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Editor's Note:

This Technical Memorandum is a collection of-papers originally
.wfitten for and published in the Pacific Southwest Inter-Agency
Hydrology Subcommittee Report '"Limitatioms in Hydrologic Data'',
.February 1966. The papers were selected for this Technical Memo-—
randum because they contain information on the reliability and
usefulness of meteorological data which we consider important for
all Western Region forecasters to know and have available for

easy reference. Agricultural meteorologisfs should find the infor-

mation in Section III especially interesting and useful.

Several. of the papers were written by Western Region scientists
for hydrologists, consequently you will encounter considerable

reference to hydrology in them.

We are grateful to Mr. J. van de Erve, Regional Hydrologist, and
Mr. Eugene L. Peck, Regional Research Hydrologist, for their

assistance in preparing this.Technical Memorandum.

fz/@é%

L. W. Snellman, Chlef
Scientific Services
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LIMITATLIONS OF SELECTED METEOROLOGICAL DATA

Lo LTRODECT O
Ao BACKGROULD

Hydrologic studies arc commonly derived from records of numerous
meteorological variables, includin:

Insolation and radiation
Air temperature
Humidity
Wind
Precipitation
Rain
Snow
Evaporation and transpiration

No such records, especially those spanning a long term of years,
should be accepted at face value and assumed to satisfy the purposes
of a particular study in every respect. Both systematic and random
errors must be expected. Some of these may compensate over a period
of time; others may not. Also, the records of certain variables
involve inherent limitations that may influence greatly the strength
of the conclusions derived.

Few if any of the variables listed above are independent; several of
them are influenced substantially by other, nonhydrologic variables
including character of vegetal cover, physical properties of soil and
rocks, and relief and orientation of topographic features with respect
to wind movement and storm tracks. Such related, but primarily non-
nydrologic, variables are not a topic of further discussion in this
manual, which is addressed primarily to ‘the novice hydrologist and
which seeks to (1) point out inherent limitations in hydrologic
records; (2) identify common sources of error in those records; and
(3) where feasible, outline procedures for discriminating data that
seem to be abnormal and possibly in error. Assuming that a specific
cause can be identified, presumably erroneous or inconsistent data
sometimes can be adjusted reasonably; otherwise, they may be excluded
from further consideration. However, adjustment and exclusion must
be cautious and in conformity with sound methods of statistics, lest
the hydrologist trap himself into the fundamental error of accepting
only data that fit a favored hypothesis.



B. INADEQUACY OF SAMPLING

The natural range of most hydrologic variables is large and some
classes of records sample the range most inadequately. Commonly
- this inadequacy of sampling handicaps the hydrologist much more
seriously than errors of measurement at the points sampled.

‘For example, there is ample evidence that instantaneous rates of
precipitation at a given station vary considerably from moment to
moment. At the particular station, this variability probably com-
pensates in some degree over the term of a single storm, and more
s0 over a season or year. Similarly, among the stations of a
network, substantial compensation occurs within the geographic
reach of a particular storm or over any extensive area. Nonethe-
less, even when spaced more closely than is ordinary, a network of
precipitation stations takes only a woefully' small sample of the
water precipitated. Thus, although the conventional statistical
records are a usable index to relative amounts (volumes) of water
precipitated on an area, they afford only a rough measure of that
volume. If a hydrologic study involves mean depth or volume of
water precipitated on an area, the most probable value is that
derived from an isohyetal map constructed with due regard to all
recognized parameters of'precipitation."Any‘value‘derived“bY”
arithmetical procedures alone would be less defensible. ' (It

' should be hoted that these limitations of précipitation records
are inherent; they are: independent of the accuracy of measuring

- devices and procedures y o

S

In contrast, a stream-gaging station measures the integrated volume

" of water running off from the'drainage area. Thus, the conventional

record of streamflow is limited inherently not by inadequacy of
sampling, but by accuracy of techniques for measurement -which are
’ considered later in this manual. '

Among the- hydrologic’variables listed- above, and in:addition to

' streamflow, only storage in reservoirs and lakes is measured directly

in conventional ‘técords. All the other’‘kinds’ of records produce data
‘that are inherently index values rather than absoluté measures of

the hydrologic variable being sampled. Probably few samples-are
integrated in the sense that they reflect, in true proportion, all
 conditions or aspects of the particular water body for a particular
moment or interval of time. -Thus, in any hydrologic study that
involves correlation among two or more of the variables, and in
~which"the'availab1e data are inadequate for computing a sound corre-
lation coefficient by statistical procedures, conclusions should be
drawn cautiously, -

Special emphasis is warranted in regard to adequacy of sampling for
records of chemical quality. Inherently, a single analysis shows
only the chemical constituents at a single point within the body of
water sampled. Also, unless it represents a composite of samples



taken over a period of time, it shows only the constituents momen-.
tarily at that sampling point. All too infrequently is a water body
sampled at enough points or at enough times to represent all the
potential variability within that body. All too few chemical-quality
‘records define point and time of sampling in relation to features of
the environment. Thus, an incautious hydrologist easily can be ‘
misled into undefensible chemical and geochemical conclusions. The
sole defense is to ''screen’ all data for consistency, search out a
full explanation of any seemingly abnormal data, and draw no conclu-
sion by extrapolation.

The difficulties just outlined are compounded in regard to ground-
water quality. lere, available data generally are for samples with-
drawn from wells that may range widely in depth and that, when
.pumped, may yield a blend of two or more waters of unlike chemical
character, from distinct aquifers. The possible ramifications go
far beyond the scope of this manual. Suffice it to point out that
(1) a full explanation of all variations in chemical quality may
require comprehensive information on depth and .casing records of
wells, types, and settings of pumps, and regimen of withdrawals for
some indeterminate period prior to sampling; but (2) rarely is such
ancillary information reported as part of the chemical-quality
record. B ’

C. BIAS IN RECORDS OF LONG TERM

Some hydrologic records have been published over a long term of
years under a single station name when in actuality the station has
been relocated one or more times during the term. In this situation
it is unwise to assume that the 'same water' has been measured, and
that the composite record is not "biased" by environmental differences
among the several locations. For streamflow records in Water-Supply
Papers of the Geological Survey, the latest station description
should be scanned to identify possible relevant changes in location.
All such records through October 1950 have been compiled and summa-
rized in Water-Supply Papers 1301 through 1319 and 1372; these
~reports include the history of gage changes, if any, at statiomns
discontinued prior to the cut-off date of the compilation. For
climatologic stations, changes in location are listed in the Weather
Bureau's "Substation Histories'" (Key to Meteorological Records Docu-~
mentation No. 1.1). Each change of location should be treated as
though a new and independent record had been started, unless the
several partial records are shown to be consistent one with another,
by double-mass plotting against records for one or more adjacent
stations that are in the same environment and that have not been
relocated.

Even if station location has remained unchanged, a long-term record

may involve progressive bias owing to continual changes in the envi-
ronment. For example, over the years more and more of the waters in
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a given river basin may have been diverted for use, and streamflows
may ‘have been regulated more and more by construction of successive
reservoirs. Even if available, 'a record of such diversions commonly
does not show all the effect on streamflow; for example, a substan-
- tial fraction of the water diverted may return to the stream far
below the point of diversion. Similarly, owing to evaporation and
other losses that commonly are not measured, records of reservoir
inflow, content, and outflow yield a distorted measure of the regu-
lating effect. '

Some effects of major diversions and regulation may be documented in
supplemental water records, so:that gaging-station records can be
adjusted accordingly. The "remarks" section of the record in Water-
Supply Papers should be scanned: for relevant cluesj some but not all
environmental changes will be identified thére. "'Both increasing.
water-surface area in reservoirs and increasing use.of water deplete
cstréamflow; usually, such depletions areée not documented.: Also not
usually documented, numerous small diversions may have. been made
successively, small but significant 'quantities of water may bypass
gaging stations, and numerous other works of man may have added some
effect. ' Changes in pattern of land use commonly have been large over
a long term of years and are claimed widely to have caused substan-
tial changes in the yield of water to streams. That such change has
occurred is likely; the magnitude of change, apart from variability
owing to natural causes, commonly is difficult to demonstrate.

In this connection, emphasis perhaps is warranted in regard to the
effects of dikes, levees, and other river-training works. . Commonly
these works are constructed. progressively in a particular stream
basin.” As a result, stage at some key station may seem to rise pro-
gressively over many years, not because the basin yields more water
but because training works upstream cornstrain a greater and -greater
portion of the flow to the main channel, or training works downstream
cause higher and ‘higher backwater, or both. . Effects may reach many
"miles from the works that cause them; théy may be large and relative-
- 1y obvious, ‘or small and- obscure. - Commonly neither their magnitude
nor thelr)tlmlng can. be discriminated precisely. ..Failure of a levee
ot other tralnlng work reverses. the effect.

Such change may occur not only in agrlcultural and rutal areas but
also in urban and industrial areas. ' For example, in the urban-
industrial environment the rate and volume of storm-runoff, the
volume of fluid wastes, and stream temperatures are likely to increase
perhaps -substantially and at times sharply, but in most instances
gradually and obscurely. Ground-water levels and potential yields
are likely to be affected, and commonly depressed.

Even after all reasonable adjustments have been applied, many long-
term streamflow.records may retain a progressive; man-caused bias.

As a result, the later part of the record may, in comparison with the
earlier part and with the natural .stream regimen, be abnormal in
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daily, seasonal, or yearly runoff; in extremes of flow; or in any
combination of these. In some instances, magnitude of the abnor-
mality will be suggested by double-mass plotting against records
from adjacent stations presumably not so biased. In other instances,
there is no ready means for demonstrating magnitude. As a conse-
quence, long-term correlations between streamflow and other hydro-
logic variables must be interpreted with caution.

Long-term records from climatologic stations in and near metropoli-
tan areas well may embody substantial man-caused bias. In such areas,
large and generally increasing amounts of waste heat have been and
are discharged into the atmosphere; industrial smoke and dusts inject
abundant nuclei that may induce precipitation, and that probably
modify the natural regimen of thermal radiation; also, ever-changing
structures interpose variable barriers to the movement of low-level
winds and may affect the "exposure' of climatologic instruments.
Currently, atmospheric physics is not understood sufficiently well

to appraise all the potential influences on climatic records. 1In
some instances, the amount of influence will be suggested by double-
mass plottings against records from outlying stationms.

Such bias is not restricted to metropolitan areas--witness the fami-
liar change in humidity regimen, and probably in air-temperature
regimen, that has been induced in areas of extensive irrigation.
Exposure of climatologic stations may have been changed by the growth
or felling of trees, construction or demolition of buildings, and the
like. The hydrologist must ever be alert to the possibility of such
- bias in any of the longer records with which he deals.

D. SHORT-TERM ABNORMALITIES AND "STEPS'" IN RECORDS

Man's activities and natural events may both cause short-term abnor-.
malities or lasting "steps’ in hydrologic records--more commonly in
streamflow records.: Among numerous examples are the effects of
temporary cofferdams and bypass channels, initial filling of reser-
voirs, and emergency sluicing; the perennially repeated abnormal flow
regimen downstream from a 'peaking" hydroelectric plant is common.
The larger of such events may be well known and may be documented imn
the "remarks' section of the station records in Water-Supply Papers.
However, many will not be documented in the usual sources of informa-
tion. If of consequence in a particular hydrologic study, the possi-
bility of such an event can be tested by plotting records against one
another, and searching out an explanation for data that deviate
markedly from the general regimen.

II. COMMON ERRORS AND LIMITATIONS IN HYDROLOGIC AND METEOROLOGICAL
RECORDS

The preceding part of this manual has considered limitations that
are inherent to hydrologic records and data, even when those records
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comprise accurate measurements or determinations. Here considered are
the more common sources of error in the records--error in the sense
that the quantities recorded differ from those that acfuclly pertained.

Errors have been and always will be present. in hydrologic records,
largely because the instrumentation and procedures of measurement are
of necessity a compromlse between the ideal and the practical. Over
the years, instruments and procedures have been improved so that
.certain sources of error have diminished; further improvement will
ensue but error-free records probably never will be realized.

Certain errors are random in time and in magnitude and may compensate
‘within a period shorter than the term of study. If so, conclusions
dérived from the study may not be influenced substantially. Other
errors may be systematlcally plus or systematically minus; or, even if
random in magnltude and algebraic sign, they may be much more prevalent
in a particular part of the record. In this event, conclusions may be
distorted if the errors are not identified.

'Further, most. hydrologlc records have been tabulated totaled or
averaged, typed, and proofread by human beings——of whom all are prone
to error now and then. Misplaced decimal points, tranposed or extra
digits, and typographic errors. occasionally survive meticulous check-
ing and proofreading, and so become published. Some such errors can
be discovered readily and the cause may be deduced by a d111gent user
of the record--for example, in a series that defines a relatlvely
steady hydrologic state, an erroneous value commonly can be discrimi-
nated with assurance. On the other hand, a similar error in a series
that spans an unsteady state could be isolated only by going back to
the original data.

In a presumably contlnuous record it is obvious that the maximum today
must be at least as great as the minimum of yesterday, today,- and
tomorrow, and the minimum today must be at least as small as the maxi-
mum of yesterday, today, and tomorrow." Phllosophlcally ‘that pr1nc1ple
. .ds 1nv1olate, yet some v1olat10ns that have been published are too
‘numerous to be considered inadvertent or typographic. The phllosophl—
fcally 1mpos51ble record must be ver1f1ed or dlscarded

In every hydrologlc study, therefore, an early step should be to test
the pertinent data for internal consistency and, as has been stated,

to discriminate data that appear abnormal and .may be susceptlble to

' adjustment.  Tests must be devised to suit objectives of the particular
study. . Common procedures are double—mass plottlng of records for a
-given variable from varlous statlons, pairing mass diagrams of unlike
but related variables, "routing' streamflows through successive sta-
tions, and arraying data by magnitude and examining the environmental
aspects - of extreme values. Other procedures will be suggested by the

kind of study.



IIT. DISCUSSION OF SOME METEOROLOGICAL OBSERVATIONS

A.  INSOLATION AND RADIATION

L. Introductlion

Available information on Uhe four I'luxes ol radiation near the
earth's surface (downward shortwave, upward shortwave, downward longwave,
and upward longwave) sheds relatively lilble 1ight on dependability of

the data, on representativeness of obscrvalions, or even on instrument
accuracy. While radiation measuremcntls long have been recognized as
important in many geophysical processes, lhey have not been made in net-
works for very long. The older records are likely to be highly individual
in type of instrument and installation, being parts of agricultural
studies in which only local readings were needed. Recently the Weather
Bureau's observational network for downward shortwave radiation has
expanded; energy-balance approaches in experimental studies of snow
melting, evaporation, and evapotranspiration have become widely accepted;
and the International Geophysical Year and associated program have
greatly stimulated interest in radiation. In most areas of hydrologic
operations, radiation stations are still scarce, but it is to be hoped
that in time small networks will be installed in the larger drainage
basins of the West, somewhat as networks of precipitation-intensity

stations were installed in the thirties for operational purposes.

