EDFB/IBP-7¢/ 2
ORNL/NSF/EATC-27

TEHM:

A Terrestrial .Ecosysiem {/(;\
Hydrology Model

TFonect Biome

31

D. D. Huff - R. J. Luxmoore - J. B. Mankin - C. L. Begovich

Environmental Sciences Division Publication No. 1019




Printed in the United States of America. Available from
National Technical Information Service
' U.S. Department of Commerce
5285 Port Royal Road, Springfield, Virginia 22161
Price: Printed Copy $7.50; Microfiche $3.00

This report was prepared as an account of work sponsored by the United States
Government. Neither the United States nor the Energy Research and Development
Administration/United States Nuclear Reguiatory Commission, nor any of their
employees, nor any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any tegal liability or responsibility forthe
accuracy, completeness or usefulness of any information, apparatus, product or
process disclosed, or represents that its use would not infrin ge privately owned rights.




EDFB/IBP-76/8
ORNL/NSF/EATC-27

Contract Ho. W~7405-eng-26
TEHM: A Terrestrial Ecosystem Hydrology Model

D. D. Huff, R. J. Luxmoore, J. B. Mankin,
and C. L. Begovich

ENVIRONMENTAL SCIENCES DIVISION
Publication No. 1019

Research supported in part by the Eastern Deciduous Forest Biome, US-IBP,
funded by the National Science Foundation under Interagency Agreement
AG-199, DEB76-00761, and in part by the Natjonal Science Foundation -
RANN under-Interagency Agreement No. AEN 72-01243A03 with the Energy
Research and Development Administration-Oak Ridge National Laboratory.

Date Published: April 1977

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPQORATION
, for the
ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION






ACKNOWLEDGEMENTS

The work presented in this report rests upon and in some instances
explicitly includes the efforts of all those who have contributed to the
Stanford Watershed Model, especially Norman Crawford and Ray Linsley.

In addition, the work of R, A, Goldstein, via the model PROSPER, has

been drawn upon heavily in the production of the TEHM. Others, most
notably L. W. Swift, Jr. and W. T. Swank of Coweeta Hydrologic Laboratory,
U.S. Forest Service, and G. S. Henderson and W, F. Harris of the Environ-
ment Sciences Division at ORNL have contributed time, ideas, and data
that played an essential role in the development of the TEHM, M, R,
Patterson, D. E. Fields, R, J. Raridon, J. K. Munro, R, D. El1lison, J.

T. Holdeman, and J. Stolzey of the Computer Sciences Division of UCCND
made significant contributions in translating the ideas into an effi-
cient code as it evolved. To all of the people named above, and many
others too numerous to name explicitly, who have taken part in the
evolution of the TEHM, the authors of this report wish to express their
gratitude for making the undertaking possible.

Research was supported in part by the Eastern Deciduous Forest
Biome, US~-IBP, funded by the National Science Foundation under Inter-
agency Agreement AG-199, DEB76-00761 with the Energy Research and
Development Administration - Oak Ridge National Laboratory.and in part
by the RANN Environmental Aspects of Trace Contaminants Program under
National Science Foundation Interagency Agreement AEN 72-01243A03 with
the Energy Research and Development Administration.






ABSTRACT

HUFF, D. D., R. J. LUXMOORE, J. B. MANKIN, and C, L. BEGOVICH.
1977. TEHM: A terrestrial ecosystem hydrology model.
EDFB/IBP-76/8, ORNL/NSF/EATC-27. Oak Ridge National
Laboratory, Qak Ridge, Tennessee. 147 pp.

The terrestrial ecosystem hydrology model (TEHM) combines mechan-
istic models for climatic and hydrologic processes with vegetation
properties to explicitly simulate interception and throughfall; infiltra-
tion; root zone evaporation, transpiration, and drainage; plant and soil
water potential; unsaturated and saturated subsurface flow; surface
runoff; and open channel flow. It is also possible to use the TEHM with
models for forest stand bijomass dynamics and chemistry and exchange of
heavy metals to study the transport and fate of trace contaminants at a
watershed scale.

WaTlker Branch Watershed has been used as an example to illustrate
development of the required input parameters and variables that are
necessary to execute the TEHM. In all cases, emphasis has been placed
on objective, physically based methods. When simulations of intercep-
tion loss, soil moisture content, and base flow and storm flow are
compared with observation, the overall adequacy of the model may be
assessed,

For user convenience, the documentation includes a complete dis-
cussion of input formats, example data input sets, output summaries, and
a microfische listing of the complete source deck and program output., As
presented, the TEHM provides an operational tool and a model structure
and data management capabilities that will be useful for future hydro-
logic simulation work. From that viewpoint, the TEHM represents an
important step forward in establishment of an objective framework for the
study of terrestrial ecosystems,
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(2) Application of the TEHM, This section gives the problems
faced by the user of the code when applying it. Guidelines for operation
of the TEHM, including lists of the variables and parameters to be
specified, together with suggestions for making such estimates, are
given. The section also includes format guides and a sample input set.

(3) Summary of results. This section highlights the type of data
available in the output, and provides quides to understanding the printed
results and how they are interrelated.

It will be apparent that there are significant differences in the
level of detail one encounters in the various sections of this report.
Those processes where information is abundant have been modeled in the
fullest detail warranted. Other processes are represented by very simple
and empirical relations, which may cause the reader to wonder why there
is such an uneven level of detail in the TEHM, The basic reason is a
philosophy that the model represents a current state of knowledge,
organized in a structure that can be improved as new information becomes
available., Our goal is to present as complete a description of various
processes as practical. This is done in the firm belief that others
will find parts of the model that will be useful for other applications,
and will want process representations that stand alone. Ue are aware
that following our philosophy results in detail in some parts of the
TEHM that does not improve model accuracy that is limited by other,
more gross representations.

THEORY AND STRUCTURE QF THE TEHM

The hydrologic processes represented in the terrestrial ecosystem .
hydrology model (TEHM) are shown schematically in Fig. 1. Each of the
rectangular boxes in the figure indicates an identifiable model component.
In the following sections, the underlying concept and equations for each
component are described.

Precipitation Data

Hourly observed precipitation data are used as one of the primary
inputs for each watershed sub-unit (or segment) that is simulated. The
model assumes that the precipitation is representative for the segment.
Precipitation input is multiplied by a constant factor, so that adjust-
ment of point values to larger areas or different locations is possible.

Snowfall conditions are determined using estimated surface air
temperature and an assumed lapse rate. The lapse rate function is shown
in Fig, 2. The temperature at 750 ft above the segment surface is
computed using:
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and exposure of the recording anemometer to allow estimation of the
wind movement within the forest canopy. The method used is to extrapolate
observed wind speed to a height above canopy level, then estimate a wind
speed profile down into the canopy.

For a well-exposed anemometer, a logarithmic velocity profile is

assumed to be suitable for extrapoclating speeds to 100 ft above ground
surface, The equation used is:

Fa

i _ In[i-D)/Zg]
U, %‘T‘m XD)7Ze] (3)

L

where

Ui = wind speed at elevation i,

D = zero plane displacement level,
Ly = surface roughness length, and
X = anemometer height.

In the absence of better information, one may assume that Zp may
be estimated as one-twentieth the height of the prevailing roughness
elements at the anemometer site (Byers, 1969). The zero plane displace-
ment refers to the elevation above the surface where the logarithmic
velocity profile reaches zero, It has been assumed to be two-thirds of
the prevailing roughness he1ght and is generally negligible compared to
the anemometer height.

Extrapolation of the wind speed profile down into the canopy
employs two functions, based upon the work of Murphy and Knoerr (1970).
The logarithmic function described above is used to determine wind speed
above and at the top of the canopy (with adjustments for D and Zg), then
an exponential function of the form:

i- 0 (6)

where

Ul = velocity at the top of the canopy,

a = velocity profile extinction coefficient,
Z5 = stand height of layer i, and

C = total stand height,

and



a ¥ 0.0015 cm“1 as an estimate based upon the work of Shinn (1969)
is used to estimate wind speed within the canopy.

The equation can be integrated to estimate the average wind speed
in an overstory layer of thickness AZ (from canopy top to bottom Timbs)
to yield:

_ . _ gmahl
U= Uj (;Z e ) . (7)

It is expected that the parameter (a) will be a function of leaf area
index, and will vary seasonally. For applications to Walker Branch
Watershed, it has been estimated that a = 0,0013 cm-1 during the growing
season, and a = 0.0006 cm1 during dormant season conditions. These
estimates were derived by comparing observed wind speeds at the reference
site and in the canopy for a few cases. The thickness of the canopy
layer was taken as 1200 cm (Curlin and Nelson, 1968).

Thus, using the equations presented above or empirical carrelations
between anemometer readings at the permanent site and wind movement in
the canopy of the basin segment under study, one can derive a correc-
tion factor to be applied to the basic wind data set. As discussed
later, model results are relatively insensitive to wind speed,

Air Temperature

Temperature data are regquired for a number of computations during
simulation., The basic input calls for daily maximum and minimum air
temperature. Two manipulations may be performed on the data within the
TEHM. Depending upon observation time, the maximum temperature reported
for a given date may have occurred on the preceding day (e.g., when
observations are taken with maximum and minimum recording thermometers
and reported as of 8 a.m. on a given day). Adjustments for observation
time are controlled by input, as explained in the section on input data.
Once the maximum and minimum temperatures have been established, a
smooth curve is fitted between successive values to provide estimated
hourly air temperature. Figure 3 illustrates the shape of the tempera-
ture curve (see listing of ANUMON, array TEMPF for the explicit values).
In using the function, it is assumed that the minimum daily temperature
always occurs at 6 a.m., and the daily maximum always occurs at 4 p.m.
Formats to be used for temperature data input are described on pages 57-
58 in the WHTM User's Manual (Patterson et al., 1974).

Solar Radiation

Solar radiation data are most often available as daily totals at a
meteorological station with a different exposure than the site to which
they are to be applied. To make such values acceptable for use in TEHM
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simulation computations, daily observations must be adjusted for the
slope and azimuth of the receiving surface and also distributed into
hourly increments through each day. The basis of radiation adjustments
for slope and azimuth of a watershed or sub-basin is the eqguivalent slope
theory (Lee, 1963), which allows one to define an equivalent latitude and
longitude on the earth where a horizontal surface is parallel to the
slope at the study site, and thus has the same angular relationship to
the solar beam. With standard relationships, one may then compute the
potential radiation on a horizontal surface at the equivalent slope
location, and equate it to the potential radiation on the basin slope.
Finally, one calculates the potential radiation on a horizontal surface
at the study site and uses the ratio of potential radiation on the slope
to that on the horizontal plane to adjust observed daily radiation to
the, sTope and azimuth of the study site. The computations are all

“included in the TEHM, thus readers not interested in the details of the

equations used may wish to skip to the next section.

Temporal distribution of daily short-wave radiation

The temporal distribution of daily radiation into hourly increments
is based on the use of the solar altitude equation. The intensity of
solar radiation at a point on a horizontal plane tangent to the earth's
surface is directly proportional to the sine of the solar altitude angle
during the day. Hence the time integral of the sine of the solar alti-
tude angle is proportional to the amount of energy received for any
interval between sunrise and sunset. The ratic of the integral for a
given hour to the solar day total thus represents the fraction of the
daily radiation that is assigned to that hourly increment. In the absence
of cloud cover data, we assume a uniform cloud cover for each hour of a
given day.

Details of the methods used for adjusting solar radiation data are
briefly described below,

Slope and aspect adjustments. The equation for the equivalent
latitude of a sTope {LAeq) is:
H

> ) < al)
LA,y = arcsin (cos S *(sin (9) +(sin S * cos ¢ * cos 2), (8)
@ o578 P s "' 4is)
where o 451 o176 o
S = the positive angle between the plane of the slope and the
horizontal plane,

¢ = the true latitude of the slope (degrees), and
Z = the positive angle measured clockwise from north to the

direction of the steepest downhill slope (azimuth},
(note: The implemented program deals with only the northern
hemisphere).
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The difference in longitude or time shift between the actual and
equivalent siope (ALO) is given as:

ALO = arctan [sin S * sin Z/(cosS™* cos ¢ - sin S * sin ¢ * cos Z) ], (9)

where S, ¢, and Z are as defined above.

The potential daily radiation on a horizontal surface depends upon
the solar declination and the time between sunrise and sunset, in
addition to the site Tocation. The declination of the sun is the angle
between the earth's equator and the latitude at which the sun is
directly overhead at solar noon. The equation for the declination is:

D = arcsin {0.39785 * sin [4.869 + 0,0172 * t
+ 0.03345 * sin (6.2241 + 0.0172 * ¢)]} , (10)

where

t = Jdulian date, where January 1 = 1 and December 31 = 365 or 366,
and all angles are expressed in radians.

The declination ranges between +23,5° on June 21 and -23.5° on December
21.

Day Tength for a horizontal plane at a given location is calculated
in terms of an "hour angle" between solar noon and sunrise or sunset.
If each 24-hr day is represented by 360°, one hour is equivalent to 15°
or 7/12 radians. The hour angle between solar noon and sunset (T) on a
horizontal surface at the equivalent location is given by

T = arccos [-tan (LAeq) * tan D] , (11)
where

T = hour angle between solar noon and sunset,
LAgq = latitude for the equivalent slope, and
D = declination of the sun.

Adjustment for the time difference between the true and equivalent slope
coordinates translates the hour angles for sunrise and sunset to the
Tongitude of the actual site. Thus:
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Ti = =1 = ALO and

=T - A, (12)
where
T? = hour angle of sunrise, and
€ = hour angle of sunset for the equivalent slope adjusted to

the solar time at the true slope site.

Similarly the hour angles for sunrise (T?) and sunset (TS) on a horj=
zontal surface at the actual site can be determined by replacing LA
with the site latitude ¢ in the hour angle equation. The times of €q
sunrise {tp)} and sunset {tg) on the actual slope are taken to be the
lesser (absolute value) of t§& and T and of t§ and Tg, respectively.

The above calculations must be checked for extreme conditions of
no sunrise or sunset and for double days with two sunrises and two
sunsets, These extreme cases can occur on some slopes that face toward
the poles.

One additional factor is needed to calculate potential radiation
at a point. It is the solar constant, adjusted for the eccentricity of
the earth's orbit. The eccentricity describes the varying earth-sun
distance and accounts for the unequal length of the seasons, and is
given by

E=1.0 - 0.0167 * cos [(t - 3) * 0.,0172] , (13)

where the angle is expressed in radians, and t is Julian date.
The solar constant for one hour {R1), adjusted for eccentricity, is
given as

R1 = (60. * 1.95)/E% (14)

where, the solar constant above the earth's atmosphere is 1,95 cal em™?
min. ' (Drummond, 1968}.

The potential daily radiation on the true slope (Rps) may be
calculated from the equivalent latitude (LAeq) as follows:

= * 3 * 3 “* - *
RpS R1 *{sin D * sin (LAeq) (TS Tr) + cos D

cos (LAeq) * [sin (TS+ ALO) ~ sin (Tr + ALO)]}* 3.82 . (15)
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The potential daily radiation on a horizontal plane (Rph) at the lati-
tude of the slope (¢) can be obtained by using ¢ in place of LA and
using Tr and Tg for the times of sunrise and sunset.

The ratio of potential radiation on the slope to that on a hori-
zontal plane is used to modify the observed radiation to obtain a
radiation estimate for the slope. The estimated actual radiation on
the slope is thus:

Re ) Robs * EEE- ? (16)

where

ROb = gbserved solar radiation (measured on horizontal surface
exposed to cloud cover similar to that for the slope),
potential radiation for the slope, and

Rps
potential radiation on a horizontal surface at the slope site.

A final adjustment to estimated radiation on the slope (Rg) is used to
convert it to a map area basis (Rp) using the slope inclination (S)

= Re/cos S . (17)

A1l these adjustments reduce to unity and have no effect if the slope
is a horizontal surface (i.e., if S = 0.0).

Temporal distribution of daily short-wave radiation. There are two
basic operations used to distribute total daily solar radiation into
hourly increments. First, solar time is adjusted to coincide with local
standard time. Then the amount of radiation received on the slope is
partitioned among the hours of the day to correspond to Tocal standard
time. No adjustments are made for daylight savings time or irregulari-
ties in time~zone boundaries because we think they are unwarranted for
Qur purposes.

The adjustment of solar time to Tocal time has two components.
First is the proximity to the central longitude of the local time zone,
which is usually at the nearest integer multiple of 15°, Because each
hour is associated with 15° of longitude, the difference between the
site longitude and the local standard time longitude corresponds to one-
fifteenth of a decimal hour per degree. If the site is west of the
standard longitude, the time difference is added because solar noon will
occur later. Thus, the time correction for location within the local
time zone is
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A Clock Time = (L - Ls)/15 .

where

L = the true slope Tongitude {degrees},
Ls = the Tocal standard time longitude {degrees), and
A Clock Time is given in minutes.

Second s a correction between noon and clock-time noon to account for the
irregular rotation of the earth. The adjustment for the irregular rota-
tion of the earth is based on the equation of time, which is the differ-
ence between true solar right ascension {«):

a-= arctan {0.91745 * tan [4.86891 + 0.017202 * t + 0.033446
* sin (6.22411 + 0.017202 * t)]} (19)

and mean solar right ascension (8}:
B = 0.017202 * t - 1.41430 , {20)

where all angles are expressed in radians. If B is greater than m/2, it
is reduced by m radians. These functions of Julian date (t) are
empirical and result in adjustments that range from -14 to +16 clock
minutes per day during the year. When the two corrections are summed,
they may be added to clock-time noon to obtain the local standard time
for solar noon. Then it is possible to relate solar radiation directly
to Tocal clock time.

The partitioning of daily insolation into hourly increments is
done by evaluation of the integrated form of the solar altitude versus
time equation for each hour before and after solar noon. The solar
altitude durations for each hour of the day are totaled and the ratio
of the particular hourly solar altitude duration to the total daily
duration is applied to the daily radiation on the slope to give the
hourly proportion of radiation. The integrated form of the solar
altitude equation was described earlier as part of the equation used

to calculate potential radiation on a slope (Rps).

Net Long Wave Radiation

The inclusion of the long-wave radiation balance in the surface
energy balance is an option and can be excluded if desired. A Togical
variable called RNPN is described in the section called 5 LANPAR in
the input data set. It is included when one wishes to be particularly
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concerned with the vegetation energy balance (e.g., when primary produc-
tivity is to be estimated).

The net loss of radiant energy of a surface is the difference
between the long-wave radiation emitted by the atmosphere and the radia-
tion emitted by the surface itself. The long-wave radiation from the
atmosphere depends upon the relative volumes and temperatures of
emitting agents in the atmosphere such as water vapor, carbon dioxide,
and Tiquid water.

An empirical relationship suggested by DeVries (1955) has been
adapted and implemented {as function RNLONG) to estimate the net long-
wave radiation balance for vegetation. The relation is:

net _ 4 & 4 _ 4
Hig = €70 Eéa Tag 9P m) >

(21)
where g(Pw, m) = [}a +b*P

-ty

) * (1 -Vm)] + v,

H?it = net long wave radiation (cal.Cm—Z.m1n~1) ’

e = emmissivity (use 0.95 for vegetation) |,

-12 2,0 1.0¢"4 ¢

g=1.35 * 10 calecm “esec Boltzman constant)

= syrface temperature of vegetation {OK) ,

—
o
o

[

Tai = air temperature at standard observation height (9K) ,
a = constant * 0.44 |,

b = constant = 0.6] (mbar'%) R

P = vapor pressure at standard observation height (mbar)
m = fractional cloudiness, and

V = a cloud height parameter described below.

In implementing this equation, assumptions must be made for several
of the parameters and variables used. Emissivity was assumed to equal
0.95 because vegetation has radiation properties of a grey body (van
Wijk and Scholte Ubing, 1963)., The air temperature and vapor pressure
at standard observation height are input data to the model and the
surface temperature of the vegetation is calculated by assuming it is a
linear function of air temperature and hourly incoming short wave radia-
tion. The assumed relationship is:

= * -
Tea Ta_i + [0.045 * (HRSOL)] 0.5 , (22)
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where

Tea = vegetation surface temperature (°OC)
T.: = air temperature at standard observation height (°C), and
HﬁéOL = hourly incoming solar radiation, (cal cm=¢ hr-1),

At Tow radiation periods (early morning, late afternoon), 1teaf
temperature is Tower than air temperature, whereas during the main part
of the day, Teaf temperature will be one to two degrees higher than air
temperature.

Brunt (1932) suggested the empirical relationship (a + wa%) as an
adjustment factor for water vapor. The constants a and b are from data
tabulated by van Wijk and Scholte Ubing (1963), chosen to represent the
southeastern part of the United States.

The two cloud parameters, m and V, are determined by simple intui-
tive relationships, based on incoming solar radiation. The fractional
cloudiness (m) has a range from 0 to 1.0 and is defined as an inverse
function of the ratio (PERMAX) as shown in Fig, 4 below:

ORNL-OWG 76- 12261

FRACTIONAL
CLOUDINESS, m

o 1.0
PERMAX

Fig. 4. Fractional cloudiness as a function
of the ratio of observed to potential radiation.

PERMAX is the ratio of observed daily short wave radiation (RASPL) to the
expected maximum radiation for each date (RADMAX). RADMAX is scaled to
seasonal changes in incoming solar radiation by three parameters chosen
to represent the southeastern United States:

RADMAX = RMEAN + RDEV * SIN [2. * « * (TDATE-81.)/365] , (23)

where

RMEAN = 550 cal em™> day™',
RDEV = 250 cal cm-2 day~1, and
TDATE = Julian date.

The cloud height parameter (V) ranges from 0.0 for very high or no
clouds tc 0.9 for low (stratus) clouds (van Wijk and Scholte Ubing, pg.
§7, 1963). Taking advantage of the fact that Tow clouds usually are
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associated with complete cloud cover and high clouds with 1ittle or no
fractional cloudiness, we let V = 0.9%m.

Hydrologic Process Submodels

Interception and Throughfall

Precipitation on a forest canopy is adjusted for interception and
evaporation losses using a coupled variable interception storage capacity
and combined energy balance and mass transport evaporation method.

Figure 5 is a schematic representation of the interception loss submodel.
The interception storage capacity varies seasonally in the same fashion

as leaf biomass. Figure 6 illustrates an example of the annual cycle

of interception storage capacity for the Oak Ridge area, and also presents
the regression equations deveioped by Helvey and Patric (1965) for esti-
mating throughfall in a mixed hardwood forest. Although these regression
equations are not used in the TEHM, they are useful for purposes of com-
parison. In Fig. 6, P represents total rainfall and n is the number of
storms. Each time more than & hr elapses between measurable precipitation,
a new storm begins. Evaporation loss is estimated in the TEHM using the
relationship presented by Goldstein et al, (1974).

