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CHAPTER ONE. THE RUNOFF PROBLEM
; Flood forecastlng in major river basins of the United States is
one respon31b111ty of the Natlcnal Weather Service (NWS) Varlous
forecasting systems have been developed and;are being used in various
parts of the country. Each system‘requires some scheme for partitioning
that portlon of precipitation going into the soil from that going
directly to runoff. The accuracy of predicted amounts of soil noisture
recharge, volume of runoff and height of flood crests is highly
dependent upon. thls scheme. :

Comparisons whlch have shown conceptual models to have 1mproved
aceuracy and more consistency than the empirical models prevmously used
led to deVelOpment of a forecast system by NWS which combines necessary
computer programs with hydtologic models to organize data, calibrate
basins, and operationally forecast discharge (NOAA, 1972). Runoff
estimations from this system (National Weather Service River Forecast
System (NWSRFS)) have in general been very good; however, in some cases,
sohe‘of the compenent models within the system have Been inadequate.

In certain portions of~the Midwest region, as much as 50 percent
of the annual runoff may occur in a‘Z;month period dﬁring Lateﬁwintef
and early sPring. kThis runoff is associated with meltingksnow and
spring rains running‘eff\1earlyeimpervides; frozen, or saturated soils.
Calibration of an upper jldwest watershed has revealed that, due to the‘
varzatlon in soil molsture and 5011 frost condltlons from year to year,
SLgnlflcant errors. in estlmatlen occurred (E. A Anderson, personal
communication, 1973). k

Purpose of This Study

This study was undertaken to obtain a better understanding of the

effects of frost and high soil moisture content on runoff during



periods of freezing weather. ‘Work of other 1nvestlgators, presented in
more detall 1ater, has shown that: ‘ :

1. dlfferences in soil frost formatlon can. result in dlfferences
in s011 1nf11trat10n capacxtles that 81fn1f1cant1y affect the accuracy
of runoff forecasts; and ‘ : ;

2. there is a runoff foreeastlng problem assocxated w1th changes
in soil moisture dlstrlbutlon‘due‘tokthermal grad1ents~and w1th 1ncreased
soil moisture retention occuring with‘low soil temperatures. k
| Specific objectives of this study were to: |

1. incorporate avallable theorles descrlblng these phenomena into
a frost formation model that can 1dent1fy and warn of high runoff
potentlals due to restrlcted 1nf11trat10n, and ‘

4, test the frost formation model against actual fleld data to
\determlne its accuracy in predlctlng hlgh runoff condltlons.

Constralnts on Model Bulldlng

An ideal frost formation model would treat a;large watershed and
considerkdiVerSe~soils, topography; vegetative cover, and land use
pattern found within it. Such a model would be unnecessarily complex,
however, and obscure the effects of 1nd1v1dual variables on frost
formation and penetratlcn. If,;on the other hand, a large watershed‘were
diVided into subunits having definable slope, aspect, cover, andklimited
variety of land uses, a simpler model could be developed to handle each
of the subunits; This approaehgwaS'followed in this study. :

To -be suitable for field;applieation, input data required by the

model must be limited to thcse‘already available or readily obtained.

Most data currently aveilable\were derived‘from point measurements aﬁd
are publlshed 1n terms of dally totals, maximum and minimum values, or
average values (e.g., solar rad1at10n, air temperature, or wind velocity,
respectlvely). This constraint makes it necessary to ut1112e~bothkspace
and time averages in computations; and when conceptual equations
describing essential relatibnships require‘unevailableiinformation;
emplrlcal approximations will be substituted for the missing data.

Deflnltlon of Terms

Many of the terms that will be used repeatedly in this paper have
“been defined differently by dlfferent authors. Brief discussions of the
more important terms are included below to clarify how they will be

used hereimn.



Terms Related to Soil Helsture :

: Surface runoff is that portlon of rain or melt water that does

- not infiltrate the 5011 but moves to rlvers, streams, or lakes across
the surface of the ground ‘

Fleld capac1ty has been varlously deflned as:

‘"Soon after*a rain“when all the grav1ty water has
kbeen drained down to the water table, a certain
amount of water is retained on the surfaces of
the soil gralns by molecularkattractions . .f. S
The maximum depth of thlS water (if it were spread
over the basin) that any SOll can retain 1ndef1n1te1y
against the action of gravity is called its field .
‘Capaeity;”,(Wisler‘anderater,:1954) |

L amount‘of water held in the soil after
~excess grav1ty water has dralned away and the

rate of downward movement materlally decreased.
(Linsley‘et al., 1949)

Baver (1956) discﬁsses findings which indicate that, in soils where
drainage has become negligible, soil moisture ten51ons range from as
much as -0.6 bar to -0.005 bar depending on the 5011. Some point of
reference is needed, however, to approx1mate the soll moisture range
v1th1n a layer to some quallty of the soil which can be measured and
cla531f1ed. For this reason, field capacity is taken as that m01sture
~content when the soil moisture temnsion is one-third bar (Buckman and
Brady, 1969). It is recognized that thls concept must be used with
caution. Field capacity has been shown to vary as a functlon of soil
temperatures, v1sc031ty, drying rate, and other factors (Stanhlll, 1973).

Grav1ty water, sometlmes‘called free water, is that water in the

Soll that is in excess of field capac1ty.

Wlltlng point is the moisture content at whlch permanent wilting

occurs (Linsley et al., 1949)., It is somet;mes called the w11ting
‘coeff1c1ent.e It has been found for most plants to occur at a tenSLOn of
‘less than 15 bars (Baver et al., 1972) This is a minimum value in

most areas. Under hot dry conditions, plent deaths would occur at



higher percentages of soil moisture. Beyond this point, most plants
cannot extract‘sicnificant moisture from the soil.
Percolatzon is the passage of water w1thin the scll.

Inflltratlon rate is the rate of passage of water into the 8011

in units of depth/tlme.

Inflltratlon capac1ty is the maximum rate of infiltration into
the soil for a given condltlon. '

Terms Related to Soil Frost

“ ‘Sevéra1 classes of‘soil frost have;been‘recognized.‘ Post and
Dreibelbis (1942) described three classes based on their work at
Coshocton, Ohio: ‘

Concrete frost 1is composed of many ice 1enses and small crystals

and is very dense. Generally, it occurs in soil that has been "puddled"
or settled by belng éatutated with water, soils that have been previousl?
frozen and thawed, or in bare 50115 w1th llttle vegetal cover, It is
found in most SOllS frozen more ‘than 3 1nches deep. ~Stoeckell and
Weitzman (1960) defined a modiflcatlon of this type frost, They said
that when sand is cdncretely frozen, air can be readily blown through it,
and, therefore, they called it "porous concrete frost." They noted that
infiltration was still greatly reduced in the frozen sand.

Stalactite frost consists of many little icicles or needles of

ice going between the ground and a layer of heaved soil., 1t is sometimes
called needle ice. It occurs when nearly saturated soil is frozen rapidly
by a sudden temperature drop. It also forms from soil which has thawed
and is suddenly refrozen.

Honeycomb frost is loose and porous and easily broken into pieces.

Generally, it is found in soils high in organic content which are

‘ ~highly aggregated.

~ Hale (1951) 1dent1L1ed a fourth class vhich he called granular
frost. It consisted of scattered granules of ice binding together
iitter, decomposed litter, and mineral soil., Granular frost may be
an extension of honeycomb frost that occurs from‘the litter—-soil

interface throughout the litter.



 CHAPTER TWO. RUNOFF ACROSS FROZEN AND SATURATED SOILS i
Analysis of the March 1936 flooding in southern New York State
showed that 100 percent of‘the rain thét fell on concretely frozen
bare fields became surface runoff but that little or no surface runoff
came from nearby unfrozan forest covered soils. Data for these small
watefsheds~révealed a correlation betwéén extent of frost cover and
‘the amount of surface runoff. Where soil frost was‘présent across
25~percent of the‘watershéd,'runoff‘accounted fot 12~percent‘of the total
water equivalent in the rainfall and snowmelt. With soil frost present
in 63 and 93 percent of the watershed, runoff increased to 41 and
53 percent of the total water equivalent,‘réséectively‘(Storey,‘l955).
Harrold and Roberts (1945) ran two instrumented watersheds for
six winters. Théy show distinct differences in runoff between frozen
and unfrozen ground. The amount of runoff varied from none for spring
réins on unfrozen ground to 100 percent‘when rain fell on frozen gfound.

- Runoff with Different Classesxof Soil Frost

The résults just cited show thét the presence or absénce of frost
does affect surface runoff. In addition, Shipak (1969) found that
the relationship between runoff and soil frost varied inversely with
the depth of frost penetration. Post and Dreibelbis (1942) also mentioned

"

the effect of frost depth, and stated that percolation was " . . . reduced

materially, or céased, when frost depths were 3 inches or greater . . . ."
Extensicnkof‘frost front below the 3 inch depth may have been accompanied
by the development of concrete frost.

In 1958, Trimble et al. found that the presence of granular frost
increased infiltration rates significantly, as compared with the non-
frozen condition, but that the same soils had a zero infiltration
rate when frozen concretely; Stoeckeller and Weitzman (1960) reported"
similar results from similar tests.

Richardson et al. (1969);¢ompared two heavy vinter storms in Utah
in 1962 and 1963. A rain on snow event in 1962 caused heavy flooding
to a wide area of northern Utah and eastern Nevada, while the storm
of 1963 caﬁsed only localized flooding at Heber, Utah. Tﬁe 1962 storm
dropped 1.15 ihches during a 4-day storm. Thére were several inches
of snow on the ground with the ground concretely frozen in many places

to 3 feet., This caused severe flooding. In 1963 at the béginning of

-5 =



a storm, the ground surface was bare, not as cold as the previous year,
but was frozen wiﬁh a porouS‘type of frost which wao méaso:ed downkto
26 inches. It was noted that vThe existence of aopofous frost to:such‘
dépth‘iS‘likely accounted for by~the very dry fall‘and rapid rate‘of
~freezé‘" With these conditlons, 4.56 lnches of rain fell in a 3-day
| storm, but little flooding resulted.

Runoff when Soils are Unfrozen but Excessmvely Wet

Several 1nvestigators have described runoff events that occurred
whenyso;ls’were‘unfrozen,~but excessively wet. Working in the Rock
River‘Basin of‘south&estern Minnesota, Pock (1973)‘f0ond that "average
~soil moisture‘for‘lsfstations was 44 percent, or about 12~peicent
~;‘great6r than their average;field capécity as reportediiﬁ a Department

of Acrxculture report. “He also ﬁoted that‘whén soil samples were
first removed from the ground they were soft and pllable like modeling
clay but became very "soupy" when warmed up in the car.
k Molchanov (1960) 1nd1cated that in Russia "Ground water lying
wat a depth of less than 1 meter will often rlse toward the surface,

in Spring; at the time of snow thawing; then the water will rum off
‘the soil's surface.” k |

Peck (1973) notes that relatlvely large bodies of water have been
seen to form in agricultural fields where only a small average water
equivalent had existéd the‘day befote in the immediate drainége area.
The circumstances indicate that the source of moisture mustkhave been
soil moiSture from‘thé‘ground below rather than new precipitation.

The existence of any of these cooditionS*during a significant storm
could tesult in significant errors in forecasting flood crests and

total volume of runoff with currently used hydrologic forecast models.

Theorles of 8011 M01sture Resgonse to Cold Temperatures

The 1nflltratlon rate of a soil depends on the soil moisture o
present and how it is dlstrlbuted. Soil moisture dlstrlbutlons during
periods of cold témpefatures can bé s;gnlflcantly dlfferent than during
the normal growing season. There are several processes involved and
since those affecting unfrozen soils do notoinvolve a change in state,

they will be discussed first.
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8011 Moisture in Cooled but Unfrozen Solls :
: The increase of soxl malsture abcve fleld capac1ty noted by
Peck (1973) ralses several questions: “,

1; Can soil w1th temperatures which are near the freezing point.
hold more soil moisture ‘than warmer soils?

2. If it can and there is a temperature gradlent w1th the coolest
‘temperature near the surface, is a 51gn1f1cant transfer of soil moisture~‘
‘11kely to take place7

3. 1If raln falls on the surface, how is the percolatlng water
affected by soil temperature and the 5011 temperature gradlent?

Hydraulic Conduct1v1tyj Viscosity, and Surface TenSLOn

The answer to the first of the questlons arlslng from Peck' ;
work is suggested by Klock (1972) He noticed an effect of temperature
“on hydraullc conductlvity and soil water retentlcn., Hydraullc

conductivity is defined by the follow1ng equatlon.
K=Kpg/h s éH

where' e
K is the hydraullc conductivity in cm/sec;
K’ is the intrinsic permeability of the soil;
p is the soil density in gm/cma;
g is the acceleration of gravity;~and
| n is the viscosity in dynes sec/cm?.
' The volume of water transferred through a soil is related to equation
(1) by
V=KL | | S 2
where: ‘ - S
V is the volume flux of water per unit cross sectional area; and
i is the hydraulic gradlent.
Viscosity of fresh water is 1. 798 dyne sec/cm2 at 0°C, but drcps to
0.8904 dyne sec/cm ‘at 25°C. 1If all other factors remain constant,
the ratio of conductivities would be

K(0°C) _ K'pg/1.798
 K(25°C)  K'pg/0.8904

= 0,4952 .
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Jensen et al.~(1970)fCited~data from an unpublished PhD~thesis;by~

R. 0. Meeuwig that'the temperature;dependence of soil water viscosity

was two or three times that of free water.~‘This‘was detérmined:by

~ tests on three dlfferent solls. If the effect were just twice as

much as for free ‘water then the ratio, whether squared or dl”lded

by two (dependlng on the meanlng of two times in this effect), would
‘result in a conductlvity of about a fourth the warm season ccnductlvity.~

If a certaln perlod is required for soll to draln to fleld capaclty,,
and if hydraullc conductlvity is 51gn1ficantly reduced a longer periad
;w1ll be requlred for soil to reach this level where dralnage due to
grav1ty ceases, Durlng a season with fairly frequent ralnfall and
11ttle~evapotransportatlon, soil may remain above fleld capac1ty for
some tlme. : ‘

A second effect that Kloak 1nvest1°ated was the temperature
dependence of water surface tension. As water percolates into the
soil, it goes through many small channels. To gain‘inSight into this
efféct, consider a soil'layerkmade up of‘ﬁaﬁy capillaries. The water
pulled into the capillary frlnge above the water table is proportional
to surface tension. The helght of water in the ith capillary tube‘
is given by this equation. :

_ 20CosB

.= (3)
1; ?ipg

where:
¢ is the surface tension of thekliquid-vapor‘iﬁterface;
8 is the wetting angle of the water on the soil;'and
r, is‘the:effective radius of the‘ith capillary,k The other synmbols
are as defined earlier. The volume of water held in the capillary
fringe is ‘
n ZWGr 2C086

; 83 : n
Ve ThA = 7T - 27maCosd »

i1 r p i
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)

Klock noted that the surface tension changes from 71.97 dyne sec/cmz

at 25°C to 75.6 dyne sec/cni2 at 0°C. Again, if all factors but the
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surface tension~are‘independent of temperature, then

5 0(0 C)ZWCOSB Z
v(0°C) RE d=1 7560 . .o
V(25°C) 21:005 'm0 797
~ c(25°c) e
‘Pg’ j=1 1

: if the caplllarles are now considered to be randomly orlented,
there is still a certain amount of water whlch must be stored in
them before water will pass through them under the 1nfluence of gravity.
‘Neglectlng the welght of water,\lt appears that water retalned in
soil capillaries would be the same as that retalned in vertlcal capillarles
(Klrkham, 1964). :

With these two effects in mlnd klock ran a test u31ng a simulated
soil made up of glass beads. He found that the hydraullc conduct1v1ty
at 25°C is about twice that at 0.3°C. A subsequent test on a prepared
soil gave similar results.  When this same séil:sample was saturated
and then drained at O.39C,Jhe‘COllected‘water»in the amount of 15.5
percent of the saturated weight. When the soil was heated to 25°C,
‘more water in the amount of 1.7 percent of the saturated weight drained
out, 1ndlcat1ng that up to 12 percent more water cculd come from soils
which were warmed after hav1ng been drained to apparent field capaclty
when the soil was cold. Findings similar to those of Klock were reported
by Jensen et al. (1960). They stated that the change in conductivity
and retention could easily be accounted for by the tempefature effects
on viscosity and soil-moisture tensionm. ‘ |
 Moisture Transfer k

The second question arising from Peck's work concerned tranéfér
of soil moisture in cooled soils with tempeiature gradients.  The
excess moisture reported in soils by K1ock,and réviewedrébove, can
be partly attributed to an increased retention of rain or meltwater
entering the SOilksurface;fhowever, water is also transfefred from
lower warmer soil layers. Movement of this soil moisture probably
takes place in the following way. Soil moisture is sﬁored‘in‘films
around soil partiéles. The closer a water‘moletule is to the soil
particle, the more tightly it is bound. For instance, very little

tension is required to move soil moisture when it is near field capacity;
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but, as the~film is reduced, the percent soil meiSture nears the wilting
peint,\aﬁdetensiOns in‘exCess of 15 bars may be~needed-e~1n the Jensen
?study, it was found that tension required to move meiStuteyat a given
film thickness‘was‘temperature dependent;‘ Cooler soil tended to require
more ten51on to remove water than a warmer sozl. ‘ “ '
Con31der a serles of 3011 grains covered with a continuous molsture
film at the same temperature. Neglecting gravitation effects, the film
hlckness should be about the same along the whole serles. If a thermal
gradlent 1s now 1mposed molsture will move from the warmer to the cooler
‘granules until the varlous film thicknesses have the same ten81ons acting
on them‘ The rate and the amount of moisture moved will depend on soil
types, 1mposed gradlents, and a number of other factors‘ At this
time there ‘seems to be no good way of quantltatlvely predicting this
effect. However, the 1ncrease in moisture in the upper leyer does
affect the 1nflltratlon rate and it sets the stage for dlscussing
3011 m01sture movement in the ground when free21ng does occur.

To summarlze, studies have shown that an 1nerease of v1scosity

cool, that transfer does occur from below beceuse of a temperature
gradient, and it is apparent that should a cool rain fall on cool
ground, more moisture weuld be retaiﬁed near the surface than would
be‘expeCtEd‘in a warmer soil er one with an isothermal temperature
distribution. |

Effects of~Freezing on Soil Moisture

While Peck (1973) found an increase of about 12 percent in the 3011
noisture held in cold non~frozen soils over the expected field capacity,
Post and Dreibelbis (1942) found soil moisture values around 160 percent
in frozen SOll which, when unfrozen, had held a maximum of around
40 percent. Durlng one severe winter they found that the soil melsture
varled between 23 and 213 percent in the frozen surface soil and 25
to 40 percent in the unfrozen soil below.

Nuch work has been done on 5011 moisture movement in conjunction
with free21ng temperatures. Jumikis (1973) has developed a chart
relating phenomena euch as moisture transport, transmissibility,
and frost penetration depth tokporosity. He indicated that porosities

of less than 27 percent are rare in soils and that maximum moisture



-11 k..

transport occurs for soils with a por031ty around 40 percent. He ‘
states that "The porosity is the prlmary factor controlling the amounts
of heat flow, molsture transfer, and all related phenomana e .‘.“
Should the soil be drier than some threshold value, chances for

a continuous film“are reduced; when the fllmkls broken, moiscure transport
 can only take place by vapor transport. Several investigatofs (Jumikis,
1972 kapotov, 1971; and Ferguson et al., 1964) have felt that vapor
~transp0rt was negllglble in moving 51gn1f1cant amounts of moisture.
Ferguson et al. (1946) reported, '"No water ‘movement to the frozen
‘zone occurred when the sell-water ten51on was greater than about 5 atm."

" Harlan (1973) noted the effect of 3011 texture on transport.

”Flrst the magnltude of the ‘effect of upward soil=
water mlgratlon to the free21ng front on ground

water levels decreases from coarse textured soils

to flne texturedf501ls and with increase in .depth

to the water table. Second, soil water rediStribution
is increasingly restricted to the upper portion

of the profile in closer proximity to the freezing
front as the soil texture‘becoﬁes‘fiﬁer and as

initial moisture contents are reduced."

A model proposed to explain the movement of moisture to the
freezing‘front is similar to that for film migration in unfrozen
soil but with some additional features. As the free water freezes
~around a soil particle,~thé liquidkfilm becomes thinner,  Mineral
éonCentrations increase in the remaining‘water setting up chemical
gradlents in addltlon to the thermal gradients already present.
Expansion of the soil structure upon free21ng increases pore volume
for further moisture migration follcwlng‘subsequent thaw and‘refreeze
cycles. . k | : | o

The effect of soil m01sture transport on lnflltratlon is dlfflcult
to deal with quantitatively. Harlan (1973) indicates that there
is 1nsuff1c1ent data available to make Quantitative estimates of
transported~moisture‘even in the labcratory. He did, however, find
that only the tight soils like clays, which would have a low infiltration

capacity in any event, tended to pond water on their surface as a result
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of m01sture transferred from below, and that looser soils tended to
- return malsture to lower levels fairly rapldly once temperature
gradlents were removed cr reversed. :

Problems which cold temperatures 1ntroduce to flood forecastlng
have been found to be szgnlflcant. “he movement of 8011 m01sture by
thermal gradients and the 1ncreased retentlon due to cold temperatures
fare partlally understood~so that they can be qualltatlvely con51dered,
however, the measurements and theory are not suff1c1ent to make ;
quantitative estimates. Frost occurrence and penetratlon, which are
also very szgnlflcant 1n forecastlng runoff, seem to be more readlly

and generally modeled.



'CHAPTER THREE. MATHEMATICAL APPROACH TO FROST PENETRATION
;\1The prlmary factors to cun51der in modeling frozen soil are:
| 1. the thermal propertles determlnlng the galn or loss of heat;
2. the moisture avallable to freeze and the effect that the
moisture has on the thermal praperties* and
: 3.  the temperature at which freezing takes place.
The relationshlp between the various thermal properties, the requlred
1nput data, and the 1nit1al and boundary condltlons can best be
‘understood if they can be related in some ‘equation.

Frast Penetratiou Equation

There are several frost front penetratlon equations (Jumlkls, 1956
Shannon, 1945) but some of these require variables which are not normally
measured or for which the values are not widely published. The equation
which‘seems‘bést adapted to available data‘is one given by Van Wijk
(1963),kdeveloped Ey the Corps of Engineers in 1949. It is given here

in cgs units:

4 1/2 o
X = 8 64x10 K F : ‘ (5)
: L+C(T + ~—-—) ‘

where:

X is the depth or thlckness of the frozen layer in cm;
Z1
K is the thermal conductivity in cal cm -1 sec °C l
n
F is the frost index Z(Ti-T

) degree days where summation is
1 base ;

_.over the days in the season;
-3
L 1s the average latent heat in cal cm- T3
T0 is the mean annual air temperature in °C;

t is the duration of the freezing period in days; and.

; e v : - =3 o1

C is the average volumetric heat capacity in cal ecm °c .
Where the equation is to be applied to layered soils, the latent heat

and heat capacity must be computed using the forms:

L.d.+-+L.d ++L d
p=—+1 11 nn | (6)
n
L d
i=1

i
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where L is the latent heat, Ci is the volumetric‘heat;capacity,‘and ;
d, is the thickness of the ith 1ayer. ‘Thé‘laYers‘can:be summed only

down to the frast front so that the nth

layer is the onme in which
the frost front is currently found. If litter, snaw,~etc.,‘f0rm‘a
layer above the mlneral soil, then the latent heats and spec1f1c heats

’for these layers must be 1ncluded

:Thecret1Ca1 Basxs‘for Equation

; Theoretical support fcr‘the‘frost penetration equation is based on
the principles of‘heat transfer, B331cal Vs these are glven by (1) ‘the

conservation of energy
; 3 + dlvkq kk 0 - ‘ S (8)
Bt ‘ : ' .
‘where u is the 1nternal energy per unit volume and g is the heat flux
~densitys; and (2) the defining equation for the coefficient‘of
thermal conductivity k
q = -K (grad T) 5 S (9)

where T is the temperature field in the material through which the

heat flows and K is the coefficient bfkthermal conductivity. The

~analytical equations determined from heat transfer have exact solutlons,

but since the necessary field data rarely are known, approx1mat10ns

andkslmpllflcatlons need to be made. ;

To freeze, a layer of thickness‘X, having an average temperature

T i (°c), the enefgy‘per unit area (ulQSS) that‘the layer must lose is
uldss o X(CTav+L) ‘ : ; - (10)

where XCT is the énergy to cool the ‘1ayer to the freezing point

and XL is the latent heat of fuslon that must be given up. This‘EQuation

estimates the frost penetratlon on a seasonal basis. The soil temperaturek

used in the equation represents the heat that must be lost durlng

the season to bring the soil moisture to the fre521ng temperature.

It is known that soil temperatures fluctuate about some mean value
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durlng the year and the follow1ng holds for this mean value.

1. It is very close to the mean annual air temperature._‘
2. It is the temperature several feet deep 1n the soil Where
;seasonal temperature changes cease to be measurable.~
Lo 3.; At some time durlng the fall, the mean dally temperature
:‘at the surface layer cools to the ‘mean annual temyerature. :
4. At thls time heat begins to be conducted from the lower

: levels of the soil up to the Surface rather than into the ground.

Thls is the beglnnlﬂg time for our frost season. For a number of
n i

reasons, computed energy loss based on a frost 1ndex, z (Itase Ti), j
: d=1 ‘

may not be suff1c1ent to account for observed depth of frost when

‘Tbase is 0°C. To correct this sltuatlon, may have to be adjusted

by a degree or two above or below 0°C. Thizazill vary from place
to place and w1ll have to be determined by callbratlon. :

The frozen soil above the frost front must continue to lose heat
to maintain the thermal gradlent. This heat is considered in the
term F/2t. The frost index F w1ll be pos1t1ve during perlods of freeze.
The term 2t tends to glve the effect of a steep or ‘shallow thermal

gradlent. The heat per unit area which must be lost, u”; can be written

w ., = X[HC(T /201 ; _ an

The rate that heat flows from~the grOund is proportional to the
thermal conduct1v1ty K and to the thermal gradient. The thermal
conductivity as given in equatlon (5) is in units of heat flux per
\seeond. It is multlplled by 8. 64x104 to convert it to unlts of heat
flux per day. Measurements of the thermal gradleut are rarely avallable;
Insteed, a term F/X is substituted. The energy per unit area flowing
from the soil is then roughly S ‘ ‘ o k

u”. = 8.64x10°KF/X | ‘ i (12)
loss i : : i :
‘Setting the energy that must be lost equal tokthe energy lost due

to the thermal gradient gives

R[L+C(T_+F/28)] = 8. 64x10"KF/X : )

which when solved for X glves equation (5).
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While this equatian‘was developed to be used on a seaéonal basis,
this study requlres a model that computes penetratlon on a dally ba91s.
Thls effect is achleved by recomputlng the seasonal. frost penetratlon
each new day. It is assumed that conduct1v1ty Wlthln the soil remains
falrly constant, but each day new cumulative values of F are used.

Effect of Energy Conducted from Below

At the same time that energy is being lost to tﬁelsurfacé ;
(equation(12)), energy is flOWing from below to replace the lost energy.
In more temperéte climatés‘tﬁe soil has more heat to‘lose while in
colder cllmates deeper penetratlon results from the same values of
spe01f1c heat and frost index. Aldrich and Paynter (1953) adopted
a correction coefficient to apply the BerggrenkFarmula (Shannon,1945)
showihg smaller corrections in Kansas and Nebraska and larger
in the Dakotas. The correction factor incréased toward Alaska (page
30, Aldrich and Paynter, 1953). In Alaska, Aldrich and Paynter (1953)

- preferred an equation:

12.22x10%kF |1/2

F
L+C(T + Zt)

The penetratlon computed in equation (14) is greater than that in

X = (14)

eQuatioh (5) by a factor of VE, but, they were dealing with érctic
applications. k

Determination of Thermél Properties

Computation of frost penetration requires a determination of

effective values of thermal conductivity, latent heat, and specific heat.

