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Climate and Accelerated Erosion in the
Arid and Semi-Arid Southwest With
Special Reference to the Polacca
Wash Drainage Basin, Arizona’
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INTRODUCTION

Accelerated stream frenching or arroye cutting in the South-
west has been noticed for more than 30 years. In that fime the
gullying of channels in flat-flooved valleys with the consequent dis-
section of bottom land, lowering of the water table, and loss of
pulatable gracees have heecome ineressingly apparent. Wind action
has removed soil from tilled felds and other arens where the vegetal
cover hus been depleted and has deposited the debris in the form

IRadunitted For publication Jone B, (7,
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of dunes. Ranges that once carried 10,000 head of cattle can now
scarcely support one-quarter as wmuny. Valleys that the first white
settlers converted into prosperous furms ure now deeply cut badlands
unstitable even for grazing,

The cause or causes of the acceleration of ernsion in the Sonth-
west is a vital question on which there is still a luck of general
agreement. If as some worlers believe, a progressive desiceation
of climate has brought about the dissection of the western lands there
is little hope that man can stem the quickened erosion. If, as oth-
ers are convinced, misuse of the land by overgrazing and imprudent
methods of agriculture has been the cause there is a good possi-
bility of improving the land by improving the lund use.

Understanding of the problem depends primarily on a knowledgze
of the climate of the Scuthwest, of the natnre and extent of ae-
celerated erosion in that region, and of the corvelation of aceclerated
erosion and -land use.

This bulletin contributes an anulysis of the climate in the South-
west and of its relation to erosion and overgrazing. It is written
in three main sections, sny of which may be rvead separately. The
first deals with eclimate, the second with normal and necelernted
erosion in a selected drainage basin. and the third with the history
of erosion.

The wide range in precipitation and temperature at a single sta-
tion, the greuat variance in semsomal and avnual precipitation, and
the occrrrence of large storms afier dry periods or a succession
of several abnormally dry years are the mwost eritical fealures of
the climate from the standpoint of erosion and land use.

The field studies of normal and aceelerated erosion. reported in
the second section, were made in the dravuize hasin of the Polacea
Wash,? one of several drainageways by which vhe ran-off from Black
Mesa. a broad. youthfully dissected pinteau in the Nuvaje country,
flows townrd the Little Colorado Rive- (fig, 1}. In size. in climate.
in vegetation, in soil and bedrock. and in pust land nse the Polacca
Wash is representative of conditions n much of northeastern Ari-
zona. Most of the Navajo country i open range. Only a small
percentage of the total aren is under cuitivation.

In the last section. the records of gully cufting and range deple-
tion for the Southwest in general and for the Poluces Wash in
articular are considered. The evidence for and against tectonic
gisfuri);mces‘ agricuiture, overgrazing. and climatic change as causes
of accelernted erosion is weighed.

THE CLIMATES OF THE SOUTHWEST
MereoroLoGICAL OrigiN oF Cruivarie FLuorrarions®

AIEB-MASS TYPES [N THE SOUTHWEST

The climatic pattern on the earth {(J766), as well as the changes
in its position from year to year, Is explained in terms of at-

3 The "waal," ¢ charaeteristie maprurat and Lorm of (e Southwost, Is o Sai-foored valioy
generally one ta seversd miles wide, which earrles water oterlitently and mmy or any it
contnln a steep-wailsd ehannel,

8 Agsistiare i the climatie analysls wos ghvon by David §, Blirmenstack, of the Climatie
and Physlegeaphle Division.

s Halle numbess in porentboeses refor 1o Literatore CHesd, o 396,
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mospherie circulation. Over North America the circulation consists
of flows of great bodies of air which have vemmained in their various
source regions long enough to have acquired special individunl prop-
erties, Outward movement of the air from these centers and inter-
action of the different types of air masses are chiefly responsible for
the weather of the continent.

These nir masses are of several types. Air which flows south-
ward from the vast Arctic tundra of northern Canada is cold, dry,
and heavy. The North Pacific Ocean is the source region for cool
to cold, moist, and moderately heavy air. Air over the north At-
luntic Ocean also develops similar properties. Over the Gulf of
Mexico and the Caribbean region, and also over the tropical waters
of the Pacific, aiv bodies becomne warm to hot, very moist, and light,
The southwestern part of the United States, together with the
Mexican platean, is itself a source region, where aiv from upper
levels sinks to the surface and becomes hot, light, and very dry (49.
1/2). The source regions for these various air masses are shown
in their approximate positions in figure 2. The entire system of
air masses is displaced poleward in summer and equatorward in
winter.

Air fows outward from all these source regions.  All three polar
air masses generally muve in a southeasterly divection. The tropical
air masses generally move in a northeasterly direetion. The trnjec-
tory of the tropical air from the Atlantic characteristically curves
across the Gulf of Mexico. up the Mississippl Valley, and thence
eastward back to the Atlantie. However. despite the fact that these
air bodies have preferred voutes, all except those which originute
in the north Atlantic somefimes enter the Sonthwest. If is the
invasion and interaction of air masseg that accounts for the day-to-
day variations in the weather of that region.

Cool, moist Polar Pacific air may move down the const and swing
in over the mountains to invade the Southwest aloft.  Such invasions
are especially well marked during the winter, when the Aleutian
low-pressure aren is well-deve! e and is at its southernmost po-
sition, Cold, dry Palur Continental air may push equatorwird
from the Canadian tundra and enter the aren. This is also pre-
dominantly a winter phenomenon. Also during the winter. warm
and somewhat moist nir may move in at high levels from its place
of origin over the tropical waters of the Pacific. Particulurly dur-
ing late spring, summer, and early full, invasions of warm. moist
Tropical Gulf air from the southeast may oceur. At any tinme of
vear, hot dry Tropical Continental air may descend to the surface
from aloft.

Air masges do not follow one another in any definite sequence,
nor are any two invasions of oone air-mnss type exactly the same.
Air masses remain over a source region for ditferent lengths of time
and follow different trajectories. Kach invasion, therefore, has a
history different from that of any preceding or subsequent one so
that when an aiv mass arrives in the Seuthwest its properties are
never exactly the same as those of any other invading air muass.
Polar Pacific air entering the Sonthwest is oceasionally colder than
Polar Continental nir or more moist than Tropical Gulf air. De-
cause of such variations in their properties, air masses can be char-
acterized only in a relative sense.
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AIR MASSES AND VARIATIONS [N TEMPERATURE

In the interaction of air masses of different density the heavier
alr will move along the lnd surface and will displace the lighter
alr upward. Since there iz generaily a (irect velation between
density of air and temperature the replacement of one air-maxs
type by another in the Southwest result: in larse variations in the
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surface temperature of the region. Superimposed on the diurnal
and seasonal tempernture rhythms, arising from the rotation of the
earth on its axis and its revolution about the st nre day-fo-day
variations cansed by nonperiodic inundations of air bodies in wn-
predictable sequence. These three types of temperatnre variation
are well illustrated by the daily temperature data for Sunta Fe
for 1879 and 1880. the warmest and coldest years, respectively, in
the period 1850-1839 (fig. 3).

The temperature charts for these years illustrate the components
of the temperature regime and show what lies behind temperature
variations from year fo year. The length of the bars indicates
the span between maximwn and minimuam daily temperatures.  The
curve fitted to the mean daily temperstures for a 46-year period is
shown on the chart for both 1879 and 1880. The murch of the daily
means in both these years follows the trend of this curve, but the
deviztions of the daily means from the normal is often large, a
few being more than half the runge of the curve. These deviations
reflect the variability introduced by the invuasion of air masses.

The variation in the range of diurnal temperature from season to
season is shown by the differences in the lengths of the bars. During
early smmmer the range is gresiest, insolation being at a maxinum
and cloudiness low, The mean June range for the d6-year period
is 25.8° K., the December range, 20.3°.  Changes in temperature from
day to day can readily be seen by comparing the position of adjacent
bars on the teniperature seale.

The mean annual temperatnre of 32.5° T, in 1879 is unusually high.
principally because it includes unseasonably high winter tempera-
tures for that vear. The sunnuer temperatures also nre slightly
above avernge, In 1880, when the average annual temperature was
only 45.1°, winter and autumn temperaturves were far below nornial
and summer temperatures were slightly so. The high incidence of
warm temperatures during the winter of 1879 was associated with
frequent invasions of warm air: whereas, in the winter of 1850, cold
air masses from the north oceupied the area much of the time.

Variation in the mean annual temperainre from yeur to vear for
the period 1874-1939 is shown in figure 4. Bach of the mesn values
should be thought of as representing a sequence of weather condi-
tions such as that illustrated in Ggure 3 for the years 1879 and 1880,
Occasionally warm years Toilow warm, and cold years may follow
cold: frequently, as in 1879 and L1880, extreme shifts arve displayed
from one vear to the next. Since air-mass invasions impart great
irregularity to the daily temperature values it is not surprising that
the annual figures made up of (hese highly variable components
should themselves vary considlerably from vear to year,

The diurnal, seaxonal, and annual variations displayed by the tem-
perature of Santa Fo are representative of temperature varintions
elsewhere in the Southwest. There is. for instance, at Flagstaft,
Aviz, (table 1), as at Sanca Fe, 0 much greater range in the mean
monthly temperatures in winter than in summer (97}, Furthernore,
the wide range in tempernture nt Santa Fe (fig. 3) v charactor-
istic of the range at ather stations (fig. 13). In Arizona. where
tiie absolute range is greater than in many other parts of the country,
the greatest difference between the maximum and minimum at any
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station is 184°. This is the record for Keams Canyen, where the
maximum was 104° and the minimum —30°,

Though the pattern of change is similar at stations throughont the
Southwest, there is considerable difference in the range of tempera-
ture at diflerent stations and in the frequency of occurrence of vari-
ous temperatures. The areal contrasts are brought about mainiy by
variations In elevation. clondiness, and the incidence of different
air masses; perhaps to a small extent they reflect differences in in-
solation caused by varintion in altitude. The highest temperatures
are experienced xt Yuma, which is at the Iowest elevation above seq
level, and which also has the least clondiness. Lowest temperatires
ocerr at stations in the northern part of the region. which are at
the highest elevations.
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AIR MASSES AND VARIATIONS IN PRECIPITATION

Precipitation cannot take place unless the air is cooled sufficiently
to release the atmospheric moisture.  T'he necessary cooling is aecom-
plished by adiubatic expunsion wherever air flows up a iand slope,
Aldv is similarly cooled when it encounters a Teavier air mass and is
forced up the air-mass slope.  Air ascends and is cooled by convee-
tion when an air column is made unstable through heating at the
ground or throngh cooling aloft by radiation from the tops of clonds.

The principal cause of precipitation in the Southwest, us else-
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where in the United States. is the lifting of air along zones of dis-
continnity, or fronts between adjacent air masses of different prop-
erties. T'wo general types of fronis ave recognized. In one, the
colder air pushes actively into the area ocenpied by the warmer air,
forcing the warmer air aloft. In the other, the wium air mass is the
aetive one, moving at u more or less unitorm rate up the slope of a
relatively stationmry or siowly moving eold aiv mass.  Whichever
alr mass may be the active one. precipitation will uzually occur if
the ascending air is moist.  When the cold air is advancing rapidiy
its front is yelatively steep.  The warm air therefore ascends vapidly
over a relatively narrow belt. and thunderstorins usually result.
They cover relatively small areas, are extremely spotty. display high
intensities, but continue for only a short time at any one place.  When
the pressure gradicnts ave sueh that waurm aiv actively pushes over cold
air, the flow is usually steady and uniform over wide areas. If
rains result, they ave widespread. tend ta be houtegencous, are of low
to moderate intensity, and may somerimes continue for several dayvs.
During summer. heating of the ground ciuses thermal convection,
which ordinarily dees not produce inuch rainfall. However. when
air masses_characterized by such afmospheric instability flow over
denser air bodies or up a slope of the laml. considerable precipitation
may result,

Winter precipitation in the Sonthwest i+ due almost entirely to
movement of relatively warm 2ir over temporarily stationary ov
slowly moeving cold air masses. Most commonly, fresh, moist air
from the north Pacific region overrides air from the same sowrce
which is already in the Southwest and which has heen cooled by
riddiation, or it may move np over colder and denser aiv from
(Canada, which has moved in direetly or has swing in from the enst
and south.  Moist air from tropical Pacific waters may vield preeipi-
tation in the Southwest by overriding cold air from either the north
Pacific or Canada.

Also moistnre ig precipitated from fresh Polar Pacific air masses
directly in the form of lighi. scattered showers or snow Huriies,
The fresh polar air is cold and hecomes tophenvyy after the lower
lnyvers are heated dnring the day.  The resulting conveetive currents
manifest themselves through the development of cumulus clouds.
which hy late afternoon or evening may release small amounts of
precipitation,  These small storms oecur only in the wake of the
passage of & cold front of Polar Pacific air and contribute little to
the total winter precipitation,

Adthongh the moistire content of the air masses in winter iz rela-
tively Jow hecanse of lower air temperatures. winfer is gonerally a
rainy season becaise of the vigor of wiranass interactions,

In snmmer. there s much dess contrast in the propertios of the
varions air masses and the fronts heli ween snecessive wdyvanees of wir
from the Pacific are loss pronouneed. Furthermore, inroads of cold.
dry adr from Canada become loss and less frequent so that they are
of slight importanee in releasing moisture as precipitation.  How-
ever. the moisture content of air masses from (he orean is higher in
the stiumer than at any other time, and the air may be conveetively
anstable so that moistire ix more easily relensed,  During the sum-
mer, insolation is at a maxinm and instabitity of the air 1= Induced
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Coldesr

v glan

Pretrr G—Dingrammalic representation of four meteorological sltualions wilch
produce precipitarion in the Southwesr.  Areows ingliente direction of sir-
mags dow s gelid blirek line, eold teont; dotted line, warm front; dushied lineg,
upper front; dash-dof line, vecluded front. A and B are typical of winter,
O and D of suiniuer,
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by heating of the ground during the day and radiational cooling of
moist layers aloft at night. As a result, brief, intense, loeal thun-
derstorms fake place. TUwually they occur along coid fronts, which
exist between successively imvading masses of cool, moist air from the
Pacific or where warm. moist air from the Gulf of Mexico is forced
up by cool air entering the region from the north Pacific. Although
these fronts are often ill-defined. they frequent)y provide the menns
of obtaining precipitation trom uair already made unstable by insola-
tion and radiational cooling. For these reasons summer s also a
rainy season. Four 111eteor<ﬁngica1 situations which resalt in precipi-
tation in the Southwest are represented diagrammatically in much
simplified form in figure 5.

Spring and autumn are periods of transition in which neither
convective storms nor extensive warm-front storms are well-developed.
Both are therefore seasons of low rainfall,

In late summer and early autumn oceasional tropical cyclones over
the Pacific off the const of lower Californin mav induce an inflow of
moist Tropical Pacific air. which is forced up over Polar Pacific
air already occupying the Southwest. Widespread, heavy rainfail
generally results.  September raintall may, therefore, oveasionally
equal or surpass in amount and intensity that recorded during the
period of summer thunderstorms.  Usually, however, September is
characterized by rains of less Intensity and smaller total amounts than
are July and Augist,

METEORGLOGICAL ANALYSES OF SELECTED STORMS S

To illustrate the effects of certain meteorological conditions. four
ralistorms in which large amounts of precipitation fell in Arizona
were selected for study and arve presented in figtive 6. The storm of
December 15-16, 1908, is a typical general winler storm in which the
moistire was previpitated from warm, moist air forced upward by
an invasion of cold Polar Pacific air.  On the morning of the 15th,
the front of a mass of Polar Pacific air extended across Arizona in a
southwest-northeast direction. The cold front had become quast
stationary, and one of the minor waves on the front began to inten-
sify and develop into a well-defined extra-tropical cyclone. This
aused widespread rain by forcing warm, moist air from the south
to ascend over the colder and denser air to the north. The cyclone
moved Title during the next 24 hours, and by the morning of the 16th
it began to occlude. By evening, colder air bad pushed into Arizona,
and the rain ended.

The storm of July 2124, 1915, brought considerable amounts of
rainfall to northern Avizona. The meteorology of this storm is
more characteristic of winter conditions, but since this particular
combination of air masses oecurred in summer and involved air
which was convectively unstable. the vesulting pattern illustrates
both the features of warm front widesprend rain and convective
spotty rain. At the beginning of the storm period « widespread mass
of Polar Canadian air covered most of the United Stutes and extended
across the Southwest into northern Mexico, the front being roughly

> Meteoradogiend annlyses of these storms were minde by Benjoasin Halaman, of the {1i-
matie aadd Phystogruphiv Divislen,
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SEPT 4-F, 1039

Fgueke §.—Selected raingterms In the Southwest,
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parallel to the international boundary. Above the Polar Canadian
air in the Southwest was moist Tropieal Maritime air.  During the
evening of the 2lIst, an extensive mass of Polar Pacific air slowly
pushed eastward across Washington, Oregon, Nevada, and the South-
west.  This air, being less dense than the surface Polar Canadian
air and morve dense than the Tr opical Maritime, tended to wedge them
apart. The advance of the Polar Pacific front abiove the Polar
Cunadian mass from the west caused an accelerated movement of
Tropical Maritime aiv aloft from the south and resulted n wide-
spread rain.  These conditions persisted through the 22d, and on the
23( the front of the Polar Pactfic air mass had moved onl\' slightly
castward. Not until the 24th did the storm end. This storm illus-
trates the generalized conditions llustrated in figure 5, B.