(24)

where

Fv
RN

vapor flux away from the interception surface,

net radiation (solar plus long wave) absorbed by the canopy

surface per unit time,

G = amount of heat energy transferred from the canopy surface to
the soil per unit time,

A = slope of the saturation vapor pressure vs temperature curv

at ambient canopy temperature,

o = ratio of convection area to evapotranspiration area,
Cp = specific heat of air at constant pressure,
p = density of air,
pZ2 = actual vapor pressure of atmosphere above the canopy,
x
p2 = saturation vapor pressure of atmosphere above the canopy,
ra = atmospheric resistance to transfer of water between the canopy

and air above the canopy,
—=>ry = 3.3 (2)0.3/ V¥, where 2 is a characteristic average leaf length
in the canopy, and v is wind speed, and
L. = Tatent heat of vaporization for water.
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PRECIPITATION
EVAPORATION

STORAGE

THROUGHFALL

EVAPORATIVE LOSS =7 (TEMPERATURE , RADIATION, HUMIDITY, WIND)
STORAGE = 7 (SEASONAL CANOPY DEVELOPMENT )
THROUGHFALL = PRECIPITATION - EVAPORATION

Fig. 5. Schematic representation of the interception Toss
submodel. :
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Figure 7 compares integrated interception loss computed using the TEHM
submodel at hourly time intervals with corresponding values derived from
the Helvey and Patric regression equations for Walker Branch Watershed
(WBW) during water year 1970. Table 1 compares the two methods with
throughfall field data from WBW for 1971. Throughfall is approximately
equal to the difference between precipitation and interception, since
stemflow is approximately offset by litter interception and evaporation.
Based upon the excellent agreement between independent methods, the
interception component has been judged adequate for use in the TEHM.

Infiltration

The method used for estimating infiltration rates of throughfall in
the TEHM 1is the time compression approximation recently described by
Reeves and Miller (1975)., The method uses a cumulative infiltration
curve for the soil in question, and compares actual cumulative infiltra-
tion to the maximum cumulative infiltration possible for a specified
interval. At each point during a rainfall event, the initial conditions
depend upon the cumulative infiltration up to that time. If, during
the next interval, cumulative rainfall exceeds cumulative infiltration,
surface runoff is calculated. Otherwise, the input is added to accumulated
infiltration, and a new initial condition is established for the next
interval. Figure 8 illustrates a simple example that begins at actual
time To (top axis), when the infiltration capacity of the soil is repre-
sented by the point (Ig, Eg). During the actual time span Tg to T1, the
amount of water supplied exceeds the infiltration capacity, so runoff is
produced [My-(11-I5)] and the maximum amount of infiltration possibie
occurs., In this case, the equivalent time (the amount of time required
to infiltrate a given amount at the maximum rate) increases the same
amount as the actual time. However, in the interval from T7 to Tp, the
supply rate is lower than the maximum infiltration possible, so all
water infiltrates in that period. The increase in equivalent time is
less than that for actual time, and is defined by the curve for the
interval considered. Miller and Reeves (1975) found that the time
compression approximation method may slightly underestimate total
infiltration (up to 20% for the cases they studied) when erratic rainfall
occurs (e.g., downpour, then drizzle, then downpour). They suggest that
this fault may be overcome by applying a small correction factor to bring
seasonal or annual infiltration totals into agreement with observations,
No attempt has been made to provide for such adjustment in the TEHM.
Furthermore, we assume that if the elapsed time between infiltration
events does not exceed 24 hr, any new event begins with the ending
equivalent time and cumulative infiltration from the preceding event.
After 24 hr, the soil is assumed to recover completely, and the
equivalent time is set to zero. As more information becomes available,
we anticipate establishing an approximate relation between soil moisture
conditions and the equivalent time variable.
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Table 1. Comparison of field observations of throughfall® with computed estimates
§

Observed® Estimated® Simulatedd
Period Precipitation throughfall throughfall throughfall
(cm) (cm) (cm) (cm)
May 18
to 5.5 4.2 4.8 4.8
June 10
June 10
to 8.2 5.7 6.4 5.9
July 8
Juiy 8
to 16.4 14.8 14.0 14.8
July 28
July 28
to o 15.1 12.7 12.6 12.6
September 17
Total period 45.2 37.4 37.6 38.1

@ Opoes not include stemflow.
b Qata provided by G. 5. Henderson, Qak Ridge National Laboratory, 1974.

C T =1(0.90T XZPy) - (0.079 X i)em; i=1, ..., n
Adapted from He%vey and Patrick, Water Resowr. Res., 1{2), 1965,

d Simulated using simple canopy storage model.

€ Sampling period assumed to end at noon.
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Fig. 8. Schematic example of the time compression
analysis (TCA) method for estimating infiltration.



24

Root Zone Evaporation, Transpiration, and Drainage

The basis for simulating root zone moisture dynamics in the TEHM is
the model PROSPER, described by Goldstein et al. (1974) and Swift et al.
(1975). The model is presented schematically in Fig., 9. Briefly, the
operation of the model is as follows:

(1} Infiltration, which is calculated using the TCA method (Miller
and Reeves, 1975), enters the first soil layer.

(2) Evapotranspiration is calculated using an iterative method and
the vertical redistribution flow of soil moisture is dlso
computed.

(3) The new soil moisture content of each layer is calculated by
algebraically summing the infiltration, redistribution, and
evapotranspiration flows. Excess moisture in a layer generates
lateral flow. '

(4) Drainage is calculated from the conductivity of the deepest
soil layer, thus completing one cycle of computations. The
next cycle begins again at step 1.

Interception, throughfall, and infiltration computations were
described earlier, and together form the basis for computing moisture
input to the top soil layer. The calculation of evapotranspiration and
soil water redistribution is based upon the assumption that the flux of
Tiguid water to the evapotranspiration surface is equal to the vapor flux
away from it.

The vapor flux from the evapotranspiration surface is calculated by
the equation:

s RIS ¢ [A] (e2eep2)

P a
CN = ‘ > (25)
NS rg T Ty , LF(AY + 13 LA
TN T T5 AT o €,
where
Fy = vapor flux away from the evapotranspiration surface,

Inn

resistance of the evapotranspiration surface to the release of
water vapor,

A = actual leaf area index,

f(A) = k A/(1 + A/Ay) = effective leaf area index,

k, Ag = canopy scale factors, and the remaining terms have the

same definition as in Eq. (24) presented earlier., Equation

(25) is the modification of the relation found in Goldstein et al. (1974)
that is given by Swift et al. {1975). The relation f(A} was developed
to account for periods of canopy development or other periods when the
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Fig. 9. Schematic diagram of PROSPER: A model of atmosphere-
soil-plant water flow.
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canopy has incomplete development. (The user who is not interested in
details of the computation should skip to the next section.)

The other terms in Eq. (25), except for ry, are either constants
or functions of the environmental conditions. In the TEHM ry, which is
the resistance of the ET surface to the release of water vapor, is
hypothesized to be of the form

where
ro = minimum evapotranspiration surface resistance,
re = maximum evapotranspiration surface resistance,
¥, = evapotranspiration surface water potential,
Yo = surface water potential at which the surface resistance becomes

a maximum, and
h = an exponent which determines how rapidly the resistance reaches
its maximum value.

Thus, the vapor flux from the evapotranspiration surface is a nonlinear

function of the surface water potential (Eb).

~The_liquid water flux to the evapotranspiration surface is estimated
through use of the electrical circuit analogy to the soil-plant-water
flow system shown in Fig., 10. The calculations are done using standard
techniques for solving electrical circuit problems. The symbols used
in Fig. 10 are:

n = an arbitrary integer that signifies the number of soil layers,

Yy = soil water potential for the kth soil Tayer, 1 <k <n,
Yo = evapotranspiration surface water potential,
¥ = water potential within the plant at the kth soil layer. (These

terms ?re eliminated mathematically, so they are never calcu-
lated.),

i; (1 < k < n) = the water flow between soil layers (when k = 1,
it represents the water evaporated from the surface of soil
layer 1), th

i2 (1 <k <n) = water flowing in the root system in the k™ soil
layer (when k = 1, it is the water flowing in the aboveground
portion of the plant ,

i3, 1 < k < n-1, = the water flowing across the soil-root inter-

face in the kth soil layer,

rk, 1 <k <n = resistance to flow of water between soil layers
1" (when X = 1, it is the resistance to flow across the soil at
" interface),
ro, 1 <k <n = resistance to flow of water within the root system
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between the kth and the (k-—])th soil Tayers (when k = 1, r% is
the resistance to flow of water in the above ground portion of
K the plant}.
r3, 1 <k <n-1, = resistance to flow of water across the soil-root
interface in the kth soil Tayer,

It is convenient in the calculations to use conductance instead of
resistance; e.qg., gE = 1/r2k, which is more amenable to computer-based
calculations when résistance is infinite so that zero flow (and conduc-
tance) is impiied.

It is also convenient to partition the sojl-water-plant system
shown in Fig. 10 into a soil-water flow system (Fig. 11b) and a plant
and soil-root interface system (Fig. 11c) to simplify the calculations.
The equations are coupled later to represent the integrated system.
Figure 11b is a schematic circuit diagram of the soil-water flow
system, which may be regresented by the following equations:

VAN
k \ / N k '\I
i \31{£jk - ?k_1), k =1,2,===, n . (27)

Because the soil-water contents of each layer are known at any point in
time, the water potentials and the soil conductivities of each soil
Tayer can be determined,

The TEHM uses the method of Green and Corey (1971) as implemented
and described by Luxmoore (1973) to estimate soil conductivity where
experimental data on the relationship between water content and
unsaturated conductivity are unavailable. The basis of the method
is the pore-interaction model of Marshall (1953), and uses the equa-
tion of Green and Corey (1971):

2 P m
K(e), = .=« B L& prrze1-20) 078, (28)
i o P gnmn ;Z' j=1 J

i=1,2,---m

where

K(©). = the calculated conductivity for a-specified water content
T or pressure (cm min=1), 3
the water content (em3 em™7),

the last water content class on the wet end (e.g.,

i =1 identifies the pore class corresponding to the
saturated water content, and i = m identifies the pore
class corresponding to the lowest water content for which
conductivity is calculated),

< (D
Hon
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Ks/Kse = the matching factor (measured saturated conductivity/
calculated saturated conductivity}, 1
¥ A= the surface tension of water (dynes cm™ '),
p = the density of water (g a3}, >
g = the gravitational constant (cm sec™ },
n = the viscosity of water (g cm-1 sec-1),
e = the porosity_(cm3 cm=3), defined in various ways depending
on the method of calculation,
P = a parameter that accounts for interaction of pore classes,
n = the total number of pore classes between & = 0 and o,

the saturated water content: n > m (see text); n may or
may not vary with @ depending on the calculation method,
and

h; = the pressure for a given class of water-filled pores

(cm of H20).

The user must supply a few corresponding measured values of water content
and pressure, A specific example is provided later in this report. The
model uses linear interpolation between points to estimate pressures
associated with each water content pore class, A detailed explanation
and evaluation of the method has been presented by Luxmoore (1973),

An alternative to the Green and Corey (1971) method for estimating
hydraulic conductivity and soil water pressure has also been included
in the TEHM. Any one of the following three equations may be selected
to estimate hydraulic conductivity: '

k

K(@) = k, 074
(9) = ky 074 (29)
K(e) = k3 * exp [k4(@-k2)] R (30)
K(g} = k3/{1 + exp [—k4(9-k5)]} , (31)
where
K(@) = hydraulic conductivity at water content O,
@ = fractional volumetric water content, and
k. = empirical parameter constants for each equation, where i

refers to the index number for the input of parameter
values.,

The option may be used when observed data are available for the K(@)
versus O relation for the basin soils. In this case, a best-fit set
of values is chosen for the equation that most closely represents
data, and the user specifies the equation and values for parameters as
model input. "

Any one of the following four equations may be used to approximate
the water content versus soil-water suction {pressure) relationship:
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) _ P
! PSM = P3 (P2 -6)/04 (32)
PSM = P, (P2 - 9) (P5—e)/(P2+P6-e) . ohs , (33)

~ P

- P p

PSM = [P, (P, - ©) 5]/6'4 , (35)
where
PSM = soil water pressure (cm of water),

Q]
P3

fractional volumetric water content,

empirical parameter constants for each equation, where i
refers to the index number for the input of parameter
values, '

The equations given above are only a few of those possible. They are
included here as an example of the flexibility available when data
exist for defining the relationships they express, rather than some
preferred set of approaches. The motivation for their use is primarily
computational speed and convenience.

When the flow of water between two layers is calculated using an
approximation to Darcy's law, it is necessary to specify an appropriate
hydraulic conductivity term, recognizing that each Tayer may have a
different average value at any instant. We assume that the conductivity
of the Tayer contributing water is most important. The averaging of the
conductivities of two layers has been rejected because it led to
unrealistically low flow rates between very wet and very dry layers.
Thus, in the TEHM, the soil conductances are given as

1 _
91 = ZK]/d1 , and

K . K*
NT@FA 072 k=2,3 .., , (36)

where

K* = soil conductivity (e.g., by Green and Corey method) of layer k
or k - 1, whichever has the highest total water potential, and
d, = thickness of the kth 5011 layer.

Thus, all quantities in Eq. (27) are known except ¥p. The determination
of ¥o will be discussed later.
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Figure (11¢c) is the schematic diagram of the water flow system
within the plant and across the soil-root interface. From this diagram
one writes the following equations:

WW 12=92(‘¥'1-‘{'0) » __?_J?M,W)

TI2< = giz( ({pk = {pk_'[)s k = 2939"'"'9 n=-1 ] (37)
n_ n,- 0 o=
=0 (4, - ¥ )
[f the kth layer is below the rooting zone, we set 95 = 0, Also note
that:
1[,&“ T'm"’ M K k _
Ao ool iy =g, (‘Pk - ‘i‘k), k = 1,2,~=--, n=1, (38)
"Wfﬁ% R R e R L (39)
37

38
The unknown tevms in Eqgs. (%) and (35) are the 15'5, 1k s, Pi' s, and Y.
Combining (Bﬂ) and (32) to solve for ¥, then substituting for ¥y in
(38) y1e1ds

ag estABne2 ,[‘,.,

k k+1
-ry i, o+ (r

n+l 0

. .0 _
where T, s Oq and iy = 0.

This system of equations may bel!solved for the 1k's except for the
unknown value of ¥,, Then Eq. (%) may be solved for i§ to determine the
amount of transpiration flow from each soil 1ayer

The total transp1rat1on flow is g1¥en by 1 and the evapcration flow
from the first soil Tayer is given by i Therefore the total evapotrans-
piration is given by

ET = i] +i, = FL , (41)
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which are determined from Eqs. (27) and (40) except for the unknown
surface water potential, Y.

We now have all the equations to solve the atmosphere-plant-soil-
water flow system except that we do not know the evapotranspiration
surface water potential, ¥y. To determine this variable the TEHM uses
the following procedure:

(1)

(10)

Choose an initial guess for Y., This is set as -1 bar initially

and as the value at the previous time step in subsequent time
periods.

Solve (25) for the vapor flow from the evapotranspiration

surface, Fy.

Solve (27) and (40) for the 1iquid flow to the evapotrans-

piration surface, Fg.

Determine the difference, £ = Fg - Fy.

Using the subroutine ABSICA (Westley and Watts 1970), choose a

new value of Yg.

Repeat the procedure until |z| < e, where e is an arbitrarily

small positive number. The value of € in the present version
of the TEHM is 10-5, 3

%olye for the water flux from each soil layer using (Zg) and
27).

Solve for the new value of soil moisture in each soil Tayer.

Calculate the drainage and lateral flow. In this version,
drainage is estimated by

Drainage = Kn

where Kn is the soil conductivity of the last soil layer.

This estimate makes the tacit assumption that the gravitational
potential dominates flow from the last scil layer. This is a
tenuous assumption at best, but it is the best approximation
that we feel we can make at the present time. Lateral flow
occurs only when the receiving soil layer is saturated.

Proceed to the next time step, and repeat the procedure.

Subsurface Flow

There are three objectives that the subsurface flow component of the
simulation model is designed to satisfy. First, the studies of Hewlett
(1961a), Betson and Marius (1969), Dickinson and Whiteley (1970), Dunne
and Black (1970), Freeze (1972), Lee and Delleur (1972), Engman and
Ragowski (1974), Ishag (1975) and others have shown the advisabjlity of
integrating the variable source area concept into hydrologic models. The
subsurface flow component of the TEHM explicitly represents a hypothesis
that relates subsurface drainage rate and variable source area runoff.
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Second, unsaturated drainage rates have been shown to be a signi-
ficant portion of "dry weather" flow from steeply sloped, shallow soils
(Hewlett, 1961b and Weyman, 1973). Thus another goal of the model 1is
to represent unsaturated drainage rates as determined by so0il moisture
and soil hydraulic properties.

Finally, the third objective considered in the design of the
subsurface flow model component was to require minimum complexity of
field data and computational methods. This final goal requires a
subjective trade-off between simplifying assumptions (which introduce
error) and data requirements and computing time.

The conceptual subsurface flow model is illustrated in Fig. 12.
There are three regions of interest: the root-zone, which is assumed
to contain the source areas; the sogil-water transmission zone, which
may contain up-to five layers; and the groundwater zone. In the root
zone, the basic assumption is that the drainage rate between the first
and second layers determines the rate of runoff from variable source
areas (hence their size also)., In the soil-water transmission zone, the
drainage rate may be approximated by the hydraulic conductivity of the
soil. In the groundwater zone, outflow is assumed to be directly
proportional to the amount of groundwater present, and is partitioned
between flow measured at the basin outlet as streamflow, and unmeasured
seepage loss.

Source Area Runoff

Input to the source area component is assumed to be the amount of
throughfall that infiltrates into the top root-zone layer, as calculated
by TEHM. Thus, input depends upon soil hydraulic properties in the root
zone, climate, the stage of canopy development, and antecedent moisture
conditions as affected by evapotranspiration.

It is recognized that much of the variable source area response
occurs at the soil surface in the field, whereas the model assumes that
variable source area runoff must first pass through the top layer of the
root zone. This assumption probably introduces an incorrect delay in
the timing of storm runoff response. However, until more is learned
about the actual behavior of variable source areas in the field, more
detailed or complicated conceptual models are probably unwarranted. The
conceptual model described here was chosen partially for ease of merging
with PROSPER.

Drainage from source areas is assumed to enter the stream channel
directly. The Tower 1imit of source area extent represents the permanent
part of source areas that are linked to the stream in the basin and will
contribute subsurface drainage at all times. The response time of these
permanent source areas during a storm is determined by the average thick-
ness and hydraulic properties of the rooct zone layers. The hydraulic
properties are determined from the information required for PROSPER simu-
lations. Ideally, the relationship between soil-water content and
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hydraulic conductivity will be determined directly through in situ snil
column drainage experiments, following a method such as that of Cheng
et al. {(1975}. Alternatively, the relatfonship may be approximated
using the Green and Corey method, as described by Luxmoore (1973},

The variability of runoff response from variable source areas is
made up of two components. First, the drainage rate of water between soil
layers is assumed to be a nonlinear function of soil water content and
input, As soil moisture increases, the runoff per unit source area is
assumed to be directly proportional to the increase in soil water flux
through the root zone. Secondly, the fraction of the basin segment that
contains variable source areas has been assumed to increase as the drainage
rate through the root-zone increases. Thus, the variable source areas
expand as a function of root zone drainage. The form of the relationship
used in the TEHM is shown in Fig. 13, When the root zone soil water flux
rises above a threshold value, the fraction of source areas draining to
the channel is assumed to increase linearly until a specified upper limit
is reached. It is assumed that source area growth begins when the stream
channel system starts to expand (e.g., when the length of flowing channel
begins to increase in a first or second order basin). The drainage rate
that corresponds to the discharge rate when channel expansion begins thus
is assumed to mark the point where drainage from variable source areas
begins to enter the channel directly. It should be noted that the
variable source area contribution is independent of surface runoff
caused by exceeding the infiltration capacity in the TEHM. Thus, in
principal, both surface runoff and variable source area flow could be
calculated.

Soil water transmission zones

The soil water transmission zones are characterized by a table or
graph of the relationship between soil water content and hydraulic con-
ductivity. The relationship must span the expected range of soil water
contents found in the field, In the subsurface flow model, the relation-
ship is approximated by

ko) = ks, €%i(®%) 1 <ic3 (42)
where
K(0) = hydraulic conductivity at water content &,
KSi = saturated conductivity parameter,
aq = curve fitting parameter,
o) = water content,
Os = water content at saturation, and

number of portions of the curve necessary to approximate the
(K vs @) relationship.
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Drainage is assumed to be dominated by gravitational flow, hence the
drainage rate at any point in time is assumed to be numerically equal
to the hydraulic conductivity, which is a nonlinear function of water
content, and varies depending upon the moisture supply rate. For each
transmission layer, a continuous water content variable is maintained
for each component through numerical integration of the continuity
equation:

901 _
P I(t,p,@._

where

@i = water content of zone 1,

t time,
I = moisture input,
P = precipitation or throughfall,

©i-1 = water content of overlying soil,

C = climatic factors (e.g., solar radiation, temperature), and

K(ei) = hydraulic conductivity of zone i, assumed equal to drainage
rate.

Equation (43) is used to calculate water content, where the input term

is the calculated drainage rate from the overlying layer, and drainage
lToss is the input for the next lower layer. The outflow from the bottom
lTayer in the soil water transmission zone is used as input to the ground-
water compartment of the model.

Groundwater storage and flow

The Darcy law for saturated flow may be represented as:

_ 3H
0 = KA (44)
where
Qg = groundwater flow rate through a cross-sectional area A of
the aquifer,
Ks = saturated hydraulic conductivity, and
%g—= the hydraulic gradient along the flow path.

We assume that the saturated conductivity remains constant and that
the product of cross-sectional area and hydraulic gradient is directly
proportional to the amount of groundwater in the aquifer. With those
assumptions, Eq. (44) becomes:
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ds
- 2__—2.
Qg k Sg T (45)
where
Sg = amount of groundwater in the aquifer, and
k™ = constant.

From Eq. (45), it can be shown that

Q (t)  -k(t-t)

where
Qg(t) = groundwater flow at time t, and
e = base of natural logarithm.
When the time interval considered is one day, the ratio of flows in Eq.
(46))15 defined as the daily recession constant Ky, (Linsley et al.,
1958) :

Q (day + 1)

K =
d
r Qg ay

. (47)

Thus the relationship between the storage constant k and the daily
recession constant Ky is

~1n Kr
k = s ' (48)
it—toj
where
(t -tg) = a one-day (24~hr) time interval, and

Ky = the ratio of instantaneous dry weather flow rates that
occur exactly one day apart.

