and other forms of inten-
sified land use. Influence of climatic variability on flood
frequency, however, may be subtle and more difficult to
detect. Mixed populations of floods commonly occur,
such as those caused by dissipating hurricanes and run-
off from snowmelt. Even where this is demonstrably
true, flood-frequency analysis has been used 10 opera-
tionally estimate flood-recurrence intervals.

The flood record for the Santa Cruz River at Tucson,
Arizona (fig. 1), provides one example of an annual flood
series (fig. 2; table 1) for which standard flood-frequency
analyses yield inconsistent results. Past estimates of the
100-year flood for this river, using slightly different meth-
ods and lengths of record and assuming different statistical
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properties of the series, range from 572 to 2,780 mYs ers, 1984) that had an estimated recurrence interval greater
(table 2). The wide range of estimates stems partially from than 100 years (Roeske and others, 1989) and is the largest
an extraordinary flood in October 1983 (Saarinen and oth-  flood since 1891. Another large flood in October 1977
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(Aldridge and Eychaner, 1984) had a recurrence interval
that, at the time, was estimated to be in excess of 100
years. Overall, six of the seven largest floods in the annual
flood series (1915-86) occurred after 1960. After the 1983
flood, alternative methods for estimating design floods, in-
cluding rainfall-runoff modeling, were proposed and used
(Michael Zeller, Simons and Li Associates, written com-
mun., 1984; Ponce and others, 1985).

The frequent occurrence of large floods in recent
years has led several authors to assert that the annual flood
series for the Santa Cruz River is nonstationary (Michael
Zeller, Simons and Li Associates, written commun., 1984;
Hirschboeck, 198S; Baker, 1984; Reich and Davis, 1985,
1986), thus violating the assumption that all floods are de-
rived from the same statistical population. Changes in land
use have been blamed for the alleged nonstationarity
(Reich, 1984), but larger floods have also occurred in the
headwaters of the Santa Cruz River, where land-use
changes have been negligible. An alternative explanation
is that low-frequency shifts in climate that occur on a time
scale of decades have led to a change in the type, inten-
sity, and (or) frequency of storms that cause floods.
Changes in flood frequency on the Santa Cruz River coin-
cide with apparent shifts in seasonality and magnitude of
floods elsewhere in the Gila River basin.

Purpose and Scope

In 1988, the U.S. Geological Survey in cooperation
with Pima County Department of Transportation and
Flood Control District undertook a study of changing
channel conditions and flood frequency of the Santa Cruz
River. Part of this larger study is an assessment of the ap-
plicability of flood-frequency analysis in estimating the re-
currence intervals of floods. Whereas much previous work
addressed the influence of channel change on flood fre-
quency, this report uses the hydroclimatic perspective of
Hirschboeck (1985, 1987, 1988) to evaluate the link be-
tween low-frequency climatic variability and changes in
flood frequency of the Santa Cruz River in Pima County,
Arizona.

The hydroclimatology of the Santa Cruz River
basin is examined with particular emphasis on storm
types that cause floods. The extent of 20th-century cli-
matic variability is analyzed using long-term records of
sea-level pressure in the Pacific Ocean, upper atmo-
spheric circulation patterns, and tropical-storm fre-
quency. The time series of these climatic indices are
compared with weather records from Tucson and stream-
flow records from the gaging station, Santa Cruz River
at Tucson, to show the connection between climatic vari-

1600 S § T T T T T

PERIODS OF FLOODING

I Summer

L ﬂ Fall

I] Winter

DISCHARGE, IN CUBIC METERS PER SECOND
I

8
1

(=]
h . Y |

1910

I
t

1940

1950

g

Figure 2. Annual flood series for the Santa Cruz River at Tucson, Arizona. Hydroclimatological

year is November 1 to October 31.
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Table 1. Annual flood series, Santa Cruz River at Tucson, Arizona

[Water year for annual flood series, November 1 1o October 31]

Discharge, Discharge, Discharge,
in cubic in cubic in cubic
meters per melers per meters per
Date second Date second Date second
12-23-14 —-moemee e 425 8-03-39 -—--m-mmmemeeee- 227 8-26-63 ~--------mooee 132
1-20-16 ———---—-——- 142 8-14-40 o —- -— 320 9-10-64 —-—mmmemee—. - 368
81441 e n 7-16-65 ----——— 34
R-09-42 —-meemeeeeee 47 8-19-66 -~—-----—-—- ~ 156
1 R 128 7-17-67 —-=-emmamnvm- - 166
8-16-44 e meme - — 185 12-20-67 —---=-=--mm==- 456
8-10-45 ------—~ee - 306 8-06-69 —-~----nma—--- 247
8-0446 ~—----c-vemane 121 7-20-70 ~---m-meemmaeeee- 242
8-10-47 —--—~---emmmeeene 48 8-17-71 —----—eammeeaen 227
8-16-48 --——-—c-—ne- 109 10-19-72 --meemememeeem 133
8-08-49 ----—-—ee - 108 3-14-73 - — 54
7-30-50 -----—mee - 269 7-08-74 ~--eeme - 225
8-02-51 —-e-rmemeaeee 142 7-12-75 —e-memeeemee—- 70
8-16-52 ——-------—- -— 108 9-25-76 —---——-—--- - 201
T-15-53 -ememmmeem—- 167 10-10-77 —----=--mmeemnmee 671
7-24-54 —----nnmmecnenan 271 8-02-78 --------—am-—- 142
8-03-55 ---—----ee e - 309 12-19-78 —=-emmmeememee 382
7-29-56 -----—---—-- - 74 8-13-80 ----—-—-—-—-- 78
8-31-57 ---eme—menee e 86 7-27-81 -- oo - 76
7-29-58 ~-eeemeeeanen. - 180 8-23-82 -co-memmeeeeeen 1283
8-20-59 —----e-meueeaen 125 10-02-83 —-~—------ -1,493
8-10-60 -—------—--— - 174 12-28-84 —---~mneeemem - 283
8-23-6] -=--meeeeemeeen 470 7-21-86 ----=-ememme-- - 54
9-26-62 -----—-mnmaamev 141

'Estimated.

ability and hydroclimatology of southern Arizona. Also
examined is the influence of climatic variability on the
frequency and severity of storm types that cause flood-
ing in southern Arizona. Flood frequency is analyzed
using several different methods and assumptions about
the data that are based on the hydroclimatic analysis.
A mixed-population analysis made on the basis of
hydroclimatic segregation of floods and maximum-
likelihood analysis is used to estimate flood frequency
for floods caused by different storm types in different
periods of the 20th century.
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Hydrologic Setting

The Santa Cruz River is primarily an ephemeral
desert stream and drains 22,200 km? in southern Arizona
and northern Mexico. From its headwaters in the moun-
tains of southern Arizona, the river flows southward into
Mexico and loops north to re-enter the United States just
east of Nogales. The river flows 105 km from Nogales
to Tucson (fig. 1). During major floods, the Santa Cruz
River below Tucson flows another 155 km to join the
Gila River near Phoenix; however, this reach is typically
dry or contains treated sewage or irrigation-return flow.
The headwaters of the Santa Cruz are at an altitude of
2,885 m above sea level, the confluence with the Gila
River occurs at 310 m, and the average basin altitude
above Tucson is 1,234 m above sea level (Roeske,
1978). The basinwide precipitation for the Santa Cruz
River basin is 430 mm/yr. Several large historic floods
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Table 2. Estimates of the 100-year flood on the Santa Cruz River at Tucson, Arizona,

made by previous investigators after 1970

| . no record]
100-year
flood,
Method or in cubic
Years of probability meters per
Reference record distribution second
U.S. Army Corps of Engineers (1972) " 1,280
Roeske (1978) 1915-75 Q] 575
1915-75 A 640
Malvick (1980) 1915-78 ) 1.810
Federal Emergency Management
Agency (1982) 1915-78 G 850
Boughton and Renard (1984) ------ceezaso-meceeeen 1915-79 * 572
1915-79 o) 666
1915-79 V) 2,180
Michael Zeller (Simons and Li Associates,
wrilten commun., [984) <o el —_— ©) 1,420
Eychaner (1984) 1915-81 A 626
1915-81 ] 657
Reich (1984) 1960-84 o) 1,530
1960-84 O 2,730
1962-84 O} 1.420
1962-84 G 2,780
Ponce and others (1985) -- 824 1,660
848 1.900
896 1,330
Hirschboeck (1985) 1950-80 C) 736

1Curve, comparison with floods in other watersheds in southern Arizona.
2)_og-Pearson type I distribution. method-of-moments fitting.
3Log-Pearson type 11 distribution plus regression analysis.

4L og-Pearson type Ili distribution plus envelope curve.
SLog-Boughton distribution, method-of-moments fitting.

®Rain, estimated from 100-year rainfall.

"Log-Extreme Value distribution, method-of-moments fitting.
8Model, estimated from rainfall-runoftf model with 100-year, 24-, 48-, and 96-hour duration storms. This value
is currently being used by Pima County for compliance with Federal Emergency Management Agency

regulations.

on the Santa Cruz River have been described previously
(Knapp, 1937; Lewis, 1963; Aldridge, 1970; Aldridge
and Eychaner, 1984; Saarinen and others, 1984; Roeske
and others, 1989).

Three long-term gaging stations have been main-
tained on the Santa Cruz River in Pima County. The
gaging record for the Santa Cruz River at Tucson is the
longest but is discontinuous because of a complicated sta-
tion history. Although the first gaging station was installed
in 1905 (Schwalen, 1942), the continuous gaging record
began in 1915. The station was discontinued in 1981 and
was re-established in 1986 (Wilson and Garrett, 1989). In
this report, streamflow records for 1915-86 were evalu-
ated, and annual peak discharges were measured or
estimated for all years during 1915-86 (fig. 2; table 1).
Peaks above a base discharge of 48 m’/s (the partial-dura-
tion series) were measured for 1930-81; however, peaks
above base discharge are not known for July and August

1984 or for water year 1985. The mean annual streamflow
is 0.64 m’s at Tucson from a drainage area of 5,755 km?
(Wilson and Garrett, 1989).

The gaging station, Santa Cruz River at Cortaro, Ari-
zona (fig. 1), has a record from 193947 and 1950-84, after
which the station was discontinued (White and Garrett, 1987).
The drainage area above this gaging station is 9,073 km? Dis-
charges for both the annual flood series (table 3) and the par-
tial-duration series are available for all years of record. The
base discharge for the partial-duration series is 76 mYs. A
record from the gaging station, Santa Cruz River at Continen-
1al, Arizona, was not analyzed for flood frequency. Discharges
for many floods at this gaging station are inaccurate because
flow in an overflow channel around the gaging station was
not measured (H.W. Hjalmarson, hydrologist, U.S. Geological
Survey, oral commun., 1989).

