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ABSTRACT

Mean annual precipitation in Arizona ranges from under three to 

over 27 inches. The irregular network of precipitation recording sta

tions and the diverse topography present problems in the construction of 

maps which accurately depict the distribution of precipitation in the 

state. This research suggests an alternative approach to the production 

of isohyetal maps employing statistical models, based on topographic 

features, and an elevation data file. Use of five variables which simu

late various topographic features assumed to influence precipitation in 

the area in two separate models which represent Arizona's two seasons of 

"maximum" precipitation forms the foundation for the analysis. Examina

tion of the chosen variables at 100 control stations illustrates their 

effects upon the amount of precipitation received during each season. 

Summation of the seasonal values produces estimates of mean annual pre

cipitation for each station. Employing the least-squares equations 

developed in each seasonal analysis allows computerized production of 

a map which depicts estimates of mean annual precipitation for cells 

contained within the data file.
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CHAPTER 1

INTRODUCTION AND PROBLEM ORIENTATION

For many areas of the world, precipitation data are inadequate 

or nonexistent. This deficiency is due in part to the sparsity and 

uneven spatial arrangement of weather stations and to erratic recording 

in the past. Within most existing weather station networks, many of the 

long-term recording stations are clustered in population centers and in 

other areas easily accessible to daily monitoring. But for areas of 

difficult access, such as mountainous regions, and for large tracts of 

barren land, reliable observations are limited. The precipitation data 

for the state of Arizona are a good example of this situation.

This paucity of data poses serious problems for estimating 

values between stations or constructing isohyetal maps to depict the 

distribution of precipitation. Most of the isohyetal maps currently 

in use are based on subjective interpolation where distance and topog

raphy are utilized as general guides between observation points. Al

though this procedure may be quite acceptable in areas of low or 

moderate relief, "in regions of rugged terrain substantial . . . 

differences are known to occur within very short distances" (Linsley, 

1956, p. 1). Thus, isohyets on these maps may be misleading, especially 

in mountainous areas.

Possible approaches for improving our knowledge of the distribu

tion of precipitation include increasing the number of stations record

ing precipitation (particularly in areas of rugged terrain), thereby

1
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improving the density of direct information, or formulating and applying 

improved models to interpolate the spatial distribution of precipitation 

from existing stations. The first approach has economic restrictions 

and, more importantly, requires many years to accumulate representative 

precipitation records. The second approach obviously is more feasible.

A Static Model

A model that can estimate precipitation values over a large area 

has many practical applications. Reliable information on precipitation 

amounts and distribution is important in assessing flood hazards (Fuss

ier and Spreen, 1947), long-term rainfall resources (Bleasdale and Chan, 

1972), and water supplies. Precipitation information is essential in 

forecasting floods (Khurshid Alam, 1972), in helping to predict stream- 

flows, and in developing rational plans for water resource allocation 

and management (Storr and Ferguson, 1972; Bamberg and Friesen, 1972).

In areas such as Arizona, where there is either too little water or too

much too quickly, the need for these types of analyses becomes espe-
\

cially important, both to residents and to those responsible for land 

use decisions.

In order to formulate a model that accounts for the distribution 

of annual precipitation in Arizona, a number of variables must be exam

ined. Precipitation results from a variety of individual events. Summed 

through time, precipitation from these events allows calculation of such 

measures as daily, monthly, seasonal, and annual means, extremes, and 

probabilities, as well as a variety of measures of intensity. My focus 

is on mean annual precipitation, although this study might provide a 

general framework which can be utilized for any of the above measures.
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Precipitation

The amount of precipitation received in an area is a result of 

relationships between many complex factors, both dynamic and static. In 

order to identify which factors are most influential in determining the 

distribution of precipitation in Arizona, it is important to understand 

why and how precipitation occurs.

Almost all measurable precipitation results from the internal 

(adiabatic) cooling of air which accompanies ascent. Air moving upward 

cools at a rate between 2.5°F and 5.5°F per 1,000 feet, depending on 

whether or not condensation is occurring. Cooling reduces the ability 

of air to hold moisture. When air experiences a steady drop in temper

ature below the dewpoint, condensation (clouds) occurs. If conditions 

permit, this may then be followed by the growth of large water droplets 

or ice crystals, which fall toward the ground as precipitation. The 

amount of precipitation liberated is a function of moisture content, 

convective stability, and the amount and rate of ascent. Convective 

stability refers to the tendency of vertical currents to resist or sub

mit to vertical displacement, and is controlled by the vertical dis

tribution of temperature, i.e., the environmental lapse-rate. Most 

precipitation falls from moist and moderately unstable air which is 

"triggered," i.e., initially forced, to rise by one of several 

mechanisms.

Topographic, dynamic, and thermal mechanisms are important pre

cipitation triggers. Air masses flowing over an irregular surface of 

land— the terrain or "topography"— may lead to precipitation. If the 

air mass is sufficiently moist and unstable, even minor irregularities
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in the landscape may initiate extreme vertical movements and lead to 

intense precipitation. Major terrain obstacles (orographic barriers) 

which lie in the path of prevailing flows may frequently be covered in 

clouds and experience heavy precipitation, while surrounding areas are 

clear and dry.

The term dynamic is applied to the extensive and often gradual 

lifting of air masses associated with cyclonic activity, frontal move

ments, and convergent flows. These large-scale features of the earth's 

atmospheric circulation are often responsible for widespread precipita

tion, although local variations in amounts may be closely related to 

topographic features.

Thermal mechanisms resulting from both general and unequal day

time heating are also important in triggering precipitation. Local con

vective cells which are initiated by this process may grow into intense 

thunderstorms, particularly in moist, unstable air masses like those 

which invade the Southwestern United States during late summer.

In reality, precipitation is often a result of a combination of 

these processes and is quite complex in its origin. However, in order 

for precipitation to occur, both moisture-bearing air masses and a 

mechanism for forcing or triggering vertical ascent must be involved.

Topographic Controls

In this study, I intend to examine the distribution of precipi

tation in Arizona using a static model based on topographic controls or 

features. There are several reasons for selecting this approach:
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(a) In Arizona, both the regional patterns of atmospheric circu

lation responsible for bringing moisture into the area and the passage 

of cyclonic storms may be treated as relatively homogeneous conditions. 

Therefore, the effects of topography (relief) on initiating turbulence, 

condensation, precipitation, and cloud dispersal are paramount. The 

orographic effect, which explains both abundant precipitation on wind

ward slopes and the "rainshadow" in areas downwind of terrain barriers, 

directly relates to local variations in relief. This phenomenon becomes 

especially important in determining the pattern of precipitation in 

areas characterized by rugged mountainous terrain and directionally- 

limited moisture sources.

(b) Unlike meteorological data, topographic information is not 

dependent on a fixed and limited base of time-continuous point observa

tions. Accurate information on elevation exists at various scales for 

all areas of Arizona and the world.

(c) Local topographic features considered to be influential in 

producing precipitation in Arizona can be approximated through the use 

of existing digital terrain data stored on magnetic tape. Use of data 

in this form allows topographic variables for any area under considera

tion to be constructed, manipulated, analyzed, and portrayed in much the 

same way as the points of a television screen reproduce an image. This 

procedure also has the advantage of being easily and efficiently handled 

by a computer.

The General Pattern of Precipitation in Arizona

For Arizona, a strong general similarity exists between precipi

tation and relief patterns (see Figures 1 and 2). However, the
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DIVISION LINE BETWEEN 
MAXIMUM WINTER PRECIPITATION 

AND
MAXIMUM SUMMER PRECIPITATION

Figure 1. Mean Annual Precipitation for Arizona.
From University of Arizona Hydrology Program, n.d.
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relationship between relief and precipitation varies significantly from 

one part of the state to another.

Throughout much of southern Arizona, rainfall amounts correspond 

closely to elevation. An increase in elevation of 1,000 feet is accom

panied by additional annual precipitation of about three inches. De

partures from this order do exist, especially near mountain ranges, 

indicating that elevation alone does not account for all of the varia

bility in mean annual precipitation amounts.

In central and northwestern Arizona many discrepancies appear 

between the two maps, although a strong northwest/southeast trend is 

still apparent for both isohyets and contours. On the southern (nor

mally windward) slopes of these regions, some of the dissimilarity in 

the maps may be a result of the large contour interval and generaliza

tion employed on the relief map in contrast to more subjective detail 

on the precipitation map: here the terrain is very rugged and local 

variations in elevation are obscured on the topographic map, while the 

person who produced the precipitation map employed more categories and 

chose to interpolate many details unsupported by observation. However, 

this conjecture alone cannot explain the more obvious discrepancies 

between precipitation and elevation which exist within these areas.

Near mountain ranges, other factors besides surface elevation evidently 

influence precipitation. Trewartha (1968) explains that the effect of a 

major relief barrier (or mountain range) on precipitation is not only 

evidenced by heavy rainfall along the mountain front, but "is normally 

felt at some distance out in front of the abrupt change in slope" 

(Trewartha, 1968, p. 151). Thus, precipitation amounts for areas

8
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windward of mountain ranges may be more closely linked with the barrier 

than with local elevation. In these regions of the state, precipitation 

is relatively high along the southwestern and southern edges of the 

6,000-8,000 foot contoured areas and for some distance southward.

On the lee (northeastern) side of this mountainous central re

gion, elevation decreases slightly below the peaks, whereas precipita

tion amounts decline sharply. Air masses forced to rise over the 

mountain ranges are descending and warming adiabatically in this area, 

and thus, condensation and precipitation are less likely to occur. For 

some distance to the northeast, where peaks similar in elevation to 

those in the central region occur, precipitation amounts are generally 

much lower than suggested by elevation. This may indicate that much of 

the moisture in air masses forced over mountain ranges in the central 

part of the state is "squeezed out" in the ascent, leaving little pre- 

cipitable moisture for the areas leeward of these ranges.

Review of the Literature

The effects of topography on the distribution of precipitation 

have long been recognized, and various methods have been developed which 

attempt to relate precipitation values to measures of surface features.

Several investigators used procedures involving subdivision of 

areas under study into regions assumed to be topographically and/or 

meteorologically homogeneous, and then related the variations of annual 

or seasonal precipitation within these regions to elevation alone (Henry, 

1919; Donley and Mitchell, 1939; Curry and Mann, 1965; Delijanic, 1972). 

Others employed elevation and one additional topographic measure, such
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as distance from a barrier (Lee, 1911), or position windward or leeward 

of a barrier crest (Alter, 1919). These procedures proved helpful in 

accounting for variations of precipitation within the specific areas 

studied; however, most of the investigators suggested that variations 

in precipitation might be more adequately explained through topographic 

variables not incorporated in their analyses.

Spreen (1947) introduced a method of correlating available pre

cipitation data with a number of measurable topographic features sur

rounding gauging stations. He argued that the winter precipitation in 

Western Colorado was mainly orographic in distribution, and hypothesized 

that a combination of features would produce a better estimate of pre

cipitation than would elevation alone. Coaxial graphical correlation 

was used to estimate precipitation values from topographic measures 

considered important; the elevation of the station, maximum difference 

in elevation within a five-mile radius of the station, exposure of the 

station to the inflow of air masses ("the sum of those sectors of a 

20-mile radius circle, centered at the station, not containing a barrier 

1,000 feet or more above the station elevation"), and orientation of the 

greatest exposure defined above, expressed in the eight points of the 

compass (Spreen, 1947, p. 285). In an extension of this report (Russler 

and Spreen, 1947), the introduction of a fifth variable, zone of en

vironment— a topographically and meteorologically homogeneous area— was 

considered necessary. A correlation coefficient of 0.92 was obtained in 

the analysis of October through April precipitation, indicating that 

five topographic variables accounted for approximately 85% of the 

"explained variation" in winter season precipitation, in the analysis
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of annual precipitation, all of the variables except exposure were 

utilized, and yielded a multiple correlation coefficient of 0.91, as 

opposed to r = 0.62 when elevation alone was correlated with precipi

tation.

Similar techniques were successfully applied to other areas in 

the western United States in later studies of precipitation distribu

tion. Burns (1953) developed graphical relationships between annual 

precipitation and topography for the San Dimas Experimental Forest in 

California. All of the variables identified by Russler and Spreen 

(1947) in their annual analysis were used by Burns in this correlation, 

and he included one additional feature, "slope of the land." For the 

96 rain gauges used in developing the relationship, he reported a mul

tiple correlation coefficient of 0.84 when all topographic variables
x

were utilized. This was compared to a coefficient of 0.67 when pre

cipitation was associated with elevation alone.

In a study of those portions of Arizona and New Mexico north of 

the Gila River, Hiatt (1953) graphically related average October-April 

precipitation values to the following measures: elevation of the sta

tion, rise (the average slope of the land within a five-mile radius of 

the station), orientation or direction of increasing rise, and the 

"catch-all" variable of "zone." During the winter season, the average 

correlation coefficient for the four zones delineated was 0.90. The 

development of average May-September relationships involved only the use 

of the variables elevation and zone, and provided an average R of 0.94
for all zones.



12

Linsley (1956) reported two multiple correlation procedures de

veloped at Stanford University which estimated daily and hourly rainfall 

amounts for northern California using graphical correlation techniques. 

All the variables indicated by Russler and Spreen (1947) were incor

porated into these studies, as well as land slope, barrier height, 

latitude, and distance from the coast.

In an investigation of the distribution of precipitation in 

western Oregon and Washington by Schermerhorn (1967), a graphic method 

was employed for correlating precipitation to only three topographic 

variables: average elevation within a four-mile radius of the station,

average elevation of all barriers between the coast and four miles of 

the station, and an index latitude. Discontinuous variables, such as 

zone of influence, were intentionally omitted in this study.

A simplified technique for developing isohyetal maps from pre

cipitation/elevation relationships without having the abrupt differences 

between zones was described by Dawdy and Langbein (1960) and slightly 

modified by Peck and Brown (1962). Dawdy and Langbein studied a small 

drainage basin in southern Idaho and developed a single trend line for 

the entire area. Stations deviating from the trend line were plotted 

as anomalies on a map and lines of equal anomaly were interpolated and 

used in the preparation of a precipitation map. In a study of Utah,

Peck and Brown divided the state into homogeneous regions, and precipi

tation/elevation relationships were developed for each zone. Zones with 

similar relationships were combined and mean curves were constructed 

for the resulting areas. Again, stations deviating from each curve were 

plotted and isoanomaly lines were drawn, but without any consideration
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of the zonal boundaries. This analysis of anomalies allowed for the 

estimation of precipitation in well-defined zones, as well as in 

transitional areas.

In an attempt to evolve storm isohyetal maps for West Pakistan, 

Khurshid Alam (1972) utilized a combination of graphical and numerical 

techniques for expanding an inadequate precipitation data base. The 

country was divided into six meteorologically homogeneous zones, and 

simple precipitation/elevation relationships were determined to be suf

ficient for most of the zones. However, in mountainous regions, the 

construction of a "topographically adjusted normal seasonal map"

(Khurshid Alam, 1972, p. 296) was considered necessary to augment the 

relatively scarce data. A map of effective barriers to inflowing air 

was prepared for the area studied, the Tarbela Basin region. Station 

elevation then was graphically plotted against station precipitation, 

and each point was labeled with the height of a barrier to airflow. A 

curve of "best-fit" was determined for those stations fully exposed to 

inflowing air— where station elevation was equal to or greater than 

barrier height. By considering the barrier height assigned to each 

point, a series of curves were developed to help explain the scatter of 

plotted points for stations affected by a barrier. From these relation

ships, an isoanomaly map was constructed. Together with the observed 

values, these relationships were considered useful for estimating pre

cipitation values at any location within the study area.

