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GREAT LAKES BASINS RUNOFF MODELING*

Thomas E. Croley, II

Large-scale watershed models are required to estimate basin
runoff to the Great Lakes for use in routing determinations and
operational hydrology studies. Data limitations, large-basin
applicability, and economic efficiency preclude the use of exist-
ing large-watershed models. An Interdependent tank-cascade model
is described that uses a mass balance coupled with linear reser-
volr concepts. It 1s physically based and uses climatological
conslderations not possible for small watersheds; analytical solu-
tions are employed to bypass numerical inaccuracies. Snowmelt and
net supply computations are separable from the mass balance deter-
minations and are based on a simple heat balance. Partial area
concepts are used to determine Infiltration and surface runoff.
Losses are determined from joint consideration of available energy
for actual and potential evapotranspiration and of available
molsture in the sofl horizons by using climatological concepts.
Heuristlc calibration procedures are described that give insight
into the use of the model. The model {s applied, for a 30~-d com—
putation interval, to the Genesee River Basin in New York State
and compared with past 6-h computation interval applications of
the SSARR and NWSH models to the same data set.

1. INTRODUCTION

Agencles concerned with managing the Laurentian Great Lakes water
levels for purposes of flood control, navigation, and hydropower must devise
operational regulations consistent with the expected hydrology of the area.
In this regard, routing models such as the Great Lakes Hydrologic Response
Model (Quinn, 1978) are invaluable in estimating water levels throughout the
lakes. TInput parameters include overwater precipitation, lake evaporation,
and basin runoff. Large-scale watershed models are required to estimate
basin runoff to the lakes, and the Great Lakes Environmental Research
Laboratory (GLERL) is determining an appropriate model. The model must have
limited data requirements. Allowable data inputs are daily precipitation
and air temperature. Also allowed are any data that can be abstracted
easlly from avallable maps or climatic summaries. This research objective
1s mandated by the limited data availability for large areas in the Great
Lake basins and by time series analysis and simulation restrictions. The
model 1s planned for use in subsequent operational hydroclogy analyses of
water levels in the Great Lakes. It is also desired that the model concepts
be physically based, so that understanding of watershed response to natural
forces is facilitated, and the model is economical to use. The model may be
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applied to as many as 100 basins in the Great Lakes area and the integrated
response used In simulation studies.

During the initial phases of this study, two existing models were eval-
uvated for simulating the detailed hydrologic response of individual water-
sheds. The U.S. Corps of Engineer's Streamflow Synthesis and Reservoir
Regulation model (SSARR) and the National Weather Service Hydrologic model
(NWSH) were evaluated in terms of reproducing volumes of runoff from the
Genesee River Basin in New York State (Potok, 1980). The SSARR model was
then used to simulate runoff from the southeast Lake Michigan basin (Derecki
and Potok, 1979). These models, particularly the SSARR model, showed poten-
tial for use in simulating or forecasting runoff into the Great Lakes.
However, they require many parameter determinations, which hinders thelir
physical relevance and makes them expensive to fit. They require too much
data in an area where only daily precipitation and temperature are available
over large areas.,K They are expensive to use and therefore their effec-
tiveness depends upon the ability to group watersheds of similar hydrologic
characteristics into a single regional "equivalent"” watershed. Unfortu-
nately, the application of such lumped-parameter models to very large areas
must necessarily fail to represent areal distributions of watershed and
meteorological characteristics.

This paper presents an interdependent "tank cascade” model that has
been tested on the Genesee River Basin in New York State. It was developed
from large-scale (climatological) concepts and designed for weekly or
monthly volumes of runoff. The model consists of water and heat balances;
as do other water-budgeting models, but with alternative physical interpre-
tations given to its components. The model is physically based and uses
climatological considerations not possible with small watersheds. In par-
ticular, evapotranspiration losses for large areas may now be considered as
a function of readlily available data. The analytical solutlons are pre-
sented in favor of numerical solutions to bypass the assoclated numerical
error. The calibration procedure developed for use of this model is given,
along with an illustration of its use. The model is compared to the SSARR
and NWSH models in an example application on the Genesee River Basin.

2. TANK CASCADE MODELS

There are many conceptual models of watershed hydrology that use the
“"tank cascade” concept, wherein one component of the watershed drains into
other components. The Stanford Watershed Model (Crawford and Linsley, 1966)
and its many derivatives (including the SSARR and NWSH models) are well-
known examples. In these earlier developments, relationships between
various components in the watershed {e.g., surface storage, interception
storage, upper and lower soil zones, groundwater storage, and channel
storage) are described with classical equations of evaporation, infiltra-
tion, and inter—tank flows. Solution of these equations often proceeds
numerically with accounting-type calculations. Many variations on the tank
cascade concept are included to simulate nuances observed in nature. For
example, minimum storage volumes must be filled in various tanks before any



inter—tank flows are allowed; this corresponds to satisfactlon of intercep-
tion and surface depression storage, and of groundwater and scil zone stor-
ages above which runoff can occur. Other nuances pertaln to satisfaction of
evaporation before infiltration and similar flows. While these variations
allow better matching of peak flow rates, they introduce complexities that
prohibit analytical solutions, requiring instead that numerical sclutions
proceed in small time steps. These varlations appear to be unnecessary for
volumetric determinations over large time perlods (as opposed to finding
peak flow rates), and they introduce many parameters to be determined in
model calibration. It is difficult to use these models In practical appli-
cations because of thelr extensive data or calibration/optimization require-
ments. These requirements become excessive when considering applications
over large areas like the Great Lake basins.

The tank cascade concept has also been applied in a series of models
to determine total runoff hydrographs from very limited data (Edson, 1951;
Kalinin and Miljukov, 1958; Nash, 1959, 1960; W.M.O0., 1975). 1In these
applications, many variations to the concept, mentioned above, are not
included sc that the solution is analytically tractable. They are useful
for determining runoff hydrographs; monthly runoff estimates are possible
also, presupposing that adequate data are avallable for determining snowmelt
and evapotranspiration. The absence of constraints on tank interflows
allows efficient parameter estimation techniques to be emploved in some
practical applications (Tingsanchali and Loria, 1981).

In light of the requirements for the GLERL large watershed model, where
weekly or monthly runoff volumes from large areas are required, a tank
cascade model was defined by using physical concepts. (See fig. 1.) The
main mathematical feature of this arrangement 1is that it may be described by
strictly continuous equations; none of the complexities associated with
inter—-tank flow rate dependence on partial filling are introduced. For a
sufficiently large watershed, these nuances are not observed due to the spa-
tial integration of the rainfall, snowmelt, and evapotranspiratilon pro-
cesses. Since the solution is analytically tractable, large time steps may
be employed without introducing numerical error or excessive computational
requirements. The integration of data inputs over large time steps may
introduce errors that can only be assessed by example applications in the
selection of the appropriate time step. However, for large watershed areas,
there 1s some temporal integration of inputs that may make the approximation
of uniform inputs over each time interval inconsequential.

The watershed hydrology schematic of fig. 1 i1s similar to existing con-
cepts of the physical process for large watersheds. To elaborate, dally
precipitation, temperature, and insolation (the latter available from
meteorological summaries as a function of location) may be used to determine
snowpack accumulations and net supply. The net supply is divided into sur-
face runoff and infiltration to the upper soil zone in relation to the upper
soll zone moilsture content (USZM). Percolation to the lower soil zone and
evapotranspiration are also dependent on USZM. Likewise, interflow from the
lower soll zone to the surface, evapotranspiration, and deep percolation to
the groundwater zone depend on the lower soil zone moisture content (LSZM).
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Groundwater flow and evapotranspiration from the groundwater zone depend on
the groundwater zone moilsture content (GZM). Finally, basin outflow and
evaporation from the surface storage (S5) depend on its content. Addition-
ally, evaporation and evapotranspiration are dependent on potential evapo-
transpliration as determined by joint consideration of the available meisture
and the heat balance over the watershed.

The upper soil zone is the void space in the surface soil layerto a
depth that can be considered to control infiltration, usually a few cen—
timeters. The lower soll zone is located beneath the upper soil zone and
above the water table. The groundwater zone is located beneath the water
table. These definitions are inexact since the water table fluctuates 1in
time, lmplying that these zones are not static. Likewise, all moisture in
these zones may not be invelved in basin outflow. For example, moisture
beneath the water table is part of the groundwater zome only if it is part
of the flow toward the stream channel network on the watershed surface.
Moisture that flows from the watershed as groundwater wmovement 1s not part
of the GZM. While the location and extent of these zones may be poorly
defined, conceptually they are zones that give rise to flow rates as pic-
tured in fig. 1.

A more classical approach to watershed hydrology with a tank cascade
model would eliminate the surface storage "tank” in fig. 1. The summation
of surface runoff, interflow, and groundwater would then constitute basin
outflow. This is the concept used in hydrograph separation techniques, such
as that given by Barnes (1940) where each component of outflow recession is
defined as coming from 1ts respective storage. The schematic of fig. 1 is
more appealing since outflow components enter into the channel network
before appearing at the basin outflow point.