‘Thermal Conduct1v1ty
: Slnce few soils are homogeneous, the comp031te value must be used
for conductivity. De Vries (1963) gives the composite conductivity

of a moist soil as:

e e ~ (15)
Tk X, o
ok \ -1 -1° 1 _ .th :
where ‘ki is the conductivity in cal cm sec C 7 of the i" individ-

ual substance (soil, water, humus,‘etc.) by itself, Xiis the volume
: . .th .
fraction in percent of the total volume filled by the i~ material
and k., is the ratio of the thermal gradients in each minor substance to
1

that through which most heat is transported, which, for simplicity, is
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taken to be water. This is given approximately by:

=1/3 I [1+(-}-\*§ - 1‘)gm]’l‘ , e e ae
m = ~

< W

‘Where‘a B, and Y are related to‘théfaxes~of an ellipsoid apuroximating‘
he scll particles It 1s assumed that the soil particles are spheres

n.n

so that‘a =RB=v=1 and By = 8, The Subscript p" indicates the

H "

particies;~and the medlum. It has been~found“that ga~is around
0.125 for dry soils and around 0.5 for soils near field capacity and
above.‘ It is called the depolérization factor and is related to the
assumed shapé of the sdil‘granule.~ For dry soils, a correction factor‘
of 1.25 hﬁst multiply the apparent conductivity. The conductivities 6f
water, iée, and air are 1.35, 5.2, and 0.062 mcal sec~l cm o °c B _1

respectively. The value fof mineral soils is about 7 mcal sec 1 cm
oc7t cm“l and for;humus .08 mcal sec m cm*z ¢t _l ; :
The logic behind these equations is that 1f only one substance were

present, such as rock, the conductivity would be that for the rock; 1if it
were all water the conductivity would be that for water; when they both
are present and are the only things present, the conductivity must be
somewhere between that for either one of them. However, if one substance
has a much smaller conductivity~than another, practically all heat
transfer takes place in the medium of higher conductivity. For instance,
the ratio of mineral soil to dry air is 7/0.062 = 113. Most of the heat
tranéfer takes place in the soil, ‘and transfer in the air can be .
kneglected. The conductivity is Just reduced by the amount of air present.
IfksuffiC1ent air is present, then it may begin to be 31gn1f1cant but
in moist soils the bulk of'the~heat transfer is in the soil and water.
In many;SOils, blocky soil particles are in poor therﬂél contaét with
each other. Water f;lms tend to have their greatest thlckness at soil
contact points and can conduct most of the heat. Therefore, water is
taken to be the more general medium of heat ttansport.

| The different layers in soil tend to be composed of different
émounts of water,»air, soil material, humus, étc}; therefore, the
thermal conductivity of the different lavers also varies. The conduc-

tivity used in equation (5) must be an effective conductivity, which a
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‘homogeneOus soii the same thickness would have. The effective
conductiv1ty can best be determlned by summ;ng the soil thermal
 resistances. The thermal resistance (R ) of a layer is deflned as

e

i T K an
o

‘ wherefdi is‘the layer thickness and Ki~the layer conductivity. The

‘total‘resiStance of a layer with a profile of n sublayers is

n do do g d_ -
Rtotal By - Eﬁ'+‘§; hurdg bttt e as)

i=1 1 i n

~and the effective thermal conductivity to thatkaepth is

K= 2 ; ; : (19)
total ‘

Where snow and an organlc 1ayer are 1nvolved they may exert the major

effect on the conduct1v1ty. The flnal value for the effective

conductivity should result from an iteration of successive estimates

of frost depth (d :

total)
Specific Heat

The dependence‘of‘the conductivity on the materials present applies

equally to the heat capacity. De Vries (1963) gives the heat capacity as

C = XSCS+XWCW+XaCa ‘ : 20)

where XS, XW, and Xa are the fractions of the total volume made up by
soil, water, and air, respectively. Kersten (1949) found that the

specific heat of most soil minerals varied in a linear fashion from

0.16 cal em > °C7! at -18°C to 0.19 cal em > °C ' at 60°C. The specific
heat at 0°C should be around 0.17 cal cn > °C_1.‘ The specific heat of

air 1s:0.00030 cal cm—3 °C*; and can be neglected; The heat capacity
is then: - ‘

= (l*pbrosity) 0.17+volume fraction of soil moisture (21)

I there is organic material, an additiomnal term‘XOC0 nust be
ks s
added. CO averages about 0.6 cal cm °C l.
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Latent Heat ‘ :

‘ The latent heat of fusion is only exehangedby a substance when melting
or freezing, and in the case of frozen 30113, ‘the latent heat of a layer
depends on the moisture in the layer. : At zero degrees,kthe latent heat
- of water is 79.71 cal/gm. Assumlng a constant den81ty cf 1 gm/cm3
for mater, the thlckness of a frozen soil layer in centlmeters times
the volume fractlon of soil m01sture tlmes 79.7 gives the energy per cm2
released as latent heat in that layer. ‘ “

8011 M01sture Estimatlon

The effect of soll mnlsture on the thermal conductlvity, specific
heat capaclty, and the latent heat has been made evident in the preceding
sections. When freezing occurs, however, even the nature of the soll
and water seem to change. Post and Drelbelbls (1942) noted that
during the freezing process the water holding forces of the soil
vere overcome ‘and the ice became the soil carrler rather than the
15011 being the carrier of the 1ce. ‘The average volume weights of
frozen Keene and Muskingum silt 1oams wereeO 63 and 0.93 gm/cm3,
respectlvely, whlle the unfrozen values for these same soils were
1. 27 and 1.36 gm/cm 5 respectively. ‘To predict frost penetration,
it is very important~to‘have a good estimate of soil;moisture and
its distribution in the soil. ‘

To formulate means of estlmatlng quantity and dlstribution of
soil moisture the follow1ng factors should be con31dered' :

1. the means of galning and losing moisture in the soil;

2. the nature of forces holding~moisture to the soil;

3. the forces which take m01sture from the soil and how these
forces are distributed; : :

4, the contlnuous nature of 5011 moisture dlstributlons, i.84,
"1n fairly homoveneous 30113 sharp dlscontlnultles in concentration
tend to dissipate w1th times o

‘kS. the ex1stence of practical equatlons that can descrlbe the
nature of the soil moisture distribution; and ‘

6. the correctlons that are needed and avallable to fit the

general theory with the varlatlons from standard condltinns that are

~ postulated in its tormulatlcn.k



Basxc Assumptlons

There are several generally accepted basic assumptlons whlch serve
‘es a foundation for estimating the percent soil moisture in the soil
and how 1t is partltloned among the layers. k

Flrst, fzeld capacity is deflned as the maximum soil m01sture
that a given layer of SQll can hold agalnsc gravity. It may temporarily
be‘exeeeded,;bﬁt if no more input~is‘received, the‘soil should drain
‘to:fieldecapacity; When rains, snowmelt,‘ordirrigation supply water
to a soil in exceSs of field capacity, this water will be lost to runoff
or groundwater recharge. ~watereloss from a 1ayer‘to groundwater can
take place only when the layer is at or ‘above field capac1ty.

Second layers~w1th soil moisture contents below field capacity
whlch are located some distance below the surface can only lose water
by transplratlon. Moisture movement durlng the growlno season from
lower layers to the surface by potential gradients not involving
: transplratlon can be considered negligible in agrlcultural and forested
‘areas (Buckman and Brady, 1969). Transpiration can occur only as

long as the percent soil moisture is above the wilting point. This
means that deeper layers are 1imited in the amount of moisture that
they can lose, and they can only lose it when cccﬁpied~by roots of
transplrlng plants. Layers on the surface~can evaporate directly
and can dry to the level of the hygroscopic coeff1c1ent. This can
be ‘done even when the soil is barren.

Third, significant moisture transfer takes place only where
contindous films of water exist in the‘soil‘ This tends to limit
the depth of soil subject to dlrect evaporation.

Fourth, evaporation and transplratlon are greatly reduced during
cold weather. It has generally been found that;ground wvater recharge
takes‘place duringkthe winter and early spring periodé of the vear.

Fifth, naturally mobile substances such as liquid water do
‘not maintain disContinuities‘iﬁ‘coneentration or excessively steep

concentration gradients for long periods.
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Soll Molsture Budoet

A fundamental means of estlmatlng the total soil m01sture in
a soil prcflle is the malntenance of a soil m01sture budget. Inputs
are estimated by preclpltatlon gages,‘1rr1gat10n.volumes, or from
estimates of snowmel  when snow is present. Output is measured in ;
the form of runoff atc stream gages, Or estlmated in terms of evaporation,
transplratlon, or groundwater recharge. Groundwater recharge can :

‘be ignored whenever the soil moisture content 1s below field capacity.

Evaporatzon and transpiration are dependent on the amount:of
soil moisture, the type of crop, and‘the soil texture, 50wevei; a
maximum\rate cen be measured‘with anvevapo:ation pan or through the
use of a nomber of different equations. This maximﬁm‘rate is assumed
to be that from a thin film of‘free water. ~This evaporation fate
is often called potentlal evaporatlon (PE) to dlfferentlate it from
the actual evapotransplratlon.

Actual Evaporation

: For ‘many years studies have shown that most plants with plenty
of water will transpire.at a rate very SLmllar to that of a lake
or a free water surface. At the same time, 50113 which have been
wetted evaporate at an initial rate close to the PE. After the soil
begins to dry, this rate shows a marked drop. Some understandlng
of this reduction can be obtained by looking at a curve relating
3011 tension and percent soil moisture. In Flgure 1 it can be seen
that when the soil is rather moist the tension increases slowly for
an incremental‘loss of soil moisture. For many soils the curve seems
to break rather sharply at a certain point with the ten31on 1ncreas1ng
sharply for a unit decrease in soil moisture. It stands to reason ‘
‘that 1ncreased energy is required to overcome the increased?force
"holding the water to the soil.

Zahner (1965) discusses assumptlcns made by Thornthwalte and
Mather (1955) and:Penman (1956) in describing the reduction in the
e?aporation rate as soil moisture is reduced. Zahner (1965) modified
their concepts to model evapotranspiration from forest soils of various
textures. He proposed that evapotfanspifation proceeds at the maximum
rate so long as the tension is less than 2 bars. When the tension

increases to 2 bars, the rate of evaporation is reduced to some other
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Figure l.--Soil moisture tension curves for two pits dug in Wellston
silt loam zt Coshocteon, Ghio. Dashed line 15 composite curve.
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rate which is détermined‘by the texture of the soil;‘~ThiS‘reduced“
rate 13 proportlonal to the fractlon of the avallable water left
in the soil. The avallable water 1s defined as that soil m01sture
between field capacity and the w1lt1ng point.
: Mustonen and McGulness (1968) have made studies of a 51nilar

nature on cultlvated SOllS in Ohio. They show a graph on vhich several
curves. are drawn to deéctibé‘the reduction of evaporatlon. They propose
a reduction 1n evaporatlon proportlonal to the 0.25 power of the percent
available water remalnlng in the soil. They developed thelr result
u31ng data from the welghlng 1ysxmeters at’ Ccshocton.

Yeron (1973) found good agreement using a reduction curve similar
to the Thornthwaite curve under wheat fields in Israel. Leaf and
Brlnk (1973) similarly feel that 1n the subalplne rorests of Colorado
a 11near curve is correct. :

Denmead (1970), however, says that the reduction will be sllght
when the leaf area index of the crop gets up to around four 1nd1cat1ng
that soil m01sture~1t3elf is not the only limiting factor.
‘Cover Crop and Seasonal Effects k i

Using the lysimeter data from Coshocton, Mustonen and McGuiness (1968)
found differences in tfanspiration‘between meadow grass, corn, and wheat.
Much of the difference resulted from different planting times,‘ Once the
root systems beéame fully developed, differences became small. |

They also found at Coshocton that harvesting‘of pasture grass for hay
resulted in a significant tempbrary decreasé in transpiration. Similarly,
 the greater part of transplratlon from deciduous forests takes place
through the leaves of the trees, and when the ‘leaves fall moisture
loss from all but the surface of the soil practlcally ceases. When
trees léaf;out in the sprlng, transpiration begins again. Leaf fall,
leafing out, and root development of HEWIj planted c*ona are not
instantaneous events, but occur over a perlod of days. This effect
can and must be accounted for.

~When the effects of season, harvesting, ground cover, and soil
moisture‘aré conéidered; a fairly good approximation to actual evaporation

should be obtained if the potential\evaporation is knowns.
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Potentlal Evaporatlon

: There are many equations that estimate evaporatlon. One of the
 31mplest is the aerodynam;c equatlon which regresses pan evaporatlon
agalnst the product of wind and the vapor pressure difference between ‘
“the water and the air, Wlth a constant term to account for perlods

of no w1nd the equatlon developed ‘at Lake Hefner (see ‘Lake Hefner
Report, 1954) is ‘ :

(e-—e)(042+00040u) L @

where Ep is‘the evaporation in inches from the Class A pan, e, is the
vapor pressure in inches of Hg. of the water surface, e, is the vapor
pressure of the air, -and up is the tctal daily w1nd movement in mlles
per day 8 inches above the pan. :

It has been polnted out, however, that if a pan is available,
there is llttle need to compute evaporatlon. Penman (1948) developed
his equatlon which ellminated the need for pan water temperature by
comblnlng the aerodynamlc equation with an energy budget concept.

"He dld this by defining the follow1ng equatlcns.

=;(es~ea)f(u) = (es~ea)(0.42+0.0040kup) | L (23)
= (egme)f(w) (28)
: Te-Ta He

B = Ye o T (25)

s a E
: ~eseea - . o
A = e end‘ | (26)
s a
anz E+Hsk‘ L | - - ‘ \(27);

‘:where e, is the saturetibn vapoerressure at the temperature of the
air; B is ‘the Bowan ratlo, the ratio of energy transfer by sensible
‘heat H to that by evaporation HE’ Y is a constant; £(u) is a w1nd functlon
such as in equatlon (23) T and T are the temperatures in °F of

a water surface and the alr;respectlvely, A is the slope of the vapor
pressure—temperature curve; and O iskthe net radiation in langleys,

411 other terms are as prev1ously deflned. Janlpulatlng these equations,
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Penman derived :he equation:
- AQ HYE ‘ ' e
E‘:‘szga e : . | l (28)

whlch descrlbes the evaporatlon from a hypothetical pan. ‘Kohler,
: Nordenson, and Fox (1055) multlplled this value by a coefficient O. 7
to get an equlvalent lake or potentlal evaporation. This coeff1c1ent
is the same as determlned for a Class A pan and varles somewhat for
different climates and durlng different Seasons. :

Lamoreaux (1962) adapted this equation for computer processing.
The key to ‘the adaptatlon was the use of the Clau51us—Clapyron equation
to express the vapor pressure'

e==am{(§ﬁﬁﬁﬂ o ey

‘where e is the vapor pressure in 1nches of Hg, T is the tem@erature
in °F, K, b, and C are constants with the values K=7482. 6, b=398.36,
‘ and C=15.674; and an equation to fit an empirically derived curve

to express the net radiation Q in langleys in terms of the lncldent

short wave radlation (R). : ‘
Q = exp[ (T, -212) (0.1024-0,01066 1n R)-0.0001] (30)

where R is the short wave;radiatioh. Combining equations 23, 28,
29, and 30 gives ‘ '
R IO RNED

E=|[ , = s : ]
0.015+(T_+389.36) - (6.855x10"") exp[~7452.6(T +398.36)]

exp(T_-212) (0.1021-0.01066 1nR)-0.001+0.0105 (e _~e )

This equation was used by lMustonen and McGuiness (1968) in their work
‘and was considered satisfactory to descrlbe the evaporatlon process.
;Thls equatlon has" also ‘been tested agalnst several types of pans 1n
‘several areas of the country with satisfactory results. ‘

If radlation is not measured anywhere in the area of 1nterest,

the_Thornthwalte equation can be used.



06 -

Distribution of‘Transpired Soil‘Moisture Loss with Depth

Mustonen and McGuiness (1968) quote a study made at Ceshoctnn
whlch showed that 85 percent of the ‘total annual evapatransplratlon
 was from theesurface meter of soil and 50 percent was from the upper
18 centimetefs.‘ These réSulté‘to SOme‘extent depend on‘the grcﬁnd
cover (Whlch in thls case was alfalfa»bromegrass), the soil texture,
and the rainfall dlstrlbutlon, but the overall result should have

general appllcatlon. : :
: Zahner (1965) quotes several studies where it was found:
". . . soil water is w1thdraWn from zones where
it is most readily avallable and is removed where
root density is highest. Forest root‘depth is
inverseiy~proportienal to soil‘depthkeven in deeper
well—aerated horizons and water is thus w1thdrawn
in 1nverse proportlon to depth."
To illustrate this situatlon, the soil moisture in various layers has
been plotted as a func:idn~of time in Figures 2 and 3 using data published
in the 1962 and 1963 volumes of Climatological Data (U. S. Weather
Bureau, 1962, 1963). It can be seen‘thaﬁ for these sbils,kthe upper
layer frequently has the soil m01sture deplated down to the w1lt1ng
point. The lower layers tend to lose moisture much more slowly with
thekbpttom layers being depleted last and recharged last. Because
of humus and because recharge enters at the surface, the upper lavers
“were above field capacity in several cases.  During early parts of

1962 the soil temperature and frost conditions could have been a factor.

Temperatures at Which Soils Freeze
It has been assumed in ﬁheeprevious discussions that soil moisture
freezes at 0°C. This deserves some discussion. The temperaturekat which
soils freeze is not elways easy to prediet. Post and Drei belbis (1942)

found that:

1" 1

. ; « with temperatures as low as 24°F. 1 inch
below the frozen layer there was no evidence of
freezing,‘askindicated by macroscopic ice crystal
gtowﬁh;crkchanges in soil structure in well drained
soils consisting of silt and decomposed shele

and sandstone,”
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They ;ound that freezlng dld take place as low as —3.3°C for 1!2 lnch
depth —S 5° C for the 3 inch depth and -4°C for the 6 1nch depth.

‘ Bouyoucos {1921) repoxted that free water may freeze at =1.5°C
;caplllary water at -4°C, but that hygroscoplc water may not freeze
until temperatures go es low as -78° C. Earller he had found that

solls could wlthstand a considerable amount of supercoolln Perfectly
Stlll water saturating sand, loam, or clay could be cooled to —4 2°C.
Anderson et al. (1942) related freezing point to soil m01sture ln ;

a curve plotted to show the change in the freezlng point depression
as-a functlon of soil moisture. For Aiken clay loam, a second order
equatlon which approxlmates the curve reasonably well in the range

of soil m01sture between wilting point at 19.5 percent and flEld capacmty

at 31 percent is
AT = —7.4+0.448 SMP—0,007(SMP)° | (32)

where SMP is the volume fraction of soil moisture and AT the freezing
point‘depression )., k k |
With limited temperature data available and variable field conditions,

perhaps the most applicable description comes from Beskow (1947).

"To summarize, then we can say that for coarse

non-frost acting‘soils‘the temperature for freezing

and thawing is practically the same,kand is very

slightly less than 0°C. For frost heaving soils

 there is quite a difference between the frost

line temperature during freezing and thawing,

the reCeding frost line temperature is 0°C; or

very slightly less, while the frost 11ne temperature

dnrlng freezlng is con31derably 1owered being

greater the finer the soil is and the faster it

freezes.
This statement requlres some explanation of a difference between non-
frost actlng soils and frost susceptible soils., Linell and Haley
(1952) of the Corps of Engineers gave this deflnltlon'

"Frost susceptlble soils ‘are those in which 51gnlf1cant

ice segregation w1ll occur when moisture is available

and the requisite freezing conditions are present."
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Summary of Soil Thermal Properties

To summarize thls sectlon, thermal propertles necessary for frost
computatlons are obtainable when the SOll moisture can be determlned.
Soil m01sture computatlons can be made in a oeneral sense to sufficient
accuracy if sufficient information is avallable about soils and weather.
The freezing point, while not constant, can be treated as. the freezing
point of free water except in the case of frost susceptlble soils.
‘Frost—susceptlble soils are greatly subject to stalactite ice in
temperate climates which would:not by‘ltself aggravate the runoff 
problem., ‘ | | .
S Adjustments to Data

Itkis neceésary‘to point out that there are several differences
between the aasumptlons going into the equatlons and specxflc cond1t+ons
in the field. For instance, in computlng evaporatlon, the net energy
‘uSed~Was based on ‘the assumption that the amount ofklncldent~solar
radiation that is reflécted would be 5 percent or less, that the
equivalent pan would be unshadedkduring the entire day, that the
evaporating surface is always horizontal, and that temperatures are
measured in the immediate vicinity for which evaporation is estimated.
Whilé‘these‘assumptionS‘are logical for a pan,~they can vary
significantly fromkthose of a watershed. Some set of rules are
required to maké cofrections.k This requirement leads to a brief review
of energy exthange theory.

The principle source of energy to the earth's surface is the sun.
The atmosphere, having been warmed by the sun, also supplies energy.
Vegetatlon, structures, and the earth 1tself also exchange energy,
belng at tlmes sources and at other tlmes sinks.

Shortwave Radlatlon

Solar energy falls into two almost separate spectral bands.
The band with the shorter wavelength will bé‘discussed first. The
shortwave energy 1ncludes visible light and is in the spectral band
from 0.15 to 4 mlcrometers. The bulk of solar radlatlon at the top
of the‘atmoséhere is in this’ range. \
Albedo : ”
‘When this shortwave energy falls upon a surface, a certain fraction

N

of it is reflescted. The ratio of this reflected component to tne
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total has been glven the name albedo (A) If:the short wave énergy
is represented by theisymbol{Ms, then the energy abscrbed by a surface ‘
can be written M (1=8). k
: The albedo 1s really a complex functlon of the waveleng :h of
~llght the characterlstlcs of the absorblng suxface, and even the
’angle of 1ncidence of the rad1atlcn. Values change during the day

and ‘the season.‘ Average or effective values have been measured, however,
and are useful in ad}ustlng the amount of solar radlatlon absorbed.
Values vary from 0. 02 for the ocean to 0. 95 for some fresh snow (Munn,
1966). Grass is in the range of 15—40 percent while forests are 10~
18 percent. During a orow1ng season, a field is plowed bare, covered
“with growzno crops, 1rrloated or moistened by rain, dried by the sun,
harvested, and in the winter may be covered by STNOW, Wlth every change,
the albedo changes and some of these changes w1ll~be significant.
These changes must be con31dered in the computatlon of energy transfer,
especlally when computlng evaporation.
Slcpe, Aspect, and Season ;

Shortwave energy comes in two waYS': a direct component;~the part that
causes shadowsj and a diffuse component, ;he part that‘lights shaded areas
in the daytime. The direct component is often the oreaceét“and is - affected
signiflcantly by the geometry of the recelvxng surface.

The irradianceof the dlrect component varies as the cosine of
the angle of incidence. ths‘results in cold winters and warm summers,”
warmer temperatures and drier soils on south facing slopes tﬁan‘on 8
north fac1ng slopes, and less radlatlon arriving in polar regions

than in reglons near the equator. A watershed with a slope havxng :

a component in the north or south dlrectlcn requires a correction

for thls. ~R1mbal1 (1919) gives a correctlon whlch in etfect,k“djusts
the 1at1tude of a vatershed to a locatlon on the earth havi irng a horizontal
surface which receives direct sunlight with the same ‘angle of incidence

as the sloping watershed A siﬁilar'Charge could be computed for

east and west faclng slopes, but it is not con31dered su;f1c1ently
‘1mportant even though east fac1ng slopes receive the more intense

radiation during the morning when the air is cooler, and west facing
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slopes are more difectly:radiated‘in the warmer afternoon. The equation
:for the slope and aspect corréttion‘to latitude is
sin A;¢ = cos (3 of‘azimhth)sin(i of slope) ‘  (33)

where Ad is the latltude correction.
The seasonal change in ‘the 1nten31ty of the 1nc1dent radlatlon

nust also be con81dered The equatmon for the angle of incidence (z) is
cos z = sin ¢~sin 8§ + cos ¢ cos § cos h o (34)

where ¢ is the latitude, § is the declination or the angle that a
line from the‘cénter‘df the eérth to the sun at solar noon would
make with the‘plane of the equator, and h is the hour angle or tﬁe

n*iekbetween a 1ine from the éenter of the earth to the sun at any
given tlme and a llne from the center of the earth to the sun at
solar noon. : :

The declination goes from 23 27’ or 23 45° on JuﬁékZl to —23°26'

or -23.43° on December 21 (Smlthsonlan Meteorologlcal Tables) " The

varlatlon can be computed fairly accurately by the equatlon‘

8 = 23.5 sin(DAS) i | - | (35)

DAS = 365 (day of the year -80) : ‘ ~ (36)

The last term in the equation is just a phase shift to adjust the calendar
‘yeér to wﬁen the sun crosses the equator on the vernal equinox which’
is on or near the eightiéth day of the year.

A further correction must be made for the length of the day.
Between the fall and spring equlnox, the sun rlses in the southeast
and sets in the southwest so that any surface with a northern slope
| has fewer p0331b1e minutes of dlrect sunshine than a flat horlzontal
surface.‘ A SOuthern slope does not have a longer day- than a flat
plane since the sun doesn' t shine on any surface until it makes a
‘nositive anglé with the horizon. During spring and summer, a nbrthern'
slope has the same day length as a horlzontal surface whlle a southern
slope does not receive direct rays until slightly later in the day
because the sun now rises in the northeast and sets in the northwest.

The length of the day is that period when cosine z is greater than zero,
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or when‘the‘hour angle is less than 90° or m/2 radians. The hour
angle h for the beginning or ending of the day may be de;ermined by

setting cosine 2z=0 and solving the followingkequation

h =kccs L tan(¢+a¢>tana} . . - 6D

~where A¢ is the latitude correctlon for slope. ThlS gives the value
of h for half of~the day. The lEngth of a day on a north or south
sloping surface is less ‘than 2h for half of the year by the ratlo‘
kof h'/h where :

h = cosfl(—tan¢tan8) : . J ~ ‘ (38)
and ; L
b o= cos '[-tan(tho)tams] . 69

Diffuse Shortwave Radiation

The other component of shortwave radiation is that which has
been scattered by the atmosphere or reflected by other objects to
such an extent that there is no defined directi6n of origin. While
the intensity of both components is reduced by the cosine of‘the‘angle
of incidence, the effect of shading does not reduce the diffuse radiation
as much as it does the direct component. ‘

When the sky is clear and the sun is at its zenith in the summer,
the ratio of direct to diffuse radiation is about 6 to 1. This decreases
to 2 to 1 when the sun is 20° above the horizon (Mdnn, 1966). When
the sky is overcast and no shadows are visible most of the light is
dlffuse. During these times correctlons for slope are unnecessary.
Because cloudiness is dlfflcult to estlmate, the average effect of
total. cloudlness should be con31dered in making corrections for slope,
albedo, and length of day. ' : :

If 301arkradiation is not measﬁred, correctioné are required to
use the\Thornthwaite5equation for estimating evépctranspiration. - These
are adjustments for the varlatlon in the optlcal path length, dlstance
to the sun, prec1p1table water in the atmosphere, and the angle

of 1nc1denceo
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Lcngwave Radiation

The longwave component of the incident radlatlon is generally
~1ess varlable and is not as w1dely measured as the shortwave comnonent.
‘Whlle 1t is not used exp11c1t1y in any equations in this moiﬁl

it is used 1mpllc1tly in equations (5) and (30) and Should be
‘con31dered under vegetatlve 1nfluence on the enervy budget. It can be
noted that 1ong wave radlatlon is belng exchanged by the ground
vegetatlon_and the atmosphere, and‘that there~1s no clear cut direct
beam as there is with the shortwave radiation. Longwave radiation
,iS‘continuous‘thrqughéut the Zééhpur\period‘and is not confined to

the daytlme. | : k

Energy Exchange by Sen31ble Heat E\cnanoe

An invasion of cold arctic air or warm tropic air has a deflnlte
effect on the soil. .The convection of heat to or from the air follows
similar heat equation‘as conductivitybwithin the soil, di.e.: |

g=fEh. . o)
where hc is the heat transfer éoefficient of the air and AX is the
shelter height. Ali of these terms are less precisely defiﬁed for
the air-soil interface than they are within the soil. If the ground
is cold and colder heavier air is below relatlvely warm llght air
(1nvers10n lapse rate), as it nlght be on a cold winter nlght, the;
exchange of energy takes place very slowly (hc is small). If a strong
pressure gradient exists in the‘atmospheré, the winds above the ground
will tend tokforce‘turbulence at the‘gréund surface with thekresult
that much mixing takes~place‘aﬁd:h‘ iicreases by orders of ragnitude.

- Finally, on days when the grcund is sufficiently heated by tbe sun
and convectlve currents are developed, considerable mixing occurs
"with a resulting laroe n compared with that for Stable air.
Effect of Vegetation on Energy Transfer ' : ‘k

Vegetative cover which l;mltb wind flow andksurface heating causes
éondUctive exchange of ﬁeat between the air znd Sdil to take place much
moré slowly. Vegetation constantly exchanges longwave radiation
with the Urdund which tends to make terpera*ures in the air around the
vegetation close to those of *ne soil, Moisture in the vegétation

has a much higher specific heat than air, making those areas more



a5 -

resistant to temperature change. These effects on energy transfer
explain why forest 80115 often freeze several days after somls in
‘open pasture. In additlon, freezxng is not as great, but for the
same reason forest soils also take relatlvely longer te thaw than e
;open areas. ‘ : ‘ :

Enervy Exchange by Condensation

Another lmportant form of enervy transfer is that due to condensation.
‘The latent heat 1nvolved in the change of state has already been
dlscussed. Condensatxon becomes important xn this model when snow
is on the ground. The energy released by condensation can melﬁ a
'signifiCant amoent of snow. The ratio of the latent heat of veporization
to the latent heat of fusion is approx1mately 7.5, Thus,‘for each
mllllmeter onweter condensed out of the air, the heat releeSed is
‘sufficient to melt approximately 7.5 millimeters of water equivalent
from the snow. | ‘

Energy Transfer from the Ground Below

The final source of energy transfer to be considered is that of heat
flow from lower soil layers. There are two sources of heat available.
The first is heat that has been received at theksurface, from the
sun, air, etc., during warm weather and Which flows back to the surface
when the gradient is reversed. The second 1is geothermal heat:which
is conducted from the center of the earth. In some~places geothermal
heat can'be quite important, but in general it is small. Gieger (1966)
estimates that the average flux den51ty of geothermal heat is
0.0001 cal cm 2 min Tt | | ;

The prlmary source of the energy whlch can be stored in a soil
is radiation from the sun. This energy in the form of heat causes the
soil temperature ‘to vary with season; The variation in temperature
is generally smaller in soils farther from the surface. At sonme
point seasonal temperature changes are reduced to the fraction 1l/e
of the surface variation. This is celled the seasonal damping depth
(van Wijk and deoVries, 1963). The temperature at this depth remains
very near the annual mean temperature. The importance~of heat flow;from
the ground is iﬂoortﬂnt. It has been pointed out that in many cases:
thawing:of frost takas nlace from below as well as from above. is

effect can be taken into eccount~by computlng the damping oevth or
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depth to relatively stable temperature, and then computlng the heat
- flow from this point to the frost front, - ;

To summarize the energy transfer dlscus31on, radlatlon, conductlon,
sen31b1e heat transfer, and changes of state are the means of 1051ng
and gaining the energy 1nvolved in the freezlng and thawing processes..
Radlatlcn, evaporatlon, condensation, and sensible heat transfer are
the important methcdskof energy exchange for the soil-air interface
while conductlon is the most 1mportant method of energy exchange below
~ the surface. :

Ground Surface Insulators

Energy exchange at the ground surface is 81gn1flcantly affected by
natural ground insulators., The presence and extent of natural
insulators is quite variable., There are two types of ﬁatural insulation
that the ground cankhave; Oneeis snow and the other isklitter.