In the WHTM (Patterson et al., 1974}, the storage constant accounts for
the time lag between infiltration of a pulse of water and its appearance
as groundwater outflow. However, in the TEHM, the soil layers exert the
major time-buffering effect, and the storage constant (k) is more appro-
priately related to the interflow recession constant, using Eq. (48).
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When this approach is used, the groundwater storage constant (k) domi-
nates baseflow response during and shortly after major storms. When dry
weather conditions exist, groundwater outflow usually balances the
unsaturated drainage input from the transmission zone. Thus the ground-
water flow recession between storms is dominated by the hydraulic
properties of the soil.

Total Streamflow

The total flow input to the channel system includes direct channel
precipitation and impervious area runoff, runoff from permanent and
variable source areas, and groundwater inflow. If groundwater is lost
or gained via seepage between adjacent basins, the groundwater discharge
term is multiplied by a user-determined constant. Total flow input is
routed through the channel system, using a kinematic wave routing method
based upon the Manning equation.

APPLICATION OF THE TERRESTRIAL ECOSYSTEM
HYDROLOGY MODEL

An QOverview of Basin Simulation

The methodology used for basin simulation in the TEHM is an outgrowth
of that used in the Wisconsin Hydrologic Transport Model (WHTM; Patterson
et al., 1974) and the earlier Stanford Watershed Model-IV (Crawford and
Linsley, 1966). The documentations of those simulation model programs
thus provide a comprehensive background for using the TEHM.,

The general sequence in basin simulation progresses from atmosphere
to landscape to the channel system. In the TEHM, each of these steps in
the sequence is represented by a main program and several functions and
sub-routines. ‘

Atmosphere Module

The atmosphere module is called the PRECIP 1ink, and has been fully
described in the WHTM documentation (Patterson et al., 1974; Chapters II
and III, pp. 21-46). It deals primarily with data for precipitation and
wetfall deposition of dissolved and particulate materials. The function
of the PRECIP Tink is to organize hourly precipitation and deposition
data into labeled files that are accessible by the landscape 1ink. It
also establishes a master inventory file of data sets that have been
created during model execution. The file is updated each time informa-
tion is added prior to basin simulation, and the master file is also
checked before basin simulation begins to ensure that the necessary
data are on file. The PRECIP link (together with the main program) is
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always the first program component to be run when a basin is simulated.
Because it has been fully documented in the WHTM User's Manual it is not
discussed further here. However, abridged descriptions of input formats
and data requirements have been included here for the convenience of the
user.

Landscape Module

The major differences between the TEHM and the WHTM lie within the
component that simulates the landscape hydrology of a basin. A compre-
hensive discussion of the theoretical basis of the processes contained
in- the Tandscape model was presented earlier. Here, we parallel that
discussion with a step-by-step description of the development of the
data set required for simulating runoff to the channel system. As a
vehicle for explaining the data set development, we have used Walker
Branch Watershed near Oak Ridge, Tennessee, as the example basin.

Walker Branch Watershed Case Study

Basin Description

Walker Branch Watershed is a 97.5-ha drainage area that comprises
a 38.4-ha west fork and a 59.1-ha east fork, each with a weir and
continuous stage height recorder at the drainage outlet (Fig. 14).
The basin is Tocated in the Ridge and Valley province of east Tennessee
at 84°17' west Tongitude and 35°58' north latitude. The basin over-
story is predominantly oak-hickory, atthough pine, yellow poplar, and
chestnut oak are also present. The mean basal area of vegetation in
the basin is 20.8 m2 ha-! {Grigal and Goldstein, 1971). Elevation
ranges between 250 m and 345 m above mean sea level. Soils are pre-
dominantly of the Fullerton or Bodine series, are well-drained, and
have high chert content and a high infiltration capacity. Data from
Peters et al. (1970) show that the average slope is quite steep in the
basin; Table 2 indicates that nearly half the basin contains slopes in
excess of 30%, and the weighted-average slope is in excess of 23% for
the whole basin.

Data Set Preparation

Preparation of a comprehensive data set for simulation with the TEHM
requires four major sets of parameters and data:

(1) Precipitation and deposition data and parameters,
(2) Climatic data,

(3) Parameters to characterize soils and vegetation, and
(4) Parameters to characterize stream channels.
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Table 2. Summary of land slope distributions within Walker
Branch Watershed

Slope Summary:

Slope class Percent of area Combined
(%) West Fork East Fork total
2-5 0.6 1.5 1.1
5-12 10.8 10.6 10.7
12-20 28.7 19.8 23.3
20-30 17.6 14.2 15.6
> 30 42.3 53.9 49.3
Average

percent slope 23% 249 23%
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Each major input component is described in detail in the remainder of
this chapter, together with a summary listing of the required parameters
and variables and an example of each that is applicable to Walker Branch
Watershed, Copies of the data are available on punched cards at Qak
Ridge National Laboratory.

Precipitation and Deposition Data and Parameters

The first step in basin simulation is to read and store precipita-
tion and wetfall data for subsequent use, and to establish data inventory
files, which are used and updated by other components of the TEHM. The
input data include information on the location, Weather Bureau identifi-
cation code, and type of each precipitation gauge that will be used in
the simulation, as well as hourly or daily precipitation totals, The
TEHM uses hourly precipitation data for simulations, and contains soft-
ware to allow for the distribution of daily precipitation totals into
hourly values. Time distribution is based on corresponding data from
the recording raingage selected as most representative of the site in
question. Detafled descriptions of all the options and associated data
input variables and formats are included in the WHTM documentation
{Patterson et al., 1974), For convenience, Chapter IIIl contains docu-
mentation for routine application. The required input data and parameters
for the precipitation and wetfall data management component are summarized
in Table 3.

Climatic data

Climatic data that are used to simulate hydrologic behavior of Walker
Branch Watershed have been obtained from the Qak Ridge, Tennessee, Weather
Service Qffice of the National Oceanic and Atmospheric Administration.

The data have all been compiled from hourly observations. The data that
are required are daily maximum and minimum air temperature, average daily
dew point temperature, average daily wind speed, and total daily solar
radiation. The use of all of these variables in the TEHM has been
discussed earlier, and in general, data may be used in the form reported
by NOAA, Table 4 shows a description of the variables required to
characterize the climate of a watershed segment to be simulated.

Proper use of observed wind speed data depends on the specification
of its relationship to wind speed in the forest canopy. Wind speed in
the canopy can be estimated using the methods outlined in the discussion
of climatic variables. Based upon published data (NOAA, 1972), the
average measured monthly wind speed at Qak Ridge is 180 cm sec~! at an
anemometer that is 30.5 m above ground level., For a canopy that is
2000 cm high, the estimated surface roughness length is 33.3 cm, and the
zero plane displacement level is approximately 22.2 cm. Thus the average
wind speed at the top of the canopy is estimated from (5} as
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Table 3. Summary of required precipitation and wetfall data and variables

Data or variab]ea

Description

SPACES

YRS
INNAME
WB
NAME
ELEV
LAT
LONG
GTYPE
FRP

Maximum number of raingages to be used to represent
the watershed

Number of water years of data expected for the run
Watershed name

Weather Bureau precipitation station number (each gage)
Name of each raingage station

Elevation of each raingage, feet above m.s.T.

Latitude (degrees, minutes, seconds) for each raingage
Longitude {degrees, minutes, seconds) for each raingage
Type of raingage at a site {recording or storage)

Values of hourly or daily precipitation totals

4 This list comprises the minimum set of information that must be available
to assemble and store precipitation data for a hydrologic simulation run.
Deposition data are not required for the current TEHM model unless trans-
port calculations are to be made.
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Table 4. Variables needed to characterize a watershed segment climate

0 Average atmospheric pressure (bars)

0 Daily maximum and minimum air temperature (°F), and the time{s) that
readings are taken

o Average daily dew point temperature (°F)

0 Average daily wind speed (mph}, and a description of the exposure of
the anemometer (height, surrounding obstructions, etc.)

o Total daily solar radiation, the latitude and Tongitude of the
observation station, the average slope of each watershed segment,
the azimuth of each segment slope (degrees from North), and the
latitude and longitude of each basin segment
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[
13

(180) Tn [(2000-22,2)/33.3 / 1n (3048-22.2)/33.3]

165 cm sec™ |

H

The average wind speed in the canopy is estimated from (7) as

‘ -1.56
= _ (165) (1-e '" - -1
U= 3706137 (1200 85 cm sec

for growing season conditions and 115 cm sec'1 for dormant season

conditions. Thus the average canopy wind speed for all conditions is
about 100 cm sec~!. The drag coefficient for growing season conditions
is 0.47, and for dormant season conditions it is 0.64.

Parameters that Characterize Soils

The underlying assumption of the TEHM is that a basin segment may
be represented by an average soil and vegetation column for purposes of
hydrologic simulation. Thus, to characterize the soils of a segment,
it is necessary to specify the dimensions and properties of an average
soil column. A summary of the required input is shown in Table 5 belaw:

Table 5
A summary of soils properties that are required for simulation

+The average thickness of the soil column, including thickness estimates
for different soil horizons

*Relationships between soil water pressure, moisture content, and hydraulic

conductivity for each layer identified !

«A cumulative infiitration capacity curve

The logical place to begin is with the vertical profile. For Walker
Branch, this poses a problem, because the thickness of the weathered
mantie is highly variable. In fact, it apparently ranges from zero to
more than 30 m and probably averages about 4.5 to 5.0 m {Henderson,
pers. comm., 1976)}. For our studies, we have estimated that the
representative soil depth is approximately 5 m. Probably the most
important part of the soil profile for water relations contains the
rooting zone and soil immediately below it. Fortunately, this is the
portion of the soil profile most easily studied. For Walker Branch,
Peters et al. (1970) have compiled extensive data on the physical
properties of the soils found there. They have found that Fulierton
and Bodine soils (Ultisols) together cover between 90 and 96% of the
total basin area. Thus for our studies, we consider only these two
soil types. Table 6 shows that on the average, the A-horizon is 40 cm
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Table 6. Average thickness of upper soil horizons at Walker Branch Watershed
{after peters et «lf.,1970)

Thickness (cm)
Horizon Pit 1 Pit 3 Pit 4 Pit 8 Pit 10 Average

Fullerton cherty silt loam
A 46 cm 48 cm 43 cm 36 cm 23 cm 39 = 10 ¢cm

B >61 cm >h8 cm »48 cm >66 cm >84 cm >50 cm

Bodine cherty silt loam
A 51 ¢cm - 61 cm 46 cm 43 cm 48 ¢m 50 + 7 cm

B >41 ¢cm >43 cm >61 ¢cm >64 cm »>56 cm 43 cm®

@ At the 0.67 confidence Tlevel.
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thick and the B-horizon {s >»50 cm thick for Fullerton soils. For Bodine
soils, the A-horizeon is 50 cm thick and the B-horizon is >.45 cm thick
on the average. For simulation purposes, we therefore assume that the
average soil column has a vertical structure as shown below:

Soil Type
Soil Fullerton Bodine
A-horizon 40 cm 50 ¢m Rooting zone
B-horizon 50 cm 50 cm layers
B-horizon 60 cm 50 cm Mineral soil below
the rooting zone
B-horizon 180 cm 180 Soil water transmission
B=horizon 180 cm 180 zone
>510 cm >510 cm Saturated zone

The properties that are required to specify hydrologic behavior of
soils include the porosity of the soil layers and a relationship between
water content and soil water pressure for the different soil types
present, in addition to a measured hydraulic conductivity value at a
known water content. For Walker Branch soils, the pertinent data have
been drawn from the report by Peters et al. {1970) and are summarized in
Table 7.

In addition to specifying data that characterize the physical
(hydraulic) properties of soils, a cumulative infiltration capacity
curve is required. There are many suitable methods available for deter-
mining the cumulative infiltration capacity, including ring or sprinkling
infiltrometer tests, or even theoretical calculations based upon the
known physical properties of the soil, For Walker Branch, where the
soils are very well drained, infiltration rates are seldom limiting, so
we could have chosen to approximate the cumulative infiltration relation-
ship as a simple linear function with a slope equal to the saturated
hydraulic conductivity of the A-horizon soils. This would have the
effect of assuming that all throughfall will infiltrate into the root
zone, However, a finite-element Galerkin model for saturated-unsaturated
porous media flow (Reeves and Duguid, 1975) has been used to simuylate
the cumulative infiltration capacity for Walker Branch soils. Table 8
represents the outcome of that simulation for Fullerton cherty silt loam.
The initial soil moisture conditions were typical of those occurring
during the month of April in any year,

Once it has entered into the root-zone, flow is governed by Darcy
Law calculations and it is possible that the moisture supply will exceed
the capacity of the root zone and deeper soils to accept it. In that
case, the excess input is labeled as lateral flow and conveyed to the



50

Table 7. Measured properties that specify hydrologic behavior of soils on
Walker Branch Watershed
Soil
category Property Fullerton Bodine
A-horizon Sat'd conductivity 1440 cm/day 1440 cm/day
B-horizon Sat'd conductivity | 720 cm/day 1440 cm/day
Water content (&)
Fullerton Bodine
Soil water A-harizon B-horizon A-horizon B-horizon
suction {cm) {em®/cm?) (cm3/cm3) {cm®/em?) (em®/em?®)
15000 0.159 0.227 0.179 0.176
5000 0.182 0.238 0.187 0.184
1000 0.202 0.253 0.205 0.194
667 0.216 0.262 0.216 0.199
333 0.238 0.271 0.242 0.209
1002 0.267 0.308 0.279 0.228
N [ i
25 0.305 0.334 0.329 0.257
5 0.334 0.358 0.364 0.284
Ob 0.34] 0. 364 0.373 0.29]

a

b

Water content at 100 cm (H;0) suction is assumed to equal field capacity.

Water content at 0 pressure is assumed equal to layer porosity.
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Table 8. Simulated cumulative infiltration capacity — Walker Branch Watershed

Total Elapsed Total Elapsed Total Elapsed

infiltration time infiltration time infiltration time
{cm) (min) (ecm) {min) (cm) (min)

0 0 0.25 0.15 0.50 0.83

0.75 1.75 1.00 2.74 2.00 6.83
4.00a 15.00 6.00 23.29 8.00 31.57
10.00 39.86 12.00 48.15 14.00 56.44
16.00 64.72 18.00 73.01 20.00 81.30
22.00 89.59 24.00 97.87 26.00 106.20
28.00 114.40 30.00 122.70 60.00 247.00

a Values after 12 min are all extrapolated at constant rate.



52

stream channel system. Thus there is redundancy in the infiltration
calculations, and in the absence of infiltration data it is acceptable
to approximate the infiltration capacity as a constant, high rate and
allow subsequent calculations to deal with excess inputs to the soil.

Characterization of the soil water transmission zone requires
knowledge of the relationship between water content and hydraulic conduc-
tivity. For our purposes, we use the relationship for drying soils, and
neglect the hysteretic effects associated with wetting and drying cycles
in the soil, The relationship is specified by fitting data to the
expression

K{0) = Ae s 1,

where

K(s) the hydraulic conductivity at volumetric water content Tevel
& (cm day-1),
8s = the water content at saturation (em3 cm=3), and

A and B = empirical constants.

For Walker Branch soils, Figs. 15 and 16 show plots of estimated 6§
versus K(¢) values, together with curves that have been fitted to the
data. The values of the empirical constants for the various 1limbs of
the curves are presented in Table 9.

Initial conditions of soil moisture are usually assumed to equal
field capacity, which is operationally defined to be soil moisture at
a desorption pressure of -100 cm {-.1 bar). These values generally do
not represent an accurate assessment of soil moisture, so a preliminary
simulation period of at least three months duration is used to obtain
more representative values. The field capacity estimates for Walker
Branch soils were noted in Table 7, together with assumed soil
porosity (or 8¢).

Storm Runoff Parameters and Variables

The parameters that are associated with storm runoff to the stream
channel in the TEHM are related to either overland flow or runoff from
variable source areas. Overland flow parameters include the average
length, slope, and hydraulic roughness of overland flow planes, and the
fraction of basin area that is impervious and hydraulically connected to
a channel that carries concentrated flow. The average length may be
estimated as the quotient of the basin area and twice the total length
of channels that convey concentrated flow during storms, Generally, the
value ranges between 15 and 120 m, For Walker Branch, the value is
estimated as 25 m on the basis of field observation._ The average siope
for Walker Branch is approximately 24% (or 0,24 m m=1). The roughness
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Table 9. The empirical constants that characterize the water content versus

hydraulic conductivity curve for Walker Branch Watershed

Water content A B Saturation water

Soil type range (cm?/cm?) {cm/day) Content (95)
Average 0<0.284 19,290.1 140.6705 0.364
Fullerton B22t 0.284 < 6 0.333 138.936 79.0039 0.364

0.333 < 8 < 0.364 380.00 111.460 0.364
Average 6 < 0.210 6,536,730 228.06875 0.291
Bodine B2t 0.210 £ & < 0.233 6202.134 142.1391 0.291

0.233 < 8 < 0.29] 700.00 104.52587 0.291
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coefficient has been estimated based upon the recommendations of
Crawford and Linsley (1966) for relating watershed cover and Manning's
n {roughness coefficient), Those values are reproduced in Table 10,
For Walker Branch, the roughness coefficient for overland flow was
estimated to be 0.40. The fraction of the basin that is impervious
includes the stream channel and any rock outcrops or paved areas
connected to a channel. For Walker Branch, this area is estimated to
comprise about 1% of the total basin.

The parameters that characterize variable source areas are the
Tower and upper limits of their areal extent and the soil moisture
conditions associated with those limits., The upper Timit of areal
extent for variable source areas may be estimated from the peak rainfall
and associated runoff rates for major storms. For Walker Branch the
maximum observed ratio of rainfall rate to runoff rate at peak flow is
0.7, which is assumed to represent the upper limit of source areas.

We assume the Tower 1imit is 0.01, and represents the portion of the
basin covered by dry weather seeps and marshy areas. The moisture
conditions associated with the initiation of source area growth have
been assumed to be related to runoff or streamflow rate. Much of the
channel system in Walker Branch experiences intermittent flow. Thus

we assume that source areas will begin to grow at the same time that
the length of flowing channel increases. For Walker Branch this usually
corresponds to a soil drainage rate of about 1.5 cm day-1 or a soil
moisture that corresponds to field capacity. The peak extent of source
areas (corresponding to peak flow rates) occurs at a drainage rate of
about 10 to 12 cm day~! which occurs at a soil moisture that is
approximately half-way between field capacity and saturation at Walker
Branch,

Groundwater Flow Parameters and Variables

Groundwater flow is represented as outflow from a single storage
compartment at a rate that is directly proportional to the amount of
water present, Thus it is necessary to specify both a rate constant for
outflow and an initial storage value for groundwater. Based upon the
earlier discussion of subsurface flow calculations, a classical hydro-
graph separation method was used to find a value for the interflow
recession coefficient. The method is illustrated in Figs. 17 to 19.
The average value for the interflow recession coefficient determined
graphically is 0.03 £ 0.01 hr-1, which corresponds to a daily recession
coefficient of about 0.5. The implication is that base flow will
usually be approximately equal to soil water drainage after about 3 to
5 days for Walker Branch Watershed. Observed hydrographs appear to
match this expected behavior well.

Once the groundwater storage constant has been determined, the
initial value for groundwater storage may be found directly by dividing
the initial baseflow rate by the storage constant. For the 1974 water
year simulation, the initial baseflow rate was 0.21 cfs (or 0.0036
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Table 10. Relation between watershed cover and Manning's n
(roughness coefficient)

Manning's n

Type of cover (roughness coefficient)
Smooth asphalt 0.012
Asphalt or concrete paving 0.014
Packed clay 0.03
Light turf 0.20
Dense turf ' 0.35

Dense shrubs and forest litter 0.40
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ORNL-DWG 76—12253 R
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Fig. 18. Hydrograph analysis for period March 19-28, 1974 at
Walker Branch Watershed.
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cm hr“1), which corresponds to an initial groundwater storage value of
0.12 cm,

Groundwater flow across watershed divides has been hypothesized
for the East and West Forks of Walker Branch Watershed, Henderson et al.
(1971), state that both topography and geologic structure are favorable
for water movement from the East Fork to the West Fork basins. When the
baseflow component of runoff is separated using the method described by
Huff and Begovich (1976), the groundwater flow per unit area from the
East Fork averages 30% lower than the value for the combined East and
West Fork areas. On the West Fork, the groundwater flow per unit area
is about 46% higher than the combined total. When one normalizes the
apparent loss from the East Fork {i.e., computes the volume of flow loss)
and compares it to the volume "gained" by the West Fork, the average
annual groundwater loss from the East (1972-1974) is within 4% of the
average annual groundwater gain to the West.

From preceding discussion, we estimate that the average fraction of
groundwater loss across basin divides is +0.30 for the East Fork, and
-0.46 for the West Fork. (The effect of a negative loss fraction in
the TEHM is to yield a net groundwater input.)

Parameters and Variables that Characterize Vegetation

The parameters and variables that characterize watershed vegetation
in the TEHM are associated either with the vegetation and associated
canopy or the root-zone. The vegetation and related canopy properties
that must be determined or estimated are the type of dominant vegetation
(e.g., deciduous, coniferous, grassed), the resistance to water flow
in vegetation, and the temporal distribution of albedo, leaf area index,
and interception storage capacity. The root-zone properties that must
be specified include measures of root density and cross-sectional area
(spatial distributions) and soil water contents at the vegetation wilting
point.

Walker Branch vegetation has been characterized as oak-hickory forest
(deciduous), The average leaf length, which is related to boundary layer
resistance (see Monteith, 1965 or Kreith, 1965), has been estimated as
10 cn from direct observation. The seasonal pattern of leaf area index
(LAI} development for yellow poplar in the Oak Ridge area is shown in
Fig. 20 (Burgess and 0'Neill, 1975).

For simulation purposes, we have assumed that the temporal pattern
and the magnitudes shown in the figure are representative of the mesic
hardwoods on Walker Branch Watershed. From the data given in the figure,
we estimate the following model input values:
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Table 11. A summary of runoff parameters needed for simulation

Storm flow

+ Hydraulic properties of an average overland flow plane length, slope,
roughness, and impervious fraction

» Upper and Tower area limits for variable socurce area together with
associated drainage rates

Groundwater

+ Rate constant that relates groundwater flow to basin storage
(recession constant}

- Initial value estimate for groundwater storage

+ Fraction of groundwater flow that is Tost or gained across basin
divides
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Julian
Event day of year Leaf area index
Leaf-out start 110 0.001
Full canopy 151 6.3
Leaf-fall start 262 6.3
Leaf-fall end 290 0.001

The albedo of the dominant oak-hickory canopy may be estimated from
information presented by Swift et al., 1975. Their work gives estimates
of 0.22 and 0.16 for summer and winter albedo respectively. We assume
that albedo increases linearly from the winter to summer value during
the period from leaf-out to full canopy development, and decreases
linearly from the summer ‘to the winter value during the period of leaf-
fall,

The wilting point of the vegetation is assumed to occur when the
soil water potential reaches -15 bhars. Thus, the soil moisture content
at the wilting point may be taken from the soil moisture versus so0il
water potential relationships estimated by the Green and Corey method
(Luxmoore, 1973). A soil moisture value of 0.001 may be used if one
wishes to assume that some transpiration will occur beyond the wilting
paint. For our application we chose water content values to correspond
to a soil water potential of -15 bars for each soil layer in the root
zone,

The interception storage capacity parameters used by the TEHM are
the maximum and minimum values, and the temporal change of leaf-area
index. The amount of rainfall that is intercepted is assumed to be a
function of the total area index, which includes leaf area, branch and
stem area, and bole area, and is also related to the condition of Titter
on the forest floor. Through experience, we have found that the values
for interception storage in mixed hardwoods may be approximated as

S5 = 0.009 x [LAI + 8] , {43}
where Si = interception storage (cm/cmz), and |
LAI = leaf area index (m2/mé).