3. MASS BALANCE

Precipitation falling onto the watershed surface and snowmelt consti-
tute the net supply to the watershed. Interception can be considered as
part of evapotranspiration and surface depression storage 1s too transient
for consideration since peak flow rates are not of interest. Both are well
within the error of measurement for average areal precipitation and are
neglected. At any Instant, the net supply rate is divided between surface
runoff and infiltration. Surface runoff is proportional to the relative
size of the contributing "wetted" area of the watershed (partial-area
concept), as well as to the net supply rate

r =ns A /A (1)
p W

i =ns - r, (2)



where r = surface runoff rate (cubic meters per day), ns = net supply rate
(cubic meters per day), Ap = area of wetted contributing watershed portion
(square meters), Ay = area of the watershed (square meters), and i = infil-
tration rate (cubic meters per day). By further approximating the relative
gsize of the contributing area as the relative content of the upper soill zone
(a good assumption for a very thin zone), areal infiltration becomes

USZM
i=ns(l-m), (3)

where USZM = volume of water in the upper soil zone (cublc meters) and USZC
= capacity of the upper soil zone (cubic meters). Equation (3) may be
interpreted as indicating that Infiltration is proportional to the volume
remaining in the upper soil zone. This is the basis for Horton's
infiltration-capacity relationship at a point (Croley, 1977, pp. 168-170),
although Horton's model uses volume remaining beneath the point (small
area), not over a large area. Equation (3) also indicates that infiltration
is proportional to the net supply rate. This is an areal concept for
infiltration that has been empirically verified (Kumar, 1980); it does not
work for infiltration at a point, which is better described by infiltration-
capacity concepts.

Since hydrograph recessions are described successfully by exponential
decay relationships (Linsley, Kohler, and Paulhus, 1975, pp. 225-229), the
linear reservoir concept is deemed appropriate for describing outflow rates
from the various storages within the watershed. The concept describes an
outflow rate as proportional to the storage remaining. It is expanded here
to describe percolation and deep percolation, as well as the traditional
descriptions of interflow, groundwater flow, and basin outflow. The form of
the equation is

g =as, (4)

where g = outflow rate from a storage (cubic meters per day), ¢ = linear
reservoir constant (inverse days), and S5 = volume of water in storage (cubie
meters). In eq. (4}, S is USZM and a 1is Tper for g equal to percolation; S
is LSZM and « is ajpt or agp for g equal to interflow or deep percolation,
respectively; 5 is GZIM and a is g for g equal to groundwater flow; and S
is 85 and a is agf for g equal to basin outflow.

The linear reservoilr concept is modified when considering evaporation

or evapotranspiration (evaporation plus transpiration) from any zone of the
watershed.

e=BSe, (5)



where e = evaporation or evapotranspiration rate (cubic meters per day), g =
partial linear reservoir constant (ioverse cubic meters), and e, = potential
evaporatlon or evapotranspiration rate, respectively (cubic meters per day).
In eq. (5), evaporation or evapotranspiration is taken as proportional both
to the potential rate, determined from heat balance conslderations over the
watershed, and to the available water wvolume (reflecting both areal coverage
and extent of supply). This is Iin agreement with existing climatological
and hydrological concepts for evapotranspiration opportunity. 1In eq. (5), S
is USZM and B 1s Be, for e equal to upper zone evapotranspiratiom, 5 is LSZM
and B is fBo1 for e equal to lower zone evapotranspiration, S is GZM and B 1s
Beg for e equal to groundwater zone evapotranspilration, and S 1s S5 and B is
Bag for e equal to surface zone evaporatiomn.

By combining eqs. {3), (4), and (5) with the definitions given above,
the one—dimensional mass continuity equation may be written for each zone of
the watershed. (See fig. 1.) For all storage zones then

ns =0
ns - Geae USZM - a  USZM - B e USZM = o USZM (6)
- _ - =05

@ op USZM = ay . LSZM -y LSZM - B ) e LSZM = - LSzl (7)

8

LSZM - - - 5
Tp g OZM = B e GZM = £ GZM (8)
28 pszMm + LSZM + o  GZM - S5 - e S5 =2 g5 9
USZC %nt - Te Bes ©p 5 58- (9)

In each case, mass continulty ylelds a first-order linear differential
equation of the general form

5 + (I) 8 6t = £(t) &t, (10)

where (L) = sum of linear reservoir constants on storage for all outflows,
f(t) = sum of time—dependent inflows into the storage, and t = time. The
general solution may be obtained from standard procedures (Rainville, 1964,
pp- 36-39)



t
So + | £(u) (B g, (11)
0

-(mt
St = g

where the subscript i{s time. Since data on precipitation and temperature
are avallable only in time increments of a day or larger, the solutiomns to
eqs. (6)~(9) are given here by assuming that the net supply and potential
evapotranspiration are distributed uniformly over the time increment.
Storage values at the end of the time Increment are computed from values at
the beginning. In the analytie solution, results from one storage zone are
used in other zones where thelr outputs appear as inputs. There are several
different solutions, depending upon the relative magnitudes of all coef-
ficients in eqs. (6)-(9). As an example, the equations are solved for

the daily time increment (0 < t < d)

_ _ hs, -Bd ns
UszM, = (USZM, - 3 ) e +3 (12)
_ A _¢, -Dd A -Bd _ C
LSZMd (LSZMO —"""'D_B 5—) e + -ﬁ-_B e + D (13)
E F G, -Hd E ~-Dd F -Bd G
GZMd = (GZM0 5D ~ 58 ﬁ) e + D e + ey e + T (14)
_ L M N _0 -Pd L -Hd
5S4 = (SS) ~p§ " p-p ~P-B P Ttrge
M =Dd N -Bd 0
A =" = (13)
where
P = %sf + Bes P (16)
G aint ns C
0=a =+ G + (17)
gw H adp Uszce apl



o [#4
L v int ns_ A
N=g22F+—TF +357¢ a (18)
dp T
o [
M= By 4 10tg (19)
H-D a3
P
E F G
L=‘agw GZMO'-HT)S_-EI—:B.-E (20)
Ha= e 21)
ow T Peg ©p (
C
c = = 22
%p D (22)
Jdp
F=qsp A (23)
A C
= - - X 24
E=o LSM;~55"5 (24)
= 25
D=ga  * %p+ Beq e, (25)
ns
= hs 2
C %1 B (26)
_ ns 27
"’USZE apl * Beu ep (27
ns
- AN 2
A=a, (uszm, - 2=) (28)

The subscripts 0 and d on the storage volumes represent the beginning and
the end of the day, respectively. This solution applies for the case where
D+B, H+D, H+B, P#H P#D,P#B,B+0,D#0,H=#0,P # 0, USZC
#0, apy) *# 0, and agp # 0. As long as apl, Xint> ®gw» @sf, and USZC are



non-zero, then there are 30 possible analytic results, depending upon the
values of B, D, H, P, and ag,: 15 for ag, = 0 and 15 for agp, *# 0. (See
fig. 2.) Since these quantgties (B, D,, ﬁ, and P) involve tﬁe variablesnsg
and ep, which change from day to day, then the appropriate analytical
result, as well as its solution, varies with time. Mathematical continuity
between solutions is preserved however. These results are summarized in
appendix B. A watershed model must have all solution possibilities present
for effective ifmplementation.

The flow volumes over the dally time increment may then be determined
directly since outflow volumes are related by thelr ratio of linear reser—
volr coefficients.

- - _ns 1
R = (NS + USZM, USZMd) TS7C B (29)
I =NS-R (30)
%51
PL = (NS + USZM, - USZM, = (31)
'Beu €
E = (NS + USZM, — USZM,) “E“"E (32)

14
_ _ int
IF = (PL + LSZM, - LSZM,) — (33)
%1
DP = (PL + LSIM, - LSZMd)-ﬁE (34)
E. = (PL + LSZM, — LSZIM,) Pe1 % (35)
. ( 0 d D
@ W
GW = (DP + GZM, - czM ) -F~ (36)
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FIGURE 2.--Analytical solution possibilities.



B e
B, = (DB + G2M - Gznd)—efI—P (37)

0

LY
BO=(R+IF+GW+SSO—SSd)—IS,—f- (38)
B e
E_ = (R + IF + GW + S5, - S5,) Lg—-"-, (39)

where R = daily surface runoff volume (cubic meters), NS = daily net supply
volume (cubic meters), I = daily infiltration volume (cubic meters), PL =
daily percolation volume (cubic meters), E, = daily upper soil zone evapo-
transpiration volume (cubic meters), IF = daily interflow volume (cubic
meters), DP = daily deep percolation volume (cubic meters), Eg = daily lower
soil zone evapotranspiration volume {cubic meters), GW = daily groundwater
volume {cublc meters), E, = daily groundwater zone evapotranspiration volume
(cubic meters), BO = dai%y basin outflow volume (cubic meters), and Eg =
daily surface zone evaporation volume (cubic meters). Given all coef-
ficients, starting values of storage in each of the component zones, net
supply rate, and potential evapotranspiration rate, the values of B, D, H,
and P can be computed from eqs. (27), (25), (21), and (16), respectively.
Based upon their wvalues, the appropriate analytical results [eqs. (17)-(20),
(22)—-(24), (26), and (28)] are used to compute the remaining intermediate
values. The appropriate analytical solution [eqs. (12)~(15)] is then used
to compute the end-of-day storage wvalues (which become the beginning-of-day
values for the next day). Finally, the daily flow volumes can be cobtained
from eqs. (29)-(39).