The combination of the”two is also important and will be discussed.

Many investigators have reported the insulating effect of sndw;
Post and Dreibelbie (1942) reported that in Ohio 2 inches of snow
were enoughkto reduce daily changes in frost depth to less than 1 inch.
Belotelkin (1941) noted: | ‘

"Snow cover affeets soil-freezing to such an extent

that even Sllght trampling of the snow, thereby

1ncreaszng its conductivity, was found to greatly

affect the next remeasurement if taken too near

the trampled area." ; ; ’
Atkinson‘and Bay (1940) made a test‘in which plots with 0, 6, 12, and
' 24 inches of snow were observed, The plots with 12 and more inches of
snbw, which had beeﬁ frozén before;theesnowfall, thawed completely
~ a‘few days following the snowfall. During later periods, temperatures
feil below freezing and, although frost did form temporarily in the
plot with 12 inches, it formed to a much lesser extent than the plots

with shallower SToW.



- 37 =

Molchanov‘(1963) quotes several Russian researchers:
"Accbrding to the researches~of A. P. Tel'shil
the greatest dlfferences of snow temperature are

observed with the flrst flve centimeters of the

~ snow carpet ." (page‘116)~

"..;pointed‘out‘that a layer‘of snow as thin gs
~6 cm. decréasés;the‘cooling of the soil by 4°C.,
as compared with bare soil." (?age 115)
Molchanov (1963) noted that with air temperatures as‘iow‘as -20°C.
a soil temperature only slightly below 0°C. was noted under a layer
of 30-35 cm. snow.
Retentlon and Drifting of Snow
Because of the benef1c1a1 effects of snow both in limiting frost
- penetration and replenishing soil m01sture from crops, shelter belts
and snow fences have been erected. Hinman and Bisal (1973) write:
"The favorable éffect of freezing on soil properties
may be due in part to the resultant increase in :
‘water‘stable aggregatiaﬁ in respeét tQ:the‘finer
aggregate, which is~refle¢ted in increased‘percoiation
rate. Freeze drying, however, which is destructive
to soil aggrégatés, leaves a thin mantle of fine
sqil on the surface. This would reduce infiltration
of water and at the same time contribute to sheet
erosion during rapid snowmelt in the spriﬁg. Because
fréeze—drying‘does not occur under snow cover it
can be minimized:by coﬁéerving~the stubble to catch
and hold snow durlng the w1nter,
In Russia it has been ; ; :
"...established that the snow lies most uniformly
on fields fringed by forest strips without underbrush....
If, howeﬁer, there is a second story, the thicker
it is, the‘higher are the snow drifts at the forest‘sk

edge, and the closer to it." (Molchanov (1963) page 87)
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He also noted that cn =
...treeless terrain (flelds) the thickness of
the snow 1s leSS~by a factor of nearly 3 and the
m01sture reserve by a factor of 1.6. ! |
~ The effect of w1ndbreaks is dlfferent ror dlfferent types of snow.
A wet snow will be less susceptlble to blow1ng and less llkely to drift
once it hits the ground, than dry snow. In splte of this, it would be
useful to have some quantitative means to estlmate snow holdlng value
of stubble and vegetatlon. Smlka and Whltfleld (1966) found 1n Nebraska
that flelds Wlth wheat stubble had 14 percent more moisture than plowed
fields in the same area. Staple et al. (1900) found reg*e331on equations
for overwxnter conservation or water (€) as a function of the moisture
in the fall (F), rain (R), and snow (8) for southern Canada. All values

were recorded in‘inches. For a stubble field, the equationkwas: 

c = 0. 413+o 35R-0. 24F+0. zo i . . (41)
with an r value of 0.711 and for fallow fields:

C = 0.045+0.50R-0.16F+0.30 ‘ ' (42)

and r = 0.797. It can be seen that snow contributes a significant
amount more to the soil moisture if thekstubble can trap and hold it.
Post and Dreibelbis (1942) wrote: o |

"The principle functions whlch vegetation served

were to prov1de standlng, dormant, or dead plant

materials for the retardation of drifting snow,

and to form a supporting framework which tended

to maintain the snow in a loose condition in

whlch it fell.” . | '
In Ru351a Mlkhel and Rudneva (1971) developed an equation for
drifting snow:

T=cwd o ; ‘ )

where I is the transport rate in mB/running m/sec, u is the wind speed in
m/éec at ""the wind vane level,' and C is a constant. They assumed that |
drifting snow was fresh with a density of 0.14 gramS/cm3. Using this
equation they haVe‘developed maps of snow disposition. Granberg (1973)

in Canada has taken a different zoproach and has regressed snow depth
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‘w1th features of topography, il.e., altitude, dlfference in altltude
‘between a poxnt and the generallzed surroundlng terraln, general slope,
change in slope in upw1nd dlrectlon, and varlatlon in slope in the :
:downw1nd dlrectlcn. Using varlables made from a comblnatlcn af these,
he developed an equatlon w1th an r =0. 87.“H1th this equatlon he
jdeveloped a map which compared well w1th ground truth data, and w1th

a sequence of aerial photographs. : ‘

Most of the llterature 1nd1cates that there are technzques whlch
can be callbrated and used in an area to approx1mate the ‘snow dlstribut1on,
but the main general rules are limited to the idea that snow driftlng
is proportlonal to w1nd veloc1t1es and snow densities., From this
we can‘make‘rough estimates that (1) the denser vegetatlon is, the
" lower the surface wind speed“wiil be and (2) snow is more likely to drlft
into this vegetatlon than out of it; but that, as snow gets deeper
and rougher areas are filled w1th snow, the ablllty of ground vegetation
to hold more snow agalnst wind will be decreased. Studles dlscussed
by Munn (1966) indicate that wind in forests is much smaller within
the canopy than above it and may even be uncorrelated with the wind above.

In a largekwaterShed.of‘varying ground,cover‘and topography,‘
the importance of drifting‘oﬁ subsequent~runoff wbﬁld depend on the
size of the areas of reduced and increased snow cover and where they
are located. kShould snow be gathered into north sloping forested
ravines, the exposed snow free open areas would be‘sueceptible,to
freezing,'however, the‘snow heving collected in protected areas would
tend to melt slowly and have optlmum opportunity to infiltrate 1f
the ravine soil is porous. Howaver, should a heavy rain fall on such
a basin with the main portlon of the land snow free and thererore frozen,
it could be very dangerous if the frost were an 1mperv1ous type.

Thermal P;Qpertles ‘ . [ ¥

Dry snow has a very low thermal conductivity, Conductivity of wet
snow increases to that of fairly‘drv sand. Snbw is bompoSed~of'ice,'
air, and liquid water. It is not homogeneous and the percent by volume
of each component tends to chanoe with age, tempe*atLLe, and conpactloq.
Great extremes in density have been reported, Table 1 presents

thermal properties for various demsities.
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; TABLE 1
THERMAL PROPERTIES OF SNOW
(After Munn 1966 and Van Wijk 1963)

Condﬁctivity . Volume heat ccpacity

Density | (cal cmﬁl sec“l °C_1)  (eal cm~3 ?C”l)
1 0.05 0.00015 0.05
0.20 s, 0.00032 ; 0.2
0.50 ‘ 0.0017 g 0.5
0.1 e 0.0018
0.5 : 0.0015%
0.9 0.54
; *Note that value in Munn differs sllghtly from value
in Van lek
thter

The second ba51c insulator is 11tter or mulch. Mulch may: be
applied by farmers in cultivated fields.' Litter may result from dead
grass; weeds,kleaVes, needles, etc., in grasslands, pasture,/and‘fofested
areas. The depth of the litter layer is not constant. Leaves‘nérmally
accunmulate in the fall, but some trees drop their leaﬁes or needles
in the‘spring. Decay and combination with the mineral soil take place
most rapldly during the summer when warm temperatures favor decay
.activities. Equatlons have been developed for litter production,
but for the purposes of estimating the insulating effect, an experienced
estimate of leaves expected in the fall is sufficient. If the‘mass of
leaf litter layer is known in the fall, it is likely to stay constant
until spring, and its insulating effects can be adequately simulated.

Grass or brush litter may be quite variable. In the fall many
grasses are green and healthy. Being falrlv dense the grass restricts
air movement near the ground and forms an insulating blanket of air
‘and organic matter. Wind and snow tend to bend’the grass ddwn reducing
the‘thitkness of the layer. With the onset of freeze some grasses
die back, théir blades turn brown énd lie down to form a thatch.

When grass‘is not covered by snow or leaves, the sensible heat transfer

is somewhat dependent upon the wind near the ground. = Treating litter
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of thlS type will requlre estlmates of effective layer thlckness and
will likely change durlng the winter.

De Vrles (1963) estlmates the. conduct1v1ty of organic materlal
around 0.0006 cal cm 1‘s e °c 1 w1th a specific heat of 0.6 cal cm -3
and gives a value spéciflcally for humus of 0,8x10 i cal‘cm;l~sec
VWater content of litter, like soil,‘has7an impdrtant effect on;ihe
conductivity. Filippova (1956) gives data where highly frozen littér
had 710 percent moisture on a dry weight basis. Unfrozen, hcwevér,
Vil'yums (quoted in Filippova 1956) stated, "The permeability
of litter is so gﬁeat that any quantity of rain or snow water can
penetrate into it.“ This suggests thatkthe~moisture content of the
litter is to some extent dependent on the soil beneath it. Sozkin
(quoted?in~Filippova (1956))‘made experiments with‘sprinkiers which
confirmed that abSorbtioﬁ‘into the ground with a litter cover is much
greater than without it, |

‘Thorud and Anderson (1969) found that litter from different trees
varied fairly‘widely in their insulating qualities. Of the trees
that they tested (red pine, white pine, and oak), white pine was the
most effective.“They also found that litter mixed ﬂith SNOwW was ‘a
better insulator parkunit of depth than either litter or snow alone.

Moisture in the litter caused an up to fourfold increase in the
thermal conductivities. This effect again varied with species.

Litter soaked and then drained for one half hour resulted in red pine
litter having a moisture content of 30 percent of dry weight; while
‘white pine and oak litter had 65 percent. Once freezihg‘setskin,
then moisture values can go as high as the 710 percent mentioned.byk
~Filippova (1956), (page 5), who noted that moisture in the litter
layer ﬁaried from 300 peréent‘tq 700 percent, but at the decomposed
1ayér it deéreaéed to 99 percent.

Vegetatlon and Snow

The interaction of vegetation and snow is important but dlfflcult
to assess. Who has gone through a meadow with a shallow snow cover

and not noticed how the grass tends to hold the snow off the ground,

thus providing an air layer between the snow and the soil? This effect

will be reduced as the snow. becomes deeper and heavier. At ‘the same

time, closed canopies of evergreens may prevent the snow from reaching

-1 o l
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the ground, allow1ng lt to subllmate whlle still in- the traes. ‘The
~resulting thinner snow blanket allows ‘the cold air to have greater
1nfluence on the ground The effect of soil temperatures under varying
covers has been studied by Crabb‘and Smlth (1953) and the variation of
frost penetratlon aud duratlon resultlna from varlous covers has been
: reported by many such as Thorud and Anderson (1969) :
From this dlscu8810n it can be seen that vegetatian and resulting
1ittefkcan be very important.~‘Therefore; means for‘assessing the.
cover type, density of cover, litter producing characteristics, and
snowkttapping~characteristics are desirable. 7For basinS of any size
and variablllty one of the ea51est and qulckest means of determlnlng
spec1es and density would be by means of aerial photography A limited
number of visits or checks would need to ba made on the ground to
determine age and general litter characteistics.

DlscrlmlnatlngABetween Frost Types

The factors which appear to -be most lmportant in separatlnv the
dlfferent types of frost are soil type, moisture present, time scale
of the temperature drop, organic matter content, and‘the depth of
frost penetration. | ‘

Texture

" The iﬁfluence of texture is mainly felt in the water holding
capacity of the soil. However, for a soil to be‘subject to ice
. segregation, that is for needle ice to form,‘it is felt that an
inofganic“soil must contain at least 3 percent or more by weight of
‘gralns finer than 0 02 mm in diameter (Casagrande, ¢93l)

Q011 ﬂolsture

; Soll moisture content is also impbrtant; Kuznik and Bezmenov
(1964) found that: | ‘ | |
"Treezing of the soil stops completely undar
anykmetebrologic conditions when the moisture
content is less than one and one-half times the

value of its maximum hydroscopicity.

They also found that soils with moisture content greater than field
capacity tended to reduce infiltration to zero when Irozen. hese
results were duplicated by Larin (1842), -Mosivenko [1958) Zound that

soils w1tn more than 30 percent of their rtoral pore space Iras of
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ice are pemeable to w’atef. Byrnes (1958) found that at -17 8 C and

at -9,5°C concrete frost formed in llght and heavy solls, respect:wel,
if they were at field eapacity or above. Post and Drelbelbis (194!;2), .
however, stated that concrete frost "was the only type found with

a’ mo:.sture ccntent of less that 50 percent dry weight." Perhaps th:.s

dlfference in flndinﬂs is based on scmethlnv other than mo:.sture content

alone. There appears, however, a general concensus that in mneral
soils subgect to frost, when frost forms in them it is of the concrete‘
type; reduclng the:.r pemeablhty to near zero wnen they are frozen :
with a soil mo:.sture content at fle.ld capac:.ty or above. These results

are summar:zed in Figure 4.

PERCENT MO!STUQE BY DRY WE!GHT

0 55 2030  30-40
: "i 1 - REGION OF ICE SEGREGATION
. ——— A
% 1 TEONCRETET | //7 | AND HEAVING
g T e |
3| =L e
O| Ljisouareo E HONEY/c M }( <
~ {CRYSTALS ) =
8-» %—_- ~ g MAY FORM ;(_ ~ : 1S
; ; IN THIS < NG
w P4 Bl Qirecion USTA'L'A&T’”E/ //////&
o O Z Fal ‘
P 21 £ = JGRANULARL | ; ,
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>32 >15 3 >0< NEGATIVE 1ENS ION (:PRESSURE) .
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Figure !;,—f—?.elationship of frost type to soil moisture.
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‘IndireCtly bearing on this subject is the ability of sdils to

drain when thawing has occurred beforé“a new cycle of freezing can

; set in again. 1In Vermont, Benoit (1973) found that SOllS thawed and

~;refrozen:at high soil moisture content tended to decrease;:heir hydraulic

conductivities, while soil of low water content tended to increase
their hydraulic conductivity. He derived an equation from 12 treatments
of a silt loam ‘ :

= 35,16 ¢ 2008 . ; (44)

where Y is the ratio of the flnal to the 1n1tlal conductiv1ty and

X is the soil water content at freezing. Th;s result was independent
of‘aggregate sizekor freezing temperature. Hinman aﬁd Bisal (1973)

found that alternate freezing and thawing tended to increase the hydraulic
conductivity of clays with excess water and reduced the cOnductiﬁity

in 1oam‘sbils. Altgrnate‘freeZing reduced the ccnductivityblesé in

loam soils, hdwéver, than a continuous freeze. |

Rate of Penetratlon

The rate of frost penetration is important. - Kirkham (1964)
states that ;ce‘lenses form when the soil is unsaturated and freezes
slowly; ‘With a slow freeze the moisturekhas timekto nigrate to the
frost front. In a rapid freeze the soil water freezes in place causing
small separate crystals to form. | ‘

Organic ﬁaterial

In their dlscu351on of the dlf‘erence between tvpes of frost
and their related permeabilities, Post and Dreibelbis (1942) mentloned
that where there was very much organic waterial in the soil, aggregation
tended to cause the soil to freeze in fairly large porous‘~ranules.

The amount of the organlc “aterlal necessary is that sufficient to

prevent the soil from pudall

Puddling is a process in wnlch the pértiéles of g soil reotient
rhemselves under stress to reduce the apparent specific volume‘(Baver,
1956) Generally a soil must have enough s0il modisture to be in-what
soil phy51c13ts call the moist or wet range for this Drocess to oCccur.
The way that organic :aterial‘aggregétes féil materizls i3 not entirely
understood but rany interesting aspects ara discussed v Baver‘(l955). '

He gives an example of a soil being suitzable for zulszivation at a
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moisture content up to 52.2 percent without puddllng.

After the orgenic
also gave an example of a cultivatedtfleld where a v1rgln soil contained
only 2.6 percent.

matter was removed the soil puddled at 27.7 percent moisture. He
3. 9 percent organic matter and a cultivated fleld in the same area

This decrease‘had taken‘place over the 60 years
‘of cultivation. : f : "‘ ; . e - |
Byfnes (1958) reported that when the organic content was above

percent there was an increase in the 31ze of the crystals formed.
He also found that generally concrete frost formed in the mineral

wat gor Frost: to form at all.

30115, honeycomb frost fcrmed in the litter 1ayer, and granular frost
formed in humus layers, although humus layer generally had to be quite

The importance of thls questlon at thls particular point is to

know what percent of organic material is required so puddllng will

not occur, and so frost occurring in a soil is more likely to be
of a porous type than the impermeable concrete type.

; ‘ % Undoubtedly
this depends on the soils, but it can be said that in forests there

been heavily cropped

is llkely to be SHfflClent organic material to prevent concrete frost
from formlng in the upper layers, while in bare solls, whlch may have
?

it is probably 1ack1ng.
is worked into the soil

Marglnal cases would
be in meadows and in those cultivated fields where the organic matter

Implications

The tyvpe of frost depends on soil type, moisture present, and
the time scale of the temperature drop.

The permeable forms of frost,
stalactite, granular, and hone?comb, form mainly near the surface
while concrete frost occurs at all levels.

Granular and honeycomb frost form in soils having high organlc
content which helms the soil aggregate into granules.

Thererore,

formatlon of these types of frost is limited to areas where there
is a good suoply of organlc material to be mixed with the soil such
as in woodlands and grasslands.

Frost penetration below the layers
ulth slgnlflcant organic content would tend to form ice lensing.
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~ Summary : ;

Equations have been presented whlch relate air temperature,;
~501l types, and soil moisture w1th frost occurrence and depth of
penetratlon. Equatlons have been given to determlne the soil molsture
’kboth in total value and in dlstrlbutlon so that the thermal propertles
cf sozls needed in the frost penetration equation can be computed.
Various correctlons have been considered. The 1nfluence of the ground
‘1nsu1atars snow and litter have been discussed. Finally, primary
factors which determine the‘type of frost that will form were:reviewed.

 In the next chapter these equations will be combined to form

the soil moisture and frost prediction model.



 CHAPTER FOUR. THE MODEL

~ The ideas, theorieé,‘and‘obsarvatidﬁs‘so‘far~preséﬁted‘must
now be expreSSed in a set of simple assumptions so as to forr a set
of ruleS‘useful:iﬁ a computer. These are outlined in the following
parégraphs; :Wﬁeré‘apprbpriate;‘assuﬁptionslin the model will refer to
equatioﬁs iu chapter‘B.; In some cases, no equation is réferred to,

but the developmént ﬁan be found in chapter 3.

‘Freezigg_and ErostiPenetration

‘Ftost penetration is proportional to the square root of the
frost index, or dégree days below freezing. It is inversely proportional
tokthe‘square root‘ofkthe energy which a;SOil‘layer nust lose per
unit of depth of peﬁetration in order to cool té the freezing point
and give up‘inylatent heat as the soil moisture freezes (equation 5).
The fate of heat loss will depend on the‘conductivities df~the soil
and their volume heat capacities. : ; |

The most important variable affecting the conductivities and
heat capacities in the soil dis soil moisture (equations 15, 19, and 20).

The presenCE‘of litter or snow on the surface will affect the
rate of heat loss because of the added 1ayers‘of insulation. The
amount of snow that remains on the ground depends én‘thé cover type
and the wind since meadows and bare fields will tehd to be blown
free of snow, while wooded areas will tend to encourage greater catch
'becausé of diminished Winds and the entrapment of snow from surrounding
open areas. Drifting snow will be éoﬁsidered in more detail further
on in the model desc:ipti?n., Whenever snow is on the ground it will
always be assuﬁed to be the top layer even tﬁough;some litter‘may‘
fall on it; b \ k

In the‘normél~ceurse of events when cold air and snow occur
during thé samek24-hour pexriod, the clouds and snow precede the
arrival of cold air. In‘areés where large water bodies may modify
the air mass, cold dry air would be warmed and moistened and could
cause some snow. So long as‘the mean daily dew point is wichin "
four deg:eés of the mean daily temperature it is aSsumedkthat the -
snow Blanket is added to the ground before the cold temperatures

cause hard freezing of the ground.
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If the dew 901nt is very low it w1ll be aSSumed that on thls

day free21ng occurred prior to prec1p1tat10n.;

*~Est1mat1§gA8011 Moisture
‘ The soil molsture accountlng system allows m01sture to be collected
by the soil or, as snow on the surface, or released as free water
once the 501l‘reaches‘f1eld capac1ty.; Generally, the~ground water‘
table is assumed to be below the active root zone and therefore not
to affect infiltrationm. |
‘ If prECipieatioﬁ brings the SOil‘moistﬁre to above field caéacity,‘
the excess must~eventually run off‘er‘go into gtcundwater recharge.
No effort is made in‘this model to partition the portion goiﬁg to
~runoffkfrbm‘that~going to recharge,kexcept that when the ground is
concretely frozen then all precipitation is assumed te go to runoff,
‘ :Moisture is assumed to evaporate or transpire at the~maximuﬁ;

rate until a critical value iskreaehed, at which time the loss proceeds
at a reduced rate proportional to the fraction of the water remaiﬁing.
When the reduced amount of evaporation has been determined, moisture
is removed from the profile with the surface layers contributing
more actlvely until their moisture supply is reduced.

Moisture loss from the 'soil below the surface is generally restrlcted
to the process of transpiration. During perlods when evaporation
is significant, diffusion resulting from thermal gradients is generally
Cdn the downward direction. Only on the surface cahxthe soil evaporate
directly to bécome as dry as the eir. Thus, moisture will be lost
from a layer beneath the surface;only by plant tfanspiretion.~ When
the w11t1nv polnt is reached plants can extract nokmore moisture.

The maximum avallable water in a soil can be assumed to be the
difference between the m01sture present when the temsion in the soil
is 0. 3 bars and the moisture present when the ten51on is: 15 bars.
”hls value can be determlned in each layer of the SOll and summed
from the soil surface down to the bottom of the root zone. 1f the
volume fraction of moisture‘iseknowﬁ for each of‘theSe;tensions,
:thenfthe‘moistUre present in inches of depth can be computed by multiplying
the volume fraction of moisture times the thickness of the layer.

Tﬁis model‘is essentially one dimensional in that horizontal movement

of soil moisture by concentration gradients or other means are neglected.
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Field capacity is assumed to be a fixed valee,‘but in order
to con31der the increase in retention w1th,cooler temperatures,‘the‘
fleld capaczty lS 1ncreased by 12 percent when mean dally air temperatures
“are‘at or below freezing. This adjustment corresponds w1th the
obserVations:of‘?ecko(l973)oand Klock (1972)._ When the ground has
frozen concretely to sooe*depth andethawiﬁg sets 1n but does not
-penetrate completely through the frozen layer, ‘the field capacity
of the upper layer is allowed to trlple, whlch roughly allows soil
m01sture to reach. values as hlgh as those observed by Post and Drelbelbisk‘
(1942). As soon as mean temperatures rise to above freezlng for 5
consecutive days or the ground thaws completely, all excess 1s lost
to groundwater recha;ge or runoff. The f;gure‘of 5 days is based on the
observatiooskof‘Baker (1972). k
Evagoration : ;
Evaporation is proportional to the incideﬁt solar radiation,
the humidity deficit, and the wind (equation 31). The humidity deficit
is determined by‘taking the difference betweeh the vaporopreSSure
of water at the air temperature and at the dew point. The mean air
temperature is taken as the;everage‘of the maxiﬁum and minimum temperatures.
Point measured temperature data are adjusted by a coefficient to represent
he mean temperature of the area of interest. ‘ ‘
The amount of solar radlatlon absorbed and used in the. evaporation
process is reduced by some value of albedo. One average value is
used during the summer, 4 different average value during the winter
when there is no snow, and stell a third average value is used when
snow is on the ground. These values are determined by measurement
or selected from tables as those best representlng the cover type
‘present. During the period of transition between summer and winter
and winter and summer, there will be a linear 1nterpolat10n from
one‘albedo to the other over a perlod of time which comes from phenologieali
estimates of periods of leafing out; or leaf fall, for the SPecies
: and climate. | : |
During this same perlod transpiration is assumed to be starting
up‘or tapering off depending on Whether the growing season is beginning

or ending, and a transition from only surface evaporation to
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‘eVapotranspiratiOn from throughout the full~root‘2one is‘computed

by a linear 1nterpolat10n 31mllar to that for the albedo.

The evapotransplratlon 1oss equals the potentlal eva@oratlcn
corrected for‘seasonal Values of albedo and solar~geometry so long
aS~£hé available soil moisture is above some critical value. To
~ determine this value where data are availéble, a tension-soil moiéture
curve is drawn~similar‘toiFigure l for‘éach layer, On each éurve* ‘
is found a breék~pgint brlpoint at which the soil tensioh shows a
significant rate df‘increase fprkfurther réductioniin soil moisture.
The available moisture in each~1ayer at this critical point‘ih;the‘
tension curve is‘summed and averaged for the whole;pfofile to determine
the profile;value (see Figure 5). Where data are not avéilabla,k
cuivés from similar type soils may be used to estimate the critical
: m01sture below whlch reduced evaporation takes place. Thls reduced
evaporatlon is taken as the fraction of the total potentlal avallable
water remaining times the potential evaporatlon. It may be, however,
that the breakp01nt comes at very low tensions. It is assumed thét
plants can transpire at near the maximum rate until the tension is
at least 3 bars.
Distribution of Soil Moisture within the Soil Profile

Once the actual évapotranspirati0n~losskfor akday has been determined,
‘the loss is partitioned to each layer on a weighted basis. Supposé that
when partitioning ié begun all layers are under equal tension. This is
a condition that would be approached in spring when each layer is at field
capacity. Losses are distributéd inversely with depth, to correspond
“with the flndlngs reported by Zahner (1963) .

Consider a sample of soil hav;ng 51. lavers above the bottom
~of the root zone, as shown in the schematic.

The m01sture content of each layer is iﬂdlcated by the ¥ axis
and the depth by the Y axis. The moisture held more tlgntly than 15 bars
(wilting poiht};is indicated by hatched lines, A llne marks th= m01stu‘,
at O.B‘Bar«(fieid capacity). Frpm Figure 1 it can be seen that moisture

held at tensions less than 0.6 bars is likely to be released almost
entirely at ‘the maximum Late, while moisture Ueld more tightly is.
released at some reduced rate accordirg to a function of the remaining

~soil~moisture.
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- Figure 6,~-Soil layer schematic,
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To distribute the loss inkthis particular example, let the surface
layer lose six times what the bottom layer might lose. Let the second
from the top lose five times the bottom, etc. Then the total loss

at each layer would be as in Table 2.

TABLE 2
EXAMPLE OF SOIL LOSS FROM LAYERS IN A SOIL PROFILE

Layers nﬁmbered from

the surface down , \ ~ Fraction of loss

6/ (1+2+3+4+5+6)=6/21=2x3/21= 2”('13'-1??)”
5/21
4/21
3/21
2/21
1/21

G L

Since the surface is the actlve region of replenishment, there is
nuch opportunity for sozl moisture to be higher than field capac1ty for
certa;n periods, for instance on days with contlnulng rain. The surface
layer is élso subject to both evaporatiou and;tranSpiration. For
this reason, let the surface lose to direct evaporation~an amouhtkeqﬁal
to that lost by transpiration (Buckman and Brady, 1969). Thus, the
functional loss for the upper layer would be 2N/(l+2+.,.+N+N)= 4N/(N +3N)
rather than 2/(¥+1), as shown in Table 2, where N is the number of layers.

(Surface evaporation loss in wooded areas could be much less.)
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; As the moisture is lost the tension in the upper layers increases
and the moisture loss increasingly comes from lower layers. The weighting
factor governing this will be a ratio of e

current availab1e~moisture‘in the layer

total available moisture capaclty for layer
The loss from all the layers must still equal the total amount ‘to
be lost. Derlnlng F as the constant fraction each 1ayer would lose
by reason of its depth r, as the fraction of the total available
water left 1n the layer, twl as the tctal water loss for the period,

“and X as the unit loss ‘then
n ~ : S : i |
L Fr.x=tvl | ‘ ; . (45)
and
x = twl/ I F.r. . R (46)

x is recomputed each day for the changing twl and T.