In recent studies, both simple and multiple regression tech

niques have been used to investigate the effects of topography on the 

variation of precipitation and to reduce the interdependence of variables
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employed. Hutchinson (1968) studied the Taieri Catchment Area, Otago, 

New Zealand. He correlated annual and monthly precipitation means with 

station elevation, distance from the coast, distance from a line perpen

dicular to the coast, exposure of the station ("Number of degrees in a 

circle of five miles radius centered on the station in which there is 

no land higher than 1,000 feet above the station") and the major direc

tion of this exposure (Hutchinson, 1968, p. 52).

Whitmore (1973) used multiple curvilinear regression techniques 

to analyze the relationships between annual precipitation and topo

graphic factors of local importance for five subregions of South Africa. 

The topographical and locational variables— elevation of the station, 

shortest distance to the coast, distance to the boundary of the sub- 

region, and aspect of the station relative to a major mountain range—  

were chosen according to the requirement that each should be independent 

of the others.

In a study of the entire Western United States (extending east

ward to include Montana, Wyoming, Colorado, and New Mexico), Miller 

(1972) related short-duration precipitation values to topographic fea

tures. Because weather situations vary greatly within this extensive 

area, it was divided into meteorologically and topographically homo

geneous regions. Index relationships were developed for each section 

utilizing various measures of slope, distance to a moisture source, 

elevation, barriers to airflow, location (latitude and longitude), and 

roughness.
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Goh and Lockwood (1974) conducted a study of precipitation in 

the Central Pennines in England. They indicated that a higher correla

tion between elevation and precipitation was produced using mean alti

tude of the areas surrounding the station, rather than spot height of 

the station, when considered with several other variables: distance of

the station from the divide of the mountain range, exposure of the 

station, and maximum range of elevation within an eight-kilometer radius 

of the station. In the East Pennines, the multiple correlation coeffi

cient increased from 0.88 to 0.96 when mean altitude was substituted for 

spot height. In the West Pennines, the use of mean altitude improved 

R from 0.75 to 0.81.

Grid Techniques

Techniques for extending the precipitation/topography relation

ships to predict a continuous precipitation surface for all parts of a 

study area were introduced by both Burns and Hiatt (discussed previous

ly) . Burns (1953) overlaid the San Dimas Experimental Forest with a 

rectangular grid of half-mile centers, and the appropriate variables 

were measured at each intersection. From both station and grid point 

values, isohyets were drawn to construct an average annual rainfall map. 

Hiatt (1953) applied the same approach to two seasonal maps of precipi

tation in Arizona and New Mexico, using instead a 15-minute latitude- 

longitude grid system. A third map of average annual precipitation was 

produced by using both observed station annual values and the totals of 

the computed seasonal values at grid intersections.

In a study of Newfoundland, Solomon et al. (1968) approximated 

topographic features using various manipulations of elevation data
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acquired at several points in each 10-kilometer square unit of a grid. 

These investigators correlated measures of elevation and several other 

variables with mean annual precipitation data from stations located in 

some grid squares in order to develop a general relationship. Precipi

tation values then were estimated for each unit of the grid. In their 

preliminary investigation, the following variables were employed: lati

tude of the grid square, shortest distance to the sea, distance to the 

sea in a southwest direction from the square's center, average slope of 

the square, barrier height in a southeast direction, and average eleva

tion of the square.

Storr and Ferguson (1972) applied this same approach in a report 

on the Okanagan Basin, British Columbia, Canada. For each grid unit, 

five-kilometers on a side, nine elevation points were used to compute 

topographic factors. Multiple regression analysis was used to relate 

average monthly precipitation for each grid square containing a station 

to: mean grid square elevation derived from the nine points, slope of a

hypothetical plane which passed through the nine points, slope azimuth 

measured from true north, distance to a major barrier in a southwest 

direction from the center of the square, height of that barrier, and 

shield effect— the summation of the barrier height and other local 

barrier heights in a southwest direction.

The gridding technique was also utilized in a study of the 

Hualapai Valley, Nevada, by Bamberg and Friesen (1972). A grid with 

one-kilometer square units was used to establish a network of points 

which overlay the area. The basic difference between this and the other 

studies was the development of relationships which approximated mean



17

annual precipitation initially from both the elevation and the "vegeta

tion type" located at the points. These estimates were further modified 

through the use of coaxial correlation involving the topographic vari

ables of slope, orientation of the greatest open slope, exposure of the 

slope determined by both the number of degrees of greatest open slope 

and the distance to the nearest barrier of over 1,000 feet, and rainfall 

shadow, determined by the distance to the highest barrier in the south

west quadrant and height of that barrier. The final approximations of 

precipitation then were smoothed, "utilizing a trend surface analysis 

to find points of equal value which were used to plot an isohyetal map 

for total average annual rainfall" (Bamberg and Friesen, 1972, p. 1109).

Objectives and Procedures

The aim of this study is to develop a model that utilizes exist

ing computerized elevation data for Arizona to estimate and map the dis

tribution of precipitation in the state. The principal measure of 

precipitation selected for modeling is mean annual precipitation, al

though there are several reasons to approach this measure by independ

ently deriving and summing seasonal estimates. The elevation data 

employed consist of a matrix of mean elevation values calculated for 

three-minute quadrangles of the geographic grid. Much more detailed 

elevation files are available, but their manipulation would represent 

a major computing task which appears unjustified at the scale of gener

alization appropriate for dealing with annual precipitation over an area 

the size of Arizona.

From the outset, I decided to avoid subdividing the region and 

to attempt to define a single function to describe precipitation over
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the entire area. A priori delineation of subregions is an extremely 

subjective process and is particularly arbitrary when such zones are 

somehow supposed to reflect locally fixed conditions and processes con

trolling a measure as artificial as mean annual precipitation. More

over, the interpolation difficulties created near zonal boundaries may 

pose objectively insoluble problems, especially when mapping is the 

primary goal.

Construction of a general precipitation model for the state 

subsumes several specific objectives:

1) Identification of relief characteristics which influence the 

distribution of precipitation on a statewide basis;

2) Derivation of quantitative variables from elevation data that 

adequately represent important relief characteristics;

3) Establishment of a relationship, by means of multiple regres

sion analysis, between these variables and precipitation 

means calculated for a large sample of weather stations in 

the area;

4) Evaluation of the relationship by comparison of regression 

estimates with precipitation data from an independent sample 

of weather stations;

5) Employment of the relationship to construct, by means of 

automated techniques, a map of mean annual precipitation in 

Arizona; and

6) Provision of comments, cautions, and criticisms regarding 

both the techniques employed and the map produced.
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Regression analysis is performed utilizing the "stepwise" pro

gram contained in SPSS: Statistical Package for the Social Sciences

(Nie, Hull, Jenkins, Steinbrenner, and Bent, 1975), and run on 

the CDC 6400 computer at the University Computer Center at the Univer

sity of Arizona. Output from this program includes: 1) a matrix of

simple correlation coefficients (r) relating each pair of variables,

2) statistical parameters describing the step by step inclusion of each 

variable into the regression procedure, and 3) a list of standardized 

residuals from the regression equation. The independent variables are 

entered in order of their individual contribution to the reduction of 

the total variance. Parameters include regression constants and some 

standard summary statistics:

R = the coefficient of multiple correlation,
2R = the coefficient of determination, or that proportion of the 

variation in the dependent variable "explained by" or asso

ciated with the variation in the independent variables, and

SB = the standard error of estimate from the regression equa

tion.

SPSS input specifications permit calculation of quantitatively derived 

topographic variables directly from cell values in the elevation data 

file and eliminate the necessity for prior or intermediate computation.

Regression equations derived in analysis of the weather stations 

are utilized in estimating precipitation values for cells contained 

within the data file. The map of mean annual precipitation in Arizona 

is produced by employing a relatively simple mapping program which I de

signed specifically for use with the elevation data file (Appendix A).



CHAPTER 2

VARIABLES EMPLOYED

Producing a relatively detailed map of precipitation which 

covers a large area by means of obj active techniques constitutes a 

major computational task. Therefore, it seems reasonable to convert 

the study area into a schematic representation which can be handled by 

computers. Automating the job of computation has an additional benefit. 

If distributed in an appropriate fashion, estimated values can be fed 

directly into graphic routines and used to produce maps on computer 

output devices.

A spatially-ordered set of data that has relevance to precipita

tion (a schematic representation) is available from the Laboratory of 

Geophysics (1976) at the University of Arizona. This data file contains 

mean elevations for each three-minute quadrangle of latitude and longi

tude for the area within and immediately adjacent to Arizona. Coverage 

extends from 31° to 38° North and 108° to 116° West and consists of 

22,400 observations. The "average" cell measures approximately 3.45 

miles north/south by 2.87 miles east/west and contains about 10 square 

miles. Mean elevations are estimates which represent "average mass to 

sea level," that is, if the land masses contained within a three-minute 

quadrangle are treated as a "fluid," the mean is that elevation reached 

if the fluid equalizes itself within the quadrangle's boundaries. This 

information, organized as a matrix measuring 140 by 160 cells, is re

corded on 7-track magnetic tape and stored in the tape library at the
20
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University's Computer Center ("Three-Minute Digital Terrain Data,

Tape 5098B," n.d.).1

Use of this elevation file permits construction and analysis of 

several secondary relief variables. Calculations involving the mean 

elevation of any given quadrangle and the elevations of any number of 

neighboring cells may be accomplished quickly and easily with the com

puter . By manipulating the matrix of elevations in this way, it is 

possible to obtain general measures of slope, surface roughness, ex

posure, distance between cells, and various surrogates to represent the 

local blocking effects of terrain barriers.

Because this file is the source for estimating precipitation 

values throughout the region and eventually for producing maps, the 

variables used in analysis have to be geographically compatible with the 

file. Therefore, all measurements of precipitation and all variables 

used to represent the effects of terrain have to be related to and ex

pressed in terms of thre-e-minute quadrangles. These cells are used as 

the sole observational units in all subsequent analyses and mapping.

Precipitation Data

Analysis requires precipitation data that is representative of 

the general pattern, but is not biased by unusually wet or dry periods. 

Standardization of the data by using a 30-year "climatological normal" 

is assumed to insure that the information is not influenced by unsyn

chronized observation periods. Originally, I selected those precipitation

1. Mr. James Schmidt (1976). Mr. Schmidt worked for the Lab
oratory of Geophysics until 1977 and made the tape available and 
offered frequent suggestions for editing, reformatting and manipulating 
the elevation data file.



recording stations which have a computed annual normal for the period 

1941-1970 and which are located within the boundaries of Arizona. Of 

the state's 283 stations operational in 1974, 96 fulfill these speci

fications (National Oceanic and Atmospheric Administration [NOAA],

1975a).

However, in order to insure that precipitation/topography rela

tionships are based on the greatest possible variety of observations, 

and that there are independent precipitation data to use in evaluation 

and verification of the model, I decided to extend beyond Arizona's

borders to include all stations within the data file area which have
2similar 30-year climatological normals. By doing so, adjustment of 

questionable records is not necessary, and areas of the state with few 

stations (such as Western and Northern Arizona) are supplemented by 

precipitation data from adjacent states (NOAA, 1975b-f). The number of 

stations available for analysis thus is increased to 145, of which 100 

are chosen by a table of random numbers to use in analysis (Figure 3 and 

Appendix B). Both annual precipitation amounts and the elevations of 

these stations have frequency distributions approaching the normal dis

tribution (Figures 4 and 5), and there appears to be no obvious justi

fication, either rational or statistical, for transformation. The 

remaining 45 stations are set aside to use in verification of the 

regression model (Figure 6 and Appendix C).

2. Stations located less than four seconds of a degree from the 
data bank boundaries are excluded from analysis because all the required 
topographic values for the "neighborhood" (p. 28) cannot be computed 
within the limits of the predefined elevation file.

22
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Figure 6. Locations of Verification Stations 
for identification of stations. See Appendix 9
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The Dependent Variables

The state of Arizona experiences two seasons of maximum precipi

tation. According to Bryson (1957), several areas of the Southwestern 

United States evidence this semi-annual pattern and the condition seems 

to be centered approximately on Arizona.

Just north of Arizona, then, winter rainfall is more abun
dant than summer, but the double-maximum is dominant; just south 
of Arizona the double-maximum weakens and summer rainfall is 
dominant; just west of Arizona the summer rainfall disappears 
and winter rains dominate the southern California area; and just 
east of Arizona the winter rainfall loses relative importance 
and the summer peak dominates the annual march. (Bryson, 1957, 
p. 4)

Thus, the reliability of a single precipitation/topography relationship 

begins to appear questionable.

Very different types of meteorological conditions are considered 

responsible for summer and winter precipitation. In the summer, exces

sive heating of the ground acts to increase lapse rates, thereby reduc

ing convective stability, and to trigger convection cells. As moist air 

is drawn in from the south and southeast, air masses often become in

creasingly unstable. Convective currents may develop as the air near 

the ground heats quickly, expands, and rises. Irregular ground surfaces 

and larger terrain features also may initiate convective currents. In

tense convection and the resultant thunderstorms are phenomena most 

often associated with summer precipitation in Arizona. In mountainous 

regions, the triggering mechanisms are ample. Thus, heavy thunderstorm 

activity is usually found in the mountainous central and southeastern 

regions of Arizona.
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During the winter, temperatures at the ground surface typically 

are cool and lapse rates of air masses moving across the region are 

usually modest. In this season, precipitation is largely a result of 

general convergence, such as that associated with fronts and low pres

sure systems, or high altitude disturbances; cloudiness is widespread 

and precipitation is usually gentle and continuous. Near mountain 

regions there is obviously an orographic boost, but this movement in 

relatively stable air tends to promote the development of sheet clouds 

and precipitation is generally light and long-continued.

The large-scale differences in atmospheric conditions which 

prevail during summer and winter is taken into consideration in the 

development of the precipitation model based on topographic features.

As the meteorological conditions favorable to condensation and precipi

tation may vary from season to season, so may the effects of the terrain 

on determining precipitation amounts. Therefore, two separate precipi

tation/topography relationships are developed to estimate "summer 

season" and "winter season" precipitation values. These can then be 

summed to produce an estimate of annual precipitation.

The precipitation data for the 100 analysis stations are organ

ized into seasonal measures which are assumed to represent the two major 

precipitation regimes present in Arizona. Monthly climatological 

normals for May through October, inclusive, are combined to produce a 

summer season figure for each station. The sum of the normals for each 

month from November through April, inclusive, produces a winter season 

figure for every station.
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The percentages of precipitation occurring between May and Oc

tober for the 100 stations (Appendix D) are indicated on Figure 7. Note 

that many of the stations in the eastern portions of the state receive 

a maximum of precipitation in the summer season, while in the west, many 

of the stations exhibit a winter season maximum.

In order to fit the regression model specifications, these sea

sonal values then are assumed to represent precipitation for a three- 

minute grid cell centered on the location of each station.

Topographic Data

Topographic variables selected for analysis must be in a form 

capable of being obtained either directly or indirectly from the file 

of elevation data. Techniques which I developed allow chosen variables 

to be approximated from elevations of the nine three-minute quadrangles 

in the "neighborhood" of a station. This neighborhood size is selected 

for analysis because it resembles the area within a five-mile radius of 

a station, a zone used in other studies (Spreen, 1947; Russler and 

Spreen, 1947? Burns, 1953; Hiatt, 1953; Hutchinson, 1968; Goh and Lock- 

wood, 1974), and because manipulation of nine cells in a matrix is a 

relatively straightforward operation. Distances to the outer boundaries 

of a neighborhood centered on a station are shown in Table 1 for se

lected latitudes.

Only the mean elevation and geographic location (identified by 

matrix position) of each cell in the data file can be used directly as 

variables. The development of several techniques of weighting and 

manipulating mean elevations of individual cells within a station's
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Table 1. Neighborhood Dimensions. .— r Miles from the centered station 
to the exterior boundaries at selected latitudes.