Averages of monthly discharge for the Santa Cruz
River at Tucson indicatc that runoff occurs mainly from

Introduction S



Table 3. Annual flood series, Santa Cruz River at Cortaro,
Arizona

[Water year for annual flood series, November | to October 31)

Discharge, Discharge,
in cubic¢ in cubic

meters per meters per
Date second Date second
8-14-40---—---—---—— 481 8-26-63 ------m-=memm-men 205
12-31-40----. - 221 9-10-64 ——-——-nmmem 450
8-0942 -—---oomeame- 43 12-22-65 -------=-=--—~--- 475
9-24-43 —--enmeeemee 155 8-19-66 ----—--—-- — 169
T-17-67 --=---=-emnemmen 162
12-21-67 ~--------—--- — 447
N — 238
7-20-70 ------- ===~ - 317
8-20-7) ————mmmme- 257
7-25-51 ~-ammemee e 10-49-72 -~ —rmem—- 255
8-14-52----cmememv - 172 2-22-73 -mememememeee - 104
7-14-53 --—---———-- 305 7-08-74 —---—----m-- 331
7-24-54 - —wnememennmn 259 T-12-75 <-nmemmmmmnecens 147
8-03-55 ~—---meeeem 470 9-25-76 ----—--memmemme- 300
7-29-56 --—~---—----=- 89 10-10-77 —---evmmrmmmmen 651
9-01-57 ---———-—nm-- 124 3-02-78 ----em——----- 221
9-01-57 ---—--—eamm- 124 [2-18-78 ~--—--emmemm—- 532
8-12-58 ——--+-m-n-m- 223 7-19-80 —-mmmeomeee 75
8-20-59 - -eeeeee- 226 9-22-81 -----—--—--- - 122
8-11-60---—---ser---- 181 8-23-82 ----— = 376
8-23-61 -~—-e-meeeme- 416 10-02-83 ---—-—~nevmmeee- 1.841
9-26-62 -—~------—- 317 8-16-84 --——--------- -~ 145

December through February and July through October
(fig- 3). Variability in monthly streamflow is high, and
coefficients of variation range from 1 to 6 (fig. 3). Be-
cause the normally defined water year of October 1 to
September 30 artificially separates the fall runoff season,
a hydroclimatic water year was defined for this report as
November 1 to October 31. Redefinition of the water
year, which satisfies the assumption of interannual inde-
pendence in annual floods, shifts some floods that occur
in October, such as the flood of October 1983, to the
previous water year.

Precipitation in southem Arizona has distinct peaks
in summer and winter (Sellers and Hill, 1974). Tucson
has one of the longest precipitation records (1868-1989)
in Arizona, although, like other long-term southwestern
stations, it has a complicated station history (Durrenberger
and Wood, 1979). The University of Arizona has main-
tained precipitation records since 1891, although the sta-
tion has becn moved to five locations within a 15-kilometer
radius. There were major station moves in 1894, 1956,
1966, and 1968; the effect of these moves on the statisti-
cal properties of the time series has not been determined.
Mean annual precipitation recorded at the University of
Arizona in Tucson is 291 mm for the 119-year record.
About 129 mm of rain falls between November and June,
and 162 mm of rain falls between July and October.

The predominant land use is for Jivestock grazing,
which has occurred tor several centuries. Bottomlands are
used for agriculture, primarily alfalfa and pecans. Copper is
mined in several areas of the drainage basin, mainly near
Green Valley, Arizona (fig. 1). Urbanization affects Nogales,
Sonora, in Mexico; and Nogales, Green Valley, Tucson,
and Marana in Arizona. Green Valley and Tucson incorpo-
rate flood-prone properties along the Santa Cruz River.

HYDROCLIMATOLOGY OF SOUTHERN
ARIZONA

Recent hydroclimatological research in southern Ari-
zona links various flood-producing storm types to large-
scale atmospheric-oceanic interactions (Hansen and others,
1977; Maddox and others, 1980; Hansen and Schwarz,
1981; Hirschboeck, 1985, 1987; Smith, 1986). Three prin-
cipal types of flood-producing storms and associated
upper-atmospheric circulation patterns are described
below.

w
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Figure 3. Average monthly streamflow and monthly stream-
flow variability, Santa Cruz River at Tucson, Arizona.
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Frontal and Cutoff Low-Pressure Systems

Winter storms in southern Arizona originate from
large-scale low-pressure frontal systems embedded in the
westerly winds from the Pacific Ocean. The storm track
moves southward in conjunction with seasonal expansion
of a low-pressure cell, called the Aleutian Low, that occurs
in the North Pacific. During dry winters, the westerlies fol-
low a path around the north side of a ridge of high pres-
sure off the west coast of North America and into the
Pacific Northwest. In wet winters, this ridge is displaced
westward, and a low-pressure trough develops over the
Western United States. Storms then tend to follow the pre-
vailing winds along the west coast and enter the continent
as far south as San Francisco. An example of a frontal
system that caused a flood on the Santa Cruz River is the
storm of December 17-18, 1978 (fig. 4A, B). The rainfall
during this storm ranged from 70 to 250 mm in central
Arizona and caused widespread flooding (Aldridge and
Hales, 1984).

When a high-pressure ridge in the Pacific is well de-
veloped, low-pressure systems can stagnate and form cut-
off low-pressure systems (fig. 5). The atmospheric
conditions that produce cutoff low-pressure systems are
discussed in the section titled “Changes in Circulation of
the Upper Atmosphere.” Cutoff lows that affect Arizona
typically form between latitude 30° N. and 45° N. and lon-
gitude 105° W. and 125° W. and have spring and fall
maxima (fig. 6). Cutoff lows may intensify off the coast of
California before moving inland into Arizona, where they
can produce substantial rainfall (Sellers and Hill, 1974;
Pyke, 1972; Hansen and Schwarz, 1981). In fall, cutoff
low-pressure systems may stall over warm tropical waters
and steer dissipating tropical cyclones inland, creating con-
ditions for the idealized probable-maximum precipitation
in Arizona (Hansen and Schwarz, 1981).

Dissipating Tropical Cyclones

Occasionally in late summer and early fall, widespread
and intense rainfall occurs in southern Arizona because of
northeastward penetration of tropical cyclones, which in-
clude hurricanes and tropical storms, from the tropical North
Pacific Ocean. An average of 14.1 tropical cyclones are
generated each year in the eastern North Pacific Ocean (fig.
7; Rosendal, 1962; Cross, 1988). July and August have the
largest number of tropical cyclones—3.4 and 3.5 cyclones
per month, respectively (fig. 6). The main area of cyclone
generation is off the weslt coast of Mexico between latitude
10° and 15° N. and between longitude 95° and 100° W.;
most tropical cyclones originate more than 300 km south of
Cabo San Lucas, the southernmost point in Baja California
(Eidemiller, 1978; Cross, 1988).

After leaving their area of origin, most tropical cy-
clones curve west-northwestward and may intensify into

tropical storms or hurricanes. Farther north and west, the
storms are dissipated by wind shear and colder water.
Some tropical cyclones recurve toward the north and east,
steered either by southerly winds ahead of a low-pressure
trough, centered over the Pacific Northwest, by a weak
trough between two subtropical high-pressure cells, or by
circulation associated with a cutoff low-pressure system.
These cyclones dissipate over Mexico and the United
States, causing intense precipitation and regional flooding
(Smith, 1986). Precipitation from dissipating tropical cy-
clones can range from several millimeters to more than
300 mm in 2 to 4 days (Smith, 1986).

Recurving cyclones that have affected southern Ari-
zona were generated most frequently in September and Oc-
tober—72 percent—compared with July and August—27
percent (Smith, 1986). Between 1965 and 1984, an average
of 1.4 tropical cyclones per year caused precipitation in the
Southwestem United States (Smith, 1986). Tropical Storm
Octave in late September and early October 1983 is an
example of the interaction between a tropical cyclone and a
cutoff low-pressure system (fig. 4C) that caused flooding
on the Santa Cruz River (Roeske and others, 1989).

The disparity between seasonality of cutoff low-
pressure systems and generation of tropical cyclones ex-
plains the greater incidence of recurvature during fall (fig.
6). Although generation of tropical cyclones is at a maxi-
mum in July and August, cutoff low-pressure systems have
a maximum incidence in October. The greater incidence of
recurvature in fall also is associated with the weakening and
southern migration of the Pacific subtropical high and the
more frequent appearance of midlatitude troughs at lower
latitudes (Eidemiller, 1978). These two phenomena can be-
have synergistically, because dissipating tropical cyclones
may contribute moisture to early fall extratropical cyclones
from the North Pacific.

Monsoonal Storms

The summer rainy season in Arizona is preceded
by strong zonal flow and aridity under direct influence
of subsidence from the subtropical high-pressure cell in
the eastern Pacific Ocean, which remains displaced to
the south during spring and early summer. Near the end
of June and early July, the subtropical high-pressure
cells shift rapidly northward and induce advection of
moist tropical air into Arizona. These synoptic-scale
surges (Carleton, [986) that abruptly break the early
summer drought have been likened to monsoonal circu-
Jation elsewhere (Tang and Reiter, 1984). The resultant
monsoonal storms are characterized by isolated or com-
plex groups of thunderstorms that have a duration of less
than several hours (Maddox and others, 1980; Hansen
and Schwarz, 1981). Analyses of broad-scale patterns in
precipitable water (Reitan, 1960), water-vapor flux

Hydroclimatology of Southern Arizona 7
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Figure 4. Meteorological conditions on days during which three example floods occurred on the
Santa Cruz River at Tucson, Arizona. (Maps from the Daily Weather Map series of the National
Oceanic and Atmospheric Administration, 1988.) A, A frontal system passed through Arizona on
December 18, 1978. Contours in millibars. B, On December 18, 1978, a large low-pressure trough
off the California coast was associated with the frontal system shown in A. Contours in feet above
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(Rasmusson, 1967), low-level winds (Tang and Reiter,
1984), and regional precipitation (Hales, 1974; Pyke,
1972) suggest that much of the moisture originates from
the Pacific Ocean and Gulf of California. Hansen and

T

Meridional flow

Cutoff low pressure

Figure 5. Schematic definitions of general circulation flow
types.

Schwarz (1981) asserted that although the Gulf of
Mexico may be the source for much of the day-to-day
summer precipitation in the Southwest, it is not the
source of moisture for extreme precipitation. Floods
caused by monsoonal storms have occurred in almost
every year of record for the Santa Cruz River. An ex-
ample of the weak upper-atmospheric circulation of a
typical monsoonal storm occurred on August 23, 1988
(fig. 4D). This storm dropped about 70 mm of rainfall in
1 hour in parts of southwestern Tucson.

CLIMATIC VARIABILITY IN THE 20TH CENTURY

Large-scale climatic phenomena affect the hydrocli-
matology of southem Arizona and the watershed of the
Santa Cruz River. Location of the watershed in a climatic
transition zone between temperate and tropical latitudes
contributes to distinct seasonal precipitation and
streamflow. Streamflow may be a less ambiguous measure
of climatic variability than precipitation because it inte-
grates weather phenomena over space and time. In large
watersheds such as the Santa Cruz River basin, floods of-
ten occur under a special set of climatic conditions that
combine general circulation over North America and sea-
surface temperatures in the Pacific Ocean (Hansen and
others, 1977). Thus, floods can integrate climatic informa-
tion that might be difficult to detect in more direct mea-
surements of the climate system.