The storm of August 28, 1934, is typreal of summer and illustrates
the spottiness of rainfall when 1 cold front forces aloft air ali eady
convectively unstable. Tt was associated with an invasion of a simple
cold front. On the morning of the 27th, a mass of Polar Prafic
aiv entered the west coast States,  This cansed an aceeleration in the
flow of warm. meist air, probably Tropical Atlantic, from the south,
By evening the surface winds at Flagstaff and Phoeniz had shifted
from east to northwest, indicaling that the front of the Palar Pacific
air had passed these stations. Du:mfr the morning of the 28th, the
front became quast stationary in eastern Arizona. ]il(et it econtinued
eastward and by evening had passed out of the region. Many scat-
tered thunderstorms were occasioned by the passage of this front.

The storm of September 4-7. 1939, owed its very large amount of
rainfall to n tropical eyclone which moved up the Californin coast
from the tropieal waters ofl’ the west const of Mexico. The average
September precipitation for northern Avizona, based on a 45—yeat'
record, is 1.84 inches. The rvainfall of September 1939 surpussed
all existing vecords, with 4.87 inches. Ifor the State as a2 whole,
38 stutions received the greatest total September precipitation on
record, and new records, ()\('t‘('(lnm amounfs for any previeus month
of the year. were estublished at 17 stations. A lurge proportion of
this precipitation occtirred in the storm of September 4-7.

On SBeptember 3d. theve huad been an upper-niv invasion of Polar
Pucific air overriding the madified Polar Pacific air aleeady occupy-
ing the region. On the 4th. the upper-air mass migrated across
Arizona in the early morning,  General rams mcnmpmwd by von-
sitflerable thunderstorm .1(l|v1t.y oceurred throughent the central wnd
nortliern sections of the State. Rainfall amounts generaliy averagod
over .50 Inch. Six stations in northern Avizona received over 1
inch; the Targest amennt, 3.2 inches, was reported at Truston.

General rains continued on the dth. when nioisture was being
precipitated from a Tropieal Pacific air mass that had invaded
California and Arizona from (he sonth.  The vigor of this invusion
was due to a tropical eyelone off the Pacifie const. which originuted
to the southward of Acapuleo on the ath and was (]l‘-«nlp.[({‘(] over
the upper part of Lower California on the 12th. In northern
Arizona, 14 staiions received more than 1 ineh of raing 7 stations.
more than 2 inches: and 2 stations, more than 3 inches,

On the Gth. the moist tropical air continued to flow over the
Southwest and general rains combined with thunderstorins per-
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sisted. In northern Arizona, 90 stations reported over 1 inch of rain
and 6, over 2 inches. On this day & new mass of Polar Pacific air
‘tnoved into the Pacific Northwesl and by the Tth had reached the
Southwest. The moist tropical air flowed up the slope of this dense
alr mass. Rain continued for severa! days but never in such large
amounts as had been recorded in the 8-duy period from the 4th
through the 6th.

Thhe tropical cyclone of September 512 was only one of three which
moved up the coast of Lower California during the month. The
second was particularly violent over and in the vicinity of the mouth
of the Gulf of California, and the third did much damage in southern
California. Tt was the most severe tropical storm that has ever
been observed in that region (68, p. 358).

The severify of the storm along the coast is indicated by a loss of 45 livey
at seu, and i property damage apuroximating $2,600,000, mastly to shipping,
shore structures, power, and conununication lines, and te crops. Unprece-

dented September rains accompanied the storm aloag the southern Culifornia
coast.

VARIATION IN MONTHLY AND ANNUAL PRECIPITATION

Rainfall totals for a month or a year are aggregates of individual
rains. Hence the amount of variation from ome year to another
in monthty and annual rainfall is due entirely to variations in the
number of oceurrences and the size and position of individual storms.
Similarly, variations in rainfall from one region to another are to
be acconnted for in terms of rainstorm size. position, and frequency.

Fort Defiance, in 1838, furnished a complete year’s record of pre-
cipitation in northern Arizona. Records have been continuous Since
1890 at Natural Bridge, since 1897 at Flagstaff, and, with an inter-
ruption of only 4 months, since 1876 at Prescott, Within the period
for which rainfall observations have been made ut these stations,
the range in annual precipitation amounts has been large (fig. 7).

The largest amount of precipitation recorded in a year at any
Weather Dureau station in northern Arizona was 50.17 inches in
1905 at Natural Bridge. This station has been in operation for
50 years, and during that time the annual precipitation in over half of
the years was less than 20 inches. The minimum, 12.28 inches, fell
in 1800.

At the other extreme is Leupp, whose greatest precipitation. 9.09
inches in 1815, is less than the maximum recorded at any other station
in northern Avizona. At Leupp, the least rainfall received in uny
year for which there is a record was 2.52 inches in 1938. The aver.
age for the 13 yeurs of record is 6.27 inches.

The maximum and minimum annual rainfall for stations in north.
ern Arizona having a record of at least 10 years is shown in figure 8.

Throughout Arizona and in western New Mexico there are “rainy”
seasons in winter and snnimer and “dry” seasons in late spring and
autumn. This double peak in the distribution of rainfall disappears
both to the west and to the east. In California, the only rainy season
Is in winter, summer being drier than either spring or autumn. In
eastern New Mexico there is no winter rainy period, the precipita-
tion being ut u minimum i January and at maximom in July. The

transition from California to New Mexice js shown in figure 9.
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Despite large variations in annual precipitation, there is a striking
simillarity In the pattern of munthly distribution within each of
these three rainfall vegions.

PRECIPITATICN {INGHES)
30 40
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SRR
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kAR
EXERNRR AN

R
R
SRR

MAXIMUM ANNUAL PREGIPITAT ION
BN MINIMUM ANNUAL PRECIPITATION

,[

Fioore 8 —Maximum mmd minimum el precipitation for statiens i
northern Arizonn having at least 10 years of record through 1930

Precipitation varies widely from month to month. and even at the
rainiest of stations as many as 10 of the 12 months have in one year
or another experienced a complete ubsence of rain. For Nafural
Bridge, the only stativr in northern Arizona with a continuous
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record for 50 years, figure 10 shows the frequency of occurrence of
various monthly precipitation amounts. At this station, the likeli-
hood of complete absence of rain is preatest in May and June and
least in July and August. The latter two are the only months which
have not been rainless during the 50-year period.” On the other
hand, frequencies of largest monthly amounts are greatest in Decem-
ber, January, and February, Monthly totals above 3 inches were
never experilenced during L‘l);l)' and June.
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4797 in. 21,92 in. 242 in, 14.27 in.
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o ) A . i E -
S$AN DIEGQ, CALIF. YUMA, ARIZ. PHOENIX, ARIZ.
.67 in, 333 1n, 743 In, 1488 in.
Frovus —ereontapge of the avernge anuual precipitation (shown in inches)
received in each mouth at soleeted stutions in Culifornia, Arizonn, and New
Moxico.

The monthly distribution of rainfall at Natural Bridge is repre-
sentative of that of most of the Southwest, although the climate at
Natural Bridge is moist subhumid, whereas in most of the Southwest
it is semiarid or arid. At most stations rain may be totally absent
n July or August as well as in the other months of the year. The
likelihood of rain during May and June is generally less in other
parts of Arizona than at Natural Bridge. Large monthly mounts
may be experienced even in the arid aress.

3284020 43— 2
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Within much of the Sonthiwest, 1805 wis the mainiest year experi-
enced since observations have been made su any considerable seale.
At only 4 of the H stations in operation in northern Avizona that
year has the rainfail of 1505 been oxeeedvd, In facts the vamfall
most of these stations in 105 was several inches higher than thar of
the next riniest vear and ab oie =tation it way seven times the min-
f2ll of the driest vear {table 2},

Tanie 2 The precipitolioan af 1805 aud odber preeigftation radues of seleeted
sbations in wovtieern Arizen
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For several years prior to 1900, the painfall thronghout Arizona
wis far below the normal and for maost of the stations for which
records exist the minimwm rminfudl ccenrred or was elosely approxi-
matedd in one of the years hetween IBSG and 104, Exirome vard
ability from vear to yvenr is well itastrated by the maps showing
annual precipitation for 1904 and 805 (e, LY, Wherens in 1ond
not more than 3 pereent of the arva of the State received as much
as 20 imches, in 1903 fully 70 pereent received 20 inches or more.
Buring these vears, there woere relatively fow staiions, but in 1903
two of them recorded more than 50 inches of minfull, At no other
time has ax much as 30 inches of precipitation been recorded any-
where in Arizona.
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The extreme varintions in the rainfall of Arizona for 1908, 1904,
and 1905 are presented graphically in figure 12, In fignre 12, 4
the days with rain are shown for all Weather Bureau stations in
operation in those years. Each dot indicates a report of rain of
at least 0.01 inch on a certuin day at a parcticular station. The
number of stations inereused considerabiy during the period: 93,
in 1903: 33, in 1904; and 41, in 1905. The stations are arranged
alphabetically, just as they appear in the published reports of ihe
Division of Climate and Crop Weather of the Weather Bureau,
Station names have been omitted because the purpose of the chart
is merely to permit an over-all comparison of the rainfall patterns
in the different years.

)

e
- =
PRECISITATION W rNCHEEdIﬂHH PRECIPITATION N INCHES = haL

it ] 1305

@ 5 10 is 20 40 50 INCHES
FI6URE 11.—Annuul preeipitation i Arizonn, 1904 and 1505.

Dots in vertical alignment indicate the occurrence of precipitation
on {he same day at varions stations Dots in horizontal alignment
show successive days of rain ar the same station. Total roinfall at
each station is shown by the solid horizontal bars at the right.

The great contrast between the total rainfall in 1905 and in the
two earlier years can be seen clearty.  Whereas in both 1903 ayn 1904
only 1 station received more than 90 inches of precipitation, in 1905
only 9 of the 41 stations received loss than that amount. The char-
acteristic rainy seasons in winter and summer separated by dry
periads in spring and autumn ape apparent only i 1903, In the other
years there was groat deficiency of winter rain. From October 4 to
December 3, 1903, no rain was recorded anywhere in Arizona, At
Natural Bridge, only 4.35 inches of rain fell between October 1, 1903,
and July 1, 1904, whereas the average rainfall for thig period is
15.90 inches. In Parker, only 0.04 inch fell between October 1,
1903, and May 1, 1904. DPuring July and August 1904, ruinfall
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was above normal throughout Arizona despite the fact that the
summer rainy season was late. not commencing untit July 19. The
autumn months of 1904 were considerably below normal in most
of the State: in northern amd western Arizona. rain was recorded
at only 1 station between October 9 and December 2.

Although 1905 was the wettest year on record. 5 months of the
vear—May. June. July. August, and October—were below normal
in precipitation at most stations. July and August were not lack-
ing in storm periods. but storm amounts of rainfall were low. The
rainfall surplus for the year is accounted for by the unusially great
number of large storms in January, Febraary, Murch, and November.

Between 1905 and the two earlier years there is a much greater
contrast in total rainfall and in the mumber of rainy days than in
the number of distinet storm periods. There were 45 storm periods
in 1905, 31 in 1903, and 36 in 1904, However, the amount of rain
falling in individual storms wag much greater in 1905 than in cither
of the other years. This is brought out in table 3. where the num-
ber of oecnrrences of 1 inch or more of precipitation in 24 hours ix
given for the three years.  Because the number of stations reporting
was different in each of these vears the data have been adjusted to
a common base of 100 stations to facilitate comparison,

TanLe R-—Nmaher of secureeneesy of I inel ar more of precipitedion in 24 kours
im Arizone during (e wewrs P03 1004 and 1805, by santhis, wdjusted to 104
sterfions

Feltrtp Ay 0D . Na- Ne- !
Year 'h.:":.'_ hqlra\r‘n March Aprl May dune July L;}:il ton- ”!f;;’ vom-  eem- CPatal
Py AR ’ bher her Wy
100% ) o0 h 1 FE PR 7 75 o 0 0 Wl
1904 .. 1] 4 i n 15 1 104 121 i In n L) 254
1805, 42 152 156G T 1} 14 4 ] kL k] B 0 112

Despite the tremendans difference in the mmonnt of precipitation
im 1905 and in the two preceding vears, the march of temperature
through the three years was near nornad (fig. 12, £). 'The mean
monthly temperatnres at Phoenix for 1903, TH04 and 1035 and the
avernge monthly temperanures for the period 1876-1930 ure pre-
cented in table & The mean anmal temiperature of 1905 i exactly
the same as the nermal for the whole period.  The mean annual
temperatures of 1903 and 1904 are respectively only 0.2% and .8° T9
above the normal.  The mouthly mean temperatures of the three
years ave all ¢lose to the normals.

PTARLE d-Wean manthly fompervatures il Phoeaie, Ariz, far the pears 103,
(004, wnd 003, and arerage anontiii temperttures fur fre poeriod ISTH 940

! ! | ! i
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Fiaune 12.—4, Daily precipitation in Arizona, 1903, 1904, and 1905; B, daily maximum, miniroum, and mean temperatures at Phoenix,
Ariz., 1803. 1904, and 1905. In A the stations are a.rranged slphabetzcally by divisions of the State-—northern, southem and western
B8 they appesr in the Climatological Bummaries of the Weather Bureau. (Faces p. 20)
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In Bgure 12, B, the daily temperatures for 1903. 1904. and 1905
at Phoenix are plotted for comparison with the daily precipitation in
Arizona for these years. It is seen that the sequence of air masses
as revealed by the daily march of temperature is in no vear particu-
larly unusnal. However, on analyzing the daily weather maps for
the three years it was found that there waw n greater tendency for
the cold fronts te stall over Arizona in 1903 than in either of the
earlier years. Polar Canadian air-mass invasions were also more
freguent in 1905.

In 1903, there were approximately 60 invasions of Polar Pacific
air masses, of which 6 became quast stationary over Arizona. and 4
mvasions of Polar Canadian air. 1 of which became quasi stationary.
In 1904, approximately 79 Polar Pacific air masses moved over. with
2 stalilng for a time. Of 4 Polar Canadian air masses crossing
Arizona. only 1 stalled. In 1905, approximately 83 invasions of
Polar Pacific air massex occurred. with 23 quasi stationary. and there
were 14 invasions of Polar Canadian air. with 1 quasi stationary,
Conditions favoring warm-front stormy were morve mumerous in 1903
than in either of the earlier years, Otherwise there was little differ-
ence, Cerrainly. no one studying only the meteorological conditions
of the three yeurs eould have determined that one of these years
was the wettest on record and the others practically the driest.®

The influence of individual large storms on monthly and annnal
rainfull fotals was well illustrated in 1939, Despite several large
storms in September, one of which was dicussed on pp. 13-14. most
of Arizona was deficient in precipitation for the year. In Honre 13
4. the days with rain are shown for all stativns in operation in
Arizona in 1939, A in Hpare 120 sach flot indicates a report of
rain of at least 0.01 inch on a certain day av a parvricular station.
Widespread rainfall i most nurked in the winter. early spring and
tate fall months.

In figure 13, A, are shown the daily maximnm. minhvum. and
mean temperatures af Flagstalf and Natural Bridee, Ariz. in 1939
and the normal of the weans.  The fluctuations of the Hue represent-
ing the daily mean result from the remperature changes brought
about by the influx of cool and warm air masses. The relation of
large changes of temperature to incidence of precipitation is clearly
shown. whick demonstrates the conteol exercised by air-mass inter-
actions oR precipitation.

Daily precipitation amounts at Flagstaff and ar Natural Bridge
are ~hown in fgnre 130 €, Precipitation was lower than usual dure-
tig the early months of the year,

Flagetafl experienced below-normal rainfall in every month except
September. aml dexpite large amounts in that month. the deficiency
for the year wus 859 inches. In the > months prior to September.
only 6.66 inches had tullen, whereas the noruml for the period wa-
1347 inches. At Natural Bridee, where the normal is 13,14 inches,

prior to Augret 1 there hadd been only 576 inches of precipitation.

S Matencalogical aonlysex by Bepjamin Holzman, of the ¢ limarcie and Physioeraphiv
Divislon.
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EXCESSIVE PRECIPITATION IN THE SOUTHWEST

Both general and local storms have characteristic patterns of
structure and migration, both have definite limits of areal distribu-
tion, and both have centers of maximum intensity. If stations are
evenly spaced throughont a storm area. it is obvious that Tow intensi-
ties and small amounts of precipitation will be vecorded more
frequently than high intensities and large amounts since the periphery
of a storm is larger than its cenfer.

Similarly. a single station having a reasonably long record of rain-
fall will report many ocenrrences of precipitation of small amount
and low intensity, and few of large amount and high intensity.
Records of very intense falls and large amounts will be few. The
location of imdividual rainstorms in a region is more or less random.
Thus. since a storm center is comparatively small it is more probable
that the station will be in some part of the periphery of the storm
rather than in its cenfer. Storms vary in size, also. and this varia-
tion helps to explain the frequency distribution of recorded amounts
of precipitation at an individual station (207, pp. 480-481).

Santa Fe 1 the only station in the Southwest having a continuous
rainfall record extending back to 1850. The frequency of various
24-hour amounts of precipitation at this station for the 90-vear
peried 1851939 is given in table 5. The overwhelming prepon-
derance of precipitation amounts under 0.20 inch does not mean that
rainstorms ave usually limited to those amounts in the Southwest,
but rather that the mare or less random distribution of storms results
in the station at Santa Fe being much more often marginal than
centfral with respect to the storm arvea.

TaABLE B.—Number of verurrences of speecified 2h-lher amounts of precipilation
af Nenle Feo N Mer., ISG0-I885. IS5 030, und FS50-1539
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The 90 largest 24-hour amounts of precipitation which have been

recorded in Santa Fe during the 90 years from 1849 to 1938 are
plotted in figure 14, The distribution of these storms in time is ex.
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tremely irregular. Only 3 storms occurred in the 9 years 1930-1938;
on the other hand. 17 occurred in the 4 years 1833-18356. During
the 7-year period. 1896-1902. 1 storm occcurred each year. Of the
90 maximum 24-hour storms, 60 occurred during July, August, and
September. Of the 90 maximum 48-hour rainfall amounts. 53 were
recorded during these months. The comparative data are shown in
table 6. It must be remembered that Santa Fe is in the part of the
Southwest which has o winter minimum of precipitution. In western
New Mexico and Arizona, where there are 2 rainy seasons, large
storms ure to be expected in winter as well ag in samuner.