Thus for Walker Branch Watershed, the estimated maximum and minimum
interception storage parameters are 0.129 cm cm=2 and 0.072 cm cm-2
respectively. We assume that these values follow the same temporal
pattern as the leaf area index function, Refined estimates of the
interception storage parameters can be obtained either by calibration
using throughfall observations from field study, or by comparisons with
regression equations such as those presented by Helvey and Patric (1965).
[t should be noted that the estimated interception storage parameters
given by Eq. (43) (above) are explicitly for the TEHM, which operates
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on hourly estimated time increments. The daily version of PROSPER
requires approximately a two-fold increase in the values before
comparable results are obtained.

Root Variables and Parameters

The average annual depth distribution of lateral roots less than 5
mn in diameter for Liriodendron forest is shown in Fig, 21 (Harris et
al., 1973). The data represented by Fig. 21 suggest that about 90% of
the root biomass is contained in the top 45 cm of soil, and that the
remaining 10% is contained in the 45- to 90-cm layer. These findings
agree well with those of Kochenderfer (1973) and Striffler (1957).

The cross-sectional area of roots per unit area of soil for
forested areas has been derived from experimental data gathered at
Walker Branch Watershed. The following results summarize the calcu-
lations that were made to estimate the average root cross-sectional
area for an Oak-Hickory stand.

We assume all roots are the same length, thus the volume and
weight are directly proportional to the cross-sectional area. The
relative number of roots in a size class is estimated as the ratio of
the fraction of weight in the size class {observed) to the estimated
relative weight (or average cross-sectional area) of roots in the
size class. The average cross-sectional area of all roots is estimated
as the ratio of total relative area to total relative number of roots.
The estimated mean cross-sectional area is thus 0,097 cm? for al] roots,
or a mean diameter of 3.5 mm. Direct measurement of mean diameter of
roots for a single site where roots were excavated and measured was
1.6 mm for Walker Branch Watershed. For estimation purposes, we have
chosen a mean diameter of 2,5 mm to represent average roots in an oak-
hickory stand.

Kochenderfer (1972) and Striffler (1957} have presented data

summarizing the average number of root endings per unit area. Those
data are summarized below:

Average number of roots per 930 cm2 - oak hickory forest sites

Soil depth
0.3 m 0.6 m 0.9 m 1.2 m 1.5 m
120£30 40+20 1510 8+5 4+2

The fraction of root cross-section area to total soil area as a
function of depth has been estimated from the data presented above,



66

15940} UOAPUDPOLALT] 40J AD)BU
—eLlp UL WW § ueY} SSI| $3004 |B4d}e| JO uoLINQLAZSLP y3dap |enuue sbessAre 3yl |z 'bL4

(SSV1D 3ZIS NIHL1IM)

NO1140d04d
N’ 8°0 90 0 20 O
‘ 7 O0— 09-G?b
(TYNNNY NV3N) \
woGg'0>S5100Y wn
5025100 ro1— gp-og 3
: —
W)
m
AL
I_
\Tol_i!.iil 0¢ -Gl \m
(@)
3

—0— G -0
1G22 -9 9MJ=INHO



67

assuming a mean root diameter of 2.5 mm. The resulting relationship
is shown in Fig. 22 and is presented as a guide for parameter
estimation. When Fig. 22 is used as a guide for estimating the
fractional cross-section area of roots, the values for Walker Branch
Watershed are 0.004 and 0,0015 for the 0- to 45-cm and 45- to 90-cm
layers respectively.

An implicit assumption contained in the PROSPER model is that the
resistance to flow of water in roots is directly related to the
unsaturated conductivity of soils. The factor that relates root
conductivity to soil conductivity (RTCON1 or RTCON2) has been assumed
to equal 1 x 106, which has the effect of assuming negligible
resistance to water flow inside the root system compared with flow
resistance in the surrounding soil. As experimental results are
developed, the assumption will probably change.

The aboveground resistance to water flow in the plant (RSTEM) was
estimated as 5000 {days), following the work of Cowan {1965). The
res1stance to water vapor flow exhibited by Titter has been estimated
as 3 x 10° days. This value was developed by trial and error estima-
tion, using measured and estimated litter evaporation rates as a guide.

Four input parameters are used to specify the assumed exponential
relationship between surface resistance and surface potential for
summer vegetation {TMS, PWPS, RESS, POWS). The minimum surface resis-
tance (TMS) for leaves of mesophyt1c species are often found to be in
the range of 1 to 5 sec cm-! (Cowan and Milthorpe, 1968). The critical
Teaf water potential (PWPS), at which surface resistance becomes
maximum has been determined for many species to be in the range of -13
to -27 bars (Ritchie and Hinckley, 1975). The cuticle resistance of
leaves is usually taken to be the maximum surface resistance (RESS) and
values in the range of 20 to 400 sec cm~! are appropriate {Cowan and
Milthorpe, 1968). The exponential relationship between resistance and
potential obtained for field plants often has an almost on-off form
and a value of POWS < -0,5 is suitable. In any given model app11cat1on,
experimental data for the site should be used if possible. The equiva-
lent parameters for the winter time (TMW, PWPW, RESW, POWW) have
usually been chosen intuitively to represent s]ow evaporation of water
from the bare branches and litter in the case of deciduous forests
(e.g., 7, =10, 100, ~0.5, respectively). The ratio between the heat
loss and transp1rat1on surfaces are 1 {for leaves with stomata on both
sides}, 1.5 (for pine needles with stomata on 2/3 of the surface), 2
(for leaves with stomata on one side), and 1 (for bare branches and
litter). The summer (SIGS) and winter (SIGW) values should be chosen
from the information given above to represent the appropriate seasonal
vegetation conditions.

Soil heat exchange can reduce the amount of energy in the canopy
during summer and increase the energy during winter. The annual mean
heat exchange (GM) is usually zero and the amplitude (GV) is about 20
Tangleys per day in temperate latitudes (van Wijk and DeVries, 1963).
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Table 12. A summary of parameters that characterize vegetation

+ Type of vegetation (deciduous or coniferous)
« Resistances to water flow within roots, stems, and leaves

- Temporal patterns in albedo, leaf area index, interception storage, and
heat exchange between 5011 and canopy

+ Measures of vertical distribution of root density and cross-sectional
area (per unit area of soil)

+ Estimate of soil water pressure at the wilting point

+ Estimated relationship between plant water potential and resistance to
water flow or loss
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Some sensitivity analyses of several landscape, soil, and plant
parameters used in the PROSPER part of TEHM have shown that several
parameters need to be carefully examined {Luxmoore et al., 1976a).
Table 13, reproduced from the preceding report, indicates that the
highly sensitive values include the summer leaf area index (ALMAX),
the surface water potential beyond which surface resistance is at
its maximum (PWPS), the root conductivity factor for the first root
layer (RTCON1), and the characteristic resistance of Titter to water
flow (RLIT). Minimum stomatal resistance {TMS), stem resistance to
water flow (RSTEM), the root density factor for the first soil layer
[AT(1)], and the maximum interception storage (EPXMAX) are also
sensitive in determining the monthly water balance. Values for ALMAX,
PWPS, and TMS can be found for various field studies; however, RTCONIT
and RSTEM are usually not well characterized. RLIT is best determined
by adjusting its value until the annual or seasonal soil evaporation
values are reasonable. EPXMAX can be found by matching measured or
empirical functions of seasonal interception evaporation. Examining
root data is useful for determining AT (1). These eight parameters
are important in the PROSPER data; erroneous estimates will give
erroneous simulation results,

The Channel Flow Module

The channel flow simulation component in the TEHM has been taken
directly from the WHTM, and thus has been fully documented by Patterson
et al. {(1974) (Chapter V, pp. 77-91). The function of the channel flow
portion of the model is to combine simulated runoff amounts from each
portion or segment of a watershed in the proper time and space relation-
ships, and to generate instantaneous flow estimates at specified points
in the channel system.,

As an aid to those who wish to use the TEHM for hydrograph genera-
tion, a brief description of the estimation of parameters that are appro-
priate for Walker Branch Watershed is included here. In addition, des-
criptions of the input formats have been reproduced from the WHTM docu-
mentation, and are included in the input descriptions that follow.

The channel system is parameterized by describing the configuration
of reaches and the physical properties of each reach in the system. For
Walker Branch Watershed, we have chosen to use a single reach to represent
each of the two forks in the basin., The choice is partially dictated by
the size of each channel reach. The minimum routing interval possible
with the current model version is 3 min, and this time should be short
relative to the travel time for water moving through the reach. Further-
more, because the time resolution of the input data is no better than
hourly, and simulated channel inflows are uniform over 30-min simulated
intervals, a more detailed channel system for simulation is unwarranted,
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Table 13. Subjective indication of the sensitivity of PROSPER parameters to the monthly water
balance, midday plant water status and daily evapotranspiration, and drainage rate

Daily rate Midday

Monthly
Parameter Water balance Evapotranspiration Drainage Water potential Conductance
ALMAX Jrdededede Fkkkk ook Frddokk * ke
Pwps Fddkdkk Fekdrk ki e de kb Frhdk ok
RTCON] e dededed ek ok ek ek Fedek ok
PL IT i dedk * * s dedede *
TMS * ¥k Jrk ko sk %% ke *k kA
QSTEM ek Fededk gk Tk ek kk Kk dedk
F\T(? ) Hrick *% Jrdededk ok *
EPXMAX ek * * 0 0
ALBS LR Ak ek L2 *
ARAT * * £ * *
POWS * e * *h xkx
INCL * Tk ke ddk * k%
AZIM L] Fok *k * *x
RESS * F*k ke d* ke -*
SDRAG 0 * 0 4] *
DL * 0 *¥ * *
RTCONZ * 0 * 0 a
FACTOR * 0 ** 0 0
AT(2) 4] 4] * 0 0

[*****(high sensitivity) to * (Tow sensitivity); 0 (almost no sensitivity)].
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The first input parameters required by the channel flow module are
used to calculate a table of flow rate versus depth of flow. This tabie
is used at the beginning of a storm when the model shifts from the
assumption that inflow is equal to outflow to a detailed routing analysis,
Data from the table are used to estimate an initial depth of flow in the
reach (for the starting flow rate). The table must span the range of
possible flow depths experienced in the reach, and provide sufficient
information to allow accurate estimation of the depth for a given flow.
For Walker Branch reaches, the mean depth will not exceed 2 ft in any
reach under equilibrium-type conditions., Thus we have chosen to create
a table containing 100 points of corresponding depth and flow at 0.02-ft
increments in the range 0 to 2 ft.

Curlin and Nelson (1968) presented data on the Tength and upstream
and downstream elevations for both forks of Walker Branch Watershed.
From their data, Table 14 shown below was derived.

Table 14. Length and effective upstream and downstream elevations of
the East and West Forks of Walker Branch Watershed

Fork Length Upstream elevation Downstream elevation
(ft} (ft) (ft)

East 3700 1010 880

West 2300 980 880

The channel geometry type is rectangular, It is approximated as a
trapezoid with a bottom width of 4 ft, a top width of 6 ft and a bankfuil
depth of 2 ft. The floodplain is estimated to slope toward the incised
channel at a rate of 1-ft drop for each 6-ft horizontal displacement.

The hydraulic roughness of the incised channel has been characterized
by a Manning's coefficient of roughness (n)} value of 0.2. This value is
unusually high; however, it was estimated such that the observed relation-
ship between stage and discharge in the reaches is preserved in the
Manning equation relationship when the physical channel dimensions are’
used, The roughness of the floodplain is probably about double the value
used for the natural channel, or about 0.4. This estimate is based upon
the ratio of flooedplain to natural channel roughness given by Chow (1959).

A summary of parameters that characterize the channel system is
found in Table 15,
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Table 15. A summary of parameters that characterize the
channel system

+ Geometry of each channel reach in the drainage system,
including dominant shape, and dimensions of the average
cross-section

» Configuration of reaches relative to one another, and
contributing area for each

* Hydraulic properties of each reach and floodplain
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OPERATION OF THE TEHM COMPUTER PROGRAM

Introduction

The data that describe watershed variables and the parameters that
characterize specific basins are entered at the start of simulation of a
given time interval. The input sequence progresses from precipitation
data to climatic data and basin parameters, and finally to characteriza-
tion of hydraulic properties of the stream channels draining the basin.
Each of the three components may be used individually, but the latter two
depend on output from preceding components. Both the precipitation data
input and the data that characterize the stream channel network and hydrau-
lic properties have been explained in detail by Patterson et al. (1975).
Thus the sections describing those portions of the input data set have
been abbreviated so that they include only those options actually used
in the example application presented here. Users interested in other
available options, such as time distribution of rainfall are referred to
the earlier report.

Scaling Factors

The TEHM program, together with all input and output data associated
with a one year simulation, is so large as to tax the storage capacity of
many computers. For this reason, data are converted to integers and are
packed into arrays, with more than one value stored in a single word to
conserve space. Under most conditions, this need not concern the user;
however there are occasions when the user must take action to remedy prob-
lems that arise when calculated values fall outside the range of normal
expectation. Prior to storage, they are multiplied by an appropriate
scaling factor to produce integer numbers, and when they are retrieved,
they are divided by the same factor. However, because the numbers are
stored in parts of words, if the scaled integer number is too large,
information will be Tost and an error will occur when data are retrieved
and rescaled for use. There are checks built into the program to alert
the user when this occurs, and an example of a warning message from such
an error is shown on a monthly output summary later in this report.

There are three scaling factors which are built into the TEHM.
They are:

RUNSCL: A scaling factor for calculated values of
runoff rate from the land surface.

AERSCL: A scaling factor for calculated values of
waterborne contaminant flux, and
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SCALE: A scaling factor that has been used for storing
total daily flow volumes as integer numbers.

The scaling factor RUNSCL is used to convert runoff rates generated
during simulations to integers that are less than 32,767 and hence may be
stored in two bytes or one half a standard integer word. One may there-
fore use a general knowledge of expected runoff rates to estimate the
value of the scaling factor RUNSCL. For example, a flood frequency
analysis of data for Walker Branch Watershed suggests that the peak flow
rate for a 20-year return period flood would be about 170 cfs for the
combined east and west forks (0.3765 sq. miles). Because runoff data
are summed and stored for consecutive 30-min intervals, runoff rates that
are scaled within the program have units of inches accumulated in each
half hour. Flow rate may be converted from cubic feet per second to inches
per half hour by dividing by the product of the basin area (square miles)
and the conversion factor 1291.2. Thus, the expected 20-year return period
peak flood flow rate corresponds to about 0.35 inches per half hour. RUNSCL
can be estimated as the quotient of the maximum integer that can be stored
and the expected runoff rate. Of course the actual instantaneous runoff
rate will be higher than the foregoing estimate, because the flood peak is
attenuated in the channel. One might expect channel input rates to be more
than double the observed hydrograph peak rate. Under that assumption, a
value of about 100,000 for RUNSCL would yield a scaled integer value of
about 70,000 for the peak channel inflow rate for Walker Branch. It is thus
possible that the value of RUNSCL would have to be reduced somewhat when
periods that contain major storms are simulated to ensure that the scaled
value is less than or equal to 32,767.

The value of RUNSCL also influences the minimum sensitivity of the
scaled runoff record. Because the scaled value is stored as an integer,
the minimum sensitivity of output is + 1 unit of scaled flow, which cor-
responds to 1/RUNSCL inches per half hour runoff rate. For a given basin
this may be converted to the flow rate (cfs) by multiplying by the product
of the number of half hours per day, basin area in square miles, and the
conversion factor 26.9 cfsd (mi?-in.)~'. Thus, when RUNSCL is 100,000,
the sensitivity 1imit for flow is about * 0.005 cfs for Walker Branch
Watershed.

After a value for RUNSCL has been selected, it should be entered into
the appropriate DATA statement in the BLOCK DATA subprogram of the TEHM if
it differs significantly from the standard value of 100,000.

The scale parameter AERSCL has been used to convert the calculated
flux of waterborne contaminant to an integer value for storage. However,
in the version documented here, contaminant transport is not considered
as a part of the hydrologic model. Thus it is not necessary to make
adjustments to AERSCL.

The parameter SCALE was used in earlier versions of the model to pre-
pare daily flow volume values for storage as integers in "packed" arrays.
It is no Tonger used and need not be adjusted.
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Precipitation Data Input
Formats

The first step in establishing precipitation data files for basin
simulation is to specify basin identifiers and to indicate that precipi-
tation data are to be entered. This input step is managed by the main
control subroutine of the TEHM, which is subroutine OLDMAI. An abridged
specification of the formats for data input is presented below.

Card* ,
Subroutine number Columns Description of input data
OLDMAI 1 FORMAT (7A4,14X,214)
1-28 WATSHD The identifying name for the
basin. The character string should
begin in col. 1.
46 GAGES The number of raingages for
which data are to be entered. 1 <
GAGES < 7 o
50 REACHS The number of channel reaches
that will be needed to characterize
the basin. 1 < REACHS < 7
OLDMAI 2 FORMAT {(20(13,1X)})
1-3 STAN{(1) An abbreviated identification
number {right-justified) for a rain-
gage. 1 < STAN(1) < 999
5-7 STAN(2) An abbreviated identification
number (right-justified) for a rain-
gage. 1 < STAN(2) < 999
etc. etc.
OLDMAI 3 FORMAT (A4)
1-4 LBL A label to specify the component

of the TEHM that will be executed
next. Options are PREC, LAND, CHAN,
and DIST. ™PREC" is used for calling
precipitation data management programs
when hourly data are available.

Once the PREC option has been selected, it is necessary to specify
detailed descriptive information to identify the location, number, and
types of raingage sites for which data are to be filed. The input seguence
for the Walker Branch example, where weighted-average hourly precipitation
data are used, is described below. The cards immediately follow those des-
cribed above when the data are assembled for simulation.

*Card numbers refer to the example input sets at the end of each section.



Subroutine

Card
numbher

Columns
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Description of input data

PRECIP

OPNSET

PRECIP

OPNSET

4

1-32

1-3
4-6
9-36

1-32

2-3

4-9

10-33

43-47

FORMAT(8A4)

ACT An alphameric array that des-
cribes the input that will follow.
The option used here is the char-
acter string OPEN RAINGAGE INVENTORY
FILE, which must be left-justified.

FORMAT (213,2X,7A4)

SPACES The maximum number of rain-
gages for which data will be filed.
YRS The maximum number of water-years
for which data will be filed.
INNAME The name of the basin for
which data are to be entered.

FORMAT(315)

NYR The total number of years for
which data will be filed. (right-
justified)

NGAG The total number of raingages
in the basin for which data will
be filed.

NSEG The total number of separate
homogensous basin segments that
represent the whole watershed.

FORMAT(8A4}

ACT An alphameric array that des-
cribes the input that will follow.
INPUT RAINGAGE INVENTORY is always
used after the option OPEN RAINGAGE
INVENTORY FILE (see card 4).

FORMAT(A1,12,16,6A4,9X,15,3(12,1X),
2X,13,2(1X,12),3X,2A4)}

STANF  The abhbreviated identification
number (right-justified) for the
raingage that is characterized by
data that follow.

WB The Weather Bureau or other identi-
fication number that relates the
station to a field site. Input value
must be right-justified.

NAME The identifying name for the
raingage station.

ELEY The m.s.1. elevation of the rain-
gage (feet). Input must be right-
justified.




Subroutine

Card
number

Columns

Description of input data

OPNSET

PRECIP

RDHRLY

RDHRLY

10

11

12

48-55

48-49
51-52
54-55
59-67

59-61
63-64

66-67
71-78

1-32

1-2

LAT The latitude of the raingage
site as:
degrees latitude, right-justified
minutes latitude, right-justified
seconds latitude, right-justified
LONG The longitude of the raingage
site as:
degrees longitude, right-justified
minutes longitude, right-justified
seconds longitude, right-justified
GTYPE The recording interval or gage
type. The character string RECORDING
is used for hourly data input.

FORMAT (same as card 8}

IDOL  The $ character signals that
no further inventory information is
to be entered. Thus column 1 is
blank on cards that contain rain-
gage information, and contains only
the $§ character on the card that
immediately follows the Tast infor-

- mation card.

FORMAT(8A4)

ACT An alphameric array that describes
the data that will follow. The char-
acter string READ HOURLY PRECIPITATION
DATA, which must begin in column 1,
selects the subprogram to input hourly
precipitation data.

FORMAT(A2)

The character string NO causes the pro-
gram to omit printing detailed tables
of hourly precipitation data, and only
gives a summary of monthly precipita-
tion totals. Any other characters will
cause printing of all input data.

FORMAT (A1,12,7X,6A4)

NUMBER The abbreviated identification
number {right-justified) for the
raingage where data that follow were
collected.
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Card
Subroutine number Columns Description of input data

11-34 CDTYPE A character string that
identifies the data input format.
STANFORD MODEL FORMAT is used in
the example presented here.

RDHRLY 13-180 FORMAT{A1,9X,3(12,1X),I1,(2F5.2)

2-10 These columns are not examined by the
program, but it is convenient to
use them for data site identification,
which can reduce errors in card
handling.

11-12 YEAR The calendar year associated
with data that follow.

14-15 MONTH The month associated with data
that follow.

17-18 DAY The day associated with data
that follow.

20 CN An index that signifies whether
the data that follow are for the
first 12 hours of the day {CN=1)
or the second 12 hours (CN=2).

21-80 FRP Hourly precipitation totals in
inches. When CN=1, the first data
value {columns 21-25) is for the
hour ending at TAM. When no pre-
cipitation falls in the twelve hour
AM or PM interval, the card may be
omitted entirely.

RDHRLY 181 FORMAT(Al,etc.)

1 DOLLAR The $ character in column 1
indicates that all precipitation
data have been entered for the sta-
tion in guestion.

RDHRLY 182 FORMAT (A1, etc.)

1 DOLLAR The $ character in column 1
on this card indicates that all
raingage data for this run have
been entered, and RDHRLY is to be
exited.

PRECIP 183 FORMAT (8A4)

1-32 ACT An alphameric array that describes
the data that will follow. The
character string $$, beginning in
column 1, signals that all precipi-
tation data management functions have
been completed.