Normally, in nature, layers are not of equal thlckness, nor even
. regular multiples of each other. Because of the irregularity of each
layer, their depths are used only to the nearest inch} It is then
assumed that each~inch contributes according to some inverse function
of depth. TFor example, should a profile consist of a 5-inch layer

above a 2-inch layer, the 5-inch layer would have an Fl of

F, = 14/35+6/35+5/35+4/35+3/35 = 32/35 (47)
and the bbttom~layer‘F2\
, = 2/35+1/35 = 3/35 . « o ~ o (48)

ke

The variation in layér thickness thus,beingktaken into consideration,
as well as the extra potential for loss from the surface inch.
Recharge. :

Recharge is assumed to enter only at the surface. When moisture
enters the soil the maXimum gradient that can be maintained in the

soil moisture content between layers for a period of 24 hours would
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depeﬁd‘on‘many things, such as the permeability of the soil, the pérceut
‘ moiéture iﬁ:adjacent 1;yers,kthe thermél and chemical gradients, eic.
An analysis of data for Coshocton for31962~fr6m‘Climatological‘Data

(u. ~S. Weather Bureau, 1962) showed that when the ratio of avéilable
water present in a layer to the maximum p0351ble avallable water ln

a 1ayer was computed the dlfferences between layers in thls ratio
rarely exceeded 0.4 (see Flgures 7 and 8). Testlng‘of‘Coshocton soil
moisture data for 1963 showed that good fit‘was given when 20 was

the max1mum dlfference in percent avallahle water that was allowed
between two adjacent layers. Based ‘upon this 1nformatlon, moisture
s passed down layer by layer using the following assumptlons.k

: 1. No layer can hold more than its currently assessed field
capacity. (It may be remembered that the;Llald;capaclty of the surface
layer is adjusted for temperature and frost effects.) ‘
~ 2. The ratio of current layer moisture to 1ayef potential available
water cannot exceed that of the next lower layeriby‘_O.Z _
.The question of ﬁhich]prdcess; recharge or evaporation, ﬁd apply

first is impbrtant because ifkrain is enteréd béfore‘evaporation,

there is a’chance that field capacity could be reached and some water
be fdund excess and assigned to runoff. Then when the evaporation
" loss is taken from the soil, the net result is somewhat lower than

if the evaporation loss were applied before the recharge. Using only
daily means and tctéls there is no way to avoid this efror. Therefore,
it was decided to apply iny the net effect of precipitation minus

the loss. This approximation treats recbarce and eﬁapotranspirat10n~

as if they were 1dent1cal but reverse proceases and took place at

the same tlme, which is not true, but they cannot be dlfferentlated
w1th the available information.

Snow;Accumu+atlon and Loss

kSnow has an im?ortant plécé;in~the model. As snow, véterwcan ;
re31de on the surface without being lost to evagoratién in significant
amounts, chan01ng the 5011 moisture distribution, or being lost to
surface flow or croundwater recharge. Sncw makes a significant change

1

in the rate of heat e: change between the soil and the air.
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Figure 8.--Ratio of plant available water in each layer to that held in
that layer at field capacity. The source data are the same as that
shown in figure 2, Figures were derived from figures given in
Cllmatologlcal Data which gave one figure for soil moisture in the
depths from 12-24 in. and 24-36 in. These increments were divided
in half and the moisture placed equally in the upper and lower
halves to give an indication of the moisture 1n each
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‘Snow Versus Raln

It 1s sometlmes dlfflcult to dlfferentlate between prec1p1tat10u
that is ‘snow and will remain on the ground and rain that will 1nfiltrate«
or~run off. This is espec1ally difficult for a storm whlch chances
‘rfromerain‘to\snow. 5 £ ‘ \

 With data limited to: (1) dally observed snowfall at a point
and (2) extremes in air temperature, it was decided to declare any
precipitation falllng to be rain when the mean air temperature was
1°C or above and snow when the mean temperature was below thlS value.
The observed snowfall is then used to verlfy or correct the leiSlon
of total prec;pltatlon 1nto solid and liquid precipitation.

At Coshocton, ”ease (1970) determlred a dlscrlmlnent temperature
for each month to separate rain and snow. It was not felt, however,
that for thls model the increase in accuracy justified the
increased complex1ty.

~ Once the amount of prec1p1tatlon in 1nches of water is partioned
as snow, the follow1ng factors must be consxdered.
Snow Density and Depth

Densxty is very difficult to model with the data avallable.
Because of this three values were used to approx1mate the snow as
it settled. When all the precipitation is snow, the ratio of observed
snowfall to observed precipitation can be computed as the density.
Otherwlse, the density is assumed to be 0.1 on the day of snowfall
and increases to 0.15, and finally 0.2 with the passage of time.
Should temperatures be very cold no settling occurs.

Were the pack to get deeper, a loadlng factor would be needed
to consider the compression of the 1ower levels of snow as a result
of the weight of the snow above. However, because shallow packs are
the tYpe of snew associated with soil frost, no loading correction
was;developed | | : ‘Uk‘ ‘

Snow depth is computed by dividing inches of precipitation declared
to be snow by the den31ty. :

Drlftlng

Snow is often redistributed by the winirk It is logical to zssume

that snow will be pickedkup from regions where the wind blows the

fastest and deposited in places where the wind‘is sleowed down. Tor a
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UnifOrm wind field several feet above the~ground; it is assumed that
the surface wxnd speed will be affected in such a mannex that snow

redlstrlbution follows thlS equatlon
SNODPT = SNODPT—(WNDFACXSNODPTXK) . . @

where SNODPT is the snew depth K is a constant, and WNDFAC is a w1nd
‘adJustment factor. The w1nd factors to be used here really depend on.

the relatlve rouchness of the watershed under consideration to the

~ f‘roughness of the surroundlng ‘areas. For example, a forested area

surrounded by a forested area would not be expected to gain or lose s
snow to or from surroundlng areas, whereas a cultlvated field surrounded
kby wood lots mlcht lose considerable snow to the forested land. On the
other hand, relatlvely swooth areas lntersected by ditches or ravines
night lose much snow, with its assoc1ated 1nsulatlng qualltles, from
the smooth areas to the ravines while losing little of the water
equlvalent of the snOW‘frcm the watershed. Because of the~a1most
1nf1n1te varlations between Watersheds, no constant functions can be
assigned, but numbers would best be determined by calibration. Because
data are very limited, it was dacxaed to use a rel-tive roughness factor.
The initial wvalue of the factor would be estimated uszng aerial
photographs of the watershed and follcw1ng examples by Kuz'min (1960)
When a watershed is covered by stubble, ;he capacity to~catch
and hold snow will be decreased as the snow builds up. This is
accomplishéd in the model by the equation

WNDFCT = 0.1+0.0061 SNODPT-0.00065 SNODPT® (50)

where WNDECT represents a fuhction for reducing the~ability ofkstubble k

aﬁd vegetat on to retain snow agalnst the wind as the depth bullds up,

and ShODPT is the snow depth. These coeff1c1ents assume that shculd

the snow depth reach 18 1ncheé, the retentive effectlveness of ‘the

stubble to trap more snow would be reduced to zero. kAt 12 1nches,

the retentlve effectiveness is reduced to 80 percent of its zero snow

depth value. Should the effective stubble helghts be found to be
51gn1f1cantly dlfferent, these wvalues would have to be changed.

This function is only used in the program when the cover 1s coded

as a stubble or low vegetation.



- 59 -

The K in equatlcn,(AS) is- strlctly a constant of prcportionallty
and should be determined from a calibration or by an experienced estimate
of the total w1nd movement required to blow away a unlt depth of the
types of snow generally received in the area. Kuz'min (1963) found
great variation in a relationshlp between the wind and snow remcval
but it seems logical that 4 hours of a ZS-mlle per hour wind would :
remove at least an inch of loose snow from an area where an 1nput
of snow drlftlng in did not replace the snow~blow1ng cut. For a flrst
approx1mat10n, a value of 0 01 does not seem unreasonable. The matter
‘of snow drifting in as fast as it drifts out is taken‘care of by the
relative roughness feCtor;which indicates the net differehee.

‘Snowmelt . k o g ;

‘Four factors are con81dered in meltlng sncw;‘ Firet,~the sensible
transfer of heat from the air which is proportlonal to the degree days.
| Anderson (1973) indicates that melt is more correlated with degree
days if the coeff 121ent relating the melt is varled as the length
of‘the>aay@‘ Using coefflcients determined for the area around Rock

Rapids, Iowa gives the equation
SNOMLT = (Tav Tfr)(0.216+0.072 81n[365(day of~the‘year 80)1] (51)

where Tav‘is the mean air temperature; Tfr is the freezing temperature,
both in degrees Celsius, and SNOMLT is the amount of snow melted in
inches of water equivalent. Because temperatures often swing above
and below the freezing point, the mean temperature is sometimes slow
to show melt that would néturally‘take place.k For this reason, a

daytime temperature is estimated as

Tday (3 X maxX, alr temperature + min. ‘air temperature)/é . (52)

and the night time temperature as

Tnight = (3 x min, air temperature + max, air temperature)/4 (53)

Snowmelt is divided between the day hours and the night hours as

ShOMLTday:z (Td )[0 108+0 036 sin (SA F)] ; (ﬁ&)
and ; g
SNOMLT. . = (T T. )[0.108+0.,036 sin (SAF)] (55)

“Tnight night_ fr
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365
set to zero. Dally;values are then the sum of the two melts.

whe:e SAF is -——-(day of year—BO) Negatiﬁe.velues of snewmelt‘are

The second factor is the snow meltedkbykraiﬁ‘ For every inch
of water that falls as fain‘at autemperature T°C. there are 2.54xT caleries
of energy that can be released as raln water is cooled to 0°C. For
every inch of meltwater produced from snow, approxlmately 2. 54x80 0
calories of eneroy are absorbed. Thus;the~melteproducedeby rain

is ap?roximately :
RAMLT PCP xmmwclso 0 . | - (56)

where PCP iskthe amount‘of rain in inQEES, DYMNTC is‘the meen\air
temperatufe in‘°c; and RANMLT is the water in inches produéed‘frcm
melting snow. When raiﬁs occur in the winter it is very possible
tﬁat temperatures could rise or drop just before, during, or afte:
the rain. TFor this reason; the daykwas again broken ihto‘a~warm and

‘a cold perlod w1th temperatures Td ay and T as determined in eQuations

ni
(52) and (53), respectively. The two melt vi?ﬁes are summed to determine
the dally total. Any negative values are set to zero before the summation.
' When rain is occurrlng, the air temperature, dew point, and wet
bulb temperature are all assumed to be very nearly the same. Falllng
rain is generally at the wet bulb temperature,5ahd it will be assumed
that the air temperature represents . the temperature of the rain.
The thlrd factor is the melt resultlng from absorbtion of longwave
energy~from the clouds and atmosphere. When rain occurs on snow, it can
“be assumed that the clouds‘and atmosphere are near the air temperature
and that the clouds and the snow have an emissivity near one. k
The net energy fcr snowmelt (RADMLT) is

. - —m4 : a : :
RADMLT = O(Tair‘isnow) . S : (57)

where O 1s the;Stephen—Boltzmah ¢onstant. ‘The slope of the Té curve
can be approximeted by a‘straightfline in the regionwbetween 0°C and
25°C with less than a 5 percent error.

7% % 8,13x10 T | | o (58)

Q1

=10 . = -1 5,=4 L .
where ¢ is 5.78x10 0 inches of melt day ~ °K . ‘When snow is melting,
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Tsnow is 0°C so thatsequation (57) can be written :

RADMLT = 0, 047 X ( alr snow) = O 047 X DYWNTC ; (59)

where DYMNTC is the dally mean temperature 1n °C.

The fourth factor is melt due to energy released by water vapor
condensing on the snow. For each inch of water ccndensed out on the
snow, enough energy is released to melt about 7.5 1nches of water
equlvalent~from the snow. - Condensation is proportlonal to: ‘(1)
the excess water vapor pressure of the air over that of the snsw and
(2) the wind that creates the turbulence needed for mlxing.‘ The equatien

for melt resulting from condensatlon (CNDMLT) 1s

CNDMLT = mnd x (e_,.~0,18) x 3. 54 x 10 y : ~ - (60)

- where et is the Saturated water vapor pressure of the~air and 0. 18 is
“the water vapor pressure of the snow in inches of Hg. at 0°C (Wilson,
1941), and wind is the daily ‘wind travel in mlles day l. The wxnd
_ travel 1s measured near the ground, such as the class A pan wind
‘travel at 18 1nches above the ground.

Because frost penetration 15 computed on. each day of freez:.n7
as a result of cumulative values of the frost index and the number
of‘days of freezing rather than as in incremental change in the frost
depth, whenever the snow depth decreases, the conductivity of the
effective layer is changed~and the‘cumulative frost index must bs
reset to a value consistent with the reduced snow depth. The new
effective frost index is found by solving equation (5) for F using‘
the most recently computed value for the frost penetratlon.

Effectlve thter Depth

When the cover type is mainly trees,the litter layer is assumed
to remain fairlykccnstent in its thickﬁess,end thermal properties
are changed only by the effect of;soil moisture. If the cover is
‘paSture or winter wheat,then an initialieffective~layer is assuned
in the fall. The thickness of this layer needs to be based on a
acalibratioﬁ but can be estimated based on grass height and density.
Winter wheat in Coshocton is generally about 4 inches high during

the winter season and seems to form an insulating layer about 2.5
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~inches thick.: Under the weight of snow,grasses‘are pressed down and
seem to remain so fcrethe‘remainder of the &erﬁant‘season.~ In the
‘model the lltter layer of grass ‘in pasture or wheat was automatically |
reduced when the snow exceeded 2 1nches 1n depth When grasses freeze,
:many completely die down formlng a dense thatch.; When‘frcst penetratioe
‘reaches 1 1nch in depth the litter layer is reduced to the estlmated
thatch thlckness. The effectlve;depths-of grass in its 1n1t1aleautumn
k7state, when‘pfessed down by snbw*and‘when matted:after freezing,
are all estlmated and read as input Varlables to the nodel. ‘

When snow falls into grass, the comblned insulating effect 13‘
increased because of the dead air spaces formed by the lattlce work
of the grass. The conduct1v1ty of the lltter is reduced to half its
“value by the model when the snow depth reaches the effective litter
layer. It is increased by a linear 1nterpolat10n as the snow is reduced
to zero. When the snow is deeper than the effectlve 1itter 1ayer,
 the conductiv1ty of the litter layer remalns constant at one—half
 the value of the lltter alone. The flgure of one-half was chosen
to agree with the qualitative flndlngs of Thorud and Anderson (1969)

Thawing and Freeze-Thaw Cycles

The same equation used for frost penetration is used for thawing.
‘Whee seasonal freezing is computed it is assumed that the soil layer
must be cooled from the mean annual temperature to freezing. - When
~ thaw occurs the soil layer need only be brought to 0°C with;enough
additionel heat to maintain a thermal gradient. The primary energy
requlrement in this process 'is the latent heat. Thewing from beneath
ig also calculated ‘based on the soil conductlvity and the damplng depth.

When a thaw sets in after freezing has occurred the maxxmum
computed~depth;of penetration is recorded. This maximum depth is
Subject te thawing‘from below by soil heat flow. Should thawing reach
this point, the maximum depth of frost is set to zero.

Should a new cycle of free21ng begin before the ground is completely
- thawed, both thekmax1mum computed frost depth and the maximum computed
thawiﬁg depth are recorded; ;If‘freezing in the new cycle reaches

the computed;depth of thawing, the depth of maximum thaw is set to zero,
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‘and penétration begins at the bottom of the total'frozén layer. This

discussion is illustrated by Figure 9.

GROUND SURFACE

T \\

CURRENT DEPTH OF NEW fRGSf . =

o

PENETRAT!ON

Flgure 8. Iliustration of frost-thaw depth
bookeeplng requlrements.

-Cover : ‘
Densities within doﬁer types are assumed to be‘uniform.' Soil
and soil profiles are assumed to be similar within subareas. Crop
or cover types used are those Whlch predominate. Areas with significant
variation in cover w111 be further broken into smaller subdivisions.
The extent of variation that can be accepted before a reclassification
is made would have to be subjectlvely de;ermlned based on the tyue
of cover, topooraphy, soil type, tendency for the Cr:ound to freaze,

and the serlousness of the 51tuat10n when it does.

Type of Frost Determinatlon
i Tha assumptlons concerning condltlons under which dlfferevt types
of frost form are: ; :

1. If the ground is very moist or has thawed and the mlnlmum
temperature drops to at least S5°F be?ow freezing, it is gssumed that
"

porous stalactite frost will form. By very moist! is meant that
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light snow has melted, the upper layer is at least at fleld capacity,
or rain has preceded the freeze, :

2. 1If the m01sture conditions for stalactlte frost are not Present
and the organic content of the soil is above some threshold value,
it is assumed that granular or hqneycomb frost will form. It is
eesumed that\under‘any of the conditibns giVen to this point the soil
is still porous. If the rate of frost penetration exceeds an inch
per day, it is assumed that the~moisture\is~frozen in position intb
separate granules of ice leaving the soil porous. k

3. If slow freezing occurs, organic content is too low, or freezing
exceeds 3.25 inches into the 5011, it is assumed that concrete frost has
formed and that infiltration rates for any but forested areas are
brought to near zZero.: ‘

4. Should thawing occur above concretely frozen soil and then
freezing reoccur, the ground will likely be saturated and concrete
frost will form in the thawed reglon. :

5. Finally, if the grcund is 1n1tlally warm, freezzng temperatures
must occur for 2 days in a row before sufficient ground will be

frozen to materially change the basin infiltration capacity.

General Applicability

The area to which this model may be applied is determined by .
the input data. An area of any size that can be represented by a
single slope, aspect, mean daily temperature, precipitation, and cover
type can be used.

At the edge of cover types, variations in most of the variables
used will increase. The analyéis of this problem can‘beylooked at
in two phases.

If the cover type is over a fairly large area, such as a forest
or large cultivated area, the boundary strip can be considered small
in relation to the total area, and such boundary areas would tend
 to favor less frost because drifts form more in the edge of forests
in the lee ofktrees. with deeper sﬁow, frost penetration would not
be as deep in these marginal areas and the errors that would result

would be on the side of safety from a flood potential viewpoint.
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1f the watershed is quite dlverse w1th bunches of trees spread
throughaut open meadowsk the divers;ty ‘becomes the rule and the cover
would have to be estlmated to follow a pattern in between the forest
class and the meadow class., The dxversxty in itself would tend to
cause irregular frost patterns and 1nf11trat10n for a certain range
of dinput 1nten51t1esuand would probably be suff1c1ent in the~unfrozen
or porously frozen areas to compensate for areas that are imperviously
frozen. Danger of high runoff would appear only as the total percent.
of frost covered ground neared 70 percent or more and then the location
of the impervious and pervious areas would become very important.

The basic plan is to:‘

1.: Detéfmine‘and maintain the soil moisture distribution in known
Soii;préfiIESQ : | ‘

2y Using the soil moisture estimate, determine the thermal
conductivity, specific heat, and latent heat of each layer, including
litter and snow layers, if present.

3. Using the thermal properties computed in step 2, compute the
frost penetratiom. k

4, When penetration occurs, determine the type of frost that will
form and note whether formation of this type of frost leaves the soil
permeable or 1mpermeable.

5.‘ When the soil thaws and refreezes, if there is sufficient time
for excess moisture to drain away, then the frost type is determined by
factors other than its past frost condition. If there is insufficient
time to drain then it is assumed to freeze imperviously. :

a. The quantity of water estimated to drain during a thaw is
the smaller of the total excess water or V = i x t; where V is the
volume drained, i is the assumed infiltration rate, and t the duration
of thaw. | |

b.  The 1n;11tratlon rate is taken from a warm weather
infiltration capaclty\computed for the soil at fleld capac1ty
iBecause preparation (evacuation, dlkes, etc.) costs are oenerally Jess
than flood damage costs, the process 1is weighted to the worst case by
multiplying this warm weather infiltration capacity by 0.25 to conform
to the findings of Jensen et al. (1970) and Klock (1972). This term

is called MNINFL.
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c. The effective drain time is estimated as that fraction
of time between‘the occurrance of the maximum and;miniﬁum température
that the alr temperature is above the freezing temperature~Tf.‘ The
'temperature is assumed to decrease 11nearly.;

Expressed nathematlcally

Tmax — Tf e : ; : ¥
draln tlme = (TEEE—:fEE;E) 12 hours ‘ (61)
Tmin - Tf’ o 5
—] x 12 hours . (62)

or drain time = [1 + 2(Tave ~ Tmin)

Computer Model

In this section a brief descrlptlon of the function of the main
program and each of the subroutlnes will be given. Listings and a
glossary of terms arEiﬁcluded in Appendix C. \

| “The main‘program‘hahdles‘reading in of the initial conditions,"
setting indices and sums to zero, listing~headings, reading‘in daily
Values, maklng tests, ‘and calling necessary subroutines. .

"LAYER uses soil profile information to compute the field capacity,
available water, w11t1ng p01nt, threshold soil moisture, and saturation
value for the total proflle. . :

COVER uses the cover code that is read in at the start of the
model and selects word descriptions of the cover type; i.e., PASTURE
or HARDWOODS WITH LEAVES.

THNWIR computes the constants I and A whlch would be needed if \
data were not sufficient to use the Penman equation to compute evaporation(
In this case, the Thérnthwaite equation would have to be used (see
Palmér and Havens, 1958).

EQNOXR computes fcr the days of the equinox the values of
the follow1n ’ : : ,

1. the angla of\incidence éfkdirect solar radiation,

2. the climatologicai average of the preciﬁitable water((Kimball
(Kimball, 1919). :

3. the optical path length : :

4, a scattering coefficient for this path length, and

5. an approximate attenuation for extraterrestrial radiation

falling on a plane~surfa¢e.
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This computation is done for the equinox because the adjustment factor
for the Thornthwalte equatlon is unlty for this day (Palmer and
Havens, 1958).
CALNDR computes the day of the year from the month and the day.
DALNCR
1. corrects the watershed day 1ength for slope and aspect and
 the day of the year, : g
‘ 2.; computes the mean incident angle for direct solar radiatlon
on . a horlzontal plane and on a plane w1th the same slope as the .
watershed, and ‘ e
k 3, computes necessary factors needed to correct the Thornthwaite
evaporatlon equation if it is ‘needed should solar radiation be unavailable.
EVPNR “ |
1. checks to see if there is any snow on the ground ;
2. adgusts the effect on wind in the watershed by the cover type,
3. adJusts for the shadzng of nonrtransplring vegetation,
4. checks to see if the air temperature is above freezing,
5. checks the difference between the mean air temperature and
the dew point temperature, and ;
6., if all factors are rlght for evaporation, it computes potential
kevaporatlon using equatlcn (31). , :
EVPADJ tests to see if the amount of evapotranspiration loss
is greater than the threshold value of the soil at which actual evaporation
is reduced from potentlal evaporation. If the loss is greater, the k
program reduces évaporation to an amount proportional to the fraction
of avallable water remalnlnc in the profile.
The program also tests whether evapotransplratlon is comlng from
the whole profile or cnly the surface layer. When evaporat;on is :
e‘only~from the enrface‘layers, the‘program checks the thresholdisoil
moisture for that portlon of the proflle and adjusts actual
evaporation accordlngly. i
HAYCUT reduces .evaporation by 20 percent on the first day of
a harvest and by 40 percent on the second in accordance with the
observations of Mustonen and McGuiness (1968). It then restores
evaporation to normal by a linear interpolation during the following

28 days.
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It also computes the fractibn‘of évailable water in the part
of the profile subjec: to direct‘eVéporaticﬁ and that in the pArt
- of the‘profile~sﬁbject only‘to tranSpiratiOn.‘ It~then computes the
portion of evapbration to be lost by;eéch‘regibn dutiﬁg the time when
vegetation is‘coming out of or going into a dérmant‘period; |

TRNSLS takes the losses fcr the surface regidn and for the lower
region which were computed in HAYCUT and partltlons them among the

 var1ous 3011 layers.; It is only called durlng_the spring and fall
transition periods. k : ‘ ‘

ESTEVP is called only when measured solar radiation is mlssing.
It;computes evaporatlon based on the Thornthwalte equation corrected
for seasonal and climatic conditions.

SMP partltlons ‘the net loss or gain in soil m01sture among the
various layers of the soil. It is‘called whenever moisture goes 1nto‘
the ground except during transitions when TRNSLS performs the Same
function. It also reédjusts the field capacity of the upper layer
when cold‘temperatures increase surface tension and lower the hydraulic
conductivity, or when rain or snowmelt occurs over cohtretely frozen soil.

FREZR tests for the freezing éonditionsfand based on the result,

; records the number of déys in the current freezing or thawing cycle, the
maximum number of days in previous freezing or thawing cycles,‘cthutes
thermal properties based on estimated conductivity values combined with
estimated values of soil moisture, estiﬁates ﬁhe penetration ofkfrost or
thaw1ng, and determines the type and permeability of the frost which forms.

The Computer Requlrements

The model was written to run on elther an IBM 360 or CDC 6600 and
w1th minor modlflcatlons should run on any ‘machine compatlble with these.

Data Acqu131tion

The acqulsltlon of data falls into roughly three categorles.
static, variable, and special.
Static Data ,
' The static data are those input quaﬁtities relating to location,
’soii types, and normal vegetation. Many of these data can be obtained
from readily available maps and tables. They are:
1. location: latitude and longitude;

2. topography: slope and aspect;
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3. soil types and profiles;

4. moisture tensioﬁ curvés for given soil layers; and

5. 1local vegetatlcn affected by climatic conditions such as:
depth of roots, traditional crops in the area, general advent of leaf
fall and onset of leafing out of trees, general organlc content of
untreated SQllS, and whether pasture grass is sub3ect to rev1val in
late summer after undergoing drought condltlons.

Variable Data

The variable data are those values that change frequently and
‘must be~measured nearly continuously.' Air temperature, preclpltathn,‘
wind travél, solar radlatlon, dew 901nts, and harvesting data are
some of these. Most of the weather oriented values are avallable
from a network of NWS statlons. Harvestlng data could be obtained
from county agents or cther agricultural services.

Special Data

;Variables in the third category are things such as litter depth
in the fall, estimated soil moisture as an initial condition when
the‘model is begun, stubble, precise date of the onset of leaf fall
or leafing out, and actual extent of cover type at the beginning of
fall. These are varlables which change slowly: in nature 1n the fall
but are subJect to rapld change by man, cllmatlc variations from normal
or unusual events such as fire.

‘This information is effectlvely determlned and. displayed by remote
sensing technlques. If recent flights have been flown for a government
agency, the photooraphy will be avallable at very low cost, and in k
it the land use-and farmlng practices w1ll be fairly obv1ous.‘ Recently
multlspectral data frcm the Earth Resources Technology Satelllte have

become. available on an 18-day interval. when the area is not hidden
by clouds. Specxes have been recoonwzed and the onset b: leaf out
and of 1éaf fall have been seen (Dethier et al.). Corrobofati0n~of
~cold precipitation can be doﬁe with imagery from the NOAA sateliites
and the GOES satellite. -

For the‘data listéd‘in'the firét‘categcry, topographic maps and
geoclogic maps are available for nuch éf the counﬁry from the USGS.
Soils maps for much of the country have been nade by~the;Soil Conservation

Service., Soil profiles for many experimental sites have been dug and
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data are évailable from the Agricultural Research Service of USDA,

‘Many of the‘SOils maps are made on aerial‘photographs~whi¢h~provide:

vegetatibn"inforﬁation as well., ‘ Lo
~Cohsiderable data~aré also available frqm‘watersheds ruﬁ by

universitiesfthroughOUt the country.



| CHAPTER FIVE. DEVELOPMENT, TESTS, AND RESULTS
To develop and test the model data were obtalned from the
Agricultural Research Service Hydrologlc Station near Coshocton, Ohio.
This region was chosen because prevxous frost studles had been made
~ there and the following data were ‘available:
L. ‘soil frost penetratlon and snow depth observatlons at four
~different 31tes each having a dlfferent cover type and generally a
different soil type, ;
2. ly31meter data measurlng the runoff, percolatlon,
evapotranspiratlon, and precipltation, ;
3. runoff records from small watersheds,
4. pan evaporatlon,
- 5. soil moisture measurements at flve different depths in the
soil at frequent time 1ntervals for 1962 and 1963 and
‘k6. ~weather data sufficient to compute evaporation and
frost penetration. ’ )

; Model Input Data

Variable Data

Daily weather records as well as some cllmatologlcal data were
taken from published U.S. Weather Bureau (now National Weather Service)
records (1958, 1959, 1962, 1963). Other data was obtained from the
Coshocton statlon records. During earlier years,‘solar radiation
and wind had been extrapolated from measuring points some distance
away. The solar radiation was measured at Wooster, Ohio, and the wind
at the Akron—Canton, Ohio, airport. Test rums at Coshocton using. these
data have compared well w1th ly31meter data (Mustonen and McGuiness,
1968).