(] TROPICAL CYCLONES
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Figure 6. Seasonality of cutoff low-pressure systems over
the Western United States (lat 20° to 45° N., long 100° to
140° W.) and generation of tropical cyclones in the tropi-
cal eastern North Pacific Ocean (lat 5° to 20° N., long 85°
to 120° W.).
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Teleconnections and 20th-Century Variability
in Global Climate

Precipitation patterns in certain parts of the world
are teleconnected, or related over long distances
(Ropelewski and Halpert, 1986). For example, the South-
western United States occasionally has abundant precipi-
tation while the Northwestern United States undergoes
drought (Lins, 1985). Similarly, the Southeastern United
States and much of northern South America are nega-
tively teleconnected. Propagation of teleconnections world-
wide suggests that the same climatic process may control
concurrent flooding in Arizona and Florida or in India
and Australia.

Teleconnections provide a network for studying the
worldwide propagation of low-frequency climatic fluc-
tuations. Using precipitation as an example, summer
rainfall in the positively teleconnected areas of India
(Mooley and Parthasarathy, 1984), west Africa (Ojo,
1987), and the Sahel (Folland and others, 1986) was
above normal for 1930-60 and below normal before and
after 1930-60. Changes in ocean temperatures appear to
precede the changes in precipitation. In the Atlantic

Ocean, warming occurred in the Southern Hemisphere
and cooling occurred in the Northern Hemisphere before
about 1925 and after the late 1950°s to early 1960’s
(Folland and others, 1986; Cayan, 1986). The Pacific
Ocean also cooled after the early 1960’s. This cooling
coincided with anomalous upper-atmospheric pressure
patterns in the central North Pacific Ocean and south-
ward displacement of the winter storm tracks across
western North America (Douglas and others, 1982; Ball-
ing and Lawson, 1982). Cumulative departures from
mean temperatures for the United States (Diaz and
Quayle, 1980) show significant breakpoints about 1921,
1930, 1952, and 1960, These studies suggest that the
middle third of this century (about 1930-60) appears to
be climatically distinct from periods before 1930 or after
1960.

Frequency of El Nifio-Southern Oscillation
Conditions in the 20th Century

The El Nifio-Southern Oscillation (ENSO) involves
the appearance every 3 to 5 years of anomalously warm
water (El Nifio) in the equatorial eastern and central
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Figure 7. Variation in the number of tropical cyclones generated in eastern North Pacific Ocean between
lat 5° N. and 20° N. and long 85° W. and 120° W. Tropical cyclones include hurricanes and tropical
storms. Full detection began after 1965 with daily satellite coverage (data from Cross, 1988).
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Pacific (Rasmusson, 1985; Enfield, 1989). During ENSO
events, the sea-surface temperature anomalies are accom-
panied by unusually high sea-level pressure near Indone-
sia and unusually low sea-level pressure near the central
equatorial Pacific Ocean (Rasmusson, 1984). The term
"La Nifia" refers to anomalous cooling in the equatorial
Pacific (Bradley and others, 1987). ENSO affects various
meteorological and oceanographic conditions worldwide.
Teleconnections are particularly pronounced during
ENSO conditions (Horel and Wallace, 1981; Elliott and
Angell, 1988).

Several indices have been developed that indicate
ENSO conditions. The difference in sea-level pressure be-
tween Darwin, Australia, and Tahiti (fig. 8) is commonly
used to create an index of the Southern Oscillation. The
pressure difference has a significant month-to-month per-
sistence, as indicated by serial autocorrelation coefficients
that are significantly different from zero for 8 months. Sev-
eral variations of this index have been developed (Troup,
1965; Wright, 1984; Ropelewski and Jones, 1987). The most
common, the Southern QOscillation Index (SOI), is the pres-
sure difference between/ Darwin and Tahiti normalized to a
mean of zero and a variance of one (Ropelewski and Jones,
1987). Negative values of the Darwin-Tahiti pressure dif-
ference indicate ENSO conditions.

Precipitation in the Line Islands of the equatorial Pa-
cific Ocean (lat 0° to 10° N., long 160° W.) also has been
used as an index of ENSO conditions. Distinct precipita-
tion surges occur in these normally dry islands under
ENSO conditions (Wright, 1984; Douglas and Englehart,
1984). Positive values of the index of Line Island precipi-
tation (fig. 9) indicate ENSO conditions. This index is sig-
nificantly autocorrelated for 7 months, similar to the
Darwin-Tahiti pressure difference. Fewer surges of pre-
cipitation occurred in the Line Islands during 1930-63
(Reiter, 1983).

One of the problems in analyses of ENSO-related
phenomena is the use of different criteria for identifying
ENSO conditions, such as sea-surface temperatures in
Peru, several versions of the SOI, or Line Island precipita-
tion. When there is a high negative correlation between
sea-surface temperature in the eastern Pacific Ocean and
the SOI, strong ENSO years are easily defined. Differ-
ences arise when defining weaker ENSO years because
warming occurs without a large reversal in sea-surface
pressure. The Darwin-Tahiti pressure difference and the
Line Island precipitation index were used to develop a
chronology of 20th-century ENSO conditions (table 4).
The chronology differs only slightly from existing chro-
nologies of ENSO (table 4), does not have a denotation of
strength, and gives the approximate beginning and ending
times for ENSO conditions.

Using the classification in table 4, ENSO conditions
recurred on the average of every 3.8 years for 1900-29,
every 4.3 years for 1930-59, and every 3.8 years for

1960-86. The seasonality during which ENSO conditions
are present has changed during the 20th century. For
1930-60, ENSO conditions often began in the early part of
the year and ended in the late part of the year, and the
interval between ENSO conditions was as long as 7 years
(table 4). Between 1960 and 1986, ENSO conditions typi-
cally began in the middle of the year and lasted until the
early or middle part of the following year, and the longest
interval between ENSO conditions was 5 years (table 4).

Changes in the statistical properties of the Darwin-
Tahiti pressure difference (fig. 8) reflect decadal changes
in ENSO conditions. The mean pressure difference is 0.3
millibar (mbar) for 1930-59 and —0.2 mbar for 1960-86.
Although the means are not significantly different, the
intermonthly variance in sea-level pressure increased from
43 mbar during 1930-59 to 60 mbar after 1960. The in-
crease in variance after 1960 is statistically significant at a
95-percent confidence level using the nonparametric
Squared Ranks Test (Conover, 1971, p. 239-241). Elliott
and Angell (1988) also found reduced variances in sea-
level pressure at Darwin and Tahiti for about 1920-50.
The increased frequency of ENSO conditions suggests an
increased occurrence of high sea-surface temperatures,
which may affect the occurrence and (or) intensity of fron-
tal storms in the extratropical latitudes.

Precipitation in the Line Islands shows seasonal
changes after 1960. Average precipitation from August
through February increased after 1960. For September
through December, the increases ranged from 12 to 23
percent. The mean for 1960-82 is only 6 percent greater
than the record mean; however, the mean for 1976-82 of
127 percent of normal precipitation illustrates the persis-
tent ENSO conditions during this period. This scenario is
consistent with the virtual absence, without precedent in
the 20th century, of La Nifia conditions during 1975-87
(Bradley and others, 1987).

ENSO conditions affect the hydroclimatology of the
southwestern United States, particularly Arizona (Andrade
and Sellers, 1988; Douglas and Engelhart, 1984). Areas
teleconnected with the equatorial Pacific Ocean, such as the
Southwestern United States, have increased variability of
precipitation (Nicholls, 1988). Winter frontal storms are
more numerous and intense during certain ENSO years
(Rasmusson, 1984, 1985) because of an intensified Aleutian
low (Yarnal and Diaz, 1986). The probabilities for genera-
tion and recurvature of tropical cyclones change during
ENSO conditions, but the advection of moisture needed to
fuel monsoonal storms is reduced (Reyes and Cadet, 1988).
Hypothetically, ENSO conditions could reduce the number
of monsoonal storms but increase the number of frontal
systems and tropical cyclones that affect Arizona.

ENSO affects the variability of tropical-cyclone gen-
eration. After 1965, all tropical cyclones generated in the
eastern North Pacific Ocean were detected by weather sat-
ellites. On average, fewer tropical cyclones were generated

12 Climatic Variability and Flood Frequency of the Santa Cruz River, Pima County, Arizona




under ENSO conditions (12.6 tropical cyclones per year)  nificant difference at the 95-percent confidence level be-
than under non-ENSO conditions (15.3 tropical cyclones  tween the variances of generation of tropical cyclones dur-
per year). Analysis of variance, however, indicates a sig-  ing ENSO and non-ENSO conditions. The incidence of
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Figure 8. Difference in monthly sea-level pressure between Darwin, Australia, and Tahiti. Sea-level pres-
sure difference is a measure of El Nifio-Southern Oscillation conditions; negative values indicate warm El
Nifio-Southern Oscillation conditions.
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tropical cyclones dissipating over Arizona increases during  States occurred in the ENSO years of 1925-26, 1939,
ENSO conditions. The largest numbers of dissipating tropi- 1957-58, 197677, and 1982—83 (Smith, 1986?. In Septem-
cal storms per year that affected the Southwestern United  ber, the peak month for recurvature, 3.4 tropical cyclones
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Figure 9. Index of Line Island precipitation (Wright, 1984), representing percent_-of-normal precigital!'on
for several stations. Sustained periods with values greater than 100 indicate El Nifio-Southern Oscillation
conditions.
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Table 4. Approximate periods of El Nifo-Southern Oscillation conditions in equatorial

Pacific Ocean

[Note tendency for El Nifio-Southern Oscillation conditions to begin in the early part of the calendar yearbetween
1930 and 1960, compared to midyear before 1930 and after 1960]

El Nifio-Southern Oscillation conditions agree with

Period of time
Southern Line Island Quinn
Oscillation Precipitation and others Rasmusson
From To Index Index (1987) (1984)

Late 1899 Yes Yes Yes
Mid-1902 Yes Yes Yes
Early 1905 Yes Yes Yes
Mid-1911 Yes Yes Yes
Mid-1914 Mid-1915 - Yes Yes Yes
Mid-1918 Late 1919 ------------ Yes Yes Yes Yes
Mid-1923 Late 1923 ------------ Yes Yes Yes Yes
Mid-1925 Mid-1926 ------------ Yes Yes Yes Yes
Mid-1930 Early 1931 ---seeeeeeee No Yes Yes Yes
Early 1932 Late 1932 -Yes Yes Yes Yes
Mid-1939 Early 1942 --Yes Yes Yes Yes
Early 1946 Late 1946 --Yes Yes No Yes
Early 1951 Late 1951 --Yes Yes Yes Yes
Early 1953 Late 1953 -Yes Yes Yes Yes
Early 1957 Mid-1958 -------meoe- Yes Yes Yes Yes
Mid-1963 Early 1964 ------------ Yes No Yes
Early 1965 Mid-1966 -----zaeeeee Yes Yes Yes
Early 1969 Late 1969 -- Yes No Yes
Mid-1972 Early 1973 ------c-e-- Yes Yes Yes
Mid-1976 Early 1978 Yes Yes Yes
Mid-1982 Mid-1983 .Yes Yes Yes
Mid-1986 Early 1987 — Yes —

per year were generated during ENSO years compared with
2.3 tropical cyclones per year during non-ENSO years. The
annual number of tropical cyclones generated increased
from 13.7 for 1965~70 to 16.4 for 1983-88 (fig. 7).