The analytic solutions of Eqs. (6)-(9) are "continucus”; that is they
are amenable to ordinary solution techniques. Furthermore, solutions may
proceed for either flow rates or storage volumes directly without the comp-
lication of constraints consideration. All derivatives of the solutions
with respect to individual parameters exist and are continuous; therefore,
analytical gradient-search procedures are possible in parameter determina-
tion. The solutions are physically satisfying; non-negative flow rates and
storage volumes are guaranteed with any physically plausible set of inputs.
The solution equations are unchanged for other time increments; the daily
time interval, d, is simply replaced in the equations. The net supply and
potential evapotranspiration are considered to be uniform over the time
interval and the choice of time interval must assess the validity of this
treatment.

4. NET SUPPLY
The determination of the net supply rates involves the consideration of

rainfall, snowfall, snowpack accumulation, and snowmelt. Several attempts
at comprehensive heat balances and many empirical treatments were attempted,

12



but were abandoned because of of the limited data availability. The follow-
ing treatment yields better agreement with Genesee River data than do con-

ventional "degree-day" treatments.

Snow accumulation is governed by the concept that precipitation under
warm air temperatures occurs as ralnfall and under cold temperatures, as
snow or lce which accumulates in the snowpack. Snow accumulation is thus
governed by the following concept:

= p, T<O, (40)

where SNW = equivalent water wolume present in the snowpack {cublc meters),
m = snowmelt rate (cubic meters per day), p = precipitation rate (cubic
meters per day), and T = air temperature (degrees Celsius). Daily air tem-
perature is estimated typically as the average of daily maximum and minimum
temperatures. The gimplification of allowing melt only during above-zero
alr temperatures appeared realistic in example comparisons for volumetric
determinations over the week or month. Ignoring evaporation from, and con-
densation to, the snowpack is justified by the limited data requirements for
which the model is designed. The net supply rate is then given as

ns =p+m, T>»O0

=0 , T <0. (41)

Snowmelt 1is determined from the simple concept that there are no heat addi-
tions from which melt could later occur during periods of sub-zero air tem-
peratures. For periods of above-zero alr temperatures, snowmelt results
from absorbed insolation and precipitation. However, it is constrained by
the available snowpack

m=20 , T <0
d rr (l-as) +ppT
= SNW_./d , T >0, { 8t > SNW
0 Y 0
0 m
(42)
d rr (l—as) +ppT
= [rr (]_-as) -pP T]/Ym , T >0, . .Ym ot < SNWO,

13



where rr = golar insolation at the watershed surface (calories per day),

ag = albedo of the snow surface, p = density of water (= 106 g/m ), and ¥y
latent heat of fusion (= 79.7 cal/g). Other components of the heat balance
are not representable with limited data, but may be compensated for, tosome
extent, in parameter determinations of ag. The solar insolation at the sur-
face of the watershed may be estimated from extraterrestrial radiation and
cloud cover:

= 10000 A T (b; + b, X), (43)

where 1 = extraterrestrial solar radiation (langleys per day) available in
standard climatologic summaries as a function of latitude and time of the
year, b] and by = empirical constants, and X = ratio of hours of bright sun-
shine to maximum possible hours of bright sunshine. 1In the absence of cloud
cover data, X may be estimated (Crawford and Linsley, 1966, p. 50) from

Tmax - Tmin
= min — 15 s

1.0 , (44)

where Ty, = maximum daily air temperature (degrees Celsius) and Tpyn =
minimum daily air temperature (degrees Celsius).

5. EVAPOTRANSPIRATION

Potential evaporation 1s the evaporatlion that would occur 1f adequate
moisture were avallable. It is often taken as the amount expected from an
open water surface and is used as an estimate of potential evapotranspira-
tion over land and vegetative surfaces (Gray, 1973, pp. 339-353). Very
often, engineering calculations of potential evapotranspiration use climatic
indlcators of temperatures, wind speeds, humidities, etc., by assuming that
thegse quantities are Iindependent of the actual evapotranspiration that does
occur. This 1s adequate for estimates over small areas where evapotrans-—
piration has only a small effect on these quantities. However, over a large
area, climatological observations suggest that actual evapotranspiration
affects these quantities and hence affects potential evapotranspiration
(evapotranspiration opportunity or capacity). Morton (1965) made use of
this concept to compute regional evapotranspiration from climatological
observations. Witherspoon (1970) used an approximation of Morton's work to
compute basin evapotranspiration in a volumetric flow model for Lake
Ontario. Bouchet (1963) postulated that the energy represented as potential
evapotranspiration is the absorbed insolation less the energy used for
regional evapotranspiration. This concept is modified here for use on a
smaller—than-regional scale by considering that a portion, W, of the net
heat balance after absorbed insolation 1s avallable for either potential or

14



actual evapotransplration. That is, part of it is usedin evapotranspira-
tion and the rest of it determines the potential evapotranspiration

W= Y, PE + p Y, (Eu + El + Eg + Es)’ (45)

where W = a portion of heat balance after absorbed insolation (calories),

Yy = latent heat of vaporization (= 596 cal/fg), and PE = daily potential
evapotranspiration volume (cubic meters). The evaporation fromstream chan-
nels and otherwater surfaces (surface zone) in a large basin 1is very small
compared to the basin evapotranspiration; groundwater zone evapotranspira-~
tion is also taken here to be relatively very small. Thus on a daily basis,

d d
({ P e, T, &t + g p (B, USZM + B_, LSZM) e, Yy 5t = W. (46)

By taking ep as uniform over the day, eq. (46) ylelds:

e =1 L (47)

P dpy, 1 + B, USZM + B_, LSZM

where USZM = average water volume in the upper soil zone {cubic meters) over
the day and LSZM = average water volume in the lower soil zone over the day
(cubic meters). As expected, both potential andactual evapotranspiration
depend upon the available water supply. Ifthe water supply 1s large,
actual evapotranspiration approaches the limit of the water supply or
W/(pyy) and potential evapotranspiration approaches zero. If the water
supply 1s small, actual evapotranspiration approaches zero and potential
evapotranspiration approaches W/{pyy). The average storages can be computed
from the mass balance equations as

usaM = —1 A (1 - By 4 (48)
d «a B a
pl pl
LSZM = == 2 (1 - e + dl - 2 (49)
Cap %4 %dp

This solution applies for the case D # B, USZC # 0, ap) # 0, and agp # 0.
As long as USZC and ap] are mon-zero, then for either D = B or agp = 0 or
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both, alternative expressions result. (See appendix B.) Since ep 1s in-
volved in the intermediate variables B and D, an iterative solution is used
to determine ep each day in the mass balance if W is known.

The determination of W from observable meteorological variables ig dif-
ficult (recall the limitation to daily precipitation and air temperature).
During times of snow cover, e, is zero with respect to the upper and lower
soll zones. During times of no snow cover, the remainder of the heat
balance on the watershed surface after absorbed insolation consists of
short-wave reflection, net long-wave radiation exchange, sensible heat
transfer, net hydrospheric and atmospheric advection, latent heat transfer,
and energy advected by evaporation. Energy advected by evapotranspiration
is small compared to latent heat transfer and is neglected in eq. (46).

Daily air temperature is taken here as an Integrated reflection of the
portion W of the remaining heat balance after absorbed insclation. This
concept is satisfying in that air temperature is considered an indicator of
the heat balance, rather than an independent variable in the determination
of potentlal evaporation as is done classically. At low temperatureg, it is
expected that W 1s small since potential and actual evapotranspiration are
low at low temperatures. Over the daily cycle, this energy is rarely nega-
tive (net condensation) and 1s considered here as strictly positive. The
variation of W with air temperature may be expected to look something like
the dashed line in fig. 3. As a first approximation, a broken—line relation
like the solid line in fig. 3 1is used, expressed mathematically as

W= K (T=-T) , T T, , SNW = 0
= 0 L T> T, ,SNW# 0
-0 L T ST, (50)

where K = units constant (calories per degree Celsius) and Tp = "base” tem—
perature (degrees Celsius).

There were several alternatives to the "heat balance” used here to com—
pute snowmelt and evapotranspiration. These were considered early in the
model development, but were impeded by the limited-data design objectives.
Comprehensive heat balances that considered all advection terms through
control volumes defined over the upper soil zone or upper and lower soil
zones were written in the early modeling. Net long-wave radiation transfer
and sensible heat transfer were estimated directly by using empirical rela-
tions. These relations required unavailable data, which were estimated
bagsed on engineering judgment. Freezing of the upper soll zone, snowpack
and ice formation and decay, and Pemnmann's potential evapotranspiration were
all computed as part of these comprehensive heat balances. The net supply
and evapotranspiration models presented here resulted in a two—fold improve-
ment in modeling over these earlier efforts, as measured by the root mean
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T

FIGURE 3.--Daily potential plus actual evapotranspiration, W, as conceptual
function of daily air temperature, T.

square error of model output (basin output). Presumably, these models are
superior because of their limited data requirements. Also, the use of air
temperatures as an indicator of what has occurred in the watershed is
superior to its use aS an independent variahble in computing potential evapo-
transpiration and net supply. This change in perspective 1s fundamental to
modeling large-scale watershed hydrology from a climatological viewpoint.

6. CALIBRATION

The following input data are required to apply the model: daily pre-
cipitation, daily minimum and maximum temperatures, a climatological summary
of dally extraterrestrial solar radiation, and for comparison purposes,
daily basin outflows. Conversion of units for precipitation from inches per
day or centimeters per day to cubic meters per day and for insolation [see
eq. (43)] from langleys per day to calories per day iInvolves the area of the
watershed. Daily precipitation and temperatures are taken as weighted areal
averages of data available at selected stations In and around the basin.
Daily basin outflow 1is reported in either cubic feet per second or cubic
meters per second and 1s converted to cubic meters per day.