Static Data

k The Coshocton derologlc Research Station is located northeast of
the City of Coshocton Ohio, at 40° 22' North and 81° 30! West. The area
is unglac1ated and well dlsected with elevations varylng from 700 to
1300 feet above sea level’ : ‘ |

Maps of the area are available from the USGS in the 7.5 mlnute
quadrangle series, The‘watershed is on the Coshocton a nd New Bedford
map‘sheets, whicﬁkhave a contour interval of 20 feet and show the

forested areas as of 1960. A map was made of the watershed in 1938
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by the Soil ConServation Sefviee. This map has a 5-foot contour
1nterval and has the soil types, slopes, and er051on types
cla531f1ed. Bulldlngs, wooded areas, ‘and watershed lnstrumentation
| are shown. a
| The frost data that were col?ected came from numbered watersheds
; (see Figure 10) 109, 103, 131 and in the region of 134. Watersheds
131 and 134 were forested and rarely showed much frost penetratxon or
runoff and so stand as examples of cover types that are not flood prone
and hold little 1nterest for frost penetratlun modeling. Watersheds
109 and 103 are the watersheds that are modeled.
- Watershed 109 is a small watershed of 1.69 acres. Runoff occurs onay‘

kdurlng ralnfall or snowmelt. The ground slones to the southeast, with
a slope of 13.5 percent or an- angle of 7.72 degrees. The aspect is
135+45 degrees, Watershed 103 has an area of 0.65 acre and is at
a slightly lower elevaticﬁ than 109 It slopes to the west with a
gradlent around 12 percent or 7 degrees.

The general classification of soils in the area of the station
was Musklngum silt loam in the upland areas and Keene 511t loam on
the more gently sloping lands. Both of these~have been reclassified
into several more refined c1asse A fzirly detailed deecription
of the 50115 is given by Drelbelbls and Bender (1953) and the percolatlon
rates are discussed by Harrold,and Dreibelbis (1945). Both soils
.belong to the gray brown podzolic grbup of soils deVelopedkunder deciduous
foreéts‘in a humid temperate climate.~ The Keene soil is developed on
clay shales and the Muskingum on‘sandstone,'eiitetoee,‘and shale. The
~Muskingum is ﬁediﬁm textﬁred and well drained. The Keene is a‘moderately
heavy silt loam and slowly permeable. When’wet it swells and slows
water movement. ‘ o

The soil profile and tension data used for watersnea 109 ‘are
for the Wellston silt loam which was formerlj mapped as Muskingum
silt loam.jkThe‘soil pits used to get data for ARS publication 41/144
(Holtan et al., 1968) were dug within a few hundred Feet of theewatershed
andkat about the same elevation. The root zone is around 55 inches
deep. There are five layers (A, BZl’kBZZ; B., and C) above the bottom

3
of the root zone. The soil is well drained. The data

Fi

or the profile -

representing watershed 109 are shown in Table 3.
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; ‘ TABLE 3 ~ ;
SOIL PROFILE DATA ° FOR WELLSTON SILT LOAM USED WITH WATERSHED 109

S o ~ Estimated

~ Depth Thickness Porosity Wilting Field Critical =~ = organic

S (in.) (in.) (percent) point capacity moisture Roots  content

‘(1n. of water) (percent) ~ (percent)

0-8 B 46.06° 1.00  2.80 22,0 Commen = . 2.3
8-16 8  44.7  1.28 2,61 26.0  Common 1.8
16-27 11  41.9 1.64  3.92  27.5 Common 1.5
27-36 9 38,9  1.42  2.96 26.5  Common 1.3
36-55 19 44.3 2,15  4.77  21.0  Occasional 0.7

The Soil‘on watershed 103 is‘Keene~silt loam. The data for the

‘profile is in Table 4.

TABLE 4
SOIL PROFILE DQIA FOR KEENE SILT LOAM USED WITH WATERSHED 103

o ——

s ; ; : : Estimated
Depth Thickness Porosity Wilting Field Critical ~ organic
(in,) (in,) (percent) point capacity moisture Roots  content

‘ ~ (in, of water) (percent) : (percent)

0-9 9 49.1 0.78  3.53 25.90  Abundant 3.3
9-12 3 48.3 .52 1.01 © 23.52  Common 2.8
12-15 3 40,38 67 1.14 22,85 Common 2.0
15-20 5 41.89 .97 1,905  23.88  Common 1.9
20-25 5 37.36  1.14 1,89 22,36 Common 1.8
25-39 14 33,96  3.28 4,82 18.62  Occasional 0.5

Special Data

The climate of the area is typiﬁal of thé‘hardWOOd forest areas
of central and east central Unlted States. The rainféll is approkimately
k36 42 inches annually, with 50 percent falllng between Aprll and September.
Apprcklmately 2 1nches of the prec1p1tatlon, on the average, fall as
snow. The average length of the growing season is around 160 days,
with the last frost in early May and the first frost in early October.
Phenological data used in tests were taken from the records of‘
Lamb (1914) and Smith (1914). Climatic values of water vapor and
théir effect on radiation were taken from Kimball (1919). The albedos
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: used were from tables in;Hunn‘(lgﬁé). Litter~was eStimated‘béséd ;
on‘aescriptions of Post and Dreibelbis (1942). Litter is a very 1mp0rtant ‘
: varlable and should be estlmated as accarately as p0531b1e. Aerlal
'photographs can help to- 1mprove estimates of litter.
Aerlal photographs taken of thlS area in the summer of 1965 and

in February of 1968 are available from the Agricultural Canservation
and~Stablllzation Service. The scale of the photographs 13 approx1mate1y
1:12,000. The 1965 photographs are in a 15-inch format and the 1963 k
i in a‘9¥inéh format, For 1968, photographs with a scale of 1:6,000 are

- also availéblé in a 9-inch format. In these\photographs it is quite
appafent which fields have standing stubble. No method was fdﬁnd,
however, to determine the height 6f standing stubble or the thickness ~

of the litter layer. The type of cover, insofar as theiélassés‘being
used here, is easily dlscernlble from the aerial photographs and in

most cases from ERTS satelllte 1magery w1th the help of a map.

The average organlc content of the 50115 cultlvated under "improved

conditions" in this area was around 2 34 percent. Both watersheds '

103 and 109 fall into this category. The flelds cultivated under

the prevailing practices which tend to deplete the soil of organic
material had around 2.23 percent (USDA 1962). Organic material content

shown in Tables 3 and 4 is assumed. k k :

In 1955, the land use in the area was 40 percent cropland, 20
‘percent pasture, 25 percent forested, and 15 percent other (Ohio Forestry
 Association, 1955). The cover on the two watersheds tested varied
through a corn, wheat, meadow, meadow sequence. The cover for a particular
year is given in the USDA—ARS Mlscellaneous Publication Series "Hydrologic
Data for Experlmental Agrlcultural Watersheds in the United States.

The aer1a1 photographs and ERTS satelllte imagery mentloned earlier

are: also a good source of 1nformat10n on cover type.

Verification Data

k In the course of arriving at a determlnatlon of a possible change
in the permeablllty the model estimates the follow1ng ~ potential
evaporatlon, actual evapotransplratlon, soil moisture dlstrlbution,
snow depth, frost occurrence and penetration, and, flnally, changes in

permeability whlch‘would~notkbe expected were cold or frozen ground
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not aefactor. Data for testing the accuracy of estlmates cames from
the following places: ‘

1. Class A pan evaporation is published in Cllmateloglcal Data
k(formerly publlshed by U. S. Weather Bureau, now by the Env1ronmental
Data Service of NOAA) It has been found that potential evaporation
is usually in the range of 0. 7 times the pan evaporatlon (Lake Hefner
- Report, 1954) The observed pan data is not contlnueus. No observations
were taken on weekends, but the weekday readings are suff1c1ent to
‘verlfy average potential evaporation values. ; :

2. Actual evapotransplratlon can be determlned from the welghlng
lysimeter records which are available for 1948-1965 (ﬁustonen and
McGulness, 1968). Net changes in the upper 42 1nches can be estirated
from- 5011 moisture measurements.‘ Attentlon has been called to this
‘data for 1962 and 1963 in the Annual Summaries of Cllmatological Data »
(U.s. Weather Bureau, 1962, 1963). i ‘

- 3. These soil moisture measurements (from item 2) also were used to
 verify the distrlbutlon of the soil moisture and the loss w1th1n
the proflle.

4.  Snow depth and frost depth observatlons were made once a day
durlng the frost season on the watersheds mentioned prev1ously starting
in the early 1940's and contlnulng through the 1950's. Frost depth is
best determined from test pits but can be inferred from soilktemperatures.
Soil temperatures were measured near watershed 109 and the daily maximum
and minimum values for depths of 1/2, 3, 6, 12, and 24 1nches are
~ published in Cllmatologlcal Data. ; ‘

5. Runoff data are publlshed in Hydrologlc Data for Experlmental
Agrlcultural Watersheds in the United States,' which includes monthly
‘sums of precipitation and runoff for each watershed, and in the velume
cOntaining‘the'data:for earlier years of a given‘watershed,‘a large-scale
map is given. 'Unusual runoff events arekdocumented in more detail.

These datafwere used to verify increased runoff during a condition of
impervious frost. : ‘ | | ; k

; In Appendix A, the precipitati6n;and runoff and the ratio of
runoff to precipitation for‘December, January, February, and March
for the years 1956 through 1967 are shown. Frem these data, it cen

be seen that the periods of abnormally high runoff are January of
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11959, January and February of 1962, and March of 1963. February of
1963 was‘vety‘high on watershed 103, but there was no runoff measured
on 109, ‘

Soil Y01sture Tests and Results

Soil Molsture Profiling

Estlmatlons of frost penetratlon and frost type are dependent on

a good estimate of the total soil moisture and its dlstrlbutlon 1n
~ the soil profile. Based on the available data, 1t was decided to

use the 1962 soil molsture data to develop the proflllng process.

It could then be tested u51ng the 1963 5011 molsture data.

: The limltations in the data should be noted before the results are
discussed. First, pankevaporation ‘was_ limited to Weekdays. Second,

the available soil moisture data published in‘Climatologiéal Data k

was measured for layers between 0—6 6-12 12-24, 24-36, and 36-42 inches
rather than as a function of natural layers or texture changes. Finally,
preczpltatlon, one of the major factors, was for only one gage. During
the summer when most of the prec1p1tat10n occurs durlno thunderstorms,
‘there is a great varlablllty 1n the point to point catch.

To test the soil moisture partitioning procedure without 1ntrodu01ng
errors caused by estlmatlna evaporation, the preczpltatlon and available
soil m01sture data given in the listings in Cllmatologlcal Data were
used with a water loss term. The water loss term was calculated with

the following equation.
Waterloss = old soil moisture - new soil moisture + precipitation (62)

whete old soil moisture is the previously observed value, new soil
moisture is the currently obsérved vaiue; and the precipitation is
that recorded between soil moisture observationsgi This water loss
term comblnes runoff, groundwater recharge, and evaporatlon in one
term, however, since runcf or recharge is only expected when the
soil ‘moisture 15 above field capac1ty, loss will be primarily evaporation.
Harrold and Dreibelbis (1945) had found that at Coshocton:
"The smallest of the depletlon factors is runoff
which amounted to one percent or less of the “total

of all the depletion processes."
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Percolation, they noted, ranged from 5 to 8 inches a year during a 2—
vear study and occurred mostly in the late winter or early sprlng.
Percolation on the Muskingum soil is up to 50 percent greater than
from the Keene 8011. !

Prellmlnary ‘tests w1th the 1962 data 1nd1cated that the 1nverse
relationship for water loss discussed in Chapter 4 seemed to draw too
much water from some layers and not enough from others. An improved fit
of the s;mulated to the observed data resulted when the inverse loss
relationship weselimited at some depth. In this study, 24~inches~eeemede
best. It was therefore coneluded that the profiling procedure would
assume ‘the following: ‘ : : L :

Sl The surface inch is subject to both transplratlon and evaporatlon.\

2. When the 1ayers are under equal ten51on water is extracted
inversely proportional to depth down only to a certaln depth. Below
‘that point the loss in each unit thlckness of 3011 is 1ndependent of depth
A p0351ble Justlflcatlon for thlS is that when s01ls have been depleted
to the extent that most of the mclsture left is in the lower layers,
it is likely that greater root develcpment will take place in those
regions and that plants w1th~shallower root8~may have wilted leav1ng
only those spec:es w1th deeper roots.

A plot of observed and 31mulated data for 1962 is shown in Flgure ll.
Several differences can be seen between the simulated and observed
data. During the middle of the summer too much moisture is taken
~from the third layer down while ndt enough is taken from the bottom
layer. On certain days such as May 24 the simulation significantly
underestimates~the‘top layer and overestimates the third leyer down.

It Wlll be noted however that going into the frost season all 1ayers
are well represented. ‘ : :

These data represent observatmon perlods of from 3 days tc cver
2 weeks ‘ Many storms of varylng magnltude can occur durlng this time
and dependlnv on the transpiration demand, affect certaln layers
more than others. With the observed data it may be seen that in certaln‘
periods, one layer is decreasing by a significant amount, while a
different layer is increasing by~a‘significaht amount on the same

Brostuohaeiiatostuioio s §
date. A simplification made in this model allows only a decrease
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or an incréase to be made dn any givéﬁ day. This should be adequate on
a dally ba51s, but scatter about ODvérVEd values is: 11kely s beccme
1arger when the pariods between observations are increased. k

The model must approxlmate to some degree of accuracy the soil
-during dry years and wet: ‘years. There will be many ‘times durlng the‘
part of the year with greater evapotransplratlon demand when one layer
or another w111 not be simulated too closely. Powever, it is felt that
the inverse ewtractlon of soxl m01sture to a certaln depth is adequate.

The model was run next on the 1963 available moxsture data and the
results are shown in Figure 12. The fit shows the same strengths and
weaknesses ‘shown w1th the 1962 data. It can again be seen that going
: 1nto the frost season the soil moisture is represented very well
throughout the profile.

Test of Generality :

The generallty" of the model was tested with available molsture
data from the Ohio State University Farm station at Columous, Ohio,
published in U. S. Weather Bureau recards (1962, 1963, Figures 13 and 14)
It mlght be noted that these were years of extremes. In 1963 the spring
was extremely wet with much of the soil being above field capacmty into
late May.‘ By 1ate summer, however, many areas~of the state were very
dry. The model does very well with the 1962 data with all layers
cldéely simulated going into the winter. In 1963, because the‘grouﬁd
was above field capacity from frequent rains, the model was not evén
started until late May. The model does not allow soils to‘be‘abOVékfield
capac1ty unless they are frozen. It seemed as though much of the soil
was in a capillary frlnge and belng affected by a water table ‘rather than
dralnlng to fleld capac1ty.k During the rest of the year, the model did
well for the: upper 12 1nches but underestimated by about a half inch the
avalldble water *n the 12-24 1nch level aﬂd overestimated by a lesser
amount the moisture in the 24-26 inch level. These errors caused differ-
ences of up to 2 percent in the percent~sozl moisture by volume in tha
layer (there could bekover,loo‘percent;error in percent available
moistufé). ‘The’undetestimation of soil moisture wbuld indicate a lower
heat capacity, 1atent heat, and a lower conductivity. The overall effect
would be to calculate a deeper frost penat*atlon than would be calculated

were there no error. For example, rlgura 15 15 a plot of Frost penetraglonk
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as a function of soil moisture for a soil having a porosity of 49 percent,

a volumetrlc heat capacxty of the mineral in the soil of 0. 48 cal °C” -1 mﬁs;;

a thermal conduct1v1ty of the mineral of 7 mcal cm -1 se 1 °C l and a
cumulative frost 1ndex of (T —2) C = 10.0. It can be seen that the
frost penetratlon exh1b1ts a mlnlmum near 24 percent. For a soil with ‘
these thermal propertles, it can also be seen that between‘the wilting‘
p01nt and field capac1ty an error of 2 percent in the soil moisture
nakes at most a difference of 0. 4 inch in the frost penetratlon, and
. this maxzmum dlfference occurs on the very drlest end of the soil
s moisture maisture range. Thls error is propqrtional~to the square
root of the product of thé conductivity and the frost index éccumulation
‘(equation°5)‘and so would increase as the cold season progresses.
However, for the percent soil moisture range between 20-30 percent
thé Sldpe of the curve is fairly flat énd a2 percént‘errdr in. soil
moisture eStimation would not cause significant‘error in estimating
soil frost penetration. ; k

The error in computing frost pénetration céused by an error in
soil moisture estimation would only occur were the penetration. computation
to reach that soil 1ayer in which the inaccurate soil mdisture was
estimated. At Coshocton most observed depths were less than 6 inches
and fell into regions where soil moisture was well estimated, |
In regions of very dry soils, penetration during cold témpérature
is likély to be very rapid - a condition favoring porous frost.
An underestimation or an overestimation in this type region would
not greatly change the infiltration estimate. Should a soil for some
reason be mofé‘moiSt‘than‘field ca?acity, chances that an impervious
frost would form~might increase markedly. This'conditién is however
outs1de the range of this model. ' ’ :

The surface regions which are the most crltlcal seem to be adequa;ely‘
simulated by the model, given that the water budget is correctly computed.

Evapotranspiration

The overall soil moisture budget was:mainly dependent on the estimate
of evapotranspiration. POteﬁtial‘évapdtranspiration was compared against
the class A pan using a pan coefficient of 0.7. The differences between
the computed values zand the ‘pan values were recorded, and’Figure 16 shows

a histogram of the data for 1938. The differences for the 1963 data
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ére:shdwn in Figure 17. In 1963 there were 113 deys on whlch a comparison

could be made. ‘The average dally dlfference between computatlon and

‘observation was 0. 0044 inch, the mean of the absolute values (mean

dev1aticn) was 0.055 ana the standard deviatlon of the dlfferences

“was 0.074 inch. This *ndlcates good agreement over longer periods

such as Weeks or months but a scatter around~0 05 1nch on a day by

,day basis. The level. of agreement 1s 1ndicated in the comparison

of the computed potential evapotransplratlon and the evapotranspiraticn
measured by the 1y51meters shown ln'Flgure 18. These ‘data are for

1958 and were affected by a grease seal whlch caused some error in daily

; values and was modlfled because of that in 1962. The values for longer
periods are con81dered aood and in spite of the varlablllty in the

‘data, the agreement of day by day data seems quite good.

'I‘otal Soil Moisture Estlmate

The overall accnracy of the soil moisture budget can be seen in
Figure 19. Agreement;is good except for the month of August when the
model underestimated eveporation‘end the soil moisture was‘overestimated
until October. An effcrt was made to find out if the disagreement
resulted from a failure of the theory, an error in the data oxr a mistake

in computations. It was found that there were many storms durlng

August. It is likely that a 24-hour period is too long during a

~thunderstorm season to give really good agreement. = A cumulative double

mass plot of the computed and observed losses is shown  in Figure 20.
It may be noted, however, that the~spring period tends to deviate

as much as late summer. Even so, the computed seasonal loss is very

kclose to the observed.

These data suggest that the model adequately fUlIlllS its
evaporation need, : ‘

Snow Depth Verification

The temporary nature of snow makes verification of average areal

estimates difficult. The computed depth results from consideration of

observed snowfall, driftd ing, settling, and melting. Adjustment is made

in one increment each day. This adjustment uses mean temperatures,
and cumulative winds.
Snow‘depth was observed once each day at watersheds 109 and 103.

The observed snowfall for 1958-59 data was measured once each day
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at ene point on the station several‘hundted feet frem~botheof these
~watersheds.‘ The published‘snéﬁfell used\fcr‘verification~for the
1963—64 data comes from Mohawk Dam, about 16 miles west couthwest of
the statlon, and from the Zanesv1lle FAA alrport statlan, about
“ 28 miles south cf the station., The snow depth comparlson 1 ca-
acomparlson of 1nstantaneeus p01nt measurements w1th computed values
based on temporally and spatlally averaged values.

: This comparison allows the follow1ng prohlems to occur and should
be acknowledged. ConSLder a day where 3\1nches of snow are‘observed to
fall but with a maximum temperature sufficient to melt 3;inches of snow.
The following,possibilities exist. ‘The earl& patt‘of‘the dayecan‘be
warm with no‘snbw oh‘the gtound.‘ in the latter part of the day,
:temperatures can drop and snow fall. The observed change in snow depth.
is a‘netkincrease of 3 inches. ‘Alternetely, ifksnew fails at the first
of the day\ahd then temperatures rise, the snow can melt before an
observation is taken.;'Other‘Variations‘of theSe conditions would allow
some fiattion ef‘the enow to be ebserved. waever,~since it is normal
for clearing skies and colder.temperatures to follow precipitation, the
program normally computes melt before new snow is added. :

The density of the snowfall also poses a complication. Density is
‘not geneially observed and tends to change with time depending on the
tempetature. Snow depth is dependent on the density end can decrease
with ripening snow without loss of water equivaleﬁt. This is considered
by procederes described in the chapter on modeling.
| Figures 21-24 show plots of the observed snow‘depfh. It can be .
‘seen that in the 1958-59 data that snow depth onkthe‘two‘watersheds
differed by more than 1 inch on three occasions. Wheﬁever this much
dlfference occurred the snow depth on watershed 109 with the ‘meadow
cover was areater than on watershed 103 with the wxnter wneat cover.
‘;The time of observatlon must have contributed some varlatlon,
On January 2, 1958, ro snonall‘was‘repofted at the sration, but the
snow depth increased from no snow to 1 inch on both watereheds.A
A total of 0.63 1nch of nrec1p1tatlon was measured on the first 2 days
of January. ;
Floure 25 shows a compari ison of the observed snowfall at uohawk

Dam and at Zanesville FAA station with that computed on ua;ershed 109.
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Figure 21.,~—Plot of observed snow depth on Yatersheds 109 and 103
during December 1958 and January and February of 1959. Shaded areas
~indicate when Watershed 109 had deeper snow than Watershed 103.
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It can be seen that there is about as good‘agreement‘between the
 observed and computed valués as theré is between the two observations
themselveé.“The agreement betweéﬁ obséfved and computed:sndw depth
in 1958 compares very faverably with the agreement between the two
observed statlons in 1963. :

Frost Penetration Veriflcatlon

The observed and computed frast depths are shown in Figures 22-25.
* There were no frost observatlons made in 1963-64. The model indicates
‘that penetratlon was 11m1ted to less than 1 inch on both watersheds
during that season. In 1958—59 the frost appears to come ‘completely
out of the grogndkduring several perlods while the model shows thawing
occurring a significant distance down from the~suffa¢e but not reaching
the frost front. The general trehd is quite good. ' The model 1égs the
_observed penetration by‘a day or more. ‘Tﬁis ié partly expected when
point measurements are compared with an areal estimate. |

" Frost Type Verification

No observations were made of frost type; however, a hydrologic
event occurred in Jahuary of 1959 which tends to indicate the
infiltration conditions of the twd watérsheds. During the month of
January, 5.21 inches of precipitation were recorded. Watershed 103
had 2.17 inches of runoff; or 42 percent. During the same period,
watershéd 109 recorded 5.89 ihches with 1 inch of ruﬁoff, or 17 percent.
Much of this runoff occurred on January 20-21.

The short term record which is available for watershed 103 shows
-2.40 inches of rain on January 21 and 2.15 inches of runoff. There
- were 5 inches of snow on the ground‘wﬁen the rain started. If the
density of the sno& Was‘O.Z whén the rain began then the water available
for runoff from both rain and snow was 3.40. The percent runoff was
,63kperceht.; While there is no shoft term record available for this
storm on watershed 109, if we asSﬁme‘that the entire inch of runoff
for the month occurred on January 20 and that the precipitation was
kcenerally thé same for January 21'0n4watershed‘109 as on watershed
103 then the runoff percentage for the event would be as hlgh as 30
percent. Wuch hlgher than normal but less than one-half of the runoff
percentage on watershed~103. For comparlsou, in 1956 during the month

of February, with 5.34 inches of measured precipitationkbn watershed



103, 0.76 inch, or 14 percent, rén off. During the same period
watershed 109 had less than 1 percent runoff. These data suggest

that 1nfiltratlon in January 1959 was greatly reduced on both watersheds
k;but especlally on watershed 103. ‘ L ‘

The model lnalcates porous soil conditlons ex15ted durlng both
seésonS~on‘watershed 109 although frost penetrat:on ‘was approaching
that'depth‘wherelimpervious frost is nearly always expected to fdrﬁ.
Watershed 103 was porous during the‘months of November and Decembei
and the flrst third of January of 1959. Frost penetratlcn on this ‘
watershed exceeded a depth of 3. 50 1nches around January 12, 1959 ‘
andkwas classxfled impervious. Itkremalned in an impervious condition
through Febfuary.‘ In this~SEnsé the model shows excellent agreement
‘wlth observatlon. k T . .

Table 5 shows prec1p1tatlon, runoff and percent of prec1p1tation
which ran off for November, December, January, February, and March

of 1958-59 and 1963-64.

TABLE 5

PRECIPITATIOW RUNOFF AND PERCENT RUNOFF BY MONTH FDR NOVEMBERPMARCH
1958~59 AND 1963~64 ON WATERSHEDS 103 AND 109 AT COSCHOCTON, OHIO

SEASON NOV. DEC. JAN. : FEB. | ~MAR.
#103 #109 #103 #109 #103 #109 #103 #109 ##103 #109

_Precipi- 58—59 1.81 2.15 .51 .90 5.21 5.89 2.84 3.49 2,33 2.51
tation 63-64 1.63 1.61 1.44 1.57 2.75 2.57 1.94 1.93 7.31 8.17

(in.) : 5
2.17 1.00 .88 .30 T T

Runoff 53-59 0 0 0 0
(n.) 6364 0 0 0 0O 0O 0 0O 0 299 .18
Percent 58-59 0 0 0 0 4 17 3 9 0 0
6364 0 0 0 0 0 O 0 0 4 2

Matchk1964fsh0ws a high ;uncff similar to the:rﬁnoff of January
1959. The difference in the précipitation patterns of the two seasons‘
is shown in Figureé 26 and 27. The‘high runoff‘of March 1964 is easily
attrlbutable to high precipitation. These‘data‘indicate normal in
infiltration in all months but January and February of 1959 and that

watershed 103 was more affected by a reduction of infiltration than 109.
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Flgure 26.—-Accumulated rainfall for winter 1938 -59 and for winter
1963 64 at Coshocton, QOhio,
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Stalactito conditions were predicted only twice. They were on

-watershed 109 and occurred durlpg the perlod rhat 103 was ¢l lassified

Vlmpervious. ‘ ‘
‘ : ; Discu551on ; :

Thn estlmatlon of depth of penetratlon and type of frost results
from the con31derat10n of many dlfferent measurements and estlmates.
Each was consxdered;sufflclently important to be requlred in the model,
and it is conceivable that cases exist where any one of them‘might bé
“the govérning factor. 1In this study,‘however, it appears that the
effective thickness and conductivity‘Of‘the litter layér and the depth,
density, and the thermal conductivity of the snow were most important.
These include variables‘which are rarely measured and subject to
51gn1f1cant changes during the dally time step.