80

OLDMAT 184 FORMAT (A4)
1-4 LBL A label to specify the component
of the TEHM that will be executed next.
The character string ENDR signals that
the precipitation component has been
completed.

Example Listing of a Precipitation Data Set (Table 16)

The following four pages contain an example of a precipitation data
set for Walker Branch Watershed. The card numbers shown on those pages
correspond to the card numbers listed in the input format specifications
given in the preceding section. 0One should note that precipitation data
cards are used for only those twelve hour intervals where measurable pre-
cipitation occurred.
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Example 1isting of a precipitation data set

Table 16.
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Table 16 {continued)
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Table 16 {continued)
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Table 16 {continued)
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Climatic_Data and Basin Parameter Input

After precipitation data have been entered and filed, terrestrial
hydrology simulations are initiated by providing c¢limatic data and basin
parameters. The input sequence begins with a call to the main control
subprogram of the TEHM, then proceeds to subprograms that organize spe-
cific variables and parameters and finally initiate basin simulation when
input has been completed. The description of input requirements and for-
mats that follows is quite detailed and includes descriptions of many
options that are not illustrated in the example run. It is intended that
this description totally replace the description of the LAND 1ink of the
WHTM in the user's manual (Patterson et al. 1975). Those familiar with
that document will note that extensive changes have been made to the code,
and are cautioned that it is necessary to use this guide to construct data
sets for use with the TEHM. Simple rearrangements of existing WHTM data
sets for the LAND Tink of the WHTM will cause errors that will prevent
successful completion of TEHM runs.

Formats

The first few cards in the input sequence for the terrestrial compo-
nent of the TEHM are virtually the same as those used in the precipitation
data management component. They are used to identify the basin to be simu-
lated, the time period to be considered, and to gain access to the data
input and terrestrial hydrology simulation subprograms.

Card
Subroutine number Columns Description of input data
OLDMAI 1 FORMAT(7A4,14X,214)
1-28 WATSHD The identifying name for the
basin. The name should begin in
column 1. .
46 GAGES The number of basin segments
that will be simulated in this run.
1 < GAGES < 7
50 REACHS The number of channel reaches
that will be needed to characterize
the basin. 1 < REACHS < 7.
OLDMAI 2 FORMAT(20(13,1X))

1-3 STAN(1) An abbreviated identification
number (right-justified) for a rain-
gage site where data will be used.

1 < STAN(1) < 999.

5-7 STAN(2) An abbreviated identificaticn
number (right-justified) for a
second data site.

etc. etc.
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Card
Subroutine number Columns Description of input data

OLDMAI 3 FORMAT (A4}
LBL A Tabel that specifies the
component of the TEHM that will
be executed next. LAND is the
character string that is used to
initiate the terrestrial hydrology
simulations.

TIMEWD 4 FORMAT(6(I2,1X))

1-2 TIMES(1) The starting month of the
simulation period (right-justified).
(January = 1)

4-5 TIMES (2) The starting calendar year
(last two digits) of the simulation
period {right-justified).

7-8 TIMES (3) The first month after the
simulation period ends (right-
justified).

10-11 TIMES (4) The last two digits of the
calendar year associated with the
first month after the simulation

period.
13-17 Not used.

LAND 5 FORMAT (A1,12,1X,13,1X,12,1X,12)

2-3 SEG The identifying number for the
basin segment to be simulated
(right-justified).

5-7 STANFD The abbreviated identifica-
tion number for the raingage
associated with the segment to be
simulated (right-justified).

9-10 YR1 The beginning calendar year of
the period that will be processed
for the segment identified in col-
umns 2-3 of this card, TIMES(2) <
YR1 < TIMES(4).

12-13 YR2 The ending calendar year of the
period that will be processed;
TIMES(2) < YRZ2 < TIMES(4).

The foregoing data specify the general characteristics of the simulation
run for the terrestrial component of the TEHM.

The following materials document the detailed information that is
supplied for each segment of the basin. Table 17 lists the choices avail-
able to the user for purposes of supplying data. Not alil options will be
used in any study because some are equivalent and others invoke subroutines
that are useful only for special studies. For example, the climatic variables
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The choices available for supplying input data to the TEHM

NBZ

BZ

Description

10
11

13

14
15

16

AIR TEMP (DAILY MAX/MIN)

DEW POINT (DAILY AVERAGE)

SOLAR RADIATION (DAILY TOTAL)

WIND SPEED {DAILY AVERAGE)

SNOPAR

LAND SURFACE

PROSPER READ

SUBSURFACE PARAMETERS

ROCHM**
RDCER**
RODRY **
DEW POINT - BIMONTHLY

SOLAR RADIATION - BIMONTHLY

WIND SPEED-BIMONTHLY

LAKE EVAPORATION

GO

Read daily maximum and minimum air temperature
values [°F] into array TEM.

Read average daily dewpoint temperature
values [°F] into array DEW.

Read total daily solar radiation values
[Langleys] into array RAD.

Read average daily wind speed values
[m.p.h.] into array WINDS.

Read parameters to characterize the snowpack
and invoke snow melt simulation.

Read parameters to characterize the land
surface properties.

Read parameters and data tables to characterize
the soil-piant-atmosphere water flow system.

Read parameters to characterize subsurface soil
hydrologic properties,

** These options are documented by Luxmoore
et al., 1976b. They are available in the
TEHM, but are not included in this document.

Read bimonthly values of average dew point
temperature [°F]; one value that is used for
each of the first 15 days of the month and a
second for the remainder.

Read values of daily total solar radiation
[Langleys].

Read values of average daily wind speed [m.p.h.].

Read characteristics of anemometer exposure and
invoke Penman~-type free water surface evaporation
estimates {daily).

Terminate input of segment parameters and charac-
teristics and initiate simulation of terrestrial
ecosystem hydrology. Input for successive seg-
ments begins with card 5 read by LAND (see the
preceding page of the input descriptions).
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of dew-point temperature, solar radiation, and wind speed may be supplied
as individual daily values or an average daily value for bimonthly inter-
vals. Snowpack simulation parameters are used only where snowfall is con-
sidered significant in relation to the total precipitation. The following
1ist is a guide to the variables and parameters that must be supplied as a
minimum for any segment.

Option(s) Description

1 Daily maximum and minimum air temperature

2 or 12 Daily average dew point temperature

3Jor 13 Daily solar radiation

4 or 14 Daily average wind speed

) Parameters that characterize Tand surface properties

7 Parameters that characterize soil-plant-atmosphere water flow
8 Parameters that characterize subsurface soil properties

Climatic variables must be supplied at least once for a watershed for
any given year. However, if several basin segments may be assumed to be
exposed to the same climatic forcing variables, it is not necessary to
duplicate input data. If any climatic variable is supplied as part of
the input for a segment, it is used. Otherwise, the data from the pre-
ceding segment are carried over and used for subsequent segments. How-
ever, it must be noted that if multiple-year continuous simulations are
used for segments, it is necessary to supply all climatic data for each
segment. Furthermore, channel flow simulation output is saved for only
the final year simulated. Thus complete basin studies that include hydro-
graph simulation must be done one year at a time.

The remainder of the terrestrial component documentation describes the
detailed input requirements for any given segment, organized in the same
sequence that was used in Table 17 to present the available options. The
first card for any option is always the NBZ, BZ input switch as described
below:

Card
Subroutine number Columns Description of input data
GETSET 6 FORMAT(I12,1X,A4)

1-2 NBZ A control switch variable used
to describe data that will follow.
Table 17 contains a complete 1ist-
ing of the options.
The last switch in the sequence for
a segment must be 16. As soon as
it is encountered, simulation begins.

a
Card number is associated with the sample input listing
at the end of this section.
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Card
Subroutine number Columns Description of input data
GETSET 6 4-7 BZ The first four characters of

8-80

the description of the data to
follow.

These columns may contain any
information useful in identifying
the data that follow.

The remaining pages of this chapter describe input specifications for
each of the options described in Table 17:

OPTION: NBZ, BZ = 1 AIR TEMPERATURE (DAILY MAX/MIN)

Card
Subroutine number Columns Description of input data
GETSET 1.1 FORMAT(I1)
1 DCS{13) An integer control switch: - -
DCS(13) = 1 when temperature obser- =~ =
vations were made between
the occurrence of the daily.
minimum and maximum air
temperatures on a given
date.
DCS({13) = 2 when temperature obser-
vations were made after
both the daily minimum and
max imum temperatures had
occurred for a given date.
(see discussion of temperature data)
cOTERE L e oo X "‘KK}/""// Ut
GETSET 1.2 to 1.37 FORMAT(A1,6X,212,11,2213) -
1.38 1 IX, any character but $ is ignored.

1.2 to 1.37 2-7

10-11
12

13-15
16-18
19-21
22-24

The character $ signals that all
daily maximum and minimum temperature
data have been read.

Not reserved.

Y, a 2-digit integer, the calendar year
of the input.

M, a 2-digit integer, the month of the
input.

single digit,

1 for days 1 through 11,

2 for days 12 through 22,

3 for days 23 through 31.

Daily maximum temperature value

Daily minimum temperature value

Daily maximum temperature value

Daily minimum temperature value

C,

o1

[#]

o o

/T
o

T T T M

| N ) S | T —
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Card
Subroutine number Columns Description of input data
73-75 Daily maximum temperature value [°F].
76-78 Daily minimum temperature value [°F].
Note: These daily maximum and minimum temperature values

must be right-adjusted in their fields.

Any unneeded

fields should be left blank.

NBZ, BZ = 2 DEW DAILY

Card

Subroutine number Columns

Description of input data

For NBZ, BZ = 2 DEWPOINT, the next cards required are:

ENTRY 2.1 to 2.37

DAYIN

(alternate

entry to 2.37 1.

SUBROUTINE

BIMON)

2.1 to 2.36 8-9

10-11
12
13-18
19-24
73-78

NBZ, BZ = 3 SOLAR RADIATION
For NBZ, BZ = 3 SOLAR RADIATION,

ENTRY
DAYIN
(alternate
entry to
SUBROUTINE
BIMON)

3.1 to 3.37
3.37 1

FORMAT (A1,6X,212,11,11F6.0}

X, any character but $ is ignored.
The character $ signals that all
daily dew data have been read and
control should return to SUBROUTINE
LAND.

Y, a 2-digit integer, the year of the
input.

M, a 2-digit integer, the month of

the input. :

a single digit,

= 1 for days 1 through 11,

2 for days 12 through 22,

= 3 for days 23 through 31.

Me?g ?ai]y dewpoint temperature value

Fl.
Mean dajly dewpoint value [°F].

K,

Mean daily &éﬁpoint value [°F].

the next cards required are:
FORMAT(A1,6X,212,11,11F6.0)

X, any character but $ is ignored.
The character $ signals that all
daily radiation data have been
read and control should return to
SUBROUTINE LAND.
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Card
Subroutine number Columns Description of input data
2-7 Blank. May be used for station
: number and data-type codes.
3.1 to 3.36 8-9 Y, a 2-digit integer, the year of
the input.
10-11 M, a 2-digit integer, the month of
the input.
12 K, a single digit,

1 for days 1 through 11,

2 for days 12 through 22,

3 for days 23 through 31.

13-18 Integrated total daily radiation
value for first of 11 day group
(Langleys/day].

19-24 Integrated total daily radiation
value for second of 11 day group
(Langleys/day].

oW

73-78 Integrated toféi daily radiation
value for last of 11 day group
[Langleys/day].

NBZ, BZ = 4 WIND SPEED

For NBZ, BZ = 4 WIND SPEED, the next cards required are:

ENTRY 4.1 to 4.37 FORMAT (A1,6X,212,11,11F6.0)
DAYIN
(alternate 4.37 1 X, any character but $ is ignored.
entry to The character § signals that aljl
SUBROQUTINE daily wind data have been read
BIMON) and control should return to
SUBROUTINE LAND.
4.1 to 4.36 8-9 Y, a 2-digit integer, the year of the
input.
10-11 M, a 2-digit integer, the month of
the 1input.
12 K, & single digit,

1 for days 1 through 11,
2 for days 12 through 22,
3 for days 23 through 31.
13-18 Average wind speed value [m.p.h.].
19-24 Average wind speed value [m.p.h.].

nou

78-78 Average wind éﬁéed value [m.p.h.].



Card
Subroutine number Columns

Description of input data

for NBZ, BZ = 5 SNOPAR, the next card required is:

GETSET 5.1
(not shown in
example) 1-16

13-18

19-24

25-30

31-36
37-42

43-48

49-54

55-59

60-64

NBZ, BZ = 6 LAND SURFACE PARAMETERS

FORMAT(9F6.2,4F5.2,11,1X,1I1) at LAN
1480.

FRADCN, radiation melt parameter that
allows for variation in slope and
exposure in the watershed segments
(Crawford and Linsley, 1966, pp. 50,
61; Jacques and Huff, 1972, p. 14).

FCNMLT, convection-condensation melt
parameter [inches per °F] (Crawford
and Linsley, 1966, pp. 50,61).

FSCF, snow correction factor {Craw-
ford and Linsley, 1966, pp. 61;
Jacques and Huff, 1972, p. 15).

FELDIF, elevation difference [in
thousands of feet] between the base
temperature station and any water-
shed segment (Crawford and Linsley,
1966, pp. 51, 61).

FIDNS, index density of new snow
(Crawford and Linsley, 1966, pp.
49,61).

FFCI, fraction of watershed with
forest cover.

FDGM, daily ground melt input para-
meter [inches] (Crawford and
Linsley, 1966, p. 61}.

FWC, water content of snow at satura-
tion [fraction by weight] (Crawford
and Linsley, 1966, pp. 49.61).

FMPACK, water equivalent of snowpack
for complete areal coverage [inches]
(Crawford and Linsley, 1966, p. 51).

LIQW, Tiquid water content of the snow-
pack [inches], and initial value
(Jacques and Huff, 1972, p. 15).

DEPTH, snow depth [inches], an initial
value (Jacques and Huff, 1972, p.15).

For NBZ, BZ = 6 LAND SURFACE PARAMETERS the next cards required are:

6.1
1-5

FORMAT{5F5.1)

FK1; the ratio of average segment
rainfall to observed rainfall at
raingage.
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Card
Subroutine Number Columns  Description of input data
6-10 FA; the fraction of impervious area
with direct hydraulic connection
to stream channel.
11-15 FL; the average length of overland
flow {m).
GETSET 500 16-20 FSS; the average slope of the over-
land flow plane {m/m).
21-25 FNN; the hydraulic roughness factor
(Manning's n) for the overland flow
lane.
2630 P swvbéi 4i/4wud Pﬂfﬁb&fﬁAc‘%dfﬂéugf
£ e /Mac.f D Pl L
GETSET 6.2 FORMAT(3FTO 4,511} Lt am S e,
1-10 EPXMAX, the maximum 1ntercept1on

storage value for the June to
September period (cm).

11-20 EPXMIN, the maximum interception
storage value for the December to
March period (cm).

21-30 RNON, a switch to invoke computation
of net long-wave radiation (RNLONG)
for use 1in energy balance/E.T. cal-
culation. A value > 1.0 will call
the RNLONG function.

41 CMMO, a switch to invoke conversion
of monthly variables to metric units
prior to output. A value = 1 will
give results in centimeters, a
value = 0 or blank gives inches.

42 CMYR, a switch to invoke conversion
of annual summary variables to
metric units prior to output. A
value = 1 will give results in
centimeters, a value = 0 or blank
gives inches.

43* NAWPLT, a switch to invoke print-plot
output of monthly variables over an
annual cycle. A value of 0 (or
blank) will omit all plots (default
option). A value of 1 will generate
plots, and requires that the user
supplies additional information as
described below.

¥ More detailed explanations of
plotting options are presented
in the Appendix.
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Card
Subroutine number Columns Description of input data

44* NPRPLT, a switch to invoke print-
plot output of PROSPER results.
A value = 1 will call for plots
of intermediate results, and
requires additional information as
described below.

45% NSPLTS, a switch to invoke the line
printer or Calcomp plotter to give
4 day, hourly output of PROSPER
results. A value of 0 (or blank)
will omit the plots. A value of 1
will generate plots, and requires
that the user supplies additional
information as described below.

GETSET P-1 FORMAT(12,({312,6A4})
not shown N.B. The following input is required
(optional) only if NAWPLT = 1
1-2 NPLTS, Number of plotted graphs
desired. (0<NPLTS<10).
3-4 NU1, The index number of the first
variable to be plotted. The "Monthly
Summary Variables" table relates
index number to the related variable.
(0<NU1<24). :
5-6 NU2, The index number of the second
variable to be plotted. If only 1
variable is to be plotted, a value
NU2 = 0 may be used. {0<NU2<24).
7-8 NU3, The index number of the third
variable to be plotted. {0<NU3<24).
9-16 TITL (1), The title associated with
index number NUT.
17-24 TITL (2), The title associated with
index number NUZ.
25-32 TITL (3), The title associated with
index number NU3.

P-2 FORMAT(312,6A4)

not shown If NPLTS > 1, the following informa-

(optional) tion is required for each additional
plot:

*
More detailed explanations of
plotting options are presented
in the Appendix.
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Card
number

Columns
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Description of input data

GETSET

p-2

not shown
(optional)

p-3
not shown
{optional)

P-4
not shown
(optional)

1-2

3-4

1-5
6-7
8-9

10-11

12-13

1-2
3-4
5-6
7-8

NU1 (J), The index number of the first
MONSUM variable to be plotted on
graph J (J>2)}. (0<NU1(J)<24).

NUZ2 (J), The index number of the
second MONSUM variable to be plotted
on graph J. (0<NU2(J)<24).

NU3 (J), The index number of the third
MONSUM variable to be plotted on
graph J. (0<NU3(J)<24).

J), The title associated with

NU1 ).

g), The title associated with

J), The title associated with

If NPRPLT = 1, print-plots are made
for every 4th hour for up to 11
days. One card is required for
each month with plots (Cards < 12).

FORMAT (I5,412), for first month

NMPLT, Number months with plot
requests (1<NMPLT<12)

MONPLT, Month with a plot request
(1<MONPLT<12)

PORPLT, if =1, the first third of
month is plotted; if =0 or blank,
no plots are made.

PORPLT, if = 2, the second third of
month is plotted; if =0 or blank,
no plots are made.

PORPLT, if = 3, the last third of
month is plotted; if =0 or blank,
no plots are made.

FORMAT(412), for additional month
with plot requests.

MONPLT, Month with plot request
(1<MONPLT<12)}

PORPLT, if =1, the first third of
month is plotted.

PORPLT, if =2, the second third of
month is plotted.

PORPLT, if = 3, the last third of
month is plotted.
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Columns

Description of input data

GETSET

not shown
(optional)

P-5
not shown
(optional)

P-6
not shown
{optional)

not shown
(optional)

NBZ, BZ = 7 READIN

For NBZ, BZ = 7 READIN, the next

READIN

7.1

1-5

6-9

10-11
12-13
14-15

1-2
3-4

Additional cards, one per month with
the same format as card P-4.

If NSPLTS = 1, plots are made for
every hour in a four day period
of month specified (cards < 12).

FORMAT(I5,A4,(312)) B

NMSPLT, Number of months with hourly
plots (1<NMSPLT<12)

MACHIN, Leave blank for line printer
hourly plots. Insert MECH for
Calcomp plots.

MONSPL, Month with the plot request
{1<MONSPL<12)

NBEG, Beginning day for plotting
{1<NBEG<26)

NEND, Ending day for plotting in the
month. Note, NEND = (NBEG + 3 +
4N), where N =0, 1, 2 . . . 7
(5<NEND<last day of month)

FORMAT(312) for additional month with
plot requests.

MONSPL, Month with plot request
{1<MONSPL<12) but = above month

NBEG, Beginning day for plotting
(1<NBEG<26)

NEND, Ending day for plotting in the
month. Note, NEND # (NBEG + 3 +
9N}, where N=0, 1, 2 . . . 7.
(5<NEND<last day of month)

Additional cards, one per month with
the same format as card P-6.

cards required are:

FORMAT(I1,3X,19A4)

NERR; A switch to indicate when new
properties for a basin segment are
to be read {NERR>1}. If NERR<I,
values are continued from the pre-
ceding segment.
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Card
Subroutine numper CoTumns Description of input data
READIN 7.1 5-80 CASEID; An alphameric descriptive
title for the segment.
7.2 FORMAT(8G10.3)
1-10, DL(I), I=1,8; the thickness of each
11-20... of the "PROSPR" soil layers {cm).
73 1-10, THETA(I), 1=1,8; the initial
11-20... volumetric water content of each
of the PROSPR soil layers (cm®/cm?)
7.4 1-10 Fi: the volumetric water content at
field capacity for the deepest PROSPR
soil layer (cm®/cm?)
7.5 1-10 PAIR:; Average air pressure at the
basin segment (bars)
11-20 CPO; the specific heat of air (cal/g®K)
21-30 XL; Average Teaf length (cm)
31-40 V; Long-term daily average wind speed
in the canopy (cm/sec)
41-50 FOLTYP; the predominant type of foliage;
" 0.0 for flat leaves, 1.0 for needles
7.6 1-10, AT(I), I=1,2; the root cross-sectional
11-20 area per unit area of soil for the
two soil layers in the root-zone.
21-30, ARAT(I), I=1,2; the fraction of total
31-40 root biomass in each root-zone layer.
41-50 RTCON1s the root conductivity factor
for root-zone layer 1 (a factor
describing the ratio of root conduc-
tivity to soil conductivity).
51-60 RTCONZ; the root conductivity factor
for root-zone layer 2.
61-70 RSTEM; the resistance to water flow
between the root and the leaf (days).
7.7 1-10 ALMIN; the Tleaf area index during the
December to March period (ALMIN>0.)
11-20 ALMAX: the Teaf area index during the
June to September period (ALMAX>0.)
21-30 GM: the annual mean energy flow from
the ground to the evapotranspiration
surface (Tangleys/day).
31-40 GY; the peak variation in annual mean

energy flow from the ground to the
evaﬁotranspiration surface (langleys/
day}.



Subroutine

Card
number

Columns

Description of input data

READIN

7.8

7.9

1-10
11-20

21-30

1-10

11-20
21-30
31-40

11-20

21-30

31-40

41-50
51-60

RLITs the characteristic resistance
of litter to water flow (days).

WP1; The soil water content at the
wilting point (in layers 1 and 2}.
The suggested values are the same
as the residual (immobile) water
contents - unless actual wilting
point conditions are expected in
the simulation. If simulated water
contents fall below WP1 and/or WPZ2,
the soil water content in both root
zone layers is instantaneously
averaged to maintain numerical
stability in subsequent calcula-
tions (cm®/ecm?).

T1; the Julian date {(day) for the
start of leaf-out.

T2; the Julian date {day) for the
end of leaf-out.

T3; the Julian date (day) for the
start of leaf-fall.

T4; the Julian date (day) for the
end of Teaf-fall.

TMS; the minimum surface resistance
for the June to September period
{sec/cm).