2. Effects of station location

Radiation stations are few in number and there is a strong temp-
tation to extend their records over areas much more extensive than is
warranted. Exposure and location of stations become important for
this reason. :

Because radiation sensors must be connected with instruments to
record continuously a small electrical output, the recording equipment
is not only bulky, fragile, and expensive but also needs frequent

_checking and servicing. This requirement tends to confine radiation

measurements to stations having technical personnel; most of these are

in lowlands or valleys. Mountains are poorly sampled. For example,
although the present network for downward shortwave radiation includes
stations at considerable altitudes (Albuquerque, Ely, and Grand Junction),
these are in valleys.

A few mountain stations have operated over short periods, but none
is now functioning continuously. Some comparisons suggest that extrapo-
lation of lowland records to mountains may be difficult except on a day-
to-day basis, with observations of cloudiness at both places. For
example, Davis and Soda Springs, Celifornia, have entirely different
regimes of winter radiation, the valley being filled with fog for long
periods while the mountains are sunmy. The summer regimes differ

.oppositely, the mountains being cormmonly cloudy.
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Cloudiness regimes also may differ in other geographic situations,
which are less distinctive topographically than mountain and lowland.
Coastal and inland regions may have different amounts of cloud cover,
and thelr regimes of shortwave and longwave radiation are different.
Thus, caution should be taken in extrapolating radiation data over any
long distance.

The expensive recording equipment for radiation also tends to favor
stations in cities. But even while atmospheric pollution is becoming
reglonW1de, in some parts of the United States, too many cities are
dlstlngulshed from surrounding rural areas by the domes of polluted air
over them. Comparison of city and rural radiation stations in several
parts of ‘this country, as well as in Burope, indicates that city influ-
ence reduces radiation by .a fifth or more, especially in the season of
low sun (Landsberg, p. 318). ’

‘ Radlatlon stations usually are sited to avoid obstructions on the
horizon that would shorten the length of day and reduce the area of the
sky as a source of diffuse radiation. This aspect should be checked
before records are analyzed. - Horlzon obstruction is likely to exist in
the places to which radiation data are being applied--for example, in
studies of snow melting. There are geometrical means of dealing with
obstructions, provided it is known how much of.the shortwave radiation
comes direct from the sun and how much is scattered in traversing the
atmosphere and arrives in diffuse form. At a mountain station radiation
may be both diminished by loss of shortwave radiation at the end of the
day, and increased by reflection from slopes that face the instrument,
especially if those slopes are snow-covered. Reflections from clouds
cause-short, abrupt rises in the radiation record, which might not .
entlrely cancel out with time if clouds form regularly at the same place.

;A31denfrom measurements of the solar beam at normal incidence for
research purposes, most measurements of downward radiation, both short-
wave and allwave, are made on horizontal surfaces. In hydrologic studies
of snow meltlng or transpiration on-slopes, observation on horlzontal
surfaces are inappropriate. Most methods for converting them for slopes
of various degrees of aspect and steepness are valid only. for the direct
solar beam. Conversion of diffuse shortwave radiation and of longwave
from the sky has to be done separately. .

A characteristic of radiation stations that might be overlooked is
the fact that they are under the open sky. Thus, radiation beneath a
forest canopy, necessary in some studies, has been measured only
experimentally, and in types of forest that are described too poorly for
the measurements to be transferred easily .to other forest types.



3. Limitation ol instruments and recording cquipment

- This discussion does not try Lo o deeply: inlo problems of instru-
ment desigri, manuracturc, anc calibration; it may be said, however, that
radiation equipmeni is not cntirvely standaridized.  There is worldwide
agreement on two kinds of instruments but nol yct on others, although the

increasing use of encrgy-balance concepls and the impetus of the Inter-
national Geophysical Year will bear iruil eventually in instruments of

greater comparability and reliability. The best source for information
on radiation instruments is an instruction manual published by the U.S.
Special Committee for the International Geophysical Year (1958).

At this point it is well to state explicitly what until now has been
implicit--namely, (1) shortwave and longwave radiations are physically
distinct flows of energy; (2) each has its unique relationships with
clouds and other meteorological factors; and (3) each is influenced
differently by topography, forest cover, and other physical features of
the region upon which it is incident. Thus, each enters geophysical
relations in a different manner. It is risky to lump them in analysis.
Moreover, in studying hydrologic phenomena at the earth's surface, upward
flows must be separated from downward flows. Thus, four fluxes make up
the radiation picture. To understand the role of radiation in a hydro-
logic process, all four have to be considered.

Some studies make use of one instrument alone--that for measuring

. the net exchange of radiation of all wavelengths, a net exchange which

is the resultant of the four separate, more or less independent fluxes
of upward and downward shortwave and upward and downward longwave.
These values of het radiant energy available at a given site are useful.
However, since it is difficult to break them down into their shortwave
and longwave components, they are not easily applied to problems in which
the separate flows are influenced differently by meteorological, vegetal,
or topographic factors. For example, the same net radiant energy may
occur on a cloudy day with small downward shortwave and large downward .
longwave radiation, as on a clear day of bright sunshine and small downward
flux of longwave radiation. Yet a given hydrologic process may proceed
quite differently on these two days--for example, snow responds differ-
ently to shortwave than it does to longwave. The simplicity of a single
instrument, with perhaps only an inexpensive totalizing recorder, should
be weighed by the investigator against (1) the incomplete understanding
he can derive from the single observation on the one hand,and (2) on the
other hand, the real complexity of the four flows of radiant energy and
their differing receptions by vegetation, snow, and soil. '

In most geophysical experiments in the field, three or four fluxes
of radiation are measured. The cost of a recorder for each flux can be
reduced where a multichannel recording system is available. The four
fluxes usually measured are: shortwave downward (insolation, incident
solar radiation); shortwave upward (reflected from the surface); allwave
downward (hemispherical radiation of both short and long wavelengths);
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and the net exchange of allwave radiation (difference between upward
allwave and downward allwave). From these four measurements, longwave
radiation upward and downward can, at least in theory, be determined by
subtractlon.

It may be possible to dispense with continuous measurements of
upward shortwave radiation by measuring albedo at intervals. However,
albedo varies in response to meteorological and other forces, often over
a large range; its regime must be understood before available handbook
values of albedo can be applied to many practical problems.

Instrumental limitations of the radiation sensors, beyond those
caused by such special conditions as pollution by aerosols or topographic
shading, include the effects of (1) temperature on output of thermo-
couples, (2) wind on unshielded allwave instruments, (3) dust and dew
on glass shields of shortwave sensors and on polyethylene shields of
longwave sensors; ‘and (L) prec1p1tat10n on both shielded and unshielded
sensorg., There remains a questlon whether polyethylene films change .
transparency - during exposure to the weather. For further discussion of
such 11mitat10ns, reference should be made to the I.G.Y. Manual.

Rapid variation of the radlatlon fluxes with passage of clouds has
brought about the use of continuously recording potentiometers that .
produce’ great mileages of strip charts, often in more detail than a
given problem may require. Digitizing, tape-punching recording systems
may -use longer intervals between measurements; also, they offer the
possibility of computer processing of the record. Since few studies
have been published on.variation of radlatlon in different types of
weather,,each investigator should examine his own problem to be sure he
is getting needed detail without incurring unneeded costs for. chart
reduction. Attachment of electrical or mechanical 1ntegrators to the
potentiometer increases the investment in recording equipment but reduces
the operational cost of chart reduction, if daily totals are needed or
suffice. In some installations, it may be possible to dispense with
the intermediate strlp chart.and go direct-to a counter g1v1ng daily’

; totals.

Radlatlon sensors usually are callbrated by the manufacturer.
Maintaining calibration in field use is a problem, sometimes réquiring
shipment back to the manufacturer, or comparison against a standard
instrument taken from station to station of a network. Homemade
calibration equlpment is also in use. Users of records should assure
themselves that instruments have been kept in calibration. '

Since the doWnﬁard fluxes of shortwave and longwave radiation
vary. on a large geographlc scale, they may nced to be measured at ounly
one place in a region of homogeneous cloudiness. The upward flux of
shortwave .radiation (if taken as albedo) and of longwave radiation
vary . abruptly with changes in surface cover and in temperature, but
less abruptly with time than with distance. Thus, they may be amenable

to aerial observation.
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Of the four fluxes usually measured, only downward shortwave
radiation enjoys a geographic coverage that approaches what might be
termed a network, with measurements systematically taken, documented,
‘and published. The Weather Bureau operates this network (which includes
cooperating stations of several other organizations), processes the
strip charts, deposits them at the National Weather Records Center at
Asheville, N. C., and publishes daily sums in "Climatological Data,
National Summary.™

There are some stations whose records are not published, commonly
because operation is tied to short-term experimental studies. However,
their records may fill gaps at a critical period in a hydrologic investi-
gation, and should be used after the station history is checked for
exposure of instruments, and in other pertinent respects. Many
allwave radiation instruments have been sold, and some may be in more or
less continuous operation, perhaps in conjunction with micrometeoro-
logical programs tied to some resource-management activity. Such stations
would be found by inquiry among local meteorologists and geophysicists.

4. Use of radiation data

Problems such as deterioration of an observational site, which have
been studied intensively in regard to precipitation, have scarcely been
touched for radiation. There is reason to believe that in cities like
Fresno, which is beginning to experience severe air pollution, radiation
has decreased significantly. If records so biased were used to estimate
radiation in adjacent wildland areas, the possibility of change in
relation should be considered. However, distances between stations are
so great that double-mass techniques cannot be applied confidently to
correlation of radiation records.

The scarcity of radiation stations has led to a variety of mean for
extending coverage in space and time. Downward shortwave radiation has
been related to such consequences as soil temperature or daily maximum

' temperature of the air (Landsberg, section 37), and to meteoroclogical
factors such as 700-millibar height, (Miller, 1955), or cloud type and
cloud coverage (Haurwitz, 19L5; Fritz and MacDonald, 1949). Sunshite
duration can be related to insolation; for example, see Hamon, Weiss and
Wilson (195);) for daily values. Clear-day shortwave radiation can be
estimated from astronomical data with consideration of absorption by
dust and water vapor in the atmosphere (Landsberg). The relationship

of upward longwave radiation to surface temperature is well known, as

is that of downward longwave radiation to vapor pressure and temperature
of the lower atmosphere (Brunt, 1941). There are also relationships
between downward shortwave radiation and the net allwave balance (Shaw,
1956). Many of these relationships are summarized by Landsberg and by
Budyko (1958, section 3).

- 11 -



Some cf the relationships of downward fluxes of radiation involve
properties of clouds not always observed; however, current work in cloud
.physics may make it possible to extend the validity of these relation-
ships. Another class of relationships includes those that might be
developed between radiation fluxes and conditions at the earth's surface,
such as daily maximum air temperature. These relationships are valid
as long as the balance between radiative and advective forces remains the
same; unfortunately, the climate-generating forces are not always in
balance but may shift radically with changes in daily weather. The
bglance between radiative and advective influences also varies spatially
with changes in ventilation--~that is, the intermingling of surface and
upper air caused by topographic roughness. Therefore, relationships
between any radiation flux and meteorological measurements derived at a
particular station cannot be extended far from that station.

These considerations suggest that attempts to f£ill gaps in radiation
data will be most successful for a few missing days of record, where
‘relationships to various meteorological factors can be developed at that
place and ‘in that weather situation. Attempts to fill long gaps in a
record become risky. Attempts to fill spatial gaps between radiation
stations, much-needed as they are by reason of coarseness of the network,
should be confined to the same climatic region, to weather situations
bringing the same type of cloudiness, and to the same topographic areas.

‘ In conclusion, it may be said that the radiative heat transfers.:
offer at least as much danger that the hydrologist will fall into errors
of use and interpretation as does any other hydrologic factor. . Also,
that the temptation is so large because data are sparse. In hydrologic
factors such.as precipitation, many sources of error have been identified
by past workers, who also have developed procedures for minimizing them.
Radiation has a shorter history; not all the possible errors have yet ,
been identified, and few have been studied enough that procedures for
minimizing them are available. The hydrologist wishing to employ
radiative-heat factors in his ‘investigation should be prepared to work
in deVéioping and testing procedures to assure quality of datauand to

fill gaps in the record.
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B. AIR TEMPERATURE

1. Effects of location and installation of measuring equipment

Many hydro-meteorological studies involve free-air temperature, which
is difficult to measure accurately owing to the radiative heat transfers
considered in the preceding chapter. At best, the ordinary records of
temperature serve only as an index to the true free-air temperature.

The dependability of a temperature measurement as an index for the
surrounding area is determined in large part by the exposure of measuring
equipment. Variations in temperature as measured under different expo-
sures, although commonly small in comparison to those for some other
meteorological factors, may be highly significant. The equipment must be
protected against direct solar radiation. ‘Ideally, it should be sited in
a flat open area that assures adequate ventilation of the instrument
shelter by free movement of the air. It should not be. exposed on a steep
slope, on the roof of a building, or in a small depression. At official
climatological stations, the standard height of. temperature 1nstruments
is approx1mately 5 feet above the land surface.

“Upper-air temperatures are measured by means of radiosonde instru-
ments. These.measurements by radiosondes, when adjusted for lapse rate,
should represent the temperature of free air as 1t moves over the higher
mountalns.

2:Types of’temperature'records and“equipmeht

At virtually all temperature stations, daily maxima and minima are
recorded, using mercury-in-glass thermometers to measure the maxima and
alcohol- 1n-g1ass thermometers to measure the minima. At most stations
such records are for the 2L-hour period ending between '5:00 and 8:00 p.m.,
local standard time. - At a few stations, however, the maxima and minima
are observed by calendar days; at others, by the 2h—hour perlod ending
at 8:00 a.m.

In procedures of the U.S. weather Bureau, "mean da11y temperature"
is computed by averaging the daily extremes--that is, maximum plus
minimm divided by two. '"Mean (average) daily maximum temperature" is
derived by adding the daily maxima for a month and dividing by the number
of days in the month; "mean daily minimm temperature" is derived like-
wise. "Mean temperature" for a month is taken to be the average of the
mean monthly maximum and mean monthly minimum temperatures. "Mean annual
temperature" is taken to be the average of the monthly means for the

particular year.

At some stations, a continuous trace of temperature is obtained from
a thermograph. Most such instruments are cloc~driven and will operate
up to eight days without servicing. They are not as accurate as the
official mercury-in-glass or alcohol-in-glass thermometers, but records
from them are adjusted to readings from those official thermomete-s
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Hourly air temperatures are taken at approximately 30C first-order
Weather Buresu stations in the United States, alsoc at some Federal
Aviation Agency stations.