Sensitivity studles were made for the data of January 12, 1959 and
are shown in Figures 15, 28, 29, 30, and 31. For soil moistures between
the wilt point aﬁd field capacitY‘the porosity seems to be more important
than soil moisture or soil type. This agrees with the conclusions of
Jumikus (1973). This‘conclﬁsion is further illustrated by comparing
the depth of frost penetration on the tw0'watersheds‘during the‘season

1963-64. Although watershed 103 has the less well-drained soil,
reference to Tables 3 and 4 show that for the upper layer in which most
of the freeZiﬂg occurred, 103 had the greatet porosity. Assuming
similar‘thermal conductivity of the mineral in the two soils, 109 with
a lower porosity would have a higher thermal conductivity and was
simulated to freeze deeper than 103 (see Figure 32) in a season when
they both had similar types of shallow ground cover. |
Figure 29 shows frost penetratlon as a function of lltter for
soils with two different porosities and various SOll noistures.
Jhen even a thin layer of litter is on the surface, the decrease in
conduct1v1ty makes the increase in latent heat and specific heat of
soil moisture the governing factor for frost penetratlon. When the
| groﬁnd is bare; soii frost follbws the lower curve shown in k
Figure 30, but when the ground is insulated by litter or smow, the
shape of the curve changeskwith‘reduced frost depths found in moister

soils. Thus, it is expected that the effect of litter and vegetation



18—

17—
16—

15—

-
N
|

)
|

SOIL FROST. PENETRATION (|
b -~ :
l |

- 103 ~

soiL
MOISTURE 30%

MOISTURE 20%

3 T o T o
10 20 30 40 50
POROSITY %

Figure 28.--Variation of soll frost penetration as a function of
porosity and soil moisture using data from January 12, 1959,



...104_ i

~ LITTER DEPTH (CM)

0 B .2 .3 4 5 .6 .7 8 .9 1.0
0 | ‘¥ o] Loood | | | ;_‘
1 — S o G
o i
X —
F X
+ S e ; ;
~4 SYMBOL POROCSITY SOIL MOISTURE
% . | ; e
¥ e — 46 .216
oo : ;
Z o . 49 226
=5 : 25
z % + A6 2
5 G ] e X 46 35
o« x 49 .39
— o
a7
o
P
S 8
%
U‘..‘
s |
wn
b
010——
T
—
o
Lu .
a ll—
12—
13—
. ;
14—
&
15

Figure 29.--Variation in frost penetration as a function of litter
depth for soils with two different porosities and varying soil
moisture concentrations. The soil with a porosity of 49 percent
is similar to Watershed 103, while the soill with a porosity of
46 percent is like the upper layer of Watershed 109. Antecedent
temperature conditions are similar to those of January 12, 1959,
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Figure 30.--Soil frost penetration as a function of soil moisture for
. bare soil in a 0.4-cm cover of litter. The porosity of the soil
is 0.49. Other data are the same as for figure 29. :
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Figure 32.--Frost penetration on Watersheds 103 and 103 at Coshocton,
Chio, during the winter of 1963-64.
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will mask many~df the variatioﬁs caused~by differences’in wheat.
The lltter cover on the meadow areas was in the range of fcur to
flve times the w21ght per unit area of the winter Wheat areas. ‘
~Dur1ug;thls season 103 was both‘51mulated and‘observed tc;freezg
deeper than lOQ‘(sea Figure 33). The‘effect of the‘vegetétion‘and
‘;1itter~bn the surface had masked the effeCt~cf‘thef90rosity. ‘This
agreed with the findings of Post aﬁ&‘Dfeibelbis (1942). |

‘The interaction of snow, 11tter, and temporal changes in snow
~and litter has been prev10usly dlscussed.; These effects make suffic1ent
data difficult to obtaln for determlnlng callbration constants.
With the~current‘meteorologlcal data avallable, conceptual modeling
of‘how‘thé litter layer inSulation changes based bn agriculturél
practlces, land use surveys, and practical ‘experience comblned w1th
Snow surveys seems the best approach to making frost predlctlons.
~Caution and logic must be used in 1nterpreting results. An erroneous

oundary 1ayer aSSumptlon could cause the model to be incorrect

~for an exten31ve~per10d. Once ‘the ground has frozen 1mperv1ously
it seems‘unreasonable to assume that the ground w1ll again become.
porous until it has ccmpletely thawed and has had time to draln
away the excess water that has been trapped above it. In all but
‘the very sterlle 30115, the portion of the frozen soil most likely
to be impervious is the bottom. There is less organic material
there to cause aggregation and fewer plant roots to prOvidé openings
in ice lenses. The mbst active boundary for energy exchange is
at the surface. With thls in mind, 1t is clear that for 1mperviously
frozen ground to rapldly return to a porous condltlon, the ground
must thaw from the surface down to the bottom of the frozen 1ayer.
Thawing of the ground from below will occur and is shown in Figures
22-25. It océurs however‘fairly slole.; Shoﬁ1d the lower portion
of the frost layer which first~became‘impervious becomé‘thawed |
‘from‘beiow, it is assumed that, because‘the‘impefviqus;layer will
likely have caused moisture concentrations to build above the lense
and freeze imperviouély there, the frost is still imperviogs until

the entire profile has thawed and drained.
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Figure ‘33.-—-—Comparativé~ plot of frost penetration for the winter of
1958-59 at Coshocton, Ohio, on Watersheds 103 and 109.
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There is some leeway buxlt into the system by the "ariability
of nature. As a watershed beglns to approach conditlons when an
‘imperv1ous estimate would be given, patches of 1mperv1cus frost
would already have formed in wet spots or possible areas of *1ghter‘
501l. When the condltlon develops to where the model predlcts k
impervious ground then a 51gn1ficant portlon of the area should
be impefvious. There are llkely several areas which yet remaln
porous. It is’ the effectlve permeability which will cause changes
in the runoff. The conversion from porous to impervious is not
~1ikély‘to occur inka Single‘instant éither, but the model should
be oriented to glve warnlng when the reduction or 1ncrease of

infiltration changes s1gn1f1cantly.



CHAPTER SIX. CONCLUSIONS ;
‘ Several 1nvest1gators have found that 1nflltrat10n capacity changes
 whan the soil is cold or the graund frozen. Such changes do influence
runof £ events and have an impact on flood forecastlng. The obgectlves
of this study were to identify the magnltude and occurance of frozen
ground and warn of deviations from normal ralnfall—runoff relatlonshlps.

The effect has been examlned in two categorles. soil with tempera-
_tures near, but not at or below, the freezlng p01nt"and 30113 in whxch
frost occurs. There is good ev1dence of molsture transport to. the
surface in a cold but unfrozen 5011. The molsture is moved by
a potential gradlent arising from a temperature gradient. Howaver,
no quantltatlve results have been found with sufflclently general
application to be lncorporated 1nto quantltatlve models. The results
do indicate however, a direction for correctlons. ;

During this study it has been demonstrated that frost penetration
can be computed and the type of frost and its resulting effectkon
infiltratibn can be QualitatiVely estimated with the relatively limited
data from generally available sources. These data can be processed |
‘through simple formulations in relatlvely little time. Two years of data
for one watershed can be run on a large computer in less than 4 k
seconds. ;

This model can be used for semsitivity téstingkto determine
the importance of cover type, thermal conductivity of litter and
soil'«the density of snow, etc. It serves to point out the importance
of the sequence of natural events, such as snowfall, rain, and
- freezing temperatures, in their effect on frost penetration. it
helps to educate the user to the relatlonshlp between snowmelt and
~ ground thaw. It serves as an estlmator of evapotransplratlon and
soil moisture dlstrlbutlon. It~brlngs those with an interest in this
problem to the point wvhere varying 1and use and its effect on frost can
now be used to check out 1argerkbasins; There is now a system where
land cover measurements available from remote sensing can be‘used to
estlmate the effect on infiltration in multiple land use ba51ns,\

The model has 1nherent weaknesses because of the daily time
step whlch doesn't resolve the sequence of prec1p1tatlon, evapotrans~

plratlon, and freezing temperatures. Deoendence on a frost a frost 1ndex

= 111 -~
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does not take into account the effect of energy absorption when the
ground is heated by solai‘radiation which may not always be reflected
in an increase of the mean air temperature. The model is not closely
tied to gtound temperatures, which is an asset in the light of the
sparsity of datéibut a liability in that the results tend to be
‘smoothed by the averaging effect of the frost index and there the
model does not dup1icate thE‘tapid changes in the observed data.

Further‘work shouid;be considered in;testing\the‘mbdel under
more severe w1nters ‘and in other geographlcal areas. The foreéted
‘kreglons near Coshocton rarely have much frost or runoff. :

The 1mportance of snow and ground cover require that measurements
be gathered and evaluated rapldly for 1arge areas. 'The value of

‘remote sen31ng measurements should be assessed in this repect.
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APPENDIX B

AVATLABLE WATER FOR COSHOCTON, OHIO, 1962 AXD 1963

A=AVAILABLE WATER

. D=DEFICIT

1972 ;
DATE ?fig?) 0-6 6-12 12-24 24-36 36-42 TOTAL | PRECIP
JAN 11 A 1.49 .26 1.88 2.11 .89 7-33
D~ .29 .24 .42 .06 .20 .63
JAN 23 A 2.16 1.00 1.74 2.19 .89 7.98 | 1.09
D -.96 .20 .56 - .02 .20 - .02
FEB 13 A 2.16 .98 1.70 2.17 .90 7.91] 2.07
. D -.96 .22 .60 .00 .19 .05 ~
MAR 12 A 1,56 1.1& 2Z.15 2.21 .96 8.02 | 3.67
. D -.3 .06 .15 - .04 .13 - .06
MAR 20 A 1,56 1.08 2.01 2.31 .99 7.95 7 3
D - .36 .12 .29 - .14 .10 .01
APR 5- | A 1.35 1.05..2.05 2.33 . ..,98 7.76 1 1.68
Gl D -.15 .15 .25 - .16 .11 20|
APR 17 A 1.35 1.05 2.10 2.26 .97 7.73 ] .94
olepl e 015 RS .20 = .09 .12 23|
APR 25 A ‘1.14 .89 1.91 2.17 .95 7.06 | .22
L . D 06 0 .31 .39 .00 .14 90 |
~ APR 30 A 1.05 .80 1.78 2.17 .95 6.757 .15
¥ ~ D .15 .40 .52 .00 14 0 1.21
MAY 9 A .94 .68  1.63  2.11 .94 6.30 | .53
hiitep .26 .52 .67 .06 .15 1.66
MAY 16 A .14 .46 1.49 2.10 1.08 5.27| .05
D 1.06 .74 .81 .07 .01 2.69 ;
MAY 24 A .81 .39 1.12 1.94 .83 5.09] 1.25
D .39 .81 1.18 .23 .26 2.87
MAY 31 | A .74 .38 1.05 1.83 .75 4.751 .87
D 46 .82 1.25 .34 .34 3.21 |
JuN 8 A .48 .36 1.10 1.80 .73 5.47 .58
e P .72 .84 1.20 .37 .36 3.49
JUN 18 A G130 00220096 1T .66 3.68 | .57
e D 1.07 .98 1.34 .46 .43 4.28
JUN 26 A .64 .20 .75 1.63 .65 3.88] .65
~ D .56 1.00 1.54 .54 44 4.08 ;
JUL 2 A .05 - .01 .55 1.48 .60 2.67| .28
D 1.15 1.21  1.75 .69 .49 5.29 ‘
JUL 9 A A2 64 59 1.40 .55 2.70| 1.23
D 1.08 1.16 1.71 77 .54 5.26
JUL 17 A .10 - .01 .51 1.29 .48 2.37] .12
D 1.10 1.21 1.7 .88 .61 5.59
JUL 23 A .04 - .07 40 1.18 .43 1.98 .27
i D 1.16 1.27  1.90 .99 .66 5.98 ;
JUL 31 A 03 - .02 .47 1.22 .45 2.15] 94
D -1.17 1.22 1.83 .95 .64 5.81
AUG 6 A .01 - .07 .37 1.17 .48 1.96| 0.00
D 1.19 1.27 1.93 1.00 .61 .~ 6.00
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7079 A=AVATLABLE WATER  D=DEFICIT

DATE iiizﬁj  0-6 6-12 12-24 24-36 36-42  TOTAL [PRECT?
AUG 14 | A .16 .05 .43 1.18 .44 ~2.26 | .33
Lo p . 1.04 1.15 1.87 ' .99 .65 5.70
AUG 23 | A .31 - .01 .37 1.10 .46 2.23 .51
. | D .89 1.21 1.93 1.07 .63 8.2 bl
AUG 28 | A .06 - .06 .32 1.11 G0 1B [ T
oD 1.14 1.26 1.98 1.06 .69 6.13 | :
SEP 4 | A “1.13 .28 42 1.02 .37 ‘ 3.2Z | 2.05
o D .07 .92 1.88 1.15 = .72. 4.74 S
SEP 12 | A 1.01 .41 .58 1.03 = .37 ~ 3.40 | 1.00
| D 19 .79 1.72 1.14 20 456 |
SEP 20 | A 1.14 .62 .82 1.06 .38 T 4.02 | 1.41
D .06 .58 1.48 1.11 .71 3094 :
OCT 1 | A 1.22 .66 .96 1.16 .41 .51 | .88
ooy - .02 .54 1.34 1.01 .68 - 3,55
OCT 15 | A 1.26 .78 1.15 1.17 .43 .79 | 1.31
‘ D - .06 .42 1.15 1.00 .66 3.17
OCT 24 A 1.09 .65 1.08 1.18; .41 4.41 ] .51
D 105501022 .99 .68 Gar 388 b
NOV 5 | A 1.03 .66 1.09 1.26 .43 4.47 [ .69
; | D .17 .54 1,21 .91 .66 ~3.49 ‘
Nov 23 | A 1.49 1.02 1.92 1.94° .76 T7.13° ] 2.72
; D - .29 .18 .38 .23 .33 .83 |
DEC 3 | A 1.29 .90 1.81 2.04 .77 6.81 | 0.00
L D - .09 .30 .49 .13 .32, 1.15 |
DEC 19 | A 1.19 .96 1.88 1.93 .77 6.73 | 1.30
D 01 .24 .42 .24 .32 - 1.23
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D=DEFICIT

1973 ASAVAILABLE WATER ;
| pare ?§i§$> 0-6 6-12 12-24 24-36 36-42 TOTAL |PRECIP
MAR 27 | A 1.53 1.06 1.87 2.0&4 .83 7.31
S D - .33 .16 .43 .13 .26 .65 ;
APR 17 | A 1.1 .84 1.66 2.08 .88 - 6.87 | .65
‘ D - .21 .36 .64 .09 .21 1.09 |
APR 24| A 1.49 .92 1.67 1.95 .83  6.86 | 1.92
L : D - .29 .,28 .63 .22 . .26 1.00 :
 MAY 2 A 1.42 .85 1.57 1.94 .83 6.61 | .46
L Do o=220 035 0 g 93 9g 1.35.4 -
MAY 9| A .62 .56 1.40 1.97 .79 ~5.34 | 0.00
; . D .58 .64 .90 .20 .30 2.62 -
MAY 15| A .40 L40  1.18  1.87 .74 4.59 | .20
: D .80 .80 1.12 .30 .35 - -3.37 ;
MAY 21 A 46 035 " 1.05 1.81 .73 4,40 .55
Lo ~ D .76 .85 1.25 .36 .36 3.56 e
MAY 29 | A 1.04 .45 1.00 1.78 71 4.98 | 1.42
) .16 .75  1.30 .39 .38 2.98 |
JUN 6 A 0 1.40 .73 1.17 1.64 .66 5.60 | 1.99
D - .20 .47 1.13 .53 .43 2.36
JUN 12 A 1.37 .83 1.35 1.73 .66 5.94 | 1.16
o "D - .17 .37 .95 44 .43 2,02
JUN 19 A .72 .55 1.19 1.72 .65 4.831 0.00
D .48 .65  1.11 45 44 3.13
JUN 27 A .01 .20 .89 1.64 .64 3.38| T
D ©1.19 1.00 1.41 .53 .45 4.58 :
JuL 2} A - .07 .11 .88 1.59 .67 '3.18 | 0.00
D 1.27 1.09  1.42 .58 42 4.78
JUL 9 A - .03 .02 .50 1.38 .56 2.43 ] 0.00
R D 1.23 1.18 1.80 = .79 .53 5.53 |
JUL 16 A .25 .10 .65 1.36 .62 2.98 .53
, D .95 1.10 1.65 .81 .47 4.98
JUL 23 A .50 .13 .56 1.34 .56 3.09 | 1.02
D .70 1.07  1.74 .83 .33 4.87
JUL 30 | A W70 W21 .65 1.27 .56 3.39 | 1.09
D .50 .99  1.65 .90 .53 4.57
AUG 6 A .80 .33 W76 1,27 .54 . 3.70 | 1.57
D 400 .87 1,54 .90 55 4.26 '
AUG 20 A .79 .10 .72 1.29 .50 3.40 .97
i D .41 1.10  1.58 .88 .59 4.56
AUG 27 | A 29 .23 .72 1.26 .49 2.99 .86
: D 91 .97 1.s8 .91 .60 4.97 ;
SEP 3| A .00 .09 .64 1.29 @ .52 2.54 T
: D 1.20 1.11  1.66 .88 .57 5.42
SEP 10 | A - .03 .06 .57 1.25 48 2.33 T
: D 2 1.23 1.14  1.73 .92 - .61 5.63 ‘
SEP 17 A - .12 .00 .52 1.21 .49 2.10 | .14
D 1.32 1.20 1.78 .96 .60 5.86
SEP 25 A - .12 - .Q4 430 1.12 45 1.84 | T
) 1.32_1.24  1.87 1.05 .64 6.12
OCT 3] A - .12 - .05 .38 1.05 43 1.69 .03
‘ D 1.321.25  1.92  1.12 .66 6.27
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1973 A=AVAI 2 D=DEFICIT ___
. DATE ?fizf) 0-6 6-12 12-24 24-36 36-42 TOTAL |PRECIP
0CT 10| A - .12 - .06 .33 1.03 .43 1.6l | T
D 1.32 1.26  1.97 1.14 66 6.35
OCT 17 A - .12 - .06 .34 .97 .39 - 1.52 | 0.00
~ D 1.32 1.26 1.96 1.200 0 .70 - .45 1
OCT 24 A - .12 - .08 .26 .92 .39 - 1.37 | 0.00
o D 1,32 1.28 2.06 1.25 .10 6.59 |
Nov 19| A& .38 .05 .37 - .98 .36 2.14 | 1.03
i o .82 1.15 1.93 1.19 .73 5.82
"DEC 4 A 272 .19 . 44 1,00 .39 2.74 .96
; D .48 1.01 1.8 1.17 .70 5.22 =
DEC 13| A .89 .35 .57 1.00 .37 - 3.18 | .65
D .31 .85 1.73 1.17 .72 4.78 \
DEC 27 | A .83 .42 .70 1.02 .38 3.35 | .29
D 4.61

.37 .78 1.60 1.15 .71
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APPENDIX C

PROGRAM LISTING AND ‘LOSSARY OF TERMS

‘-—14.3

ik [RMENTS FOR FROST AND SOIL MOISTURE PRDGRAM«** L3 00000300
s::::n:*::czw;*x:vsz## RARBERRRIRERER c0U00% 00
FIRST IRES s 00000200
WATE ROR DESIaNATIDN»SO TYPE(NAME),LATITUDE IN 00000600
DRG~F NEAREST -THO U§ANDTH.SLDPE OF WATERSHED IN DEGREES T000000700
THE 2 £ LE NDEGREES, THF ASPECT ORIENTATIUN TO THE NEAREST  00CGQOROD
DEGRED - THE ER OF SUIL LAYERS.THEZ NUMBER OF SOIL LAYERS SUBJECTUGLGOYLO
DIKECT EVAPRO: TONSCOVER COBEs A NUMBER TO INDICATE THE PRINCIPLE 000L0e290
TYRE OF LAND HSE==SEE GLOSSARY FUR FURTHER EXPLANATIUN OF CUVER QooC1o00
CPNE===.YFARLDEVTH AT WHICH EVAPOTRANSPURATION LOSS BECOMZS 000N1L2D
INSENSTTIVE 10 DERTHJ THE FORMAT OF THE FIRST CARD IS QUN0L200
(25&.5Au.95.34F3.O’ZX.FB-C;ZXo¢139F5.O)( AN EXAMPLE IS 000C13C0
Q WFLLSTON SILT LOAM 40364 11 135 5 L4 63 30 3399339%
N B B £ oo ’*{Ji
SECNND CARNS =%xE0R EACH LAYER READ A CARD==®=L ISTING 00001203
WILTING POINTLFIELD CAPACITY.LAYER THICKNESS»POROSTYCRITICA CR00IAGY
BATNT AT w=ICH WATER LOSS IS REOUCED FROM THE MAXIMUM RATE TO A 00UIIT00
LFSS55R -KATE. PROPURTIONAL - TU THE SUIL MOTSTURE REMAINING.AND THE [SYelelop Retnie)
PERCENT SRIGANIC CONTENT. HE FNRNMAT S {2810.29F10.0+3F10.2) 03?3%20%
: U200
NEXT CARD =#% FOLLOWING LAYER. DATA i QoOLZ10Y)
ToE A INIMUM OF THE  MEAN MONTHLY WATER VAPOR PRESSURES, INCREMENT 0OU022¢
AETWESN MAX AMD MIN MEAN WATER VAPUR PRESSURES,LATEST IXAY OF 000230t
GATHWING SEASUON WHEMN DRUUGHT "AFFECTED GRASSES STILL WILL REVIVES, e L
Tot LENGTA OF. THE SPRING PERIOD REQUIRED BY VEGETATIUN T G0 FROM ™ 0UGH2200
A DNRIBANT CONDITION TO GRCWING Sz ASON TRANSPIRATION,AND THE LENGTHOOGC2603
0= THE SER100 IN THE FALL TO GO FROM TRANSPIRATION TU HURHANCY. CO“JZ?JO
THE FORMAT 15 {2F10.2,14+2F3.0) L . . . ONOC2RT
‘ : ) 00002900
ks 0053200
A MONTHLY MEAN TcNPERATUR £5 (ONE VALUE FOUR FACH MONTH) GCO031S0
2F3.2) CGOR3 200
: 60003306
ARD ®x% g 0003% 0D
=0 (AY OF THE YEAR WHEN SPRING BEGINS, EXPECTED DAY OF ONSETDO 0L3200
DOIMANT CONDITIONS IN FORMAT(213) QG003609
COo03 730
T CarD =%xx3 CO0C3 ’GD
CHe EMNT SOIL ‘OISTURF IN EACH LAYER IN PERCENT OF |OTAL VOLUMEOLQboyuB
FORMAT - IS(BF10.2) :
MEXT CARD %%%=x
TUE MAXIMUM FFFECTIVE DEPTH OF LITTER (OR HEIGHT COF GRASSY
TiOM).THE EFFECTIVE THICKNESS QOF THE LITTER LAYER WHEN COMP
By "SndW, THE EFFECTIVEZ THICKNESS OF THE UITTER LAYER AFTER
REEN SUHJECTED TO FREEZING TEMPERATURES, THE RELATIVE ROUGH
FACTNR FOR GAIN DR LOSS NF SNUW DUE TO DRIFTING, AND THE MI
INFILTUOATION CAPACITY FOR THE GIVE SOTLS 02 WATERSHED UNDER
FROZEN CONDITIONS. FORMAT(2F5.3+F10.5+F53]) Ui
NEXT CERDe=xxTIMPERATURS MIXING EACTOR TO ADJUST TO STATION T CLUOH
ESATURE TN THE EFFECTIVE TEMPFRATURE - ON THE WATERSHED <AVERAGE CCnnNs ey
HEAT CAPACITY OF SOILSSUMMER ALBEDOLWINTER ALBFN, SNOW ALREDD . COCO*9d0
AVERAGE CONDUCTIVITYRTHRESHULD FOR CRGANIC MATERIAL BELOW WHICH GOLus3930
PUDDLING UF THE SCIL IS LIKELY TN BECUR,, THRESHOLD FUOR -URGANIC 30002 189
MATEIYAL ABOVE WHEICH PUODLING IS UNLIKELY. TU OCCUR. AND: THE MINI= Q0CC2200
WUMVALITE DE SOTL MOISTHRE AT wWHICH GRASSES CONTIMUE TO TEANMSPIRE=GOOUD A0UQ
THE FORMAT 1S (FOebam128,3F& 2,0 AH2F840F6.2) : oLuuarud
PRI RIS RoRe)
DALY DAT A& =sm:x*Ex QG002 00
MONTH, DAY YEAR G MAXI MM DAILY AIR TEHM ﬂtRhTiRE,VINIMUM DAILY AR QQuG2 700
TEMUERATURES PRECTPITATIONGSOBSERVED EVARURATION, MEAN DALLY . 0C00Y 8OV
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DEW POINTs WIND. SOUAR RADIATION, HAYCUTT%NG OR HARVEST IN OI -=0000590
THE VALUE IS 1 ON A DAY OF HARVEST AND O THE REST OF THE TIM CO00A00
AND THE OBSERVED SNOW FALL IN INCHES OF SNNW. THE. FORMAT: IS 0000410
(313+2F3.0+F%23+24XeF34296%X23F4.0011sF4.1) : ggggg%g
DIMEMSION CCODES(4), CCONE6I4)s CCODETI4), CCODEOLS) 0000640
DIMENSTON WSNN(2)s SOILTP(S) - 0000620
DIMENSION CCODE(4), CCHIDEL(4), CCODE2{4)y CCODE3(4),y CCODES4L4) 0000660
DIMENSION LABEL(8)»FC(B),CRTPCT(8),5COND(9) 0000670
DIMENSION DLTAHI8)+PROSTY(8),ORGCNT(B)»WPIB),FRACI(A) 00006800
REAL LGTMMANAL2 ) LAT S LATRADMNVPRS,LITTER QUOVEYOY
CREAL LI TMAXSLITSNOWLITFRZSLITLOS : CuO0T000
REAL MNASDyMNSCAT s MNSTGoNFLTRNAMMTPCY 3 MAXPEN s MXPNSL 06007109
REAL LYRSMPUIB) JMFTNYD,LWRLOS+LYSMOL8 ) e LITHAS 0067200
INTEGER DAOFFZ4PNCUNEZTPUFFTWFREEZEySURFAC » SUMGRS . OUAD 000071300
INTEGER CCoDA YRy FROST»FIRSTWDAGFYRDASINC »HC « SPRINGFALL C0007400
INTEGER FRZFSTWDAORTH : : : 00907299
sexxwE ez XFONCT 10N STArMENT5*#a#*k##*$*####m#*#¢***** 000D 7600
AMGRADIDEG) =NEG* 401 74533 0Hou7 700
**wﬁ,$’¢*»**4**~#¢¥=z:4$Im1]1AL125+*****ﬂ*#***&«***#*$ ***#**#****00007300
DATA SCUND/4HPORO,4HUS = y4H +4HIMPE4HRV IO 4HUS 2 4 H NV A 1670)
14H vaH / ‘ Qou zouvo
DATA Pl/3.1416/ i : . i 00003109
DATA LAREL/3HNURe3HTH »3HEASe3HT o 3HSOU3HTH 33HWES,3HT /7 CoLou2c0
DATA CCODE/4HBARE +4H GROW4HND = +4H / : 00008390
DATA CCODEL/4HSTUBYOHBLE +4HFROM4H CRP/ Q0008400
DATA CCMDEZ/4HHARD s 4HWUDOD ¢ 4HS W/ 3 4HO LY/ Q0008209
DATA CCUDE3/4HHARD y4HWODD4HS W s GHLEVS/ 00008500
DATA CCNDE4L/4HPASTLHURE w4H +4H / goco87IC
DATA CCGDCSIAHOPEN'4HCRGP'4HS(CO,#HRN) / 08008800
DATA CLODEO/HHCLUS4HED C+4HROPS y4H / CU0GAR9VO
DATA CCODLE 7/4hEVER.4Hb&EE'4HN s 4H / 00009000
DISPLAY OFF outGY160
AVHTICY=.181 Q0L 0Y200
AVHTCY IS THE ‘AVERAGE HEAT CAPACITY IN CAL/GM DEG C 00004u% Y
DENSIT=2 .65 : 0CO0%4 00
AVHTCY=UENSIT*®AVHTICY 00009209
CONVERT TO VOLUMETRIC HEAT CARACITY 00009600
ADDPTIH=3.0 0RUNY 760
APRTIFC=0.0 GOU09R00
COSNEA=16E-3 000099
DANEFZ=0 coolnpIn
DASINC=9 CO0L010Y
DENS=0.2 00010200
FIRST=0 00010300
RUMOFF=0.0 QGG 10400
FALDAY=0.0 0001LUY VO
FREFZE=0 O00Iv600
ML TWTIR=0 00010700,
- FROST=0 00010K0C
CIRTN=0 00U 10Q9n0
FRZFST=0 0011000
IPRINT=0 00011100
ITHW=0 00C11200
LITLNS=0.0 0ROLEL309
LITOEX=0 00011400
LI TMOS=0.0 QU011>00
PEN=0.0 GOOY1A00
MAXPEN=0 .0 00011700
MXPNSL=0.0 00011500
SNOMLT=0.0 000119480
TTRNST=0 00012000
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175
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560 1050
81 SPRDAY=DANFYR=SPRING
FALDAY= EALPRD
GO IO 52
82 EALDAYZDANFYR=FALL
§§R?3Y SPRPRD
Aﬂd?Sg LEAN DEWPOINT TO BE EQUAL TO OR LESS THAN MEAN AIR TEMP,
FPO 0
APRTEC=(ADPT-AIRMIN) /(AIRMAX-AIRMIN)
DYMNTE=zANR T
e AR R T |
Te ET rw‘;34QMATr WHETHER COLD NFATHER PRECENES OR FDLLGNS SNOW
pMy & N e :

(\T,_(’V‘) A
[PCPLGT 01400, ADPT LT LOYMNTF=5.0)FRZFST=1
( 1. 50
iR

AN
13GO -

oy
i Y

a0
:
[
iF 9
TF IRMAX 46T 4330160 TO 51
[F -5

WHTTE Uk AQS)

E {54500
3 FSE.&T.O)GO TO 180

R
®*CORRECT FOR DAY LENGTH,
R

0.0

N s
-~

m,

D

.

P

L

uy

F..