TMW; the minimum surface resistance
for the December to March period
(sec/cm}).

SIGS; the ratio of the heat loss
surface area to the vapor loss sur-
face area during the June to
September period (2 for flat leaves,
1.5 for needles).

SIGW; the ratio of the heat loss sur-
face area to the vapor loss surface
area during the December to March
period (1 for deciduous leaf-off;
1.5 for conifers).

ALBS; the average albedo during the
June to September period.

ALBW; the average albedo during the
December to March period.
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Card
Subroutine number Columns Description of input data

READIN 7.11 FORMAT(2G10.3,215)

1-10 SDRAG; the average ratio of wind
speed in the canopy to that at
the recording anemometer during
the June to September period.

11-20 WDRAG; the average ratio of wind
speed in the canopy to that at the

- recording anemometer during the

December to March period.

21-25 NSL; the number of so0il layers to be
simulated using PROSPR. ,

26-30 NS; the number of soil types with
input data contained among the
(NSL) PROSPR soil layers. NS<NSL.

7.12 1-10 PWPS; the surface water potential
{absoTute value) beyond which the
surface resistance is at the maxi-
mum value for the June to September
period {bars).

11-20 PWPW; the surface water potential
(absolute value) beyond which the
surface resistance is at the maxi-
mum value for the December to March
period {bars).

21-30 RESS; the maximum surface resistance
during the June to September period
(sec/cm).

31-40 RESW; the maximum surface resistance
during the December to March period
(sec/cm).

41-50 POWS; the exponential power parameter
that relates surface resistance and
surface water potential during the
June to September period.

51-60 POWW; the exponential power parameter
that relates surface resistance and
surface water potential during the
December to March period.

ASPECT 7.13 FORMAT{3F10.5) )

{called from 1-10 DEGINC; the inclination of the average

READIN) segment slope above horizontal

{degrees)

11-20 AZIM: the azimuth of the average segment
slope (number of degrees from North
in a clockwise direction).

21-30 DEGLAT; the latitude of the segment,
positive for the northern hemisphere
and negative for the southern hemis- —
phere (degrees).
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Card
Subroutine number Columns Description of input data
READIN 7.14 FORMAT (A4 )
1-4 LFORM, a switch to determine use of

subroutine SOIL (insert TABLE) or
subroutine FORLOK (insert FORM)
Sclesckive BEN 1Ok (anisat z_lsr)

(The following sequence is used when LFORM = 'FORM')

B-7 1-40

(not shown)

p-8

(not shown) 1-80
READIN p-9

(not shown) 1-50

FORMAT(10A4)

ST, ST1, ST2, ST3, ST4, STS, ST6,
ST7, ST8, ST9 describe location,
soil type, horizon T (e.g., WALKER
BRANCH FULLERTON SOIL Al HORIZON).

FORMAT(8G10.4)
HYCOND(J,JJd), JJ = 1,8. List of up
to eight parameters for hydraulic
conductivity function. J =1 for
soil horizon 1.
HYCOND (1,1) = 1 for equation (29
2 for equation (30
3 for equation (31
saturated soil wat
content (cm®/cm®)
HYCOND (1,3) to HYCOND(1,8) -
empirical values determined by
fitting function to experimental
data. (see discussion of Root
Zone Evaporation, Transpiration,
and Drainage).

)
)
)
e

nH o

HYCOND (1,2) r

FORMAT(8G10.4)

SMPPAR (J,JJ), JJ = 1,8. List of up
to eight parameters for soil water
potential function. J =1 for soil
horizon 1.

SMPPAR(1,1) = 1 for eguation

2 for equation

3 for equation

4 for equation (35)

saturated soil water

content(cm?/em?) '

SMPPAR(1,3)} to SMPPAR(1,8) -
empirical values determined by
fitting equation to experimental
data.

(32)
(33)
(34)

SMPPAR(1,2)
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Subroutine ﬁﬂgger Columns Description of input data
P-10 {not shown) same as card P-7 for J=2
P-11 {not shown) same as card P-8 for J=2
P-12 {not shown) same as card P-9 for J=2
P-13 (not shown) Cards for J=3. The number of cards

will be determined by J=NS, where

NS is the number of soil horizons
with input characteristics. NS is
read prior to these data on card 7.11.

(The following sequence is used when LFORM = 'TABLE')

SOIL 7.15
(called by
READIN)
7.16
7.17

1-40

1-2

11-12

21-25

31-39

41-45

1-6
11-15
21-27

FORMAT(10A4)

ST; identification information for
the soil type characterized by
following information.

FORMAT(T1,I12,T11,12,T21,F5.4,T31,F9.5,
T41,F5.3)

N; the number of data points to be
input with corresponding water content
{em®*/cm®) and desorption pressure
{cm of water).

NC; the number of incremented pore
classes to be used when calculating
conductivities for specific water
contents and desorption pressures
(NC<51).

TMAX; the maximum water content
possible for the soil (i.e. total
s0i1 porosity {cm?*/cm?).

SCON; an experimentally obtained
saturated hydraulic conductivity
{(cm/day)

RESWAT; an estimate of the residual
(immobile) water (cm3/cm?®). '

FORMAT(T1,F6.2,T11,F5.3,T21,F7.6,T31,
F4.1,T41,F5.1)

SURTEN; the surface tension of soil
water (dynes/cm).

DENWAT; the density of soil water
(gm/cm?®)

VISWAT; the viscosity of soil water
(gm/sec cm).
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Card
Subrgutine number Columns Description of input data

SOIL 31-34 TEMP; the average temperature of
soil water (°C).
41-45 GRAVTY; the gravitational constant
{cm/sec?).

7.18 FORMAT(F4.2)
1-4 EXPON; the factor that accounts for
interaction of pore classes (see
(Green and Corey, Soil Sci. Soc.
Amer. Proc. 35:3-8). (Usually =2).

7.19 . FORMAT({20F4.3)
1-4, THETA(J), J=1,N; the (ascending)
5-8,... volumetric water content values
oA that correspond with the desorption
R pressures that follow. 'THETA(lg must
Y be the lowest water content {cm®/cm®).

7.20 FORMAT(10F6.1)
1-6, DP(J), J=1,N; the desorption pressures
7-12,... ({absolute values in descending order)
that correspond to the preceding
water content values {cm of water).

READIN 7.21-7.26 The preceding card input set is reguired
(depending on so0i] for all (NS) soil types (see card
option chosen) 7.15).

7.27 1-80 FILTID; the jdentification information
for the cumulative infiltration
data.

7.28 FORMAT(3F10.5,15)

1-10 TSTEP; the time step used in simulating
infiltration loss (TSTEP=15.0 minutes).

11-20 TIMST; the initial equivalent time
point on the cumulative infiltration
curve (min.).

21-30 CIFLAS; the initial cumulative infil-
Fragion value (corresponds to TIMST)

cm).

31-35 NRAATS; the number of points to be
included in the table of corresponding
time and cumulative infiltration
values.
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Card

Subroutine number Columns

Description of input data

READIN 7.29-7.30

1-55
6-10,...

7.31-7.32

" NBZ, BZ = 8 SUBSURFACE PARAMETERS

FORMAT (16F5.2)

CIF(I), I=1, NRAATS; cumulative
infiltration amounts corresponding
to the {following) times since the
start of water input (cm).

FORMAT(16F5.0)

RTIM(I), I=1, NRAATS; elapsed time
from beginning point for the
cumulative infiltration curve
(minutes).

For NBZ, BZ = 8 SUBSURFACE PARAMETERS, the next cards regquired are:

GETSET

8.1 1-8

25-32
33-40

8.2 1-8,

FORMAT(10D8.0)

AREA1; the minimum (fractional) size
of source areas (suggested value
0.07 if not known).

CUT; the drainage rate (cm/day) from
source areas when their maximum
extent is reached.

CUTL; the minimum drainage rate {cm/
day) for source areas to contribute
to streamflow.

WUP; the maximum (fractional) size of
source areas. AREAT<WUP<1.0

RNTL; the number of soil-water trans-
mission layers between the saturated

~zone and the region simulated by
PROSPR. (<5).

SBD(I} (for I=1, RNTL); the thickness

9-16,etc. of each soil-water transmission

8-3 ]"'8,

layer (cm).

SSG(I) {for I=1, RNTL); the initial

9-16,etc. volumetric water content of each

8.4 1-8

9-16,
17-24

soil-water transmission layer
(em3/cm?®).

PORE; the volumetric pore space for
any transmission layer (cm®/cm?).
KSAT(1), SA{1) Parameters that
characterize three
segments of
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Card
Subroutine - number Columns Description of input data

25-32, KSAT(2), SA(2) the water content
33-40 versus hydraulic

conductivity

41-48, KSAT(3), SA(3) relation for trans-

49-56 mission layers.
(K=KSAT*EXP(SA*

57-63 WCK1 (Pore-8))). WCK! and

65-72 WCK2 WCK2 are the two water

content (B8) values where

the three curves join,
and the relations are
given for increasing
values of K and 9.

8.5 FORMAT(D10.5,2F10.5)

1-10 KSGW; the constant that relates ground-
water flow to storage (hour-1!).

11-20 SGW; the volume of water (per unit
area) in ground water storage (cm).

21-30 K24L; the fraction of groundwater lost
or gained by seepage across the
watershed divide (K24L<1.0).

9 RDCHM (not shown)

This statement will cause subroutine RDCHM to be called and a minimum
of 11 cards to be read for input data to the soil chemistry model, SCEHM..
The SCEHM model documentation (Begovich and Jackson 1974} describes the
model and data requirements. An appendix in Luxmoore et al., 1976b des-
cribes the current input data format requirements which have been changed
from the original in developing a coupled model for solute dynamics in
vegetation and litter.

10 RDCER (not shown)

This statement will cause subroutine RDCER to be called and a minimum
of 20 cards to be read for input data to the forest biomass model called
CERES. The CERES model documentation (Dixon et al., 1976) describes the
input data and format requirements.

11 RDDRY

This statement will cause subroutine RDDRY to be called and a minimum
of 8 cards to be read for the data input to the DRYADS and DIFMAS models
of solute uptake and accumulation by vegetation and litter. The documenta-
tion of the models (Luxmoore et al.,1976b) describes the input data and
formats.
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NBZ, BZ = 12 DEWPOINT-BIMONTHLY

Card
Subroutine number Columns

Description of input data

FOR NBZ, BZ = 12 DEWPQINT-BIMONTHLY, the next cards required are:

BIMON 12.1-12.2
(not shown) 1

2-7
8-9
10-11

13-17
18-22
c8-72
73-80

NBZ, BZ = 13 RADIATION-BIMONTHLY
For NBZ, BZ - 13 RAD BIMONTHLY,

BIMON 13.1-13.2
{not shown) 1

2-7
8-9

FORMAT(A1,6X,212,11,12F5.0)

X; any character but $ is ignored.

The $ character signals that all

bimonthly average dewpoint temperature

data have been input, and control will
return to subroutine GETSET.

blank; may be used for a data card
identification code.

Y; an integer representing the last
2 digits of the water year.

M; a dummy variable, may be blank.

K; a single digit:
= 1 for months 1 through 6,
= 2 for months 7 through 12.

DATA; the average daily dew point
temperature [°F] for days 1 through
15 of month 1 (January) or 7 (July),
depending on the value of K.

DATA; the average daily dew point
temperature [°F] for days 16 through
the end of month 1 (or 7).

DATA; the average daily dewpoint
temperature [°F] for days 16
through the end of month 6
(or 12).

may be blank or used for identification
purposes.

the next cards required are:

FORMAT(A1,6X,212,11,12F5.0)

X; any character but $ is ignored.
The $ character signals that all
bimonthly radiation data have been
read and control should return to
GETSET.

blank: may be used for a card
jdentification code.

Y, an integer representing the last
2 digits of the water year.
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Card
utine number Columns

Description of input data

BIMON

10-11
12

13-17
18-22
63-67
68-72

73-80

M, a 2-digit integer, not used by
main entry BIMON.

K, a single digit,
= 1 for months 1 through 6,
= 2 for months 7 through 12.

Mean integrated total daily radiation
value for days 1 through 15
[Langleys/day] of month 1 {or 7).

Mean integrated total daily radiation
value for days 16 through 31
[Langleys/day] of month T (or 7).

Mean integrated total daily radiation
value for days 1 through 15.
[Langleys/day] of month & {or 12).

Mean integrated total daily radiation
value for days 16 through 31
[Langleys/day] of month 6 (or 12).

Blank.

FOR NBZ, BZ = 14 WINDS-BIMONTHLY, the next cards required are:

14.1-14.2
(not shown} 1

2-7
8-9
10-11

13-17

68-72

73-80

FORMAT(A1,6X%,212,11,12F5.0)

X; any character but $ is ignored.
The character $ signals that all
bimonthly average wind speed data
have been entered, and control
will return to subroutine GETSET.
May be used for a data card iden-
tification code.

Y; an integer that represents the
last 2 digits of the water year.

M: a dummy variable, may be blank.

K; a single digit,
= 1 for months 1 through 6.
= 2 for months 7 through 12.

DATA; the average daily wind speed
[mph] for days 1 through 15 of
month 1 (January) or 7 (July),
depending upon the value of K.

DATA; the average daily wind speed
[mph] for days 16 through the end
of month 6 (or 12).

may be blank or used for identifi-
cation purposes.
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Card
Subroutine number Columns Description of input data

for NBZ, BZ = 15 EVAPO

EVAPO 15.1 FORMAT(2F10.4)
1-10 ANHT, anemometer height [feet] above
ground level at the recording site.
11-20 ANX, exponent in power relationship

used to adjust wind movement to the
2 ft level. The recommended range
for ANX is 0.29 to 0.67, usually
0.30.

21-80 Blank.

The final input card for any land segment is:

GETSET 6 FORMAT(I2,1X,A4)
(last for any 1-2 NBZ A control switch variable.
segment) The value 16 initiates simulation
for the segment.
4-7 BZ A descriptive character string.

" Any characters may be used so long
as they are not monitor controls.

Example 1isting of a data set for terrestrial segments{Table 18}

The following six pages contain input data for simulating the hydrology
of two terrestrial segments. The card numbers and input options shown on
these pages correspond with specifications given in the preceding section.
One should note that since the climatic data (air temperature, dew-point
temperature, solar radiation, and wind speed) are the same for both segments,
they are not repeated in the input Tist for the second segment. The effect
is that they will be carried over from the first segment without change.



108

69
L]

[4:}
56

98
68

68
6L

6L
[4:]

99
<L

5SS
oL

55
Sh

L9
09
0

[}
s
0

Lh
14
0

gn
BS

TEODD0 40 FLVQ NO QIAHODFY FHVY JdWIL

9
E9

19
L9

65
99

0L
(A

9
LS

8BS
on

Le
ns

9E
ot

Lt
9E
0

L1y
t
0

(%]
15
0

StL
BL

EL
6L

[+1:}
L8

L8
ge

Be
8

SL
69

St
E9

9
W3

t9
Lt

£9
e
0

Ll
9z
0

9n
[ X4
0

Sh
09

95
h9

09
89

<9
S9

L9
BS

9
BS

15
[+]3

EE
ng

0E
[X4

L9
in
0

9L
BL

0

8
[+1:]
€8
S8
LL:]
L8
:X:]
68
1]

Le
[%:]
58
98
SL
4]

9t
5SS
oL
ns
6L
0

1S
[43
L9
9
S5
S
oE

e¢

0

6
I1E
i
in
09

Y

9s
no
L9
09
89
9s
L9
S9
0

LE]
he
19
9
S
0

Sh
9t
6E
bf
9h
0

nt
T4
Lt
(4
Sh
£s
9n
6h
0

89
gh
(4
BL
et

9t
9
Ls
9h
LE
ne
L
k4
&t
SE
£
in
z9

9L

SJUBWHIS |RL4AISILAD] 404 135 ejep e jo bullsi| a|dwexy

0s
6%
S9
Ln
LE
9%
X4
i€
tt
LE
Lh
St
€9

9L

INdKI ROIIVIOARIS MBA

BS

9 89 09
nG LL 05
65 91 Z%
L9 LB B89
99 ¢Z8 B89
€9 §8 5%
h9 68 69
19 B8 »9
99 ZB 99
s 9L ZS
9k LL 08§
19 L8 1S
9h 0L 9h
¢9 08 29
Zh 19 hh
ZG I8 hn
0n 19 bhg
LtE 2S5 0Oh
25 65 In
LE 8BS Lt
15 B9 2%
ht S5 02
If £S5 €N
oh €5 ZZ
Gh 99 Gh
ns L9 6h
o 0h SE
25 It G§
ZE 97 9t
LS 0k 29
B9 65 0L
8% 5t 6%
gh hE 19
9 Zh 6L
19 th hie
BL 29 %L
"RIW 3

GL 85 99
SL 95 L
L9 9% 69
06 59 B8
L8 (9 BB
LB 29 5L
08 0L (8
£o 09 |6
98 w9 06
SL nn LL
6L BS EB
€8 85 08
09 iS5 LL
0L §9 h8
99 65 18
SL kh 1L
09 th 6L
€L 0% LL
£9 fim 1§
59 EE 09
LL 95 69
Lt €L S2
S5 6F 6%
ot 97 95
99 ¢S 09
6h 6€ O
it nE Sh
Lh 89 O
SE in 5t
Eh E9 In
6n €Y 0§
ns 89 Lh
hSs 69 hS
6h LL St
9n 6L Z4
L9 28 19
*X¥W HLOG
“d *oda
1304

BL

he

09
95
4%
LS
£S5
Bh
9%
Eh
9S
3]
EE
BE
0s
T4
9E
ES
Zn
52
(133
LS
65
E9
L9
99
oL
LIES
St
BL

n9

(X3

LIYHL SdLVDIQKI

(NIN/XYW E1I¥Q) dGwWdl 31Y 1

LS Y¥3a

11 one
ECLEL
TIIEL
tZledL
ELLEL
CilEL
LitEL
EOQLEL
ZOIEL
LOLE L
anIva

notr 1
nL 0t
ROILYIONIS DISOTOHQAH EOV¥4A ¥RS ARV

nt 0

AHIT OMYT JIHSEILYA HOKVEM

ge L

[ )

S
L
L
L
L
L
L
L
b
1
1
L
1
L
L >
L =
1
1 o
1 0z°1 m
L -2
I
: 2
1
1
1
1
I
L
h§ 011
1
1
L
A
1
L
1
L
SINIL ¢ | Y
9 7d ‘Z9N
s a1 LNInOAS
1 €L 0L v | $NOLLvIId4103ds
£
’ 7 2 NISYH
HANTYA T TYHINED
&
&
&
&
&
‘g1 |L9rL



109

S*eh
5§99
Sh9
0°09
STt9
0°09
0°Ls
0°"hs
0°t9
STL9
0°ns
0*LE

0°6S
0799
0°29
0oL
0°n9
0769
S*0L
5709
0°tg
$°8S
S°8h
0*ne
S*9E
0°16

S*0t
5*el
5°9¢
o 1S

S E9
0769
0°09
S°0L
S*LS
0°69
0°89
S°69
0°L9
S*LS
STgh
0°Z9
0°1Ls
S°t9
STt

St
S$*1S
STIE
STt
S*St
S°Gh
S*1S
S °6E
0°82Z
SThi
0°8zZ
S*EN
0°Z¢
592
S*Lh
S*LE
S°8s

S*9h
o°Lh
06t
STEE
S*eh
0°st
ST6n
0°0¢
0°tE
STET
0*Lh
SIS
STHE
S°CE
oSt
o en
S°6S
06t
0°tn
0Ly
S*th
5769
“90da

5°ZS
S"1L9
0° 68
0°89
0769
$*89
0°69
0°Z9
0°89
STES
0°8s
S75S
0" 06
0°'€S
5°LS
0°2¢
ST1S
0° 65
0°s¢
S°€Z
S°Lh
0°6l
5" gn
00t
5" Gt
S°LE
0°6E
S*ih
0°0E
STLh
0" €5
S°Gh
Rl £
S*Lh
0° 5%
0°n9
ITIL¥a)

g"6t SUEMN
S°6% S°L9
0°69 0°89
S*L9 G°99
0°69 0°99
599 0719
S*0L S°99
L'ty 0°t9
$*hY S§°E9
0°56 §76%
0°9s 0°9%
0°BS S°n9
0°LS 0°6S
S*gn 0°0hn
S$*65 0°9%
SLE 0°On
0°Ls 06t
$*06 S°LS
0°LT S*ne
$°6Z 0°Sh
0°8n 0 4yn
§$°97 6°S¢
0'te 0°€Z
5*'Zs 0°0n
0°Zh 0°9h
S*ILZ O0°eC
S*6Z 0°1g
S*ZE 097
0°"6E O0°EC
0°"LE S°Gt
0°95 0°6h
O0°EE S*lE
0°Sn 0°0Oh
0°6h 0709
0*8S  0°S%
S'E9 S°EY
Janivgadral

(panutjuod) g aqel

6 hi
6 hi
L6 niL
£E8 0L
28 hi
L8 ne
€L nt
2L nt
LL hi
£E9 niL
29 niL
L9 tui
ES hi
s ht
1S bt
£Eh Wi
Zh hi
it ni
€€ ht
ZE ntL
lE 0L
£EZ nt
T niL
1z nt
Et nt
ZL oL
11 ot
tClEL
ZZleL
LCLEL
EtieeL
Zilet
LLIEL
EOLEL
ZOLEL
10LEL

= =N~ - = -l = e e = Y N - - - e W e W = W - W W W 7Y

LNIOd M3qQ Z

£

¥

a%?

sz’

0£°2
=]
m
=
S

0z'z| 5§
o
3
m
5
g

01°2

vz Y

9/ 78 ‘78N



110

nL9N
Z"68E

LT6SE
g E9t

0°Len
Z°Bsen

STEZS
" h9g

SNt
T°LON

5T051
£°625

£°89S
9*10¢
£°99

Z°hon

Z'L1E
9°LLL

ot ing
n*9ZL

S°51Z
675t

L“80n
g6t

S°9ni
0°"n9c

9°00t
T°LEN

B*ZES
otutLs

E°L6E
neing
S 8nt
h*052

9606
£°ZZ9

00
6°6LMN
LTIEE
1°hBt
L*hLS
L°nEE
S"6E9
£°ZTn
1 3 N 13
¢*o0
B°hht
£°66h
L°5Th
T ELS
Z'nith
00
8°329
1°Z8S
9°LLS
9°86
SThnn
00
E°6En
G €92
0°"S0f
L~es
o°gn
L ET
£°ee
E°LLe
]
5%961
n 0zt
hTe6t
S6Ch
£°G8BE

ne0Ln
L*E9n
hesiz
2L
B LIS
S°L6L
E°LK9
LR X4
0°B8Gh
6°929
S°E65
Z°62h
L*hlE
Z°51lh
0915
082S
9°Z5s
N 9ng
6 8N
1°L6
0~ZIn
00