There are five variables to be initialized prior to modeling: SNW,
USZM, LSZM, GZM, and SS as SNWg, USZMp, LSZMp, GZMg, and S53g, respectively.
While SNWg is easy to determine as zero during major portions of the year,
these variables are generally difficult to estimate. If the model 1s to be
used in forecasting or for short simulationms, then it is important to deter-
mine these varilablesaccurately prior to use of the model. They may be
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taken as the values at the end of a previous medel run, preceding thetime
period of interest, for forecasting uses of the model. If the model is to
be used for calibration or for long simulations, thenm the initial values are
unimportant. The effect ofthe initial values diminishes with the length of
the simulation and after 1 year of simulated results, the effects are absent
from a practical point of view. In calibration runs, the first year of data
is used for initializing the model and the remainder is used for measuring
the "goodness—of-fit” of the model to the data.

There are 15 parameters to be determined in an application: a_, TL, K,

by, USZC, a . @ ., £ , and B__- The coef-
flcients for cogputiné solarpins§Yation, b1 ande%z, age avail8Ble from the
climatological summary for the area. Furthermore, as expected, Beg and
Beg are near zero with respect to Bey and Ba], indicating that open—water
evaporation and groundwater evapotranspirationare a relatively small part
of the watershed evapotranspiration process; these coefficients may be set
to zero with negligible error. The capacity of the upper soil zone, USZIC,
may be set arbitrarily. 1Inspection of egqs. (6) and (47) reveals that if
USZC is changed from one value to another, then by changing aper and Bey
appropriately, USZM will change such that the same infiltration, runoff,
percolation, potential evapotramspiration, and change of storage will
result. Thus, USZC iz set arbitrarily herein to correspond to 2 cm of water
over the watershed area. Likewise, fig] may be computed to satisfy the
following long term boundary condition on average flow rate, as a function
of the other parameter values:

f vo 8t = [ q bt, (51)
Q Q

where @ = the time period of record, bo = basin outflow given by the model,
and q=actual flow rate from the watershed to be modeled. Actually, any
one of several parameters could be adjusted, theoretically, to satisfy eq.
(51). The lower soil zone partial linear reservoir constant on evapotrans—
piration is selected since it allows a practical range forthe integral in
eq. (51) from zero (all net supply evaporated) to well above the actual
total outflow (no evaporation). A trial-and-error investigation of the
behavior of eq. (51) as a function of Ba] is coupled with linear inter-—
polation to determine B,1, given the values of the other parameters.
Inspection of eqs. (12)-(28) and (47)-(49) indicates that USZM, LSZM, and

e, are functions of the following variables: USZMg, LSZMp, apl, Peu, USZC,
(ayne + agp)> PBels 08, and W. The same is generally true for the other ana-
lytical soEutions corresponding to eqs. (12)-(28) and (47)-(49). (See
appendix B.) Also, integration of eqs. (6)-(9) over a long pertod, Q, for

Beg = Bes = 0 gives

ébo st = é ns 5t - ﬁeug jpe USZM bt —Belgf e LSZM bt (52)
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Thus, only the sum of aj,r and «gp determines e,, USZM, LSZM, andf bo bt,
regardless of the values of aj,¢ and agy. Of course, the individual values
of ayny and agp affect the time distribution of basin outflow since they fix
the proportion of outflow from the lower soil zone that enters surface
storage directly and that which passes through the groundwater zone first.
Thus, thevalue of Bo) determined by consideration of the boundary condition
of eq. (51) 1s valid for any combination of ajn¢ and aq, values such that
their sum is the same. Actually, eq. (52) is approximate, with the approxi-
mation improving as Q becomes large. Therefore, the degree of insensitivity
of Be1 to adp and ajng depends upon the length of the data set used 1in the
calibration. Finally, inaspection of the behavior of the sum—of-squared
errors of the model basin outflow, as compared to the actual outflow, I (q
-bo)2, indicates that its variation with adp (where afne + agp = constant)
is closely parabolic. Am interval-halving technique for determining

adp that minimizes T (q - bo)2 as a function of other parameters can be
programmed to make the determination of ag, automatic.

There are then only eight parameters remaining to be determined in an
application of the model: ag, Th, K, aper: (aint + adp), agw, @sf, and Bey-
Experience with the model indicates that, In a minimization of the rocot mean
square error of basin outflows, values of some of the parameters are not
greatly sensitive to values of the others. Parameters ag, Tp, K, agy, and
agf are not particularly sensitive to each other. That is, the value of one
of these parameters, which gives the minimum sum—of-squared errors as a
function of these other parameters, does not change much as these other
parameters change. Independent optimization over each of these parameters
can replace the more costly optimization over all of these parameters. The
remaining parameters, aper, Peu, and (¢ijnt + agp), are interdependent and
are dependent upon the first set; they must be determined in a joint optimi-
zation. These observations are combined in a systematic parameter—search to
minimize the sum—of-squared errors summarized In fig. 4. The schematic of
fig. 4 is used hereiln for parameter determination, and it is implemented in
the computer program of appendix C.

A gradient—search approach would require the determination of the deri-
vative of T (Q - bo)2 with respect to each parameter. Since these deriva-
tives are not analytically tractable in a practical sense (there are too
many variations and combinations of the amalytical solutions for all days of
a simulation), numerical determinations of these derivatives would be re-
quired. The implicit assumption in cost-effective numerical determinations
is that each derivative is independent of changes in other parameters; i.e.,
to include the effects of changes in all parameters simultaneously would
require excessive computations. Thus, a numerical gradient-search procedure
could replace the determination of ag, Ty, K, agy, and ags in fig. 4, but
could not be used for all of the parameter determinations.

7. APPLICATION

To compare the GLERL model with the other models, the model calibration
used the same data base used in the previous SS5ARR and NWSH model applica-
tions for the Genesee River Basin. Since there are regulated reservoirs and
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interbasin flows (New York State Barge Canal) in the lower part of the
basin, and since the regulations were not programmed into the earlier
models, the upstream part of the basin above Portageville was consldered in
the earlier applications and that portion 1is considered here. The Genesee
River at Portageville drains 2,541 km2 of western New York and Pennsylvania.
There are 11 meteorological stations whose Thelssen polygons intersect this
area; 10 record daily precipitation and 7 record daily minimum and maximum
air temperatures. (See fig. 5.) The basin has a mean annual air tem-
perature of 8°C and receives an average annual precipitation of about 82 cm
distributed rather evenly throughout the year in a fairly stable areal
distribution. Snowfall and snowmelt occur throughout the winter season.
Pertinent hydrological information is available elsewhere (U.5.C.0.E., 1969;
G.L.B.C., 1976). Climatologic data are available from the National Climatic
Center and basin outflow data at Portageville are available from the U.S.
Geological Survey. The period of study covers water years 1957 through
1972, in agreement with the past applicatlions. Summary statistics are
avallable in table 1.

The GLERL model was applied by using the calibration procedure outlined
in fig. 4. It required about 2 man—-days of interactive computing in FORTRAN
IV on the CDC Cyber 750 computer to determine the parameter values in table
1 after an input file was prepared for Theissen-weighted average daily pre-
cipitation and temperature. (See appendices C, D, E, and F.) Simulation
speed is good; the model requires about 22K words of storage and uses 0.017
s per year of simulation (including auxiliary computations related to the
determination of the “"goodness—of-fit"). The value of ¢ in fig. 4 was set
initially to 0.001 to enable a rough determination of all parameters. After
this initial determination, g was set to 0.00001, which enabled the deter-
mination of model parameters to about two significant digits. (See table
1.) Although net supply computations use a daily time interval, all mass
balance computations use a 30-d computation interval. That is, the model
averages net supply, ns, and evapotramnspiration (potential and actual)}, W,
over 30-d periods prior to calculations of the intrabasin flows identified
in fig. 1. The final parameter get, identified in table 1, achieved a 30-d
flow correlation of 0.92 with a root mean square error on 30-d basin
outflows of 1.01 * 1013 m3, which is 1.25 cm over the watershed area. (See
table 2.) This is equivalent to an explained variance of 0.85. The 360-d
correlation is also 0.92, with a root mean square error of 1.30 cm. (See
table 2.)