95
AN GSRCARY SARGH UNCOAY )

ZSRAD=SRCOR ‘

ACOK 26T 016D TO 94

ATFYR (LT 28040 .DAOFYR.GT +264)G0 TO 98

AOFYR GTB0LAND S OAOFYR LT 26460 TO 98

Y i”\AY

JAY /A UINCOAY ) * SR
FROST .EDL1) GO
DAY, >?.D O«A

g

Dearaae OV Y- E
jw«*ﬁﬂﬁqambwrﬁqﬂ«ﬁ

ll"nL?J*nD-n‘nx:r‘b%:)TlxD

;)
£
Ney

94
9K
39

fofion I

Wy

A
N

anD

D
TU 105
D«DAOFYR 4 LT SPRING*SPRPRD)GD T0 100

[n ¥,

d

S} L e VDY -

0

e

NOS)I=SPRDAY/SPRPRD

Fe e 1 ) B et g Y
Lobomy i~
e (L. S

1"

p

1

P k)

v

W

v L
‘ﬁ
Rt

€

z{-l\c-() .
104 FvﬂST ;
LLTT?R~{ITVBX
PINEXEN
1) 10120

105 IR (SM o6T,040) 6O TD 115 -
z; (:AiPAY.bI <00 ANTUFALDAY JLT JFALPRD) G 79110
1 S+ (ALSOOW-ALBDOS ) *(FALOAY/FALPRD

“ALNCR(DADFYRvCURLATqMNVPRSoDLTAVP.PLNCOIoSIGSQRvR DAY.SRAD‘

00024820
00024990
Q0625000
00022100

00022200

000222>8
o022 221
JUO72300
SUGZ22600
GO0 /06830
GUU226T70
00U22 700

D002HR01Y
00026500
00027000
00027100
00027200
G0027300
00027400~
0CG27500
0U27600
00027700
000271800
COG27900
CH) =000
COQZR1IN00
20025290

QU300

QCULB» 00
J0GeRr?> O
000208600
COOZBTI00
UN0RER00
GG Z RGO
GOY29000
CO02Yy100
G0V29200
450029400
ISROISTIATEIE N £0 REN
DLW 0D
BO02IS0]
GO 00
SO029R800
HEGTSP AR 1)
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IR ISRGFD.0.0) GO TO 140
C CERERXCOMPUTE EVAPDRATION
IFLSNOW.GT.0.0)G0 TO 1200
CALL EVPNR (DYMNTF,ADPT W
LSNOWY :
GO TN 121
1200 FPOT=0.0
121 EVPPOT=EPOT . :
FE [FAHCLFO L] ANDWFROSTJEQ
JEACRFALDAY GEOL1MG0 IO 130
IR LERATLLT«040) GO T 145
TFLERNS TLFD WL «AND CEALDAY WL T
PR CGT ST AND WSURFAL WEQ WL
FELP A0S T P00 dAND S DARFYRLLT
TRLSNOW L GT V000G T 145
CALL BVPADJLEPOT y SURFAL MNS
ILPATSTGarL ) 2
GNOT0 165 :
124 JTRNST=1
125 CALL HAYCHT (EPNTHDASING +HC
ITRNST.PGTQTG-SFCPOT.rkOST.L
: ITELITRNST oGT W CoAND W EPOT 43T W
‘1NnLAv.NnLAY.LYRSMP.PHTSTG.S
G TN 145
130 IRTN=1 E
GO 10 10
135 WRITE (6,475) ESFCLY
GO T 124
140 CALL ESTVA
GiyoTn 121
145 [RTN=0
146 TFLSNOWILIAD 1604155
150 MNSTGL=0,0
EVPDIF=0J0=-EVAP
G0 T0 165
FREERANJUST PRECIPITATION
155 CALL SNOWKIDYMNTC,PCP,SFCST
ISARG,, SNOLTISvATRMAXSATRMIN, S
LA0 TRIMNSTG P 0e0AND JPCP L FED o
TFCSNOMET V6T w001 )60 TD 143
165 TR EVAR GT w3400 6D 7O 260
WP E=N 0
166 [ELRCRLLT.0.001)YGO TT 170
1A39 JFA{RRZFSTLOTLOIGD T 130
1660 CALL = ECHURIVCPINYMNTC s SNOW
LSNOFAL W OSADPT s SNOLOS e PCP W, A
[EASNODLT G702 o0 e AN «FROST .
ST 10
700 Ll TLNS= [ TTRE=LTTSND
LITTER=UTTSNG
LTITDEX=1 -
ST LT : :
70 1FERa725 708700060 TN 1801
St PELLYNNTC LT o 10) G600 1 172
TAQ el Fa e ety 1 72317, 170
T2 iR RN DE =2 1 73, 1 724172
P73 (=l Toe=T e 2 G0 T 172
JUMOE R = BO PR SNOMLT
TEUSMNDWLGT L)) 0 T 174
ARTTFLAWaT)Y POCP :
GO TY TG !
176 1R iLITTERUGT L0060 T 176

ALPQﬁfGO TO 124
n 135

PRING+SPRPRDIGDH : ¢
GoSFCSTH2CRTPNT o SFCHLT»SFCPAT+SFCCRT »

wvaT

PL{PLNCOL, PLNCUZqDAYvR.DYMNTCnyA!

WeDPVPRSWIND+CC ADPTv

~..,U

0T 4 FROSTADDPTH, RRFy SNODPT,
TOEXSLTW1960 T 1700

00053&00
00U3 2100
¢6032200

00023700
00033800
GEO334900
0003%3+C00
30034100

00034200
UOu34300
00034400
0034500
COO3 A0
L34 700
0348010
0CU3I4 900
0003»> 000
00035100
QD039 200
000%23.00
00032400
QuGLD 00
JUs2 500
BYLIDTL0
00032100
UOU3D900
D003 /000
QUO3a 1060



176

172

179
180

=
fo o3
o
~N
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wRITE(b.SbZ)PCP 00036200
ML TW 00036300
G0 TO 179 00036400
LITMOS=L I TMNS+PCP 00036500
WRITE{6+563)PCP 00036600
IFIFRZFST .GT0)6GO. TN 1801 J0036700
G TN 130 00036800
TELITRNSTLGT o1 AND .EPOTLGTLPCPIGO TO 180 003690
CAaLL SMPANULAY ¢y MNSTGeLYRSMP, LYSMO,EP T+PCPW,SFCSTGyDAL.POTSTG, 0003700
lAnESMC.DCEN.DTOT,AIRMAX.FIRST;SURFAC,NDLAY.DPTAv,DLTAH.SFCDOT, 003710
IMLTWT2 o SNOML T« RHUNOEF . ERAC J) 0eo372e
IF(MMSTG.LT.GRASMN;AND.QAUFYR.GJ.SUMGRS)GO TO 250 Qo003 730
GO TR 130 ; 0003740
FVPDIFR=0,0 PICITE e R
AMTROY =L LARMYY +AR“JYD)/?.O)—BZ.O)*.SSSS 0003760
FREZTE=AMNTPCYROYMNT ) /2.0 ; yo03 770
TR CRRFZTY L GT 000 AND L FREEZE (LT LIGD TA 380 00037100
CALL F«FZR(FRFEZE'DVMNTChMNSTG,PHTSTG,SFCSTGvSNOw.NOLAV.AVHTCY, 00U3 790
lPﬁN.THh.HPHFST.HRGMN!oQLTAH-SFC?QTv340CNT PNCODEWTPORFT, PROSTY, 03035900
ZNULAY.MNTJCY.ANMENC-RHMUFFqHAOFFZ,LIYTER.&QGM NZ2+MLT HTR»LYbMﬂo 00031100
BDCEN»AIKM]N'AVSCDYQDAUFYR'LITMQS-NFTNY)qVAXPva~XPNSL ADNPTH, BON3IR200
;aSNnLns.1HWMax.wp,NOINFL.SMUUPT.RSU..PtNrNM,MNINFL'DAU#TW.TuhSUW. COG3RICO
SESTSUM LT TLOSEIRENS) COU3 R4 00
IF(Mxpwﬁt.GT.I.O.ANU.FROST.rT.O,AND LITDEX LT.2160 70 1705 GOO3 8200
[FLRERZFST (GTW016G0 T 1640 00039600
1PRINT=L . 00038700
IPRINT IS AN INDEX TO HAVE PROGRAM PRINT DAILY DATA BEFORE MESSAGEOOUBHHOO
ON FRNST 038000
IF(FQZFST;GT.O}NRITEié.IAOE)MXPMSLoSVHDPT LITTER 0 000
FORMAT (204 SOIL PENETRAT N 6429 13H SMUWDEPTH s Fha2y 10H LITTDUU%QlUO
LER TR 00039200
FRZEST=0 COO39300
GO T 38 00039400
LITLHS=LZTTER~LITFRZ Co039>00
LITTER=IITFRZ 20039600
LITINEX=2 Go039700
G TR 1HQ03 00039800
LFE UPNCODE=2) 190,185, 240 00039900
WRETE (b450Y5) 00040000
GO TO 3RD S
[ LTPORFET JEGL0) GN TO 380 0040200
1= (TDHFFT;Q) 195,20%+210 0NC4 0300
WRTTE. (5,510 00040400
WRITELA4S IS I ABFFZ W MXPNSL Q0040200
FEIREE7 Rz 3020600
500 T 3R0 0040700
WARITE [Aayn20) : 006540800
G0 Ta 200 ; 0% 0900
IFLTPOFFET=4) 216,220,225 COL%:1000 -
WRITE {h45258) : CO04% 1100
CWRITE A L5300 00041200
K0T 200 09041360
WRILTE L5 ,535) . Q0UH 1900
ARITE(&.SAO)MXPNSL COCx 1200
GOOT0 A0 0% 1600
LR ATPORETLGTW5) GO TO 230 00041700
WRIT“(H.SAS)THk MXPNSL 0088 1HRD0
GNUTO 3R UUC4 1400
LB TEOeRT 5T .6) G0 T 235 000 2000
NRLTF (u.—ac) QU4 100
EREE7EZN OGE 221000
PNCONDE=Q Q0Ce 2300
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355
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390

395
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TPOFFET=0

N.10.-380
{F(TPUFFT.GT.T)GG T01.236
WRITF 16,555)
GO TN 200

IF(TPOFFT .GT.8)GD TO 237
WRITELA,556)

GOOTN 200 : ;
LFE (PNCNDE-8) 245,2504250
WRITELALHET)
WRITE(AeS58) THWMAX s MXPNSL
GN-TH 380

WRITE (Ae560)

GOUT 3un
IF{PNCHHF‘LT.PO)GU 10 255
WRITE (64505 PN

GITN R R0

NRITE{me570)BNCADE

Y uf 4»4()
CALL. EVAPRIEVPPOT,EVAL.EVPDIF)

GO T0D 1h4

IR LCCeGE 4 AND CC W LT.b) GO . TO 355

GO T 1420

IPRCC=CC

CC=n

SURFAC=1

WRITE (H45R05)

WRITF(6.475) ESFCLY
IFCSFCSTG.LTW00)SFCSTG=040

GO TN 180 :

IFCIPRINT.LGTL0)GO:TO 386

ARMXYD=ATRMAX

ARMNYD=ATRMIN

NEINYD=RUNORF

J1=NOLAY

IF(NHLAY.BT.S)JL=5

J2=1

TEUFREEZE LT, 1)42=

I§(M7 ;»L CEQ el «AND W 9MCGDE EQ. l)dz

J3=42+

IF AFALDAY . GT oFALPRD JAND oSPRDAY .GT.SPRPRD) ITRNST=0
wRITF(A.SQSDAO.hﬁ A!RMAX.AIRMIN»PCP'EVDPOT EVAPLEVRDIF,MNSTG,
(LYSMOL I} o d= eI ) v WIND e SNOWa ADPT y SEAD v L SCAND (I v J=d2 4 d3)
TROIPRINTLGTCOIGD TO 181

FIRST=1

SNOAMLT=0,0

ARRTFES 20,0

PCPW=0.0

IPINT=)

RUNOFRF=0,0

[CADYMMTO LT W =3.0160 T390

GENEYAL FREEZE CONGITION WHICK S&VﬁRELY DAMAGES VFGETATILN.
[FUSPROAY (FEU Gl e 0uANDWCLeE0a2) 60 TD 405

Gil Ty wk

[E ACCEN SR GGGER R ) 6N TN 400

R CLWEQD <3 VAND W FALQAY Eidal e} GO TH 395

GHTA &5 ~

PRROC=CC

ST

[HROC =00

Cl=2

Gl T

-
e
=

WG 0GR R NININ
e
CLRCOOOD
go:ﬂ:oocﬂDoO

=
o
2
3
w
w

00U43600
Q0043700
00045720
GO043R00
G043 9N0
DG4 2un ()
CQO= 39 ]

00C44000
00044100

00044200
09044300
00044400
00044200
00044600

00042300

00045400
00045500
00042600
00042790
Q0C42 800
00042900
00U% 6000
0046100
COC%6200
00046300
D0Ua 6400
0G4 »> )0
COCH&600
0004 /70N
DDA 6800 -
06046900
Q0047000
QOO 7100

00047200

Q00% 7300
0004 7400
QU4 72060
COU4 7500
0047700
O f Y
Q00 Taei)
Lots =000
Juber100
LLO 200
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405 AY .LT.SPRPRD) GO TO 45

IE (SPRD 00048300
CC=]1PRCC 00048400
SURFAC=0" . 00048500

WRITE (6,580) ACTLAY 00048600

GN TN 65 Q0048700

608 STNP 00048800

c : y 00048900
420 FNRMAT (2F104241442F3,0) i 00049000
410 FORMATIDAG 504 sFH,34F3,0e3X9F3. 092Xe4134F5.0) 00049104
411 FORMAT(2F10.2.F1040«3F1042) i 00049200
475 EOLMAT (a&iana)) : : “ : ) : 00049400
L3O FORMAT L3 A SOIL MOISTURE CN WATERSHED ,244,20H HAVING A00(4uq00
LOSOTL . TY PR (5484 : PO 9D

435 FORMATL (4 AKD THIS AREA . OF THE WATERSHED ‘HAS A SLOPE vF.FY.Z.ZX.UUOqu&UU
1V7H NDEGREES, FACING v+ 2A3530H WITH AN ACTIVE RNOT LAYFR 0F ’ cULe 9700

2FB 2 e INCHES ¢ ) : 00044 R00

440 SORMAT (42H FIELD CAPACITY FOR.THIS LAYER OF SOIL IS ¥Fb6.2,36H INCOQO45Y00
IHES o THFE WILTING POINT IS ABOUT vFh. 29 BH INCHES, 20620000

4465 FORMAT (27H" THE LAYER IS SATURATED BY ,F6.2,20R INCHFS. THE COVERDOO20100
FoelOH TYPE 1S L 4A4) B0 200

450 ENRMAT ((12F5,2) LS00P 0300
455 EORMAT(I2]3) CO02 0400
460 FORMAT(HRFL0.2) ) 00020500
461 FORMATI3FS5,3,F10.5+£5,3) 00090600
470 FORMATIFO,6,F12.8¢3Fb 24FBebv2FbebsFE.2) 00050700
475 1£8RM$T {42H THE ACTIVE EVAPORATION LAYER IS NOW ONLY ,F&. 2+9H INCHUOGDgsgg
. o G002 Q9 :

480 FORMAT(313.2F3,00F4.3024X09F342v4Xe3F640.11+F4.1) 20021000
4RS EARMAT { 1HOw30Xs 7H MOMTH 513, 6H NE 194121 000> 1100
491() EORMAT {1H] W ANXLAHMONTH o 13,64 OF 19,121 C005:1200
495 Fm?wﬁ?:ﬁﬁHﬂnATE AR . TEMPERATURE PRECIP=- —VAPDRATIDN SOIL MOL,0002 1300
15 THSTURE LAYERS DEW - SOLAR) SLBL2 1400

500 FORMAT{55H MM DA MA X MIN ITATION COMP  0BS "DIF  TNTAL TR ULO2 1500
161H 1 2 3 & 5 WIND  SNOW PUINT RADIAT ION, o002 16084

LT13H wERMIARILLTY) : 00021799

508 PORMAT (52H- THE GROUNAD IS PROTECTED FRNOM FREEZING BY THE SNOW 42700021800
CIH CCDVERG OR LITTER UR. ROTH) 00151900

510 SEORMAT {55H  THE GROUND IS FREEZING BUT CUNDITIUNS FAVOR FC RMATIUVOOUDgOUO
Le31H OF MAINLY (RANUL AR TYPE FROST.) Q0UL 2100

818 FORMAT (324" TEQCEZING HAS REEN PROGRESs ~LQ-:»,&H DAYS, P 2IHPENETOCU2 2200
IRATIAN IS NMAN T1) oFmals9H CIMNCHES L) CO02 2300

220 EORMAT (Sam  CONDITIONS FAVOR  THE CURMATION "OF NEEDLE I10E, =ayST,u002 2400
L24H AFAVIII IS WRRY LIKELYW) QU 2200

525 F(QNAT SIH CCONDTTIONS FAVtR THE EORMATION OF ITMPERVIOUS 1Ce +S5RGV02 2600
LLEMSES - womsxSHULLYD @ AN DCCUK KEEQRE THE GRIUNG T=AVS . ) 00022700

530 FORMAT (51n LITTLF Lo IUTRAT [ON AULD BCCUR IN THIS AREA AND 5 53HGO02 2HUD
‘ THIGH 2 NAFE PRAKS MAY BE EXPEC TR ot ai s 2t ook 57 56 25 i IR Y 00022900
535%. FORMAT  (SLH - SOME MELTING GF THE Sl HAS TaKEN PLACE AND TRAWT r.ooubaﬂun
) TALHRHAS OCOHRREDFANOM THE EGTTHM OE . THE ERIVZELY ZONE FENATRATTONY D0UD3100
540 EOIMAT 01om s0W TS ONLY T Fa el et I8CHES, GOUD A U0
845 FURMAT (559 SOME THAW{NG HAS TAKEN . DI ACE SR THEGROUND TS SHTLL 00023400
Ly LOHEROZEN FRIM oF e Ler b LW 10 abma Lois TL0HES, ) S u00D 3400

580 EORMAT 1 44H - THE GRIWIND 1S GENERAILLY F-w* Ll EROST L) 0023500
555,  FORMAT [S53H  THF GRUOUNGD 1S ExEEZING 0] 5 SUT TS RAKE TTHE K IND 2 000D 3400
LAH OF FROST [ MDETERMHATE L) G925 7H)

656 CURMATUS TH vH RETSISTILL FROST IV THe L ITTER BUT SUNE TN THE SOTLOOG238H0
NS ; 0023000
37 FDQMAT(‘Z H CNHWVANH LITTER RAVE CUedINEO . Wi T ATR TEMDERATIIRES Focn24c00

1 ALL}d LITTLE CHANGE TN THE S20ST, 0 T8 SL00M0 15 51101 Rt wH(w?‘*luo

oM . b e 200

c58 ?ﬂwMAT(Ls 2abH IO G FALY AR INCHES 00024500

S S0 A

.
BHO IRMAT (8 AH THERE ] ( ""}'TH!N(, w‘ﬁ!‘h‘(? [N TrE FLEE7E-THAW SUHKD I!;FC’OUD“"’OO
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1a) ; ; ‘ : : 00054500
561 FORMAT(F6.2+.85H OF RAIN OR WATER FROM MELTED WET SNOW HAS NOT BEEN000>4600
1ARLE TO INFILTRATE AND HAS RUNDEF ) 00094

562 FORMAT(F6.2.90H OF RAIN HAS GONE INTG THE SNOW AND WILL PROBABLY 000094900
1RAIN AWAY, THE. GROUND BEING I[MPERVIQUS. 00054900
5631F08?%;é§6f2.60H INCHES OF PRECXPITATION IS ADDED TO MOISTURE IN TH88852?88
565 FORMAT (50H - SOIL MOISTURE PERCENTAGE CALCLATIGNS UNSUCSESFL.:IA) 00052200
570 FORMAT(60QH  PENETRATION EQUATIUN DID NOT CONVERGE.,I 00925390
575 FORMAT (50H WATFR FOR RUNOFF (R GROUND WATER RPCHARGF EQUALS 4F6.200022400
LolOH INCHES S ) CONo2 00

580 FORMATI49H TRANSPIRATION IS BEGINNING AGATIN FROV THE ACTTIVEL16H R CONPDA00
00T 70NFE OF FEbeZedH [NCHES .11 00022791

585 FORMAT H4nH FASTURE GRASSES DR CROPS HAVE wiILTED AND THIS.S54H LAT FQUG22 800
LIN THE SEASON ARE NOTE EXPE CT:D TN SIGNIFICANTLY ,29H TRANSPIRE ANOGO®2 %00
COZYMNRE THIS YEAR L) : CaoR000
590 EORMAT [ 43H THERE IS AN ERROR . IN THE SOTL DESCRIPTION.) - 00026100 «
595 FORMATI21342FAh 146X eFb el 3F5.2’6F7.2'F7.0.3F7.2.3X,3AA) Lo 00V26200

: END ‘ 20056300
SHBROUTINE EVAP R(EVPPDT.EVAP.&VPDIF) 00026200
EVAP=EVAPR T 000264600
IFLEVPPUT LT o0 O)GD 05 UQ026700
EVPDIF=FVPENT~£VA E X 00026800

: 60 TN 10 ‘ : v 1 00026900
5 EVEDIF=0.0~-EVAP N : 00027000
10 RETURN : 00027100
END 00097200
SUBROUTINE SNOWRI(DYMNTC., PCP,SFCSTG.SNOMLT.SNOH DPVPRS.N!NO,CC. 00027400
1ANPT,SARG, S NOLGS.AIRMAX.AIRMINoSNODPTqAPRTF 00057500
INTEGFR € . ) ; 00027600

VAPRS (1P T) =R XP{=T482 4/ (DPT+398.36))%6,414E6 00C> 7700
SNOMLT=040 : . : CO02 7800

RADML T=0 40 ; ~ 200027900

RANME T=0.0 . Qo0 80100
YSNDPT=SNONPT : 00022100

Y SNOW=SNOW : 00058200
CHOMLT=0,9 : 000218300
SNOLTIS=0,0 ; 00UD R4C0
DPYPRS=F X0 (=T7482/(ADPT+398.36) ) *6.414FE6 00058200

‘ TF{ATRMAN (LT L32.)G0. TO S0 002 RAL0
! IF 400 =305,10415 00028700
5. B (CC. 20 DYMNTC=DYMNTC=1 i E CUU2HEOO
GO T Dy ; : : 00084900

10 OYMNTE=OYMNTC=3 080250600
. GOTN 20 0QU» 9100
15 TE CCC oFGaT) DYMNTC=NDYMNTC =3 00629200
20, DOYMXTC={ AlRMAX=32,0)%0455555 00U Y300
DMINTO= (ATRMIN=32.,0) % ,555555555 00029400
[ELARRTAC LT 005 )60 0 21 00029200

WMHE TV 2 (3, 0%NYMXTC#NMINTC ) 74,0 LULD BEG0
CHHETM =3 0w [N TC4+DY¥XTC) /440 L0229 700,

GHUTN 201 ~ : 00029900

21 ADPTC=CADPT-42,5)%0) 5555558 COU29v00
WMHE TM= (DYMXTC+ANPTC) /2.0 CO06G0U0
COHETM=(DYMNTC+IMINTC) /2.0 00060100

201 1RAPCPIGT o0W0L1GN T0 22 ; ) Q0CHUZ00
DASNMTI={ O, JOH+0 036X SN[ SARG) VBWMHETM ; SRR OAN300
"\VWT—ii.lwd+u.O3h*‘LV(SARh))?CQHFTM e ~ CULeLL 00
IELEYSAMT VT (D 0 FUSAMT =0 LD 20060210

SAOMI T‘nAS‘\“ PR GUUEOALD

[E LS ML T LT 0401 SNIMLTE) 40 ’ 20060100
S0OT0 2% : e L 00060100



25

35

22

23

24

30

40
45

) et Y v 2 1k 10 20 14 S0 s 0 0

©
Pad
3
b

s

128 -

0.0)RANNITZ040
+RANNTT :
0.0)RANMLT=0.0
FTM

Ty NIT 00

e o T Zu il
Doy e

AD?2

.OJRAOMLT 0.0

RANML T+RADMLT

MINYGO TO 24

4 t-?:wva—(VAPRS(AOPT) O 18)
(T30 30030628

YT+ {ADPT=ATRMIN)

AT RMING

JAsE=2EWNDE({ VAPRS ( WMHEDT 181
Pk it Z*NIMU*(VAD&S(CDHFD +18)
o
N

YD DT 2
Z =
e

MZMP TP NpNpD

B XTI ONBITOZET

] Tt~ - | R 1 el RSN e

T THTHIHOOOZ AT
P S Y g g R
Omrmgtwu-b;rrwﬁ

~I35
wnEE
2T
Ty

(3

SNDW:SNHN—SNUMLT
GNTN 65

SNOMLT=SNOW

SNAW=0 .0
SNNDNS=YSNOW/YSNDPT
SNOLOS=SMOMLT/ZSNGONS
SNﬂDPT SNUWPT -SNOLOS
6. TH 54

0 S”ﬂﬂNﬂ SNOW/ZSNODPT

[FINYMNTOLLT »=6.0)60 TO 55
SNODNS=0.2

TF(SNANNS LT 20409)G0 TO: 58
SNODPT:SNDN/SNODNS

G TN RG

v
SNﬂDP?:XC O~SNOW
NSAMNPT=SNONPT
Ir(YSNUPT.bT SNODDT)GO TN 61
SNALNS=D.
G Th R
SNOLONS=YSNDPT-SNODPT
RETURN
N

C
REAL “NSCAT «MNASD ¢ MNYPRS
COSZEN=NNSICORLATIRG WE636AK2
POPWEQ=MNYRRSHEDLTAVPHE XP (=1 (12
MAMASH= =D Y ORGF LT NS Zmly) 2R (T 5=
AMCCAT==0 L 083% LEL/COSZFRI R Y )
PENC2 2 XH MVA5w+MwsCAI)+.5—.5
RETURN.
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000624 C0
00062200
00067600
50062700
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00967400
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RARG={1642831/365¢)*(DA0FYR=904.1))

DFC=23.5*SINISARG) :

ADEC=DEC/57.295517 :

R=1.0+.01673%SINIRARG) :
ANG=ARCOS(=TAN(CORLAT)I*TAN(ADEC) )}

HAFNA=ANG#24./62832

DAY =2 JO*HAFNA :
UNCA&G—AR(DS(—TAN(LATRAG)*TAN(ADEC)1
DINCDAY=2 «ORUNCANGE24 4 /602832

MNCSZ= SIN(CGRLAT}*SIN{ADEC)+COS(CDRLA ) *COS{ADEC)I*0.63662
cnsi= SIN('ATRAﬂ)*SIN(ADEC)+CGS!LATRAD )® OS(ADEC)*.63662
SRCOR=MMCSZ/COSZT Lo o

IF {(SRADW.6GT.040) GO TN 10
PCPWTR=MNVPRS+NLTAVPREXP (= ( (DAOFYR=200.)%%2)/S1GSQ :
ARSRAD==0.099% (1 /MNCSZ) %% . 785=4174%{ PCPWTR/{MN NCSZ*20,0))%%,6
~SCTRD"-‘OFBA"{(l/MMCSZ)**.@) .

COMPUTF wATH LENGTH CORRECTIONS :
DiN(ﬂ"FXP(ﬁBSRHD*SCTRD?+.5~.b*EXP(SCTQD)

DETH
D :
SHREAUTINA CALNMDRINA MO DABEYR VYR
INTFGRR - DACDAOFYR

IE MO T W 6 TO 35

IF IMOLFQ W9 0RMOGEQLLLY 60 TO 25
IR (MD=10) 5¢15-20

IF (MDLGT.T7) GO TO 10
DANFYR=NA+1381

G0 TN 70

DANEYR=DA+212

GOETO 70

NANEYR=DA+273

GN TN 70

DADFYR=0DA+334

GO.TN 70

IF(HMOJENLLITIIGD TO 30

NADFYR=DA+243

G TN 70

nAnFYR DA+1O§

G T0 ’
IF(N”:EU.G.OR-MO-E
[E tanraa20 GO T0
[F (M0=3) 40+45.50
DANFYR=NA

GO T7¢

ﬁanﬁva ML+RQ

Q SIGO T0-60

5

YR+1000) /6.

{

A

((A=11 .0 1)60 To 72
MO LT.z)G 0
OFYR=NDAOFYR+]

g 12

0 70 :
(M FQG6) 60 TD 65
(JF YR =114+ 90
10070
NAOEYR=DA+151.
o0 T0070
R TURN
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00069200
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00069800
CUU69900
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END ) : 00072900
SUBROY +ODYMNTC s SNOWSCC oy WINDSEPOT o FROST + ADDPTHLRRF -~ 00073100
1SNODPT SNOLOS+PCPWs ATRMAXyDENS) 00073200
INTEGE 00073300
WNDEC T CO061%XSNODPT-0, 00065*SNGDPT*SNODPT 00073400
IFESNDO T0 89 : C0073500
IF{SND 50 00073600
YSMDP 00073700
L IBRUDYM 79 00073800
40 DSangn ! 00074000
[ELOSN 3 SJOYMNTC LT «-8 e O)GG T0 42 2074100
OSNDNS=0,2 . 00074200
GNoTh Ay . ! QO T4 400
46 ADDPTH=SNOFAL y SOUTEH QD
TRLSNOW LT w0001 ) TSNNPT=0.0 ; 00074200
xP(QNrFuL O 16T PCPYIGO TN 45610 COOT4600 -
SMUWESY W0 .I*S”UFAL QUQT& 790
PCPH=PL2=-SNDW : COCT74 800
GDTNTS : 00074900
4610 PCPW=040 : . CcON72000
SNOW=SHIW+PCP 00072100
G0 IO ?% ; 00079300
42 DSHNDNS=0, Q0072400
45 OSNDPT= %NUNIOSNDNS 00072600
47 ANDPTH=SNOFAL 00072700
IF(DYMNTC LT .~8.0)G0 TO 48 . ) 00075800
1F 50 TO 48 00072900
Sh L Go0T6000
2 Q0875100
! 00076200
1 QI076300
o 00076400
475 S 00076500
GO COQ76600
4R Nﬁw+PCP Q0076700
2 P ) 00076K00
G 7= 00076900
80 NSMDPT=0.0 CO0Q77000
COOITY A S0077100
75 SMNDUT=0SNOPT+ADDRTH . GUOTT7200
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DENS=SV i JSNODPT 00077400
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EoTE060 QU T7700
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- GLOSSARY OF TERMS IN MAIN PROGRAM

The uncorrected estlmated evaporatlon computed based on

the Thornthwaxte equation. It is only used when the Solar
Radlatlon is missing.

kkk‘The value for the albedo when show is on the ground.

The thlckness in 1nches of the active layer of water

replenishment or loss, generally the layer with Sufflcient

roots for tranSplratlou to be 31gn1f1cant.
Incresse ln:snow~deptn in inches resulting from snow fall.
The average dew point temperature (°F).