TavlE S—~Frequedey af 30 sarinem storms at Sawta Fe, ¥, Mer. 18497938

Storm duration  Janu- Febro-
thoursj ary ary

Au- Pep- Octo- No- - De-

Maoreh Aprit " May June Juiy fust  tembor  her  vember cermber

(NS Niwe Nume Nuwme e Nome Nk Num- Newt Nuwwd Nuwm- Nume
her ter hrr,:1 her  fer her her ber her her ber ' ber
1 [} '

[T m. Ty & i t
o 3 O S O - T 13 3f 4! 2

b Etorm oestricied (o 1 eudewdar oy,
TR reeiwdded o1 mare tlsn T ewdemdur day bat not oo more than 2.

There s no reason to expeet that years of numerous oxcessive
storms will necessarily be followed by other years of heavy rains,
The Santa Fe record indicates that large storms may be concentrated
In one period. as during 1853-56. and that a single large storm may
be isolated. as was the largest storm of record, which took place in
February 1861.  Indeed. as the storm sequence in figure 14 shows, the
spacing of large rainfall amounts has been highly irregular.

The annual rainfall at Santa Fe for the 90-vear period 1850-1939
is presented in figure 13 to permit a comparison with the distribution
of the 90 greatest storms shown in figure 14.
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F1oure 15.—Awumml precipitation, Santa Fe, N. Mex., 1850-1939.

The coincidence of the various conditions necessary for the forma-
tion of rain does not occur with any regularity. Not only is mois-
ture in the air necessary hut there mnust also be present sone mecha-
nism, frontal activity, convectivn, orographic lifting, or a combinu-
tion of the three, for releasing the moisture. It is not wnusual for
heavy thunderstorms to occur in summer at heights of 2.000 to 5,000
feet aloft withont wetting the ground. Sometimes the only result of
a heavy thunderstorm will be the falling of a few hailstones (49, P
711). Tropical air, unless moist, will yield no precipitation when
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uplifted by cold fronts passing across the Southwest. On the occa-
sions when all the conditions which make for rains are present, how-
ever, excessive amounts are possible even in the arid parts of the
region, as the storm of September 4-7. 1939. demonstrates (fig. 6).

ort Mohave ™ is a desert station on the Coloradeo River in western
Arizona with an average aunual rainfall of 5.09 inches. In 1889.
the total rainfall of the year was 21.38 inches, 11.17 inches of which
came during the month of December. In this month there were 8
days on which rain was recorded; the smallest daily amount being
0.62 inch. On 5 days the precipitation exceeded 1 inch, and rainfall
amounts recorded 1n 4 storm periods were 2.90 inches, 270, 2.30,
and 1.90 inches. In the 521 scattered months of the record ut Fort
Mohave, monthly precipitation totals exceeded 1.0¢ inch only 59
times.

Monthly ranfall amounts exceeding 1100 inches ure exirentely
few in the Southwest, yet the fact that such an amount was recorded
in a desert station indicates that the vecnrrence of that much rainfall
in a month is not impossible anywhere.  An unofficial excessive fall
of precipitation was reported at Fort Mohave tor Augiust 1898 by
Henry Schlegel (92, p. 2), the cooperative Weather Bureau observer,
us follows:

On the 28th, we had the biggest rain in 10 ar 15 xears, and to my regret.
between the rain and Turicus wind, my rain guage was upset, To give oo idea
of the amonut of i that fell, aml whichh Insted only 45 mimates, [ lind 2
wish tub =et out on the mesa, elear of everything, amd the water after the rain,
mensured 8 inches.

Records of excessive precipitution in the Scuthwest ure extremely
few. There are only three Weather Burenu stations with long
records from automatic rain gages, and only within the past 6 years
have other agencies installed self-recording gages in any number in
the region. The records fram eooperative Weather Burean stations
do not ordinarily give the time of beginning and ending ol storms,
Frequently, too. the records of large storms have been lost. either
through damage to the gage, u= at Fort Mohave on August 28, 1895.
or through failuwre to make an observation over a period of several
days.

Maddeck and Leopold # have tabulated 40 storms of 2 inches or
more in Arizona :m({ New Mexico for which the times of beginning
and ending have been vecorded, and the =torm durstion can con-
sequently be determined. In figure 16. these 40 xtorms have been plot-
ted and the envelope curve dvawn,  Thivty-five of the storms did not
exceed 4 hours in duration, and, #s would be expected, nearly all
of them occnrved in July, August, or September. More than (wo-
thirds of the storms were reported from the eastern margin of the
Southwest, where summer rainfall is proportionstely greater than in
the Southwest proper. Consequently. the enveloping curve vepre-
sents precipitution intensities somewhat larger than those typically
experienced in the Sonthwest,

Figure 17 reproduces the mass dingrams of precipitation of six
large storms recorded during the summer months. ISxcept for Las

7 Prior to Docember 1898 the sintlnn name was Port Mokive,

3 Mabnock, THoMas, T, and Leoronn, LUsa B [CHATACTERISTICS OF TG RAISFALL
IN NEW MEXICO AXD ARIZOXA.]  (Unpullished manaseript. ]
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b

CERRO, N MEX., AUG. 17,1322
EL PASO, TEX, JULY §, 18EI

LAS CRUCES, N.MEX., AUG 25,1335
HERMOSA, N.MEX,, AUG, 30, 1925

LAKE VALLEY, N.MEX., JULY 1, 1313

SIERRA ANCHA ARIZ., AUG 5, 1339

DESERT LABORATORY, ARIZ., JULY 22,1510
CRIWN ®ING, aR1Z_, AUG. 11, 1927
ALBUQUERQUE, N MEX., OCT. 5, 1865

CA%2 GRANDE RUIN, ARIZ., UG, I, 1906
CRIWN KING, ARIZ |, AUG. 5, 1918

REDROCK, N MEX., OCT. I, t332

L45 CRUCES, N.MEX., AUG, 29,1935

SANTA MARGUERITA, ARIZ,, AUG. 22,1835
DIENER, N MEX., JULY 3,1924

CORTNE, B MEX | AUG 12,335

SANTA ROSA, N MEX. MAY 30,1530

SIERFR ANCHA, ARIZ | SEPT 10,1533

PIME, ARIZ | AUG. 2, 1939

MaRINETTE, AREZ., AUG &,193%

LAKE ALICE, N.MEX., AUG. 4, 1935
LINDRITH, N MEX., JULY 30,1531

SIERRY ANGHA, ARZ., SEFT, 10, 1533

HACHITA, N MEX, AUG, &, 133}

ROSWELL, N.MEX, AUG B,1215

ROSWELL, N. MEX., SERT. 18,1923

QURAN, N MEX., SEPT. 16,1515

SUPERIOH Amz AUG. [nqﬂute],lﬁt?

GALLINA A 5, N ME: MAT 28, 1930

JEMEZ spmuss M. uEx JULY 7,123

LAKE 3LICE, N MEX., AUG. 3Q, 1536
ROSWELL, N MEX , SEPT. 14, 1923

HARVET'S UPPER R.‘mcu N MEX. LSULY 27,1918
JEMEZ SPRINGS, ¥ MEX., AUG. 3, 1623

CAMP 23-2, WHITLOGIK v.'u_LE'r ZRHE, SEPT, £,1533 —
SILVER cn'v N MEX., JULY 20 1928
PEORIA, ARIZ, AUG 6 1933

JENEZ SPRINGS N.MEX. L SULY 02,1910
MiINERAL HILL, N. #EX,, "aPR. 23, 49
LAGUNA, N. MEX. ¢ JULY 22,1912

| |

& ] Hel 2 |1
DURATION (HOURS)

Fioure 16—Total precipitation and duration of 30 {arge storms in Arizona,
Texnsz, amdl New Mexico.
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PRECIPITATION {INCHES)

= emfim=— TUGSON, ARIZ, JULY 31,1835
seDearness SIERAA ANGHA, ARIZ. SEPT. 10,1933
===sOm=-— LAS GRUGES, N.MEX. AUE. 29, 1935
——a—— PIMA, ARIZ. AUG. 2, 1939
——=—— SIERRA ANCHA, ARIZ. AUG. 5, 1939
—-.—y—-— FREEMAN FLAT, §4FFQRD,ARIZ. SEPT, 15,1939

R s

~-b|.-=..

2 3 4 5 3
HOURS

Fraure 1T.—Drecipitation in six large storms in Arizona aud New Mexico,
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Cruces, the stations are all in Arizona, and the curves may be taken
ag representative of extremes of precipitation intensity for short
periods i the Southwest.

RAINSTORM FREQUENCIES IN THE SOUTHWEST?

Reliable estimates of the probable frequency of large storms of
specifiedd precipitation amounts ave difficult to make under the most
favorable conditions {24, #7. 707), but in the Southwest, where 1uin-
fall records are fragmentary and the country is lucking in topo-
graphic valformity, the task ix doubly difficull.  However. despite
diversity of surfwee featurer and cousequent variation in average
rainfull from place to place and despite lack of meleorological homo-
geneity, considerable usefu]l informution on average frequencies of
precipitation ameunts in the Southwest can be oltained by use of
the familiar station-year method of analysis {77

In northern Arizona, there are approxinmtely 75 Weather Bureuu
stations with precipitution records ranging in length from only a
few vears to nearty 70 veurs. In all, 1.269 station-years of record
are available for study. In these records there were 1269 reports of
24-hour rains exceeding 142 inches. This amount then represents
the precipitation which might be expected at each stution once every
year, There were 634 reports of 24-hony raine of 1.78 inches or over.
which amount conld be expected at cach station once in 2 years.
Other frequencies for northern Arizona are given in the following
talmdation:

Maximmn 24-honr amonnts of peecipilation to be expecied onee in- - {nchon
1 owestr L. . . - R B
2 oyenrso . _. [ e e [ 73
T | L ol o, - . T, H
TS . -

T8 weits oo L . -

N veuwrs. _ .. - 51
95 VOHPS . oo oL . . )
50 e e .. 53

10

The Jargest pecorded 23-hour precipitation in northern Arizona in
the period studied is 646 inches.

However. the frequency of large storms varies groatly from place
to place.  In northern Arizona, the wtations range from 350 feet to
more than 8500 feet above sea level, and the avernge annual pre-
cipitation ranges from less than 3 inebes to more than 30 inches,
Large storm amounts of rainfall inerease in frequency with increase
in average annual rainfall in areas meteoralogically similar,

The frequency of large storms also vartes with varciation in
meteorological conditions. Both Tuba City and Parker are arid,
their average annual precipitation being 6.78 und 532 inches, re-
spectively. Yot of all 24-hour storms of .50 inch or over, at Purker,

"irhe term “fregueney' bere Dag (he speclel menning glven the word 1o hydrelogle and
slhmntie leraines,  The Teequeney of 8 eninfill of any amonnt is che mean fncerval bo-
tween radns of thal someint and preater. A rainfod of 2,00 haedivs, for example, has 2
10-yvenr fraqueacy, or is o WW-yeur stomm, I he mean biborvi) between rafns of 2 inches amd

wore I8 10 yotrs,  Dhils explenation ajgdics W uge of the woerd in tableg, HNusirations, snd
fext,
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33.1 percent were 1 inch or over, and at Tuba City, only 12.4 percent.
At Parker, two storms have exceeded 3 inches. but at Tuba City no
recorded storm has exceeded 2 inches. Parker is only 350 feet above
ses level and, like Fort Mohave, is in the region where convective
storms reach their maximum intensity. Tuba City, on the other
hand, is on the platean. L5000 feet :1?)0\'9 sea level, and although
severe thunderstorms are experienced (49) they do not equal those
at lower elevations.  These two stations are not meteorologically
homogeneous.

Sinee the most intease rains are usnally assovinted with thunder-
storm activity a negntive correlation hetween storm intensity amd
regional elevation is to be expected.  The total depth of moisture
in the atmosphere over a station at u low elevation is much greater
than that over a station at a high elevation.  Consequently equaily in-
tense conveetive activity will result in greater storm intensities at the
station at low elevation than at the other. No similir control is
exercised by elevation over the rainfaull intensities and wmounts
resulting from warm-front storms.

Cedar Glade and St Michaels have avernge annual precipitation
of 14.10 inches and 13.15 inches, respectively.  DBoth stations are
seminrid. Cedar Glule is in a valley in the mountainous central
part of the Stare, £.610 feet above sen level. St. Michaels is nearly
7000 feet above sea level in the platcau country in the northeastern
part of the State. Of all 24-hour storms of 050 inch or over, at
Cedar Glade, 33.3 percent were 1 inch or over, and ar 8t. Michaels.
only 197 percent.  Cednr Glade amd 8t. Michuels are not
meteorological homogeneous,

Local surface varintions tend {o cause differences in storm inten-
sity. ISven within a small watershed, variations in the proportion
of the total rainfall which comes at high rates may be considerable.
Extremes of meteorological conditions at the stations i northern
Arizona are Hlustrated by Flagstafl and Fort Mohave,  Although
the averuge anmuad precipitation ar Flagstafl = 2050 tches. only
240 percent of the 24-hour rains of 0.30 inch or over exceed 1 inch.
On the other hand. al Fort Mohrve, with an average annual precipi-
tation of only 5.0 inches, 421 percent were in excess of I twh,
The average annual number of wminy days at Fort Molave is only
15, in contrast to 54 at Flagstaff, bui when precipitation oceurs, fnrge
wounts are more likely to Tall at Fort Mohave than st Flagstaft.

It is probable that most of the stations in northern Arzona lie
somewhore between the meteorological extremes of Fort Mohave
and Flagstail, and no doubt the transition in meteorological condi-
tions from place to place is more or less gradual,  To illustrate the
generalization that rainstorm intensity-frequencies increase as the
average annual rainfall incressex and aleo that (hey vary with sur-
face configuration, two groups of stations have been selected. the
average 2i-hour storm frequencies for which are given in table 7.
The records are not long. even the combined records for similar
stutions, and the reliability of the frequeney determinations is low
{17y, In group A, comprising Crown King—Pinal Runch. Cedar
Glade, '\Vinsln\\'—Hnlhmoll\n ami] Tuba City. the average annual pre-
cipitation ranges from 23.59 inches to 6.78 inches. In group B.
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consisting of Natural Bridge. Jerome, and Keams Canyon—deddito,*
the average annual precipitation ranges from 24.24 mches to 11.87
inches. In each group of stations the variation in storm frequencies
is related directly to variation in average annual precipitation. The
faet that storm frequencies in one group of stations are not comn-
parable to those of the other indicates variations in meteorslogical
conditions corresponding to varintions in situation of the stations,
such as was illustrated by Tuba City and Parker and by Cedar Glade
and St. Michaels in the preceding paragraphs.

TABLE T.—-:Lrrerage frequency of 24-hour precipitution umounls at selevted shielions
in Arizana

A \‘emz‘v H-honr snots of eninfl peeureise onee in—
b a0 _ e e e S
Groug and gtation precipitn- ; .
tign I year 2 years & ¥ears 10 yyars 20 years

Gronp A: ,

Ceown King—Plual Tuches | Inches
Ragpch. ... 25,540 2,

Cednr Ginde . RUE L
Winslow-——Halbrook !
iha Cily .

Grunp B
Naturn! Bridge
Jeronte .-
Keams Caonyon—Jeddito

Fricher faches Trches
LM, 34 4. 14

L L H
L1y 145
i i. 1B
2.38 a0
LAY 2.4z
(] LAY

news

)
|~:aa

In figure 18 storm frequencies for these two groups of stations
are plotted on a logarithiic seade. with the average frequencies in
northern Arizona for comparison. In each group of stations, straight
lines fit the data and all lines have the samte slope.  The parallelism
of the lines is interpreted to indicale meteorological similitude,
That the lines which fir the data of one group of stations are not
parallel to those which fit the data of the other group shows a lack
of similurity between groups.

Becanse of the proportionality existing between average annual
rainfall and storm frequency in these stations it was possible to pre-
pare simple nomograms giving 24-hour storm amonnts in terms of
annund precipifation fotals.  ‘These nomogrmms are reprodiced n
figure 19,4 for meteorological conditions prevailing at the stutions
headed by Crown King—Pmal Runeh, and m 19.8 for meteorological
conditions at the other group of stations.

Frequencies of the Inrger storm amonnts vary tremendously from
rlace to place with variation in meteorological conditiony and with
annual precipitation. Thuder one set of meteorologienl conditions
the 24-hour precipitation to be expected at a station only once in 100
years ranges from 3.85 inches to 847 inches us aunnal precipitation
moereases from 10 Inehes to 30 inches.  Under anofher set of meteor-
ologienl conditions for the same range of annual preeipitation
the range for the 100-yvear storm is from 2.70 inches to 6.85 inches.

Meteorological conditions other than those vepresented in the
nomograms in figure 19 are fo be found in northern Arizona. Fre-

©The spelling “Jadite’ iy proseriwd by the nlied States Geouraphie Board for the
vinyon mnl sprbys The panwey of e teding pogl and Wealher Burcan station arve athl
speltel] eddito.”
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quencies at Parler and Fort Mohave are higher than would be de-
termined from figure 19, A, and frequencies at Williams and
Flagstaff are lower than would be indicated in figure 19, B. Meteor-
ological conditions and consequently the rainstorm amounts to be
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Figure 18.—Frequeney of 24-hour precipifation amounts at selected stations
in Arizenn; A, group A B, group B

expected with given frequency will vary from one side of a valley
to another and at different levels on a slope.

Thus, it is obvious that the nomograms in figure 19 cannot be used
as the basis for design of erosion-control or flood-control structures.
Before entirely reliable frequency dara can be obtained for a single
watershed, a detailed survey of its weteorological conditions must
be made. The notograms indicate that light storms arve relatively
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numerous and heavy storms few, but that occasional storms of very
high intensity may be experienced.