Upper-air temperatures are measured at selected Weather Bureau
stations, by radiosonde flighis every 12 hours up %o an altitude of
about 100,000 feet.

3. Dependabiiity of observations

a. Effects of exposure

Temperatures measured at stations on steep south- or west-facing
slopes are likely to average too high, owing to the angle of the sun's
rays in daytime and to drainage of cold air away from the slope at night.
Thermometers exposed on a roof top usually indicate higher minimum temper-
atures than those at the standard level, owing to the usual nighttime
temperature "inversion" near the land surface. Temperature observations
taken in a hollow usually will show average minima much lower than in the
surrounding area, owing to nighttime drainage of cold air. -~ Although the
effect is small, average temperatures in urban areas tend to be higher
than in adjacent rural areas. Generally, the average temperature at a
city station has been found to increase as the city expands. - These
- effects should be considered if the records are to be used for discloesing
climatic trends or for detailed correlations. Accumulation of snow around
a temperature station may bring the point of observation too close to the
effective land surface and so within a nonrepresentative layer of air.

In such instances, rough adjustments may be made accordlng to a general-
ized vertical temperature profile.

b. Hour of observations

Since June 1948, maximum and minimum daily ‘emperatures have been
recorded and published as of the day on which the observations were made.
Thus, at a station where the daily observations are taken’'at 8:00 a.m.,
the maximum temperature as recorded nearly always occurred on the previous
day. The hour of observation at each station is published in the station
index of the monthly climatological bulletins. Monthly means are affected
by different hours of observation. Thus, the nearer the hour of observa-
tion is to the hour at which maximum temperature occurs crdinarily the
higher the mean will be, especially if the observations are made earlier
than 5:00 p.m. Observations late in the evening are the most consistent.

c. Other sources of error

Possible errors in temperature measurements include those due to
reading a maximum thermometer in the horizontal position; in a minimum
thermometer, the indicator displaced by vibration; separation of the
alcohol or mercury column in the thermometer; and, "retreater" maximum
thermometers. In such instances of instrumental error, also in errcrs of
technique, commonly there is no rationai basis for adjusting the published
records of temperature.
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d. Consictency of records

The ideal temperature record is one that has been collected at a
representative site wherc there has been little or no change in exposure,
instrumentation, or procedure in observing: Very few are the stations
whose records satisly these drlteria, g0 that in most uses the records
first should bc tested [or consistency or homogeneity. Linsley, Kohler
and Paulhus (1949) describe a method [or so testing homogeneity. Briefly,
observed values of temperature at the station in question are plotted
against the average of values at several nearby stations, with the plotted
points identiflied according to year of observation. On such a plot, a
break in continuity ol the regression line may indicate a marked change
~ 1n exposure or in some other aspect of the station environment. Commonly
the full .record plots in a series of regression lines that are en echelon
but substantially parallel. In such a situation, the early records can
be -adjusted to match the current record by the algebraic addition of a
constant. or constants. Any such adjustments of a temperature record.
should be conservative.  Under-adjustment is much to be preferred to over-
adjustment. 1n general, an adjustment should be made only when Jjustified
by a known change in exposure of the station, or in some other competent
factor. ,

<The Weather Bureau’s "Key.to Meteorological Records Documentation,
No. 1.1, Substation Histories," published by States, summarizes informa-
tion on location, altitude, exposure, kind of record, and observers for
climatological substations.. Although not all are complete, these histo-
ries are very useful when testing records for con51stency.

4. Use of data
a. Determlnlnp averages or normals

In computing "normal" or average values of air temperature, care
should be +taken that the measurements represent the. same interval of time
and unchanged environmental conditions. As the standard periods for
_temperature normals the Weather Bureau has adopted. consecutive 30-year
periods as follows: .1 January 1921 to 31 December 1950, 1 Janaury 1931
to 31 December 1960, etc. "Average" or "1ong—term mean" ‘should be used
for refcrence to any: other period. :

b. Correlatlon with' hydrologic parameters

Correlations of monthly average temperature with other hydrologic
parameters can be misleading. Thus, a near-normal month that includes a
short period of abnormally high temperature may be much more critical than:
a month in which all the daily temperatures are slightly or moderately
above average. Also, the arbitrary period of a month is not necessarily
the best interval for hydrologic correlations. Temperature expressed as
accumulated degree-days may be much easier to correlate than temperature
expressed as an average over successive periods of fixed duration, however

long.
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c. Upper-air temperatures

The great utility of upper-air temperature in hydrologic studies is
overlooked commonly. For example, as reported from radiosonde observa-
tions, such temperatures may serve as a better index to the altitude at
which snow melts than temperature measured on the land surface. This 1is
true especially in mountainous terrain as has been implied. In addition,
upper-air temperatures may be predicted with greater accuracy than those
for stations on the land surface.

5. Reference cited

Linsley, R. K., Jr., Kohler, M. A., and Paulhus, J. L. H., 1949, Applied
hydrology: New York, McGraw-Hill, 689 p.
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C. HUMIDITY (ATMOSPHERIC WATER VAFOR)

1. Location and installation of measuring equipment

The quantity of water vapor in the atmosphere, or the degree of
humidity, varies with (1) altitude above the land surface; (2) type of
surface--that is, land or water, vegetated or barren; (3) hour of the day,
with attendant changes in sunshine, air temperature, and barometric pres-
sure; and (L) characteristics of the air mass that surrounds the point
in question. 1In a cloud or fog the water-vapor content may well be
greater than in the air elsewhere. Usually, humidity diminishes rapidly
with distance from a lake or seashore. Humidity tends to be greater in
forested areas than over barren soil, even when both are under-the influ-
ence of the same air mass. ‘ Thus, a measurement of humidity, éspecially
one made at low altitude above the land surface, commonly represents only
its immediate vicinity.

At the land surface, instruments to measure humidity generally are
exposed in the same shelter as the thermometers, and hence are subject
to the same criteria of location and exposure. Upper-air measurements
are transmitted from sensing elements of a radiosonde carried aloft by
balloon. These elements are well ventilated and protected from direct
golar radiation and from precipitation.

2, Measurements and measuring equipment

The amount of water vapor in the air, or degree of humidity, may be
expressed in various terms, according to intended use of the data. The
terms defined in this section include only those which the hydrologist is
likely to find in hydrometeorological or hydrologic literature.

"Actual vapor pressure" is the partial pressure of the water vapor
present in the sample of air under consideration. "Saturation vépor
preéssure" is the maximum vapor pressure that can occur at the existing
temperature. "Relative humidity" is the ratio of actual vapor ptressure
to saturated vapor pressure, expressed as a percentage. "Dewpoint
temperature" is that temperature to which a parcel of air must bé cooled
at constant pressure and water-vapor content for saturation to occur.
"Precipitable water" is the depth of water that would result over a unit
area if all the water vapor in a column of air of unit cross section were
condensed and precipitated. Its computation is based on the watér-vapor
content at all levels in the column. In a sense the term is a misnomer
as there is no natural process that will completely remove all water
vapor from the air. :

Air and dewpoint temperatures are observed hourly at about 750 sta-
tions on the land surface in the United States. About 300 additional
stations are equipped with recording instruments which provide weekly
charts of temperature and relative humidity. Upper-air humidity is
- observed by radiosonde at about 60 stations in the United States, usually
twice daily. .
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The standard nonrecording instrument l'or measuring humidity, the

psychrometer, consists of two identical thurmometers, of which one has
its bulb covered with wet muslin. A{lcr adequate ventilation, by
whirling or by fan, the "dry bulb" and "wct bulb" temperatures are read.
Then, the relative humidity, dewpoint temperature, or vapor pressure are
determined by means of psychromectiric tublos or ,p(rial slide rules.

The more common recording hygromcter, or hygrograph, is actuated by
a human-hair or other element which cxpands and contracts in proportion
to the relative humidity of the air  Thesc physical changes move a pen
arm over a chart on a drum which is rotated by clockwork to record a
continuous curve. Another type of recording hygrometer depends on change
of electrical properties of the sensing element due to absorption of
moisture; these lend themselves to use in radiosondes and in remote
installations from which the measurements are transmitted electrically.

Hygrothermographs are, as the name implies, combination hygrographs
and thermographs. Usually they consist of a hair element and a bi-
metallic thermometer, both activa®ting pens which trace relative humidity
and temperature on a chart on a rotating drum.

3. Reliability of observatlons

a. Instrumental errors

The measurement of atmospheric water vapor is one of the least
accurate instrumental procedures in meteorology. The psychrometer,
besides being subject to the same observational errors as the thermometer,
is subject to errors due to improper wetting of the wick, inadequate
ventilation, or impure water. The speed with which hair hygrometers and
hygrographs respond to changes in humidity varies with temperature. The
response is very slow at low temperatures, the lag becoming almost infi-
nite at - hO F. Such lag may increase with age of the instrument, as
the mechanical parts wear. In consequence, the recorded values may be
too large when humidity is diminishing and too small when humidity is
increasing. Because error from this cause can be substantial when the
relative humidity changes rapidly, as in upper-air soundings, use of
hair elements in radiosondes has been discontinued.

Instrumental error due to effects of temperature may remain even
after standard measures are taken to correct the indicated readings.
This applies in particular to the hair hygrometer.

In recent years, upper-air soundings have been with electrical
hygrometers. These instruments also may develop some lag as they age,
as the electrical properties of the sensing element change. Ordinarily,
however, their error due to lag is inconsequential.
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b. Environmental errors

As has been implied, a measurement of humidity represents, strictly,
an atmospheric property at only one point in space at one instant of
time. The atmosphere can vary widely and abruptly in this property from
one place to another (geographic), from one altitude above land surface
to another, and from one time to another. Consequently, substantial
error can result if data on humidity are applied uncritically to land-
surface environments, altitudes, or times that differ from those which
the .data represent

4. Uses of data on humidity

The ratio of the water precipitated in a given storm to all the
water vapor present in the atmosphere at that place and time--that is,
to the precipitable water--is used in deriving estimates of probable
maximum precipitation. Precipitable water is used also in preparing
quantltatlve forecasts of precipitation.

The vertical gradient of vapor pressure, determined by observations
at two altitudes, has been used to estimate evaporation. Almost all
formulas for estimating evaporation from a water or -snow surface show
evaporation to be proportional to the difference between the vapor
pressure of the water and that of the air. ‘When the vapor pressure of
the alr exceeds that of a snow surface, condensatlon, hence meltlng,
will take place 1nstead of evaporatlon. '

In computlng snowmelt 'resulting from rainfall, wet-bulb temperature
of the air is substituted for actual temperature of thevrain. :
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D. WIND .

1. Measurements and types of equipment

a. Surface instruments

The speed, direction and gustiness of the wind near the land surface
are measured by anemometers and wind vanes installed on poles or towers at
or near the site of the instruments used to measure other meteorological

- elements such as precipitation, temperature, and humidity. The height of
the installation is determined by the purpose of the measurement. For
example, winds near the surface are required in connection with evapo-
ration studies, but even for aviation or climatological purposes the
height of installation is usually no more than a few tens of feet.

The instruments commonly used for measuring wind speed fall into
three types, as follows:

Rotational Vertical-axis rotating cups,
horizontal-axis windmill
or propeller.

Pressure Pitot-static, Venturi-static,
pressure plate, or bridled cups.

Heat exchange Hot wire or thermistor, kata-
thermometer.

The majority of installations are of the rotating-cup type. The pro-
peller type usually is for portable or hand-held use. Pitot and Venturi
tubes measure pressure gradient of the air flow. The ordinary pressure-

- plate type hangs on a horizontal axis perpendicular to the wind and is
swung from the vertical by the wind's force. The normal-plate type
remains perpendicular to the air flow and its deflection measures the
pressure of the wind against it. The bridled-cup type 1s nonrotating
and measures the torque resulting from the wind force. Hot-wire types
measure either the variations in current required to maintain the wire
temperature or the variations in resistance of the wire as its temperature
is cooled by the air flow. Kata-thermometer anemometers measure the
cooling power of the air flow ventilating the bulb of a thermometer;
wind speed ig determined from the timg required to depress the tempera-
ture from LO° C to either 38° C or 35° C. '

. The gustiness, or.shbrt-period fluctuations of wind speed may be

measured by any of the anemometer types. Some are more suitable than
others depending on the scale of the variations it is desired to measure.
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The instrument used to measure the direction of the wind is the
wind vane. Usually it has a relatively long tail and is mounted on a
vertical axis. The lateral forces of the wind on the tail cause the vane
to align itself with the horizontal component of the flow. Small mass
relative to tail area and a bifurcated, spréad or split shape are incor-
porated into vanes designed for sensitive response to small changes in
direction, especially with; light winds. Omni-directional wind vanes--
that is, those mounted in gimbals:.so that they may point in' any direction--
afford-three-dimensional measurements of eddy patterns. By convention,
wind direction is defined as the direction from which the wind blows.

Most anemometers represent a compromise between sensitivity and the
weight and sturdiness suitable for all ranges of wind speéd friom that of
a mere puff to that of a hurricane. No single type is ideally suitable
for the entire range, yet few stations have more than one type of
anemometer. :

b. Upper-air instruments

Speed and direction of winds aloft are measured by observing the
motion of some visible object being. pushed along by the force of the
wind. By far the most common object is a small lighter-than-air balloon
that is released at regular observation times, and observed by single or
double theodolites or by radar. Qther objects include a puff of smoke,
a visible meteor trall, chaff thrown from an airplane, or a cloud.

2. Locatlon and 1nsta11at10n of measuring eq;;pment

As observed, most wind, speeds and directions are not instantaneous
values but average values over a short interval of time. Wind speed
varies substantially with height above the land surface, and this varia- -
tion is a complex and not very well understood function of the roughness:
of the land surface and the "stability" of the air, as well as of the
speed itself. “ . - ‘ o

Recently, the Weather Bureau has relocated ‘the w1nd 1nstruments of
all its airport stations at a uniform height of 20 feet above the land
surface.. The relation of velocities measured at this standard height
to those at .other heights is expressed approx1mately by the follow1ng

emplrlcal formula. o

T /20 \i o S
n \ h )

velocity at height 20 feet
= velocity at height h (between 20 and 1,000 feet)

in which 20

b‘<
I

a power ranging from 1/7 for a strong wind under
a dry-adiabatic condition, through 1/3 for an
average wind and intermediate stability, to
1/2 for a light wind and a stable condition.