The maximum air temperature for the day (°F).

The minimum air temperature for the period(°F).

The albedo,“

The albedo representing summer conditions.

The albedo representlng winter conditions without snow.

A function statement to comvert angles in degrees to
angles in radians.

The annual mean air temperature in degrees Celcius.

Actual (measured) or estimated soil moisture conditien -

the value in inches for the total profile.

A function to estinate the influence of humidity when the
mean dewpoint is recorded near or above the mean air
temperature.

The minimum air temperature vesterday(°F).

The maximum air temperature yesterday(°F).

The azimuthal direction of the representative slope for
the basin, in degrees.

The azimuthal direction of the rapresentaclve slope in
radians.

he avera e heat caaac&t} of the soil.

The averaoe thermal conductivicy of an air dried soil
determined Dy a measurement. I1f not available the program
uses an-average conduct7v1t“ for dry soil.

Cover code. Ground hare

Harvested crop with stubble 1
Hardwoods withour leaves 2
Hardwoods with leaves 3
Pasture ‘ 4
Opan crops such 35 corn 5
Closed crops such as wheat 6
Conifers 7



CCODE
CCODE (J)
CORLAT ‘

- COSZEQ

- CRTECT

CRTPNT

DA
DAOFFZ
DAOFTW
DAOFYR
DASINC
DAY
TNOTENT
DENS

DENSIT
DFSTAV .

 DLTAH(I)
DLTAVP

DP
DPOFST

a7

Word descriptions of cover code used for héédings.“

Members of code array, i.e., bare ground,fétc.:

Corrected latltude of level Surface correspondlxg to
: natural slcpe of real surface. : ;

The angle of incidence of a dlrect ray from the sun when‘

the sun is cr0331ng the equator at solar noon.

A threshold value for the avallable water below whlch the

- rate of evaporation is 51gn1f1cantly reduced below the
‘maximum possible rate, and is proportxonal to the amount
 of water remaining above the permanent wilting point.

Above this threshold value the soil is assumed to lose
water by evapotransplratlon at the maximum rate. This
value is given in percent soil moisture by volume for
each layer. ~

The threshold value of the available water 1eft in the
total profile given in inches above which actual evapo-
transpiration is the same as that from a lake and below
which is reduced proportionately to the amount of available
water remaining in the profile.

The day of the month.

‘The length of the current free21ng perlod in days.

Number of consecutlve days of thawing.

The number of days so far this year.

The number of days since pasture or meadow has been
harvested as. hay.

The length of a day for a given surface slope and time
of -=zar.
Tha danth of the cantor O'F asch 1nﬁ1~'~:r3na'l anil lawvar,

Snow den51ty.
Average soil density in grams/cm3.

Average defusivity of the soil. Used in computing the
depth to generally stable temperatures.

Layer thickness in inches, an array.

Difference between the maximum and minimum seasonal
vapor pressures (in. of Hg).

The dew point that is read in (°')

Depth of stable temperatures. The point in the zround
at which daily and seasonal temperatures c2ase [O cause
measurable change. ;hls value i Lat*wated in *1cqes.



~ DPTAV
 DPVPRS

DTOT
DYMNTC
~ DYMNTF
EPOT

ESFCLY

EVAP
EVPDIF

EVPPOT
FALDAY
‘FALFRC

FALL
FALPRD

FC(I)
FIRST
FLDCBY

FRACJI(I)

FREEZE
- FREZTP

FROST

- ERZTST

LR i1aR T

The average of the layer thicknesses in inches.

The saturation vapbr~pressure in inches of Hg. dewpoint

~ vapor pressure.

The total depth of the active layer in inches.

The daily mean temperature in °F,

 The dailyfmean“témperature in °C.

~The:potentiallevaporation.‘ The‘evaporation computed based

on meteorological conditions. The evaporation from a
shallow lake. ‘ : ~

The eStimated‘thickneSS in inches of the soil surface
layer that is subject~tokdirect evaporation,

Measured pan evaporation in inches.

The difference betwéen measured pan evaporation and
computed lake evaporation in inches.

A remembering label for EPOT that the initial value is
retained while EPOT is allowed to be adjusted.

An index. The number of days since vegetation started
into the change to dormancy.

The fraction of the period which has;passed during the
fall transition from growing to dormant conditions.

A day of the year which has been observed or estimated
on which the beginning of the change to dormancy begins,

The length of the period during which transpiration goes
from nearly maximum to the winter level. ~

The field capacity for each soil layer in inches of water.

~An index which is zero for the first day and 1 thereafter.

The field capacity of the total profile in inches of water.

The fraction of the evapotranspiration loss that would
come from a given layer.

An index which indicates that some frost has occurred.

Mean of two daily mean temperatures to allow for heat
from a previous warm day to be lossed before frost is
allowed to form.

An index which indicates that the basin is now in the
dormant season and albedos, and soil moisture lost will

be computed accordingly.

An index vhich when the mean daily dew point is hi
allows precipitation to be recorded before the erff

freezing is considered; but when the dew point iz low,

freezing occurs before precipitation is considered.
The thickness of the snow blanket affects the depth of
frost. o o



FSTSUM
GRASMN

HC

IPRCC

IPRINT

IRTN

~ ITHW

ITRNST

J1

J2
d3

LABEL

LAT

LATRAD

LCTMMN

LITDEX

 The long te m montnly average temperatures in
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Frost index. -
 If grass is a slgnlflcant cover crop on the watershed and
‘the soil moisture becomes depleted to a certain threshold

value, the grass w111 die or go dormant. That value is
GRASMN. :

An index which notes a crop harvest, a change 1n season, OTr
any other unusual occurrence which will affect transpiration.

Ccnstant used in the Thornthwalte evaporatlon estlmatien

~equation.

A memory variable used so that when a type of ground cover
is returning to its summer condition from a state of dormancy,
it may go from a single dormant class to the one from which
it came. Example, Dormant to meadow, or dormant to
cultivated crop. :

An index whlch prlnts out the dally ‘numerical values before
the frost message.

An index used to facilitate prlntlno a message that trans=-
piration is ceasing and that evaporation will occur only from
the surface soil 1ayers. ‘

An index whlch shows when set equal to 1 that thawing occurred
on the previous day and that if freezing occurs today that
stalactite frost is likely.

An 1ndex used t indicate that the basin is in transition
from summer to winter conditions or visa versa.

Subscript.

A subscript used to limit soil moisture values of layers
to five without limiting the model to five layers.

Subscript used in writing permeability condition.

Similar to J2

Subscript

An array of words giving the four cardinal directions for
indicating the aspect direction of the watershed.

The 1at1tude which is read in ‘to the nearest thousandth
of a degree.

The latltude changed to radians.

el

(E3]

»

An index which changes value of litter from $1ltlal value
in the fall when the grass for instance s‘standirg at
near full natural height to a ninimum value after 1t has
been matted down by snow, rainfall, or drying.



mm‘
kLIfLOS‘k
LITLOW
LITvAx
LITMOS
LITSNO

LITTER
LWRLOS

LYRSMP (I)

LYSMO(I)

MAXPEN
MLTWIR

 MNASD

MNINFL

MNSCAT
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~Effect1ye thlckness of vegetatlon and lltter after the

- soil has frezen to a depth of 1 inch.

The apparent decrease in the depth of the 11ttﬁr in 1nches

‘after grasses and 1OW'vegetatlon are crushed or matted down

The effective value of the depth of vegetatlon in inches

after it has been matted down

The effective value of‘the depth of vegetatiOn and organiC~
material in 1nches in the fall before it is matted by the
elements.

The m01sture in % m01sture by volume trapped in the 1itter
above a frozen soil.

- The effective value of the vegetative litter layer during

and after being compressed by at least 2 inches of snow.

The depth of inches of litter on the watershed.

 The fractional loss from the lower layers~df‘the profile

that lose water almost exclﬁsively by transpiration. This
is used during the period of tran31t10n from summer to
winter and winter to summer .

The amount of soil m01sture between field capacity and the
wilting point for each layer in inches of water.

The initial value of the soil moisture in each layer.
After the model has begun this becomes the current value
of soil moisture in each layer. The value is given in
inches of water.

Maximum frost penetration in inches.

An index. It is O when normal conditions exist but when
thawing begins but does not penetrate the frozen ground it
equals 1. VWhen it equals 1 the field capacity of the upper
layer is allowed to increase such that the available water
allowed before runoff occurs is tripled

The mean value of a term related to optical path length.

The attenuation of the atmosphere is calculated for the
atmosphere and water vapor. This term is mainly used only
when solar radiation is not available and the Thornthwaite
equation is being adgugted for seasonal changes.

The infiltration rate in inches per hour that a watershed
might have when it is near field capacity and under cold
conditions. The minimum infiltration capacity of a porous
frozen soil. ‘ ‘

A variable to compute the amount of radiation that is
scattered as opposed to that that comes directlv. It is
used in making adjustments vhen solar radiation is not
direccly measured. ‘



MNSTG

- MNTPCY
MNVPRS

MO
MXPNSL

NDLAY
NFLTRN

NFINYD-

NOINTL
NOLAY
ORGCNT (2)
ORGMNI

ORGMN2

OSNDPT
. PCP
PCPW

DCPWEQ
PEN

PEXDNM
PNCODE

The amount of avallable water in 1nches in the profile
at any glven time.

The maan alr temperature in C, yesterday.

The cllmqtolcglcal long term mean atmospherlc vapor

pressure. Used with the seasonal variation in vapor

pressure to correct solar radiation when it is not

measured. | It is entered in name of Hg‘
The month. o

The maximum frost penetratlon in 1nches into the sall‘alone.

It does not include penetration in snow and litter.

The number of the lowest layer f¢r,wh1ch~d1rect evaporation
has a significant effect.

Excess water available for infiltration or runoff. In
some subroutines the same variable is called RINOFF. It
is estimated in inches. $

Excess water from prec1p1tatlon or snowmelt available to
runoff or water table recharge from the prevmous day.
The value is in inches. :

~An index to indicate that the ground is impervious.

The number of 1ayers.
The organlc content of a soil layer.

The lowér threshold for organlc content of a layer below
which when freezing occurs unless the soil is extremely
dry, concrete frost most likely is the type that will occur.

The upper threshold for organic content of a layer above
which should freezing occur it will most likely be of the
granular form:. Between these two thresholds it may be
difficult to predict the type of frost that will form.

The previously estimated snowkdepth.

 Precipitation entered in inches.

Liquid precipitation to indicate when rain and show might
be expected gnat preczoltatloﬂ is liguid.

usthatcd Drec1pltable water tased on cl;ﬁacoio ical

records. Used in correcting solar radiation when not
measured. :

The depth of frost penetration in inches.
he denominator of the penetration equation.

he Ifrost penetration code.



PL
- PLNCO1

PLNCO2

POTSTG

PROSTY (I)
QUAD

R

ROOTBK

RRF

RSUM
RUNOFF

SACOR

SARG

SCOND (1) |
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G....No frost in ground or lxtter.
1....There is frost in the soil or litter.

'2....The soil is protected from frost by snow or litter.

3....0r greater... There iz no solution found for the
freeze thaw equation or condltlons do not make a
~clear cut estlmatlon p0381ble‘ ‘

‘ The CLIcular ‘and sperical geometrlc constant, 3.1416....

A plaln coefficient. A coeffic1ent used in correcting
sloping surfaces to a flat horizontal plane and the seasonal

movement of the sun.

A plain. coeff1c1ent to’ 1nd1cate solar radlatlon on a plaln'
surface on the: day of an equinox.

Potentlal storage in a 5011 profile between field capacity
and the wilting polnts.~ It is the sum of the variables
LYRSMP. ‘ S ; ‘ :

The porosity of each layer.k

The circle of directlons is broken into four quadrantS'
the northern one is from 45° West of North to 45° East
of North and so forth around the circle. QUAD is the
subscript to tabulate these quadrants.

The ratio of the seasonal distance from.the sun to the
Earth varies on a seasonal basis, to the mean distance.

This is the depth in inches at which the transpiration
process appears to begin to extract moisture from a
depth increment in a relatively constant fashion rather
than-as a function of depth. It is postulated as a
breakpoint in the root distribution as a function of depth.

The relative roughness factor relating the net gain or loss
of snow on a watershed from or to its surroundings.

The thermal resistance of the 5011.

The amount of m01sture that is lost to 1ﬂf11tratlon cf
runoff after the soil profile is brought to field capac1ty
It lS estimated in 1ncnes.

The slope—aspect correction to latitude to give an
equivalent horizontal surface subject to the same extra-

‘~terrestial solar‘radiaticn as the real sloping surface.

The ‘phase adjustment UaEd in describing the variation in
the solar delination. ~

The words porous or impervious that describe the

permiability of a frozen soil.

The threshold value of soil moisture separating the maximum
evapotranspiration rate from a reduced rate proportional to
the ‘remaining soil moisture ieft in the laver that is
subject to direct evaporation. It is sstimated in inches.
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 SFCLOS The fraction of moisture loss frum the surface 1ayer

~ ~ subject to direct evaporation during the period of
transition from winter to summer conditions and summer
to winter ccndltions. It is est1mated in inches.

- SFCPOT The maximum available water that can be stored in
s the sutface layer that is subject to dlrect evaporation.
Estimated in 1nches.

SFCSTG The current soil moisture above the w1lt1ng p01nt that
is stored in the furface layer subject to direct evapora-
;tlon. It 1s estlmated 1n lnches.

 SFCWLT The wilting point for the surface 1ayer that is subject
: to dlrect evaporation. It is entered in inches. ;
SIGMA A constant used in flttlng the seasonal water vapor curve
~ in the upper midwest. :
SIGSQR A term used for fitting the change in season prec1p1:able
water. : -
SLOPE  The representative slope of‘the watershed'in degrees.
SLPRAD The‘angle of slope couverted to radians.

SNODPT The estimated snow depth in inches based on an assumed
: density and the precipitation cccurring below 32°C
which has not been calculated to have melted.

SNOFAL The observed increase in the snow depth in inches.
Generally a result of precipitation.
SNOLOS A decrease in snow depth in inches.
SNOMLT Snowmelt water in inches. | ‘
SNOW The amount of water equlvalent in inches falling as
: precxpltatlon when the mean air temperature was below 1°C.
SOILTP The name of the soil type.
SPRDAY An indexing register to keep track of the number of days

since transition to summer transpiring conditions began.

SPRFRC Spring fraction - the ratio of the number of days passed
‘ ‘ in the spring season to the number estimated for complete
transition from a dormant to a fully active condition.

SPRING ~The day of the yvear when the transition starts from dormancy
to full transpiring operation. ‘ S

SPRPRD The estimated number of days for the transition from

R winter dormancy to summer transpiration.

SR  Solar radlatlon in langleys corrected for slope and aspect
and later :ar albado.
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SRAD Solar radiation raw data.

SRCOR  Is a solar radiation correction determined in DALNCR
to adjust raw solar radiation data.

SUMGRS The latest day of growing season that drouth dormant

plants would be expected to be rev1ved by raln and
~ transpire again.

SURFAC - An index. It is zero if the vegetatlon is such that
: transpiration is taking water from deeper layers in the
soil profile. It is 1 when either the cover or the season
is such that water loss is by evaporation only and
indicates that only the surface layers are active in
moisture exchange processes. ’

THWk The depth of thaw in inches.

THWMAX %ax1mum depth of thaw when thaw does not comuletely
penetrate the frost layer. : :

THWSUM Accumulated thaw index - parallel to frost index.

TMIXFC Temperature indexiﬁg function. Since weather stations

may tend to be affected by airports or urban areas
where they are located, this function is to relate
the station temperatures to those on the watershed.

TOTSTG The number of inches of water that could be stored if
the soil structure remained the same and all vertices
were filled with water.

TPOFFT A frost code. See the freeze-thaw routine for more
detail. .

UNCDAY A day length that is not affected by the slope of the
watershed.

WILIPT (uncorrected day length)

WLTPNT The permanent wilting point--the amount of water in

‘ inches at 15 bars of tension.

WIND The measured wind movemént in niles per day generally
at 18" above the surface.

WP(I) The inches of water retained in each laver at the
permanent wilting point (15 bars :ension).

wSNO ‘TheVWatershed designation, ge nerail; a number.

YDP Yesterday's mean dew point.

YR The vear.



GLOSSARY of Terms in SNOWR not found in MAIN

RAD1
RAD2
 ADPTC
 VAPRS
YSNOW

CDHFDT

CDHFTM

CNDCMT

CNDMLT
CNDWMT
DASNMT

DMINTC

DPVPRS
DVMXTC
EVSNMT

RADMLT
RANMLT
RANNIT
SNODNS
WMHEDT
WMHFTM
YSNDPT

Melt due to ldngwave radiationkduring warm part of the day.
Melt due to longwave radiation durlng the cold part of

~ the day.

Dew point temperature in degrees °C.

‘ Vapor pressure of water in inches of Hg.

The amount of snow estimated present yesterday in
inches of water equlvalent.

Estimated mean dewpoint during the cold half of the day.
Mean air temperature during the cold half of the day.
Condensation melt during the cold half of the day.
Condénsation,melt

Condensation melt dhring the warm half of the day.
Daily snow melt due to seasona; degree day factor.
Minimum air temperature in °C.

Dewpoint vapor pressure.

Daily makimum'temperature °C.

Snow melt due to the seasonal degree day factor
occurring during the cold half of the day.

Snowmelt due to longwa?e radiation.

Snowmelt due to rain. |

Snow melt due to . rain during the cold half of the day.

Snow density ‘
Main‘dew point temperature during thé Qarm half of the day.‘
Mean air temuerature ‘during the warm half of the day

The estlmate snow depth yesterday
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Terms in DALNCR not found in the MAIN Program

ANG

DEC
ADEC
cosz

 RARG

. HAFDA

SCTRD
SRADW

ABSRED
PCPWTR
INCANG
UNCDAY

The angle made by a lige from the center of the earth

to the rising or setting sun and a line from the center

of the earth to the sun at solar noon.

The solar decllnation

The declxnatlon in radlans

The average of the c031ne of the angle the sun makes
the horizon

A phase shift or correction to the calendar for the
cyclic variation in the distance between the earth
and the sun.

‘The time in hours between noon and sunrise or sunset.

A correction to the extraterrestrial radiatiom to
consider scattering.

Measured solar radiation

A correction to the extraterrestrial radiation to
- consider absorption

Estimate of precipitable water
Uncorrected value of ANG

Uncorrected length of day.



Terms found in PRECPR not found in MAIN

DEN§ . Snow densxty

~ OSNDNS Snow denszty prior to new estimate
YSNDPT Snowdepth yesterday

Terms found in HA!CUT not found in MAIN

DIF | Difference in the water to be lcst and that
e available for loss ‘ »
HAYCTF The equatlon for the return to normal evaporatlcn
: after a harvest
"LWRFRC : Percent of avallable water unavailable without transplratlon
LWRWTR Percent of water above critical cutoff point that is found
‘ ~in lower zone not subject to direct evaporatlon
SFCFRC Ratio of SFCSTG/SFCPOT - that moisture currently stored

to that at field capacity

SFCWTR ‘Amount of SOll moisture in zone subgect to direct
evaporation,greater than critical moisture.

Terms found in EVAPR not found in MAIN

TA Corrected or adjusted air temperature used in
evaporation equatlon

TSAT Adjusted dewpoint temperature in evaporation equatlon

AIRVP A term related to the vapor pressure of the air

SATVP A term rela ted to the saturated vapor pressure.

ARGNUM Argument of exponential used in evaporation equation.

: An intermediate result

FSTNUM Intermediate resulta in evaporation equatlon

PRTNUM Intermediate results in evaporation equation

WINDFC Wind function from aercdvnamic equation

Terms found in THNWIR not found in AIN

TSUM Summing variable to sum monthly mean temperatures
TRINC(I) : Loﬁg term averages of monthly mean temperatures

ANMENC . Annual nean temperature in °C.
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FREEZE THAW ROUTINEk(FREZR)‘GLOSSAKY'

ACZONE

AMNC

BTMSMP

c

CDFDNM

CDYAIR

CDYDS
CDYHUM
CDYICE
~ CDYSF

CDYSF1

CDYSF2

CDYWTR
CHTHUM
CNUM

DAFYRY

DAOFFZ
DAOFTW
DATWMX

DCEN

- DEPPRC

DFSVTY
DPDIF

DPOFLY

The reglon between the 0°C. 1sotherm and the depth of
unchanglng temperature

. Mean air temperature in °C. :
The soil molstute percent by vnlume of the lawest soil layer

The volumetric heat capac1ty of the profile undergoing

freezing or thaw1ng.

A name given to the term in the denom1nator in the equation

. to compute the conﬂuct1v1ty of frozen 3011.

The thermal conductivity of air

The thermal conductivity of dry soil

The thermal conduct1v1ty;of;humus

The thermal conductivity of ice

The thermal conductivity of frozen soil

A convenience variable used in calculating the conductiVLty
of frozen soil. Just an intermediate step

Same or similar to the above

Thermal conductivity of water

Volumetric heat capacity of humus

A summing variable‘used‘to determine the volumetric heat
capacity of the freezing or thawing profile

The value of the day in the year,yestérday used for
testing whether days of thaw are consecutive

The number of days in the current freeze period

The number of days in the current thaw period

The lcngest number of days during which there was a thaw
that did not completely thaw the ground. This is to

‘kdetermine how far frozen ground has been previously thawed.

The depth of the center point of each soil layer

A variable which computes the time when percolation of
excess water to lower layer might occur on a day when
the maximum temperature is above freezing and the
minimum is below freezing

Soil defusivity

The difference in depth between penetration of freezing

or thawing in a glven layer and the bottom of that
particular layer

The thickness of each layer. An array



DPTH2

 DPTLFT

 DPTTSM
DUMMY
FTSMMK

FSTPRM

FSTSUM

J30
K

KSOBUM

RSOLAR
KSOLIC

KSUM

KWATAR
KWATSL
ITHW

JLAY
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; §
A 1ower (sﬁallower) llmlt to frost penetratlon‘used 1n
iteracing frost computation~

Varlanle used in computlng composite porosxty to determine
sall conductivity to use in thawing from below

A summlng variable to compute the total depth

The deptﬁ reduct1on in frost due to heating from below

The maximum value that the FSTSU% has reached tc this
point in thg winter season. :

A recomputed value of FSTSUM (the frost 1ndex)to accaunt
for the insulating layer of snow whenever snow is
melted or compacted :

The freezing index. The cumulative sum of average

temperatures less than 0°C.

A subscript

A subscript ‘

The ratio of the thermal conduct1v1tlas (TC) of soil
mineral to humus

The ratio of the TC of sail mineral to air

The ratio of the TC of soil mineral to ice

A summing variable used to compute the mean thermal ;
conductivity of the profile undergoing freezing or thawing.

Ratio of the thermal conductivities of soil minmeral to air
The ratio of thermal conductivities of water and soil

A counter used to check on freezing following a day of
thawing :

A counter ‘to allow penetratlon to go inch by inch throuOh
soil layers :

The composite latent heat~df the profile undergoing freezing
or thawing

Potentizal latent heat per unlt change of St tate at oottom
of frozen layer

Litter TC

An adjustment to the total frost pernatration to account
for compaction of: litter

The moisture in the litter layer

The depth of the lirtler laver



LNUM

LYSMO

MAXPEY

MLTS}{

MLTTIM
MLTWIR

MNSTG
MNTPCY
- NDLAY

NOINFL

PCTMST

- PENDNM

 PENNUM
PNCODE

PNDNMK

PNNMSM
PRSTAV
- SIFDNYM
S1LDNM
SLCYFT

SLCYSD

SLEFDMM

SOLCNY
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A suming variable used in deternining the composite

latent heat of the profile undergoing freezing or thawing
The day by day soil moisture content of each given layer,
in inches of water e . ;

~ The maximum depth of frost penetration

Counter to return groundkto‘poruus‘cbndition‘after 5 days
of thaw conditions ~ o Cons =

A counter to éheck‘for days of comsecutive melt

An index which is set to 1 when thawing begins over frozen

ground which allows the surface layer to collect more water

than the normal field capacity and increases the likelfhood
that concrete frost will form if it has not already.

The available water in the total profilé‘
The mean air temperature yesterday in °C.

The number of layers of soil or the lowest layer of soil
‘(nnmbered from the surface) subject to direct evaporation

An fndex indicating that the watershed has been frozen
imperviously ‘ :

Percent moisture (average) of the lower layers

‘An intermediate calculation - the denominator in the

penetrati on equation :
The numerator in the penetration equation

The frost‘penetration code: 1. Frost does exist in the soil;

2. Soil protected from frost by snow; 3. Indeterminent
results ‘

Frost penetration numerator term involving the annual
mean temperature

The penetration €quation numerator for a snow layer

Porosity of lowest layer or average df‘lower layers
Intetmediate result in‘soil thermal conductivity computation
Similar to SIFDNY ‘ ‘

An intermediate term in computing the composite conductivity

of moist so0il.

An intermediate ternm in computing the composite‘éonductivity
of moist soil ‘

An intermediate term in computing the conductivity of
the soil below the frozan layer

The composite soil thermal conductiv‘:y



- SOLCN1

SOLCN2
- SOLDNM

SPCHET
THSMMX

THWDNM
THWMAX

THWNUM
THWSUM

- TPOFFT

TWDNMK
WIPROS
YTPOFT
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 An intermediate term used in computing the conductivity

~of tne soil balow the frozen layer

~ Same deflnltlon as above

The numetatar term in cemputlng the comp051te.TC

Comp051te volumetrlc heat capacity

The maxxmum value to this polnt in a season for the
varlahle THWSUM

An intermediate term - the ﬁumerator“in the thaw equation

The maximum depth to this point in the season which has
thawed providing that a complete thaw has not already
taken place. This term only has a value 1f the ground
below it is still frozen. ;

An lﬂtermedlate term in the thaw equatlon~numerat0r

A thaw index. Cumulatlve degree days above 0°C. for
mean air temperatures ‘

A code: 1. Generally a quick freeze-granular frost expecced.V

2. Overmoist ground-needle ice and p0531ble heaving
expected.

3. Concrete frost expected with 1mperv1ous soil.

4. Snow on ground is melting and some thawing of
soil from below is expected.

5. Some thawing has taken place but the ground is
still frozen down to a certain depth.

6. The ground is now free of frost

7. The ground is freezing but conditions ma%e the
type of frost indeterminent

8. There is something wrong in the computation.

An intermediate term. The denoninator in the thaw equation
Porosity of a layer weighted by the thickness of its layer

Type of frost determined previous day.



- Terms found in
- DIF

DDIF
Tezms‘fouhd‘in

N

BN
.
LoSI

RATI

iCOMRAT

PRTN?C~

Terms found in

EVAPU

RATIO

Terms found in

CONFRC
pPT
DPTAV
FRCSUM
TN
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EVPADJ not found in MAIN

- Potential evaporation less precxpitation

Intermedlate diffetence

TRNSLS not found in MAIN
Defined as NOLAY IN MAIN
Shorténed‘variable name for NDLAY

Top layer not affected by direct evaporatlon

‘The basic loss 1ncrement computed for use in parti-

tioning loss as a functlon of depths and 3011 moisture
present ‘

The ratio of available water currently present in a
layer to that present at field capacity ‘

The total number of loss increments into which the

~ loss must be divided on a given day.

Depth‘partitioning function for evaporation

ESTVAP not found in MAIN
Uncorrected estimate of evaporation based on the
Thorthwaite equation :

Ratio of solar radiation on a plane surface on an
equinox to that at any other times of year

LAYER not found in MAIN

Real (floating point)‘form of subscript X

Is a counter to sum the potential —evaporation
increments of each inch of soil in each layer of soil

Counter used in determining the total loss increments
in the region of soil where the loss is constant and
independent of depth :

Total potential loss units

Same as DLTAH in MAIN

-~ Average thickness of layers

Potential loss units in each layer

Subscripts



JRT

 ROOTBK

; Terms found in

 ADEDH2
DLTFC
DPT
DAMXT
COMRAT
 EvaPl
LOSI

JLOOP

LADIF
N
NLAY
NDLAY1

PCP1
PCPLOS

RATDIF

RATI
- RATIO1

RATIOZ
RATIO3
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A counter used in dlvidinglosseé proportiohal to“
depth to a certain point and 1ndependent of depth
below that 901nt :

The point at which the loss changes from ‘being pro-
portlnnal to depth to relatlvely independent. of depth

SMP. not fqund in MAIN

Water ad

Increment to field capacity when ground is frozen
DLTAH in MAIN

Waxxmum air temperature,

Total potent;al loss units

Temporary name for EVAP tb maintain entry point: value

Ratio of water to be;loss by evaporation to ‘the
number of potentlal loss units

Counter to count number of passes through soil m01sture :
of passes through soil moisture adjustment procedure.
Used to prevent infinite looping

Difference between the soil molsture 1n a layer at
field: capac1ty and currently present

Same as NOLAY in MAIN

Layer subscript

Temporary name for V or WOLAY
Temporary name for PCP

Amount of precipitation and/or snowmelt estimated to
go to runoff and lost to 1nf11tratlon due to the
hlgh intensity of supply.

The dlfference in the ratio of adjacent layers of soil
moisture present to the potentlal 5011 moisture at
field capacity

_Ratio of soil moisture present in a layer to potential

moisture present ar field capacity

Ratio of soil moisture in a specific laver (1) to the
potential soil moisture in the laver

Ratio of soil moistures in the (i + 1) laver

Ratio of soil moistures in the (i + 2) layer
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