Direction
from

Station 32°N

At Latitudes 

34°N 36°N

North or South 5.168 5.170 5.171

East or West 4.404 4.306 4.202

Northeast, Southwest,
Northwest, Southeast 6.790 6.728 6.663

Neighborhood Area
(in sq. miles) 91.03 89.03 86.92

Cell Area
(in sq. miles) 10.11 9.89 9.66

neighborhood allows construction of secondary terrain variables. To 

insure that cell and neighborhood locations and conditions match those 

of stations from which precipitation variables are derived, each station 

must be located in the center of the nine-cell neighborhood.

Because none of the stations employed in analysis are centered 

precisely on any of the quadrangles in the data file, a set of mean 

elevation data is compiled for the cells in a neighborhood centered on 

each weather station. A grid overlay of nine quadrangles (Figure 8) is 

constructed to use on the 1:250,000 Series U.S.G.S. topographic maps 

depicting the stations (Figure 9). This is the same series of maps used 

to compile the mean elevation data in the computerized elevation file.

The grid overlay is centered on the latitude and longitude coor

dinates of each station (see Appendix B) and a mean elevation for each 

of the nine quadrangles is calculated. If more than five contour lines
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Figure 8
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lie within the area bounded by a cell, a systematic placement of 25 dots 

(see Figure 8) is used to obtain measurements. The value of each dot is 

assumed to be the elevation of the contour line on which the dot is lo

cated, or an estimation of the elevation from straight-line interpola

tion if the dot is positioned between two contour lines. These 25 

values then are averaged and the value rounded off to the nearest 10 

feet to obtain the mean elevation of the cell. In predominantly flat or 

gently sloping areas where contour lines within a quadrangle are either 

non-existent or so few as to make dot measurement unfeasible, the mean 

elevation is estimated from those contour lines which do exist, both 

inside and outside of the quadrangle. Straight-line interpolation is 

used to "produce" additional 25-, 50-, and 100-foot contour lines, and 

estimates are made to the nearest five feet of elevation.

Measurement, judgment, and clerical errors are incorporated in 

most large data sets, and are undoubtedly present in both the computer

ized elevation file and the neighborhood calculations used for analysis. 

There is no simple method to recheck all the values contained within the 

data bank. Therefore, assessments made by the personnel in the Geo

sciences Laboratory are considered reliable except where obvious mis

takes are detected in initial attempts to produce maps. Systematic 

error resulting from the point sampling technique employed in station 

neighborhood measurement may also be present, but such error is probably 

negligible. Correlation of the reported elevation of the precipitation 

recording stations with the mean elevation of the quadrangles centered 

on these stations yields a correlation coefficient of 0.995.
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Statistically this accounts for 99% of the variation associated with 

these two independently derived measures.

Identification of Topographic Influences

Because elevation has proved in the past to provide the best 

single indication of precipitation amounts, the data for the 100 analy

sis stations are reorganized according to elevation (Table 2) and pre

cipitation/ elevation figures are plotted on Figure 10. Although the 

points are widely dispersed, a general increase of precipitation with 

increasing elevation is apparent for stations located below 3,-000 feet. 

Above this height, elevation does not seem to be the only factor influ

encing annual precipitation.

A simple regression analysis indicates the influence of eleva

tion. Using mean annual precipitation of each control station as the 

dependent variable and mean elevation of the quadrangle centered on each 

station as the independent variable produces the following equation:

Y , = 0.00148 x Elevation + 5.727 annual

This equation yields a correlation coefficient of 0.604 and a standard 

error of estimate of the regression line of 4.16 inches. Statistically, 

the analysis indicates that only 37% of the variation in annual precipi

tation is "explained by" or associated with elevation.

Stations having recorded precipitation amounts deviating from 

the predicted values by more than one standard error of estimate are 

identified in Table 2 and on Figure 11. From the locations of these 

"non-fit" stations within the study area (North, South, East, or West)
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Station Data Organized by Mean Elevation of Station Quadrangle.

Quad.
Elev.
(feet)

Recorded
Annual
Precip.
(inches)

Devia
tion
(SE of Latitude 
4.16") (° ')

Longitude(° ,)

100 2.15 32 57 115 33
85 2.35 32 51 115 34
30 2.26 33 17 115 31
185 2.77 32 37 114 39
205 2.67 32 40 114 36
270 3.50 33 37 114 36
370 3.17 33 37 114 43
730 5.76 32 57 112 43
770 . 4.35 34 17 114 10
880 4.06 34 46 114 37

1120 7.72 33 23 112 04
1130 7.05 33 26 112 01
1150 7.35 33 30 112 04
1190 7.63 33 26 111 56
1210 7.52 33 25 111 52
1350 8.35 33 04 111 45
1370 2.91 -1 33 42 115 38
1400 8.37 33 13 111 41
1410 8.22 33 00 111 32
1420 8.11 32 52 111 44
1830 8.95 32 22 112 52
2010 12.93 +1 33 33 111 27
2110 11.84 33 49 111 38
2160 3.76 -1 36 05 115 10
2180 10.76 33 58 112 44
2190 13.68 +1 33 06 110 58
2410 10.73 32 15 110 57
2420 12.02 31 55 111 53
2510 10.85 32 15 110 50
2600 11.05 32 07 110 56
2600 14.15 +1 33 40 111 09
2600 v 14.15 +1 33 10 110 31
2780 11.95 33 21 110 27
2970 7.56 37 07 113 34
2970 12.29 32 26 110 29
3130 12.40 32 07 no 4i
3140 13.08 31 43 111 03
3200 16.91 +1 34 07 111 17
3400 11.70 34 37 111 50
3410 17.06 +1 33 18 111 06
3500 17.07 +1 34 21 111 42
3560 6.62 -1 35 28 114 55
3660 9.56 32 45 109 07
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Table 2. Continued

Recorded Devia-

Station

Quad.
Elev.
(feet)

Annual
Precip.
(inches)

tion 
(SE of 
4.16")

Latitude(O ,) Longitude(O ,)
4. 3690 12.40 31 54 110 15

14. 3780 13.54 34 18 112 10
27. 3830 18.05 +1 33 24 110 53
87. 3910 9.31 32 41 108 59
12. 4000 12.06 33 03 109 17
58. 4030 16.27 +1 34 18 112 33
61. 4200 11.19 32 18 109 51
31. 4250 17.28 +1 31 33 110 45
84. 4280 10.32 32 18 108 39
79. 4420 10.35 31 57 108 49
92. 4430 11.29 37 17 113 43
83. 4480 9.43 31 56 108 20
63. 4500 12.74 31 27 110 12
90. 4570 7.55 -1 37 17 109 33
51. 4660 12.67 31 42 110 03
24. 4700 6.72 -1 35 17 110 58
43. 4740 19.82 +1 31 46 no si
76. 4770 8.72 37 37 114 31
52. 4900 6.22 -1 36 08 111 15
17. 5000 14.64 33 20 109 11
7. 5050 17.28 31 33 110 32
56. 5110 11.70 36 17 113 04
94. 5170 12.21 37 03 112 32
21. 5240 17.91 +1 32 45 112 07
57. 5260 15.55 34 56 112 49
32. 5420 8.69 -1 34 48 109 54
80. 5460 12.44 32 32 108 34
97. 5480 16.55 37 29 113 18
82. 5490 8.07 -1 36 45 108 10
35. 5490 18.04 +1 34 34 112 28
59. 5500 17.35 33 50 109 58
22. 5550 25.80 +2 34 58 111 45
95. 5650 9.48 -1 37 48 113 55
46. 5650 11.38 34 30 110 05
38. 5650 17.55 31 45 109 25
40. 5770 10.64 34 30 109 22
99. 5860 12.25 37 52 112 50
45. 5890 24.68 +2 33 48 110 58
91. 5900 11.22 37 46 111 36
98. 5930 . 14.50 37 16 112 38
89. 6000 11.82 37 37 109 28
13. 6050 7.38 -1 36 38 111 25
74. 6050 11.54 37 21 108 34
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Table 2. Continued

Recorded Devia-

Station

Quad.
Elev.
(feet)

Annual
Precip.
(inches)

tion 
(SE of 
4.16")

Latitude (° ,) Longitude 
(° ')

15. 6090 27.52 +3 34 12 112 20
86. 6340 10.41 -1 35 51 108 44
18. 6440 10.92 -1 35 43 109 34
75. 6720 12.67 37 49 109 02
96. 6810 13.81 37 52 109 18
6. 6920 11.35 -1 36 41 110 32
48. 7000 11.33 -1 34 08 109 17
62. 7000 21.12 +1 35 15 112 11
93. 7080 10.34 -1 37 39 112 26
88. 7090 16.38 37 26 112 29
25. 7150 24.90 +2 34 04 109 51
81. 7230 12.34 35 03 108 21
85. 7250 9.24 -1 34 21 108 30
2. 8380 19.28 33 51 109 08
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and from their positions in reference to mountain barriers, it appears 

that both of these factors also must play important roles in determining 

precipitation amounts in the area. Most of the stations in the southern 

portion of the study area record precipitation amounts which are ade

quately predicted by elevation alone. All but one of the stations re

ceiving precipitation amounts lower than predicted are located north of 

35° N latitude and east of 110°W longitude (station 69 being the excep

tion) . In addition, all but three of the stations which receive pre

cipitation amounts in excess of those estimated by the regression 

equation are clustered in the central part of Arizona— to the south and 

windward of an abrupt increase in elevation (refer to Figure 2, General

ized Relief for Arizona). The remaining three positive stations also 

are located near mountain ranges, indicating the importance of a sta

tion's position in relation to local topographic barriers as an influ

ential factor in determining precipitation.

The Independent Variables

The following abbreviations used in the definition of topo

graphic variables refer to the mean elevation of each quadrangle and 

to its relative grid position:

C = the quadrangle centered on the station 

MW = the quadrangle located northwest of the station

NC = the quadrangle located directly north of the station

NE = the quadrangle located northeast of the station

CW = the quadrangle located directly west of the station

CE = the quadrangle located directly east of the station
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SW = the quadrangle located southwest of the station 

SC = the quadrangle located directly south of the station 

SE = the quadrangle located southeast of the station 

Two variables, elevation (ELEV) and distance (DIST), are derived 

directly from the elevation and location of the central cell (C). The 

remainder require comparison of the central cell with its neighbors.

ELEV. In general, as elevation increases, precipitation amounts 

are expected to increase. In the regression analyses, the mean eleva

tion of the quadrangle centered on a station (C) is utilized rather than 

the station's recorded height.

DIST. The location of a place with respect to sources of at

mospheric moisture may be very important in determining the amount of 

precipitation which is received. As air masses move inland, away from 

marine source regions, condensation and precipitation remove large 

amounts of moisture. Evaporation from the surface may replace a portion 

of this moisture, but over land areas there is, on the average, a pro

gressive net loss. If all other precipitation-producing factors are 

held constant, stations located close to a source should receive more 

precipitation than stations located farther inland.

In Arizona, the use of "shortest distance to a coast," as used 

in several previous studies (Linsley, 1956; Hutchinson, 1968; Solomon, 

et al., 1968), is an inadequate definition of this distance because the 

direction from which moisture-bearing winds flow into the area changes 

during the year. Therefore, the latitudinal and longitudinal coordi

nates of each station (which can be easily converted to the matrix

location of cells in the elevation file) are used to derive the distance
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between a station and points assumed to represent possible sources of 

moisture.

Each distance variable is calculated through a simple manipula

tion of the right triangle formed between a station's coordinates

(x ,y ) and the coordinates of a point designated as the origin (x ,y ) s s o o
for winds bringing moisture into the area. The length of the hypotenuse 

of this triangle (DIST) is derived by taking the square root of the 

value obtained from the sum of the square of the base (X) plus the 

square of the height (Y):

In the model, the base of the triangle is considered the difference, in 

degrees and decimals of degrees, between a station's longitude coordi

nate and the longitude coordinate of the point of origin selected 

(x s -  x q ) . The height of the triangle is the difference between a sta

tion's latitude coordinate and the latitude coordinate of the point of

origin (y - y ).s o
In order to convert these degree differences to statute miles, 

constants have to be included in the equation. To keep the model as 

simple as possible and to avoid computing several distance equations, 

the approximate center of the data file (34°N) is chosen to represent 

the entire area for conversion of both longitude and latitude degrees.

Thus, the equation is:



42

DIST = [ (57.407 (xg - xo))2 + (68.928 (yg -

where: •

57.407 = statute miles in a degree of longitude at 34eN

68.928 = statute miles in a degree of latitude at 34°N

The division of the state into two major precipitation regimes

(pp. 6 and 27) suggests two different sources of incoming moisture for

the summer and winter rainy seasons. Although the idea has recently

been disputed (Hales, 1973), other investigators (Jurwitz, 1953; Hiatt,

1953; Bryson, 1957; Green and Sellers, 1964) generally agree with

Hiatt's statement that in the Southwestern United States,

the major rainfall regimes are associated with the seasonal ebb 
and surge of two large-scale clockwise (anticyclonic) circula
tions, one over the eastern Pacific and the other over the 
western Atlantic. These circulations are part of the semiperma
nent high-pressure belt that girdles the globe between latitudes 
30° and 40° North. (Hiatt, 1953, p. 186)

Thus, much of the summer precipitation is normally associated with the

inflow of moisture-bearing winds from the Gulf of Mexico, while storm

systems from the Pacific are associated with the precipitation received

in the winter (NOAA, 1976). .

In order to simplify the DIST variable as much as possible, only 

two points of origin are selected to represent the general directions of 

winds flowing into the study area and the moisture sources themselves. 

For summer analyses, a point southeast of the state, 97°W 25°N, located 

off the coast of eastern Mexico in the Gulf of Mexico, southeast of 

Brownsville, Texas, and Matamoros, Tamaulipas, Mexico, is chosen as the 

origin for the distance equation. The selection of this point is based
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on the general, upper-level (500 millibar) flow of air associated with 

widespread summer thunderstorm activity in Arizona as suggested by Green 

and Sellers (1964). Figure 12 shows that in the idealized situation, 

flow into the area is initially from the southeast along the south

western edge of a high pressure cell. Air flow from the south predomi

nates over the central and northern sections of the study area as the 

general clockwise rotation of air around the cell meets southwesterly 

winds from the Pacific. It is assumed that lines radiating from this 

point of origin are indicative of the initial entry pattern of moist air 

into the region and allow calculation of figures roughly approximating 

travel distances of moisture-bearing air from the Gulf of Mexico to all 

of the stations.

A point southwest of the"state in the Pacific Ocean, off the 

coast of the Baja Peninsula, 116°W 30°N, is designated as the point of 

origin for the winter analyses. The idealized pattern of air flow at 

the 500 millibar level associated with the heaviest winter snowfall in 

Arizona is employed to approximate the direction and source of air 

masses crossing the state during the winter season. In Figure 13, the 

basic flow pattern of winds entering the study area is from the south

west. Lines of air-mass travel radiating from this point of origin 

again are considered to simulate distance normally traveled over land.

Neighborhood Effects

As stated previously (p. 28), a nine quadrangle neighborhood 

grid is used to approximate the area within a five-mile radius of a 

station. Techniques are developed to simulate several topographic
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Figure 12. Upper-level Air Flow Associated with Widespread Thunderstorm Activity in Arizona —  
Wind direction and speed are indicated by barbed arrows, one barb representing a 
speed of 10 mph and a triangular barb a speed of 50 mph. —  From Green and 
Sellers, 1964, p. 15.
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Figure 13. Upper-level Air Flow Associated with the Heaviest Winter Snowfall in Arizona. —  
From Green and Sellers, 1964, p. 23.
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conditions which are assumed to affect the amount of precipitation re

ceived at the station. This is done by weighting and manipulating the 

mean elevations of the quadrangles in the neighborhood grid.