The optimum parameter fit resulted in a very large linear reservoir
coefficient for surface storage, ugf; this 1s equivalent to no storage
effects on the surface. Thus, this model fit is equivalent to no surface
storage "tank” in fig. 1. Removal of the surface storage tank would
simplify the model and its calibration. This 1s suggested for further
applications that use a 30-d computation interval. However, experiments
with the 1-d computation interval for the mass balance indicate that the
gsurface zone tank cannot be removed. For the Genesee River at Portageville,
the linear reservoir coefficient, agf, is between 0.1 and 0.2 for the daily
computation interval. Surface storage effects thus are important for com—
putation of daily flows, but are not significant for 30-d flows.
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TABLE 1.--Summary Statietics

Area
Initialization period
Calibration period

Daily averages
Precipitation
Flow
Evapotranspiration

Potential
evapotranspiration

Model parameters
a
T
.
USZC

eg
Xt
Bes

Model averages
Flow

Evapotranspiration
USZM

LSZIM
GZIM
SS

84,700,000 m> (30 d)

93,800, 000
7,890,000 m

34,200,000 m
34,300,000 m
0.285 » 10 " m

2,541,000,000 m2
June 20, 1956-September 30, 1957 (468 d)
October 1, 1957~September 30, 1972 (5,479 d)

5,960,000 w
2,830,000 m
3,130,000 m°

1,252,000 m°

0.809
3.0 °C

0.392 + 10%° ca1 °¢c”!
50,820,000 m°
0.27 d"t
0.00000116 m
0.0000060 d !
0.049 a1
0.000000083 m
0.049 d”*

0

0.1 -10”? ¢!
0

3

3

(0.23
(0.11
(0.12

(0.05

(0.03
(2.00

[3.33
[3.69

(0.31
(1.35
(1.35
(0.00

cm)

cm)

cm)

cm °C

cm)

em (30 d):i]
em (30 d) 7]

cm)
cm)
cri)

cm)
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TABLE 2.--Model Comparison

Model:
GLERL SSARR/NWS
Data base
Daily precipitation 6/20/56-9/30/72 10/1/56-9/30/72
Daily air temperatures 6/20/56-9/30/72 10/1/56-9/30/72
Daily basin outflow 10/1/57-9/30/72 10/1/56-9/30/72
Solar insclation climatic summary over the annual cycle required
Daily pan evaporation none estimated over the annual
cycle
Area—-elevation curve none required
Calibration
Number of parameters 10* 2] minimum (SSARR)
37 (NWS)
Initial values arbitrary required
Data adjustment none Theissen weights adjusted
for improvement
Computation time interval 30 days 6 hours
Evaluation
Excluded data during
poor simulation none 3/63, 7/72, 8/72, and 9/27
Root mean square error
Monthly 1.25 em (0.39%%) SSARR: 1.26 cm (0.40%%)
NWS: 1.21 cm (0.38%%*)
Annual 1.30 ca (0.43%%) SSARR: 2.02 cm (0.66%%)

NWS: 3.50 cm (1.15%%).

* 0f the 15 required parameters, two are determined easily a priori, two
are zero, and one 1s arbitrary.

**Expressed as a fraction of the standard deviation of monthly or annual
basin outflows.
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The NWSH model used previously (Potok, 1980) was developed by the
Hydrologic Research Laboratory (1972) and supplemented for snowmelt
(Anderson, 1973). This model uses a 6-~h increment for internal computations
and requires determination of 37 parameter values. The SSARR model was de—
veloped by the North Pacific¢ Division, U.S. Corps of Engineers (1975). It
uses a 1- to 24-h increment for internal computations and theresultssum—
marized here were achieved with a 6-h interval (Potok, 1980). It uses index
curves that must be input in their entirety. 1In its simplest configuration,
it requires 27 parameters if daily pan evaporation is unavailable (15 1f pan
evaporation is available), plus a wminimum of 3 tables specifying the func-
tional relationships between certain variables. If the minimum of a two-
parameter equation is assumed for each of these relations, then the S5ARR
model requires determination of a minimum of 33 parameter values (21 if
daily pan evaporation is avallable). Both models also require determination
of initial amounts of water stored in the various zones within the water~-
shed.

As used in the earlier studies, daily pan evaporation was estimated for
both models from mean monthly temperatures with the Thornthwaite equation.
The Theissen weights were varled (changing the input data) to effect a good
fit. Furthermore, poor simulation results were obtained during 1963 and
1972; these were judged to result from poor data. These periods of data
were then excluded from the SSARR and NWSH model evaluations (Potok, 1980).
A comparison of the GLERL, SSARR, and NWSH models 13 summarized in table 2.

The SSARR and NWSH models agreeed with their altered data sets, as just
outlined, which are comparable to that used in the GLERL model for monthly
flows. However, the agreement on an annual basis is much poorer, as indi-
cated in table 2. The GLERL model requires fewer types of data, fewer para-
meter determinations, and arbitrary initial values. It uses a computation
interval 120 timesas large as the SSARR and NWSH models, which means 1/120
as many mass balance determinations. Typical results of the GLERL model are
presented for 6 years In fig. 6. This period contains the worst fit (1962)
of the entire evaluation and does not depict the best fit (1972) where the
peak 30-day flow of record (483,000,000 m3) was modeled with 3.3 percent
relative error (499,000,000 m3). Inspection of the 30-d precipitation
totals in fig. 6 reveals the evapotranspiration capability of this model.
During the late summer and fall of each year, basin outflow reaches the
annual minimum, even though precipitation is fairly uniform throughout the
year. The ability of the model to estimate the proper evapotranspiration
during these low flow periodssuggests that the climatic concepts of eqs.
(47) and (50) are good.

8. SUMMARY

The model has several advantages in that it is an accurate, fast model
with relatively simple calibration and data requirements for large water-—
sheds. The unimportance of surface routing for sufficiently small basins at
a 30-d computation interval will enable simpler calibration in the future.
It is a conceptual model with good physical interpretations. Since soil
molsture and snowpack storage are identifled, the model has potential for
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use in predictive studies. Coupled with meteorological forecasts, the model
should provide short-term forecasting abilities. Since the model is fast
and economlical, it may be used in operational hydrology studies where simu-
lation for a large number of simple input time series are required. The
calibration procedure will be improved through use of numerical gradient-
search procedures to enable simple model use by engineers. The model now is
to be applied to 20 large basins around Lake Ontario and the outputs com—
bined to represent basin outflow to the lake. The parameter set obtained
from one basin will provide initial wvalues for the next basin to minimize
calibration expense. Finally, the GLERL models will be incorporated into

the Great Lakes routing models for use in forecasting and simulation of lake
levels.
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GW

GIM

IF

albedo of the snow surface

area of wetted contributing watershed portion (m2)

area of the watershed (m?2)

basin outflow rate given by the model (m3 d~1)

empirical constant for determining effects of cloud cover
empirical constant for determining effects of cloud cover
sum of linear reservolr constants on USZM (d-l)
d-day basin outflow volume (m3)

computation interval in mass balance (d)

sum of linear reservolr comstants on LSZM (d—l)

d-day deep percolatlon volume (m3)

evaporation or evapotranspiration rate (m3 d71)

potential evaporation or evapotramnsplration rate (m3 d'l)
d~day groundwater zone evapotranspiration volume (m3)
d-day lower soil zone evapotranspiration volume (m3)

d-day surface storage evaporation volume (m3)

d-day upper soll zone evapotranspiration wvolume (m3)

sum of time—dependent inflows into storage § (m3 a1y

outflow rate from a storage (@3 d4-1)

d-day groundwater volume (m3)

volume of water in groundwater zone (m3); may be subscripted with time
sum of linear reservolr constants on GZM (d~1)
infiltration rate (m3 d71)

d-day infiltration volume (m3)

d-day interflow volume (m3)

-1
proportionality constant for evapotranspiration energy (cal °c )
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LSZM volume of water in lower soill zone (m3); may be subscripted with time

LSZM

m

ns

NS

PE

PL

SNW

58

USZC

UsiM

USZM

W

X

d-day average water volume in lower soil zone (m3)

snowmelt rate (m3 d-1)

net supply rate (m3 4-1)

d-day net supply volume (m3)

precipitation rate (w3 da-1)

sum of linear reservolr constants on §§S (d_l)

d~day potential evapotranspiration volume equivalent (m3)

d-day percolation volume (m3)

actual basin outflow rate (m3 a1y

gsurface runoff rate (m3 a1

solar insolation at the watershed surface (cal d-l)

d-day surface runoff volume (m3)

volume of water remaining in storage (m3); may be subscripted with time
water volume equivalent in snowpack (w3); may be subscripted with time
volume of water in surface storage (m3); may be subscripted with time
time (d4)

mean daily alr temperature (°C)

base temperature for evapotranspiration energy (°C)

maximum daily air temperature (°C)

minimum daily air temperature (°C)

capacity of the upper soll zone (m3)

volume of water in upper soil zone (m3); may be subscripted with time
d-day average water volume in upper soll zone (m3)

energy of actual and potential evapotranspiration for watershed (cal)
ratio of hours of bright sunshine to maximum possible hours of bright

sunshine
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1.4

adp

o

linear reservoir coastant (dul)

linear reservoir constant on LSZM for deep percclation (d_l)

linear reservolr constant on GZM for groundwater flow (d—l)

L P linear reservoir constant on LSZM for interflow (d_l)

a

per

asf

p

-1
linear reservolir constant on USZM for pecolation {(d )

linear reservoir constant on S5 for basin outflow (d-l)

partial linear reservolr
partial linear reservolr
partial linear reservoir
partial linear reservoir

partial linear reservoir

constant (m-3)

constant on GZM for evapotranspiration (m_3)
constant on LSZM for evapotranspiration (m—3)
constant on S8 for evaporation (m-3)

constant on USZM for evapotranspiration (m—3)

sum of squared error relative difference convergence precision

latent heat of fusion (cal g—l)

latent heat of wvaporization (cal d—l)

density of water (g mﬂ3)

-1
sum of linear reservoir constants on storages (d )

extraterrestrial solar radiation (langleys d_l)

get of all times within period of record
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Appendix B.—-ANALYTICAL SOLUTION FOR TANK CASCADE
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In this appendix, eqs. (12)-(28) are derived from eqgs. (6)~(9) and
similar results for other parameter values are summarized herein.