The probability of exceptionally large stormns in Arizona, as
would be expected, is greatest in July or August and least in May.
Frequencies of 24-hour precipitation amounts for the 12 months at
Keams Canyon {lable 8}, although based on a short record, appear
to be representative of the month-to-month changes in the probability
of heavy rainfall in the Southwest. '

|
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STHR4 FREQUENRCY [rEaRSh
24-HOUS STORM AMOUNTS (INCHCS)

Za-umin STORM AMOUNTS (INCHES)
o
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5 W0 75 “go” T T E o B ¥ i3 E) 25 30
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AVERAGE ANNUAL PRECIPITATION [INCHES)

Ficure 19.—Nomograms expressing the roelationship between average annual
rainfnll and 24-hour rezinfall for twa meteorologicnl condifiens in northern
Arizonin: A, Data from Crown King—Phal Ranel, Cedar Glade, Winslow—
Hoelbrook, and Tuba Qity; B, daia from Nutural Bridge, Jerome, and Keams
Canyon—Jeddito,

DROUGHT FREQUENCIES IN THE SOUTIHWEST

In most of the Southwest, less than 1 day in 6 is rainy and in the
arid parts of the region the rainy days may not average more than 1
in 80. At Fort Mohave the average annual number of days with
rain is 15, There is considerable monthly as well as aunnual variation
in the number of days on which precipitation occurs. In figure 20,
the average number of days of rain in each month is shown for
Natural Bridge, Xeams Canyon, and Lenpp: and also the actual
number of days with rain 2t Natuwal Bridge in each month daring
1903, 1904, and 1905. By comparing the graphs of Natural Bridge
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in this figure with figures 9,"10, and 13, it can be seen that a rough
parallelism exists between the number of storms and the monthly
and annual amounts of precipitation.

TABLE 8.—Frequency of 24-hour precipitalion amounts, Keams Conpon- ~Feddito,
Ariz,

21-hour smgaints of eninfall ceeurring onee in—
- —— _.1_ — T e - —

10 | 5 a i a H |

¥Oars | years | years } ronrs 1 ¥rars

Month ! P
o | o ¢ o 15
! ¥rars P YONrs ' YOATS Yrars

: Inchﬁ © Iuches ' Juches . Inches | Inches , dnches - Inches ' Inches . Imchex
: . ) 0D - .

Jamoary. . .. _ _.. 1807 1.20f L13: 1000 0.87° 008, 0.5 0,48
Febrory 1121 Lol om 86 LW AT, AT .32
March. L22i L4 L0 AR AR G4 ] L .46 .36
April__ 0321 ula| 108 R N B ¥ I - S 5
May. - 05| mp o s 01 .86 A a0 | L25 .t
Jupe... 1.20 1.07 ] T NE 42 LA N Nl
Puly... ..ol )OSTOoLMOo1E2 O UT0d 1A6L LB 0S| 108 M
Appost, .. .o L zanl 2100 160 LS| LER ., enl 10 k2 A4
September . L45] L35 L® [ - 48 L3R .24
Ocloher. AL Ll 104 K .y opnl 54 LM
November. NN N TR 5 ;i I 11 12 .
Decembor, LS LW LT 12 Los JFT &n 1§ 5
10
=
q P
08 R
= T E % é i
N i
= b Hidiantias
NATURAL BRIDGE, ARIZ. KEAMS CANYON, ARIZ.
Averoge Average Average
54 doys : 58 doys 30 doys
10
Z
o5
o
oE
; 0 E-1 A £ %, be e 0 S ST R g
NATURAL. BRIDGE, ARIZ, NATURAL BRIDGE, ARIZ. NATURAL BRIDGE, ARIZ.
1903 1804 1905
44 days 36 doys T7 days

I'rioRe AHb-—Avernge numbor of days with rain in eaeh month af Natwread
Bridge, Keans Canyon, and Lonpp. sl actunl nuenber of days with rain af
Nuatural Bridge in each month in 1903, 1904, and 1005, The years of reeard For
Natural Bridge, Keams Ginyon, and Leupp are respectively 38, 12, anil 9.

Since there is no regularity in the ocenrrence of rainfall there can
be none in the intervening periods of drought. Periods lacking in
rainfall are brought about by specific meteorological conditions just
as are storm periods and are equally important elements of the cli-
mate of the Southwest. Ahsence of sharp frontal passages amd of
vigorous invasions of moist anstable air resulis in drought. Hence.
droughts, like large storus, do not occur with any regularity but
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are associated with nonrhythmic oceurrences of air-mass invasions.
Despite the great irvegularity in the ocenrrence and length of
drought periods, much useful information can be sccured through
anaiysis of mean drought frequencies.

There is a minimum amount of precipitation which may he said
fo break a drought period.  This vavies from one vegion fo another
and from season to season. Thus. any uniform definition of drought
is necessarily mote or less arbitrary. On the hasis of experimental
work. Bhreve {24, p. 134) determined that under desert conditions
rains of less than Q.13 inch ave without influence on soil moisture af
a depth of 15 cm. except under special conditions. Other workers
have ohserved that smuall amounts of precipitation arve of slight value
to crops anless they follow laroer amounts.

On the other hand, as little as (110 tneh in 48 hours may repue-
sent meteorologic conditions which would terminate a dronght on
the western grazing ranges. Clondiness and high atmospheric hu-
midify may cut daytime evaporation fosses and bring about con-
densation and direct absorption at night so that the effectivencss of
the actual rainfall is greater than it would be otherwise. No quan-
titive measurements of condensation or absorption arve available.
and it is therefore impossible to say what is the minimum anount
of rainfall which could be utilized by the range grasses. In the
analysis whicl foilows. drought periods are considered to bo termi-
nafed by raing toteling 0,10 inch in 4% howrs,

Drought freguencies for the four seasnns and the year at four
Arizona stations are given in fgire 2010 At Yuma, drought periods
of 120 days duration may be expected every yeur. amd once in a 14-
year period a drought may exceed 220 days. Every one of the sea-
sons may be entively rainless.  Oceasionally. & drought perviod may
extend through two conseentive seasons and sometimes throngh three,
Spring drought may extend through the entire 90 days 2 years cut
of 4; autumn drought, 2 yvears out of 5; summer dronght, 2 years
out of 7; and winter drought. 2 vears out of 9. At the other stations
dronghts are shorter. At Jerome, as at Yuma, drought periods are
longer in spring and antumn than i sunmer or winter.  In Phoenix
and Tuba City. however, the autumn droughts scenrring once in 14
years are shorter than those of summoer or winler,

In figure 22, the length of the dronght peried to be expected once
in 5 years in each of the four seasonx is shown for the Sonthwest.
‘The period varies in the different parts of the rvegion and with the
season. ‘The mintnmm drought period shown, less than 30 days.
appears in the mountaineus parts of New Mexico and Colorado in
all bt the gutumn season.  In some part of the region dronghts of
90 duys duration are experienced In every season onee Jin J years on
the average. The shifting seasonat drought pattern is the obverse of
the patiern of rainfall distribution. as may be seen by comparing
figure 22 with figure 11.  Excluding the arid areas. summer droughts
are longest to the west and winter droughts are longest to the eust
of the region.  Summer droughts reach 80 days 1 western Arizona,
in virtuaily all of California, mest of Novada. and parts of Qregon,
Washington, Idabe, and Utah. Winter droughts reach 90 days in
weostern Kansas and eastern Colorade and exceed 70 days in the

BT DT A p—
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entire southern Great Plains. Longer droughts are experienced in
the Southwest 1 year in 10, on the average, but the seasonal variations
in pattern of distribution are similar to those of the 5-year frequency.

Throughout most of the Southwest, drought periods are shorter
in summer than in any other season. In most of the region, spring
is the season of maximum length of drought and autumn stands
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FI6URE 21——Annual and seasonal dronght  frequencies af Yama, Jerome,
Phnenix, and Tuba Cily, Aviz

second. In the eastern part of the aren, however. winter Iis
the season of longest drought periods, since the winter invasions
of Polar Pacific aiv, bringing precipitation te the Southwest, fali
off in frequency and become progressively drier from west to east.
In the extreme western part of the region summer droughts are the
longest. This is also related to the incidence of air masses, in this
instance the relative infrequency of invasion of moist unstable Tropical
Atlantie air into the western part of the region.
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The accurrence of a prolonged drought does not preclude the possi-
bility of having annual or monthly rainfall totals which are equal
to or above normal. In 1808, at Keams Canyon, only 0.15 inch
of rain fell between March 31 and July 2. On July 3, 1.01 inches
fell. No ramn feil between September 18 and November 12, but on
November 13 and 14 there was a storm which brought a total of
0.60 inch of precipitation. The total rainfall for 1909 was above
the normal. An abnormally wet month or year may reflect mainly
the oceurrence of a few large storms, and low tofals do not necessarily
indicate that droughts have been frequent or long.

There is every reason to expect at long intervals in the Sonthwest
a drought extending through most of o year. Occasionally such
droughts may follow euch other in successive yeurs. Such dry periods
are norinal feutures of the climate of the Southwest.

THE Crivatwe PaTttERN IN THE SOUTHWEST
A DEFINITION OF CLIMATE

Climate is an integration of the climatic or meteorological ele-
ments or factors which contbine within a2 region to give it its char-
acter and individuality. The catalog of the elements is familiar,
congisting of temperature, wind, precipitation. atmospheric humidity,
evaporation, sunshine. cloudiness, and severnl others. These ele-
ments are extremely diverse, temperature being merely a form of
molecular energy, wind o form of momentum, and preeipitation a
material which collects on the land in varied forms (rain, snow,
hail}, in various amounts, and at varying rates. Drought is an
absence of precipitation. and evaporation a rate of loss of precipita-
tion. All are complexly interrelated: each is dependent on the
others, and all are expressions of the operation of meteorological
forces world wide in their scope.

Ingenious and accurnte instruments have been developed for meas-
uring and rvecording the elements of weather and climate. There
are, however, no instruments for measuring the climatic comples.
Tor the characterization of climate it is necessary to select mensured
values of the individual elements in an effort fo arrive at those
which are correlated with the significant physical and biological
features of the different parts of the cavth. To obtain this end, aé-
tention has at different times been focused on different sets of
elements.

A climaiie index that has been proved to be highly significant is
the relation of precipitution to evaporation, but it is one that is
extremely difficull to defermine. Present mensures of both precipita-
tion and evaporation are prosaly inadequate. The analysis of pre-
cipitntion in earlier pages has shown that total precipitation
expressed nomerically has little significance since all precipitation is
included, regardless of the conditions under which it falls, The
rainfall of & crop season is a composite made up of a series of
rains, each possessing an individual pattern of distribution. The
rains may be gentle showers or downpours, long or short in duration,
Periods without rain may last for a few days or for several months.
The measurements of evaporation are even less satisfactory than
those of precipitation, and it is only within the past 2 years that
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direct means of measuring the actual amount of water lost from a
land surface through evaporation and transpiration has been found.

It was the inability to mensure precipitation effectiveness directly
that led to the development of the many empirical formulas for ex-
pressing the effectiveness of precipitation. All are only approxima-
tions. In the present study the precipitation effectiveness (P-E)
index from the Thornthwaite classification of climates (03, 106) is
used. It is determined by evaluating the monthly totals of precipi-
tation in terms of the temperature of the month in which it falls.
The terms “arid,” “semiarid,” “dry subhumid,” “moist subhumid.”
“humid.” and “superhumid” refer to moisture provinces delimited
by means of precipitation-effectiveness indices. The term “super-
humid” has been substituted for the less specific term “wet.” which
was originally employed.

THE NORMAL CLIMATIC PATTERN

The climates of the Svuthwestern States are prevailingly avid and
semiarid, Areas of extreme avidity are relatively lhuited and cover
only small parts of southern Califoraia, Nevada, Avizona, New Mexico,
and Ctah. Semiarid conditions cover most of the remainder of these
States and extend eastward through the Great Plaing und northward
into Canada (88, 143). The climate is more lnanid where mountains
and high mesas and plateaus vise as islands sbove the general level.
Some of these higher elevations exceed 12,000 feet and ave superhumid.

The climatic pattern in the Southwestern States can best be under-
stood by considering it with reference to the general pattern of cli-
mates over the earth. The deserts of North America, comprising
portions of northern Mexico, southern Californin, Arizona, New
Mexico, Nevada, and Ttal, as well as small areas ju several other
Western States, are a shrunken and foreshortened counterpart of the
%reat arid regions of Eurasin and North Africa. which include the
Sahara. the Arabian deserts. the deserts of Iran and Turlkestan.
the Thar of India. and the Gobi Desert of Mongolia. Continental west
coasts between 20° and 30° novth of the Equator are arid. Similarly
tocated arid regions in the Southern Hemisphere include the Atacama
Desert of South America, the Kaluhari Desert of South Africa, and
the Great Desert of Australia.

The other extreme, the superhumid climate, appears on equatorial
coasts and istands and on eontinental west cousts between 40% and GO~
both north and south of the Equator. The Pacific coast of North
America from northern California to Aluska is superhumid. In
Europe this climate is found in the northwest corner of Spain and
the western coastal parts of Ireland, Scotland, and Norway.

Between the arid and superhumid regions are belts of semiarpid,
subhumid, and humid climates of greater or less width. The subhumid
climate is subdivided into moist subhumid and dry subhumid. The
generalized normal distribution of these six principal climatic types
m the United States is shown in figure 23 (/75, 104, 108).

VARIATIONS IN THE CLIMATIC PATTERN

Much emphasis has been placed on the variability of the elements
that combine to make climate. Precipitation and temperature have
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been shown to vary greatly from day to day, from one menth to an-
other, and from one year to another as a result of vaviations in air-
inass interactions {pp. 5-11). Wind velocity, cloudiness, and evapora-
tion are likewise known to vary with air masses {(60). Since climate
is an integration of these many complexly varying elements, it is
obvious that climate must also vary from one year to another. Varia-
tion may be thought of as an element of climate, equal in rank with
precipitation, temperature, or any of the others.

The extent of the climatic varviations in the Southwest is illustrated
by maps of two extreme years, 1905 and 1934 {fig. 24), both of which
show distributions in marked contrast to the normal pattern shown
in figure 23. In 1903. both arid and semiarid climates,” which ordi-
narily oceupy most of these Sfates. were virtually absent. A large
area extending from the vicinity of Willinms, Ariz., southeastward
into New Mexico was humid. Other smaller humnid areas appeared
in Northern Arizona and in New Mexico. In 1934, nearly fwo-thirds
of New Mexico and almost as Inrge a part of Arizona were arid, and
practically the entive remainder of the two Stutes was semiarid. Only
small, high areas had dry subhumid climate.

Tuble § shows the range of variations in elimate from one year to
another for a number of stutions in Arizona. No Arvizona station has
experienced a superhumid year since weather observations have been
made, although several stutions in New Mexico have. A few stations
have experienced humid years, but only Fort Valley and a few other
mountain stations have humid climates. At Fort Valley. 16 cut of
24 years were humid. 8 were maoist subhumid. and the other 2 were
dry subhumid. At Williams, although the climate is moist subhumid.
only 7 cut of 32 years were moist subhumid, 8 were dry sublinmid, 15
were humid, and 2 were seminrid. A few stations experienced o range
in climatic vears from humid to arid.  Jerome, for instance. a dry sub-
humid station, experienced 1 humid year and 1 arid year in the 37 for
which there is o record.

It may be that frequency distributions for a limited number of years
will #uil to reveal the true nafure of the climate, For example, the
frequency distribution for Miami and Orvacle, Ariz.. are very similar
and are close to the dry subhumid-semiavid boundary. Miami being
dry subhumid and Oracle semiarid. It is quite possible that us data
for additional vears become available Minm1 will prove to be semiarid
or Oracle will be dvy subhumid.  Of course. this world not constitute
s change in climate but rather merely an adjustment to bring about
greater accrrncy in the designation of the existing climate,

Both Prescolt and Jerome are dry subhumid, vet there is n distinet
difference in the frequency distributions at the two places, In the
37 years of record, 18 years were humid or moist subhumid at Prescott,
whereuas ¢t Jerome there were only 4 such years, At Jerome, 14 yeuars
were semiarid or arid and at Prescott only 6. It it eould be assumed
that these frequency distributions correctly deseribe the climafes of
the two places then the climule of Jerome would change if it were

L ward "ellmale’ 3 oempldaved o express two meaniogs, Climaie s the ntegration
af the weatlor feom das to day in wosbogle year o fhoes we Speak of Hae cliiirie experioneem)
I o pdven yenr. I 58 slso Phe Betegration of e slinstes of o seelos of years, Althoupeh
the word s used in both wavs in (he discogsian that follows, no eopnision should result,
becanse one el always cead!ly see whether the normal climnde o the clhnade of o year i\
mennt,
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to become like that of Prescott. The climatic change would involve
an increased frequency of humid and moist subhumid years and a
decreased frequency of semiarid and arid years.

There is a slight difference in the annual precipitation at the two
stations. The average through 1930 at Prescott is 18.53 inches and
at Jerome 19.20 inches. The tendency for greater frequeney of semi-
arid and arid yewrs at the station with greater raintall is 1 result of
higher temperatures and greater consequent evaporation losses.

Tapte Q—Frequency distribution of climatic yeurs for the period of record at
83 stations in Arizona, I900-1939
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t No Arivona station has experivniost! o suyorhumid veor sines weather observations hegan.