REL. The roughness of the local terrain, or the "relative re

lief" in the immediate vicinity of a station, is assumed to affect 

turbulence and to trigger or increase condensation in susceptible air 

flows. The elevation differences between the station quadrangle (C) 

and each of the eight surrounding quadrangles are calculated as a mea

sure of this roughness. Whether the surface air is actually ascending 

or descending to the station, as indicated by the signs (+ or -) of the 

computed differences in elevations, is not considered.

For both summer and winter analyses, relative relief in the 

neighborhood of a station is determined as:

REL = 0.125 (|C-NW| + |c-NC| + |c-NE| + |c-CW| + |c-CE|
+ |c-sw| + |c-sc| + |c-se|)

The constant utilized in the equation, 0.125, is the decimal equivalent 

of 1/8, the total number of terms in the equation.

LEAD. It is assumed that ground levels windward of a station 

(or leading to it) will give some indication of a station's position in 

relation to a nearby highland barrier. If a station is located along a 

barrier front or immediately leeward of it, then air should be ascending 

or descending, respectively, to the station. Thus, approaching terrain 

which is not equivalent to the station quadrangle's elevation should 

affect the amount of precipitation received at the station. Lower 

elevations preceding the station should have a positive effect upon

46



47

precipitation amounts resulting from the process of adiabatic cooling of 

surface air masses rising to conform to the topography, while higher 

elevations should have a negative effect due to the adiabatic heating 

of subsiding air and its increased ability to evaporate and hold mois

ture. The greater the difference in elevation, the more influence it 

will command on precipitation figures at the station.

In order to establish the effects of the LEAD parameter on pre

cipitation, the direction from which the station is exposed to inflowing 

air masses has to be determined. For the summer and winter seasonal 

analyses, moisture is assumed to be brought into the study area from 

different sources and directions. Therefore, the wind-flow patterns 

employed in the computation of the DIST variables (pp. 42 and 43) also 

are used in the development of the LEAD variable. In the summer, mois

ture is associated with the Gulf of Mexico and so a southeasterly ex

posure is established for the summer analyses. The Pacific is assumed 

to be the moisture source in the winter, and for this season, exposure 

is calculated from the southwest.

The LEAD variables are computed for the seasonal analyses by 

obtaining the differences between the station quadrangle's elevation (C) 

and a value measuring the combined effects of the quadrangle elevations 

in the "lead neighborhood" to the southeast or southwest. For the 

summer,

LEAD = C - [(0.50(SE)) + (0.25 (SC)) + (0.25(CE))]

And in the winter,

LEAD = C - L(0.50(SW)) + (0.25 (SC)) + (0.25(CW))]
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The elevation of the quadrangle immediately preceding a station, in the 

direction determined for exposure during each season, is conceived to 

have the strongest influence on the amount of precipitation received at 

the station. Air flowing to the station will be affected primarily by 

this area; however, secondary effects are assumed to result from the 

deflection or funneling of air to the station from the surrounding. 

areas. Thus, the elevations of the two adjacent cells are also con

sidered, although their influences are assigned less weight.

FOLLOW. Because the effects of terrain barriers are experienced 

both at the barrier front and for some distance windward, precipitation 

amounts at a station can be closely linked and influenced by the area 

immediately leeward of the station. This variable is included to allow 

for such an influence.

FOLLOW variables are computed utilizing the same techniques em

ployed in the computation of the LEAD variables. Both directions and 

influences of the quadrangles are calculated in the same manner, but 

leeward cells are used instead of those windward of a station. Thus, 

for the summer,

FOLLOW = [(0.50(MW)) + (0.25(NC)) + (0.25(CW))] - C  

And in the winter,

FOLLOW = [ (0.50 (NE)) + (0.25 (NC)) 4- (0.25(CE))] - C

For this study, due to the methods of construction and calcula

tion of each of the variables, my general hypotheses are that the

\
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associations with precipitation are: a) positive for ELEV, r e l , LEAD,

and FOLLOW; and, b) negative for DIST.



CHAPTER 3

SUMMER PRECIPITATION MODEL— ANALYSIS AND VERIFICATION

The relationship between precipitation and elevation often forms 

the foundation for multivariate topographic models of precipitation. 

Therefore, simple linear regressions between precipitation and elevation 

provide standards for comparing and contrasting the results of subse

quent, more complex models and may also contribute to the understanding 

of these models. Analysis of the distribution of deviant cases— the re

siduals from regression— can also aid substantially in developing or ra

tionalizing the adoption of additional variables in the topographic model.

Summer Precipitation and Elevation 

The linear regression equation relating summer precipitation for 

the 100 stations to the mean elevation of three-minute quadrangles 

centered on the stations is:

Y = 0.000921 x ELEV + 2.708summer

This equation yields an "r" of 0.660 and a standard error of estimate of 

2.235 inches. Approximately 44% of the variation in summer precipitation 

is statistically associated with elevation. Of the 100 estimated values, 

65% are within plus or minus one standard error of the recorded summer 

precipitation figures. None of the predicted values deviates by more 

than two standard errors. Stations where estimates deviate by more than 

one standard error are plotted as residuals on Figure 14.

50
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Figure 14. Residuals of Summer Precipitation/Elevation Analysis.
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Most of the negative residuals— stations where recorded precipi

tation values are less than those estimated by elevation— are located at 

a great distance from the assumed summer moisture source, the Gulf of 

Mexico, or are north of the central mountain region which extends from 

northwestern Arizona to southwestern New Mexico. Moist air flowing into 

these areas must travel long distances without encountering major 

sources of moisture and may be forced to yield moisture by orographic 

uplift over major elevational barriers or by encountering storms before 

entering these areas. Lower-than-predicted precipitation amounts at 

many of these residual stations suggest little precipitable moisture 

is available.

The remaining negative residual. Station 69, is also situated 

far from the dominant summer moisture source. The small amount of mois

ture recorded at this particular station appears to be a result of its 

position in a topographic depression.

The positive residuals are located in or immediately preceding 

the mountainous central region of Arizona, and in the rugged "basin and 

range" region of southern Arizona. At these stations, elevation alone 

does not fully account for the high precipitation amounts associated 

with the effects of leeward terrain barriers or with the turbulence 

created by rough topography.

The Five-Variable Topographic Model

Table 3 lists the model specifications for summer precipitation. 

The five independent variables do not show strong interdependence and 

appear to measure separate phenomena. The elevation variable is most
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Table 3. Summer Precipitation/Topography Model Specifications.

CORRELATION MATRIX (r)

ELEV DIST REL LEAD FOLLOW
SUMMER 0.660 -0.531 0.435 -0.109 -0.075
ELEV ■0.080 0.277 0.032 0.103
DIST 0.079 0.189 0.316
REL -0.183 0.322
LEAD 0.113
ORDER OF ENTRY

Regression Step R R2 SE (in.)
ELEV 0.660 0.435 2.235
ELEV, DIST 0.816 0.666 1.728
ELEV, DIST, REL 0.875 0.765 1.457
ELEV, DIST, REL, FOLLOW 0.878 0.771 1.444
ELEV, DIST, REL, FOLLOW, LEAD 0.879 0.773 1.446

REGRESSION EQUATION

Y' = 0.000735summer ELEV - 0.011532 DIST + 0.004849 REL

- 0.000872 FOLLOW + 0.000445 LEAD + 14.422

highly correlated with precipitation, a result that supports many pre

vious studies. Distance from the assumed moisture source in the Gulf of 

Mexico (DIST) exhibits a moderate inverse relationship with summer rain

fall, which supports the initial expectation that as distance from a 

major moisture source increases, precipitation amounts decrease. The 

variable which attempts to measure air turbulence in the area
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surrounding a station (RED) shows a moderate positive correlation with 

summer precipitation; areas of accentuated relief generally receive 

higher summer rainfall than elsewhere.

The two remaining variables exhibit poor correlations with 

summer precipitation, and in each case the association is negative.

LEAD, which is assumed to represent a forced ascent or descent of air 

flow approaching a station, correlates poorly with precipitation. The 

correlation between summer precipitation and the FOLLOW variable is also 

weak. In light of the arguments rationalizing both of these variables 

in Chapter 2, these negative associations are surprising.

Variables are entered into the multiple regression equation in 

order of their individual contributions to the total variance as deter

mined by their coefficients of partial correlation. The variables which 

measure elevation, distance, and relative relief are the first-, second-, 

and third-order steps in the analysis. The addition of each of these 

variables produces a significant improvement in the coefficient of 

multiple correlation (R) and effectively reduces the standard error of 

estimate. The FOLLOW variable is entered in the fourth step of the re

gression, before the LEAD variable.̂  However, neither the FOLLOW nor 

the LEAD variables improve the correlation coefficient appreciably. The 

inclusion of the LEAD variable creates a slight increase, rather than a

3. Although the LEAD variable provides a better, simple corre
lation with summer precipitation than does FOLLOW (Table 3), after the 
first three variables are entered into the regression, the coefficient 
of partial correlation for the latter variable produces a greater re
duction in the total variance than does the partial coefficient created 
for LEAD.
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decrease, in the standard error. The negative coefficient associated 

with the FOLLOW variable suggests that its retention in the model may 

be detrimental rather than beneficial.

The regression equation produces a coefficient of multiple cor

relation of 0.879, which accounts for 77% of the total variation in 

summer season precipitation. The standard error of estimate (SE) is 

1.446 inches, and of the 100 stations, 74 are provided with estimates 

to within plus or minus one SE of their recorded summer normals. All 

of the remaining values deviate by less than three standard errors 

(Table 4).

Residuals

Residuals of more than one standard error from the recorded 

summer precipitation are plotted in Figure 15. Comparisons between this 

map and the one showing residuals based on elevation alone (Figure 14) 

are useful in providing a basic understanding of the benefits and de

ficiencies of the five-variable model, but it must be stressed that the 

standard error for the topographic model is reduced considerably (from 

2.235 to 1.446 inches).

In the northwestern portion of the study area, the topographic 

model eliminates all nine of the stations designated as negative resid

uals in the elevation analysis. From this result, the inclusion of a 

distance variable is surmised to be beneficial in estimating precipita

tion values at stations located far from a potential source of moisture.

For the northeast, however, only two of the eight stations de

noted by the elevation model (Stations 6 and 24) are removed as
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Table 4. Recorded and Predicted Summer 
Topography Models

Values. —  Elevation and

Station

Recorded
May-Oct.
Precip.
(inches)

Ysummer
Elev.
Pred.

(inches)

Res. 
(SE of 
2.24")

Y' summer
Topo.
Pred.

(inches)

Res. 
(SE of 
1.45")

1. 5.19 4.39 4.64
2. 12.63 10.43 11.38
3. 9.21 5.60 +1 6.65 +1
4. 9.21 6.11 +1 7.58 +1
5. 5.30 4.65 5.36
6. 6.10 9.08 -1 7.01
7. 12.28 7.36 +2 8.55 +2
8. 4.20 4.01 4.10
9. 3.95 4.01 4.09
10. 3.99 4.00 4.39
11. 8.30 5.93 +1 6.56 +1
12. 7.63 6.39 8.55
13. 4.57 8.28 -1 6.07 -1
14. 7.06 6.19 6.26
15. 13.01 8.32 +2 9.03 +2
16. 6.07 6.17 7.84 -1
17. 8.98 7.31 9.62
18. 6.61 8.64 7.90
19. 2.81 3.38 3.03
20. 8.47 5.66 +1 7.39
21. 9.45 7.53 10.59
22. 10.55 7.82 +1 9.13
23. 6.55 4.72 6.75
24. 4.41 7.04 -1 5.83
25. 12.74 9.29 +1 9.77 +2
26. 3.54 3.82 3.52
27. 8.78 6.24 +1 7.87
28. 6.17 5.84 5.12
29. 5.95 4.56 5.15
30. 7.44 5.59 7.92
31. 11.96 6.62 +2 8.28 +2
32. 5.92 7.70 7.29
33. 3.49 3.77 3.64
34. 3.38 3.75 3.50
35. 9.72 7.76 6.89 +1
36. 7.30 5.44 7.12
37. 6.12 5.10 6.34
38. 11.63 7.91 +1 11.11
39. 4.29 3.95 4.47
40. 7.15 8.02 7.84
41. 6.41 5.27 6.19
42. 6.95 5.30 6.69
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Table 4. Continued

Station

Recorded 
May-Oct. 
Freeip. 
(inches)

Ysummer
Elev.
Fred.

(inches)

Res. 
(SE of 
2.24")

Y' summer
Topo.
Fred.

(inches)

Res. 
(SE of 
1.45")

43. 12.42 7.07 +2 12.55
44. 7.55 4.94 +1 5.67 +1
45. 11.14 8.13 +1 12.34
46. 7.78 7.91 7.38
47. 3.73 3.74 4.11
48. 8.64 9.16 9.95
49. 7.39 5.85 8.26
50. 3.60 3.80 3.47
51. 9.30 7.00 +1 8.59
52. 3.52 7.22 -1 5.70 -1
53. 6.21 5.02 6.09
54. 6.25 4.93 5.74
55. 7.09 5.10 5.96
56. 5.64 7.41 6.77
57. 8.83 7.55 6.10 +1
58. 8.25 6.42 5.96 +1
59. 9.95 7.77 8.45 +1
60. 5.36 4.72 4.30
61. 7.59 6.58 7.53
62. 10.63 9.16 7.69 +2
63. 9.26 6.85 +1 8.92
64. 1.16 2.88 1.55
65. 1.14 2.90 1.60
66. 1.52 2.96 1.19
67. 1.51 3.05 1.45
68. 0.78 2.62 0.65
69. 1.15 3.97 -1 3.84 -1
70. 0.80 2.63 0.66
71. 1.76 3.52 2.49
72. 0.77 2.68 1.27
73. 1.58 3.42 2.11
74. 5.56 8.28 —1 7.16 -1
75. 7.02 8.90 6.58
76. 3.92 7.10 -1 3.61
77. 1.61 4.70 -1 1.72
78. 2.91 5.99 -1 3.40
79. 7.35 6.78 8.50
80. 8.08 7.72 10.28 -1
81. 7.79 9.37 9.08
82. 4.82 7.76 -1 6.94 -1
83. 6.73 6.83 8.87 -1
84. 6.77 6.65 8.48 -1
85. 6.51 9.39 -1 10.07 -2

H H H
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Table 4. Continued

Recorded Ysummer Y*summer
May-Oct. Elev. Res. Topo. Res.
Precip. Pred. (SE of Pred. (SE of

Station (inches) (inches) 2.24") (inches) 1.45")

86. 6.81 8.55 8.59 -1
87. 6.01 6.31 8.17 -1
88. 7.21 9.24 6.69
89. 6.06 8.23 7.04
90. 4.03 6.92 -1 5.51 -1
91. 6.51 8.14 6.13
92. 4.29 6.79 -1 4.15
93. 6.28 9.23 -1 6.29
94. 5.17 7.47 -1 5.49
95. 4.97 7.91 -1 4.37
96. 8.09 8.98 7.14
97. 6.22 7.76 7.44
98. 5.65 8.17 -1 6.08
99. 5.62 8.11 -1 6.17
100. 2.87 5.44 -1 3.35
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residuals by the use of the additional variables, although the estimates 

for the stations remaining as anomalies show some improvement. Two 

possible explanations are suggested for the position of many of these 

non-fit stations to the northeast of the central mountain region:

1) none of the variables utilized in the topographic model account for 

the influence on precipitation of a major elevational obstacle windward 

of a station, but located outside of the immediate neighborhood, and

2) moisture sources to the southwest of the region may be somewhat more 

influential in summer than commonly assumed.