1/n
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- Thus, assuming an anemometer relocated from a former height of 100
Tezt to the standard height of 20 feet, and assuming also a power of 1/7
in the preceding equation, the standard 20-foot-high velocities would be
0.8 times the former 100-foot-high velocities. :

Since measured wind speed is affected strongly by features of the
site and by height of the instrument, proper exposure for the purposes
in mind is very important. For determining general movement of the air,
the exposure should be as free as possible from obstructions to the flow.
Measurements in connection with evaporation studies are made near the
land surface, sometimes at several heights. For special studies the
instruments may be mounted at various heights or at intervals on towers.

3. Consistency and reliability of records

Relatively few records of wind movement have been obtained over a
long term of years devoid of changes in location of the station, in the
surrounding enviromnment, and in height of instruments above the land
surface. Thus, most records are likely to embody inconsistencies, which
are difficult or impossible to identify and evaluate. Common sources of
inconsistency include the following:

Although efforts have been made to standardize height of
instruments, wide variations occur. The effect of variable height
of installation has been summarized.

Wind movement close to the land surface may be affected
greatly by growth of grass, crops, or brush. These small-scale
changes in enviromment should be considered in regard to records
of wind movement at an evaporation station.

Larger-scale changes in environment must be considered in
regard to all other stations. Many stations have been located in
cities, where continual construction and destruction of buildings
probably has affected the exposure of most anemometers’ and wind
vanes. The recent trend toward placing stations at airports has
not eased this situation; construction to accommodate the phenome-
nally rapid increase in air traffic has forced all-too-frequent
relocation of wind instruments. At another extreme, after a
forested area is logged or burned, wind-speed measurements can
increase abruptly; then, as normal growth is re-established, the -
measurements revert gradually toward their former value.

Instrumental errors in measurement of wind velocity and direction
-usually aré relatively small, excepting those due to mechanical failure
or improper maintenance. Most types of anemometers lag due to inertia,
and to any play in gear trains or dials--they do not respond instantly
to changes in wind velocity. Thus, rapid perturbations are smoothed
and peaks of short duration may under-register substantially. The most
common anemometer, the cup type, registers too much total movement
during a variable wind because the cup wheel accelerates more readily
than it decelerates.
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Anemometers developed specifically to measure high wind velocities
commonly are not suitable at low velocities. Among wind vanes, one that
is heavy may oscillate less than one that is light and so may mask short-
perlod changes in direction, or may over-swing on sudden changes. A vane
that is large and that has a relatively long tail tends to smooth out
many whirls and eddies to which a short vane would respond.

Mechan1ca1 failure during periods of low temperature may involve com-
. plete stoppage by accumulated ice or snow, or substantial under—reglstry
owing to congealed lubricant in bearings. An instrument improperl::

cleaned and oiled may under-register at any time. As will be obvious,
erroneous records so caused are all but impossible to identify and adjust.

4. Use of data on_wind

Wind records dre useful for a wide range of purposes, 1nclud1ng
(1) the selection of sites for airports, industrial plants, wind-power.
generators, and meteorologic stations; (2) estimating wind loads on
‘buildings, television toweérs, or other structures; (3) study of the
“distribution and dilution of dust, pollen, pollutants, and cloud-seedlng
nuclei; (L) determining wingd effect on the formation and movement of ice
in streams and lakes; also on wave action and its relation to shore
erosion and to loading and movement of shlps "and (5) weather forecasting,
both in general and in particular regard to forest-flre warning and
fighting, frost warning, and air-borne commerce.

Wind ‘is a principal variable in the 1nvest1gatlon, forecastlng or
calculation of evaporation. Its speed, direction, eddy structure and
variation with height influencethe rate at which the vapor ‘molecules
are removed from the immediate vicinity of the liquid surface’.

Wind is responsible for drifting of snow and strongly affects the
deposition of snow around and on obstacles such as buildings, fences,
bridges, and roofs. It is a parameter in the estlmatlon and study of
snow-melt rates and amounts. :

: Wind is known to have substantlal influence on the catch of precipi-
tation gages, the catch diminishing as wind speed increases. This effect
is much more marked with snow than with rain. It can be countered by
shleldlng the gage orifice and by locating gages ‘at sites protected from

the wind. -

. The orography of a region has a pronounced effect on wind flow, which
in turn strongly influences the rate and distribution of precipitation.
. Thése orographic influences can result in more prec1p1tatlon on wihdward
slopes and on steep slopes than on lee slopes and gentle slopes.
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E. PRECIPITATION

1. Types of gages

By far the greater part of the published records of precipitation
have been derived from the non-recording 8-inch precipitation can with
funnel and measuring tube which has been the standard gage for more than
a century. In such gages the catch of precipitation is measured periodi-
cally by an observer, commonly once each day. Daily, monthly, and yearly
amounts of precipitation so measured are published currently by the
Weather Bureau for about 13,000 stations, in "Climatological Data for the
United States.™

Precipitation amounts that are measured less frequently than once a
day are published separately. Most such records are from non-recording
storage gages in remote areas. Examples are the standpipe, "Sacramento,"
and extended 8-inch cans which have capacities for storing lerge amounts
of precipitation. 0il and anti-freeze solution generally are placed in
these gages to retard evaporation and prevent freezing.

Recording gages are installed at first-order stations of the Weather
Bureau and at other locations 1o measure precipitation rates by hourly or
shorter intervals (3,500 stations). These gages generally embody an
8-inch-diameter funnel to catch the precipitation and a clock-driven chart
on which the catch is recorded. Three types of recording gages are in -
common use. In two of the three the catch passes to a receiver, from
which the recording mechanism is actuated by the increasing weight or the
rising water level. In the third type, the catch passes to 'a "tipping
bucket" whose action marks a tick on the chart for each 0.0l inch of
precipitation (or by some larger increment).

At Weather Bureau stations, recording precipitation gages commonly
are of the weighing typs. Where both a recording and a non-recording
gage are installed, the official amounts of precipitation are those
indicated by the recording gage.

Records published by the Weather Bureau from its recording precipi-
tation gages show hourly, daily, monthly, and yearly amounts. So pub-
lished, the amounts of hourly precipitation are those for clock hours;
they should not be construed as instantaneous rates of precipitation, :
which may be several-fold greater and which can be derived from the
recorder charts.

2. Exposure and spacing of gages

The amount of precipitation occurring at any given point is con-
trolled primarily by meteorological conditions, by the location in
relation to storm paths, and by large-scale physiographic features such
as the oceans, plains, and mountain ranges. In turn, the percentage of
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the true precipitaticn that is measured or obszarved in a gage is dependent
upon small-scale features such as the orientation and steepness of
canyons; upon nearness of thes gage to trees, buildings, and other obstruc-
tions; and upon the type of gage, its condition, and the care =xercised

by the.observe* -

Many investigators have shown that strong wind or sudden changes in
wind direction commonly diminish the precipitation catch in comparison
~ with actual or true precipitation. Shields have been developed to offset
the adverse effects of wind, but these lose effectiveness if the wind is
strong, especially if the pr901p1ua tion is in the form of snow. Thus,
desirable gage sites are those that have natural protection from strong
wind. Best is a small forest clearing w1th angles from the lip of the
- gage to the nearest tree tops between 20° and 30 ‘from the horizontal.
In general an obstruction should not be nearer to the gage than'its‘own
height. Sites which might receive snow blow1ng from nearby rldges also
.should be avoided.

Thus, the precipitation caught in any of the conventional gages is
basically only an index to the actual precipitation on the surrounding
~area. Theé degree t6 which the precipitation catch by gages corrélates
with the actual precipitation over an area depends upon physiographic
and other terrane features, and 'upon spacing of the stations. For the
Same sp301ng the records of preC1p1taulon catch may“reflect accurately
vegard to monthly or storm amounts. Records from average-spaced stations
(20 to 25 miles apart) may be misleading in regard to 1sohyetals of a°

ng;e storm because the storm center may miss all stations.

3. Dependablllty of dbservatlons

a. Sources of error

Considerable information has been published on the possible ‘sources
of error in precipitation measurements. Many of these are associated’
‘with gage exposure while others depend upon the type of equipment and the
observer's ability. Ordinarily, little can be done by the hydrologist to
ascértain and:adjust for possible errors, except those associated with
exposure and only on a current basis. Certain specific sources are
summarized below, ' ‘

a-1. Improper exposure.--Criteria have been given for properly locatihg .
a gage in relation to nearby obstructions. When such criteria are vio-
lated, both speed and direction of wind as well as catch of the gage are
llkely to be abnormal. The abnormality can be identified and evaluated
by comparing the catches of adjacent gages between windy and non-w1ndy
periods, certain of the gages being properly exposed.

¢

a-2. Catch of snow.--Snow may bridge and cap a prec1p1tat10n gage, so that
the apparent time of snowfall may be displaced (in the case of a recording
gage), or the catch may be grossly in error. Also, the gage may become
partially filled with unmelted snow, 50 that its catch efficiency is
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diminished temporarily. Such events may be presumed if there are erratic
differences among the catches of adjacent gages. In general, repcried
catches of snow could be mistrusted whenever they exceed 5C percent of
gage capacities.

a-3. Snow density.--On occasion, an observer may record the depth of new-
fallen snow instead of melting a sample and recording the water content.

In such cases, the published precipitation amount is sometimes estimated
by assuming a density of 0.10 for the new-fallen snow (one inch of snow
equals 0.10 inch of precipitation). Such estimates now are identified in
"Climatological Data" by a footnote, "D". Some of the earlier publications
did not identify these estimates, which could be disclosed only by exam-
ining the original records. The 1-t0-10 rule can be considerably in

error for some storm periods.

a-4. Minimal amounts of precipitation.--At substations, hours may elapse
before the precipitation catch in a light storm is measured cr the once-
daily schedule. During that interval an appreciable portion of the catch
may be lost due to evaporation. First-order and recording stations have
shown a greater frequency of days with precipitation zi0.0l inch than
stations that measure only once a day. '

a-5. Unnoted change in location of station.--As will be treated at greater
length, a change in location of a station may divide a precipitation
record into parts that are not consistent one with another. If the
changed location is overlooked or is not of record, a substantial error
may result.

a-6. Recording gages at remote stations.--At high altitude, remote sites
where precipitation may fall as either rain or snow, and where several
months may elapse between servicing, presently available recording gages
commonly fail to operate continuously. Consequently there are serious
gaps in knowledge of short-term precipitation rates at such sites, with
resultant possible errors in interpretation.

b. Hour of observations

Care must be used in comparing or correlating precipitation data
from station to station, or in computing the precipitation over a given
basin during a particular time interval. Amounts of daily precipitation
as published in "Climatological Bulletins" under a given date may not be
for the same interval of time; the hour of observation is listed in the
bulletin. Thus, at first-order Weather Bureau stations that are equipped
with recording gages, amounts of daily precipitation are determined on
the midnight-to-midnight basis. At substations, however, the daily
amounts are generally from once-daily readings of the gage--commonly near
sunset or early in the morning but neither strictly at 2L-hour intervals
nor at a common hour among all the substations. Thus, for storms of
short duration or of highly variable intensity, amounts of precipitation
recorded under a particular date might differ substantially among a group
of stations whereas the actual amounts were essentially equal and
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simulténeous. The original-observation form (WB Form 612-1l, formerly
1009) has a space for indicating the beginning and ending of precipitation.
Many observers keep meticulous records in this regard; this information,
which is not published, can be of considerable assistance in special
studies. If such information is desired, a copy of the records can be
obtained from the respective State Climatologistis.

 Also, an erroneous date of observation may have been entered in the
record. Errors and inconsisténcies such as those here described can, in
many instances, be disclosed by constructing isochronal maps.

c¢. Consistency of records

No record of precipitation should be -assumed to be consistent
throughout, unless it is known to be devoid of changes in exposure,
observer, location, and equipment. Available information on such changes
' is contained in the substation histories published by the Weather Bureau
("Key to Meteorological Records Documentation No. 1.1"). These histories
“were compiled from information available at the time of publication -
(early fifties); they were not the product of a concerted program to .
accumulate such information over -the entire period of record. Some
apparent inconsistencies in the observed records might be explained if
the historic information were complete.

- Especially*in the mountainous West, even a small move in gage
location may cause a-substantial change in the relative catch of precipi-
tation. However, some records have been published under one namefor
a long period of time, even though the station may have been moved about
within the vicinity, either short or long distances. Changes in:exposure
such as the construction of buildings, and tlie cutting or growth of trees
and plants, may cause a change in the precipitation catch. Installation
of a windshield often will increase the catch. This increased catch may
be more nearly equal to the actual precipitation at the gage site, but
will not be consistent with the catch prior to use of the ‘windshield.

In testing a precipitation record for/consistency, the first step
should be a review of the station-history information. Next, the record
should be compared with those from nearby stations considered to be in
the same environment, either by double-mass plotting or by the ratio
‘ method. The latter method compares the records for various periods ef
time to detérmine whether the ratio is consistent. When the source of
moisture changes substantially from winteér to summer as in the Southwest,
"4t is desirable to test consistency for each season separately.  Double--
mass analysis has been used in most areas of the Southwest to test the

consistency of winter records (October-April); the ratio method to test

summer records (May-September totals).

If inconsistencies -are apparent, appropriate adjustments sometimes
“are warranted. However, caution should be used in such adjustment and
' the safest approach is to adjust only if presumptive causes coincide
with dates of inconsistencies.
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In the case of a long record at a station documented as having had
changes in location, and if double-mass analysis shows each to be con-
-sistent within 1tself the record for each location should be treated
separately.

4. Use of data
a. Determining averages or normals

- The World Meteorological Organization has defined the term "normal"
as the average computed for a uniform and relatively long period that
comprises at least three consecutive 1l0-year interim periods. The stand-
ard periods adopted by the U.S. Weather Bureau for climatological normals
are the following consecutive 30 years: 1 January 1921 to 31 December
1950, 1 Jamuary 1931 to 31 December 1960, etc. "Average" or "long-term
mean" should be used for reference to any other period. The length of
record required to establish a suitable climatologic average depends to
some extent upon the variability of the record. Beginning January 1,
1962, the Weather Bureau has used the 1931-1960 normal for all statlons.
Ir part of a station record is inconsistent, use of all the record may
lead to an incorrect normal or average.

Normal or average precipitation for a period longer than the observed
record for a station may be estimated by various comparison techniques.
In the Pacific Southwest, five years or more of precipitation records
may be sufficient to compute an October-April normal by the double-mass
technique; ten years or more to compute a May-September normal by the
ratio method.