6°621
3 X
0°sze
9°LS
L9}
B*961
801
2°591
9*S 0t
L X4
n°sn
£ in
L°Enn
L™NnSt

€ "9€EN
6°ten
8°6nd
0*90¢
£ "hEE
1*00¢
6 "heh
1 "85S
L"62¢
L°1E9
9°6L9
L°tSh
htann
S *zZen
0989
9°0t9
£°LesS
6°T8BS
Z "86t
9°¢91
0°LZh
00

I "EEE
S"ne6

-l ) X4
honel
h sol
s

8Ll
R 4
L°60t
S°061
" oL
B°LLE
S*ghn
B°hiE

086

1 “8LE
£ °09h
0°€92
B*9Z¢
1°Z09
STLoY9
BTLL9
0°SZh
L°nLe
£ L29
cTean
b “LY9S
n et
hEEl
B LED
£Le9
T let
9°Zsl1
9°Zel
1728

nTLEN
1 “E6L
L"65¢E
L°SLE
019

0°*0h

6°L9C
S°0¢E

0201
6°9h

9°t0t
BT0EL
27100
06N
LT0Lt

h*SLE
6°L81
225t
fhLGh
L*20S
1 °ZEE
2552
L "gns
L*E9s
9°BLL
B*L6E
0 9us
£ 801
0zzl
LoLze
8°TL9
0°594
£TE9L
NG
0 "nBt
9°L6E
0*s6h
A 1] 14
g Lnd
0°521
8°6n

£°Z9

1°Z6

h eSS

Sth

G LS

6°101
h6tl
0*h9t
n'6Ln
6°5Lh

(N ¥4
0-221
£° 802
L 65n
S"hih
raal B :1 1
L”E6n
9°099
¢ 2Is
gTohn
S*549
L6069
6"LLY
0°€ELY
1°Z8S
6°699
9" LLE
£ 60
6”961
n"1Z%
£°16¢
6°60E
L7801
9°001
6681
£°¢t

Z°0f

B It

<" 99

£ E£6l
6°161
9°9ne
hiLe
0°9L¢
S*9Ln
0" 6LZ

(A A )
0°0cLe
L*99¢
he0onh
0"ELh
L L6t
£E"nen
6899
B "tn9
67CSS
Z°he9
g ten
L "0ES
0 eng
L*t8l
0°StS
S TLYE
S*0hsS
G gen
h"9zZs
S *h9e
g ite
06l
h*89

£°6S

LT Y )
g'st

8°01¢
h eyl
€692
L™ 16

I “0LE
569t
L7959t
£79ct
L*8gnt

SKATONYT (1¥10L A1IYd)

(psnuijuod) g| @198l

9°Z9n
L T4
Z2°14E
0°BON
9 LIz
075645
STETL
9°6L9
6°985
192
S°%65
g zie
£°L8BS
0 8Ls
0°"8tS
G*EG9
9°9L1L
0°Bé6h
N 99h
1 °68E
£°hGt
£°Znh
9% £0hn
E°Ght
0° 0%

h*942
9°61n

g nolL
B"nhB

L°L8g
LTLLl
£ ECt
LTOLE
6*“IBE
0°29n
87101

NOILIVIAdWY 3Y10S t

£6 0L
6 ti
6 L
£te ti
{B ni
18 niL
£EL hi
L ni
LL ni
£E9 ni
Z9 nL
19 hi
£S n¢
IS ni
15 L
tn nit
h hiL
ih nt
£E Wi
it ni
e nt
£€C hi
T ni
1z nie
El Wi
k0L
L nL
£EZlEdL
ZZIetL
LZitd
ELIEL
chitd
LILEL
toled
ZOlEL
L0tEL

nUnUnUMOaLINNLNNHNBLHLONEHONOHNnnVLLLHVBLY VK

0’?6

LE°S .H.
05 'S
8
oz | B
>
o
=
01°§
el
9 |zd9 ‘zaN




111

00°0
og*1
00 ¢
ol°n
og" n
05°¢
{01: Rl 4
08*¢
oz e
00*o
08¢
05°E
0t h
0E"e
0Z°¢E
000
05" ¢
01°¢
00°2
e
oe*l
00'0
0s°2Z
06" ¢
06°¢€
017z
08"
8s* 1
967 ¢
121 3 3
0°0
£8° ¢
£ETS
80° ¢
no"4
(4 !

0"t
08°0
oh*9
08°Z
oE"n
oe°t
0672
ov°n
0671
on~¢g
oLz
00°2
06°2
oL°¢e
o1
062
0S¢
0s*n
0L°z
09°n
0z*1
0z e
09°¢
oh*e
on°e
on*2
08°¢
EL-z
£9°h
no°n
Znté
6L°Z
88°¢
961
gE"L
SL”E

0s*Z o01°¢
05°E 0On°¢
0L*9 0OL"9
00°¢ O0n° ¢
08" 067C
09°€E 09°h
OE°f O06°E
0¢°"S 00°¢
00"h 09°E
00°h 08°E
0Z°s O0€E"n
00"€ 0€°¢
0n*Z 0S°E
gz 0z°¢
0E e OcC°t
0E"L o0L"1
0S*Z 00" n
06°L 06°%
0L™1 OL"h
0E*9 090
09°S 0OL"6
09°z 0Oh°l
09°Ss 00°E
06~1L 0S¢
0E"h 0Y"9
080" QLK
oL*1l 06°C
SL*S EE*Y
0s*L L2
05°L 88°Z
g0°t EL°E
0s*t SZ°9
LL*h EE”L
SL*L 00°1
LI"E €EB°1L
E9°E 9n°|

oL-¢
00°¢
00°9
00°¢
0Z"u
00°s
0L "¢
0f*¢e
08¢
08°¢
08°1
0L"n
on*¢
oz nh
on*s
og-°1
0L"9
0E°€E
09
08"
on°9
on“h
oL*e
oL €
0Z"1
08°E
0Z"1
E9*L
BH°E
gE "1
BO0"L
EE"E
gn*z
EE"L
9n°z
gE "L

ol°e
oL ¢
00" h
oSz
09°¢
0S°€E
us't
06~ ¢
on" e
oLty
on-¢
087t
oL"¢
09*1
0z*Z
09°s
oL ¢t
oL1°¢
0s°9
oe L
0z n
05°9
08"t
0E*E
on°z
08"t
ug*n
nig°¢
9In*L
Z6°1
£EETH
4R |
tZ*9
AR S
EI1TE
not¢

05°6
0Z°2
oL "t
pZ-¢
09°t
0Z°¢
08°h
06" n
0E*n
05°Y
09°Z
oh"h
(113
0L h
09°¢
ot“s
ot *n
0Z"g
oL
06°9
0Z°n
oLl
on*n

on‘n

00" n
09°n
o'
0oz
007¢
nsco
£€9°1
85°1
Zn"h
EL"1
EE°L
0s° 1

HaAN (39¥83AY A1IVA)

(penuLjuod} g| arqel

€6 0L
Z6 ni
L6 niL
£8 n{
g ni
18 uL
€L ntL
L hi
VL hiL
£E9 n{
9 ni
19 ot
£ES ni
9 ni
1S nL
£ hi
in ni
tn nt
£EC nt
It hi
It hi
€2 hi
¢ it
L2 nt
El nL
L ni
Ll hi
EZLEL
cCleL
LZitL
gELiet
CLIEL
LLLEL
E0lEL
ZOLEL
LOLEL

Ja3as deIE

= E X X AEAFFEFIFIXTTETTIIXTRETIRIFFTTDTEET T EEE RS R WM

&
ol
B
&

A 4

0ey

0z'y

() I

J33dS dNIM

N “Z8N



112

a9 91
neto “00L
NOILYHOdVAd FAVT Gi
0E 0 Lo E0" 0
£EE"0 hee*o 09t "Ll 00°0BE GEO0™6L 9E6°BEL SOLP°O0hiLt"06T6L n9E°
Ltz - LLz”
Tog1 o8t
g4 Lo E“L ‘ol 1070

SHALARYEVYA ZDY4HDSANS @

O nZL TN NLLZ 904 LB LD
6STGEOETLBLO"ELZL *nINN 9GS "ONIBTHELS "L EGZ"EZ00°GITO°9 LT SL°L EB0 51 °0 "0

0009 000f 00BZ 00%Z 0ONZ
00ZZ 000Z 0081 0094 O0ORL 00ZL 0001 00f 009 00m 00T 00L SL 0% 114 0

¥4 "0 "0 ‘S
JOHLIEZW ¥D1l HYOd NOILVIIE NOILVHLTIIANI 3FAIIVINHND
“0 'S *eZ 00t “EEL  "i99 °000L °"000% *000si
h9t 896€ nEE GOEL LT TYT €57 BET 12T
0°¢
086 “sl 8ELL"D 666" 0 6hTEL
0*0 ‘0zt h9gE "o 0s 6
HONYHE W3IATYR - STI0S LzZ8 DAY NOLEATINA
“0 ‘% 14 “00L TEEE  TL99 0004 0005 T00Q0SI
inE DEE SOE L97 BET 9iZ ZO0Z Z8lL 6651
. 0°z
‘08e ]} BELL®O 66670 6n"EL
00 onnt LwE "0 0s 6

HONYJYA ¥YANIVA - STI0OS TY "“OAY NOQLE3T'ING
STI0S IZIAZIOVHYHD Ol qasu SI SALI¥EdOEd 1105 40 d7dYL

) 13 to8l Kl
$°0~ -§%0- ‘00t “0S 0t 24
4 E n9=0 Lth-0
9170 Zz°0 | 4 "L !
1] Y4 "9t ‘15t RY)
120 65l 70 S03d0°E
4 0°0 £*9 10070
*000s 9030° L 9030° 14 oL° [+]-T S100° 100"
0°e “001 ‘ot uz” £596°0
80E "
9nT" tent” 1661 "
‘09 ‘0% oh

SYILINVIVA NOILVIZO3A ARV STI0S mAM MUO0d 1SNE i
avig d3dsodd ¢
It tLo-o 6Z1°0
f°0 nIT°0 *SZ E€0°0 0°1
SH4IINVUYd FOVAHEAS ANVT 9

&wanw

(panuLjuod) gL 3lqel

S ya: AL
1-<1 My]
9 78 Z8N
58
V'8 | 3ov.uns
£e -ans
'8
18 .
9 78 ZdN
%L
€L )
o5 L
62°L
82°L
(2L
9L
sTL
vz L
£7°L
22t
1z |8
0z'e | &
61°L
e | B
Ry
o1 | &
. (2]
stoc |8
IVAE:
g1z | =
e |2
1L
012
6L
8L
Ll
9L
5L
VL
£°L
)
e 1Y
9 Z8 ‘28N
25 | 2ovauns
g ) 78 "zan

a&?



113

ROYan 3
09 91
9n "0~ e £E0°0
EETTO oLZ o 65Z5°h0L00"00L I6EL ZhinEL 2029860 HZZ 0ELIESTILET "
[4 ¥4 iz-
“o8i o8l
a4 L0 Bt 4} Lo~

SHILZWYYIVA 3ovddnsans ¢
0°in&L"TTAh "l LZ 90LLB L6

6ST6B0E LBLIOTELTL O N"9GG) "Oh99 " 6ELS"HEGZTEZ007GLITR9 WL "2 SL°)L £8°0 G170 "0
0009 Q00L 00UBZ 0092 QON7

00ZZ 000Z COAL Q091 OOnE QOZIL COOL 008 009 00K 0O0Z 008 SL 0s 14 ]

¥4 "0 0 *S1

QOHI3AW VDI dO4 KOILYTZH KOILYHITIANI JAILVINNAD
0 “s * ST "o0i TEEE  TL99 T000t T000S T0O0CSt
162 %8 L9 B6IT 607 661 h6l nbl 9Lt

oz

086 TGl BELLTO 666°0 6nTEL

"0 “Chni i6Z"0 0s 6
mam~- IIOS LZH "9AY INIQ0E
*0 *s T4 “00L  “EEE  "L99 "00CL "000S "00CQSI
ELE h9E 6ZE 6LT ZnZ 912 507 LBl 6Ll

0°¢

086 Gl gtL1"o 666°0 6n "EL

Y “onnmi ELE"C 0% &

kB~ TIOS LZ VY *DAY INIA0B
STIOS JZI¥AIDVHVHD OXL Q@3aSn ST Sd11d3d0dd JI0S 40 JTEVL XY

) 9t “osi ‘el
570~ 5°0- coet ‘0S5 T oL ‘oz
z € he* (8
9L* L4 ‘1 "z ‘L "1
To62 tT9z TSl "0
9L 6Li”* 5030 "¢
4 0"o £°9 100~
‘000s 9040”4 9030°1L oL® 06° 5100° "oo”
070 *001 01 hes £E386°0
BZZ "
h6t " hel” s0Z°
“es “0s *0s

SHILAMYAVd NOLINIE9ZA ANV STIIOS MHM NI0d ISdm !
aydy BIASOHA £
i1 ZLo"o 6ZL°0
h°0 EZ°0 "SZ EOTO O°1
dJ2¥dHNS OHYT 9
SZTEYIBYA ALYLS (QHNY SHALARYHYE LONANI RAR - YHO4 ISAAM nf EL 1 4

o
&ﬁ%@

(panutijuod) g| a1qel

T|.n 181
9 78 _‘zaN
3]
ve DVANS
£8 -ans
Z'8
1'%
LN 78 _'Z8N
o
1€°¢ A
5L
62°L
82°¢L
Lzt
9L
sZL
vToL
£2°2
ez |,
12°L Jo
0z°L m
61°L
81t m
L1 L
9t-. |@
st-L |8
b m
£1¢ |3
e 12
1L
or°s
6L
8L
Ll
9L
5L
voL
£°L
z°t
—9 | 28 'zdN
z°9
T3 | sovauns
_ g | 29 ‘74N
11 INTWOAS



114

Simulation of Open Channel Flow

Formats and Example

The channel flow component of the TEHM has been taken directly from
the WHTM, and has been described in detail by Patterson et al., 1974.
For sake of completeness, an abbreviated description of the options used
for simulating flow in rectangular channel reaches is presented here.
The following documentation describes the cards contained in the example
data set used for Walker Branch Watershed simulations, which is shown at
the end of this section (Table 19).

Card
Subroutine number Columns Description of input data
OLDMAI 1 FORMAT(7A4,14X,214)

1-28 WATSHD The name of the watershed
that will be simulated.

46 GAGES The number of basin segments
that have been used to simulate
the terrestrial hydrology.

1 < GAGES < 7.

50 REACHS The number of channel reaches
that will be used to represent the
basin drainage system.

1 < REACHS < 7.
OLOMAI 2 FORMAT(20(13,1X))

1-3 STAN(1) The abbreviated identifica-
tion number associated with a rain-
gage used in the preceding simula-
tions (right-justified).

5-7 STAN(2) The abbreviated identifica-
tion number associated with a
second raingage used in preceding
simulations (right-justified).

etc. “etc.

OLDMAL 3 FORMAT (A4)
1-4 LBL The character string command

" that selects the channel simula-
tion sub-programs. CHANNEL
SIMULATION, beginning in column 1
is used. (Note: only the first
four characters are read.)



Card

Subroutine number Columns
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Description of input data

CHANL 4
1-4

1-5

FORMAT(A4)

The character string INITIALIZE
CHANNEL SIMULATION, beginning in
column 1, is used to indicate
that channel properties will be
included in the following input
(as opposed to reading them from
a file). Only the first four
characters are read.

FORMAT(I5,F5.2,15)

IHT The number of points in an
interpolation table that relates
stage and discharge for each
reach (right-justified).

1 < IHT < 100.

INCR The change in flow depth
between each value in the stage-
discharge table (right-justified).

NTFLO The number of hourly flow
values in a moving average that is
used to test for storm flow condi-
tions {right-justified). Experience
indicates that 6 is a reasonable
value.

(The following 5-card sequence represents specification of the properties
of the two reaches (two cards each) plus a termination of reach specifica-

tions card (number 10).
value of the parameter GAGES.
value of GAGES plus one.)

INITCH 6

11-14

The length of this section will depend upon the
The number of cards is equal to twice the

FORMAT(A1,14,15,A4,1X,13,12,1411,
7F6.1,14)

RCH The integer identifying number
for the reach that is characterized.

LIKE The identifying number for a
reach that has the same geometry and
roughness as the reach currently
being characterized. The values
for parameters W1, W2, H, SFP, NCH,
and NFP for reach RCH will be set
equal to those for reach LIKE.
(right-justified).

TYP The alphameric descriptor for
the type of reach geometry. RECT
stands for a rectangular (or
trapezoidal) reach.
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Card
Subroutine number Columns Description of input data

16-18 TRIBTQ The identifying number for
the reach that receives flow from
reach RCH (right-justified). Note
that the outflow point is repre-
sented by a dummy reach that is
represented by the number REACHES + 1.

19-20 INGAGE The number of basin segments
that supply inflow to reach RCH.

21-24 CHAN Up to seven pairs of segment

' and associated abbreviated raingage
identifying numbers that specify
the terrestrial simulation output
files to be used as input for reach
RCH. The number of pairs is speci-
fied by INGAGE.

35-76 CAR Up to seven {real) numbers, each
occupying 6 columns, that designate
the basin segment areas (mi?) that
contribute to reach RCH. The area
for segment 1 lies in columns 35-40,
segment 2 area occupies columns
41-46, etc.

7 FORMAT(F7.1,3X,F6.1,1X,F6.1,27X,6F5.1)

1-7 LENGTH The length of reach RCH (feet}.

11-16 ELUP The mean sea level elevation of
the upstream end of the channel bed
in reach RCH (feet).

18-23 ELDN The mean sea level elevation of
the downstream end of the channel
bed in reach RCH (feet).

51-55 W1 The average width of the channel
bed at zero flow (feet).

56-60 W2 The average width of the stream
channel at bankfull stage {feet).

61-65 H The average depth of the natural
channel at bankfull stage (feet).

66-70 SFP  The average lateral slope of the
flood plain toward the channel
(ft/ft}.

71-75 NCH The hydraulic roughness coeffi-
cient (Manning's n) for the channel
{(ftl/®).

76-80 NFP  The hydraulic roughness coeffi-

cient {Manning's n) for the flood
plain (fti/®).



Subroutine

Card
number

Columns
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Description of input data

INITCH

INITCH

INITCH

TIMEWD

8

10

11

11-14
16-18
19-20
21-24
35-76

1-2

4-35

10-11

FORMAT(A1,14,15,A4,1X,13,12,1411,
7F6.1,14) ,

RCH The identification number of
the second reach to be characterized.

LIKE The number 1 (for the example
input set in Table 19) could be used
to avoid re-specifying geometry and
roughness parameters, since they are
the same as for the first reach,
However, we have chosen to re-enter
the data for the input example.

TYP See card 6.

JRIBTO See card 6.

INGAGE See card 6.

CHAN See card 6.

CAR See card 6.

The format and variables are the same
as those specified for card 7, and
pertain to the second reach to be
characterized.

FORMAT (AT, etc.)

DOLLAR The character $, when placed
in column one, signals that input
data are complete for each of the
reaches to be considered in the
simulation.

FORMAT(6(12,1X))

TIMES(1) The starting month for
which channel simulations are
desired. This value need not
correspond to the terrestrial
simulation period (i.e., it may
be shorter).

TIMES(2} The calendar year corres-
ponding to TIMES(1).

TIMES(3) The month immediately
following the end of the desired
simulation period; TIMES(3)>TIMES(1).

TIMES(4) The calendar year asso-
ciated with TIMES(3); TIMES(4)>
TIMES(2). o
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Card
Subroutine number Columns Description of input data
FLOWIN 12,13 FORMAT{A1,14,16,15,213,2X,2A4,4X,

F8.0,14)

(For each reach where detailed printed output is desired, a single card
containing the variables 1isted below is included. The final card in
the sequence always contains only a $ character in column 1).

2-5 INPUT (1 The identifying number
RCH) for a reach where detailed
printed output is desired.

6-11 CHAN{(RCH,I0) A flag that signals
when observed flow data for reach
RCH are to be included as input to
the simulation. When columns 6-11
contain 0 or are blank, no recorded
flows will be entered.

12-16 CHAN (RCH,PRIN) A flag switch that
causes flow values to be printed at
hourly intervals (when = 1) if the
hourly flow exceeds the value speci-
fied in columns 37-44 of this card.

17-19 YR1 The first calendar year of the
water year to be simulated (two
digits, right-justified).

20-22 YRZ The second calendar year of the
water year to be simulated (two
digits, right-justified).

25-32 CHAN The eight character description
for the reach outflow point that is
to be simulated.

37-44 RCHAN (RCH, QMIN) The minimum hourly
flow rate for which printed results
are desired. -

45-48 CHAN (RCH, HRFL} Identifying number
that will trigger hourly flow out-
put when non-zero.

INITCH 14 : FORMAT(AT,etc.)

1 DOLLAR The $ character signals that
printer output specifications are
complete for the channel component
of the TEHM.

OLDMAI 15 FORMAT (A4)

1-4 LBL The character string ENDRUN sig-
nals that the input data are complete
for the channel component of the TEHM.
Only the first four characters are
read.
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Table 19. Example input data set for channel flow simulation for Walker Branch Watershed

Card

na.
1 WALKER BRANCH WATERSHED ? 2
2 1

3 CMANNEL SIMULATICN

4 INITIALIZE CHANMEL SIMULATION
5 100 .02 6

6 1 RECT 31 .2282

7 a700. 1010.  820. 4. 6. 2. 1667 0.2 0.4
8 2 RECT 312 .1483

9 2300 980.  880. 4. 6. 2. 1667 po2 0.4
16§

110 73 10 74

12 1 1 73 74 EAST FORK .05 1
13 2 1 73 74 WEST FORK .05 2
14 3

15 ENDRUN
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SUMMARY OF SIMULATION RESULTS
Scope

It is not intended that a comprehensive evaluation of the perfor-
mance of the TEHM be included here. Instead, the objective is a
presentation of selected simulation results as a vehicle for discussion
of how to extract information from printed output and as a qualitative
guide to the general accuracy of simulation of individual hydrolegic
processes, We hope that the Timited discussion that follows will alert
users to possible pitfalls in interpreting results and help them to
avoid common errors. The portions of simulation output that have been
selected for discussion are Monthly and Annual summaries of the segment
water balance; end of the year soil moisture storages; throughfall
estimates; streamflow simulation results; and simulated soil moisture
content.

Monthly and Annual Segment Water Balance Summary

Monthly summaries of each segment water budget and daily values of
selected hydrologic state variables are printed at the end of simulation
for each month. Figures 23 and 24 show an example of this output for the
month of November, 1973, for the West Fork of Walker Branch Watershed.
The first information presented summarizes available solar energy during
each hour of the first day. The variable RAD is the amount of radiant
energy observed on a horizontal surface during the entire day. The
second and third variables (SOLAR and SOLNET) are values for potential
clear sky radiation to a horizontal surface and net potential clear sky
radiation to vegetation on the sloping segment, respectively. The latter
term is corrected for albedo and radiation exchange with the ground
surface. Finally a vector of twenty-four values of hourly net potential
radiation to the segment canopy are tabulated for the first day of the
month. The estimated observed radiation for any hour is the product of
actual observed daily radiation (RAD) and the ratio of the hour to total
net potential radiation (SUNHR/SOLNET).