A cluster of negative residuals is also situated in the south

eastern portion of the study area. The estimates provided by the eleva

tion model for these stations are consistently better than values 

predicted by the five-variable topographic model. For this area, the 

inclusion of additional variables appears detrimental.

Station 69 is again included as a negative residual. For this 

station, the value predicted by the topographic model shows only slight 

improvement (0.13 inches) over the estimate produced by the elevation 

equation, and neither of these is very accurate. However, the five- 

variable estimates for all other stations in this area are much closer 

to the recorded precipitation than the values predicted by elevation 

alone.

All of the positive residuals are situated in three general 

regions in or south of the central section of Arizona. First, a con

centration of non-fit stations dominates the center of the state, just 

northwest of a similar residual pattern displayed by the elevational 

model. Estimates for Stations 11 and 15, denoted as residuals in both
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analyses, improve slightly, but the five-variable model produces four 

new residual stations in this area (Stations 35, 57, 58, 62) with values 

lower than those predicted by elevation alone. In the east. Station 25 

is again specified as a positive residual and Station 59 is added, but 

in both cases, the topographic model yields somewhat better estimates.

In southern Arizona, five of the anomalous stations identified by the 

elevation model remain residual, but forecasts for these stations are 

also improved with the use of the additional variables.

The higher-than-predicted precipitation amounts reported at all 

of the above stations demonstrate that at least some of the meteoro

logical and topographical conditions peculiar to these anomalous areas 

are not expressed by the variables selected for the topographic model. 

Because much of the mountainous central region and many of the mountain 

ranges in the southeastern portion of the study area are roughly paral

lel to the direction assumed for air-travel patterns, moisture-bearing 

air masses from the Gulf of Mexico may be able to penetrate farther 

inland than originally assumed. Upon encountering major relief bar

riers, these air masses may disperse and "funnel" along the lower con

tours of river valleys and canyons between the higher elevations, rising 

rapidly over only those obstacles immediately in their path. If these 

suppositions are correct, then excessive moisture will be deposited both 

in and preceding those areas where air flow influenced by this funneling 

action encounters a barrier which cannot be skirted. The evidence of 

the residual cluster in the center of the state indicates that substan

tial moisture is available to stations located in this area, and that
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this phenomenon is not accounted for sufficiently by the procedure used 

to obtain the DIST variable.

Underestimation of summer precipitation stations in areas where 

an abrupt rise in slope is apparent indicates that neither the LEAD nor 

the FOLLOW variables adequately simulate the topographic effects they 

were designed to measure. In addition, the positions of several of the 

residual stations with respect to major rivers and canyons, suggests 

that the exposure of a station to inflowing air masses— defined as the 

southeast in calculation of both LEAD and FOLLOW— may be locally con

trolled or open from other directions as well.

Verification

Table 5 lists pertinent information on summer precipitation for 

the 45 verification stations selected at random from stations in the 

study area which met the required specifications. It is important to 

recall that no data from this sample were used in derivation of either 

the topographic or elevation models. Amounts predicted by the topo

graphic model for each of these stations are listed; predictions derived 

from the simple elevation equation (p. 50 above) are also included to 

provide a standard for comparison.

The five-variable topographic model predicts mean summer season 

precipitation at 29 or the verification stations (64%) to within one 

standard error (1.446 inches) of the model. Only one station exhibits 

a prediction which deviates by more than plus or minus three standard 

errors. The mean difference of the 45 predictions from recorded amounts 

is only 1.20 inches. In all but 12 cases (27%), the topographic model 

yields more accurate estimates than does the elevation equation.



63
Table 5. Recorded and Model-Predicted Summer Precipitation for 

Verification Stations

Recorded Topography Model Predictions Elev. Pred.a

Station

May-Oct. 
Precip. 
(inches)

Y' summer
(inches)

Y 1 from 
Recorded 
(inches)

Res. 
(SE of 
1.45")

Ysummer
(inches)

1. 4.50 4.00 +0.50 4.05*
2. 6.90 5'.70 +1.20 7.48*
3. 8.48 7.62 +0.86 6.08
4. 5.75 7.49 -1.74 -1 7.92
5. 10.24 8.52 +1.72 +1 9.11*
6. 6.69 5.62 +1.07 7.05*
7. 1.60 1.43 +0.17 2.98
8. 9.31 7.36 +1.95 +1 9.17*
9. 4.47 4.39 +0.08 4.15
10. 7.65 10.62 -2.97 -2 7.07*
11. 10.87 9.51 +1.36 9.75*
12. 4.09 4.36 -0.27 7.09
13. 8.27 7.48 +0.79 6.19
14. 6.91 13.15 —6.24 -4 8.68*
15. 3.92 4.18 -0.26 3.98*
16. 4.88 6.85 -1.97 -1 7.43
17. 8.77 8.10 +0.67 7.04
18. 4.76 6.79 -2.03 -1 8.00
19. 3.35 3.17 +0.18 3.68
20. 6.26 5.18 +1.08 7.55
21. 1.45 1.68 -0.23 3.13
22. 10.38 7.36 +3.02 +2 7.31
23. 5.57 6.46 -0.89 7.34
24. 10.25 8.08 +2.17 +1 7.54
25. 6.77 8.23 -1.46 -1 5.27
26. 5.91 5.30 +0.61 7.58
27. 8.99 8.59 +0.40 6.47
28. 5.11 4.88 +0.23 4.40
29. 5.35 4.52 +0.83 6.60
30. 4.78 6.32 -1.54 -1 7.27
31. 5.19 7.54 -2.35 -1 8.17
32. 1.20 2.56 -1.36 3.66
33. 0.81 0.72 +0.09 2.68
34. 1.22 2.70 -1.48 -1 3.72
35. 8.70 9.12 -0.42 9.08*
36. 2.16 3.72 -1.56 -1 5.08
37. 1.62 2.82 -1.20 5.41
38. 10.23 10.66 -0.43 8.40
39. 4.48 7.03 -2.55 -1 7.57
40. 9.77 9.98 -0.21 9.34
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Table 5. Continued

Station

Recorded 
May-Oct. 
Freeip. 
(inches)

Topography Model Predictions Elev. Pred.
Y' summer
(inches)

Y 1 from 
Recorded 
(inches)

Res. 
(SB of 
1.45")

Ysummer
(inches)

41. 8.89 9.58 -0.69 8.35*
42. 6.94 8.90 -1.96 -1 8.72*
43. 6.14 6.47 -0.33 9.02
44. 6.85 6.72 +0.13 8.79
45. 5.56 6.24 —0.68 7.41

a. An asterisk (*) next to an elevation-predicted value indi
cates that the prediction by elevation alone is closer to the recorded 
value than the prediction by the five-variable model.
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Stations at which the predicted values exceed one standard error 

are plotted on Figure 16. Most of the negative residuals are situated 

in northern Arizona and eastern New Mexico, to the northeast of the 

mountainous region which extends from northwestern Arizona to south

western New Mexico. The remaining four are located in the western por

tion of the study area or in southeastern Arizona. All of the stations 

with higher-than-predicted summer figures are situated within the 

central mountainous zone.

In the northern and northeastern portions of the study area, 

negative residuals support the observation that none of the variables 

adequately measure the effects of a major barrier lying outside the 

neighborhood realm and which may hinder the inflow of moisture. Of the 

eight stations designated as negatives in this region, only Station 14 

deviates by more than two standard errors. This particular station is 

located on the south rim of the Grand Canyon where a tremendous north

ward decrease in elevations occurs within the nine-cell neighborhood.

The extremely high precipitation estimation for this station is largely 

a result of the tremendous relief variation calculated by the REL vari

able. However, it is the contribution of the FOLLOW variable which is 

of particular concern. The inverse relationship established with summer 

precipitation suggests that the model contains a major flaw. For Sta

tion 14, the FOLLOW variable is producing a substantial increase in 

prediction (1.72 inches), which might not be expected if the variable 

was functioning rationally.

On the western margin of the region, residual stations are 

situated in areas where higher elevations exist at some distance to the
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southeast— a condition already recognized to influence precipitation but 

not well simulated by any of the variables. Nonetheless, values pre

dicted for these stations are substantially closer to recorded values 

than predictions based on elevation alone.

In the southeast. Stations 10 and 25 are also located in areas 

where major topographic barriers are located outside of the nine- 

quadrangle neighborhood in a southeasterly direction.

All of the verification stations identified as strong positive 

residuals are located in the center of the state of Arizona, of the 

four stations indicated on the map, two (Stations 5 and 8) are provided 

with better precipitation predictions by the use of elevation alone, 

whereas the topographic model offers a slight advantage in estimating 

precipitation for the others. The higher-than-predicted amounts re

corded at these stations again demonstrate the ineffectiveness of the 

five-variable model to account for excessive amounts of precipitation 

in this mountainous region.

The topographic model yields more accurate predictions of summer 

season precipitation at a majority of stations than does the simple ele

vation equation. However, in many cases, the estimations based on the 

selected five variables offer only negligible improvement and in some 

cases are notably worsened. At this point, the results of a formal 

statistical evaluation may provide some concrete notion of the relative 

worth of the topographic model.

The method of evaluation employed is a modification of the test 

for the "significance of the difference between non-independent sample 

means." A non-independent test is used because inherent pairing exists



68

between station values estimated by the two models (elevation and topo

graphic) . The probability that values predicted by the two models could 

be from the same population is high because both equations are based on 

least-squares approximations of precipitation recorded at the same 100 

stations, and because both equations include elevation as a variable. 

However, if residual values are employed, rather than the estimates 

themselves, a significant difference between the two sets of residuals 

implies that, overall, the model producing the smaller residuals is 

significantly better.

The difference between the pair of residuals for each station 

(D) is calculated without regard to arithmetic sign (+ or -) because I 

am concerned here with the relative accuracy of prediction rather than 

the direction of deviation. The sum of these differences for all 45 

verification stations is obtained and divided by the number of stations 

to yield the mean difference (X^). If the topographic model and the 

elevation equation produce identical predictions, the mean difference 

will, of course, be zero. The deviation of X^ from zero provides a 

quantitative measure of the overall difference between the two models 

and permits use of a simple "t-test" to reach a conclusion founded on 

probability.

Predictions of summer season precipitation by the topographic 

model and the elevation equation yield the following statistics:

XD

aD

ED
N

N-l

0.520 inches

(ED)2 
N(N-l) 1.283 inches
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o—  = ---r-T— = 0.191 inches
D (N) /

X_ - 0
t = -=----  = 2.717

%

For this value of t and for N = 45, the probability that the residuals 

are derived from the same population is less than 0.05. These results 

indicate a significant difference between the residuals derived from 

each modeli Because the sum of the residuals from the topographic model 

is smaller than that from the elevation equation, it is concluded that 

the topographic model is preferable.



CHAPTER 4

WINTER PRECIPITATION MODEL—  
ANALYSIS AND VERIFICATION

The model relating winter season (November-April) precipitation 

to topographic factors employs essentially the same variables as the 

summer model; only directional orientations are changed. There are, 

however, important differences in the relative weights of the various 

independent variables and their contributions to the model, in the 

model's ability to account for variation in the distribution of precipi

tation, and in the accuracy of model-based predictions.

Winter Precipitation and Elevation 

Simple regression analysis employing winter season precipitation 

and the mean elevation of 3-minute quadrangles centered on the 100 

stations yields the equation:

^winter 0.000554 x ELEV + 3.031

The coefficient of simple correlation between the two variables is 

0.421. Statistically, this equation "explains" only 18% of the varia

tion in winter precipitation. The standard error of estimate is 2.543 

inches; 63% of the estimated station values are included within one 

standard error of the observed figures, and all of the remainder fall 

within plus or minus three standard errors.

The distribution of residual stations is plotted on Figure 17. 

Most of the stations that receive precipitation amounts less than
70
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estimated by elevation are situated northeast of the mountainous region 

extending from northwestern Arizona to southwestern New Mexico. Sta

tions 83 and 93, located at the margins of this cluster, are also 

situated in areas sheltered from moisture-bearing air masses by higher 

elevations to the southwest. Of the stations specified as positive 

residuals, all but one (Station 97) are situated in or immediately 

southwest of the central section. The highlands that occupy the cen

tral portion of the state appear to act as a major barrier, inducing 

abundant precipitation locally and severely depleting precipitation in 

areas to the northeast.

The Five-Variable Topographic Model

The multiple regression model relating the winter season pre

cipitation to the five winter variables is specified in Table 6. The 

correlation matrix yields some unanticipated results. The relief vari

able (EEL), which is assumed to measure turbulence in the neighborhood 

area, shows the strongest correlation with winter season precipitation. 

Mean elevation appears moderately associated"with precipitation and the 

remaining three variables, LEAD, DIST, and FOLLOW, exhibit relatively 

weak associations. Two of the independent variables, ELEV and DIST, are 

highly correlated with one another.

In the regression equation, the relief variable (EEL), which has 

the highest correlation with winter precipitation, is entered as the 

first step. Elevation is rejected as the second step due to its high 

intercorrelation with DIST, which diminishes the relative ability of 

ELEV to reduce the total variance. Instead, the LEAD variable is entered
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Table 6. Winter Precipitation/Topography Model Specifications•

CORRELATION MATRIX (r)

ELEV DIST REL LEAD FOLLOW

WINTER 0.421 0.184 0.629 0.215 0.144

ELEV ’ 0.795 0.277 0.051 0.049
DIST 0.094 0.001 0.120
REL -0.146 0.253

LEAD 0.259

ORDER OF ENTRY

Regression Step R R2 SE (in.

REL 0.629 0.396 2.179
REL, LEAD 0.701 0.492 2.009

REL, LEAD, ELEV 0.737 0.544 1.914

REL, LEAD, ELEV, DIST 0.745 0.555 . 1.900
REL, LEAD, ELEV, DIST, FOLLOW 0.749 0.562 1.896

REGRESSION EQUATION
Y 1 . . = 0.007613 REL + 0winter .002216 LEAD + 0.000469 ELEV

- 0.003647 DIST - 0.000732 FOLLOW +3.078

as the second step, followed by ELEV, DIST, and FOLLOW. The regression 

equation yields a coefficient of multiple correlation (R) of 0.749, and 

statistically accounts for only 56% of the variation in the winter pre

cipitation. The standard error of estimate is 1.896 inches and esti

mates within one standard error of the recorded winter precipitation 

are provided for 63% of the stations. At five stations, predicted



precipitation amounts deviate by more than plus or minus two standard 

errors from their recorded figures (Table 7).

Residuals

All but five of the stations denoted as negative residuals in 

the elevation analysis are eliminated by the topographic model (Fig

ure 18). Northeast of the central section, although four of the nega

tives remain, estimates furnished by the topographic model improve 

except at Station 86. Station 93 in the northwestern part of the area 

is also provided with a better estimate. The positions of these sta

tions with respect to higher elevations in a southwesterly direction 

again infer that the 9-minute neighborhood is too small to represent the 

"blocking” effects of major windward barriers.

Several negative residuals are also generated in areas where 

none existed in the previous elevation analysis. In the southwestern 

part of the study area, the topographic model overestimates winter pre

cipitation at Station 69 by 5.12 inches, while the elevation prediction 

deviates by only 2.03 inches. The topographic model also identifies a 

cluster of negative residuals in the southeastern portion of the region. 

Winter precipitation at most of these stations is described fairly ade

quately by the elevation equation.