By applying eqs. (10) and (11) to eq. (6),

-Bt ns ns
= -] ==
USZMt e [USZM0 3 ] B , B# 0, uszc # 0, (Al)
where
ns
= + + M
USZC apl Beu ep (42)

Note that the average upper s8o0ill zone moisture over the day is given from
eq. (Al) as

UszM = 5 [ uszM_ &t
d b t
nsg
USZM_, -~ —
0 B ~Bd ns
~ Bd (1-e™)+ B (48)
Percolation is then given as
1 = USZM = A e BF 4 ¢ (A3)
Py “pl t ’

where
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A=, (usz, - ) (A4)
C=a, i (A5)

By applying eqs. (10) and (11) to eq. (7),

t

LszM_ = e OF [LszM, + [ pl &% &u], (A6)
t 0 o u

where

= +
P=one ¥ %p * Pe1 & (A7)
and for D # B and D # O,

t Dupr _ A, (D-B)t c , Dt

[ pl e "B =22 [e - 1]+ 2 [e " - 1]. (A8)
0 u D-B D

Note that the average lower soll zone molsture over the day 1s given from
eqs. (Ab), (A7), and (AB) as

, 4
LSZM = ¥ Of LSZM_ 6t
A _C A
LSZM_ - == - = =
0 D-B D -pd D-B -Bdy , C
= — (1-e™ )+ 57— (L-e)+g5 ,D#B (49)
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C
LSZIM, - —

0 D ~bd A ~Dd C
—Bg — (l-e )t l-@it+DheT+g5 D=5

By combilning eqs. (A6) and (A8), deep percolation is given as:

+ 6, (A9)
where
A C
E = adp [LSZM0 “ 53 51 (A10)
F = a _A'._
dp D-B (All)
_ C
G = adp 5 (Al2)
By applying eqs. (10) and (11) to eq. (8),
-Ht t Hu
GzM, = e [6ZM, +({ dp e &, (A13)

where

(Al4)
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and for H # D, H #+ B, and H # 0,

- H-B H
dp, Hu ou =% [eHDE _ 4y 4 H_I:f[e( o +% (et - 1). (a15)

o

Inflow to the surface storage is given as the sum of net supply (minus
infiltration), interflow, and groundwater flow and from eqs. (A3), (A9),
(Al13), and (Al5); this 1s

ns
= —- . + + GZM
int TSz USZMt aint LSZMt agw ¢
ns 1 cLint
= — pl + dp + a GIM
USZC mpl t adp t 4
~n e Bt 4yt 4 N B4 @, 20, a, #0, (AL6)
pl dp
where
E __F _6
L= agw [GZMO T H-B H] (Al7)
E _E
M=g —=%a (A18)
gw H-D if ag,
F F ns A
N =qa Ty + a + (Alg)
gw H-B if adp UsZc apl
G G ns C
0=a & +a_ S (420)
aw H if @y, = USZC «p.
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By applying eqs. (10) and (11) to eq. (9),

o
=Pt Pu
55, = e [ss, + {) in e " &u], (A21)
where
P=a.+B, e, (A22)

and for P #+ H, P + D, P # B, and P # O,

f in_ R 6u=?1._ﬁ[e(P—H)t - 1] +PMTD [E(P-D)t -1+ i*% [e(P—-B)t -1
0
+ o [eFF - 1] (A23)

Finally, the first four equations on the following page are obtailned by
taking t = d in eq. (Al), eqs. (A6) and (A8), eqs. (Al3) and (Al5), and eqs.
(A21) and (A23), respectively. The solutions for other combinations of non-
zero values of B, D, H, and P are summarized on the following pages; the
first 15 solutions (pages) are for agp, # O and the second 15 are for agp =
0. Each solution set is substituted in place of eqs. (12)~(28) in the text
for appropriate values of B, D, H, P, and tdpe
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D#B,H#D,H#B,P#HP#D P#B, ap #0.
- _ bsy ;"Bd , ns
uszM, = (USzMy - =) e T +
_ A _Cc, -Dd_, A ~Bd_C
LSzZM, = (LszMy - 53 sle  +tpgpe *3
— E F ¢y -Hd E -Dd F ~Bd G
= - - - — + 2 + =
czMy = (M) - g5~ Fm - @ e WD ° 5B ° H
- L _ M _ N 0y -Pd L -Hd M -Dd N -Bd,6 0
584 = (88 ~ %=~ v~ P~ 7 *vae trpe trse tw
ns
where B Jeze % + ﬂeu ep
= - hs = ns
A=a (UszMy - 3 ) C=a,3
= a S S
D= %int + cxdp + Bel ep E C‘dp (LSZMO D-B D)
= A = e
F =% b8 6= &5, D
E F G
H = agw Beg ep L=aqa (GZMO i - 5B - E)
E E F F ns A
M=« a _ N=a — o
gw H-D int adp gw H-B int “dp USZC apl
G G ns C
0= q — + + P =« + B -]
gw H int mdp USZC apl sf es p
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D#B,H#D,H#B,P#H P#DP=B,ay #0.

= (uszmy - B8) ¢ +

tﬂlg

USZMd

- ..A _¢cC
LSZM (LszMy - 55 >

E F Gy -Hd E ~Dd F -Bd G
= - - == -2 — + — + =
ozMy = (M - 35" 3 "W TED° BB © H
- ~_L _ M _0,y -Pd L -Hd M -Dd
55, = (88~ 3@ " sptM-Fle +yge trpe *tp
ns
vhere B USZC pl Beu P
= - ns - s
A=a. (USZMO B ) c “1 3
= o _ A _C
D=aje ¥ %p * Be1 €p B =gy (I‘SZMO D-B 3)
- A - C
F= o 58 €= % D
E F G
E E F F ns A
M=a 75 % Y%ar = N=wa ——+q +
H-D -
gw int adp gw H-B int adp USZC “pl
G G na C
gw H int adp UsZce apl af es p
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D#B,H#D,H#B,P#H, P=0D, # 0.

cxdp

nsy _~Bd ns
UszM, = (USZM, - 3=) e + g

A _C
LszM, = (LSZ2My - 55 = §

-]

E F Gy —Hd E -Dd F -Bd , G
= - ™ e A — + + -
czMy = (Mg - 55" F3 "w ¢ TED® BB © H
- L _ N _O0y ~Pd_ L -Hd_ N _-Bd_0O
5q = (S ~gg*M-pp-ple tyge ‘e ‘P
ns
where B A + apl + ﬁeu ep
ns ns
A=a, (UszMy - 5) C=a, 5
A C
D=ay .+t By ey E=a (LS2M) - 55 - 5)
A C
F U.dp b-_B G dep T)-
E F _G
H= gy ¥ Peg ©p L= o, (M- 5555 @
E E F F ns
M=ag —0+au —_— N=ag —0+u«
gw H-D int %4p gw H-B int oy P Uszc %1
G G ns C
0=ag =+ + P=gag_+B e
gw H int %4p USzZC %1 sf es p
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D#B,H#D, H#B,P=H a *0.

uszM, = (USzMy -

A C
M, = - A
LszM, = (LszMy - o= ~ &

- - E _F _C
czM; = (62My - 5~ §3” ®

s, = (8, + Ld - fgg-— Fgg - %J e Fd ﬁgﬁ e Pd $§§ o Bd 2,
where B = .ﬁ.g_%.c. @y Bey e,
A=a, (USZMO - %5) C=a, %E

D= %ne ¥ %ap *Be1 % E = ®ip (LSZMO - ﬁ - DEJ

F - adp D_I'XE ¢ = adp %

H=oa,tBg e L=q_ (c2M; - ﬁgﬁ - EEE -
7 Gy D * e [ N 55 ¥ Y azp 5z
0= agw % + %int a:p + UtSlgc a:;l P = %sf + Bes ep
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DatB,H#D,H-B,P#H,P#D,mdpiﬂ-

nsy —Bd ns
uszM, = (USZM, le  ty§
A _Cy -Dd A -Bd _ C
LszM, = (LSZM) - 5% zle type *tjp
B _E _ Gy ~Hd E -Dd, G
GZM, = (GZMO 0 + Fd H) e T 4ggme  tyg
L _ M N _ 0y, -Pd (L N _ _ ~Hd
Ssd (SSO P~-H P-D (p-H)2 F’) ‘P-H (P-H)2 [(P-H)d 1]} €
M -~Dd_ 0
+ ﬁ e + '1;,
ns
where B=gszc t %1 * Bey ®p
ns ns
A=a, (uszM, - 37) C=a, 3
- = A ¢
D=yt o, *+ Be1 E = ay (LSZMO 53 " D
A C
= —_— G = —
F=o4p DB %p D
E G F ns A
H=a,* Beg ©p L=a, (624 - 55 ‘ﬁ] %int ag, USLC «
E E
= —— —— N =
M % D T %t T
P
G G ns C
0=¢q_ =ta P=g + 8 e
gw H ine @y USZC oy of es p
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D#B, H#D, H=B, P #H P=D, a  #0.