Average precipitation over an area during any particular storm or
‘period may be determined by computing the average of the records available,
by the Thiessen-diagram technique, by the isopercental method, or from an
isohyetal map (lines of equal precipitation). In mountainous areas the
isohyetal-map approach is recommended if the map is based on a knowledge
of topographic influences and characteristics of the particular storm.

b. Preparing isohyetal maps

All records to be used in preparing isohyetal maps first should be
checked for consistency. A specific period of record should be chosen
and all averages should be for that period. To arrive at a yearly
isohyetal map for any part of the Pacific Southwest, with the possible
exception of California, it is desirable first to prepare separate
October-April and May-September maps because of the change in source
regions and storm paths from winter to summer.
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c. Frequency analyses

Sevéral techniques are used for frequency analyses of precipitation
data, according to the particular type of study. Care must be taken that
the data used in the frequency analysis represent the same time interval.
For example, hourly precipitation records. are published for clock hours
and do not necessarily represent the maximum precipitation in any one-
hour period. L1kew1se, reports from daily precipitation stations may
not represent maximum 2L-hour precipitation amounts. Various technical
papers that have been publlshed by the Weather Bureau will, in many cases,
furnish the requlred frequency information.

‘d.Estimating missing records

MlSSlng records should be estimated only when it is reasoned that
the ‘estimated data will be of definite advantage. Simple ratio methods
of normals or averages (based on a common period), or comparison. of
slopes on double-mass plottings may be used for estimating yearly or
monthly amounts from adjacent stations. The Weather Bureau estimates
missing records by the normal- ratio method and, when they are available
from daily snowfall amounts according to the conventlonal density of 0.10,
~ these estimates are included in the monthly totals published in the
annual climatological bulletins. It should be noted, however, that the
ratio between stations may change from season to season. Missing dally
or storm amounts gererally are best estlmated by constructing 1sohyetal
maps. For shorter intervals the most desirable procedure would be to
compare mass curves with those of adjacent stations. Hour of measure-'
ments should be reviewed to assure that the records used are comparable.

e. Statistical analyses

In using pre01p1tat10n records for statistical analyses the greatest
pltfall is non-consistent récords. Accordingly, a check should be made
on the consistency of all records prior to such analyses. Incon51stency
in ‘a record, for example, tends to increase the apparent auto or serial
correlatlon.

£. Early published data

Early publlshed data, especially thosé in "Bulletin W," include many
estimates of monthly and yearly precipitation. Certain of these estimates
have 'been shown to be in error; depending upon the intended use-of the
records, adequate checks should be made of these estimates. In tabu- =
lating the records in "Bulletin W," no effort was made to check their
consistency. For some stations the data ‘actually were composed from two
or more sites fairly well separated in distance or in altitude. Footnotes
were used to indicate when records were so combined.
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F. EVAPORATION AND TRANSPIRATION

1. Introduction

Evaporation is defined as the physical process by which water vapor
escapes from a water surfacc. The rate of evaporation depends funda-
mentally on many factors includiny radiation (both short- and long-wave),
vapor pressure, air temperature, wind movement and atmospheric pressure.
It is also affected by impurities such as dust, films on the water surface,
and matter dissolved or suspended in the water

This section will be restricted to discussion of methods for esti-
mating evaporation from a lake or reservoir (free-water surfaces), and
limitations of these methods. Knowledge of evaporation losses is highly
important in design of reservoirs and in planning their most efficient
operation for irrigation, hydro-electric power, water supply, or other
- purpose. In the arid parts of the West, where evaporation greatly exceeds
precipitation, serious consideration must be given to the reduced water
yield which will result from the construction of a reservoir. It should
be emphasized that evaporation loss from the reservoir area is always
greater than the evapotranspiration loss under pre-reservoir conditions.
In humid areas, the increased loss may be of no consequence, but in arid
areas the utility of a regulated water supply must more than balance the
reduced water yield.

2. Methods of determination

a. Water budget
The simplest method for determining lake evaporatioh would seem to
be the water-budget method, which can be expressed by the volumetric
equation:

E=P+I-0-AS (1)

“in which lake evaporation

precipitation on lake surface

inflow, by streams or effluent ground water

outflow, by streams or influent ground water’

E
P
1
0
S = increase in stored water

Reliability of the method depends on the accuracy to which each item
of the budget can be measured or estimated, also on the magnitude of each
item in relation to the evaporation. For each of the budget items, accept-
able percentage error diminishes about in inverse proportion to relative
magnitude of that particular item. Thus, unless evaporation is of about
the same magnitude as the largest of the budget items, its determination
by the water-budget method may not be reliable.



Usually all the surface outflow is measured, at the outlet of the
lake or reservoir. However, only major components of surface inflow may
be measured, at a gaging station or stations above the lake. Inflow from
the intervening ungaged area may be substantial and can only be estimated.
Unmeasured ground-water inflow or outflow may or may not be significant;
it is difficult to evaluate (Langbein, Halnes, and Culler, 1951). It is
also’ difficult to determlne the change in storage accurately., First, it
is necessary to conduct detailed pre-reservoir surveys or subsequent
hydrographic" surveys to provide reliable area and capacity curves. In
many instances, there is the added complication of evaluating bank storage.
For example, Langbein (195L) estimated that, owing to bank storage, the
effective capacity of Lake Mead is 12 percent greater than.that indicated
by the'accepted area-cap301ty curves. ' It is also difficult to. obtain an
accurate mean lake level since wind effects can so distort the lake
profile that a single gage reading may be significantly in error. (See
separate chapter, this handbook, on "Reservoirs and. lakes.")

Another item of the water budget is the pre01p1tatlon on the. lake .
surface. Ordinarily, such precipitation is measured by a s1ngle gage or
a network of gages along the shore. For large lakes, it is questlonable
whether measurements at shore stations provide a true value of precipi-
tation over all the Lake (Kresge, Blust, and Ropes, 1963).

In summary, water-budget values of evaporation generally can be con-
sidered more reliable, percentagewlse, over intervals of a month or longer
than over intervals of a day or less. Measurements of daily inflow and
outflow may embody both random 'and. certain systematic errors that tend to
balance over longer periods of time (see following chapter of this
handbook on "Streamflow"). The effect of errors in other measured budget
‘items tends to diminish likewise. Budget items that are unmeasured
commonly can be estimated fairly closely over all of a year-long water.
cycle, but not for periods of a month or less. ' The dlfflculty of obtain-
ing reliable daily values by the water-budget method is demonstrated by
the considerable effort expended in selecting Lake Hefner for critical
water-loss investigations (U. S. Geol. Survey, 1954).
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b. Energy budget

The energy budget per unit area and time is given by the equation:

Qe = Qs - Q.+ Q, - Qr =~ Qs "%~ % - Q- (2)
in which _Qe = energy utilized by evaporation

QS = incoming short-wave (solar)'radiation

Qr' = reflected short-wave radiation

Qa = incoming long-wave (atmospheric) radiation

Q, = reflected long-wave radiation

= long-wave radiation emitted by the body of water

Qbs

Qv = net energy advected into the body of water,
including that of precipitation but excluding
that of evaporated water

Qh = energy conducted from the body of water to the
atmosphere as sensible heat

Qw = energy advected by evaporated water

Qk = increase in energy storage of the body of water

The computations are usually made in units of calories per square centi-
. meter per day. : -

The energy-budget theory long has been accepted as sound, but only
subsequent to about 1950 have instruments of the required -accuracy become
available. The main objections to the technique are the needs for
expensive instrumentation and careful maintenance to assure reliable
observations. The computations are laborious, but this limitation has
been partially overcome by the advent of high-speed electronic computers.

In principle, the most convenient method for evaluating the five
radiation terms of equation (2) would be by net radiometer installed on
a barge or float in the lake. However, net radiometry by a single instru-
ment currently is not sufficiently precise; also, a barge installation
involves serious difficulties in operating and adequately maintaining
instruments of all kinds. Therefore, the usual and more practical
installation is on land and includes (1) usually an Eppley pyrheliometer,
facing upward, to measure the incoming short-wave radiation (QS); and
(2) a total or "hemispherical" radiometer, which measures the Sum of the
incoming short-wave and incoming long-wave radiations (Q_ + Qa). Thus,
incoming long-wave or "atmospheric" radiation (Qa) is defermified by sub-
tracting the Eppley observation from the hemisphérical observation. The
Eppley pyrheliometer should be corrected for temperature effect although
this has not been common practice in the past. Currently, it is possible
to purchase temperature-compensated instruments.
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In principle, the reflected short-wave radiation (Q_) can be measured
by a separate Eppley pyrheliometer facing downward, over the water. How-
ever, this leads to the difficulties of a barge installation, previously
mentioned. In the previously cited Lake Hefner investigations, Anderson
found that the reflected short-wave radiation could be estimated ade-
‘quately by the equation:

_ b
R, = aS, (3)
in which R_ = reflectivity ratio (reflected to incoming)
SA = sun altitude, in degrees
a, b = "constants" which vary according to percentage

of cloud cover and its height: a, from 2.20
to 0.203 b from - 0.30 to - 0.98.

It is not aluays necessary to measure reflected long-wave radiation
(Q ) since a reflectivity of 3 percent may be assumed in most instances.

To compute the 1ong—wave radlatlon ‘emitted by the lake (Q ), the
water temperature at lake surface must be measured and inserteg into the
equatlon. )

Qb = 0.97f (T, + 273)L‘ - (h)
in which cS"= Stefan-Boltzmann constant
To = water temperature at 1ake surface, in %
As the Q. term'is oné of the largest in the energy-budget equation it

must bé Hetermlned accurately. To this end, the true mean water-surface
temperaturg must be determlned as closely as is feasible, ordlnarlly
within 0. 5C. "

Aside from radiation, two potentlally d601SlV6 factors in the energy
budget are advected energy and change in energy storage. A part of these
two energy components is expended in modifying water-surface temperature,
which in turn modifies the amounts of back radiation and of sensible-hHeat
. transfer. Methods for determlnlng ‘the part that is expended by the ‘evapo-
ration’ process are deséribed by Kohler and others (1955), by ‘Harbeck ‘and
others (1959), and by Harbeck (196)4) ‘ _

Computing advected energy requires the measurement of the volumes of
water inflow and water outflow; also their mean temperatures. Precipi-
tation on the reservoir or lake surface must be included as an inflow
“term; ordinarily, its temperature is assumed equal to the wet-bulb
temperature. :

Computing the change in energy storage requires that the temperature
"and volume of water in storage be measured at the beginning and end of
each budget interval. Usually, temperature profiles must be measured. at
25 to 30 selected points to define adequately the thermal stratification
of the entire water body at the given times. From the temperature profiles,
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mean temperatures are derived to correspond with successive hori-

zontal layers of the water body. Then, the product of mean temperature
and corresponding volume of water in a particular layer indicates the
energy content of that layer above a selected temperature base.. The sum
of the energy contents of the several layers is the totg}"énergy content
of the water body. The algebraic difference between the energy contents
at the beginning and end of the budget interval is the total increase in
energy storage. For insertion in equalion (2), this difference must be
divided by the product of the mean water-surface area during the budget
interval times the number of days in the interval, to express the in-
crease in the usual energy-budget units (Qk, in calories per square
centimeter per day).

Energy-storage computations, therefore, require the availability of
area and capacity curves of suitable accuracy. The change of energy
storage may be relatively large if the body of water is deep, especially
over periods during which the body overturns .or changes its thermal
stratification notably. '

The measured or estimated terms discussed thus far yield the sum
Qe + Qh + Qw’ rather than the desired single term Qe' However, Qw and Qh
can be expressed in terms of Qe according to the relation:

%I (5)

in which specific heat of water

(¢]
]

temperature at which evaporation takes place,
taken usually as that of the water surface

L

Also, according to the Bowen ratio (Bowen, 1926). Although there is
controversy over validity of the Bowen-ratio theory, it seems to be
. generally applicable for computating reservoir evaporation. Bowen's
ratio is expressed as:

latent heat of evaporation

% CP(To N Ta) , v (6)
5~ T LOOO(e, - 5,)

a coefficient, 0.61 under ordinary atmospheric

in which c =
' ‘conditions, but ranging between 0.58 and 0.66
P = atmospheric pressure in mb (millibars) )
T0 = water-surface temperature in °c
Ta = air temperature in %
€, = vapor pressure of saturated air in mb, at TO
e, = vapor pressure in the air in mb, at the height

of the Ta observation
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To evaluate the Bowen ratio, it is necessary to measure water temper-
ature, air temperature, and dewpoint. It is preferable that T_ and e_ be
measured vertically above the sites of the T measurementsa a

In general, for intervals of a week or longer, evaporation can be
determined with good precision by the energy-budget method prov1ded all
the budget items are evaluated with utmost care. The method is not
recommended for intervals shorter than a week, chiefly because, for such
intervals, the change in energy storage cannot be determined with satis- |
factory accuracy. - The advected-energy term requires data on temperature
and volumes of water inflow and water outflow. However, the accuracy
required of such volumes is less critical in the energy budget than in
the water budget. Herein lies the principal advantage of the energy-
budget method.

A basic limitation of the energy-budget method is that certain of
the radiation terms always are several-fold larger than the net energy
that - drives the evaporation process. Hence, a small percentage error in
one such item may cause a large percentage error in the computed amount
of evaporation. For example, energy-budget values of evaporation from
Salton Sea, California, determined recently by Hughes' (in preparatlon,
1965) are seasonally biased. Hughes concluded that most of thls bias
may be ascribed to shortcomings in the radiation instruments. Although
considerable progress has been made in recent years in the development
of total hemispherical and net radiometers, additional improvements in
the accuracy and dependability of these instruments is essential before
the energy-budget method can be invoked routinely.

c. Mass-transfer (aerodynamic method)

Many techniques have been advocated for computing evaporation accord-
ing to aerodynamic theory. These have been described and evaluated in
the reports on water-loss investlgatlons at Lake Hefner 'and at Lake Mead
(U. S. Geol. Survey, 195L; Harbeck and others, 1958). = The only technique
that produced good results in both studies was that based on an - emplrlyal
equation of the form:

= Nu (eo - ea) ; (7)

" in which evaporation
a coefficient

average wind speed

o £ = i
L]

vapor pressure of saturated air at water-
surface temperature

vapor: pressure of ambient air

(0]
]
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This technique has been named the mass-transfer method, although
implications of this name may not be completely correct. The investiga-
tions at Lakes Hefner and Mead in the United States and at Lake Eucumbene
in Australia (Webb, 1960) indicate that the value of N may be assumed to
be nearly constant when vapor pressure, water-surface temperature, and
wind speed are measured within the vapor blanket over the lake. The coef-
ficient N so obtained at Lake Hefner yielded reliable estimates of evapo-
ration at Lakes Mead and Eucumbene. The observations of vapor pressure
and wind speed should be at a height of 2 or L meters above the water
surface, preferably the former. Also, it is imperative that the barge
or float for making observations should be far enough from shore to
assure that the 2- or L-meter observations of vapor pressure (e_) are
within the vapor blanket. 8

The main shortcoming of the over-the-lake equation is the difficulty
of obtaining reliable values of vapor pressure. It is preferable to
obtain continuous records of the several factors; these in turn require
considerable effort to maintain recording instruments in good operating
condition on a barge, where only battery-driven or spring-driven devices
are practical. Admittedly, further tests should be conducted to verify
that the coefficient N is nearly constant if all factors are measured
near midlake.