There is, also, a very significant difference in storm frequency **
{table 10}. A storm of 4.00 inches or wmore in 24 hours may be ex-
pected ance in 13 vears on the average at Prescott, but only otiee in
50 years at Jerome; whereas a 1.50-inch storm will oceur equally often
at_both places. It would require a considerable increase in annual
ainfall or 4 change in meteorological conditions for large storms at
Jerome to become as frequent as at Prescots,

An increase in average annun} precipitation might result from an
merense in the frequeuc],' of rainstorms, an incresse in size of imdli-
vidual storms, or an incrense in the proportion of lurge storms to
small ones. An increase in the number of storms would require a

127¢ muwt be reniemiered that the reliabiiy of thess starm-Teoquency determinatlons are
soblect to seriens ||Itws|lnn beenitse of the extremely smatl numher of cnses, Tly shouid
therefore be considersd mereiy as ilustrotive of the Peint thut climnlie chubnge % an
oxtremely complexy phenotenon.
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speeding up of the general circulation of the atmosphere such that
more frequent interchanges of air masses occurred.  An increase tn
the size of storms would require increases in the moisture content of
air masses and in the vigor of their interaction. A change in the
proportion of intense storms could be brought about by a change in
the local surface configuration. Since none of these changes cun take
place except very slowly, it appears that what have sometimes been
called climatie changes in the Southwest are in reality merely the
sormal, more or less random. variations chavacteristic of all elimates.

Tanre 10—Frequency of 24-howr precipitation amounts at  Preseolt and
Jeranie, driz.

Frequeney of 24-hour precipitation amounls of—
Station ] —— -
1.5 Inches! 2.0 inchesies inchesid.y inehes 1.5 inchesidQ inehos|4.5 inches
Yeurs Yeurs Yeirrs g Yeurs ! Years 1 Yeurs Vearz
Pregpobt | e . 0.6 1. 3.0, - B 3.0 .
JEFOMIE e v e memmmmmm mm e .6 2.1 5.8 ] 13.0 1 2.0 i 50.0 8.0

This distinction is extremely importaut becanse climatic change in-
volves a significant ehange in the frequency distribution of climatie
yeurs, whereas variation from one year to another within the limits
set by the frequency distribution must be accepted as un attribute
of every climate. To prove the existence of climatic change it is
necessary to show that differences in frequency distributions derived
from two parts of the same recond could not result solely from sam-
sling ervor.  Unless this ean be done climatic chunge in the Southwest
m the last 2,000 years cannot be extublished.

CLimatic Freervanions 18 tHE Pasr

In the Southwest there have been, without doubi, wide fluctuations
in climate during the past several centuries. It is known that the
<limate of the Southwest, as everywhere in the United States, has
changed since the Pleistocene, but the change has been very gradual,
occupying at least 25.000 years, and has not been very great in this
region,

In the ubsence of rainfall records of sufficient length many indi-
rect lines of evidence have been examined to determine whether there
has been any progressive climatic change i the Southwest during the
last 2000 years. In 1918, Henderson and Robbins (59, p. 68) sum-
marized the evidence from archacology, history. botany, und geology
available at that time and stated that it was not conclusive; but they
expressed the “opinion” that there bad been “progressive desiceation
of the region since the beginning of the cliff-dwelling period.”

Reexamination of the evidence from these fields suggests that it
shows merely the existence of ¢limatic fluctuntions in the past sinzilar
to those of today and does not demonstrate progressive change in
any direction.

In recent years the science of dendrochronology, developed in the
Senthwest by Prof. A. E. Dougluss and his students, has accumulated
evidence which has been used varionsly to prove and to disprove the
existence of climatic change. A statcmnent made only recently by
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one of the students of tree rings claims that they are indicative of
- climatic fluctuations rather than climatic changes (58, pp. 67-68).

Most important conclusion of the new science nmounts to s certainty, The
trees say the seme thing over and ever: The climate of the United States is not
changing. :

Trees say that there has been no change in the amount of precipitation cer-
tainly for 650 years and probably for 2,000 years. The trees record droughts
centuries ago that lasted longer and were drier thugn anything this generation
has known, for all our draw.. . dust storms. But the droughts were always
followed by plentiful rainfail,

* * & * * * *

The popular notion that the drought-rainfall cycle is regular is exploded hy
the tree-ring calendar.

Lake levels in the Great Basin have constantly risen and fallen
and have been studied for evidence of climatic fluctuations and pro-
gressive changes. According to Antevs (72, p. 71) the expansion of
the Pleistocene lakes in the Great Basin correspended fo the maxi-
mum extension of glaciers in the neighboring mountain ranges and
of 1ce sheets over the northern part of the continent. He places the
last major lake expansion at 30,000 to 35,000 years ago. The well-
developed shore lines and the lack of deltas indicate that diminished
evaporation rather than increased precipitation and run-off was the
main factor in the rise of lake levels.

Jones (72, p. 47), on the other hand. concludes on the basis of
mineral concentration in the water that Luke Lahontan originated
not more than 2,000 to 4,000 years ago and reached its maximum depth
and extent only about 1,000 years ago. He states that in order to
support Lake Lahontan ut the high-water mark, 2¥% times the present
rainfall throughout the drainage basin would be required. Such a
change in average precipitation in 1.000 yesrs would have meant a
tremendous climatic change, a change thaf would have been reflected
over the entire western half of the continent. Under the conditions
postulated by Jones the climate of Reno and Carson City, now semi-
arid, would have been humid and the more elevated portions of the
area would have been superhumid.

Powell (81, p. lzwii}, in 1898 cited archacological evidence for the
opinion that the cultures of the Southwest were developed under con-
drtions approximately as adverse as they are at present.

The Puello peoples, ancient and medern, grew uwp under hard environment:
shadowed ever by the speeters of thirst and famine, they were exceptionally
impressed by the potencies of pitiless nature and the impotruer of their own puny
power; and fike other desert peopies, seafarers, und risk-haunied follk peneriliy,
they developed an elaborate system of ceromonies nnd syinbols drsigned to placate
the mysterious powers. % * *

Oceupring un avid reglon in which water is the most precions of all eom-
madities, the Pueblo peoples early acquired skill in the nunufnenmre of nrensilg
adapted to the eonservation of water, and sventiually hecame the perters par
excellence of aboriginal Ameriea,

Thus a climatic change of the magnitude indieated by Jones is
altogether improbable.

There is historical evidence of large changes of Izke levels in the
Great Basin during the last century. ‘That these rises and declines of
water level are associated with fluctuations of precipitation is shown
by the rainfall records themselves and by supplementary trec-ring
records {19).
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In recent years Bryan and his students have presented a great many
physiographic observations which they interpret as being indicative
of climatic change. Bryan has traced buried channels upward of
one-third of a mile in length in the fill in the valleys of Avizona and
New Mexico. Bryan (25, 30). Hack (55), and others have found that
in sume of the valleys of the Southwest there have been at least three
prst periods of inereased ergsion separated by times of dominant dep-
reition.  Albritton and Bryan, for exawmple, consider that the alter-
nate filling and channeling in the Davis Mountains, Trans-Pecos, Texas
is due to climatic changes.’s They say (11, p. 1574) :

It i= a well-established working hypethesis thai in an arid elimate and fn arcas
of ephemernl and infermitfent stresus agreadation of valley floors occurs in
periods of relative hnotdity awd eroxion by channeling ovcurs in perimls of
relative avidity.

On a table giving a tentative correlntion of the stages of filling and
eroding in valleys of western Texus with those of the Judita Wash
described by Huck. each period of aggradation is indicated as “move
himid®” and each time of evasion. reprosented in the secdlimentary rec-
ord by disconformitics. is shown as “less humid™ (71, p. 2468).  [Tunt-
ington {66, pp. 31-36) also attributes alternate filling and entting in
the valleys of the Southwest to elimatic change bhut he believes that
agaradation is due to greater aridity and eniting to increased raintall
{p. 109}.

In the physiographic studies of Bryun the nuture of the postulated
climatic changes is vague and no cloar-cut distinetion is made between
progressive climatic changes and elimatic fnctuations.  Presumably
“relative hwmidity” and “relative aridity™ wre equivalent (o “morve
humid” and *less humid.” but what Is implied by these terme is never
indicated.  Probably they refer to the normal fluctuations in the
existing climate and not to elimatic changes (pp. 58-59).

Bryan recognizes the importance of the oceasional intense storm
(4. p. 1.

S0 furr ag erosion and sedimentatiom are coneerned, the rafe af eainfall and
Huetuntions i rainfidl are perhaps more important than the average mmount,
Yuma has had ng itthe as 0.6 inch in 1899 and as high as 1141 nches in 1005,
The highest monthly rainfull In 31 yoars ocenrred in Augost 1900, when 6.23
inches fell—nenviy twice the norma! avnunt minfati. On Sepiember 350, 1921,
3.63 inches of rain fell In 24 Lours, an amouni exeoeding (he normal anoual
rainfail for the slalion hy 0.3 inch. On Angust 16, 1990, 338 inches fell. The
effect of such slnrms in ecrosion and in the trausportation of délris by floods on
ephiemeral streams iz obvious.

In recent years. however, Bryun has insisted that gullying in the
Southwest, although contemporanenns with settlement and its attond-
ant overgrazing, was actually independent of it ail was eansed by
progressive desiceation of the region, In an address in 1939, he con-
cinded that the allernate cudting down and bullding up of stresms
record minor fluctuations in climate. running over hundreds or even
thousands of years. The most recent cutting down. he said. is inde-
pendent of the animals that roam the country and their effect on the
vegetation. It was imminent at the time when catile were introduced
into the country and the coineidence in thue between the introduction

iy opp, RS89 these physingeaphic abssrvaitoas sre futeepretal o tormes of gocmal
pliyalographic processes, and it bs shown it they do nol eonsiitate posithee rvidence af
climutic change.

¥ Great Dlrins Conference, FlogsindT, Arix, Sepe 5 1R
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of the cattle and the cutting of the channels is the same coincidence
as that between the pulling of the trigger and the explosion of the
cartridge.

It is hard to reconcile this statement with the known fact that a
land surface which has been irritated by overgrazing and livestock
and wagon trails will be gullied by a less intense rainstorm than one
which has suffered no such irrvitation.  Bryan goes on to say that gully
cutting might have been initinted in the Southwest hy 1940 or 1950
even had the country never been settled or overgrazed. This ig true.
but it would have requited a series of much larger storms than those
that caused the extensive gullyving during the last half century. The
probability of the ceciirrence of such a series of intense storms is far
Jess than that of the occurrence of the moderately intense ones that
have brought about the existing gunllies. There 1 at preseut no
pussible means of forecasting such geviex of intense rains.

The evidence from history. botany. archaeology. and geology, velat-
ingr to the last 2000 vears is indieative of climatic fluctuations such ax
those we expericuce today and confirms the meteorclogical axiom that
the more or less random inferactions of nir masses that determine
present elimatic varintions are the same as those of the prst,  Tvidence
for or against long-period elimatic clanges must necessarily be indi-
rect or civenmstantial and it I& bapossible to identify the variations a-
climatic changes. T there has been any progressive climatic change
in either direction in the last 2000 vears in the Sonthwest. it s o
small 1s to be completely obseured or overshadowed by the fluctiations
introduced by air-mass activilty.

ERQSION IN THE POLACCA WASI

The general characteristies of the ¢limate of the Southwest have
been considered.  The following pages present a picture of the relation
of climate and other hasic factors to the action and effects of aceel-
erated erosion in the Polacen Wash drainage bashi which i typieal
of much of the Southwest. The discussion deals first with the basic
conditions governing crosion in the ares. second. with the present
state of the erosion. and third, with the characteristic processes of
normal and accelerated erosion and their effects.

Rising in « number of fingerlike headwaters near the northesstern
rim of Black Mesa 100 miles north of Holbrook. the Polacea Wash
extends in a genvral southwestorly divection to its wmouth at Lenpp.
Ariz. The upper half of its course lies in canyons deeply carved in
the Mesa (fig. 25). The lower half is more open ad traverses o hroad
plain and shallow basins, Other similar and more or Jess paraliel
washes, ineluding Moenkopi Wazh, Dinmbito Wash, Oraibi Wash.
and Jadito Wash, drain the renminder of Black Mesa.

Bastc Conprrions GOVERNING Erosiox
CLIMATE OF THE POLAUCA WASH
In the Navajo countey. in northeastern Arizona, and extending into
adjoining States. the wide range of elevations. from near L3700 feet

in the canyons and mujor valleys to almest 10500 feet on Nuavajo
Mountuain, canses o wide range of climate.  Along the Polacen Wash.




\

T E‘ D |y [ED LaKE Thaowe 905‘1".-;;
N / /é "

o

'\-..4""‘—'./
o~ CONTINUOUS GuULLIES f’”’"“f CLIFF  LINES ; VALLEY FLAT

» [ ] PHYSIOGRAPHIC BOUNDARIES OBSCURED : '
DISCONTINUQOUS  GULLIES el e
B mx TOWNS AND VILLAGES ST 8y WIND-BLOWN MATERIAL

_—
ey

/WATERSHEO BOUNDARY PEDIMENT AND ALLUVIAL
" {UTTLE COLORADO AND SAN JUAN) SCALE FAN ZONE

’ MILES
WATERSHED BOUNDARY

e > 3 4 5 “ﬂ MESA SURFAGES
(WITHlN LITTLE cou}anno) s ——— ——

DRAINAGE

Fraure 25.—Physiographic map of the Polacea Wash drainage basin, Arizona. Base compiled from field reconnalssance maps and aerial photographs.




/
/

Pig

"f\:;_-:«-. /RE CANYON

(Paces p, 48)




" % F

CONFLUENCE WITH THE

100 T
A 2 SATE
80 <
2, %
1) —‘Q/ "V
3
) g
@ i . T{’
- <
m:.a %——q"}. R
@ P
P o
2 %0 —
< g
= " BEH ORI
%‘0' GROWHLG  SEASOH ‘.é
=3 Cost KhLING FROST  finr ]
20 wc-uszi ‘ ssn‘son
PREVAILING WIND BIRECTION F9—YEAR RECORD)
SW ) Sw | Sw | Sw | Swiow |Sw | oW | Sw|sw ) Sw i 5w
AVERAGE SHONFALL IN  [NCHES 9=-YEAR RECORD
2iio8rogt T (2o Lk v] 00104 108 13T
8
g,
£8s
it
5
EEy
by
Eis
o2
g T gy m—
-8 i / _—
7o /A 77 =
JAN. CFER WAR. aPR. MAY JUME JUCY AUG SEPT OCT NOW. DEC.
wenest [ 1 wesn 222 owest M
LEUPP

PAINTED DESERT SECTION

TUSAYAN WASHES SECTION

S5E. N 2%‘-'«3\&

TEMPERATURE (*F.)

PRECIPITATION (INGHES)
(2/-YEAR RECORD)

g N
. il A AVERKGE _GROWING _SEASON
LS = i
PREVAILING  WIND DIRECTION (1 I-YEAR  RECORD]
LA A 1w wlwl w!lw w ] W £,
NOWFALL TN
043112 102100300100 [YEETNEY
8 —
b
[
*]
b el
= ] .
; IA/ A z -
e Y s

YU akN, FEB. MALR APR. MAY JUWE MUY AN SEPT, DCT  MOW DEC.

HIGHEST [~ |  MEaN wwesT I
KEAMS CANYON

-1 NW. SE. i HW.
® ® '

J—

SCALE
For croax profiles
hotitonig) ond warilent
Fast

LITTLE COLORADO RIVER v of h
Wepo Gully Mouth of
i { I(numls Canyor Gully KEAMS CANYON
i i L
1 5 G
, Mouth of : ooLACeA 1 M
Mauth ot Oraibi Guily coh| |
I Gorn Gully | COYOTE, SPRINGS . ks
} b, v] I Badrock
I TV
Bedrock Badrock
. <
Bedlrack
3o 40 50 e 70 T 35 .
SOUTHWEST wiies

Fiauen 26.—Longitudinal profile of the Polacea Guily from its head to the Little Colorado River at Leupp,

5-mile intervels. Longitudinal profiles of important tributaries, selected cross-profiles, and locations of kn
alluvinl fans are shown. Climatic summsries from Weather Buresu stations at Kesins Canyon and Leup;

in the middle and at the lower end of the Polaces. There is no meteorclogical station in the headwaters

vegetation seem to indicate that climatic conditions there are intermediate between those at Flagstaff and




100 1o
90! a0
a a0
- 70 -,
] -~
T £
w w
@ .
S g
’E =
5 ol \"' & L/ ) \-.
g % o orowing seasontp | & 9 f Y
: INREANEE RS
w, 1 SN — i >
¥ soTR A e o RN FROST T A R = > a S
ol “gif AVERAGE GROWING SEASOM \" I Y 0 AVERAGE GROWING SEASON § %)
- il HERRERE
\ i ' _—1/
FREvaLinG © wio oaeeran [ 20-YEAR 53 PREVAILING ~ WD GIRECTION T 16-TEAR BECORO]
. . 3 3 3 W, Sw. | Sw. |59 : . Sw.isw  Sw | E | E
i I AVLHAGE  SHOWFALL 1N INGHES [32-TE4R ALCORDY
5653133 |06103(60100}00] T 0% (28173 s sat42] 68 7310 Joo— 7 |13 167 (130
. 125 Y] i
—- — - —_ ! —
g 7! g .
T
25 Z8s
o _—
=89 e pat: I
=1 oz _— A
Sd =
3. v
22 [ =2, : |
o & +
aw ] =7 oo e k - ;_.;
Wit - t.u?..—_/ 4 L. ,/ ’d
« IV - 7 /f/"r)";-—-— £ IA///VV !, /{///:’7/-‘1/ re:ll?
o
7o, 2 AT YAR 2 Y rra Y A

o
JEN  FER MARR  APR MAY JUKE JULY &UG SEPT CT NOV DEC

o
dad FEB wWaR PR uAY JUNE JILY AUG, SEPT OCT SOV OEC

maresT [ ] wean 277 wowesT EEER wigresT [ | mEan 277 wwestT K
ST. MICHAELS FLAGSTAFF
BLACK MESA SECTION
SE. MW,
SE. MW SE N, @ " 7500
..
> Longitudinal it
ngiiuding R
@ olluvigl  fon 700 7100
| rKnickpoinI
o ; 5700
Mouth of Keichpoint I DRIPPING SPRINGS GULLY 7100
Burnl Corn Gully Longitedinal : _\;
theadi ongituding oo F
:tf;s::;d!?:; aituviat fon T 6700
{ 1 _GUL i
1 ; ! guRNT_CORE e i 5300
I, = I Bedrock
. 5300
Sedrock =
Jﬁoo“
5100
4700
o 20 5] 2% 50— 4300
NORTHEAST
ased on average grades of (Faces p. 48)

ck points and longitudinal
give an idea of conditions
rega, but the elevation and
t. Michaels.