uszM, = (UszMy - 5=

A Cy ~Dd A -Bd C
E Gy -Hd E -Dd G
= —_— g ™ - ———— + =
GZM (6zMy - =5 — Fd e i © =
L N 0, -Pd L
§S, = (S5, = o=z + Md + -=)e U+
d 0 P (P-H)2 P P-H
N -Hd 0
+ ———— [(P-H)4 - 11} e ™ + 5
(P-H)
= _08
where B USZc + apl + Be.u ep
ns _ ns
A= a (USZM, ) C=a,y 3
A C
= E = -— " -
D=yt oy, t Be1 ©p %p (LszMy - 55 D)
A C
= —_ G =
F =, D8 “4p D
E G F
= L = - -2 -
H L. + 3eg e, ® o (GZMO T H] ta, . =
E
= — [——, N = F
M agw 7D = %int & a agw
G G ns C
0= =+a + P=a_ +B e
gw H int o:dp USZC “pl sf es p
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D#B, H+D, H=B, P =H, «, #0.

dp
- _ nsy -Bd ns
uszM, = (USZMy - 22) e T + 3=
A _Cy -Dd A -Bd , C
- - - 4+ —_— ——
LszM, = (LSZMy - 3% - 3) e —e +t3
. __E _ .. _ Gy -Hd E -Dd , G
GZM —(GZMO 5 ~ Fd H) e + o5 e + 5
- _ M N ,2_ 0y -Pd M -Dd, O
55, = (ss, + Ld 75-Dy +5 d ?) tege  te
ns
where B = TUSzZC apl Beu ep
- _ ns - o 18
A =a (uszMy - 5) C=a, 3
- = - A _C
D=aje *ag tBer 8 E = ag (L824 - 5 - )
A _ c
F %4p D-B G = %p D
E _ G F ns A
g= Cow Beg €p L=a (GZMO H-D ﬁ) t ot adp * ¥s7c o
_ E E =
M=o, 5D ¥ %ne 3 N=oay, F
dp
G G ns C
= —_— [ ——— ——— = +
0= e ® T %ar ag, = USZC a4 P=eet P
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D#B,H=D,P#H, P#B, £ 0.

adp

uszM, = (UszM; - 3~

= -_A _C
LszM; = (LSZM; - 5=% e =+

czM, = (GzM, + Ed - ﬁg-ﬁ - %) o, 'ITE_B o Bd %

884 = (SSO - pEH (PiIH)Z - p!jB - %) e T+ {PEH + (Pl_iﬂ)z [(P-H)d - 1]} e“Hd
+ FH_B e Bd 4 1

where B = F‘S‘.;_c + @y + 8, e,

A=, (sz, - E—s) c-ay IBIB

D= %int + adp + Bel ep E = adp (LSZMO - 'ﬁé"ﬁ - %)

F =gy 'Df_B €= % %

H=a, +B, e L= (GZMO-E%-%) “1nt7.2_p

T e N =gy 55 ae c:ip G5zC a;

0= agW % * %int aj ugzc af)l E = Ots-.f * Bes ep
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D#B, H=DP#HP=B8 o,*%0

- _ns), —~Bd , mns
UszM, = (USZM, - 3 ) e

= A C -bd A -Bd C
LSZM , = (LSZ - —— = = —_— hed
d ( MO o D) e + e + 5

- _ F ¢, _-Hd F -Bd | G
GzM, = (GzMy + Ed - g - z) ¢ tEme tw
L M 0, -Pd ,_ [ L M g -Hd , ©
ss, = (SS5 — 3 + )2 +Nd-F)e e )2 [(P-H)d ~ 1]} e + 5
ns
B = —o
where TS%C + apl + Beu ep
- _ns -a. B8
A=a, (UszMy - g ) C=a;3
= = - ....é._ - .g.
D=a .+ %p + By e, E %p (LSZMO 5= D]
A C
F = —_ G = _
%4p D-B %p D
F G E
= L = - - - —_—
H=a_* B t (CZMG = g~ F) * 4y, ay
F E ns A
M=q E N=ga =t a +
gw gw H-B int adp USZC %dp
G G ns C
0 =« -+t + P =q + B e
gw H int adp USZC apl sf es p
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D#B,H=D,P=H,a #0.

_ _ nsy -Bd ns
uszM, = (UszM, - 3 ) e

A cy -Dd A -Bd, K C
= - ——— — — + — —
LSZM (LSZMO — D) e g © + 3
F Gy -Hd F ~Bd , G
= + - —— - bttt —
GZM | (GZMO Ed - H) e + 5y e + g
M,2 N 0y -Pd N -Bd 0
= td+=d-—-= Y 5
ssq=(s8p Tt zd-g-ple " g et
where - 128
B USZC pl ﬁ’eu ep
A = _ bs = s
@ (uszMy - 5=) C=a, 3
- . A _C
D= T %p *Be1 8 E = o, (LS2M; - 55 - )
A C
F = — = —
ip D-B €= %D
F G
H=g¢g + = _ o - — —_—
o T Peg % L=a_(62M) -~ 575 - 5) * %ot »
_ F E ns A
M=q E N=aqg w—t
v -
g gw H-B int "‘dp USZC %4p
G G ns C
= LS + =
© c’ng 7~ %int aq USZC « 1 P %t + Bes ep
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D=B,H#D,P#HP#D, ag #0.

USZM, = (uszMy - 5=

_ _Cy . -Dd _ C
LszM, = (LszMy + A $le  tyg
E F Gy -Hd E
GZM = (GZM, ~ - -2)e "+ =
H-D =
d 0 s’ B H-D
F -Dd , G
+ ——_ [(H-D)d-1]} e = + =
(8-D)2 } i
L M N 0y -Pd , L _-Hd
ss. = (ss, - - + -2)e T4+ =—e
d 0" PR FD 2 P P-H
+ {P‘_‘D + N 5 [(P-D)d - 1]} e Dd 4 %,
(P-D)
ns
where B=gszct %1t Peuw &
= - b8 = s
A=a, (uszMy - 3 ) C=a1 %
D=a,  +a, +B . e E=a, (LsZM, - )
int dp el p dp 0 D
c
= A = —_
F c::dp G o:dp D
E F G
= = - —— + r . iy
Howag,+ By e L =a_ (62M, - 55 - )
E F E ns A F
M=a_ ( - ) + agne N=a —+a
g ‘H-D  (H-D)2 a USZC ay; gw H-D  int «
G G ns C
0=a —=+a P=g + e
gw H int adp USZC apl sf Bes P



D=B, H#D, P+H, P=D, g #0.

ns -Bd , ns
USZM, (uszM, ) e

Cy -Dd C
LSZM, (LszM, + Ad zle *+3
E F Gy -Hd E
czM, = (GzZM, - - - ) e+ =
d 0" D g2 H H-D
+ _’;._2 [(B-D)d-1]} H_Ef eDd %
(H-D)
L N .2 0y -Pd L -Hd 0
SSd [SSO ﬁ.‘. Md +fd -P—) + -f;:ﬁ e + -—P-,
ns
where B uUszc + apl + Beu P
ns ns
A =a (USZM, Ts") C=a; 3
D=a,_ +a, +B.e E=a, (LSZM, - <)
int dp el p d 0 P
C
F adp A G adp D
E F
H=a Bao © L=a_ (62M, - o= +
gw eg p 0 H-D (H-D)2
E F E ns A F
M=o (Em E ) b gy ot Nea ot I
8% ‘H-D  (H-D)Z %4p USZC %1 gw H-D int %3p
G G ns C
O0=qg =+a + P=g_ +f8 e
gw H int “dp USZC “pl sf es p
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D=8, H#D, P =H ap #0.

- _ns), ~Bd _ ns
USZM (vszMy - 3 ) e

c, -bd , C
LszM; = (LSZMj + Ad - 3le *§
E F Gy -Hd E
czM, = (GZM, - == - -2)e +
d 0 H-D (H“B)z H H-D
+ —L— [(B-D)1]} 55 e 2
(H-D)
M N 0y -Pd _ [ M N -bd , 0
= - E— - -— + -
ss; = (885 + Ld - 555 (P02 ) s + TR [(P-D)d - 1]} e =
ns
where B=gszc T %1 T Peu &
ns ns
D=a,  +ta, +B . e E=q  (LSZM, - <)
int d el p dp 0 D
= = E
F (Idp A G adp D
E F G
H=a, %8B L=a_ (GZMy - g5 . )
E F E ns A F F
M=q (—- ) + ajne + N=a ==+a —
8w ‘g-p (H-D)2 %p USZC %1 gw H-D int %p
G G ns C
0=y a" *nt Ggy | USIC @ %e t Pes o
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D=B, H=D, P#1H, au #0.

uszM, = (USZM

d 0

LszM, = (LSZM, + Ad - %) e Dd +%
GzM, = (Gzn0+ Ed + 12 a? - %) e Hd 4 %
ss, = (88, “P-I;l +(:H)2 - (Pljn)g_
+ fom M [e-E)d - 1] + oo
P-H ' (p-g)2 P-H
where B =
A=, (uszg - =) c=
D-aint+adp+ﬂe1 ep E=
F = mdp A G =
H= agw + Beg p L =
g B a2 N -
0= agw % + % at azp Ug;C a:):l P =

53

) e-Pd

2 N -HEd , ©
d° ~ 22— [(P-H)M - 1]} e + 5
(P-H) L 1} P’
ns
+
gszc T %1t Peu &
n_B
apl B
C
ay, (LSZM, 5)
« &
dp D
G E ns A
«  {GzM, - =) + a
0 H int adp USZC apl
F
Ggwi‘
a + B e
sf es p



nsy _—Bd ns
uszM, = (USzM, - =) e

cy -pd , C
LszM, = (LSzM, + Ad - §l e +

d 0

_ F .2 Gy -~Hd
Gznd-(czm +Ed+ 5 d° - gle T +

0

oo

M 2 N 3_0y -Pd_ 0
SSy = (sSy+tld+zd +xd -Fle  +4
ns
where B=tgszc * %1 Pou ©p

= - n8 = us
A=a, (uszMy - 5=) C=a,3
D=qa,  +a, +p.,e€ E =a, (LSZM <

int dp el p dp 0 D

= - 4
F adp A G adp )