To avoid this difficulty of reliable measurements over the lake,
Harbeck (1962) measured vapor pressure (e_) at a land site, upwind. In
applying such upwind vapor pressures at numerous lakes, Harbeck found
that the coefficient N is a function of the surface area of the lake.
Although the correlation between area and N was quite good in general, in
certain cases it could be in error by 25 percent or even more. Therefore,
Harbeck advocates extreme caution in using values of N from his corre-
lation. He recommends that, if practical, a mean value of N for each
particular lake or reservoir be determined to match a year-long energy
budget or water budget of that lake. Then, the mass-transfer equation
with such a value of N may be used to estimate evaporation routinely in
subsequent years. :

Thus, the overall accuracy of evaporation determined by the mass-
transfer method would be neither better nor worse than the accuracy of the
water budget or energy budget to which the value of N had been matched.

In the particular case of an N-value matched to a water budget, it should
be borne in mind that some of the uncertainties in such a budget, although
potentially rather large over a term of a month or less, tend to compen-
sate within each year's water cycle. Accordingly: (1) the mean N-value
matched to year-long water-budget evaporation presumably minimizes short-
term and seasonal bias in the water budget; and (2) values of monthly or
shorter-term evaporation by the mass-transfer method, using the mean or
year-long value of N, presumably are more dependable than water-budget

values.
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The principal advantage of the mass-transfer method is that it elimi-
nates advected energy and energy-storage change as independent factors.
The effects of these two factors appear in the.water-surface temperature,
and so in the e factor of equation (7). Accordlngly, potential causes
of seasonal bia8 seem to be fewer in the mass-transfer method than in

either the energy-budget or the water-budget method. The mass-transfer
'method, therefore, seems the most reliable of the three methods for deter-
'mlnlng evaporation by months or shorter periods. :

d. Ccmbination of aerodynamic and energy-budgét theories |

A widely used technique to estimate 1ake evaporatlon from meteoro-
logical factors is based on a combination of aerodynamic and energy-budget
theories (Perman, 1948; Ferguson, 1952; Kohler, 1955; Slatyer and McIlroy,
1961) - The Pernman method involves the three equations:

z&fi*-ﬂrE , -

G R = S (8)

B =R (1-71) (0.18 + 0.55 n/N) S
_chah (0.56 - 0.094f€ ) (0:1 + 0.9 n/N) | (9)

ws B bWl me) (0

in which * = evaporation -

E
H = = net -radiation
A = slope of the saturation vapor-pressure curve

- at air temperature T R
v . = the constant in the pyschrometrlc equation
R = "extraterrestrial" radiation
r = coefficient of reflectivity

n/N = percent possible sunshine

g = Stefan-Boltzmann constant
Ta =-3ir temperature T ’ -
e, = vapor pressure of saturated aif,at temperaturé_Ta
€ = actual vapor pressure of air ‘
u = wind moﬁement‘w

a, b = constants

- 38 -



The Penman equation is basically a derivative of the energy-budget
equation. However, because it considers ihe energy-storage and advected-
energy terms to be negligible, thas Penman method is defendable only for
very shallow water bodies, excepl over year-long periods. Because it
does not bring in water-surface tempcrature, the method cannct account
adequately for sensible-hcat exchange beiwcen air and water. The latter
factor may be small over ycar-iong periods, but can be appreciable over
shorter periods. The method involves theoretical values of short-wave
radiation, based on percent sunshine; obucrved values should be used
whenever availaple. Finally, the_computzd vaive of net long-wave
radiation, ¢ T _* (0.56 - 0.00 'V?—}r will be in error whenever water-
surface and air temperaturecs djffgrn

For potential applications, in the United States, of equations such
as that by Penman, reccrds of sclar (short-wave) radiation are taken
currently at about 80 stations oniy. Records of percent sunshine (or of
cloud cover) and of dewpoint are, for the mos® part, itaken only at the
first-order stations of the Weather Bureau. Fortunately, for computing
evaporation by periods of a week or longer, cach of these three variables
may be assumed to be fairly uniform to moderately great distances from
the stations of record.

Likewise, records of wind movement are available from only a limited
network of stations. There is the additional complication that the
observed wind movement must be reduced to a specific height--2 meters
for the Penman method and at anemometer height of a Class-A pan for the
Kohler method. The ordinary wind-reduction formulas, which are in expo-
nential or logarithmic form, are not completely adequate for estimating
values at levels near the land surface, as required by the Penman and
similar methods. Fortunately, in these methods an error in estimated
wind movement does not introduce as large a percentage error in computed
evaporation. Even so, wind values which are nonrepresentative or which
are converted through an appreciable height range can introduce errors
of 20 percent or more. '

e. Pan coefficients

Probably the most widely used method for estimating evaporation from
lakes and reservoirs is the application of an appropriate coefficient to
the evaporation as measured by one of the standard pans. Not only can
the method be applied to estimate evaporation from existing lakes, but also
it is the most practical means for estimating evaporaticn from a proposed
reservoir. Thus, several years of pan-evaporation observations at the
site will provide a réliable estimate of the yearly evaporation loss to
be expected.

Several types of evaporation pans are used in the United States--
Class A, Colorado, Bureau of Plant Industry, and Young Screened. The
pan most commonly used and having the most station-years of record is
the Class-A. Specifically, as of 1965 the Weather Bureau's netwo:k of
Class-A pans consists of about 450 stations.
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The reliability of estimates of lake evaporation depends on the
validity of the assumed pan-to-lake coefficients. The American Society
of Civil Engineers (1934) has recommended that a coefficient of 0.70 be
applied to the Class-A pan and 0.78 to the Colorado pan., At Lake Hefner
(U. S. Geol. Survey, 1954), the coefficients derived for various pans
were: Class-A, 0.69; Bureau of Plant Industry, 0,913 Colérado, 0.83; and
Young Screened, 0.91. Many persons feel that estimates of lake evapora-
tion by the Young Screened pan are more reliable because the pan-to-lake
coefficient is more nearly unity. A coefficient of unity may simplify
the arithmetic, but does not make results more reliable. Actually, the
screen intercepts some of the solar radlatlon and diverts it from the
evaporation process. On the other hand, the Class-A pan has been criti-
" cized severely because it is exposedwabove the.land. purface and so is
subJect to radiation on the sides, with greater evaporation the conse-
quence. Since it is now generally accepted that pan-to<lake coefficients
vary according to the climatic regime, the above-land-surface exposure
of the more numerous Class-A pans is not a disadvantage.

The pan-to-lake coefficient for the Class-A pan ranges from 0.60 to
0.80. In arid climates the rate of pan evaporation is high--owing to .
latent heat of vaporization, the temperature of water in the pan tends to
be depressed below that of the air, heat is transferred from air through
gides and bottom of the pan, and pan evaporation is aggravated. Such a
transfer of heat does not occur in a lake or reservoir and so the appro-
priate pan coefficient is near 0.60. The converse is true in humid areas,
where pan-water temperature tends to rise above that of the air, heat is
lost from pan to air, pan evaporatlon 1s restrained, and’ the coefficlent
approaches 0.80.

The gunken pans also are subject to gain or loss of heat from or to
the soil, with a consequent effect on the pan-to-lake coefficient. N
However, in order to evaluate the hedt transfer, both soll temperature
and soil moisture would need be determlned, reliable values of the latter
are difficult to obtain. Even if reliable values were available, the
evaluation would be complex since it is a function of both.soil tempera-
ture and soil moisture.

Kohler and others (1955) descrlbe a technique by which to adjust the
observed Class-A-pan evaporation for the transfer of heat to or from the
pan. Then, based on Lake Hefner results, it is assumed that.a coefficient
of 0.70 applies to the adjusted pan record, as though air temperature and
pan-water temperature were equal. Such appllcatlon of the coefficient
would indicate probable evaporatlon from an extensive water surface of
film thickness--that is, evaporation from a very shallow lake, over inter-
vals as short as a week. Still further adjustment would be required in
applylng a pan coefficient to estimate true evaporation from a lake or
reservoir, especially evaporation over a short interval, if that lake or
reservoir is influenced significantly by advected energy or by changes
in energy storage. Commonly deep lakes or reservoirs and "run-of-river"
reservoirs would require such further adjustment.
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Deep lakes sior: enzrgy in the spring months anag so. tend to diminish
evaporatiocnj thsy lease this energy from storage in the fall months

and so accelerate evaporation. This effect is cleariy demonstrated by
Lake Mead, where pan evapcration is maximum in June but the lake evapo-
ration is maximum in August. Lake Mead also exemplifies the effect of
advected energy--during ihe summer, Temperaturs of the inflowing water is
high, but the outflow is reieased from lower, cooler levéls in the lake.
Consequently, there is a very large energy advection into the lake. On
the average, this advective-energy effect increases the evaporation from
Lake Mead about 5 inches yearly, an amount which the standard pan-to-lake’
coefficient would exclude. Lake Mohave and Lake Havasu, on the Colorado
River belcw Lake Mead, exemplify a different aspsct of the advected-
energy effect. These two are "run-of-river" reservoirs. In them, inflow
and outflow commonly differ little in temperature, but energy advection .
is large because through-flow is large. (As to adjustments for the
effects here discussed, see Nordenson, 19633 Kohier and o+hers, 1955;
Harbeck and others, 959 and Harbeck, 196).)

L SN e
(D

Care should be exercised in the location, operation, and maintenance
of all pan-evaporation stations. In general, the station site should be
typical in the surrounding area--that is, neither extremely windy nor
completely sheltered sites would be suitable. To obtain estimates of
evaporation from a iake the station should, if possible, be on the side of
the lake toward the prevailing wind. Surrounding vegetal cover should
be trimmed frequently %o maintain a consistent pattern of wind movement
over the pan. The pan should be cieansd at reguiar intervals to avoid
contamination of the water surface or change in radiation characteristics.
It is impeortant ts maintain the water level within the prescribed range--
for the Class~A pan, 2 to 3 inches below the rim. It is recommended that
water temperature bs measured; this practice is now standard for Class-A-
pan installations (U. S. Weather Bureau, 1962). It is extremely important .
_that a Class-A pan should not be painted. Painting would change the re-
flective characteristics and, therefore, the amount of radiation absorbed.
For this reason, the Weather Bureau now recommends that Class-A pans be
made of monel metal.

Despite these standard precautions and pan-to-lake coefficients,
unrecognized aspects of pan exposure may bias some of the factors that
control evaporation from an adjacent lake. At Lake Hefner, for example
(U. S. Geol. Survey, 1954, p. 1L2), observed evaporation from two adjacent
pans differed by L.3 percent. There, the only obvious difference in pan
exposure was that one of the two pan stations had accessory intruments in
standard shelters whereas the second station had neither such instruments
nor such shelters.

Observed data for evaporation pans should be reviewed carefully to
discriminate any that are unreaiistic. Thus, computed evaporation for
days of heavy rain may be greatly in error owing to overflow of the pan,
to unlike catch by the pan and by a standard rain gage, or to splash-out.
For days of unusually great wind, computed evaporation also may be in
error because waiter is blown out of the pan. :
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3. Variation of evaporation with aititude

Despite the many studies conducted over the years, few have demon-
strated the effect of altitude on the rate of evaporation. The presumed
effects of 1ncrea51ng altitude and their influence on evaporatlon rate
are:

1. Air temperature tends to decrease, evaporation rate to decrease.
2. Wind movement tends: to increase, evaporation rate to increase.

3. Potentlal short-wave radlatlon increases, potential evaporation
“ rate tends to increase. In mountainous areas, however,
cloudiness usually tends to increasé, to the: extent that
radiation and evaporation rate.tend to-decrease.

L. Long-wave radiation. tends to decrease, evaporation rate to
decrease.

5. Vapor pressure of the air decreases, evaporatlon rate tends to
increase. ‘ .

All in all, it seems to be generally accepted that evaporation de-
creases with increasing altitude, but not by as much as would be 1nd1cated
by the decrease in 1ir temperature.. ‘As of 1965, a project to study the
effect of altitude on evaporation is in progress in the Wasatch Range
* near Salt Lake Clty, by the Weather Bureau and the Forest Service in .
collaboratlon.
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5. EVAPOTRANSPIRATION

a. General considerations

Evapotranspiration is the dissipation of water from the soil into
the atmosphere, by evaporation from moist soil and by transpiration of
plants. The plants may be native or cultivated; if cultivated, they may
or may not be irrigated.

Transpiration by plants responds to the same energy sources as does
evaporation from a water surface. (See preceding chapter, this handbook. )
In the case of transplratlon, however, the response is modified by
physical properties of the soil and by processes of plant physiology, in
ways imperfectly understood. In general, in a given climatic environment

~with water abundance non-limiting, the rate of transpiration depends on
the species of plant, its "cover density" (p.66), and its stage of
maturity; also on the salinity (or alkalinity) of soil and water. Con-
versely, for a given plant species the rate depends principally on temper-
ature and humidity of the air, wind movement, radiative energy fluxes

(p. 7), and phase of the growing season.

. This chapter will consider the means for determining evapotranspira-
tion where abundance of water is non-limiting, as in an irrigated field
or a stand of native phreatophytes. Phreatophytes are those land plants
which require, and whose roots seek out, a perenn1a1 source of m01sture,
generally ground water:: - - : ST

Phreatophytes are of partlcular concern because, in- the arid parts
of the Western States, plants of this category cover some 16 million
acres and dissipate some 25 million acre-feet of water yearly by evapo-
transpiration (Roblnson, 1957). Little or no economic return is derived.
A single aggressive phreatophyte, saltcedar of the genus Tamarix, occupies
about one million acres and is spreading continually. InvariaEIy, as
this plant invades an area, evapotranspiration increases..

b Methods of measurement ‘

Accurate measurement of rates of evapotransplratlon from crops or
from native vegetation is difficult, complex, and costly. Several ap-
proaches are in current: use, eithér on experimental pléts or on whole
fields or drainage basins. These approaches fall into ‘one of three.
classess

Water-loss methods _
Aerodynamic and energy-balance methods
BEmpirical formulas

All these methods are weak in one aspect or another, although several
studies currently under way should reduce some of the uncertainties. The
limitations or uncertainties in each method w111 be discussed in the light
of present-day knowledge.
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b-1. Water-Joss methods

b-1.1 Evapotranspiration tanks.--An evapotranspiration tank, also referred
to as an evapotranspirometer or as a lysimeter, is a tank or cell filled
with soil and provided with a water supply, in which representative plants
are grown and the amount of water transpired and evaporaterd is determined

" under observed climatic conditions. Such tanks have been constructed of
steel, concrete, or polyvinyl "plastic." In size they have varicd from.
cylinders 2 feet in diameter and 3 feet deep, through the 20-foot-diameter
tank of the University of California at Davis, Calif., to rectangular
plastic-membrane "tanks" as large as 1,000 square feet in surface area by
1L feet deep (Robinson and Bowser 1959). Therec are two general methods of
operation: the [low-through method (used generally with the smaller tanks)
and the controlled-level method.