CLIMATE AND ACCELERATED EROSION IN THE SOUTHWESY 47

the climare varies from humid or moist subhumid to arid. Tn most
ears only the highest parts of the headwaters area are sufficiently
ﬂumid to have precipitation adequate for a good range.

Weather records are available for only a few stations in the Polacea
drainage, but by examining in addition the climate at other stgtions
in this area a fair pieture of the conditions for a period of 12 to 43
vears can be oblained. depending on the local length of record (fig. 26).
Temperature for the lower parts of the aren averages nbove 70° F., for
June. July. and August : the highest monthiy average in the Polacea
drainage s 764° for July at foupp {fig. 26}. Maximum tempera-
tures range upward to 47 or 1057 but are well below the records
of 112° tn 127° in the seuthwestern part of the State.

Precipitation at stations in the Polncen drainage ranges from an
annnal average of 747 inches at Leupp (4700 feet slevation) to 11,87
inches at Keams Canyvon—feddite (8.200-6.700 feet colevation) and is
helieved to be congiderably greater on the high mesas i the head-
wuters.  Rain is reesived throughout the vear, hut there is 2 well-
defined summer maximum and o secondary peal in winter. Ahout
one-cighth to one-quarier of the precipitation falls as snow, which in
the Polucea deainnge has been recorded for all months except June.
July. August. and September. Nearby stations have received snow
i ol months excopt July nnd Angosic Precipitation inereases with
incrense jn elevation away from the Lattie Colorado: whereas tempera-
ture tends to decrease,

The summer rains, which ave convective or frontal-convective. are
nsally of high intensity and short duration, in contrast to the wide-
spread. more gentle wintor mins. The degree of contrast in rainfall
characteristics from month to month i+ bronght out in the chart for
Keams Canyon showing mean monthly amounts of precipitation fall-
ing at specified 24-hour intensities (fig. 27),  July stands out as the
manth experiencing the moxt intense downpours. No data were
available for the compuation of short-perind intensities, hut it is
certain that the summer raing fall ot nuich higher short-time rates
than do those of winter {table 8).  High 24-honr amoennts occurring
during winter are nearly always of several honrs duration. wherens
in the suntmer 16 s not unsual for more than an inch (o 2l in Jess
ihan 2 hours,

Inten=e storms are much more frequent in the headwaters of the
Palacea Wash than near i mouth. Tt is probable that 24-hour storm
amounts of precipifation rhat might be expected annually in the bead-
waters would ocenr not oftener than onee i 3 years in the vicinity
of Keams Canyon or onee ju 30 vears st Lenpp. where the Polacen
joins the Little Colorada. The Trequeney of larger storms is propos-
tionately diminished down the vailey.

The erosional effects of precipitation are closely related to the sen-
sonal distribution and intensity of the Individual rains. Rainfall in
months when the ground is moderately well protected by vegetation js
obviously less Iikely to eruse erasion than is rain falling during colder
or drier months, when the cover of vegetution is sparse. At most of
the stations in the vicinily of the Polacen Wash, July is the rainiest
month, with Angust a close second (fig. 26).  The infense. loeal sun)-
nter storms tend to he roughly oval in form and may measure only
a few hundred feet across and less than one-quarter of a mile in
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length, but they range upward in size to several hundred miles in
diameter (fig. 28).

The extent of a summer storm, in one dimension, at least. as meus-
ured by the odometer on un automobile traversing the rain avea, is
usually not over 6 miles. Larger storms are cecasionally encounteresd.

Winter precipitation, heaviest from December to March, is usually
of the warni-front type and is of low intensity, wide extent, and long
duration.
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Fravre 27~ Meas monthly ausnts of precipitation falling at specified
intonsivios, Kooy Canyon, Ariz.

Owing to the seasonal differences in type of precipitation, daily
incidence of rainfall and clondiness are both greater in summer
months, as shown in table 11,

During the period from June to mid-Oetober 1936, & number of rain
gages were operated between the village of Polacen and the head of
the sonth fork of Keams Canyon to secure data on the intensity, in-
ternal structure, and migraiion of the rainstorms of that aren. At
first 1 recording gage and 24 of the standard type were used. but in
late July and eavly \ugust the number in use was increased to 6 re-
cording and 36 standard gages. The distance between gages did not
exceed £ miles and averaged about 1 mile (fg. 29).
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TapLk 1L—dvrerage numbder of days clear, cloudy, or wilh precipitation of 0.0/
inch or more in ¢ sunnner and o winter wmonth in the vicinity of Polacea Wash,
Ariz,

o BB fuch

Partly | Clondy or  ar more of

clondy avergsi precipiin-
tioa

Senson Clent

Summer month.
Winler mongh ¢

Brys Dys Days
. &

! ixeceniber ar Jonnary.

In the season studied. August had the most days of rain and the
largest eateh, 5.52 inches.  September eame second in total rainfall
and July second in number of days on which rain was received (table
12). Continuous rainfall at any one spot usualiy Jasted less than 1
hour, although one rain of slightly over 8 hours’ duration was recorded
(Bg. 30}, Ruinfall periods, fasting several howrs, with rains of short
duration separated by short rainless intervals, were found to oceur,
especially in Inte smmer and in the fail.

Feat g 28 —-View nerthwest from Second Mesa showing looit] sumumer rain over
Qriibi dosa,

The rainfall graphs for August 2 and September 1 2 (G, 30} illus-
trate these types of storms and show the essential differences between
typical summer and winter precipitation. The storm of Augnst 2
was of g convective nature. having a rather high intensity and a short
duration. The release of the convective encrgy in the prevailing
Tropical Maritime air mass was brought about by the invagion of

BUMOLS 42 i
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Precipitation in inches
July 26,1936

Precipitotion in inchas
July 29-30,1936

Precipitahion 1n inches
Avg. 2-4 {936

oo a0 025 ors (K- -] 1.25 130 INCHES

and Poliees village in the Summer of 1936 and distribution of precipitation in
showa in figure 8.
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a Polar Pacific air mass, which forced the fropical air to ascend
aloft and condense its moisture. The storm of Septemnber 1-2 had
an entirely different meteorological genesis. The ramnfall, which was
gentle and continued for approximately 15 hours. was cansed by a
warm-front type of occlusion. A well-modified type of Polar Pacific
air advanced aloft over the prevailing pelar air that eccupicd the
southwestern TTnited States at this time. and a gentle continuous rain
was produced in advance of the invading upper front.
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The absence of any very high intensities may be attribuled in part
to the shortness of the period of observation but is also in agreement
with genern} meteorological conditions of Lhe arex.

One of the largest storms veported by the couperative Weather
Burenu observer at Keams Canyon continued from July 21 through
July 24, 1915. The total precipitation of the storm was 4.38 inches.
Three of the 20 miniest days of record ocenrred during this storm.
Tt brought 35 percent of the average annual rainfall and approxi-
mately 25 percent of the total rainfall received that year. During
the (2 days preceding the storm, only 005 mch of rain teld, and
following it no rain fell for a period of 27 days.

In spite of the small arex of the Polacea Wash drainnge as compared
with the area of the Southwest. year-to-yvear variations in elimate
cover a wide range of climatic types. The range of variation during
40 years of vecord is illustrated by the climatic maps of the Sonthwest
for 1905 and 1934 (fig. 24). Lxtensive upland areas which were
umid in 1905 were dry sublimid or even seminvid in 1934 On the
other hawd. the widegpread arid region appearing ou the 1934 map
is entively missing from the map of the carlier year.

The nenitude of the variations from year to year is best brought
put by the chart showing Huctuntions from the hoadwaters down to
the foat of the wash at Leupp (fig. 31}, During the 30 years shown,
the climate at the headwaters has panged from humid to dry sub-
humid: at Keams Canyon, from humid to semiarid: at the point of
confluesce with the Little Colorado, from arid to semiarid.  There
i< Little doubt that i the record were longer the range would be even
grenier.

GEGLOGY
PHYSIDGRAPOY

The Colorado Pliteaus of Arizons, New Mexico, Utah. and Colo-
rado. comprising a furge vegion of essentinlly horizoutal rocks, e
noted for their many broad wesas and deep canyons.  In the center
of the Navajo section of this physiogimphic province stands Biack
Mesa, approximately 55 miles wide amd 65 to 70 miles Trom north to
couth {fg. 1), Tu the easterns purt of the Mesa, the gathering grouwd
for the waters of the Polaces Wash, the elevation ranges from nearly
5,060 feet close to Yale Point to upproximately 8,200 foel at the pueblos
on First Mes.  The magins of Blaek Mesa drop away in chifs maary
hundreds of feet high to the Chinle Valley on the east and by some-
what lower eliffx o the hasin of the Tisayan Washes on the south
(fig. 25).

Owing to the alternation of resistant sandstones and wonker shales in
the bedrock of this region, Black Messcand its projecting tongues are
not all formed of one individoal roelk surface but of muany different
beds. ‘The escarpments, which at first glanee seen Lo rise perpendicu-
larly from the valley. when seen in profile ave revesled as a geries of
steps extending to the mesa tops (g, 32). Kach of these steps or
benehes is separated from those adjacent to it by oliffs, the height and
steepuess of which depend on the thivkness and resistance of the sand-
stonmes or other beds from which they are formed.  TFour levels are
recagnized, of which the lower two are by far the most exlensive
{figs. 32, 83, and 34},
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LEUPP KEAMS CAHYON HEADWATERS
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Along the northeastern half of the Polacca Wash the land bordering
the foof of the lowest cliff series slopes downward to the flat valley
floor. The upper part of the slope, through most of this arves, is a
pediment (figs. 32 and 84) which projects irvegularly into the valley,
as if composed of a series of spurs. Large sandstone masses that have
slumped from the cliffs interrupt the slope of the pediment zone in
many areas. Soil and vegetation are meager on much of the pedi-
ment area. The sotl thickens at the lower end of the slope, where the
pediment characteristically gives way to an alluvial fan or 2n almost
continuous alluvial apron.

The valley floor in the upper Polacca is in general broad and flat
{fig. 34) and is covered with a deep alluvium which supports vegeta-
tion in abundance wherever suflicient water is available during the
ETOWINg season.

Below the village of Polacca. the wash leaves the Mesa area, the
high cliffs disappear, and the stream channel traverses a series of
shallow basins 8ﬁg. 25}, Over much of the arena. normal development
of surface drainage is hindered by low dunes and ridges of wind-
blown sand. Small streams survive for only short distances before
being absorbed in the smaface sand.

Numerous azbandoned channeles and distributaries mark former
courses of the Polacca, but the present channel is deeply entrenched
in the valley fill. On the flood plain of the Little Colorado the Po-
lncea turns westward for nearly 8 miles and joins the river west of
Lenpp.

STRUCTURE AND STRATIGRAPHY

The entire Polacca drainage is included in what Gregory has called
the Tusayan dewnwarp (47, p. 172), a broad synelinal structure can-
tering in the vicinity of Polacca viliage and Coyote Springs. In the
headwaters area of the Polacen Wash the regional dip is to the west
snd southwest and attains a maximum of about 3 degrees. Locally

i
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Ficure 35 —Diggrammitic preflle showing the relation of geologie structure to
physiography niong the Polacen Wash.

the major structure is complicated by minor flexures, the most promi-
nent of which is an anticlinal or domed area 2 to 3 miles south of the
mouth of Red Canyon, where the valley widens into a broad topo-
graphic basin {figs. 23 and 35). South of Black Mesa along the
olacce the rocks dip gently to the northeast and the wash passes
through the dissected rims of successively lower formations (fig. 35).

The rocks of the Polacea Wash drainage, largely sandstones and
shales, range in age from the Cretaceons Mesaverde formation in the
headwaters to the Moenkopi shales of the Triassic along the Little
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Colorado River at Leupp (51,32) (fiz. 35). Not only the topography,
but vegetation and lund use are closely related to rock structure and
stratigraphy.

According to Gregory (51. p. 75):

The Mesaverde of the Niavajo counfry differs in no essentinl respect from
strata of this age at the type locality in Celorade. At its base are one or more
heiavy beds of sandstone 30 to H0 feer titick; these ure suececded Dy strivta
consisting of about eguul nmounts of fhin sandstone aad ghale with muny beds
of ¢eal. The top of the formurion includes three or mure beds of massive
samdstone atiaining thicknesses of 40 fo 100 feet, It i a prominent cliff muker.

Figure 32 represents the Mesuverde as it is exposed in the head-
waters ared of the Polacea Wash in the vicinity of Cottonwoad Tree
Canyon. where the formation is exceptionally thick. Marked lateral

adations in resistance znd lithology are connuon and ave reflected
directly in the geomorphic forms of the area.

Contormably beneath the Mesaverde formation »nd usually sepa-
rated from it by transition beds liex the Mancos shale, consisting
largely of drab sandy clay shales und contuining a veluatively amall
bercentage of sandstone. impure lmestone, and conl. The beds are
gypsiferous (51, p. 74). The gently sloping but irregular pediment
zone of the upper Polacea Wash is developed- on the Mancos shale.
Height and width of the zone depend in large part on the strati-
graphic depth to which the canyon has been cut. Where the canyon
floor 1s in the Mesaverde-Mancos transition the pediment is small
or abgent. hut where erosion has cut downward into the Mancos shale
the pediment usually is broader,

Beneath the Mancos are the sandstones, conglomerates. shales, and
coal beds of the Dalkota formation, which in the Polacea drainnge
is seldom more than 25 to 30 feet thick. They vuterop locally on
both Timbs of the structural arch in the Hoor of the upper valley
and again come to the surface in the lower valley south of Polacca
village.

The McElmo formation lies unconformably below the Dakota
sandstone. It outerops on the Himbs of the arch in the upper valley,
and is also exposged in a broad band extending from about 7 miles
below Polacca village to the vicinity of Coyote Springs. The shales
and weaker sandstone members of this formation develop broad
topographic flats or basine.  The more massive sandstones. com-
monly cross-bedded. outerop as cliffs, and in this area they form a
rim on the southeast side of the Coyote Springs basin.

The McElmo formation grades downward through a thickness of
as much as 100 feet to the rocks of the Glen Canyon group of prob-
able Jurassic age. Elsewhere m the Navajo conntry and Grand
Canyon areu, these beds, the Navajo sandstone, Todilte shule, and
Wingnte sundstone, are prominent eliff formers. but sueh cliffs are
only moderately developed in the Polacea drainage. They border
the Polucea Wash irregularly from about 2 miles to 6 miles below
Coyote Springs.

Beneath the Wingate sandstone, lowest member of the Glen Can-
yon group. lie the many-colored marls and shales of the Chinle for-
mation of Trisssic age. Most of the beds of this formation erode
readily to an jrregular hadiand topography. A few of the more
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resistant sandstone, limestone. and conglomerate beds form buites.
mesas, or long cliff lines such as those along the Palacea between
the Tolani Lakes area and the point of entrance of Corn Wush
{fig. 25).

The Shinarump conglomerate lies between the Chinle shales ahove
and the Moenkopi shales below but in the Polacea drainage is not a
prominent eliff former.

The Maenlopi shale. the lowest formation represented in the Polucea
drainage. is of Triassie age and consisis of highly colored platy sand-
stones and shales, which weather to low irregular badiands with
seattered smuall butfes, The formation is Inrgely nonresistant to ero-
sion and forms the wealk zone followed by the Little Colorade River
from Hollrook northwestwurd for maore than 80 miles.

Voleanie rocks of Tertinry age form irregular hills and mesas in
the H()pi huttex :‘llt‘ southeast of the Polacen drainage {57). The
Giant’s Chair (fie. 253, s prominent landmark on the \\ml side of the
Polacea Wash Detween Covote Springs and Toreva, 15 an eroded

voleanie plug probably connected with tie rocks of the Hopi voleanie
field.

SOIL

Nodetailed maps or descriptions of fhe soils of the Nuvajo and Hopi
Indian reservations have yet been published. The Soil Survey of the
Winslow Area. Avizona (102}, the only bulletin discusgeing soil types
close to the reservation area. covers part of the valley of the Little
Colorado River tor about 18 miles eust and L4 omiles north of Winslow
but does not include wny of the Polieen Wash drainage. A feow
reconnaissance strveys and detailed maps of special areas on the reser-
vation have beon made by Government agencies,

In gencral the soils vury with the underlying voek and loen! physio-
graphic lastory.  The three main groupings nsed in the Winslow aren
are applicable to the Polacen Valley,  These are: {1} Residual soils.
(2} old valloy-fill soils. and (3) receut alluvinl soils (1020 po 142).
Residunl soils nve restricted largely to mesa surfaces and to marginal
slopes on pediments. The v |Iiv\ flats and active fans comprise the
other two sl groupings.

As the soils of the Southwest arve in general thin and poorly formed.
the residunl soils relate closely to the “under lying parent materials in
water properties and in resistanee 1o evosion. Residual solls on areas
of sundstone and shale. for example, niay support altogether different
kinds of vegetation and respond quite differently to erosion. although
Iyingr within the game elimalic vegion,  The wrea widerlain by Mancos
shale in the Polacea Wash di ainage basin is one of the eritical soil
arens of e watershed.