Positive residuals are specified in the same general areas by 

the topographic model as they are by the elevation equation. In the 

northwest, Station 97 remains a positive deviant and is joined by 

Station 88. These stations are located far from the assumed moisture 

source, but they both appear subject to efficient funneling of air flow
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Table 7. Recorded and Predicted Winter Values.— -Elevation and 
Topography Models

Recorded winter Y'winter
Nov.-April Elev. Res. Topo. Res.
Precip. Pred. (SB of Pred. (SE of

Station (inches) (inches) 2.54") (inches) 1.90")

1. 3.76 4.05 4.18
2. 6.65 7.68 7.25
3. 3.87 4.77 4.38
4. 3.19 5.08 4.09
5. 6.54 4.20 6.02
6. 5.25 6.87 5.01
7. 5.00 5.83 5.28
8. 3.91 3.82 2.88
9. 4.27 3.81 2.78
10. 4.38 3.81 3.27
11. 8.77 4.97 +1 5.67 +1
12. 4.43 5.25 6.46 -1
13. 2.81 6.39 -1 4.50
14. 6.48 5.13 6.80
15. 14.51 6.41 +3 10.59 +2
16. 3.49 5.12 3.80
17. 5.66 5.80 7.44
18. 4.31 6.60 5.23
19. 2.95 3.44 2.79
20. 8.44 4.81 +1 8.45
21. 8.46 5.94 9.75
22. 15.25 6.11 +3 10.74 + 2
23. 7.13 4.25 +1 4.85 +1
24. 2.31 5.64 -1 3.74
25. 12.16 7.00 +2 7.57 +2
26. 3.98 3.70 2.65
27. 9.27 5.15 +1 6.17 +1
28. 5.53 4.92 4.68
29. 6.98 4.15 +1 3.77 +1
30. 4.96 4.77 5.92
31. 5.32 5.39 6.21
32. 2.77 6.04 -1 4.63
33. 3.86 3.67 3.13
34. 3.67 3.66 2.74
35. 8.32 6.07 5.72 +1
36. 4.99 4.68 4.29
37. 8.03 4.47 +1 5.38 +1
38. 5.92 6.16 8.08 -1
39. 4.06 3.78 3.26
40. 3.49 6.23 -1 4.26
41. 5.54 4.57 3.92
42. 7.20 4.59 +1 4.72 +1
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Table 7. Continued

Station

Recorded 
Nov.-April 
Precip. 
(inches)

winter
Elev.
Pred.
(inches)

Res. 
(SB of 
2.54")

Y'winter
Topo.
Pred.

(inches)

Res. 
(SE of 
1.90")

43. 7.40 5.66 10.26 -1
44. 4.47 4.37 4.49
45. 13.54 6.30 +2 15.50 -1
46. 3.60 6.16 -1 4.40
47. 3.99 3.65 3.26
48. 2.69 6.91 -1 5.71 -1
49. 9.67 4.92 +1 8.04
50. 4.03 3.69 2.60
51. 3.37 5.61 5.39 -1
52. 2.70 5.75 -1 5.00 _ -1
53. 4.64 4.42 4.05
54. 4.48 4.37 3.52
55. 3.96 4.47 3.75
56. 6.06 7.93 5.86
57. 6.72 5.95 5.74
58. 8.02 5.27 +1 5.51 +1
59. 7.40 6.08 6.52
60. 5.40 4.24 3.69
61. 3.60 5.36 4.07
62. 10.49 6.91 +1 5.82 +2
63. 3.48 5.53 4.86
64. 1.61 3.13 2.76
65. 1.53 3.14 2.74
66. 1.98 3.18 2.48
67. 1.66 3.24 2.90
68. 1.37 2.98 2.41
69. 1.76 3.79 6.88 -2
70. 1.55 2.98 2.44
71. 2.30 3.52 3.72
72. 1.49 3.01 3.62 -1
73. 2.77 3.46 3.76
74. 5.98 6.39 4.93
75. 5.65 6.76 4.08
76. 4.80 5.68 5.53
77. 2.15 4.23 3.30
78. 3.71 5.00 5.11
79. 3.00 5.48 3.96
80. 4.36 6.06 6.85 -1
81. 4.55 7.04 5.00
82. 3.25 6.07 -1 3.89
83. 2.70 5.51 -1 4.17
84. 3.55 5.40 3.69
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Table 7. Continued

Station

Recorded 
Nov.-April 
Freeip. 
(inches)

winter
Elev.
Pred.
(inches)

Res. 
(SE of 
2.54")

Y'winter
Topo.
Pred.

(inches)

Res. 
(SE of 
1.90")

85. 2.73 7.05 -1 5.91 -1
86. 3.60 6.55 -1 6.64 -1
87. 3.30 5.20 4.49
88. 9.17 6.96 6.53 +1
89. 5.76 6.36 6.15
90. 3.52 5.56 3.78
91. 4.71 6.30 5.47
92. 7.00 5.49 5.57
93. 4.06 6.96 -1 6.39 -1
94. 7.04 5.90 5.87
95. 4.51 6.16 5.71
96. 5.72 6.81 4.87
97. 10.33 6.07 +1 7.12 +1
98. 8.85 6.32 7.13
99. 6.63 6.28 6.63

100. 4.69 4.68 5.28
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Figure 18. Residuals of Winter Precipitation/Topography Analysis.



along river valleys. This condition is not represented by any of the 

selected variables, and thus, winter precipitation estimates for cer

tain stations may suffer.

For central Arizona, the pattern of stations with estimated 

values below recorded values remains. Of the 13 stations identified as 

positive anomalies by the elevation model, only two (Stations 20 and 49) 

are removed. In addition. Stations 29, 35, 56 and 62 are provided with 

less adequate estimates by the five-variable model than by the eleva

tion equation. The persistence of higher-than-predicted precipitation 

values at stations in this area serves to confirm a previous supposi

tion: neither the LEAD nor the FOLLOW variables provides adequate mea

sures for the phenomena they are constructed to represent.

Verification

In Table 8, the winter season means obtained from station records 

for the 45 stations are listed, along with amounts predicted by the 

topographic and elevation models. The topographic model predicts winter 

season precipitation at 30 of the verification stations (67%) to within 

one standard error (1.896 inches) of the observed values. Predicted 

values at four stations deviate by more than two standard errors. The 

mean difference between predicted and observed amounts for the 45 sta

tions is 1.84 inches. At 24 of the stations (53%), the topographic 

model yields better predictions than the simple precipitation/elevation 

equation.

Anomalous stations are depicted on Figure 19. The distribution 

of residuals is similar to that displayed by the residuals from the
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Table 8. Recorded and Model-Predicted Winter Precipitation 
for Verification Stations

Station

Recorded 
Nov.-April 
Precip. 
(inches)

Topography Model Predictions Elev. Pred.a
y 'winter
(inches)

Y ' from 
Recorded 
(inches)

Res. 
(SB of 
1.90")

ywinter
(inches)

1. 3.28 3.38 -0.10 3.84
2. 5.48 4.93 +0.55 5.90*
3. 3.26 3.91 -0.65 5.06
4. 3.59 5.29 -1.70 6.17
5. 7.54 5.82 +1.72 6.88*
6. 5.26 4.44 +0.82 5.64*
7. 2.12 2.74 -0.62 3.19
8. 10.00 5.82 +4.18 +2 6.92*
9. 5.03 3.17 +1.86 a. 90*
10. 4.88 8.83 -3.95 -2 5.66*
11. 11.12 8.39 +2.73 +1 7.27
12. 5.29 4.38 +0.91 5.67*
13. 7.26 4.27 +2.99 +1 5.13*
14. 7.51 14.98 -7.47 -3 6.62*
15. 5.09 3.78 +1.31 3.80*
16. 2.49 4.18 -1.69 5.88
17. 9.77 9.00 +0.77 5.64
18. 3.26 4.71 -1.45 6.22
19. 4.21 2.84 +1.37 3.61*
20. 5.17 5.09 +0.08 5.95
21. 2.37 3.53 -1.16 3.29*
22. 9.97 6.72 +3.25 +1 5.80
23. 5.34 6.46 -1.12 5.82*
24. 9.12 5.70 +3.42 +1 5.94*
25. 5.17 8.48 -3.31 -1 4.57*
26. 4.53 4.73 -0.20 5.96
27. 4.16 5.05 -0.89 5.29
28. 6.39 3.84 +2.55 +1 4.05*
29. 5.32 5.13 +0.19 5.38*
30. 2.55 4.06 -1.51 5.78
31. 2.54 5.92 -3.38 -1 6.32
32. 1.59 4.45 -2.86 -1 3.60*
33. 1.49 2.47 -0.98 3.02
34. 1.71 4.64 -2.93 -1 3.64*
35. 9.12 7.82 +1.30 6.87
36. 2.99 7.20 -4.21 -2 4.46*
37. 2.46 4.29 -1.83 4.66
38. 3.76 6.86 -3.10 -1 6.46*
39. 3.16 4.16 -1.00 5.96
40. 4.43 6.56 -2.13 -1 7.02
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Table 8. Continued

Station

Recorded 
Nov.-April 
Freeip. 
(inches)

Topography Model Predictions Elev. Pred.a

^ winter 
(inches)

Y 1 from
Recorded
(inches)

Res. 
(SE of 
1.90")

^winter
(inches)

41. 5.14 6.07 -0.93 6.42
42. 4.39 5.81 -1.42 6.65
43. 3.76 5.42 -1.66 6.83
44. 5.90 6.56 -0.66 6.69
45. 8.80 8.91 -0.11 5.86

a. An asterisk (*) next to an elevation-predicted value indi
cates that the prediction by elevation alone is closer to the recorded 
value than the prediction by the five-variable model.
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100-station, five-variable model: negative residuals occur in the west,

in the area immediately northeast of the mountainous section extending 

from northwestern Arizona to southwestern New Mexico, and in the south

east; positive anomalies are located in central Arizona.

In the western portion of the study area, the estimates for 

negative residuals are generally inferior to approximations based upon 

elevation alone. These anomalous stations are located to the north and 

northeast of higher elevations, in areas sheltered from moisture-bearing 

air masses. However, the majority of the stations in this entire 

western region are predicted to within one standard error of their re

corded figures. The inflated estimates for the deviant stations seem to. 

result, at least in part, from the model's inability to adequately rep

resent the effects of barriers, especially those outside of the neigh

borhood, rather than the model's inability to simulate the overall 

meteorological conditions affecting precipitation in this area.

In the mountainous central section, the topographic model pro

vides poor predictions for two stations (31 and 40) and a very inade

quate value for Station 14 (the value is almost double the recorded 

figure). The location of Station 14 on the rim of the Grand Canyon and 

its extremely deviant value for the summer season are discussed in 

Chapter 3. The model apparently fails to predict adequately precipita

tion amounts in areas of exaggerated relief— at least where relief is 

created by a deep canyon cut through an otherwise rolling area. For 

Stations 31 and 40, the five-variable equation produces values slightly 

better than those predicted by the elevation equation, but neither model 

is particularly adequate. High elevations exist in the areas immediately



outside of the nine-cell neighborhood to the west and/or southwest of 

these stations, and none of the variables accounts for these conditions.

To the southeast. Stations 10, 25 and 38 appear as negative 

residuals. In all three cases, elevation alone provides better predic

tions than the five-variable topographic model, and the unmeasured 

effects of distant barriers appear responsible.

The location of all positive residuals in the central highlands 

is consistent with residuals identified in deriving the topographic 

model. The rapid and immense orographic boost in this region is not 

adequately represented by the LEAD and FOLLOW variables.

The t-test comparing residuals from the topographic model and 

the elevation equation (see pp. 67-69) yields discouraging results:

XD = 0.022 inches

0^ = 1.633 inches

0“  = 0.243 inches 
XD

t = 0.089

For 45 observations, the probability of obtaining this value of t is 

greater than 0.90, indicating very little difference between the overall 

accuracy of the two methods of prediction. The topographic model is 

adopted and considered generally preferable, but in some areas of un

usually great relief this model tends to overestimate winter precipita

tion by substantial amounts.
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CHAPTER 5

MEAN ANNUAL PRECIPITATION

Summation of the model-predicted values for summer season and 

winter season precipitation yields an estimate of mean annual precipi

tation for each of the analysis stations. Use of the seasonal five- 

variable model equations, in conjunction with the elevation data file 

and the previously described computer mapping program (p. 19), allows 

prediction of annual amounts of three-minute cells in the region and 

rapid construction of a map. However, in order to evaluate the utility 

of combining the seasonal models and to interpret the validity of the 

patterns portrayed on the computer-produced map, it is necessary to 

establish and adopt some standards for comparison.

Reliability of Annual Precipitation Estimates 

Calculation of a standard error value and the use of standard

ized residuals to evaluate the accuracy of annual precipitation esti

mates are complicated by the dependence of annual values on sums from 

two separate models which employ slightly differing variables. For this 

reason, two simple measures are used to indicate the correspondence 

between observed (recorded) precipitation and predicted amounts for the 

100 analysis stations. The differences between observed and estimated 

annual precipitation for these control stations, expressed in inches, 

provide one indication of the general reliability of the predictions 

and allow general analysis of the spatial variation of deviant cases.

It is also useful to examine these differences in terms relative to the

85



86
observed annual values, i.e., by expressing the amount of error in esti

mation as a percent of the recorded annual mean.

Table 9 lists recorded and estimated annual precipitation values 

for the 100 stations used in analysis. The frequency distribution of 

estimation errors is symmetrical about zero: 48 stations are under

estimated and 52 are overestimated. Of the 100 stations, the combined 

summer-plus-winter model estimates 26 within one inch of their recorded 

annual precipitation, 56 within two inches, and 77 within three inches. 

The mean difference between recorded and estimated values is 2.24 inches. 

The more deviant cases are Stations 15, 25, and 62, where recorded pre

cipitation exceed model-predicted values by 7.90, 7.56, and 7.61 inches, 

respectively, and Stations 69 and 85, where recorded precipitation 

amounts are less than predicted values by 7.80 and 6.74 inches, respec

tively.

Expression of the difference between observed and estimated 

values as a percent of the observed value is also helpful in evaluating 

the predictions. For half of the analysis stations, estimates are 

within 16% of the recorded annual precipitation. The amount of error 

in estimation is greater than 40% at only 11 stations; however, the 

percent of error in prediction is very great at a few stations where 

recorded annual means are small (most notable are Stations 69 and 72, 

where the errors in prediction exceed the recorded values by more than 

100%).
Figure 20 shows the spatial distribution of deviant estimates. 

All but two of the stations underpredicted by three or more inches 

(indicated as positive values on the map) are clustered in the
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Table 9. Recorded and Model-Predicted Annual Precipitation Values. 
(Summer-plus-Winter)

Station

Topo.
Pred. Difference Error

Recorded Summer + Recorded in
Annual Winter less Pred.
Precip. Values Predicted (% of
(inches) (inches) (inches) Ann.)

1. 8.95 8.82 +0.13
2. 19.28 18.63 +0.65
3. 13.08 11.03 +2.05
4. 12.40 11.68 +0.72
5. 11.84 11.40 +0.44
6. 11.35 12.03 -0.68
7. 17.28 13.82 +3.46
8. 8.11 6.98 +1.13
9. 8.22 6.87 +1.35

10. 8.37 7.66 +0.71
11. 17.07 12.23 +4.84
12. 12.06 15.01 -2.95
13. 7.38 10.57 -3.19
14. 13.54 13.07 +0.47
15. 27.52 19.62 +7.90
16. 9.56 11.63 -2.07
17. 14.64 17.06 -2.42
18. 10.92 13.13 -2.21
19. 5.76 5.83 -0.07
20. 16.91 15.84 +1.07
21. 17.91 20.35 -2.44
22. 25.80 19.86 +5.94
23. 13.68 11.60 +2.08
24. 6.72 9.57 -2.85
25. 24.90 17.34 +7.56
26. 7.52 6.18 +1.34
27. 18.05 14.04 +4.01
28. 11.70 9.80 +1.90
29. 12.93 8.91 +4.02
30. 12.40 13.85 -1.45
31. 17.28 14.49 +2.79
32. 8.69 11.92 -3.23
33. 7.35 6.78 +0.57
34. 7.05 6.24 +0.81
35. 18.04 12.61 +5.43
36. 12.29 11.42 +0.87
37. 14.15 11.72 +2.43
38. 17.55 19.19 -1.64
39. 8.35 7.72 +0.63
40. 10.64 12.10 -1.46

1
3

16
6
4 
6
20
14
16
8
28
24
43
3

29
22
17
20

14 
23
15 
42
30 
18 
22
16
31 
12 
16 
37
8
11
30
7 
17
9
8 
14

rH 10
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Table 9. Continued

Topo.
Pred. Difference Error

Recorded Summer + Recorded in
Annual Winter less Pred.
Precip. Values Predicted (% of

Station (inches) (inches) (inches) Ann.)