The different recurrences of ENSO during different
periods of the 20th century possibly stem from trends in
upper-atmospheric pressure over the Northern Hemisphere
(Reiter, 1983). Namias (1986) observed that periods of
high persistence in the westerly winds precede the North-
ern Hemisphere mature stage of ENSO by as much as 1
year, which implies that abnormal atmospheric circulation
could induce ENSO conditions. Climatic variability on a
decadal scale could be driven by long-term increases in the
midtropospheric subtropical westerlies and in the fre-
quency of ENSO conditions (Namias and others, 1988).
Changes in general atmospheric circulation, therefore,
need to be considered in concert with ENSO conditions for
an explanation of decadal-scale variability on hydroclima-
tology in Arizona.

Changes in Circulation of the Upper Atmosphere

In the temperate latitudes, the upper atmosphere gen-
erally alternates between two different types of large-scale
motion. Zonal flow occurs when winds in the upper atmo-
sphere are predominantly westerly in direction (fig. 5) and
usually results in fair weather in Arizona. Meridional flow
occurs when winds follow an undulating, wavelike path
across the Northern Hemisphere (figs. 4B, 5). Meridional
flow creates ridges of high pressure and troughs of low
pressure that may be stationary for long periods over
North America. Meridional flow allows storms to intensify
with tropical moisture and penetrate into the Southwest.
The spatial distribution of precipitation in the Western
United States depends on the axial position, orientation,
amplitude, and wavelength of troughs and ridges (Granger,
1984). Meridional flow may break down in transition to
zonal flow, and low-pressure eddies in troughs may be-
come separated from the general circulation and become
cutoff low-pressure systems (figs. 4C, 5; Douglas, 1974).
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The long-term frequency of circulation patterns in the
Northern Hemisphere has been addressed by Dzerdzeevskii
(1969, 1970), Kalnicky (1974), Barry and others (1981), and
Carleton (1987). Zonal flow was more common for 1930-60
than before or after (Dzerdzeevskii, 1969; Kalnicky, 1974;
Balling and Lawson, 1982). Dzerdzeevskii (1970) classified
Northern Hemisphere circulation for each day for 1899-1969

as zonal, meridional, or transitional (fig. 10). The
Dzerdzeevskii circulation types shifted to a greater incidence
of zonal flow around 1930 and back to a dominance by
meridional flow beginning in the 1950’s (fig. 10;
Dzerdzeevskii, 1969). The greater incidence of meridional
flow in the latter part of the series has continued into the
1980’s (Balling and Lawson, 1982).
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Figure 10. Time series of meridional and zonal flow in upper atmosphere from 1899 to 1970
{Dzerdzeevskii, 1970). Dotted lines represent the 6-year running mean.
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The temporal incidence of cutoff low-pressure sys-
tems suggests another measure of fluctuations in general
circulation. As noted previously, cutoff low-pressure
systems evolve during the breakdown of meridional flow
in the upper atmosphere. Generally, a low-pressure cell
is present near latitude 55° N. and longitude 140° W.,
and low-pressure eddies move eastward from that area to
produce precipitation across the United States. During
meridional flow, some low-pressure eddies move as far
southward as latitude 25° N. become detached from the
westerly circulation pattern, and stagnate before slowly
drifting eastward.

For 1945-59, the number of cutoff low-pressure sys-
tems that occurred over the continental and southwestern
United States averaged 31.9 and 21.3 per year, respec-
tively (fig. 11). For 1960-88, this number decreased to
29.3 per year over the continental United States and 19.2
per year over the Southwest. Concurrently, the variance
decreased by about 60 percent in both cases, and the de-
crease is significant at the 95-percent confidence level us-
ing the Squared Ranks Test. These results suggest a
greater continuity of meridional flow after 1960.

The incidence of cutoff low-pressure systems in cer-
tain months is significantly correlated with ENSO condi-
tions. For example, the number of cutoff lows over the
Southwestern United States is negatively correlated with
the sea-level pressure difference in January (r = —0.460),
March (r = —0.316), and November (r = —0.474). The av-
erage numbers of cutoff low-pressure systems are similar
during ENSO and non-ENSO conditions; however, season-
ally, the average numbers of cutoff lows increases slightly
under ENSO conditions for the months of March, October,
and November. For example, the average numbers of cut-
off lows during March are 3.15 for ENSO conditions and
2.32 for non-ENSO conditions. The joint occurrence of a
slight increase of cutoff low-pressure systems in the fall
with a slightly increased generation of tropical cyclones
suggests increased incidence of tropical cyclones that dis-
sipate over Arizona during ENSO conditions.

El Nifio-Southern Oscillation and Precipitation
in Southern Arizona

Climate in southern Arizona is teleconnected with
the equatorial Pacific Ocean. For example, correlations be-
tween SOI and seasonal precipitation for many Arizona
stations are statistically significant and negative (Andrade
and Sellers, 1988; Ropelewski and Halpert, 1986; and
Douglas and Englehart, 1984). Andrade and Sellers (1988)
found that precipitation in Arizona and western New
Mexico is enhanced in the normally dry spring and fall
during ENSO conditions. They suggested that warm sea-
surface temperatures off the west coasts of Mexico and
California (1) provide the necessary energy for the devel-
opment of strong west coast troughs, (2) weaken the

tradewind inversion and thus allow moist air to penetrate
into the Southwest, and (3) cause stronger, more nuMerous
Pacific tropical cyclones than usual. Douglas and
Englehart (1984) found significant positive correlations be-
tween the index of Line Island summer precipitation and
precipitation in the southwestern United States during Oc-
tober, November, and the following February and March
(fig. 12). These months are also ones in which the inci-
dence of cutoff low-pressure systems increased under
ENSO conditions. Southern Arizona and southern Califor-
nia yield the highest positive correlations for each of these
months for latitudes south of 40° N. (fig. 12).

For 1900-82, seasonal teleconnections are reflected
in the correlation coefficients between monthly precipita-
tion at the University of Arizona at Tucson station and the
index of Line Island precipitation for the current and pre-
vious (lag 1) year. Significant positive correlations were
obtained between precipitation in the Line Islands for all
months from the previous June to the current April and
precipitation at the University of Arizona from February to
May (table 5). Significant correlations were also obtained
between Line Island precipitation in summer and fall with
precipitation at the University of Arizona between October
and November (table 5). Some of these correlations imply
a 4- to 6-month lag in the midlatitude atmosphere-ocean
response to processes that occur at the equator. Significant
relations between precipitation in the Line Islands and
Tucson for the same month, however, suggest a more di-
rect link to tropical cloud masses moving northeast from
the central equatorial Pacific Ocean.

Betancourt (1990) analyzed the effect of ENSO
conditions on Tucson precipitation using a 36-month
period centered on June of an average year with ENSO
conditions. Precipitation is significantly increased in
most months during and 1 year after ENSO conditions;
precipitation for April through June and October is sig-
nificantly higher than for non-ENSO conditions. Sig-
nificantly reduced precipitation in August, during
ENSO conditions, indicates a suppression of summer
monsoonal precipitation under ENSO conditions. Sell-
ers (1960) found a negative correlation between Sep-
tember and July and August precipitation for 1898 to
1959 in Arizona. Under ENSO conditions, precipitation
begins earlier in fall months in the southwestern United
States (Kiladis and Diaz, 1989). Sellers (1960) and
Betancourt (1990) suggested that atmospheric condi-
tions that are conducive to monsoonal precipitation are
somewhat exclusive of precipitation from dissipating
tropical cyclones.

Hydrologic Variability in the Santa Cruz River
Basin

Various indices and proxy records indicate shifts in
climate around 1930 and 1960. Because Arizona’'s climate

Climatic Variability in the 20th Century 17
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Figure 11. Annual frequency of cutoff low-pressure systems, which are defined as 2 days
with one closed geopotential height on a 500-millibar height map (National Oceanic and
Atmospheric Administration, 1988). Cutoff low-pressure systems occur over the Conti-
nental United States between lat 20° N. and 45° N. and long 65° W. and 140° W. and
in the Southwestern United States between lat 20° N. and 45° N. and long 100° W. and
140° W.

1945

1965
1970
1975

Climatic Variability and Flood Frequency of the Santa Cruz River, Pima County, Arizona




7 7

T T I
OCTOBER DECEMBER FEBRUARY
125° 1156° 125° 115° 125° 115°

35° 35

NOVEMBER JANUARY
EXPLANATION
% AREA WITH CORRELATION COEFFICIENT =0~ LINE OF EQUAL CORRELATION COEFFICIENT—
SIGNIFICANTLY DIFFERENT FROM ZERO Interval is .15

® +.55 EXTREME CORRELATION COEFFICIENT AND VALUE

Figure 12, Correlations between the index of Line Island precipitation for the equatorial Pacific Ocean and precipita-
tion in the Western United States (Douglas and Englehart, 1984).

Climatic Variability in the 20th Century 19



Table 5. Matrix of correlation coefficients between Line Island monthly precipitation and Tucson monthly precipitation, 1900-82

20

Index of Line Island precipitation

[Comparison begins with Line Island precipitation in June of the previous year to check for lag effects on Tucson precipitation. Pearson correlation coefficients greater than or equal to 0.22 are significantly
different from zero at the 95-percent confidence level. Significant values are underscored. Note that correlation coefficients greater than 0.28 are significantly different from zero at a 99-percent confidence

level]
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is linked with these climatic processes, some differences in
climatic and hydrologic regimes would be expected for
different periods of the 20th century. The periods of 1900
29, 1930-59, and 1960-86 were chosen for comparison
because they represent approximately equal numbers of
years. The intensity and amount of precipitation at the
University of Arizona at Tucson station changed after
1960. Extreme precipitation events of 1- to 7-day duration
increased significantly after 1954 for September to Octo-
ber and January to February (Kenneth Young, University
of Arizona, written commun., 1985). Likewise, the fre-
quency of days with more than 25 mm of rainfall during
the summer months increased significantly in the 1950’s
(Betancourt, 1990). Heavy rains were also frequent in the
late 1800’s, when large floods initiated the arroyo that
now marks the course of the Santa Cruz River.
Streamflow in the Santa Cruz River also has
changed during the 20th century. The seasonality of an-
nual floods changed after about 1960 (fig. 2). The
amount of seasonal runoff, in accordance with the annual
flood series, varies significantly during the 20th century.
Seasonal cumulative departures from mean streamflow
(fig. 13) indicate that below-average runoff occurred
during 1920-60 in winter and fall. Streamflow in winter
and fall increased episodically in the mid-1960’s, late
1970’s, and early 1980’s (fig. 13). The graphs in figure
13 reflect changes in the annual flood series (fig. 2).
Conversely, summer runoff increased from 1949 to the
late 1950°s and then steadily decreased until 1985.
Duration analyses of daily streamflow at the gaging
station, Santa Cruz River at Tucson, reveal marked
changes with time. Daily discharges in summer months
that were exceeded less than 2 percent of days were much
higher for 1930-59 than for 1915-29 or for 1960-81 (fig.
14). Conversely, daily discharges in fall months that were
exceeded less than 2 percent of days were much less for
1930-59 than before or after. Cumulative-departure curve
patterns and duration-analysis results reflect the enhance-
ment of fall and winter precipitation and the suppression
of summer precipitation during periods of increased fre-
quency of ENSO conditions before 1930 and after 1960.