The bhottom sails are in general heavier than the sandy sotls of the
uplands. the flat alhevial henches, and the colluyial al(}pe Miadi
conditions are generaily nof anfavurable on the higher Iving soils but
nutke some of The lower Jving, poarly drained amla Jows ‘-.llll' ible for
agricultural use,  Wind hlf;\\mu has modified ahuost all the soils.
In generil, however, the heavier textured soils are less nifeeted than
those that are loose and sandy.
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YEGETATION
NATURAL VEGETATION

The natural vegetation of the Navajo conntry ranges from desert
to subalpine types and corvelates closely with local elimatic conditions.
Soil and drainage are important in determining the vegetal pattern
within individual elimatic zones,

Five main chimax types ure present. Lowest of these 1= the sage-
brush climax or northern desert shrab (g, 36). found in parts of (he
valley of the Little Colorado. the Painted Desert. and the southern
edge of the Tusayan Washes,  Next bigher is the grassland elinmax
or short-grass zone, extending from the sagebrush area to the mesn
borders and ocoupying elevations of roughly 5300 1o 6,000 feet. The
lower mesa levels, from about 6.000 10 G700 or 6.500 feet, bear the
woodland-climax or pihon-juniper association. Above S0 feet the
montane-forest elinmx deminates and contivues to an elevation of niore
than R.000 feet.  The subaipine climax. chareterized by Engleaunnn
sprice. extends from the upper Himit of the wmontane forest to the top
of Navajo Mountain. about 1046 feet, the highest etevation in the
Navajo country.  The same general zonal plan is found threngh most
of the arid to senmnarid lands of the Southwest but s extended to
melnde a still more xerophytic desert Hora at the Tower elevations and
on the highest peaks in novthern Avizona, above 11000 or 11500 feur,
an alpine meadow climax (54 78). The zonad boundarvies ave not
sharply drawn. Mewmbers of eael climax extend i lesser abundancee
into edjoining zones,

In the Polacea Wash dininage basing elevation vestricts the vegeta-
tion to the montane-forest, pinon-jnniper. short-grass, and sagebrush
zones,  In general the vegetation range from the mesa top to vhe valley
fioor closely resembles the climatic range fron the cooler. moister
headwuters of the Polieen Wash ro its warmer, drier lower vonrse,
The boundary berween the montane-forest and pifion-juniper zones
is vevern! hundred feet higher in the Polaeen drtinage on the eastern
part of the Black Mesa than elsewhere in the Navajo country.  Piflon-
juniper here grows profusely on the mesn to altitudes of almosg 8030
feet (fg. 33). Small groves of vellow pine and climatically asso-
clated nrontane-forest tvpes =uel ax Douglis e and aspen, are present
in the coolest and most humid areas. ax In the upper ends of Cotton-
waad Tree Canyon and Red Canyon. wnd on the divide between
(fig. 37). Pifion-juniper is common in tue pediment zone, especially
i the headwaters, but is present only loeally on the canvon Hours
(fig. 34).

On the xouthern part of the mesa supfaee, within 25 miles up valley
from Polucea village, piiion-juniper grows less thickly on the mesa
top.  Areax of grass and sagebwash are more common {fgs, 3% and
39). Trees are mueh less abiundant in the iff and pediment zones
heve and are vare an the canvon floors

On the wooded mesas in the headwaters country remnants of park-
like areas of grisshuud wre found in shallow basine o flats where
eolluvial muterial from gentle #ide slopes has seenmulated to form a
thicker sail :nuntle, Lavge arews of this sort. separated by low
divides which support a growth of pidon-juniper, are present on the
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mexas bardering the wash below the mouth of (he Burnt Corn o B,
35 oad 390, Much of the men-tap geas=land, howeser, has beey
logt, The remgining growth s =par-e anel it plave is grmbuaily being
taken Ly brush and weeds and by expansion of the arca of piiion-
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jrmipers I plaves the loss of grass sod s ee-ulted in soit cemoyval
aned the exposure of {nrge arens ol Lure rovlk,

Short geass with a wknor snemt of <acehrnsd was formerly the
ehivacteristic vegetation of the vadley flonrs, In recent e s
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cover has gradually diminished. Gully cutting has lowered the
water table.  Drought has reduced the ability of the grass to vegene-
rate after the heavy grazing of Navajo and Hopi sheep and ponies.
As a resnlt more xerophytic plants have gained ascendancy.

In general, depletion of vegetation has been less in’ the valley
floor of the lower Polacea than in the upper valley, Beecause of its
dhder and warmer climate the lower area had a move xerophytic
natural vegetation. Sand dunes in the lower valley have retarded
run-off and conserved moisture. In spite of these conditions, however,
many of the more palatable plants bave been displaced by less
desirable types.

HISTORICAL ENVIDENCE OF DEPLETION OF VEBETATION

Conversation with Indians and traders and inspection of old
records give a variety of opinions as to the former vegetal cover of
the Hop:r and Navajo country. There is evidence that the grass
cover wuas once more nearly complete, but it is certain that the abun-
dance of grass varied considerably from place to place. Local aveas
probably have always been barren.

One of the earliest wccounts of the vegetation of this region is
given by Lieutenant Edward F. Beale, who, uncer commission from
the War Department, surveyed a wagon road from Fort Deflance,
Ariz.. to the Colorade River {75). He passed westward down the
valley of the Little Colorado River through the Navajo country early
m September 1857 and returned up the valley shortly before the mid-
dle of February 1858, His route through this area did not traverse
the Polacea drainage buasin but lay along the apland south of the
Little Colorado and within 5 miles of the river. Beale's journal gives
a glowing account of exceilent and abimdant grass between Holbrook
and the month of Canyon Diablo, of fertile soil, and of plenty of
water.  He describes a luxuriunt crop of grama grass on the mesa
near Leupp, Ariz, and states of one day’s travel near there that noth-
ing had impeded their progress but the grass. This region. he pre-
dicted, wanld become as good a livestock country as any in the United
States and would undoubtedly be heavily settled by whites once the
Indiang were held in check (75, pp. 44-18).

The contrast between the conditions deseribed by Lieutenant Beale
and thoese of the present day has been shown in o publication of the
Office of Indian Affairs (73). Recent photographs of the approxi-
mate localities deseribed by Beale suggest a notahle depletion of the
vegetal cover,

In 1858. the year of Beale's eastward trip. Lieutenant Joseph C.
Ives' expedition. which had been exploring the Colorado River,
entered the Navajo-Hopi country from the southwest. After a
difficult_trip on which he and bis party were seriously short of
water they reached the pueblos on the Hopi mesas (77 p. LIy,
When the party arrived at “Mooshahneh” (Mishangnovi), on Second
Mesa. May 11, the Hopis guided them to & camp grround of which
Ives says (70, pp. 120-121) :

In 1en minntes a spat was veached which all agreed was the best grivaing
enmp the country afforded. I no longer wondored chat their one horse looked

g0 thin, A single animal eoulil scarcely hitve existed for three days upon all
ihe grass in 1he neighhorhood.

JUFHOZ —dg2

]
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Because of exhaustion of the mules and because of the poor prospect
of finding water the party abandoned their plan to travel novthward
from Oraibi when they had gone only about 30 miles.

Returning southward they crossed the neck of Second Mesa and
on May 17 camped in the Wepo Valley along the trail from Oraibi
to First Mesa. Ives records that “the valley was well covered with
grass. Large flocks of sheep attested the wealth of the citizens of
this department of Moquis™ (70, p. 126). The “department of
Moquis” to which he refers is the group of Hopis on First Mesa,
and Wepo Valley is one of the best watered of the entive area. It
has been cultivafed extensively by the Hopis in recent decades.

Kit Carson visited the Hopi pueblos on October 21, 1863, to
obtain their assistince in a campaign. In his report on the action
he noted (43, p. 34):

. . . these people, numbering some 4,(K0 somnls, are In a most deplorable con-
dition, from the faet that the country fur several miles areund their village
is guite barren and is entirely destitule of vegetation.

They have no water for purposes of irrinion, and their onty dependoence

for subsistence is on the little corn they raise when the weather is propitious,
which is not always the ease in this latitude.
Crop failures in 1864 and 1865 bore out Carson’s statement of the
peoples’ dependence on weather and weve in part respounsible for a
severe famine, As Colonel Carson’s observations were made in
October it is obvious that he would not have scen the grasses and
crops at their best.

Almost 20 years later John G. Bourke, captain in the United States
Cavalry, made a journey to the Hopi pueblos to observe the tradi-
tional ‘snake dance. He left Santa Fe early in August 1881 and
spent the night of August T at Fort Defiance, Az, His roufe
from there lay west ncross the Defiance Plateau and Pueblo Colorado
Wash to Keams Canyon and the Hopi mesas. After the dances he
returned to Keams Canyon for a short sojourn. He and his party
started their return to the line of the railroad on August 19. From
Mishongnovi their trail led through the Hopi butte country to the
Mormon settlement of Sunset. along the Little Colorado about 3
miles northeast of Winslow.

Bourke's specinl interest in ethnology did not prevent his making
ful] and apparently acenvate notes on the natural history of the
region the party traversed. Observations on the abundance of grama
grass ave parficulnrly pertinent.  About 16 miles west of Fort
Definnce he notes that the pine woods gave way to pifion and cedar
as the road descended the slope of the plateau. There was much
large sagebrush and Spanish bayonet. and “grama grass. in thick
bunches. filled all the ground not covered. or too deeply shadowed,
by other vegetation™ (17, p. 66). In the valley he found little pinon.
Sagebrush was more abundant.  “The grass still vemained excelient”
(I7. p. 66). On August 9, viding from Pueblo Colorado Wash to
Keams Canyon. Bourke notes that the vegetation in the valleys was
almost exclusively grama.  He refers to an absence of flowing water
but says that grama grass of the finest kind was growing luxuriantly
everywhere {17, p. 7.2).

The valley of the Polacea Wash was far less hospitable. Bourke
describes it (77, p. 96) as a plain of heavy sand.
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For the whole fonrtesn miles [down Kenms Canyon and acoress the Dolacen

Wash to First Mesan) one had o hear with pationee the intense hent of the
swir's rayx, reflected bhack with inercased power by rhe minuse erystais of
saml. Progress over snch szt frail js at all times difliendl * * *,
‘The difficulty the mules had in traversing the high sand Junes south-
west of the end of First Mesa and the presence of shifting sand,
thinly grassed, in the valley hetween Mishougnovi and Shongopovi
are mentioned.  Of this avea he says (47, p. 312);

The grass g cedar, which were very pour neny the towns, baproved in
quantity and quatity ax we receded from them.  Ihe Derds and tlocks had,
Beyontdl guestion. sgen and stitmiped  oub the herbage, and he demand for
fuel il enused the euttior down of moeh {iminer,

On August 19. the party turned southeast from Mishongnovi and
after erossing the Polacca Wash continued southward apparently
along the caslern side of the valley (17, p. 244).

¥oF® the trnil van through o Gue pastnee-bind, wantiod with vernel green.
We stw on ol sides o broagd grassy plain Soging haek owards the Mogui
villages, This plain we estimaied to he seven mijlos brogul, covernd in s whole
extent with the cholrost “bliek grama” grass, and in oaren sonid uol have bheen
less thun 20,000 aeres,

The grasey plain was succeedod southward by a hilly area and
buttes of odd and picturesque shapes. sbviousiy the Hopi Buttes,
Sugebrush and greasewand took the place of grass i this rugeed
country. but beyond the first range of hills the party descended
into a—
second hrond expanse of refreshing green genss punning for miles in every
dircerion, ¥ * * aheen rrnilz without number, deading hither and thither,
showed nnmirtiakably thiat the Navijues were sofizible of the vaine of this
grand masturage.  [(See 17, po 3441,

In contrast to these garden spots of the reservation the breaks of the
Little Colorado extending 15 miles back from the river were deseribed
U170 pi 36— 17} as of unsurpassed aridity.

A few shvivelled wipgs of grease-waod, o speek or so of snpe-hrash =een at
groat inferval=, and in o or two shady navks o =ofitary fmifled of green which
Iy be grass or something else, constRue the solp verdure, the sole covering
for these hills of burnt, baked oy nod sand,

Ten veurs later. on November {. 1891, Julinn Scote. a ~peeial agent

for_the Eleventh Censnx. visited the Ilopi villages, He =uys (45
p. 42} that from the mouth of Keams Canyon':
R Or anr road Iny across whit seemed almosy ausert wastp, * ¥ %
Banches of amxoli {soupweed 1, wild S, FUeen {Rpabish bayonet ), saeol grass,
] eacti pelivve the menolony the saandy siretehes would athorwise bave
preseted,

- -

Bowman. in 1911, suy= of the vegetation of the Navajo-Hopi coun-

try as a whaole (18, p. 276) :
The pxtent of bare roek and sand fleor e very great, and probally oot more
than 107 of 1he Nuvajo-Moki rigion is actually eovered with vegelation, In
et i possibie wownlk frons Galliap, New Mexieo, to Tanner's Crossing on
the Litrle Cidoridde, or from the {areises Mountains te Lot's Ferry, withant
stepping on a twlg or o spear of grass.

From these aceounts it is apparent that even 80 FOOrs ago grass
was searce i the vieinily of the Hopi villages, In" favorable Toca-
tlons far from the pueblos, however, there wax gond grass eover at
least as late as Bourke’s visit in 1881, The estimates the varions




68  TECHNICAL BULLETIN 808, U. §. DEPT. OF AGRICULTURE

travelers give of the vegetation depend not vnly on the particular
avea observed but on the season and year in which they saw it.
Beule's impressions gained in September and Febrouary. months fol-
lowing wet seasons of the year (figs. 12. 13. and )6}. are in strong
contrast to those of lves, who saw the Navi ajo-Hopi country in BL}.\,
one of the two driest months, Vegetation receiving water from
melting winter snows or pvnmnvnt springs. as .11(m<r the Wepo
Wash. would be green In May and June, but vegets ation dependent
on summer rains of July and August for its growth would not be
much in evidence.  Colonel Carson’s visit in October 1863 and Scott’s
in November 1891 were at a time of vear when the grasses would not
have Leen at their best,  Carson’s statement that the country around
the vitlages was barren. however, would probably be ahnost equally
tum in sumimer and Seott’s desee, *Ton of the Polaces Valley as

“almost a desert waste” agrees wits Bourke's earlier observations
made in August. 1 month when sununer rains are usuzlly plentiful
in that region ad vegetation should be at the height of its growth.

Similar Tdifferences in condition of vegetarion arise from the wide
yearly variations in climate. However, total annual preeipitation
and average temperatures are Jess ».wmiu int than the distribution
of individual rains and dronghts {(pp. 31-35).  That August 1881 must,
have bad rather favorable precipitation is shown by the accounts in
Bourke'’s journal (pp. 113-114).  His party was rained on or saw rain
near them almest daily for 2 weeles,

The fine plains of choice gramm grass deseribed by Bourke are now
gone from the Navajo country. Where grama grass is present at
all, it grows as scattered individual plants vather than in thick
champs.

LAND USE: PAST AND PRESENT

EAZLY  RECOHRDRS

Qur firet knowledge of northenstern Arizona comes from the jour-
nals of Coronado’s expedition, & party from which explored the avea
in 1340, At that time the countey was ithabited by Pueble Indians
andd had not yet been oceupied by the N avajos. The Pueblo ecanomy
wax agriculturad. and the Indians had no livestock until sheep and
horses were introduced by Coronado.

By the early sev enteenth century the Navajos had entered the lerri-
tory of the Pueblo dwellors, and within the next 100 years had made
themselves dreaded enemics of (he Pueblo peoples. The warlike
invaders attacked the Spaniards and Pueblo dwellers alike. and
in hese raids oiained the lirst of the sheep which have since become
s0 important in Navajo life.  Nmden (22, p. £29) thinks it probable
that weaving wag established among the Navajos at the fime of the
Pueblo Rebellion of 1680, when the hp‘un.:lds were driven from many
of their holdings, particularly in the northern part of what is now
New Mexico. In 1632, the Spaniards fought their way back milo
that avea. and permancnl settlements were established,

Herding and weaving becume more and more important among
the \.1\.1]0& and dt'(.‘ﬂldll!”’ to \msden {12 p. [43) these people had
cained a l(’(‘u"!ll/t‘({ supremacy in nalive weaving of wool in the
Sonthwest as early as the beginning of the nineteenth cenfury.
Until at least the Ume of the Civil Weu the cencentration of human
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and domestic animal population of the Navajo ansl other tribes of
thig area of northeastern Arizona was relatively low, und their use
of the land could bave changed it but little from the natural
condition.

The Navajo Reservation was created in 1868, when the fribe wag
released from Fort Sumner. N. Mex.. after the Navajo aprisings had
heen put down by Kit Carson. It was estimated that 85.000
Indians (44} and lvestoek comststing of 1550 horses. 20 nutdes. 940
sheep. and 1025 goats (}/) were placed on the reservation at that
time. Amwden stateg (12, pp. 108=18:0 that 30000 sheep and 2.000
goats were distributed to these Indians in 1869, and 3 years larer
10,000 more were brought in.  Although these figures are low in com-
parison to the 43000 Navajos (J08, tehfc 1) and SODOUD {T09. tuble
13) o more than 1 milllon sheep and gouts '® reported on the reser-
viation in recent years, it is evident thar the period tollowing 1868
narked o grear increase in grazing and was rhe beginning of a crirical
time in the ervsion history of the avea.

Additions to the Navajo Reservation changed it boundaries but
did not greatly lghten the grazing load.

CHARACTFRISTD & AND EFFECTY OF NATIVE IAND [UFE

Mozt of the villages of the Hopi Dndians in northeastern Avizona
fong antedate the fomnding of the Hopi Reservation in 1n-20 and the
agrieultural practives of these people have changed but littde from
contact with the white man.  They ure essentinily tler- of the -oil
eather than stockwen. and rthewr teaditioual methmds of Gllage—
hoeing or weeding by hand—the small sze and number of their Helds,
and the loration of Relds on &zt or nearly Hat sneface< have combined
to keep to o minhimum ~oil evoston from sgeealinel cnuees.