The second summary of information for each month includes a tabula-
tion of water flux terms {infiltration, direct runoff, drainage to deeper
soils, evapotranspiration, lateral subsurface flow, and net flux from the
second to third soil layer) as calculated by the PROSPER model for each
day. In addition, the noon-time values of conductance and water potential
for the evapotranspiration surface and the volumetric water contents for
the first, second, and bottom soil Tayers represented in PROSPER are
given.

It is noted that on day 330 of 1973 a message is embedded in the
monthly summary in Fig. 23 that shows (in part IRSTOR = 32654, RU =
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0.17, and IDX30 = 1250). This is the warning message that was discussed
earlier in conjunction with scale factors. The value of IRSTOR repre-
sents the scaled runoff input for a 30-min period. Because RUNSCL is
set at 100,000, this implies a runoff input rate of 0.32654 in. per
half hour or 158.7 cfs for the whole Walker Branch Watershed. The value
of RU represents the volume of runoff generated (inches) for the last

15 min of the half-hour period. The value of IDX30 indicates which 30-
min period during the month is referenced. The value 1290 indicates
that the 30-min period beginning at 9 p.m. on November 26 has a scaled
runoff value that may exceed the storage capacity allocated for it.

It is quite important to note that only one 1ine of warning- per month
will be printed. Thus, even though the value of IRSTOR printed here
will not exceed the allocated storage size, subsequent periods may
include values that are too large, and one rust seriously consider
changing RUNSCL. It should be noted, however, that the value RUNSCL
will not affect printed output results for the terrestrial portion of
the model output. Although ervoneous records will be written in the
files that are accessed by the channel simulation portion of the TEHM,
these errors are important only when an attempt is made to generate
simulated hydrographs,

Figure 24 is a detailed tabulation of water balance terms for a
vertical column of basin segment, divided into several components.
The interception component includes canopy storage of water and water
that evaporates directly from vegetation surfaces. The lower zone
compartment includes all of the soil layers considered by the PROSPER
model. However, storage values presented here are on a per unit area
of pervious surface material, rather than a per unit watershed segment
area. Thus, conversion of these values to a unit segment area basis
requires multiplication by the fraction of pervious area in the
segment.

The source area budget tabulates only the input and source area
runoff term per unit pervious area. The storage compartment is the
same as that given for lower zone storage, hence the sum of the source
area drainage plus drainage to deep soils equals the drainage loss
from the Tower zone.

The deep soil compartment includes all soil-water transmission
layers, and is reported on a per unit pervious area basis.

The groundwater component is reported on a per unit area of
watershed basis. Thus the groundwater input term is the product of
the deep soil drainage term and the fraction of pervious area,

Finally, the monthly summary concludes with a runoff component
summary , which gives absolute-and fractional amounts of runoff assigned
to each of five possible flow components.

At the end of simulation for each water year, the annual summary
table is printed for each segment, Figure 25 is an example, and
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shows the 1974 water year summary for the West Fork of Walker Branch
Watershed.

The first section is a segment runoff summary, which tabulates
the major components of streamflow. Storm runoff comprises impervious,
surface, and source area runoff components., Surface runoff comes from
pervious areas when throughfall rates exceed infiltration capacities.
In the version of the model presented here, only one source area runoff
component is considered. Baseflow includes any groundwater gains or
losses associated with transfer between adjacent segments. For example,
in October, 1973, the total base flow {0.77 cm) is the difference between
baseflow generated within the segment and unmeasured seepage loss. Here,
the seepage loss is negative, which implies a gain. Thus the baseflow
generated within the segment is 0,53 cm, which combines with 0.24-cm
gain to produce the total base flow of 0.77 cm. The total streamflow
is the sum of all baseflow and stormflow. This quantity corresponds to
measured streamflow at the segment outlet., The row labelled total outflow
corresponds to the total runoff generated within the segment. Thus total
outflow is the sum of total streamflow and unmeasured seepage loss. In
the example, round-off errors account for the slight differences. When
groundwater seepage between segments cccurs, the total outflow summary
can be useful for direct comparisons between basins.

The precipitation and evapotranspiration summary for each segment
includes precipitation, interception loss, transpiration loss, soil (and
litter) evaporation, and a total evapotranspiration term, A1l terms
given in this portion of the annual summary are assumed to occur over
the entire basin {pervious and impervious areas). The row titled
"POTENTIAL ET" refers to free water surface evaporation, estimated as
lake evaporation using equations presented by Lamoreux (1362), These
values serve only as an index to evapotranspiration and may differ
significantly from it.

The moisture status of the basin is described in the third portion
of the summary. It is intended as an index to the total water content
of a vertical column that extends from the canopy to bedrock in the
watershed. Each number represents a beginning of the month value for
a storage compartment. Because water stored in vegetation is ignored
and the groundwater storage term is only relative, the total content is
probably most indicative of overall storage of water in the unsaturated
soil column.

The final portion of the annual summary for a segment is a simple
budget calculation, The input is precipitation, losses include all
forms of evapotranspiration and runoff (generated from within the
segment), and the change in storage is the difference in the sum of
all storage compartments over the month. The overall balance term is
calculated as the difference between input and the sum of output and
change in storage. The imbalances that occur in some months are the
result of round-off errors that occur during integration of various
flux terms.



126

End of the Year Soil Moisture Storages

Often, simulations are run one year at a time. When this accurs,
it is desirable to start the succeeding year simulations with final
moisture storage values from the previous year. Figure 26 is an
example of the printed output that is generated for each segment to
simplify development of the input data set for a succeeding year.

The Tayer thickness and end of year simulated theta (volumetric water
content} values for all soil layers are tabulated, together with the
groundwater storage value. The theta values are calculated using
absolute moisture contents that are expressed on a per unit pervious
area basis. Thus the product of theta values and layer thicknesses
must be multiplied by the fraction of pervious area to obtain actual
water contents per unit watershed area.

Throughfall Estimates

The estimation of throughfall and interception loss was discussed
earlier, Figure 7 and Table 1 are indicative of the accuracy expected
when using the TEHM, and the reader is referred back to that discussion
for further details.

Soil Moisture

The information presented in Fig. 27 illustrates the ability of
the model to reproduce field observation of soil moisture in the
uppermost soil layers. Although one can argue that the figure demon-
strates adequate model performance, the most interesting feature is
the standard deviation in observed soil moisture. The large range of
moisture values for a given date is not indicative of analytical
errors. [t measures the large spatial variability in soil moisture at
any point in time. 'If the model were completely accurate, the simulated
results should pass through the mean value of observed soil moisture.
With the evidence available, it is not possible to assess the aquality
of model prediction. In part, this is because not enough information
was available to calculate an area weighted average soil moisture. One
thing i1Tustrated by these results is the need to incorporate a statis-
tical representation of moisture state variables in the model.

Streamflow Simulation

Perhaps the most commanly used index to hydrologic model perfor-
mance is the ability of the model to accurately reproduce hydrographs.
However, most comparisons are based upon single storm events or total
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THE END OF THE YEAR VALUES TO BE USED TO START NEXT YEAR SIMULATIONS FOLLOW:

FOR THIS SEGMENT THERE ARE J SOIL LAYERS SIMULATED BY PROSPER
THEY HAVE THE FOLLOWING PROPERTIES:

LAYER WATER CONTENT (CHM) LAYER THICENESS ({CHM) THETA VALUE
1 10.191531 50.000000 0.203811
2 9.7056755 50. 000000 0.194114
3 9. 7140791 50.000000 0.194282

THE SOIL WATER TRANSMISSION LAYERS HAVE THE FOLLOWING PROPERTIES

LAYER WATER CONTENT (CHM)} LAYER THICKNESS (CM) THETA VALUE
1 36.814936 180.00000 0.20u4527

2 36.860257 180.00000 0.204779

THE GROUNDWATER STORAGE VALUE IS5 0.2547156E-01 CHM.

Fig. 26. An example of the printed summary of soil moisture
storage values at the end of a year.
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Fig. 27. Simulated and observed moisture content in surficial
soils of Walker Branch Watershed.
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flow volumes. We have chosen to present comparisons of simulated
stormflow versus quickflow and simulated baseflow versus delayed flow,
where quickflow and delayed flow are calculated from observed flow data
using the method of Hewlett and Hibbert (1967). We used the hydrograph
analysis package implemented at ORNL (Huff and Begovich, 1976) for
determining monthly quick flow and delayed flow volumes. Figures 28,
29, and 30 show comparisons of simulated and "observed" storm flow,
base flow, and total flow amounts for each month of the simulation
period. It should be explained that the initial conditions for the
period were taken from the simulation output for the preceeding three-
year period. Furthermore, the vegetation parameters that had to be
.estimated by trial and error were determined using 1970 and 1971 data.
Once they were set, they were not changed.

0f course there is no guarantee that the individual estimates of
stormflow and baseflow are particularly accurate, or that the simulations
compare well with observed data for the correct reasons. However,
resuits for all years simulated to date are similar, and it is felt
that these resuits represent a step forward in relating physical pro-
cesses with flow components that are identified through traditional
hydrograph analysis.

Future Plans

Most complex simulation models are never considered completed
because there is usually more to learn about the processes they
represent. The TEHM is no exception. The version of the model that
has been documented here simply represents a point in the process of
mode] evolution as our understanding grows and becomes more refined.
However, we believe that the current version of the TEHM is useful
for some applications, and more importantly that the model structure
and data management capabilities provide a useful framework for
others to use as a starting point for their work. For example, one
interested in simulation of snowmelt processes could easily start
with the TEHM structure and simply modify or replace the SNOMELT
subroutine to suit his purposes. We intend to continue to develop
the capabilities of the TEHM and to subject it to rigorous testing
through future applications. Those others who choose to use the
TEHM are encouraged to convey their successes, failures, and useful
improvements to the authors. '
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Fig. 28. Simulated and observed menthly storm flow for the
West Fork of Walker Branch Watershed.
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Fig. 29. Simulated and observed monthly base flow for the
West Fork of Walker Branch Watershed.
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APPENDIX

Conversion of Relative Humidity to Dew Point Temperature

The basis for the conversion of relative humidity to dew point
temperature is the use of an equation adapted from the work of Lamoreux
(1962). An approximation to saturation vapor pressure as a function of
air temperature is:

e, = (2.1706 x 108) o(~7482.6/(Ta+398.36)) (1)

where

e_ = saturation vapor pressure (mb},
e>= base of natural logarithm, and
Ta = air temperature (°F).

We use maximum air temperature and minimum relative humidity,
which we assume to occur simultaneously, to estimate dew point tempera-
ture. The dew point temperature is assumed constant for a day. One
may rearrange Eq. (1} to yield

T ={7.4826 x 163/1n [2,1706 x 168/(Rers/100)]} - 398.36 ,(2)

Tdew = dew point temperature °F,
In = natural logarithm,
RH = relative humidity (%), and
= saturation vapor pressure (mb).

Thus, we calculate dew point temperature by the following steps:

(1) Compute saturation vapor pressure with Eq. (1) and the
daytime maximum temperature.

(2) Compute dew point temperature with Eq. (2) and the daytime
minimum relative humidity. The calculated saturation vapor
pressure (step 1} is also used.

The calculation method described above can lead to an estimated
dew point temperature that exceeds the minimum daytime temperature.
Although this implies supersaturation of the atmosphere, internal tests
in the watershed simulation model select the higher of the ambient air
or dew point temperatures to estimate actual vapor pressure. The code
that implements the basic dew point terperature calculation is included
in the following pages.
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Program Structure, Input and Qutput

The program is arranged to read up to one full year of daily
maximum and minimum air temperature and daily relative humidity values,
then compute the corresponding daily dew point temperatures and output
them in a format that can be used directly by the comprehensive water-
shed simulation model,

An example data set is shown in Fig. 1. Each component of the
input data set is described below:

Component Format Description of Information

1 {3X,A2,A4) DDCC20 is a code that describes tha
data to be generated, The first letter
refers to the variable considered (D =
dew point, A = air temperature, H =
humidity, etc.). The second letter
refers to frequency of observation {H =
hourly, D = daily, M = monthly). The
third letter refers to site (C = Coweeta,
H = Hubbard Brook, I = Iron Fork, D =
Davidson River, etc.). The fourth letter
refers to station type (R = raingage,
€ = climatic, W = weir). The final two
digits refer to the station ID number.
The example represents dew point tempera-
ture on a daily basis at Coweeta climatic
station 20.

2 (12,1X,A4) The variables are a switch and identifier
that control program execution sequence.
The switch options are: 1 = read tempera-
ture data; 2 = read humidity data; 3 =
calculate dew point temperature and
generate output. In the example, tempera-
ture data are to be read,

3 {A1,A2,A4, This is standard input format for daily
212,11,2213) maximum and minimum temperature data. The

first character is a control to signal the
end of data input. When it is a $, the
program cycles back to read a new switch
and identifier. The next two variables
contain the data code. They are not
used here. The next 3 variables are the
year, month, and card number. The latter
value may be 1, 2, or 3, depending on
whether data for the first, second, or
third eleven-day period will follow, The
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Component Forma t Description of Information

3 {A1,A2,A4, 22 remaining values are daily maximum
212, 11,2213) and minimum temperatures in degrees

Fahrenheit for the days specified. For
example, the first card contains daily
maximum and minimum air temperature for
c¢limatic station 20 at Coweeta for the
first 11 days of May 1973. Note the $
on the last card of the temperature
data set,

4 (12,1%,A4) The 2 RLHU indicates that relative
humidity data will be read next, (See
component 2 for more information).

5 {A1,A2,A4, This is the standard input format for
212,11,11F6,0) most daily climatic data. The first
card shows the input for relative
humidities (%) at Coweeta climatic
station 20 for the first 11 days of May
1973. (See component 3 for more infor-
mation).

6 (I2,1X,A4) The 3 TDEW indicates that dew point
temperature is to be computed. {See
component 2),

7 (5(1%,12),1%, The first four numbers are the month
F6.2) and year starting and ending values,

respectively. They may be equal if
only one month is to be considered.
The fifth number is related to climatic
data observation time. A value of 1
means that the observation time falls
between the daily minimum and maximum
temperature {e.g., 8 AM). This means
the maximum reported for a given date
actually occurred the day before. A
value of 2 means data actually correspond
to the date shown. The final number is
only used if a 1 was used to indicate
observation time., In that case, the
last number refers to the actual maximum
temperature on the last date where dew
point is to be calculated. In the
example, only May 1973 is considered,
and no adjustment of temperature values
is needed.
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The results obtained when the example input set was used are shown
in Fig. 2. One may verify the accuracy of the results for any given
date by using standard tables of saturation vapor pressure and tempera-
ture. In practice, the output would be generated on punched cards, or
stored in a data file for direct access by the watershed simulation
model.

Reference:

Lamoreaux, W. W. 1962. Modern evaporation formulae adapted to computer
use., Monthly Weather Review, Vol, 90, No. 1: 26-28.
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BLCCK DATA

INTEGER*2 NSDCL

COCMMOCNAD/LASTCAL{Z2.12) MSDCL

DATA LASTDA/2%214+29+28,2%31 +2%30.:2%3]14+2%3024%31,2%30+2%31.2%30,
+2%31/ NSDCL 7 %%y

END

FUNCTICON LASDAY{IVv.IM)

INTEGER*2 NSDLL
CUMMCN/D/LASTDA(Z2.12) +NSDCL

LASDAY = LASTYCA({(MCO(IYsa)+53/3,:1M)
RETURN

END

THIS PRCGRAM CCNVERTS AlR TEMPERATURE AND RELATIVE HUMIDITY INTO
THE CORRESFCNCING DEw FOINT TENMFERATURE. CODED BY D.D<HUFF MAY 75,
INTEGER®2 AL +NECCLZOME.IX

INTEGER®4 AZeGeY3CrsZZ24YR1sYR24VYEARJDATMP YRTMP,BZ

ODIMENSICN TEM{2:12+31L)sREL{11)+RH{12431)TOEWNIL2,31).MAMI{22)
COMMCN/D/ZLASTDA(Z2+12) «NSDCL

READ(S.1C(C) Al,A2

FURMAT (3X.A24+A4)

00 500 JK=1.2
READ(S521CC) NBZ.EZ
FORMAT( (I Zs1XeAG)
WR1TE(6.1C1l) NEZ.EZ
FORMAT (SX412+2XsA48)
GO TO {1+2+3)s NBZ

NBZ=1 FCR CAILY TEMPERATURE (MAX AND MNIN) INPUT.

NBL=2 FOR CAILY RELATIVE HUMIDITY INPUT.

NBZ=3 TO START CEw POINT CALCULATICNS.

STOP 122

READ 1004 +1X+Z20NEsGeY s NsCoMaNm]

MAMI IS5 A 22 ELEMENT ARRAY TrAT HOLDS 11 DAILY TEMPERATURE VALUES.
FORMATI AL A2+4A4,212+114+2213)

IFIIX+.EC«NECCL)Y GC TO 200

NSDOL = ¥ SIGMALS END CF INFLT SET.

LAST = 11i*C

IF (Ce Ea.a) LAST=LASDAY(Y,N)
ZZ = 11*{C=-1) +1

DG 1012 L=ZZsLASTY

LL = 2%(NCO({L~1),01)+ !
TEM( 1aMelL ) = wMANMI(LL~1
TEM{2.M,L} = MANMI(LL)

TEM{ LyM,L)
TEM{ 2eM,L)

MAX DAILY TEMFERATURE FOR WMCNTH=Ms DAY=L
¥IN DAILY TEMPERATURE FOR MONTH=M,DAY=L

i

GO TOD 1
END TEMPFERATLRE IANPLT

READ THE RELATIVE KUMIDITY VALUES

READ{(S.102) IALZCNEsGsY s Mo CWREL

REL IS5 THE 11 ELENENT DAILY RELATIVE HUMIDITY ARRAY
FORMAT (AL +A2.A44212411411F6aC}

IF (IX+EG.NEDCL) GC TC 20O

LAST = 11+

IF {CeEQae3) LAST= LASDAY(Y .M}

ZZ = 11*{(C—=1)+1

CO 103 L=ZZ..LAST

LL = MODC(L—1)4+133+}

RH(M.L) = REL{LL)

RH{M.L) IS TrE RELATIVE HUMILCITY ON MCNTH=M,DAY=L.

GO TO 2
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THE FOLLCWING SECTICN COCMPLTES CEW FCIANT TEMPERAT URE o
READ(S.3CC) M1l 4YRL.M2,YL2 .ANCESLTN;P
FOURMAT{S({1X4I2) 41X FE42)

IF {NOBES.hE.l) GC TO 307

Mh = M2 +1

TEM{ 1«MN.+1) = TNF

CCNTINLE

NOTE THE CODE CNLY ACCEPTS CNE YEAR (12 MONTHS) DF DATA
ML, YRl ARE ETARYIMNG MLOCNTH ANC YEAR

MZ2,¥YR2 ARE ENCIKG MONTH AND YEARZ{M1GE«MZ AND YRI.GE+YRZ2)
IF{M2.LTWNL) M2 = N2 + |2

DO 301 KN=M]1,.mZ2

YEAR = YR

MONTH = N

IF (N«LEWL1Z) GG 1C 303

YEAR = ¥YRZ

MONTH = K=12

LAST = LASUAYIYEAR ,MDONTH)

DO 304 J=1,LAfT

DATMP = J

MOTMP = MCNTH

DETERMINE CAILY MAXIMULM TEMFERATLRE ASSCCIATED wITH ND8S

NOBS = 1 WHEN CBSERVATICN TIME LIES BETWEEN DAILY MIN AND MAX

NOBS = 2 wkHEM MIN AND MAX REACINGS ARE FOR DATE REPORTED
IF {NOBS—=1) Z141+214.213

STOP 306¢6C

WHEN NOBS NE | CF 24 FRCGRAM STCFS

IF (JaNELLAST) GC TOQ 215

MOTMP = MONTH + 1|

IF ({MOTMF.GT.12) MOTMF = |

DATMP = 1

G0 10 2123

CONT INLE

DATMP = J ¢+ 1

TA = TEM{l.NMOQTMP,DATME)

TMIN = TEN{(2+MCNTE J)

ES = 241 7CEE+CERENP(~7482.,6/{TAa+398.36})

ES IS ThRE SATULRATED VAFCR PRESSURE (MEB} FOR TAs

TOU = 724826E403/AL0G 2. 1TCOE+CAB/{RH{NCNTH,J}%ES/ 100) ) - 398 .36

TDEw{MONTH+J} = TDL
- = = - = = = = - — —~ EKD DF MONTH CALCULATIDNS FOLLOW — -

LAST

A s YEAR MONTH o Ko {TODEW ([ NONTH s JIP s JI=NN,LLL )
A2 3 YEARYMCNTH Ko {TDEWIMCNTHs JJ) s JJI=NNLLL )
IX2I2,11+11F€s2)
2i2411,511F&.2)

IF (K<EQe3) LL
WRITE(E+3CE) Al
WRITE(7.502) Al
FORMAT(IXsA2.A4
FORMAT(AZ Ad4,1Xx
CONT INUE
CONTINUE
CCONTINUE

5TOP

END
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Available Plotting Options

Written as a supplement to TEHM, two plotting options are available
to the user. The first option, generates annual water year print plots
with data at monthly intervals. The second option does printer or
Calcomp plots for the PROSPER part of TEHM. If CERES or CERES-DRYADS~-
DIFMAS, are being executed, plots will be generated for variables in
CERES or CERES and DRYADS. A1l subroutines for these options are site
dependent and use ORGRAPH (Nestor, 1974). The routines are described
below.

Annual Water Year Plotting

A subroutine named AWYPLT has been written to allow generation of
print-plots during TEHM simulation runs. The objective is to provide a
tool for evaluating monthly simulation results over an annual cycle. Up
to three variables may be plotted simultaneously for any segment, and up
to ten separate plots may be generated in a run of any segment,

The variables that may be displayed are included in the array MONSUM.
The user has the option to call for print plots, and may opt for no plots
by default. A description of the mechanism for specifying desired plots
is given under card 6.2 Subroutine GETSET.

Soil-Plant-Water Relation Plots

The detailed hourly information on soil-plant-water relations can be
examined in print plots or in Calcomp plots. Plots can be made for any
third of any month {NPRPLT = 1) with a data point every four hours or
for any multiple of a four-day period (NSPLTS = 1) with hourly data points.
CERES and DRYADS printer plots are generated if NPRPLT equals one and if
those models are included in the simulation run. The variables plotted
are shown in Table 20. The input cards required are also listed under
card 6.2 for Subroutine GETSET.
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