FREQUENCY ANALYSIS OF ANNUAL FLOODS
IN THE SANTA CRUZ RIVER

Previous Estimates of the 100-Year Flood

The flood of October 1983 on the Santa Cruz River
heightened public awareness of flood-frequency estimates.
Even before the flood of October 1983, estimates of the
100-year flood for the Santa Cruz River at Tucson were
controversial (Michael Zeller, Simons Li and Associates,
written commun., 1984). Knapp (1937) first estimated the
100-year flood to be 355 m%s from a record length of 20
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years. Schwalen (1942) estimated the 100-year flood to be  derived by applying different methods and assumptions to
450 m’/s from a record length of 27 years. Recent esti-  varying lengths of record both before and after the 1983

mates range from 572 to 2,780 m%s (table 2) and were  flood (table 2).
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Figure 13. Seasonal cumulative departures from mean discharge, Santa Cruz River at Tucson, Arizona.
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After the flood of 1983, local authorities reacted to  using 100-year-frequency rainfall of 24-hour, 48-hour,
discrepancies in the 100-year flood estimates by com-  and 96-hour durations was used in one study (Ponce and
missioning studies and amending existing flood-plain  others, 1985). The model was calibrated by hindcasting
legislation. A deterministic hydrologic simulation model  the runoff hydrograph of the flood of October 1983.
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Figure 14. Duration analyses of daily discharge for two periods, Santa Cruz River at Tucson, Arizona.
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Some of the assumptions relating to tributary inflow dur-
ing the flood of October 1983 have been questioned
(Hjalmarson, 1987). On the basis of the rainfall-runoff
model, both Pima County and the city of Tucson adopted
a “regulatory flood” of 1,700 m%s and a “design flood”
of 1,980 m3/s in 1985 for the reach between the San
Xavier del Bac Mission and the confluence with the
Rillito River (fig. 1). The regulatory flood is used for
compliance with the National Flood Insurance Program,
whereas the design flood is used for design of bridges
and other flood-plain structures.

Effects of Land Use and Channel Change

Reich (1984), Michael Zeller (Simons Li and Asso-
ciates, written commun., 1984), and Reich and Davis
(1985, 1986) attributed the change in flood frequency to
increased channelization, improved channel conveyance,
and reduced channel storage upstream from Tucson since
establishment of the gaging station, Santa Cruz River at
Tucson, in 1915. Changes in channel topography, such as
those that evolved from arroyo-cutting along the Santa
Cruz River (Cooke and Reeves, 1976; Betancourt and
Turner, 1988; Betancourt, 1990), are known to alter con-
veyance of flood waves (Burkham, 1981). The result
would be an increase in the peak discharge downstream
for the same volume of runoff.

The Santa Cruz River did not have an entrenched
channel near the south boundary of the San Xavier Indian
Reservation (fig. 1) in 1915, when the gaging station was
established at Tucson. In the reservation, the channel deep-
ened 3 to 5 m between 1915 and the late 1930’s and an-
other 2 to 3 m since then. The channel bottom at Tucson
incised 3 to 5 m after 1946 (Aldridge and Eychaner, 1984)
apparently because of encroachment of the channel by
landfills and highway construction. Hypothetically, the
flood in December 1914, which produced a peak discharge
of 425 m’s, would yield a much higher peak if routed
through the modem incised channel. Conversely, the peak
discharge of 1,490 m%s in October 1983 might have been
much less if it had flowed through the discontinuous ar-
royo system that existed in 1915. Preliminary results using
a flow-routing model, however, yielded only an approxi-
mate 15- to 20-percent decrease in discharge by routing
the flood of 1983 through the 1915 channel (H.W.
Hjalmarson, hydrologist, U.S. Geological Survey, oral
commun., 1989). Local channel erosion, therefore, is not
the sole reason for changes in the annual flood series.

Annual floods have increased in size at all gaging
stations on the Santa Cruz River (fig. 15). At Lochiel, a
flood in August 1984 was larger than the tlood of October
1983 (fig. 15A). No significant change in land use has oc-
curred upstream from the gaging station at Lochiel. At
Nogales (fig. 15B), where land use in Mexico could have

altered flow conveyance, five of the six largest floods oc-
curred between 1968 and 1983. The annual flood series for
other gaging stations on the Santa Cruz River also show
an increase in annual peaks (fig. 15C, E, F). At Tucson,
six of the seven largest floods occurred after 1960 and five
of these occurred in fall or winter (table 1; fig. 15D).

Although land use and changes in channel convey-
ance undoubtedly have increased flood discharges to
some unknown extent, climatic effects are the only com-
mon link among the six gaging stations on the Santa
Cruz River. Only the very largest floods, as in October
1983, are sustained from the headwaters to the juncture
with the Gila River near Laveen. At Lochiel, flows in
the Santa Cruz River could not have been affected sig-
nificantly by land use, yet peak discharges have in-
creased since 1960 (fig. 154). The August 1984 flood at
Lochiel, the peak of record, was larger than the October
1983 flood, which indicates that the apparent changes
are not caused by a few isolated large floods. Changes in
the hydroclimatology of the basin are reflected by a shift
in the seasonality of annual flood peaks, which is also
the most striking symptom of the underlying climatic
control of flood frequency.

Seasonality of Annual Floods

The annual flood series of the Santa Cruz River at
Tucson shows a lack of uniformity in the seasonality of
flood peaks (table 1, fig. 2; Keith, 1981; Hirschboeck,
1985; Betancourt and Turner, 1988) that may partly ac-
count for the increase in annual peaks since 1960.
Floods in July and August accounted for 75 percent of
the annual peaks for 1915-86, and summer had the larg-
est and least-variable monthly discharges (fig. 3). For
1915-29 and 1960-86, however, 53 percent and 39 per-
cent, respectively, of the annual flood peaks occurred in
fall (September to October) or winter (November to Feb-
ruary). For 1930-59, only 3 percent of the peaks occurred
in fall or winter. Seven of the eight largest peaks in the
flood series were produced by fall or winter storms, and
five of these occurred in 1960-86. Whereas most of the
annual floods at Nogales occurred in summer (fig. 15B),
four of the six largest floods occurred in fall or winter.
These changes indicate that seasonality of flooding is not
stationary or random on the Santa Cruz River.

The change in seasonality of annual flood peaks
after 1960 is not unique to the Santa Cruz River but also
occurs on other streams in southern and central Arizona
that have drainage areas larger than about 2,000 km?.
Rillito Creek (Slezak-Pearthree and Baker, 1987), San
Francisco River (Hjalmarson, 1990), and the Gila and San
Pedro Rivers (Roeske and others, 1989) are some ex-
amples. The largest floods on these rivers commonly occur
in fall and winter, although annual peaks also occur in
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summer. The storm types that are responsible for these

floods are dissipating tropical cyclones,
pressure systems, and frontal systems.

cutoff low-

The change in seasonality of annual floods indicates
low-frequency climatic variability as the principal reason

for increased flood frequency on the Santa Cruz River. Al-
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though land-use practices may have produced a modest in-
crease in discharges, climatic variability is the only pos-
sible reason for changes in the seasonality of flooding. As
will be shown, the best explanation for the change in sea-
sonality is a shift in the type of storms that cause floods.
Storms in fall and winter after 1960—related to dissipating
tropical cyclones, cutoff low-pressure systems, and frontal
systems—caused floods that were larger than floods be-
tween 1930 and 1959.

Estimates of 100-Year Discharges Using
Method of Moments, 1970-85

The stability of 100-year flood estimates is one in-
dication of stationarity in an annual flood series. In
1970, the length of the annual flood series for the gaging
station, Santa Cruz River at Tucson, was 55 years. By
using the method of moments and assuming a log-
Pearson type III distribution, addition of successive an-
nual floods after 1970 affected 100-year flood estimates
(fig. 16; Interagency Advisory Committee on Water
Data, 1982). The 100-year flood estimates increased 16
percent or 90 m’s for 1970-82. The influence of the
flood of October 1983 is apparent in the 50-percent in-
crease in 100-year flood estimates—from 577 to 872
m?/s—for 1971-86. The 100-year flood estimated from
annual peaks for 1915-86 is larger than the band be-
tween the 10- and 90-percent confidence intervals for the
value estimated from peaks for 1915-71 (fig. 16).

Changes in the standard deviation and skew coeffi-
cient of the log-Pearson type III distribution (fig. 17) indi-
cate the statistical cause for changes in estimates of the
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Figure 16. Chronology of 100-year flood estimates for the
Santa Cruz River at Tucson, Arizona, 1970-86. The skew
coefficient is weighted using a generalized skew coefficient
of —0.2 with a mean-squared error of 0.302.

100-year flood. Although the mean and variance do not
change significantly with addition of successive annual
floods, the skew coefficient increases from —0.29 to 0.30
for 1971-86 (fig. 17) because of the preponderance of
large floods. Despite the moderating effect of weighting
the sample skew coefficient with a generalized skew coef-
ficient of —0.2 (Interagency Advisory Committee on Water
Data, 1982), the larger skew coefficient underlies the in-
crease in discharge for the 100-year flood.

Trend Analysis of the Annual Flood Series

According to Reich (1984), the annual flood series
changed about 1960 to a regime of increased flood size.
Using a Kruskal-Wallis nonparametric test (see Conover,
1971, p. 229) on data from the gaging station, Santa Cruz
River at Tucson, Reich (1984) concluded that annual
floods for 1915-59 were derived from a different popula-
tion than annual floods for 1960-84. H.W. Hjalmarson
(U.S. Geological Survey, written commun., 1985) detected
a positive trend in the annual flood series for 1915-84
using Pearson product-moment correlation analysis and
moderate trends using other nonparametric tests. The
Pearson product-moment correlation results were highly
influenced by the 1983 flood, whereas the nonparametric
tests were not. Hjalmarson’s results also suggest that an-
nual floods were larger after 1960.

Although the means for 1915-29, 1930-59, and
1960-86 are not significantly different, the mean of the
annual flood series is 147 ms for 1915-29 and 267 m’/s
for 196086 (table 6). The variances for 1915-29 and
1930-59 are significantly less than the variance for 1960-
86 at a 95-percent confidence level using the Squared
Ranks Test (Conover, 1971). These results suggest that the
annual flood series at Tucson may result from weak
stationarity of order 1—the mean is time invariant al-
though the variance and skew coefficient change with time
(Box and Jenkins, 1971, p. 30). The annual flood series at
Cortaro yields similar results because the correlation coef-
ficient between the two series is 0.938 (r = 0.785 without
the flood of 1983).