In the flow~-through method, water is usually though not always
applied to the tanks on the surface. Evapotranspiration is taken to be
the difference between such application and any percolate through the
soil mass, plus or minus change in soil water. Application and percolate
can be measured easily and accurately as volumes; the complementary factor
of soil-water change is not measurable either easily or accurately except
by weighing the whole tank. Commonly, therefore, all measurements are as
weights, especially to determine evapotranspiration either as momentary
rates or over short periods. The weighing devices. employ mechanical or
hydraulic systems, or combinations of these two.

Mechanically, deflection of a set of levers, a strain gage, or a
load cell indicates change in weight against a visual scale or on a strip
chart. Sensitivity is 'gained by counterbalancing most of the gross
weight, or by floating the entire evapotranspiration cell in an outer tank
which is filled with a flotation liquid and fitted with a manometer.
Displacement of the flotation liquid in the manometer indicates the
evapotranspiration.

In the hydraulic system the evapotranspiration tank is supported by
a fluid-filled, flexible bag or "bolster" to which a manometer is con-
nected. Evapotranspiration is calculated from fluctuations of fluid
level in the manometer tube.

In weighing devices, errors may derive from undetected temperature
effects-=changes in the lengths of lever arms, in the viscosity of lubri-
cants at'spindles or pivots, or in the density of fluid in manometers.
Lubricant viscosity had a marked effect on results from a weighing
evapotranspirometer at. Coshocton, Ohio. _Most weighing cdevices are costly
and require meticulous attention including periodic check calibrations
and adjustments. However, a weighing device in good condition can detect
very small changes in rate or in total amount of evapotranspiration.

In the controlled-level method, evapotranspiration is taken to be
the quantity of water that must be added to maintain a desired constant
volume (level) of water in the tank. In the simplest procedure, water
is added by hand periodically, usually daily, and the necessary quantity
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measured as a volume. Water can be introduced automatically and contin-
- ually from a Mariotte tank or "[lask," or from a reservoir or supply main
"~ by way of a valve that is controlled by 8 float or an electric sensor.

- The Mariotte tank should be insulated, as changes in temperature affect
the balance of pressures in that device and so influence its accuracy.
‘Valves and their sensors require periodic inspection--more frequent
inspection the more nicely the sensor is adjusted. Earth particles may
lodge on, or algae grow around a valve seat, causing continual leakage.

" Coarse particles can hold the valve widely open or clog it tightly. A
water—logged float may ‘hold the valve open. ' An electric sensor may fail
“w1th the valve either open or closed. Worn linkage between sensor and

" float _may cause exclusive backlash; fouled linkage can jam with the valve
“in any position. Any of these mechanlcal failures results in a fictitious
value of evapotranspiration so long as the failure persists. Further
error may derive from a poorly calibrated or insensitive meter in the

) water-supply line.

In the controlled-level method dlssolved ‘solids in the supplied
water accumulate in the tank and eventually become so concentrated that
. plant growth and rate of evapotranspiratlon diminish. This effect has
" been demonstrated in tank studies of phreatophytes at Buckeye, Arizona,
and at Winnemucca, Nevada. After the tanks had been leached and back-

- washed at both these 51tes, evapotransplration increased and returned to.
a normal rate. Thus, to forestall a toxic concentration of solutes--
saline or alkaline, and of especially deleterious ions such as boron--
.both soil and water in the root. zone withln the tank must be sampled and
,‘analyzed per1odlcally.v : h Do ,

. Inall measurements of evapotransplratlon by a tank method env1ron-
mental condltlons within and without-the tank should be. 1dent10al to
preclude the "oasis effect"--that is, the phenomenon in which an isolated
single plant or small group of plants transpires more. water than does an
extensive, dense growth of that plant. For example, at Victorville,
-Calif., an isolated tank planted to tules (Scripus olneyi) within a stand
of low-growing saltgrass -about. 25 feet from the edge of a swamp, used

- 22,69 feet of water in a l2-month period, while a similar- tank of tules
within the swamp used only 7.0L feet. (Blaney and. others,. 1933, p. 7L-87.)
Thus, use in the swamp was somewhat less than one-thlrd that in the

. "OaSlS " . . .

) Small dlameter, shallow tanks are unsuitable for measurlng €vapo- .

transplratlon by large plants, shrubs, or trees, although: satlsfactory
. for grasses or small plants. In the small tanks root development is
restricted, so that both plant growth and evapotranspiration diminish.
Tanks of 100 to 1,000 square feet of surface area and depth.of 10 to lh
feet, appear to av01d most such effect.

Beyond these specific difficulties, the principal limitation in
values of evapotranspiration by the tank method--or by most other methods--
1ies in the extrapolation from tank to a uhole field. -This general limi-
tation is discussed on. p.66. ‘ g
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b-1.2 Soil-water budgets.--in principle, evapotranspiration is equal to
the algebraic sum of water that infiltrates tne land surface, change of
soil-water content within the root zone, and deep percolation that passes
below the root zone. The principle is applied to plots fields, or areas
where (1) runoff is zero or can be measured readily, (25 the soil is
fairly homogeneous, and (3) the water table and its capillary fringe are’
below the root zone.

Infiltration at the land surface is measured as rainfall (or irri-
gation application) minus runoff, if any. Changes of soil water are
derived from periodic budgets by successive depth increments, cormonly
0.5~ or 1-foot increments. Limitations of the data on rainfall, runoff,
and soil water are discussed in other chapters of this handbook.

Commonly it is practicable to measure soil-water content only through,
and a few feet below, the root zone. Any water that percolates beyond
this depth of measurement escapes the soil-water budget. Accordingly,
the value of evapotranspiration is too great, by the amount of such
escape. This limitation of the method becomes stringent if infiltratiom
rate and permeability of the soil both are large. '

b-1.3 Water-table fluctuations.--Wherever an extensive stand of a phre-
atophyte takes 1t water Irom a shallow, unconfined ground-water body,

commonly the evapotranspiration draft induces a notable daily rise and
fall of the water table. The diurnal fluctuation is distinctive: the

water teéble begins to fall at sunrise and continues to fall during the
daytime; at or soon after sundown, the water table begins a rise that

continues until the next sunrise. :

In regard to this phenomenon, W. N. White (1932) theorized that the
hourly rate of water-table rise from midnight to L a.m. (while trans-
piration was essentially nil) times the hours in the day (2L), plus or
minus any net rise or fall of the water table was an index to evapo-
trangpiration during the 2li-hour period. The product of this index times
mean specific yleld of the soil within the range of the water-table
"fluctuation measured the day's evapotranspiration. Rate of night-time
water~-table rise and net rise or fall over the 24-hour period are taken
from the charts of water-level recorders installed at water-table wells.
Specific yield, or coefficient of drainage, must be determined experi-
mentally. ' .

In regard to the particular water-table fluctuations here considered,
amplitude increases as evapotranspiration increases or as specific yield
decreases. Thus, in highly permeable material, the amplitude of fluctua-
tion may be so small that the method becomes insensitive. Usable results
generally are obtained when the amplitude ranges about between 0.0L and
0.20 foot. Evapotranspiration values calculated from water-table [luctu-
stions represent the growth surrounding the well. The sise of the
effective area is uncertain.
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The Safford Valley study, to be cited, found appreciable night~time
transpiration by saltcedar and baccharls. Consequently, it was necessary
"to apply a coefficient in White's formula. In other areas, night-time
coefficients should be verified for saltcedar and baccharls, and should
be determined anew for other species. < ,

Water-table fluctuations are not. a valid index of evapotranspiration
whenever and wherever they are, to a substantial degree, affected by
pumping in a nearby well, by changing stage in a nearby stream or lake,
by 1nf11trat10n of rain, or by some other extraneous force. Further,
‘they may "be 1nvallo when recorded in an improperly cased well.

Weakest factor in measuring evapotransplratlon by the method of
water-table fluctuations, by far, is the specific yield or coefficient
of drainage. As has been stated, this coefficient must be determined
experlmentally on sultable samples, either by saturatlon and dralnage or
‘by centrlfuglng.

_ Each saturatlon-and—dralnage test requlres an "undlsturbed" column

" 6f the water-bearing material taken at and just above the water table,
and in a length somewhat greater than the height of the capillary fringe. .
Even under favorable conditions, obtaining each such column -in the field
is laborlous. Also, generally it is not feasible to obtain columns .in

a number sufficient. for a statlstlcally sound mean -value. of the" coeffl-
cient. Tests by cent: fuging require samples of relatlvely small volume.
Again, these must be "undisturbed" and should be taken in the zone of
water-table fluctuations. . Either of these two experimental methods.
involves uncertainties of laboratory technlque, among these uncertaintles
is that of matching the degree to which the water-bearing material drains
,1n the field, during the 12- to 18-hour diurnal term that the water table
is drawn down by evapotranspiration. Necessary standards for, and -

_ sources of error 1n, laboratory procedures are covered by Johnson and
others (1963). ‘ . .

“bo1.4 Inflow—outflow budgets.--The 1nflowaoutflow or water—nnventory method
is adapted to a reach ol stream valley. between two gaging stations. It
invokes the principle that evapotransplratlon is . equal to the: dlfference
between the quantltles of water enterlng and- leaving the reach _plus or

" minus any change in storage within the reach. The method was one of
those developed in the Safford Valley, Arizona, by Gatewood and others

(1950, p. 163-176).

. The items to be measured for an 1nflow-outflow budget usually
‘1nclude stream inflow, channel-storage change, and stream outflow; ground-
water 1nflow, storage change, and outflow; and soil-moisture change.  As
evapotranspiration is the net algebraic sum of these eight. items, reli-
ability of the determination depends upon the accuracy of the. several
items, espec1a11y of any single item that greatly exceeds the evapo-’
transpiration.” Commonly the method is invalid wherever the streamflow
budget involves numerous diversions or urmeasured inflow, or where ground-
water inflow and outflow are relatively large and known only approximately.
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b-1.5 Seepage-runs.--The seepage-run is a variation of the inflow-outflow
method, limited to a valley reach in which the only significant budget
items are stream inflow, grounc-water inflow in a relatively constant
amount, and stream outflow (Gatewood and others, 1950, p. 154-162).
Ground-water inflow is determined by runs--that is, measurements of
streamflow at successive points along the channel--in the winter when
evapotranspiration and other drafts on the ground-water body are essen-
tially zero. Then, during the growing season evapotranspiration is taken
to be the difference between the winter value of ground-water inflow and
the net gain or loss of the stream by "seepage."

Bach such determination of evapotranspiration is fairly representa-
tive of several days or a week before and after each run. Practically,
seepage runs are best made at intervals of three to four weeks. Results
are approximate, but consistency in results lends confidence. The basic
uncertaintiy is whether all the ummeastured water-budget items are constant
or inconsequentially small.

b-1.6 Evapotranspiration tent.--The evapotranspiration-tent method, or the
Decker-tent method (alter J. P. Decker) relates evapotranspiration to the
difference in water content (humidity) of the air entering and leaving a
ventilated, transparent, polyvinyl tent that encloses a plant or grass-
covered plot. Fumidities are measured by infrared hygrometers or by psy-
chrometers. Humidity difference multiplied by the ventilation rate yields
the vapor production rate of the plant or plot. The method and equipment
are new and experimental but are being continually improved and refined.
Early tests were by small coverings of single potted plants in the labo-
ratory; now, a field technlque has been adapted to shrubs as much as
15 feet high. :

Among advantages of the method: (1) the tent can be erected and
removed without disturbing the vegetation; (2) the necessary instruments
are portable and inexpensive; and (3) rates of evapotranspiration at
different hours of the day, by a given species of vegetation, can be
compared easily.

Among disadvantages and current limitations are the following:
(1) Only a single plant or a relatively small plot of ground can be
covered. (2) The polyvinyl material of the tent is essentially trans-
parent to short-wave (solar) radiation but is relatively opaque to long-
wave -(reflected) radiation. Accordingly, temperature inside the tent may
increase markedly. In one tent 12 feet high, set over low vegetatlon,
the temperature build-up was as much-as 30" F; however, in the same tent
set over a 12-foot tamarisk tree, the temperature did not differ notably
from that of ambient air outside. (3) Ventilation rate is generally
less than air movement outside the tent; probably this low rate suppresses
convective cooling and so is responsible in part for the heat buildup
just cited. (L) Prolonged confinement in.the tent--more than 8 to 10
hours in the cool spring, or about 3 hours in summer--will injure or even
kill the plant. Specifically, after over-long confinement leaves of the
plant are dry and brittle, as though transpiration rate had been
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increased markedly. Injury appears to be least .when water supply is -
non-limiting. Whether temperature rise is the sole cause, or even the
pr1nc1pal cause, is not clear. (S) In general, the method is not yet
proven, .

b-1.7 Evaporation as.an index. of evapotranspiration.—-Recent effort has
related measured evapotranspiration to either (1) evaporatlon as measured
by the U. S. Weather Bureau "Class-A" pan, L feet in diameter; or (2) "net
evaporatlon," measured as the dlfference between the evaporation from

the black sphere and from the white sphere of the Livingston atmometer.

In each instance, all measurements must be under identical environ-
mental and meteorologic conditions. The relation has been expressed as
a simple ratio--a "pan coefficient" or an "atmometer coeff1c1ent"--for

each partlcular type of vegetation, by months and for all the growing
season. (In this context, the pan coefficient.differs from that uhlch
expresses the ratio of pan evaporation to natural water-surface evapora-
tion). So far, coefficients have been determined largely for irrigated

. cotton, alfalfa, sorgum, and pasture grasses- (Callf. Dept. of water
Resources 1963; Doss, Bennett, and Ashley, l96h)

 Coefficients for a partlcular plant spe01es vary from one envirén=-
“mental setting to another and from one month to another. For example,
take 1rr1gated Tye grass grown in a' weighing ly51meter in the Sacramento
.Valley at Davis, Callfornla, v. irrigated pasture in mountain valleys at
Alturas, California. Altitudes are 50 feet above sea level at Dav1s v.
L,450 feet at Alturas.

The pan coefficient at Davis was about 75 percent of that at
Alturas, the atmometer coefficient, about 80 percent. These percentage
,comparlsons may have, been 1nfluenced by either the dlfference in vegeta-
tive specles or the dlfference in cllmatlc settlng, or both.