41. 11.95 10.11 +1.84 15
42. 14.15 11.41 +2.74 19
43. 19.82 22.81 -2.99 15
44. 12.02 10.16 +1.86 15
45. 24.68 27.83 -3.15 13
46. 11.38 11.78 -0.40 4
47. 7.72 7.38 +0.34 4
48. 11.33 15.66 -4.33 38
49. 17.06 16.30 +0.76 4
50. 7.63 6.07 +1.56 20
51. 12.67 13.98 -1.31 10
52. 6.22 10.70 -4.48 72
53. 10.85 10.13 +0.72 7
54. 10.73 9.26 +1.47 14
55. 11.05 9.71 +1.34 12
56. 11.70 14.70 -3.00 26
57. 15.55 11.84 +3.71 24
58. 16.27 11.47 +4.80 30
59. 17.35 14.96 +2.39 14
60. 10.76 8.00 +2.76 26
61. 11.19 11.60 -0.41 4
62. 21.12 13.51 +7.61 36
63. 12.74 13.79 -1.05 8
64. 2.77 4.31 -1.54 56
65. 2.67 4.33 -1.66 62
66. 3.50 3.66 -0.16 5
67. 3.17 4.35 -1.18 37
68. 2.15 3.06 -0.91 42
69. 2.91 10.71 -7.80 268
70. 2.35 3.10 -0.75 32
71. 4.06 6.21 -2.15 53
72. 2.26 4.89 -2.63 116
73. 4.35 5.87 -1.52 35
74. 11.54 12.09 -0.55 5
75. 12.67 10.66 +2.01 16
76. 8.72 9.14 -0.42 5
77. 3.76 5.02 -1.26 34
78. 6.62 8.52 -1.90 29
79. 10.35 12.46 -2.11 20
80. 12.44 17.13 -4.69 38
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Table 9. Continued

Topo.
Pred. Difference Error

Recorded Summer + Recorded in
Annual Winter less Pred.
Freeip. Values Predicted (% of

Station (inches) (inches) (inches) Ann.)

81. 12.34 14.08 -1.74 14
82. 8.07 10.83 -2.76 34
83. 9.43 13.03 -3.60 38
84. 10.32 12.17 -1.85 18
85. 9.24 15.98 -6.74 73
86. 10.41 15.23 -4.82 46
87. 9.31 12.66 -3.35 36
88. 16.38 13.23 +3.15 • 19
89. 11.82 13.19 —1.37 12
90. 7.55 9.29 -1.74 23
91. 11.22 11.60 -0.38 3
92. 11.29 9.72 +1.57 14
93. 10.34 12.69 -2.35 23
94. 12.21 11.36 +0.85 7
95. 9.48 10.08 -0.60 6
96. 13.81 12.01 +1.80 13
97. 16.55 14.56 +1.99 12
98. 14.50 13.21 +1.29 9
99. 12.25 12.80 -0.55 4

100. 7.56 8.63 -1.07 14
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mountainous central region of Arizona; the remaining stations (7 and 88) 

are also located in areas of accentuated relief. Overprediction is, for 

the most part, confined to areas northeast of the central mountain re

gion which extends from northwestern Arizona to southwestern New Mexico 

(Station 69 is the exception). As indicated in the analyses of both the 

summer and winter topographic models, the absence of variables to repre

sent barriers outside of the nine-cell neighborhood or which adequately 

simulate widespread orographic effects constitutes major and very ob

vious shortcomings in the aggregated model's predictive capability.

These inadequacies must be considered when interpreting all predictions 

of annual precipitation within these regions.

The Map of Annual Precipitation

Figure 21 is a generalized, reduced version of the computer- 

produced map of mean annual precipitation. Precipitation is represented 

by six categories bounded by isohyets at eight inch intervals, although 

it is quite simple to specify any number of categories with any desired 

set of interval values in the mapping program. The map projection em

ployed is an equirectangular projection with a standard parallel at 

37.205°N; this projection lends itself to lineprinter production of 

quadrilaterals in the approximate latitude of Arizona.

The pattern of annual precipitation conforms, in general, to 

patterns outlined on previously published maps (Green and Sellers, 1964, 

University of Arizona Hydrology Program, n.d.). Detailed comparisons 

with the latter are not particularly meaningful because construction of 

these maps employs interpolation schemes having various degrees of
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subjectivity. There are, however, several major differences between the 

computer-produced map and the one depicted on Figure 1.

Differences are most apparent in the central mountainous region 

of Arizona, where the topography-based map consistently indicates lesser 

amounts of precipitation and smaller zones bounded by isohyets than does 

Figure 1. Dissimilarities between the two maps are also noticeable in 

other areas. Throughout much of the northeastern plateau region, the 

model-predicted map values are a few inches higher than those on Fig

ure 1; the "rainshadow" areas exhibited on Figure 1 by the 0-8 inch 

category is not predicted by the aggregate topography model. In the 

southwestern portion of the state of Arizona, the topography-based map 

also emphasizes the influence of isolated mountain ranges by exhibiting 

both higher peak values and larger areas within the same precipitation 

categories than are shown on Figure 1. Despite the smoothing effect of 

estimating precipitation by three-minute cells and by the use of only 

six precipitation categories, the topographically-predicted map also 

suggests somewhat more complex patterns throughout the state than those 

displayed on Figure 1.

Some of the dissimilarities undoubtedly reflect the inability 

of the topographic model, at least in its present form, to express the 

influence of distant barriers on precipitation. On the other hand, the 

subjective procedures used in the construction of Figure 1, as opposed 

to the objective procedures utilized in the construction of my map, 

suggest that comparison of the two maps may be an inadequate standard

of evaluation.



CHAPTER 6

SUMMARY AND CONCLUSIONS

Interpolation and the subjective use of topography are techniques 

employed in the preparation of isohyetal maps to provide general guides 

between points where actual precipitation amounts are recorded. Due to 

the irregular spacing of precipitation gauging stations in most existing 

networks, problems are often encountered in the construction of these 

maps, especially in areas where precipitation data are relatively 

limited.

In this study, the use of statistical models, based on topo

graphic features, and the employment of a computerized elevation data 

file are considered as alternatives to previous methods. Automating the 

jobs of both computation and mapping by converting the study area into a 

schematic representation which can be handled by computer is observed to 

have definite advantages. Local variations in landscape features con

sidered to influence the distribution of precipitation can be simulated 

by manipulating elevation values contained within the data file. The 

relationships which exist between precipitation and the effects of these 

features can be determined by regression analysis, and the equations 

developed can be employed to estimate precipitation amounts for any area 

represented by the data file.

For Arizona, the topographic features assumed to influence pre

cipitation during each of the defined seasons are identified and pro

cedures are specified to measure their effects. The two variables which

94
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refer to the elevation of a station's environment (ELEV) and to the 

relative relief of the surrounding area (REL) are observed to account 

for a large share of the variation in both summer and winter precipita

tion amounts. The other variables are recognized to be less influential. 

For distance from a moisture source (DIST), a moderate effect on pre

cipitation is established in the summer analysis, but in the winter 

analysis, this variable is evidenced to be of almost negligible value. 

Virtually no support in accurately estimating precipitation amounts for 

either season is provided by the variables selected to represent the 

effects of the slopes leading to and following a station (LEAD and 

FOLLOW), and their inclusion in the summer model is demonstrated as 

being detrimental. However, the relationships expressed are surmised to 

be results of inadequate definition of LEAD and FOLLOW and not absence 

of the effect of slope on precipitation. Estimates of mean annual pre

cipitation for both station and cell locations are derived by summing 

the summer- and winter-season values.

Recommendations

Several of the variables selected for this study are considered 

inadequate in their abilities to simulate either: a) the meteorological

conditions, or b) the topographic effects which exist in some parts of 

the study area. The need to develop different techniques to measure 

these conditions and their effects is recognized. Three specific recom

mendations which might improve the predictive capabilities of future 

topographic models applied to Arizona and to other areas are suggested

below.
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1) Many of the stations supplied with deficient approximations 

of their recorded figures are situated either in areas sheltered by an 

elevational barrier or immediately windward of an abrupt rise in slope. 

Apparently, the effects of these phenomena are not measured adequately 

by the LEAD and FOLLOW variables. By expanding the size of the neigh

borhood to encompass a larger area (perhaps 6' x 6' or 9' x 9'), the 

angles of both slopes might be more accurately represented. Also, the 

ability of river valleys and canyons to funnel air masses to stations 

from directions other than only from the southeast or only from the 

southwest might be incorporated in some way when defining a station's 

exposure: perhaps a procedure which measures the amount of area within

the neighborhood with elevations lower than the station's (in any di

rection) might be considered. In addition, the FOLLOW variable, which 

is included only as an attempt to account for the variation in precipi

tation amounts at stations preceding an abrupt rise in topography might 

be negated (set equal to zero) when lower elevations occur alee of a 

station; this would specify that the amount of precipitation received 

at the station should not be affected by leeward areas with elevations 

lower than the station's.

2) The omission of a variable which determines the effects of a 

major highland barrier windward of a station, but located outside of the 

neighborhood, is also purported to be one of the main reasons the models 

produce deficient forecasts at many of the deviant stations. Although 

an expansion of the neighborhood size might take into account highlands 

which are situated immediately outside of the presently defined area, 

major barriers influencing the amount of moisture available to a station
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still may not be represented. Therefore, not only should the existence 

of a barrier windward of a station and at a specified height above the 

station's elevation be established, but the distance of this barrier 

from the station might be considered as well. The use of computers to 

"search" the data file for higher elevations which precede each station 

or area is suggested; the size of the data file and the size of the 

study area must be considered, as well as the amount of "core memory 

space" which is available on the computer to be used. One of two possi

ble methods might be employed, depending on the above stated conditions: 

a) read the entire data file into memory, and for every cell, search for 

"effective" barriers to air flow outside of the neighborhood and compute 

an estimate of precipitation, disposing of each line north of the area 

being considered when it is no longer needed to establish an effect on 

precipitation; or, b) working with only one cell at a time, read into 

the computer's memory one line of the data file, establish if any bar

riers precede the cell being considered and are outside of the pre

defined neighborhood, calculate their distances and effects, dispose of 

that line, and continue the procedure until the entire data file is 

searched and an estimated precipitation amount is computed (this pro

cedure must be completed for each cell in the data file). For station 

or control point analysis, a manual search of the study area for effec

tive barriers is not recommended; it is suggested that the search be 

performed by using the data file and establishing the approximate loca

tions of stations in reference to cell locations.

3) The variable, distance from a moisture source, is used to 

provide some indication of the amount of moisture which is available
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to a station or area— that is, less precipitable moisture is assumed to 

be available to an area the farther it is located from a possible source 

of moisture. Nevertheless, extremely high precipitation amounts are 

recorded at stations located in or preceding the central mountainous 

region of Arizona and at intermediate distances from either of the as

sumed moisture sources. This particular situation is suggested to be 

one of the main reasons the DIST variable is only moderately associated 

with summer precipitation and is almost negligibly associated with 

winter precipitation in Arizona. However, another possible conclusion 

is proposed for these relatively weak associations with summer and 

winter precipitation: the amount of moisture available to an area may

not be a function of the direct distance established between the area 

and each assumed source of moisture. Large amounts of moisture are re

moved from the air by both condensation and precipitation. Once condi

tions favorable to promoting these phenomena occur, the amount of 

moisture contained in the air may be greatly reduced— that is, as 

distance is increased, moisture availability may be decreased at varying 

rates. Thus, it is suggested that the assumption of a linear relation

ship which is established for the DIST variable may be erroneous and a 

curvilinear relationship may be more applicable.

Conclusions

Maps of precipitation distribution are considered important 

tools in assessing water resource forecasting, plans, and allocation.

The employment of statistical models to establish the effects of local 

terrain on precipitation and the use of these models to construct
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isohyetal maps for any area where elevation data are available is not 

adjudged unrealistic. Rather, the continued development of associa- 

tional and predictive models and of techniques which describe and map 

the distribution of precipitation in great detail are regarded as 

valuable contributions to providing alternatives to previous mapping 

procedures.



APPENDIX A

MEAN ANNUAL PRECIPITATION 

COMPUTER MAP PROGRAM

100



PROGRAM MAP (TAP El, TAPE 2=100,TAPE 3=100,0UTPUT=100)
OIKLNSION^E(140^160), L(160)>LL(160),LM(160),LN(lfc0)WRITE(2,62)62 FURMAT(lHl)WRITE(3,62)00 110 1=1,140READ (1) (E(I,J), J = 1,160)110 CONTINUEDC 102 1=2,139 DO 100 J = 2,li>9 A I = I

W L A T 0 = [ ( 6 8 * 9 2 % * ( ( 3 7 ^ 9 7 5 - ( ( A I - 1 . 0 ) * . 0 5 ) j ? 3 ? ! ? 1 ‘ t t * * ? 1 W L U N D = ( ( 5 7 . 4 0 7 * ( (  1 1 5 . 9 7 5 - ( ( A J - l . 0 ) * . 0 5 ) 1 - 1 1 6 . 0 ) ) * * 2)Wl)*SORT( WLATD + WLOND)C = E( I , J)N W = E ( I - 1 , J ~ 1)NC = E ( 1 - 1 , J )EN = E ( 1 - 1 »  J + l) cv:=E( I, J - l )C E = E ( I , J + 1 )S W = E ( I + l « J — l)SC = E ( I + 1» J )
RL:L = ! l P 5 * ( A B S ( C - N W ) 4 - A B S ( C - N C H A R S ( C - F .  N) + A B S  ( C - C k  ) + A B S ( C - C E  ) + C A C S ( C - S W ) + A B S ( C - S C ) + A B S ( C - S E )) % tS L E A D  = C - ( ( . 5 0 * S E ) f ( . 2 5 * SC H - ( . 2 5 * C E  )

WL E A O  = C - ( ( . 5 0 * S W )  + ( . 2 5 * S C )  + ( . 2 5 * C W )  )
WY=U0076l2 0l75N*REL)Ĥ 0022i5705B*Vl̂ AD)'K.0004 6941090*E(I,J))- 

C ( .0036468700*WD)-(.00073175303*WFOLLOW)+3.0777930
AY-WY+SY -------- L(J)=1HL L ( J ) = 1 H L N ( J ) = 1H L N ( J ) = 1 H
IF(AY.GE.O IF(AY.GE.0 IF(AY.GF.O IF(AY.GE.O IF(AY.GT.8 IF(AY.GT.8 IF(AY.GT.8 IF(AY.GT.8

.0.AND.AY.IF.8.0).O.AND.AY.LE.6.0) .0.AND.AY.LE.8.0).O.AND.AY.IF.6.0) _.0.AND.AY.LE.16.0) L(J)=1H.
Io Ia n d Ia y Il e Ii o Io ) l m !j !=ih.O.AND.AY.LE.16.0) LN(J)=1H 101
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IF(AY.GT.IF ( AY.GT.IF(AY.GT.IF(AY.GT.IF(AY.GT.IF(AY.GT.IF(AY.GT.IF(AY.GT.IF(AY.GT.IF(AY.GT.IF(AY.GT.IF(AY.GT.____IF(AY.GT.40.0) IF(AY.GT.40.0) IF(AY.GT.40.0) IF(AY.GT.40.0)