Trend analysis was performed on the annual flood
series using two nonparametric tests. Kendall’s tau-b
(Conover, 1971) and Spearman rank-correlation analyses
were used to detect any significant trends in the annual
flood series and (or) segments of the flood series. Most
of the analyses did not yield significant trends at the 95-
percent confidence level (table 6). Kendall’s tau-b analy-
ses indicate no significant trends in or between any of
the periods. Using the Spearman rank correlation, only
floods for 1915-29 had a significantly negative trend
(table 6). Lack of significant trends for most periods
could be explained by a lack of significant differences
among the mean annual floods of the various periods,
which trend analysis is designed to detect. Changes in
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the variance and skew apparently are not large enough to
yield significant trends in or between the periods. The
absence of significant trends within periods suggests
that, with the possible exception of 1915-29, each of the
three segments of the annual flood series may have
arisen from a homogeneous population.

Flood Frequency During El Nifio-Southern
Oscillation Conditions

The annual flood series of the Santa Cruz River is
also affected by ENSO conditions. Four of the five largest
and six of the ten smallest annual floods at Tucson occurred
during ENSQO conditions. For ENSO conditions, the mean
discharge and standard deviation for 27 annual floods at
Tucson are 226 and 288 m?/s. For non-ENSO conditions,
the mean and standard deviation for 44 annual floods are

181 and 111 m%/s. The means of the respective series are
not significantly different, but the variance during ENSO
years is significantly increased. Using the nonparametric
Squared Ranks Test statistic (Conover, 1971, p. 239-240),
the variance for ENSO years is significantly greater than
that for non-ENSO years at the 95-percent confidence level.

Flood frequency was estimated using procedures
given in Interagency Advisory Committee on Water Data
(1982) for ENSO and non-ENSO years (fig. 18). A tenu-
ous assumption of stationarity over the period of record is
required for the frequency analysis. A generalized skew
coefficient of —0.2 was used to weight the station skew.
The estimated 100-year floods for ENSO and non-ENSO
years are 1,300 and 628 m’/s, respectively, at Tucson
(table 7). The frequency relations begin to diverge substan-
tially above about a 25-year recurrence interval (fig. 18).
At Cortaro, the estimated 100-year floods for ENSO and
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Table 6. Statistical properties and trend-analysis results for five periods of the
annual flood series, Santa Cruz River at Tucson, Arizona

Mean Standard

discharge, deviation, Mean Standard
Number in cubic in cubic logarithm deviation

of meters per meters per of of log
Period years second second discharge discharge
All o 71 199 198 2.17 0319
15 147 117 2.05 321
30 166 85 2.16 .248
196086 -----~-------men-o- 26 267 292 227 371
ENSO years --------------- 27 226 288 2.18 .368
Non-ENSO years --------- 44 181 111 2.17 .288

Kendall’s tau-b

Spearman rank correlation

Probability of Probability of
Period Tau-b significance’ significance’
1915-29 —-----mmommmmeeeeeee -0.36 0.067 -0.64 0.014
193059 -------mnmemmemaae -01 .96 -.051 .79
1960-86 -------------~----—= -.01 .98 019 .98
13 12 19 12
193086 ----mvmemammaenaeaen 09 .34 A2 .38

'Probability of significance refers to the probability level at which the null hypothesis of no

significant slope can be rejected.

2A significant trend was determined at the 95-percent confidence level.

non-ENSO years are 1,620 and 746 m?fs, respectively.
Whether or not ENSO conditions occur has an important
effect on flood frequency regardless of fluctuations in
20th-century climate.

HYDROCLIMATIC FLOOD-FREQUENCY
ANALYSIS OF THE SANTA CRUZ RIVER

Analyses of oceanic and atmospheric processes that
lead to storms and subsequent flooding in Arizona suggest
that the 20th century has at least three distinct hydrocli-
matic periods—1900-29, 1930-59, and 1960-86. Transi-
tions between these periods appear to be gradational instead
of abrupt. The increased frequency of ENSO conditions after
1960 has apparently enhanced the generation of tropical
cyclones in the eastern North Pacific Ocean, and the rela-
tion of increased incidence of cutoff low-pressure systems
with ENSO conditions suggests an increased probability for
recurvature of tropical cyclones into North America. Fron-
tal storms are enhanced by an increase in meridional circu-
lation, a deepened Aleutian low, and greater moisture
availability from the North Pacific Ocean. The duration of
the period that began about 1960 is unknown, but the period
appears to have been stable until at least 1986.

These results pose a challenge for statistical flood-
frequency analysis of rivers in Arizona. Certain storm

types that cause floods are enhanced before 1930 and
after 1960, whereas other storm types may occur less
frequently. The low-frequency temporal shifts in hydro-
climatology support the empirical observation that
changes in annual flood series are caused by temporal
changes in variance and (or) skew coefficient, instead of
the mean. Larger floods caused by frontal systems and
tropical cyclones could be offset by a decrease in inci-
dence of the more common floods caused by monsoonal
storms. This possible offset suggests that annual flood
series, such as the one for the Santa Cruz River at Tuc-
son (fig. 2), are weakly stationary and have a changing
variance and (or) skew coefficient.

One means of estimating annual flood frequency for
a river such as the Santa Cruz might be to consider floods
caused by different storm types as independent popula-
tions. Although the sampling properties of these popula-
tions probably are continuous functions of time, floods
caused by different storm types may be stationary for
193060 and 1960-86. Because no partial-duration series
is available before 1930 and the length of the period is
only 15 years, this period was not considered separately.
Samples from the separate periods can be fitted to prob-
ability distributions with different assumptions concerning
the expected effects of the shifts in oceanic and atmo-
spheric processes on their statistical properties. The
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separate populations can then be combined using mixed-popu-
lation analysis to estimate annual flood-recurrence intervals.

Separation of Floods by Storm Types

Hirschboeck (1985) analyzed the hydroclimatology
of floods for 1950-80 in the Gila River basin of which
the Santa Cruz River basin is a part. She identified
populations of floods caused by snowmelt and eight
types of storms and classified all floods for 30 gaging-

station records, including Santa Cruz River at Tucson
and Santa Cruz River at Cortaro, in the partial-duration
series. Storm types were identified using various data
sources including daily weather maps (National Oceanic
and Atmospheric Administration, 1988), 700- and 500-
millibar heights, tropical cyclone reports, and precipita-
tion data (Hirschboeck, 1985).

Hirschboeck’s (1985) classification scheme cannot
be applied to floods before 1945 because of the absence
of 700- and 500-millibar height data. To obtain consis-
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Figure 18. Flood frequency for years with and without El Nifio-Southern Oscillation conditions, Santa Cruz
River at Tucson, Arizona. The skew coefficient is weighted using a generalized skew coefficient of ~0.2,

with a mean-squared error of 0.302.
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Table 7. Estimates of the 100-year flood for the Santa Cruz
River calculated using different methods and based on dif-
ferent assumptions

[Methods: MM, procedures specified in Interagency Advisory Committee on
Water Resources (1982) and a generalized skew coefficient of —0.2; ML,
maximum-likelihood analysis of type 1 censored data (Stedinger and others,
1988). MP, mixed-population analysis of floods caused by monsoonal storms,
frontal systems, and dissipating tropical cyclones. Assumptions: A, data are
strictly stationary in time; B, discharge for 1983 flood is not considered as a
historic peak; C, data are weakly stationary but are considered stationary for the
indicated period, and future flood potential is similar with conditions in the
period: D. floods caused by different storm types are assumed to be independent]

100-year discharge, in
cubic meters per second

Assumptions At Tucson At Cortaro
AB 872 1,150
AB 1,300 1,620

A 628 746
AB,D 1,050 1,610
CcD 323 —_—
B.C,D 1,660 2,030

tent storm types for the period of record on the Santa
Cruz River, Hirschboeck’s (1985) storm types were com-
bined for this study into the three categories of mon-
soonal storms, synoptic-frontal systems, and dissipating
tropical cyclones. Hirschboeck’s (1985) monsoonal-
local, monsoonal-widespread, and monsoonal-frontal
types are classified simply as monsoonal storms. Wide-
spread synoptic, fronts, and cutoff-low types are classi-
fied as synoptic-frontal systems. The tropical-storm type
was redefined as a dissipating tropical cyclone using cri-
teria of Smith (1986). Floods for 1915-86 were classi-
fied using these criteria independent of Hirschboeck’s
(1985) classification. Several discrepancies in the classi-
fication of floods caused by dissipating tropical cyclones
occurred, mainly because the primary reference on tropi-
cal cyclones (Smith, 1986) was not available when Hir-
schboeck did her classification. The largest annual flood
was then determined for each storm type.

A potential problem with dependence among storm
types occurs because incursions of dissipating tropical
cyclones are often associated with cutoff low-pressure
systems. Cutoff low-pressure systems, which are lumped
with synoptic-frontal systems, cannot be detected with-
out 500-millibar height data. The chronology of tropical
cyclones that is now available (Smith, 1986; Jose
Arroyo Garcia and others, Circuito Exterior, Ciudad
Universitaria, Mexico City, written commun., 1989),
however, permits an unambiguous classification of
floods caused by this storm type.

Patterns present in the time series of annual
floods at Tucson caused by three storm types (fig. 19,
table 8) indicate the cause for the shift in magnitude

and seasonality of annual floods (fig. 2). The magnitude
of floods caused by dissipating tropical cyclones and
frontal systems increased after 1960 (fig. 19). The
decadal frequency of floods above base discharge
caused by dissipating tropical cyclones did not change
after 1960 (2.9 per decade for 1960-84 compared with
3.0 per decade for 1930-59). Decadal frequency of
floods above base caused by frontal systems, however,
nearly doubled from 2.0 per decade in 1930-59, to 3.8
per decade in 1960-84. Although the magnitude of
floods caused by monsoonal storms does not appear to
change (fig. 19), the frequency decreases from 9.7 per
decade in 1930-59 to 7.3 per decade after 1960. These
results illustrate the inverse relation between the occur-
rence of floods caused by monsoonal storms and floods
caused by dissipating tropical cyclones and frontal sys-
tems. Also, floods caused by different storm types in
1960-84 should be considered as populations distinct
from those in 1930-59.

Methods of Flood-Frequency Analysis

Annual floods caused by different storm types can
be analyzed as type I censored data. Censored data arise
when a known number of observations are missing from
a sample population (Cohn, 1986). Type I censoring oc-
curs when all values larger than a fixed threshold, or
censoring level, are observed and all values less than the
censoring level are not (Cohn, 1986). The partial-
duration series is determined by selecting a base dis-
charge above which all discharges are determined.
Therefore, a series that consists of the largest annual
floods above base discharge and caused by a single
storm type is, by definition, type I censored and inde-
pendent data from a single population.