For 1rr1gated alfalfa, Nixon and others (1963) found that ‘over - the
four-month period June through September, the pan coefficients were
greater in-the interior San Joaquin Valley and in valleys of the Coast
Ranges than in the coastal fog belt, but that the atmometer coefficient
was greater in the Coast Range valleys than in elther the fog belt or the
1nterlor valley.

 For alfalfa and bermuda grass, ‘Doss and others (1964) found that’
pan coefficients were least during the early spring, increased gradually
until late June, then remained constant for the remainder of ‘the growing
season. For sorgum, the coefflclent continued to 1ncrease untll harvest.

b-2 Aerodynamlc ‘and. energy-balance methods
b~ 2 1 Atmospherlc-flux.—-The atmospherlc-flux or eddy-correlatlon method
derives transpiration from vertical. transport of water vapor above ‘a
vegetated surface. Requlred measurements cover fluctuations in waters
vapor concentration (humidity), also wind speed and direction at a speci-
fied height above the vegetation. .The theory is simple and under ideal
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conditions is rigorous (Am. Soc. Civil Ergineers, 196L). Total transport
is partitioned into two components, one of which is the product of mean
water-vapor concentration and velocity, and the other or turbulent compo-
nent is derived from instantaneous f{luctuations of the concentrations

and of the velocity about their mean values. The lack of reliable, fast-
response sensing and recording instruments has been a serious handicap in
the use of this method. Also, the amount of data has been so prodigious
as to require processing by computer.

A new instrument, the "Evapotron" (Water Resources News Letter,
1965), senses the fundamental parameters and automatically calculates
. evapotranspiration rate (Dyer, A. J., and Pruitt, W. O., 1962). However,
the instrument is not commerically available; neither does the designer
plan to make it so (Dyer, 1965, personal communication).

b-2.2 Energy budgets.--The energy-budget method accounts for the amount

of incoming and outgoing thermal energy with respect to the vegetated
area of concern. Required measurements include wind speed, humidity, air
temperature, soil temperature, incoming and reflected solar (short-wave)
radiation, also incoming and outgoing long-wave radiation. It is
presumed that the atmospheric mass of concern is adiabatic. '

Algebraic summation of components indicates the energy available
for evapotranspiration. However, during the early stage of growth, the
evaporating and transpiring surfaces of a plant are small; they may
utilize only a part of the energy available, of which another part may )

- convert to sensible heat in the soil. Only at maximum rate of growth may
the plant expend all the available energy in evapotranspiration. Once
mature, the plant limits transpiration to that necessary to maintain its
tissue; again at this stage of growth, some energy may convert to sensible
heat. Thus, because sensible soil heat ordinarily is not readily deter-
minable, during the early and late stage of plant growth evapotranspir-
ation computed by the energy-budget method may be larger than the actual.

A further complication is advected heat, or that transferred from
another area. Thus, if warmer air is advected over a vegetated cover,
relatively more of the net radiation converts to evapotranspiration and
less to sensible heat. If the air mass is cool the reverse occurs.

Feasibility of the energy-budget method depends upon the accuracy
with which all parameters are measured; sensible soil heat and advected
heat are especially troublesome. Commonly, instrumentation is held to
a compromise minimum so that data processing will be manageable and
overall cost acceptable. Inevitably, therefore, some accuracy and
reliability are sacrificed. :

c. Bmpirical formulas

Several formulas express empirical relationships among evaporation,
evapotranspiration, climatic factors, and coefficients for the particular
vegetative species and geographic location.  Most formulas assume that
water abundance is non-limiting, and that the vegetation shades the ground
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- completely; these assumptions put the calculated values in the '"potential™"
realm. . The elements of climate that enter the several.formulas include

. air temperature, relative humidity, wind movement, percentage of daytime
hours, and duration of sunshine. Temperature 'is the only element common

. to all formulas.

The three formulas most widely used appear well suited to the re-
spective regions for which they were developed--specifically, the Blaney-
Criddle formula, the arid western United States; the Thornthwaite formula,
the humid seaboard.of the eastern United States; and the Penman formula,
cool England. Divergence. of results by these three formulas is shown by
sample calculations of evapotranspiration at Boise,.Idaho, by Criddle
(1956)--specifically, -for an irrigated field of alfalfa, August evapo-,
transpiration was 6.&5 inches after Blaney-Criddle, 5.92 inches after
Thornthwaite, and 7.18 inches after Perman. Mean of the three values,
6.52 inches, is very near the Blaney-Criddle value.

_ Two other formulas—-the Munson or:?. E, formula and the Lowry- ;\
‘Johnson formula-~have been developed .in the United States to estimate- .
consumptive use over a .hole valley or irrigation project.: Each applies

to an average or "normal' plant cover having an ample supply of water,
not to a particular plant species. C

c-1, Bianey—Cfidéle formula ' ;

The formula develdped by H. F. Blanej (1954) and W. D. Cridd1¢T 
‘agssumes that; when an ample water-supply is available, evapotranspiration
is directly proportional to a climatic factor, and that all other factors
are constant for a particular plant specles. Expressed mathematically:

o u = kf, for an individual ﬁonth ‘ﬁ,:‘ S f&;)
or - ‘ U = KF = Skf, for a term of months . :' {2)
in which u, U = evapotranspiration

jan‘émpiricai coefficienﬁlfor_the{particﬁlar

k, K= 3
: - ... plant species and growth density, in the
particular area :
f; F = a climatic factor, the sum of the‘brbducts

. of ‘mean monthly temperatures and monthly
percentages of the year's daytime hours,
for the particular term of months

Values of K were derived by correlating available measurements of
evapotranspiration with values of F, for the growing season. For irri-
gated crops in the western United States, K ranges from 0.50 for citrus
in southern Califormia to 0.96 for corn at Bomners Ferry, Idaho (Blaney
and Criddle, 1962); for natural vegetation, largely phreatophytes, from
0.80 to 1.30 (Blaney, 195L).  Also values of K have been developed for
phreatophyte stands of different densities, described as "light", "medium",
"dense", and "very dense".

- 52 ~



The formula was devised for extrapolating measured values of evapo-
transpiration to other areas, records of temperature being the only
common information. Orlglnally the formula.covered humidity into the
climatic factor. However, for application to areas for which records
of humidity are not available, the preceding simplified formula was
adopted at some loss in accuracy.

As the coefficient K depends on experimental measurements of evapo-
transpiration, results can be only as accurate as those measurements.
In effect, all uncertainties are transposed inteo the climatic factor F.
Thus, Blaney-Criddle values of evapotranspiration become uncertain if
aspects of climate differ greatly from those of measured values. For
example, Nixon, MacGillivray, and Lawless (1963) compare measured and
Blaney-Criddle rates of evapotranspiration by alfalfa in the coastal fog
belt, Coast Range valleys, and the interior San  Joaquin Valley in southern
Califcrnia. The Blaney-Criddle rates for the fog belt and interior valley
were too large by 31 percent and 15 percent, respectively; for the Coast
Range valleys, too small by 12 percent. The fog belt and Coast Range
valleys, but not the interior valley, recelve a daily supply of cool,
moist air from the ocean.

c-2. Thornthwaite formula

The Thornthwaite formula (Thornthwaite, 19L8, p. 90) also embodies
the parameters of temperature and duration of daylight, but has no
consumptive-use factor. Based on catchment-area data and controlled
experiments, it is expressed as:

Ep = 1.6 (10T/I) a ' ‘3)
T -potential evapotranspiration for a 30-day month

E
T
I

in which

]

mean air temperatﬁre (°c)

a heat index, the sum of 12 monthly indexes

a a cubic function of I

As defined by Thornthwaite, potential evapotranspiration is "the
amount of water which will be lost from a surface completely covered with
vegetation if there is sufficient water in the soil at all times for the
use of vegetation." A further requirement is that the test site be
surrounded to an indefinite distance by actively transpiring vegetation,
adequately supplied with water. It is evident the formula is limited to
extensive areas that are completely covered with vegetation--that is, to
areas such as meadows, fields of alfalfa, or dense stands of phreatophyte.
For row crops such as cotton or corn, it would apply only during that part
of the growing season when the plants shade all the land surface.

The formula suits the climatic conditions of the Atlantic Coast but
not the arid and semiarid climates of the Western States (Thornthwaite
and Mather, 1955). It is specifically not suitable for estimating evapo-
transpiration by phreatophyte stands in the West; most such stands violate
the remote-boundary condition, in that they are flood—plain tongues no
more than a few miles wide.
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Nixon, MacGllllvray, and Lawless (1963) compare measured and Thorn-
thwaite-formula rates of evapotransplratlon by irrigated alfalfa in
southern Callfornla, the rates by formula were too small~-by 27 percent
in the coastal fog belt, by L7 percent in the Coast Range valleys, and
by 5 percent in the 1nter10r San Joaquin Valley.

Nixon ascribes the ev1dent shortcomings of both the Thornthwaite
and Blaney-Criddle formulas to their dependence on temperature rather
than on solar radiation. He goes on to state that "no single climatic
index, of those investigated (solar radiationm, temperature, vapor—pressure
deficit, wind, Weather-Bureau-pan evaporatiocn, and evaporation from black
and whlte Spher;cal atmometers) will unlversally predict evapotranspl-
ration ratés." :

c-3. Penman formula

Permants (1956, p. bli; 1963, p. LO) formula requires data on duration
of sunshine, air temperature, air humidity, and wind speed. It derives &
value for potential evaporation from an open-water surface (p.lL2), which
then is converted to the potential evapotranspiration by applylng a suit-

able coefficient. Thus: (AH +'\'E
5, - L) (Y

A\

in which f = a'coefflcleht (yearlylvalues for southeast
' ' “England range between O. 6 and 0.8
" according to length of day) ’
A =a temperature-dependent constant uhlch is the
slope of the saturatlon vapor-pressure curve
" at mean temperature
H° = the "“heat budget" for open water
r = the ~~nstant.of the equation for a wet-
and dry-bulb psychrometer
E_ = an expression 1nvolv1ng wind speed and
. a " saturation deficit
, E; = potentlal evapotransplratiOn

Thus far, Penman-formula values have been ccmpared with evapotrans-
piration measured at a few places in the United States.' The Pernman value
was good at Wagon Wheel Gap, Colorado; unsatlsfactory at Coweeta, North'
Carolinay and. 5 percent too great at Waynesville, North Carolina, over: a
_one-year. period (Gllbert, M. J., and van Bavel, C. H. M., 195L).
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c-4. Munson or P. E. formula

lunson's (1960) procedure is essentially a variation of Thorn-
thwaite's. Thus, Thornthwaite developed a nomogram from which, for any
station whose average monthly precipitation and temperature were known,
there could be derived a "P. E. ratio" (precipitation/potential evapo-
transpiration). Munson developed a set of such ratios limited to
quantities of precipitation just sufficient for normal plant growth.
Then, knowing only the average monthly temperature, pctential evapotrans-
piration was determined from 8 modified Thornthwaite nomogram.

¢-5. Lowry-Johnson formula

The Lowry-Johnson formula derives consumptive use (potential evapo-
transpiration) as a linear function of accumulated heat units--that is,
degree-days above 32° F. Although the method was devised for yearly
estvimates only, a yearly estimate may be broken down in proportion to
monthly evaporation, or according to a ratio of monthly heat units to the
total yearly heat units.

d. Extrapolation of measurements to growth areas

Dependable extrapolation of evapotranspiration values from place of
measurement--tank, plot, or other experimental area--to whole cultivated
fields or to whole natural stands requires that the two enviromments be .
equivalent. Principal significant differences may occur in climatic '
factors or in vegetative density (volume of foliage). Other potentially
significant factors include texture, state of tilth, and fertility of the
goil; alkalinity or salinity of the soil and soil water; and depth to the
water table. These several factors may be inter-dependent to a consider-
able extent. '

Early workers commonly extrapolated according to area of tank or
plot v. area of field--in other words, equivalent depth of water tran-
spired was considered transposable. 'Some adjustment by judgment may have
been introduced to cover marked differences in growth condition and in
climate. This procedure was and is reasonably satisfactory in regardé to
meadow grasses and many row crops, each of which ordinarily is fairly
uniform in density of cover or volume of foliage. The procedure is not
satisfactory for woody plants in general, and phreatophytes in particularj
stands of these may range from seedlings to mature plants, and from a few
percent to 100 percent cover density. From this cause appreciable errors
may persist among coefficients that have been derived and accepted widely -
for the several empirical formulas that have been reviewed.

In about the last decade, most extrapolations to stands of phreato-
phytes have been according to volume of foliage on the presumption that
transpiration, by each particular plant species, is proportional to total
_ leaf area and so proportional to such volume. The presumption was first
demonstrated as a valid principle by Gatewood and others (1950), in
regard to native bottom-land vegetation in the Safford Valley, Arizona.
For this basis of extrapolation it is necessary to measure cover density,

I
wn
(%]

§



or the percentage of the land area that would be shaded by the foliage
when the sun is overhead; also, thickness of .the foliage canopy ("depth
of crown") Volume~--conveniently in acre-feet--is taken as the product
of land area, percentage density, and canopy. thickness. . Standards and
techniques for the voélume determlnatlon are set forth by Horton, Robinson,
and McDonald (196&) '

Transpiration rate differs from one plant species. to.another, in’
proportion to foliage volume or in proportion to leaf area. Among thres
phreatophytes--saltcedar, w1llow, and cottonwood--rate per unit leaf area
has been found least for saltcedar and greatest for willow; per unit
foliage volume, least for cottonwood and greatest for saltcedar (Tomanek
and Zlegler, 1950).

There is suggestlve evidence that transplratlon rate by a partlcular
species is somewhat greater at a cover density of about 90 percent than
at 100 percent. At the sthall den51t1es, a greater proportional rate
would be expected, owing both t6 oasis effect and to the generally larger
average foliage volume of isolated plants.

Evapotranspiration by a stand of a particular phreatophyte has been
shown t0 be less as depth to the water table is greater (Gatewood and
others, 1950; Muckel and Blaney, 19L5). Comparisons oh the basis of
foliage volume, however, do not disclose an apprec1ab1e dlfference in |
transpiration rate if the difference in water-table depths is no more ﬁj
~than a few feet. Evidently, at least partial compensation derives’ from the

fact that as water-table depth is greater both cover density and canopy”
[thlckness tend to be less. Further evidence is needed to show the degree
‘of such compensatlon over a w1de range of water-table depths. o

In a variation of ti.: volume-of-foliage method, evapotranspiration
by grasses at Winnemucca, Nevada, was measured by a tank method and
expressed as a ratio to dry weight of the grass produced. The rate so
measured was extrapolated to all the native meadow on the adjacent flood-
plaln of the Humboldt River in proportlon to production ‘of hay by those -
meadows (Dylla and Muckel, 196h) ‘ _
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