16.0. AND. AY.IF. .24.0)16.0. AND.AY.LE.24.0)16.0. AND.AY.LE.24.0)16.0. AND.AY.LE.24.0)24.0. AND.AY.LE.32.0)24.0. AND.AY.LE.32.0)24.0. AND.AY.LE.32.0)24.0. AND.AY.LE.32.0) .O.AN0.AY.LE.4O.O) .O.AND.AY.LF.40.0) .O.AND.AY.LF.40.0) .O.AND.AY.LE.40.0)L(J)=1H0 LL(J)=1HX LM(J)=1HA L N ( J ) = 1H V

3 2n32

102

CONTINUEWFITE(2,60)(L(K),K=2,131) FORNAT(IX,130A1) WRITE(3,60)(L(K),K=132,159)WRITE(2,70)( LL(K ) --FORNA T(1H + »130A1)WFITE(2,70) (LM(K )WRITE (2,70) (LN(K),.,-ta, .... WRITE(3,70)(LL(K),K=132,159) WPITE(3,70)(LM(K),K=132,159) WRITE(3,70)(LN(K),K=132,159) CONTINUE STOP END

K=2,131)
,K=2,131) ,K=2,131)

L (J )=1H- LL ( J) =1H L M ( J ) * 1H LN(J ) = 1 H L(J) = 1 HO LL(J ) =1H L M ( J ) = 1 H LN(J)=1H L( J) = 1H0 LL(J)=1HX LM(J)=1H LN(J)=1H

102



APPENDIX B

STATIONS USED IN ANALYSES

Precipitation
Gauging
Station

Elev.
(feet)

Lat.
(»')

Long.
(*')

Annual
Precip.
30-year
Normal
(inches)

Arizona 
1. A jo 1790 32 22 112 52 8.95
2. Alpine 8050 33 51 109 08 19.28
3. Amado 3050 31 43 111 03 13.08
4. Apache Powder Co. 3690 31 54 110 15 12.40
5. Bartlett Dam 1650 33 49 111 38 11.84
6. Betatakin 7286 36 41 110 32 11.35
7. Canelo 1 NW 4985 31 33 110 32 17.28
8. Casa Grande 1415 32 52 111 44 8.11
9. Casa Grande Ruins NM 1419 33 00 111 32 8.22
10. Chandler Heights 1425 33 13 111 41 8.37
11. Childs 2650 34 21 111 42 17.07
12. Clifton 3460 33 03 109 17 12.06
13. Copper Mine TP 6380 36 38 111 25 7.38
14. Cordes 3773 34 18 112 10 13.54
15. Crown King 6000 34 12 112 20 27.52
16. Duncan 3660 32 45 109 07 9.56
17. Fritz Ranch 4321 33 20 109 11 14.64
18. Ganado 6340 35 43 109 34 10.92
19. Gila Bend 735 32 57 112 43 5.76
20. Gisela 2900 34 07 111 17 16.91
21. Jerome 5245 34 45 112 07 17.91
22. Junipine 5134 34 58 111 45 25.80
23. Kelvin 1850 33 06 110 58 13.68
24. Leupp 4700 35 17 110 58 6.72
25. McNary 7320 34 04 109 51 24.90
26. Mesa Exp. Farm 1230 33 25 111 52 7.52
27. Miami 3560 33 24 110 53 18.05
28. Montezuma Castle NM 3180 34 37 111 50 11.70
29. Mormon Flat 1715 33 33 111 27 12.93
30. N Lazy H Ranch 3050 32 07 110 41 12.40
31. Patagonia 4044 31 33 110 45 17.28
32. Petrified Forest NP 5425 34 48 109 54 8.69
33. Phoenix Indian School 1115 33 30 112 04 7.35
34. Phoenix WSO AP 1117 33 26 112 01 7.05
35. Prescott 5510 34 34 112 28 18.04
36. Redington 2868 32 26 110 29 12.29
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Annual
Precip.

Precipitation 30-year
Gauging
Station

Elev.
(feet)

Lat.
(O.) Long.(°.) Normal

(inches)

37. Roosevelt 1 WNW 2205 33 40 Ill 09 14.15
38. Rucker Canyon 5370 31 45 109 25 17.55
39. Sacaton 1285 33 04 111 45 8.35
40. Saint Johns 5730 34 30 109 22 10.64
41. San Carlos 2643 33 21 110 27 11.95
42. San Carlos Reservoir 2532 33 10 110 31 14.15
43. Santa Rita Exp. Range 4300 31 46 110 51 19.32
44. Sells 2405 31 55 111 53 12.02
45. Sierra Ancha 5100 33 48 110 58 24.68
46. Snowflake 5642 34 30 110 05 11.38
47. South Phoenix 1155 33 23 112 04 7.72
48. Springerville 7060 34 08 109 17 11.33
49. Superior 2995 33 18 111 06 17.06
50. Tempe 1150 33 26 111 56 7.63
51. Tombstone 4610 31 42 110 03 12.67
52. Tuba City 4936 36 08 111 15 6.22
53. Tucson Magn. Obsy. 2526 32 15 110 50 10.85
54. Tucson Univ. of Arizona 2444 32 15 110 57 10.73
55. Tucson WSO AP 2584 32 07 110 56 11.05
56. Tuweep 4775 36 17 113 04 11.70
57. Walnut Creek 5090 34 56 112 49 15.55
58. Walnut Grove 3764 34 18 112 33 16.27
59. Whiteriver 5280 33 50 109 58 17.35
60. Wickenburg 2095 33 58 112 44 10.76
61. Willcox 4175 32 18 109 51 11.19
62. Williams 6750 35 15 112 11 21.12
63. Y Lightning Ranch 4550 31 27 110 12 12.74
64. Yuma Citrus Station 191 32 37 114 39 2.77
65. Yuma WSO AP 194 32 40 114 36 2.67

California
66. Blythe 268 33 37 114 36 3.50
67. Blythe FAA AP 390 33 37 114 43 3.17
68. Brawley 2 SW - 100 32 57 115 33 2.15
69. Bayfield Pumping Plant 1370 33 42 115 38 2.91
70. Imperial — 64 32 51 115 34 2.35
71. Needles FAA AP 914 34 46 114 37 4.06
72. Niland - 60 33 17 115 31 2.26
73. Parker Reservoir 738 34 17 114 10 4.35

Colorado
74. Cortez 6177 37 21 108 34 11.54
75. Northdale 6680 37 49 109 02 12.67
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Precipitation
Guaging
Station

Elev.
(feet)

Lat.(°.) Long.(O.)

Annual
Precip.
30-year
Normal
(inches)

Nevada
76. Caliente 4402 37 37 114 31 8.72
77. Las Vegas WSO AP 2162 36 05 115 10 3.76
78. Searchlight 3540 35 28 114 55 6.62

New Mexico 
79. Animas 4415 31 57 108 49 10.35
80. Cureton Ranch 5200 32 32 108 34 12.44
81. El Morro NM 7225 35 03 108 21 12.34
82. Farmington 4 NE 5395 36 45 108 10 8.07
83. Hachita 1 N 4495 31 56 108 20 9.43
84. Lordsburg 4 SE 4250 32 18 108 39 10.32
85. Quemado Ranger Station 6879 34 21 108 30 9.24
86. Tohatchi 1 ESE 6420 35 51 108 44 10.41
87. Virden 3775 32 41 108 59 9.31

Utah
88. Alton 7040 37 26 112 29 16.38
89. Blanding 6036 37 37 109 28 11.82
90. Bluff 4315 37 17 109 33 7.55
91. Escalante 5810 37 46 111 36 11.22
92. Gunlock Power House 4060 37 17 113 43 11.29
93. Hatch 6910 37 39 112 26 10.34
94. Kanab 4985 37 03 112 32 12.21
95. Modena 5460 37 48 113 55 9.48
96. Monticello 6820 37 52 109 18 13.81
97. New Harmony 5290 37 29 113 18 16.55
98. Orderville 5440 37 16 112 38 14.50
99. Parowan Airport 5930 37 52 112 50 12.25

100. Saint George 2760 37 07 113 34 7.56



APPENDIX C

VERIFICATION STATIONS

Annual 
Precip.

Precipitation 30-year
Gauging
Station

Elev.
(feet)

Lat.(0.) Long.
(*')

Normal
(inches)

Arizona
1. Ajo Well 1430 32 37 112 50 7.78
2. Ash Fork 5210 35 13 112 29 12.38
3. Benson 3670 31 58 110 18 11.74
4. Canyon de Chelly 5540 36 09 109 32 9.34
5. Chevelon RS 7006 34 32 110 55 17.78
6. Chino Valley 4750 34 45 112 27 11.95
7. Ehrenberg 323 33 36 114 32 3.72
8. Flagstaff WSO AP 7006 35 08 111 40 19.31
9. Florence 1505 33 02 111 23 9.50

10. Fort Grant 4825 32 37 109 57 12.53
11. Fort Valley 7347 35 16 111 44 21.99
12. Fredonia 4675 36 57 112 32 9.38
13. Globe 3550 33 23 110 47 15.53
14. Grand Canyon Nat. Park 6950 36 03 112 08 14.42
15. Granite Reef Dam 1325 33 31 111 42 9.01
16. Holbrook 5080 34 54 110 10 7.37
17. Irving 3762 34 24. 111 37 18.54
18. Kayenta 5665 36 44 110 16 8.02
19. Litchfield Park 1030 33 30 112 22 7.56
20. Mount Trumbull 5600 36 25 113 21 11.43
21. Parker 425 -34 10 114 17 3.82
22. Payson RS 4848 34 14 111 20 20.35
23. Peach Springs 4970 35 33 113 24 10.91
24. Pleasant Valley RS 5050 34 06 110 56 19.37
25. Sabino Canyon 2640 32 18 110 49 11.94
26. Seligman 5250 35 19 112 53 10.44
27. Stephens Ranch 4000 31 24 109 12 13.15
28. Stewart Mtn. 1422 33 34 111 32 11.50
29. Truxton Canyon 3820 35 23 113 40 10.67
30. Winslow WSO AP 4895 35 01 110 44 7.33
31. Wupatki NM 4908 35 31 111 32 7.73
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Precipitation
Gauging
Station

Elev.
(feet)

Lat.(O.) Long.
(°')

Annual 
Precip. 
30-year 
Normal 
(inches)

California
32. Eagle Mountain 973 33 48 115 27 2.79
33. El Centro 2 SSW - 30 32 46 115 34 2.30
34. Iron Mountain 922 34 08 115 08 2.93

Colorado
35. Mesa Verde Nat. Park 7070 37 12 108 29 17.82

Nevada
36. Boulder City 2525 35 59 114 51 5.15
37. Desert Nat. WL Range 2920 36 26 115 22 4.08

New Mexico
38. Fort Bayard 6142 32 48 108 09 13.99
39. Fruitland 2 E 5145 36 44 108 21 7.64
40. Luna RS 7050 33 50 108 56 14.20
41. Reserve RS 5847 33 43 108 47 14.03
42. Zuni 3 NE 6440 35 05 108 47 11.33

Utah
43. Panguitch 6720 37 49 112 27 9.90
44. Tropic 6280 37 38 112 05 12.75
45. Zion Nat. Park 4050 37 13 112 59 14.36



APPENDIX D

PRECIPITATION OCCURRING BETWEEN MAY AND OCTOBER

Recorded
May-Oct. Percent
Precip. of Annual

Precipitation Station (inches) Precip.

Arizona
1. A jo 5.19 58
2. Alpine 12.63 66
3. Amado 9.21 70
4. Apache Powder Co. 9.21 74
5. Bartlett Dam 5.30 45
6. Betatakin 6.10 54
7. Canelo 1 NW 12.28 71
8. Casa Grande 4.20 52
9. Casa Grande Ruins NM 3.95 48
10. Chandler Heights 3.99 48
11. Childs 8.30 49
12. Clifton 7.63 63
13. Copper Mine TP 4.57 62
14. Cordes 7.06 52
15. Crown King 13.01 47
16. Duncan 6.07 64
17. Fritz Ranch 8.98 61
18. Ganado 6.61 61
19. Gila Bend 2.81 49
20. Gisela 8.47 50
21. J erome 9.45 53
22. Junipine 10.55 41
23. Kelvin 6.55 48
24. Leupp 4.41 66
25. McNary 12.74 51
26. Mesa Exp. Farm 3.54 47
27. Miami 8.78 49

to CO Montezuma Castle NM 6.17 53
29. Mormon Flat 5.95 46
30. N Lazy H Ranch 7.44 60
31. Patagonia 11.96 69
32. Petrified Forest NP 5.92 68
33. Phoenix Indian School 3.49 48
34. Phoenix WSO AP 3.38 48
35. Prescott 9.72 54
36. Redington 7.30 59
37. Roosevelt 1 WNW 6.12 43
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Precipitation Station

Recorded 
May-Oct. 
Freeip. 
(inches)

Percent 
of Annual 
Precip.

38. Rucker Canyon
39. Sacaton
40. Saint Johns
41. San Carlos
42. San Carlos Reservoir
43. Santa Rita Exp. Range
44. Sells
45. Sierra Ancha
46. Snowflake
47. South Phoenix
48. Springerville
49. Superior
50. Tempe
51. Tombstone
52. Tuba City
53. Tucson Magn. Obsy.
54. Tucson Univ. of Arizona
55. Tucson WSO AP
56. Tuweep
57. Walnut Creek
58. Walnut Grove
59. Whiteriver
60. Wickenburg
61. Willcox
62. Williams
63. Y Lightning Ranch
64. Yuma Citrus Station
65. Yuma WSO AP '

California
66. Blythe
67. Blythe FAA AP
68. Brawley 2 SW
69. Hayfield Pumping Plant
70. Imperial
71. Needles FAA AP
72. Niland
73. Parker Reservoir

Colorado

11.63 66
4.29 51
7.15 67
6.41 54
6.95 49
12.42 63
7.55 63
11.14 45
7.78 68
3.73 48
8.64 76
7.39 43
3.60 47
9.30 73
3.52 57
6.21 57
6.25 58
7.09 64
5.64 48
8.83 57
8.25 51
9.95 57
5.36 50
7.59 68

10.63 50
9.26 73
1.16 42
1.14 43

1.52 43
1.51 48
0.78 36
1.15 40
0.80 34
1.76 43
0.77 34
1.58 36

5.56 48
7.02 55

74. Cortez
75. Northdale
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Precipitation Station

Recorded 
May-Oct. 
Freeip. 
(inches)

Percent 
of Annual 
Precip.

Nevada
76. Caliente 3.92 45
77. Las Vegas WSO AP 1.61 43

CO Searchlight 2.91 44
New Mexico 
79. Animas 7.35 71
80. Cureton Ranch 8.08 65
81. El Morro NM 7.79 63
82. Farmington 4 NE 4.82 60
83. Hachita 1 N 6.73 71
84. Lordsburg 4 SE 6.77 66
85. Quemado Ranger Station 6.51 71
86. Tohatch! 1 ESE 6.81 65CO Virden 6.01 65
Utah
88. Alton 7.21 44
89. Blanding 6.06 51
90. Bluff . 4.03 53
91. Escalante 6.51 58
92. Gunlock Power House 4.29 38
93. Hatch 6.28 61
94. Kanab 5.17 42
95. Modena 4.97 52
96. Monticello 8.09 59
97. New Harmony 6.22 38
98. Orderville 5.65 39
99. Parowan Airport 5.62 46

100. Saint George 2.87 38
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