Plotting positions are assigned to the data using a
generalized equation developed by Hirsch and Stedinger
(1987) (Stedinger and others, 1988). Consider the case
of one censoring level with record length (h) and number
of floods (n) that exceed the censoring level (base dis-
charge). Discharges that exceed the censoring level are
ranked from largest to smallest by i=1,2,3,....n. The
probabilities of discharges exceeding the censoring level
are given by

p=(n/W)(~a)/(n+1-2a)], i=1,2,3.....n. (1)

In this report, we use a = 0.44 for Gringorten plot-
ting positions (see Hirsch, 1987). The choice of plotting
position is inconsequential because the differences among
plotting position types are small compared with their sam-
pling variability (Hirsch and Stedinger, 1987). The
recurrence interval, 7, for a flood is the inverse of p calcu-
lated with equation 1.
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Table 8. Floods above base discharge, by storm type, Santa Cruz River at Tucson, Arizona

[Base discharge, 48 m'/s. Hydroclimatic water year, November 1 to October 31]

Floods caused by

Dissipating
Frontal storms tropical cyclones Monsoonal storms
Discharge, Discharge, Discharge, Discharge, Discharge,
in cubic in cubic in cubic in cubic in cubic
meters per meters per meters per meters per meters per
Date second Date second Date second Date second Date second

12-23-14 425 IR 1 — 9% [0 B J— 212 7 8-10-60 ~------- 174

1-20-16 - 142 9.28-26 --- 8-07-18 v 139 128 3 .3 [— 470

11-17-23 58 8-02-19 ——— 133 185 8-26-63 ----—-—- 132

8-09-20 -~ 55 8-10-45 - 306 Y p— 214

1) ) [p— 113 121 8-19-66 -------- 156

7-22-22 -meee- 57 48 R Xy p— 166

L J— 54 109 8-06-69 ~------- 247

9-07-27 - 55 108 7-20-70 - 242

F V7 ) po— 50 269 8-17-71 ~ememem 227

8-10-31 —--meemv 261 142 7-15-72 —onemev 98

7-30-32 ---men- 119 108 7-08-74 ----n-o- 225

823:30 - 170 167 (NN pem— 70

NI p— 292 271 9-25-76 - 201

7-26-36 -------- 153 309 8-02-78 ~---nm 142

) Ky — 93 74 8-15-79 --=---- - 163

8-05-38 - 255 86 8-13-80 ------- 78

8-03-39 -------- 227 180 7-27-81 -------- 76

8-14-40 —-emem- 320 125 82382 sesvses 1260

8-14-84 <---—--- 113

23 B p—— 50

'Estimated.
The censored data for each hydroclimatic type of flood Y = the population skew coefficient,
on the Santa Cruz River (table 9) were fit to the three- F(X,) = the cumulative-density function, and

parameter log-Pearson type III distributions using maximum- X, = logarithm (base 10) of the base discharge.

likelihood analysis. The method of moments was not used
because reliable estimates of the mean, variance, and skew
of censored data are more efficiently made using maximum-
likelihood analysis (Pollard, 1977, p. 245-246). Techniques
used to fit type I censored data to probability distributions
using maximum-likelihood techniques were presented by
Stedinger and Cohn (1986, 1987). Stedinger and Cohn (1986)
developed a maximum-likelihood function, L, for the com-
bination of conventional gage and historical data. Because
no historical data are used for the Santa Cruz River at Tuc-
son, the likelihood function has to be slightly modified from
those given in Stedinger and Cohn (1986) and Stedinger
and others (1988). The likelihood function, L,, for
nonexceedances of base discharge is

L (10.Y) = [FX)1*™, 2)
where
1) = population mean,
(4] = population standard deviation,

The likelihood function for discharges that exceed
base discharge is

LN(p.,G,Y] = i—[ijl[f(x,- )], 3)

where
fix) = the probability-density function, and
X, an array of the logarithms of floods that exceed
base discharge.
The total likelihood function is

i

L(p,oy)=L,°L,. “)

Because equation 4 is maximized over W, G, and Y
and the maximum of the logarithm of the likelihood func-
tion, In L, occurs at the same place as the maximum for
the likelihood function, L, equation (4) becomes

tn{y1,0,7) = (k- n)ln[F(Xb)] + zl ]n[ f(x,.)]. o)
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Table 9. Floods above base discharge, by storm type, Santa Cruz River at Cortaro, Arizona

[Base discharge, 76 m¥s. Hydroclimatic water year, November 1 to October 31]

Floods caused by
Dissipating
Frontal storms tropical cyclones Monsoonal storms
Discharge, Discharge, Discharge, Discharge, Discharge,
in cubic in cubic in cubic in cubic in cubic
meters per meters per meters per meters per meters per
Date second Date second Date second Date second Date second
12-31-40 -------- 482 7-16-54 -------- 173 8-14-40 ----- 482 8-12-58 -------- 224 7-12-75 - 147
9-16-44 ~------- 122 7-29-58 —----—-- 206 8-08-41 ----- 170 8-20-59 -------- 227 9-25-76 -------- 300
9-10-46 -—-—--- 79 9-26-62 -------- 317 9-24-43 —--- 156 8-11-60 -------- 182 9-10-77 --~----- 133
3-23-54 - 143 9-10-64 ------- 450 8-16-44 ----- 160 8-16-84 -=------ 146 8-02-78 -------- 79
1-09-57 -------- 78 9-06-70 -------- 136 8-10-45 ----- 397 8-23-61 -----—-—- 416 7-25-81 =eeneens 118
10-28-59 -------- 79 10-19-72 -------- 255 8-04-46 ----- 126 8-26-63 -------- 205 8-23-82 --—------ 377
1-12-60 -------- 176 10-10-77 ----—- 651 8-15-47 ----- 213 9-06-64 --=----- 203 8-07-83 -------- 176
[2-02468 et 476 -+ 100283 <rivs 1,841 7-30-50 ---- 365 7-16-65 ---=eee- 7
12-21-67 ~--~---- 448 9-06-84 -------- 83 7-25-51 ----- 193 8-19-66 -===---- 169
2-22-73 - 104 8-14-52 ----- - 173 7-17-67 ~=-=v=-- 163
3-02-78 -------- 222 7-14-53 ----- 306 8-06-69 -------- 238
12-18-78 -=~=ee-- 533 7-24-54 - 259 7-20-70 ======~- 317
9-22-81 -------- 122 8-03-55 ----- 470 8-20-71 -------- 258
9-11-82 -------- 190 7-29-56 ----- 89 8-12-72 -------- 200
2-04-83 -------- 216 9-01-57 ----- 125 7-08-74 -------- 331

Equation 5 is iteratively maximized by finding the
point where d(In L)/it, o(In L)/dc, and d(In L)/dy equal zero
(Stedinger and others, 1988). Details of the numerical meth-
ods used to maximize equation 5 are given in Stedinger and
Cohn (1986), Cohn (1986), and Stedinger and others (1988).

Mixed-population analysis is a method used to com-
bine different populations of floods that may occur in a
gaging record to estimate annual recurrence intervals for
that river (Kite, 1988, p. 6-7). Distinct populations can be
combined in several ways. One approach for estimating the
cumulative density function, F,, from m separate cumula-
tive density functions, F, is given by Waylen and Woo
(1982) as

FT(XSx)=1""IF}(XSx). 6)
i=l

This approach is difficult using maximum-likelihood
analysis, because F would have to be differentiated and
substituted into equations 2, 3, and 5 for solution. A simi-
lar method given by Kite (1988) and Crippen (1978) sim-
ply uses the assumption of independence of the populations
to estimate the exceedance probability ol occurrence. For
two populations, the composite exceedance probability,
P, is estimated using

P(X20)=P (X2X)+P (X>X)-P P,, o)

where P (X2x) and P,(X2x) are the exceedance probabili-
ties of the independent populations. Jarrett and Costa

(1988) showed an example of two-population mixed-
population analysis for Colorado. A third population can
be introduced to produce

P,(X2x)=P +P+P~P PP P~PP+PPP, (8

By substituting 1/T for P and rearranging, the annual
recurrence interval for the mixed population, T , can be esti-
mated as three populations described by T, T,, and T, from

T TITZTS

= 9
¢ (T TATTATT-T-T,-T+1) &

Frequency of Floods Caused by Different Storm
Types

Three scenarios of flood frequency were analyzed
for the Santa Cruz River at Tucson. First, probability
distributions were fit to all data for annual floods
caused by each storm type (fig. 19). The moments of
the fitted distribution are given in table 10. Flood-
frequency relations (fig. 20) show the relative impor-
tance of each storm type to annual flood frequency.
Floods caused by monsoonal storms dominate flood fre-
quency for recurrence intervals of less than 10 years.
Floods caused by tropical cyclones dominate flood fre-
quency at recurrence intervals above 20 years. Al-
though the frequency of floods caused by frontal
systems never dominates (fig. 20), it parallels that for
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tropical cyclones up to the 10-year recurrence interval,
at which point the two relations diverge. The relation for
the Santa Cruz River at Cortaro is similar.

The relations shown in figure 20 do not represent an
accurate statistical analysis of flood frequency on the
Santa Cruz River. As is apparent for floods caused by
tropical cyclones and frontal systems, the frequency of
floods caused by storm types is dependent on the period of
record that is considered (fig. 19). Use of data from all
periods for each storm type violates the assumption that a
homogeneous population is being analyzed. The annual
flood frequency for this scenario (fig. 20) is probably
meaningless because flood frequency appears to exhibit
weak stationarity of order 1. For comparative purposes, the

100-year flood estimated from a mixed-population analysis
is 1,050 m3/s at Tucson and 1,610 m?/s at Cortaro.

To obtain stationary series for analysis, the assump-
tion was made that populations of floods caused by frontal
systems, dissipating tropical cyclones, and monsoonal
storms are derived from different populations for 1930-59
and 1960-86. At Cortaro, only flows for 1960-84 were
analyzed because only 18 years of data are available be-
fore 1960. The relations for floods at Tucson caused by
different storm types that occurred after 1960 appear in
figure 21. The same general relations occur as in figure
20, but discharges for given recurrence intervals are larger
for the post-1960 relations (fig. 21). Comparison of the es-
timated mean, standard deviation, and skew coefficients
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Figure 20. Mixed-population analysis of floods caused by different storm types between 1915
and 1986, Santa Cruz River at Tucson, Arizona. Probability distributions were fit using invalid
assumptions; curves are presented for illustrative purposes only.
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for post-1960 floods with those estimated for the entire
record (table 10) suggests the reason for the increase. Al-
though the mean discharge decreases for post-1960 floods
at Tucson caused by tropical cyclones and monsoonal
storms, the variances for all types increase. The skew
coefficient becomes more negative (table 10), but because
it is poorly estimated, changes in the skew coefficient are
not considered significant. From mixed-population analy-
sis, the annual 100-year flood for Santa Cruz River at Tuc-
son is 1,660 m’/s after 1960 (fig. 21). At Cortaro, the
annual 100-year flood is 2,030 m?/s after 1960. Both esti-
mates are strongly affected by the large flood of October
1983.