Archacological evidence indicates that at ene thne smalt-house vil-
lages, eBfl-lovses. and pueblos were nmmerous in the Bluek Mesa
country.  Resgun states that they were wmore elosely ~puced  than
Farmbouse~ are n central Towa today (Shopp. T1-150 Eaech little
wash el Hae bad i village, and water wis »o cavefully gathered
and hu=banded that none wie allowed to escape down the drainage-
wavs (N4 e sy Dane and ditehes diverted the water of <ide
canyons and made it availuble for Drrigation and village supply.
This abstraction of water by man would have the same general vtfeet
on valley gradation a- would o redustion in rainfall, bur withont
the corresponding general depletion of vegetation. Traces of the
dane and other ~tructures can =till be found loeally (Jrs 161,
Whether these works wers as numerous at any one time a~ Reagan
~ggests i open to guestion. Mot of them have fong been in dis-
repair.  If the dams and dirches of these early agricndturists played
sven a minor part in hringing abort rgeradation of the valiey Hoors,
ax w corollnry. abandonment aml disintegration of the strnciures,
through incresse in run-off. might have furthered to a 2mall extent
the recent aceeleration of erosion,

The Navajos, originally hunters and warriors. are partly nomadic
ard in general are Nttle inelined to paising cultivated crops.  Some
have departed from this tradition, however. and the Indian Service

= The dippine rececds of the Burepn of Animal Dndasicy sbess BULLGHE sheep units
lawlis, rams, o, and il tee 1080
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reports that in the calendar year 1988, 42.5 percent of the Navajo
families planted gardens, as compared with 82.8 percent of the Hopis
(7109, table 13).

For the majority of Navajos, who are primarily herdsmen, svureity
of forage, firewood, and water forces a change of abode seasonally
cr oftener. According to Hoover {63, p. 432), pressure of increasing
population now confines most families to particular grazing areas
within which their movements follow move or Jess regular routes.
Many of the Navujos have definite swmmer and winter ranges, a few
mijes fo 60 miles apart, to which they veturn and in which they
oceupy the sume hogan each vear. In the Bluck Mesa area the best
watered lands for farming ave along and at the mouths of arroyos,
so there is a general move to the valley bottoms in summer. In
winter the mesas are more hospitable. Pasturage then is good in
the juniper zone. Juniper and pifion are available for firewood, and
melting snow provides water., Snowfall i not excessive, and the
trees catch much of the snow and provide shelter for the livestock
{63, p. 437}

Although the Nuvajo herder may cover a wide summer civenit and
return to the same hogan on the mesa in winter, he does not move
eonstantly but lives for muny duoys or weeks in each of several homes,
These Indians do not dvift with the sheep from day to day, as do
mast herdsmen, but bring them to the corral each night and drive
them out again in the moring. Infense utilization of a restricted
radiug resuits. WWhen a section of the range no longer affords sub-
sistence the sheep are driven to a new area. a new hogan and corral
are built, and the process is repeated. The Navajos ave not village
dwellers. Though several hogans may be built together in some
favored location, they are more commonly widely seattered.

With the large inereuse in Navajo population and the correspound-
ing growth in size of the flocks, the carrying capacity of the veserva-
tion has been strained to the limit. Concentration of corrals, aud
hence of grazing and trampling, in aveas of the best gruss or close
to the fow watering places (fig. 40} has dennded the soil and inctuced
sheet and gully erosion. Grass s rapidly giving way to bure ground
or is being replaced by Russian-thistle, snakeweed, rabbithrush, and
other unpalatable shiubs and weeds. Tu some localities hauviing of
wood, water, and other sapplics has developed ruts which serve to
concentrate the run-off. As the ruts enlarge to channels the old
wagon trails are abandoned and new routes are chosen, usuully only
a fow feet to the side, Series of nearly parallel linear gullies
commonly resnlt {fg. 41).

Present Erosion CONDITIONS 0

The Polacea Wash. both in present condition and in physiographic
history, is typical of the larger drainage basins of northeastern
Arizonn. Flow in the wash is intermittent and rarvely is there a con-

W el studies of erogion conditions jn the Polacen Wash drainnge were imade under the
direction of C. 0. Spuer, head of the Depaviment of Ueopraphy ot the Tniversity of Culi-
fornin nnd 4 collaboratfor of the Soif Conservation Service. 'Fhe firaf field party working
sn the Polacen Wish incloded A, A, Normamnl P, A Johnson, and raryy Relcise. A, Al
Normand's maneseripd, o progrosy report on fhe Polncen Wash stady. submitied Febrnary
24, 1035, has beon utilized in the propaeation of this bulletin, I T, Wotf, B, F. Ioseh,
ang ¥, Robingon took part in luter teld work, with . A, Johaygon meling as porty ender.
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tinuous stream of water from headwaters to mouth. Through
almost its entire length the Polacca contains a recently formed, deep,
steep-walled channel or gully, the cutting of which has de:ivoyed
large areas of the valley flat and, even more important, has brought
about a marked lowering of the water table. Although accessible by
car and truck, the Polacca Wash contains very few dams, bridges,
or other engineering structures that might alter the natural drainage
and is therefore especially suitable for study.

The Polacea drainage basin can be divided according to topography
and erosion conditions into three main sections {figs. 25 and 26} : The
Black Mesa section, the Tusayan Washes section, and the Painted
Desert section. Other washes draining southwestward from Black
Mesa have similar divisions.

Freukg 4l.—Linear guilies, 4 miles southeast of Policea village, formed by
ergsion oi wheel rats on wagon {riils Jeading to a spring.

BLACK MESA SECTION

The Black Mesa section of Polacca Wash extends from the head-
waters, near Yule Point, downstream about 45 miles to the vicinity
of Polacea village (fig. 25}, After traversing 10 or 11 miles of
headwater canyons the wash passes through a broad, open basin for
more *han 20 miles. TFrom there it iz again confined in a canyon
for sbout 15 miles before reaching the southern boundary of the
mes.,

The relatively short conrses of the headwater channels on the mesa
surface are charvacteristically bread and shallow, After no more
than 4 or 5 miles the washes descend from the upland into narvow
rock-cut canyens, which gradually broaden downstream (figs. 37
and 42).

In the Iarger canyons pediments border the alluvial floors, but in
the upper ends and in many of the smaller canyons the fint floors

7 The term “goliy"” ns wsed here is cosiricted o chaunels doveloped incgely s o resulf of
eulturally neeeferated vrusion, in conbenst be arvoyos, which may be of gimilnr size and
shape, but are peturnl fealbures.
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42.—Physiographic map of the eastern headwaters of the Polaccs Wash, showing the mesas, cliff lines, pedimenta, alluvial fans, and valley floors.
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abut directly against steep canyon walls, appearing almost as if the
sedliments had flowed in like water to seeic their own level against
the flanking slopes. The pediments are in lavge measure zones
through which the cliffs have veceded. but from which the products
of recession have not been completely removed.  Yvidence for this is
found in the presence of isolated “stacks,” the position and structure
of which indicate clearly that they ave erosional remnaunts,

Accelerated sheet wash, rilling, and gullying are actively vedneing
the pediment surfaces, and deposition of the vesulting debris is form-
ing extensive alluvial fans a few hundred square feet to many ucres
i size extending onto the valley floar.  Many recent deposits of this
type have buried good grassland te a depth of several inches or
more, as in the large longitudinal fan at the mouth of the Canyon
of the Little Hill on Top of the Mountain {fig. 42). Where lateral
fans are numerous they form more or less continuous aprons down
both sides of the canyons and foree the longirudinal drainage to the
center. Irregular growih of lateral fans brings about periodic side-
ward shifting of the main drainage Jine.

In short veaches of the headwuters ennyons the channels are essen-
tially in their natural condition and show little sign of accelervation
of erosion. Through most of the urea, however, washing along the
drainageways has been sufficient to cut away the protective vegetation
and convert normal chanmels into active gullies. It ix sigmificant, in
evalvating the present state of necelerated erosion in the headwaters,
that the guilies in Dripping Springs, Horse Pasture, and Little Hilt
on Top of the Mountain Canyoens end in Tans and do not extend to
the mam Polacea Gully. Therefore, whaicver sediments are now
being carried out of these tribufarvies arve carried hy sheet wash and
sheet flood. The absence of gully channels leading from the tribu-
taries sugueests that natural stabilization might stil be attained if
the causes of acceleration of erosion could be removed.

The cutting head of the Polacca Gully. when mapped in 1935, was
about 0.8 mile above the month of Cottonwood Tree Canyon, "This
head was wide, shallow, and digitaie (Hgs. 42 and 48), and it was
advancing throngh a section of the valley that had 2 broad, smooth
floor. Owing to the flatness of the Hoor the flow spread out and
enfered the head from many sides,

Opposite Red Canyon and for about a mile below its mouth. the
floor of the main valley is made up of o large compound longitudinal
fan consisting of three major lobes. Of these, the one across the
mouth of Red Canyon and the long narvow lobe extending down into
the basin area (fig. 4%), and dissected by the present Polacca Gully,
appear to be the youngest. Several secondary funs ave also recop-
nizuble and suggest that the main fan was Tormed by coniescense of
smalley ones. A fow old drainagewnys, shallow and grass-covered
(fig. 45), indieate former lines of longttndinul drainage through this
reach and suggest the {ype of drainnge line that may have been pres-
ent before the acceleration of erosion, .\t present the convexity of
the cross profile of the eanyon floor ix suflicient to eause a division of
drainage, and gullies have developed along both sides of the canyon.
The muin gully follows the northwest side of the fan, and just up-
strean from the junction with the Red Canyon Gully it contains a
kenickpoint nearly 30 feet high,
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About 1 mile below the mouth of Red Canyven, the cliffs diverge
sharply and the Polacca Valley expands to a broad basin wnore than
20 miles long. The semilunar arrangement of bedrock outerops well
out from the cliff face and the slight aveh in the beds forming the
cliffs to the north make it apparvent that the upstream end of this
basin has developed on an anticlinal structure of the (‘retaceous bedls.

The north and west sides of the basin are bounded by high cliffs,
but to the southeast the cliffs are low or absent and the basin extendds
to the edge of an outward-facing rim overlooking the tributury
drainage of the Clhinle Valley. The divide between the Polucen sl
Chinle drainagex is marked by an izolated butte or remnant mesu.
Waterless Mountain, visible in figure 4+, Tn this view. looking south-
west from the northeast end of the basin. the vim of the basin formed

FigTre 45.—0d listriburary chaunel on the upper paer of the ongitudina! fan
in the Polacea Wash oppesite the meurh of Hed Canyon, as scen looking south-
west from the bank uf the present otneca Gully.

by the Chinle drainage ean be sven at the extreme left. close to the
horizon, The ixolated hutte is on the horizon, left of center. and from
it long pediment slopes extemd down to the main Polacea drainage-
way in the center of the view. Along the right horvizon appear the
cliffs boundiug the valley on the northwest, The alisence of cliffs
along the southeast margin gives this basin somewhat the appearance
ot a gallery, facing out on the Chinle Valley.

A low bedrock ridge, extending down the center of the upper end
of the basin for about 4 miles mives a romewhat convex cros< section
to the valley floor. This eonvexity iz augmented by depasits of
wind-blown sand.  Drainage is imperfect exeept in the troughs alonz
tl:e two margine of the ridge. and small Iakes are oeeasionally fowml
among the sand hills and in depressions I the valley floor. The
usefulness of these lakes for water storage is greatly increased by
collecting ditches which lead water inte them. Tt ix thought that
some 0f the depressions in the vulley Hoor were once part of an old
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drainage system. but the great amount of sand that has shifted over
the area has masked any “definite relation=hip~ that otherwise might
be established.

In the basin area. the fan zone is better developed than in the
hendwater canyons and forins an almost continuous alluvial apron.
Only on the south, where the busin lies entirely within the Mancos
«hale beds, ix the apron poorly developed or absent. and here a mantle
of material more or less directly derived from the underlying bed-
rock merges with the alluvium of the valley Hoor. (ullies. most of
which terminate down <Jope in fans, are abundant on the alluvial
slopes.

Below the mouth of the Burnt Corn the Polacea drainage passes
from the broad barinbike valler to the nwrvower canvon segmenr,
which continues southwe~tward to the edge of Black Mesa.

In this part of the wueh the eliff lines form a broken, irregular
chain along both sides, and the pediment ~lopes streteh far out into
the valley. The alluvial ~lopes here are rvelarively narvow and steep
and _are essentially continuous aprons formed ot coulescing fans.
Much wind-blown sand is present on the slopex (fig. 46). where it
obroures surface features and intervupts drainage, so that only the
larger tributaries reach the oain wash, In ~pite of this covering
the slopes are dizwectesd by numerots guilies (Gg. 47).  Most of these
rerminate in alluvial faus, and whatever How they carey ~inks into
the mantle of rurfuce -und that becomes progrescively thicker
downsrrsam.

The vafley Hoor in thi- strereh is relatively narrow except whern
it broadens into loead basine at the mouths of triburary drainages.
It iz noteworthy thar every basin of any econsiderable size in the
Black Mesa eetion of the wash hax an extensive longitudinal fan
in it~ upper emd.  There ave ~everal =uch basins in the upstream por-
tion and one somewhat larger basiulike avea at the mouth of Burnt
Corn Warh. In the small basin alonge the Polacea Wash about 6
miles ahove the cutrance of the Burnt Corn there i evidence of an
ol lengitudinal alluvial fan that has given the valley fioor a convex
cross profile with mavgitad depressions. A large lougitudinal fan
ha= alto been developeld in the upper pazt of the basin formed at
the mouth of Buent Corn Wasll (fgs. 25 and 26).  This distribution
of longitudinal fans seems to indieate that hetnze muilying began the
Pul‘mm cottained a series of lisconnected channels. each Eilgaffe:]
in building a fan at its mouth. The location of the fans was prob-
ably deterinined by the low gradient of the basins, where spreading
of the flow reduced the carrying power of the water and eansed dep-
osition of the foad. Only exceptionally prolonged and widespread
rains pave rup-off sufficient ro run through”™ al earve o channel
-nmpletdv across the basin fats,

At many places in the deeper canyons of the Black Mesa section
of the Polacen and along the southern maruin of the Mesa lfarge
masses of the cliff. tens of feet fo many handreds of feet in length,
have broken loose ansdl have slid downward. This process is char-
aeteristic of areas where massive rocks such as the Mesaverde overlie
the Mancos shale or other weak beds (74). Movement may be sud-
den or fairly =slow, and displacement is generally small compared
with the size of the block. The rock muss wove: downward as a
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are shown. {Faces p. T8)




CLIMATE AND ACCELERATED EROSION IN THE SQUTHWEST 79

unit or as several subsidiary units and rotates backward, sometimes
as much as 350° or §0°, on an approximately horizontal axis parallel
to the cliff from which it descends (fig. 48). Such movements
usually are known as slumps (94, pp. 65-68), but owing to their
abundance in the Navajo-Hopi country the local term Toreva-block,
from the Hopi village of Toreva nsbout 5 miles west of Polacea (fig.
25}, has heen applied to them by Reiche (85). Many of the blocks
are more than 1,000 feet long. and =owme exceed 1,700 feet. In places,
suceessive slumps from the same ¢liff hiave produced series of steplike
rock benches,

That the process has been long continued is shown by the varied
stages of disintegration of the blocks, by the loeation of man-made
structures, and by accounts of local inhabitants. Ruins of thir-
teenth- and fourteenth-century pueblos on the crests of two of the
Turgest and nearly last-formed siump blocks of 2 series near Chim-
opovi indicate the age of some of the movements, Jore rvecent
slumps are known to have occurred pear the Chimopovi Day School,
about 1870, and approximately 6 miles north of Black Mountain
Siove in 1927 {84, pp. 547-548).

Where Iarge slump blocks are abundunt they add considerably to
the available flat or gently sloping lamd in the pediment zone. The
shallow sag between the displaced block and the parent cliff is a
fuvored site for Navajo hogans. This may be attributed partly to
the moderately good vegetal cover (usuully grass and some sagebrush,
indicative of favorable soll and moisture conditions), to protection
from the wind, and to springs that issue nearby at the base of the
slamp blocks.

IUSAYAN WASHES SECTION

In the Bluck Mesa section of the Polacea (pp. T2-78) the Tongi-
tudinal profile of the wash closely parallels the southwesterly dip
of the Cretaceous rocks into which it has been cut. Tvidence of this
is noted in the uniformity of height of the cliffs along the valley and
in the absence of bedrock outerops in the wash except on the limbs
of the unticline about § miles below the mouth of Red Canyon
(fig. 25).

fn thz) lower half of its conrse to the Little Colorido, instead of
parvalleling the dip of the geologic structure the wash cuts through
the underlymg rocks at a Jow angle. and the more resistant beds
outerop either in the bed of the wash or along the valley flanks,
or hotl.  Locul steepening of the stream gradient and confining of
the valley between low ¢hifs of the outcropping formations results,
In leealities where soft rocks formerly cutcropped, erosion has worn
them back to form broad basins. the size of which depends on the
thickness of the soft beds. The schematic profile in figure 35 shows
grnghical]}' the relation of the geologic formations to the stream

rofile.

P The upper purt of the Tusayan Washes section is a transition
from the narrow valley above into the basin formed along the
southern edge of Black Mesu. The confining cliff lines diverge rap-
idly, as the Polacca enters this broad basin, Keams Cunyon Wush
joins Polacca Wash from the east at the northeastern end of this
section, and Wepo Wush enters from the novth about 7 miles farther
down the valley,
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Fiarre 48~—Cluse view of a 1111.'gé shuinped block of Mesaverde sandstone northeasr of the moiith of Burnt Corn Citnyon,
The block has moved from left to right and has rotated to tilt steeply toward the cliff from which it wus derived.