Results for floods at Tucson for 1930-59 caused by
tropical cyclones and frontal systems (fig. 22) contrast

with the post-1960 results; floods caused by monsoonal
storms dominate flood frequency. Although the means for
floods caused by tropical cyclones and frontal systems are
similar for 1930-59 and post-1960 (table 10), the standard
deviations are much less for 1930-59 than post-1960. For
1930-59, the annual 100-year flood is 323 m"/s and is es-
sentially the frequency of floods caused by monsoonal
storms (fig. 22). i

The results of the hydroclimatic flood-frequency
analysis undcrscore the cause for the increased flood fre-
quency on the Santa Cruz River. The probability for floods
caused by dissipating tropical cyclones, frontal systems,
and, to a lesser extent, monsoonal storms changed in the
20th century. The greatest difference among the distribu-
tions estimated for 1930-59 and 1960-386 is the increased
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Figure 21. Mixed-population analysis of floods caused by different storm types between 1960
and 1986 for the Santa Cruz River at Tucson, Arizona.
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Table 10. Statistics for annual series of floods caused by
three storm types for the Santa Cruz River at Tucson and
Cortaro, Arizona

[Statistics were generated by fitting floods above base discharges of 48 and
76 m’/s for the Tucson and Cortaro stations, respectively, using maximum-
likelihood analysis]

Mean Standard Coefficient
logarithm deviation of skew
of of log of log
Floods caused by storm type discharge discharge discharge
Santa Cruz River at Tucson, Arizona
All tropical cyclones ------------ 1.264 0.865 -0.400
All frontal systems ------ 1.007 1.118 -1.133
All monsoonal storms 2.068 327 -.865
Tropical cyclones after 1960 --- 730 1.596 -1.040
Frontal systems after 1960 ----- 1.133 1.297 -1.639
Monsoonal storms after 1960 -- 1.979 423 —-.948
Tropical cyclones, 1930-59--—- 586 1.442 -1.639
Frontal systems, 1930-59 ------ .800 1.002 -1.501
Monsoonal storms, 1930-59 --- 2.130 .298 -1.401
Santa Cruz River at Cortaro, Arizona

All tropical cyclones ------------ 523 1.651 -.948
All frontal systems ------ 2427 .884 -1.112
All monsoonal storms 2214 313 -1.080
Tropical cyclones after 1960 --- 778 1.675 -1.112
Frontal systems after 1960 ----- 1.218 1.296 -1.639
Monsoonal storms after 1960 -- 2.147 335 -1.174

variance and, in the case of floods caused by tropical cy-
clones and monsoonal storms, more negative skew coeffi-
cients. Because estimates of long-recurrence interval
floods are heavily influenced by higher-order moments,
the 100-year flood estimate for 196086 is more than four
times larger than that for 1930-59 for the Santa Cruz
River at Tucson.

The main problem with the hydroclimatic flood-
frequency analysis is the inability to assign uncertainty es-
timates to discharges at given recurrence intervals. A
method is not available for estimating standard errors or
confidence limits for cumulative-distribution functions
using mixed-population analysis. Variances for the floods
caused by different storm types, however, are high, and
the maximum length of a stationary period is only 30
years. For example, the uncertainty in the 100-year flood
estimates from hydroclimatic-frequency analyses would be
expected to be higher than for frequency analyses using a
longer period of record, such as the 71-year annual flood
series for Santa Cruz River at Tucson (fig. 2).

A second problem results from the assumption that
floods during periods are derived from a stationary popula-
tion. Climatic information suggests that transitions among
periods may have been gradual instcad of abrupt (fig. 10).
The assumption of stationarity within periods is required
to obtain estimates of population parameters, and no com-

pelling evidence indicates problems with stationarity
within the periods.

Finally, use of the hydroclimatic flood-frequency
analyses requires an assessment of which period best rep-
resents future climatic conditions. Although no evidence
was found to suggest that the conditions for 1960-86 have
changed, the maximum length of periods examined in this
study is only 30 years. The question of whether future
conditions will be similar to 1930-59 or 1960-86 is im-
possible to answer at this time. It is also questionable that
a meaningful 100-year discharge can be estimated from an
annual flood series of only 30 years.

SUMMARY AND CONCLUSIONS

The effects of climatic variability on the annual flood
series and flood-frequency estimates were evaluated for the
Santa Cruz River at Tucson and Santa Cruz River at Cor-
taro. Previous estimates of the 100-year flood at Tucson,
calculated using different techniques and assumptions, ranged
from 572 to 2,780 m’/s. This discrepancy has been attrib-
uted to increasing flood magnitudes caused by channelization
and land-use changes in the last two decades, The magni-
tude of the 100-year flood for Santa Cruz River at Tucson,
calculated from a log-Pearson type III distribution using the
method of moments, increased from 577 to 872 m®/s when
annual peak discharges between 1970 and 1986 were in-
cluded in the calculations. Flood-frequency estimates for
the Santa Cruz River are strongly influenced by an extraor-
dinary flood in October 1983, but it is also true that six of
the seven largest floods at Tucson occurred after 1960. Tn
addition, the seasonality of annual floods changed signifi-
cantly after 1960; whereas floods in summer accounted for
97 percent of annual peaks between 1930 and 1959, floods
in summer accounted for 61 percent of annual peaks be-
tween 1960 and 1986. Although changes in land use and
channelization may have affected the magnitude of annual
floods, climatic variability is identified as the main cause
for the change in flood frequency.

The annual flood series at Tucson exhibits weak
stationarity of order 1. Analyses for 1915-29, 1930-59,
and 1960-86 showed that the mean does not change sig-
nificantly; however, the variance and skew coefficient
change significantly with time. Trend analyses revealed no
trends in the annual flood series or among periods of the
series. Trend analyses, however, are intended to detect
changes in the mean instead of the variance. Changes in
variance, which were detected in nonparametric tests, exert
a heavy influence on estimates of long-recurrence interval
floods such as the 100-year discharge.

In southern Arizona, fluctuations in large-scale oce-
anic and atmospheric processes are reflected in the sea-
sonal distribution of precipitation and increased probability
of large floods. Twentieth-century climatic variability
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stems from decadal trends in atmospheric circulation over
the Northern Hemisphere and in the frequency of El Nifio-
Southern Oscillation (ENSO) phenomena in the equatorial
Pacific Ocean. Before 1930 and after 1960, westerly winds
on average followed a more meridional path, and ENSO
conditions occurred more frequently and with greater vari-
ability in the equatorial Pacific. By contrast, the westerlies
followed a more zonal flow, and ENSO conditions oc-
curred less frequently with less variability between 1930
and 1960. Meridional circulation and the climatology
associated with ENSO conditions enhance Tucson precipi-
tation in the winter, spring, and fall and possibly reduce
summer rainfall.

Seasonal discharge on the Santa Cruz River is simi-
larly related to climatic variability. Winter and fall floods
account for 53 percent of annual peaks before 1930, only 3

percent from 1930 to 1959, and 39 percent after 1960.
Changes in flood frequency on the Santa Cruz River are
attributed to the changing probabilities of floods caused by
certain storm types. In particular, the joint occurrence of
cutoff low-pressure systems and tropical cyclones in-
creases the probability for large floods along the Santa
Cruz River. This joint occurrence tends to occur more fre-
quently during ENSO years and during 1960-86.

Using procedures of the Interagency Advisory Com-
mittee on Water Data (1982), flood frequency at Tucson
was estimated for the entire record using years with ENSO
conditions and years with non-ENSO conditions. Climatic
analyses suggest that the flood-producing mechanisms are
not strictly stationary in the 20th century; therefore, analy-
ses that require the assumption of stationarity may be in-
valid. Assuming stationarity for the entire record, the
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Figure 22. Mixed-population analysis of floods caused by different storm types between 1930
and 1959 for the Santa Cruz River at Tucson, Arizona
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100-year flood is estimated to be 872 m’/s. Assuming
stationarity, the 100-year floods for years with ENSO and
non-ENSO conditions are estimated to be 1,300 and 628
m¥/s, respectively. The frequency analysis for the entire
record and for ENSO years is strongly affected by the un-
usually large flood of October 1983.

The frequency of floods caused by the three general
storm types—summer monsoonal storms, frontal systems,
and dissipating tropical cyclones—was estimated using
maximum-likelihood analysis and the log-Pearson type III
distribution. Annual flood frequency was estimated by as-
suming independence of the three types of floods and using
a three-population mixed-population analysis. Floods caused
by dissipating tropical cyclones determine the annual flood
frequency at recurrence intervals greater than about 20 years
for all years and for 1960-86. For 193059, floods caused
by monsoonal storms dominate flood frequency for all re-
currence intervals. Assuming stationarity, which analyses
of climate suggest is invalid, the 100-year flood for all years
is 1,050 m?/s (table 7). The 100-year flood for 1960-86 is
estimated to be 1,660 m?/s and was strongly affected by the
flood of October 1983. Likewise, the 100-year flood for
1930-59 was estimated to be 323 m’/s (table 7). These
analyses do not have an estimated uncertainty; however, the
uncertainty is expected to be high because of short record
length and high variance.

The results of flood-frequency analyses presented in
this study raise questions about the validity of applying
statistical flood-frequency analysis to the Santa Cruz
River. Frequency analysis requires the assumptions of
interannual independence and stationarity, neither of which
are totally valid for the Santa Cruz River. Separation of
the record into ENSO and non-ENSO conditions creates
two independent populations but does not solve the prob-
lem of a variance that changes with time. Separation of
floods by storm type assumes three independent, stationary
populations, although long-recurrence-interval floods are
estimated from stationary records of 30 years or less. Also,
judicious use of the mixed-population results requires an
assessment of future climatic conditions, which is ques-
tionable. Finally, separation of periods requires the as-
sumption that climatic shifts are abrupt, whereas the
climatic data presented in this report indicate that shifts
may be gradual. Inclusion of the flood of October 1983
also adds to the complexity of the problem. Although this
flood was the largest since at least 1891 and ordinarily
would have been treated as a historic peak (Interagency
Advisory Committee on Water Resources, 1982), consider-
ations of stationarity prevented extension of a historical
record length for this flood.

Flood-frequency estimates for the Santa Cruz River
need to be used cautiously in design applications. Other
methods, such as rainfall-runoff models (Ponce and others,
1985), may be appropriate alternatives to flood-frequency
analysis. Frequency analysis, however, is appropriate in

certain circumstances. For example, because ENSO condi-
tions demonstrably affect flood frequency on the Santa
Cruz River, flood plains could be managed for a specified
recurrence interval of floods during ENSO conditions.
Therefore, an appropriate estimate of the 100-year flood
would be 1,300 m’s at Tucson. A similar scenario could
be developed for floods caused by dissipating tropical cy-
clones. However, the period of record would have to be
selected that best represents future or design conditions.

Perhaps the best estimate for the 100-year flood is
obtained by assuming that future climate may be similar
with that of 1960-86. This assumption may be valid for
the immediate future but is tenuous when conditions for
several decades into the future are considered. Given this
assumption, an appropriate magnitude for the 100-year
flood is 1,660 m?/s at Tucson (table 7).
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