- - -G £
=, + Beg P L = @ (GZMO H) L o
M=a E+a,  — N=a L

BwW int adp gw 2
G ns C

G
0 =g =+a +
gw H int cxdp UszZcC apl
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D+#B, H#D, H#B, P#H, P#D, P #B, adp-o.
_hsy -Bd _ ns
USZM, (vszMy - 2=) e °° + 2=
- __A _Cy -pd,_ A -Bd,C
LszMy = (LSZ2My - 55 5l e + 55 + 3
-Hd
GZM, = GZM, e
M N _ 0y -Pd M _-Dd N -Bd, 0O
= . —— T — = il -+ — + =
584 (8% ~ % 35 ¥ ° ‘TPD° P-B °
ns
where B=gszc * %1t Peu &
ns ns
A= M - = —
1 (vszMy - 37) C=a,3
A C
D P + adp + Bel ep E LSZM0 =8 ~ D
A C
F=53 G =3
H =0 + B e L = 0-
gw "eg p
ns A
M=oy B N=ae F+osze o
pl
ns C
— — = +
0 %int G USzZC apl P asf Bes ep
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D#B, H#D, H#B, P#H, P#D, P =B, adp=0-

- _nsy -Bd _ ns
uszM, = (USzM, - g Je

B _ A Cy ~Dd A -Bd , C
LszM, = (LSZM; - 55 sle  t5pe ty
-Hd
GZM‘:1 GZMO e
. M _0y -Pd_ M -Dd 0O
S, = (88, ~p=p * Nd 7) tsp e tw
ns
vwhere B=tszc t %1 7
= - ns = ns
A= o, (Uszm0 3 ) c %1 B
D =aq + +B., e E=LSZM-L‘
int o:dp el p 0 ©D-B
__A =L
F =% °7p
Ho= o + B, e L = 0.
ns
M %int E N %int F USZC
ng C
0= %ne ¢ * Tszc apl P %sf + Bes ep
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D#B, H#D, H#B, P+#H P=D, ay =0.

ns -Bd , ns
uszM, = (USZM, ) e

. _ A _Cy bda_ A -Bd_C
LSZM, (LSZM0 58 '1')') e + 55 © + 3
-Hd
GZMd GZMO e
N 0 -Pd N -Bd 0
SSd (SSO + Md ﬁ' F) +§:ie +-§,
ns
where B TszC
ns
A=a, (USZMO E') c @1
Dtaint+ad +Bel ep E=
A C
F=5% C=3
H= e L = 0.
You * Peg %p
M= aint E N = o:.'I.l'll:
ns C
=  —_— P =
0 aint G Uszc apl asf
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D#B,H#D, H#B,P=Hap =0.

uszM, = (uszM, -

_ _ A _Cy -Dd A -Bd ,  C
LszM, = (LSzMy - 5og Sle  +tgpe tg
B -Hd
GZM = GIM, e
_ M _ N 0y -Pd ., M -Dd N -Bd, 0
ssy= (58, - tp-pm - ¢ ‘Ppe ‘tTEs°e T
ns
=—_ +
where B uszc fJ:pl + Beu
a - ns = ns
A=q, (USZMO 3 ) C=a,3
= A _C
D=y oy, v PR E=LS2My =~ 3" D
= A =&
F =5 €=3
gw eg p
- - _ns_ A
M= e B N=ca .t F*ysice
pl
ns c
= —_— P =
0 %int G+ USZC apl %sf M Bes ep
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D+#B,H*D,H=B,P#H PzD, = 0.

de

- - b8y ,"Bd , ns
USZHM, (vszM, - 3 Je ™ + 3

A Cy -Dd_ A -Bd _C
= -8 _x + = =
LszM, = (LSzMy - 373 ) e == e *3
-Hd
GZM, = GZM, e
L M _0Oy -Pd_ L -Hd M _-Dd
ss;=(SSo~ pp~pp "% ¢ *ra® tE° TP
ns
where B = ¥szc + %51 t B “p
ns - .n_s.
A=q (usz2M) - g) C=213
A _C
D LT + adp + Bel ep E LSZM0 8 "D
A C
F ey G D
ns A
Ho= o + B¢, b= % T T8IC o)
= E N = 0.
M u:j.nl:
0= g G + ..-.B.E— _C_ P =q + B e
int UsSzC apl sf es p
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D#B,H#D,H=B,P#HP=Daq =0

ns -Bd ns
USZM (USZMO - -P;—) e 4+ =
A Ccy\ -Dd A _-Bd
LsaM, = (LS2My - po - ple tggpe *
-Hd
GzM, = GZM, e
~ _ L _ _0 -Pd L -Hd
s, = (58, ~ pog ~ M - 7) tege *
where B =
ns =
A=a, (vsz, - 3=) c
= E =
D=ayp * % T Pe1 &
A
B m—— G =
F =58
H = 4 B e L =
gW eg P
= N =
M %int E
ns C =
= WEm— ——— P -
0=a.+ 6% fFszc
pl
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D#B,H#D, H=B, P =H qu =0.

nsy -Bd , ns
UszM, (vszu,, E—)e

A Cy ~Dd A -Bd  C
LszM, = (LSZM) - 5= T)') e ts=e  +g
_ -Hd
GZM, = GZM; e
M 0y -Pd M -Dd
SS 4 (885 + Ld - 55 sle *t3pe *p
ns
where B=gszc T %1 TP &
ns ns
A=a, (USZMO 5 ) Cea) 3
A C
D %t + adp + Bel ep E LSZMO 8 D
A - C
F =58 €=3
ns A
H agw Beg ep L *int F USZC ®1
M= @Yt E N =20.
ns C
= e P = 4
0 %int ¢+ USZC apl asf Bes ep
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D#+B, H=D,P#H, P# B, = 0.

%o

: -Bd
uszu, = (USZMy - 5=) e

= - A -—
LszM, = (LSZ2My - =

- -Hd
GZM a- GZMO e

ns

where B Wzg apl + ﬁeu ep
A=, (Us2 - ) C=a, e
D=aint+adp+ﬁelep E=LSZMO_5—5—§_%
F=-ﬁéB— G..g_
Haagw-’-Begep L=aintE
M= 0. N““intF‘“Ursl;c%
pl
Ozaintc.’“ﬁl{-‘:_;fa—g; P=ae:f-|-ﬁese'1)
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D#B, H=D, P #H, P =B, ag = 0.

nsy . —Bd ns
= - 25 + =
UszM, = (USzM, - §-) e
A C, -Dd A -Bd ., C
LszM, = (LSZMy - 25 - Fle  +t5ge tp
-Hd
GZMd GZMO e
L 0, -Pd L -Hd , 0O
ns
where B Uszc + apl t Beu ep
ns ns
A=a, (uszm, F-] C=a, 3
A C
= -+ + = - =
D=ae % TP % E=182M, " 35~ D
- A C
F=os €=3
H=a, +B,e, Lo=oa B
A
M= 0. N =g F + Jhe A4,
int uszc apl
ns C
= ——— —— = -+
0 %int ¢+ UszZc apl P tzsf Bes ep
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= . nsy ,"Bd , ms
uszM, = (UszM) - ¢ Je =+
A Cy ~Dd A -Bd C
LszM; = (LSZMy - 55 Sle tyge +3
- ~Hd
GZM, = GZM, e
B _ N _ o0, -Pd N ~Bd _ O
ns
where B TszC + apl + Beu ep
= -_— E = E
A=a, (uszMy - 3 ) C=a, 3
) - S
D= @y e + a:dp ﬂel ep E LSZMO =B = D
- A =<
F=5% 75
= L = E
H agw + Beg ep @ e
ns A
M = 0. N =g F + v
int UszZc a‘pl
0=g ¢+-28 C P=g_ +8 e
int UszZc apl sf es p
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UszM, = (uszM, - —

Cy -Dd | C
LSZM, = (LSZM, + Ad - gle +p
-Hd
GZM(I = GZM0 e
_ _ M N _ 0y -Pd (M N g -Dd | O
ssy = (88) ~ 55 * TRy zle  thpt 5032 [(P-D)d - 1]} e B

where B = USZC + o1 + ﬁeu ep
= - ns - hs
A=a, (vszy - 57) C=a,3
D=a, +a, +B. e E = LSZM, - &
int dp el p 0 D
~ c
F=A G =3
H=q B e L =0.
gw ~ Peg p
_ ns A -
M=o B f52¢ 2 No= e F
pl
ns C
= — - -+
0=o¢ ®* Tszc @ P=cetBes®p

65



- _ h8y -Bd _ns
USZM, = (USZM) - & ) e

Cy -Dd
LSZM, = (LszM, + Ad 3) e

-Hd
GZM, = GZM, e
N ,2_ 0y ~Pd , 0
S, = (S5, +Md + 5 d Fle  +m
ns
where B m + apl +
_ _ ns - ns
A=, (uszMy - =) C=a,) 3
D=a,  +a, +8 . e E = LSZM_- S
int dp el p 0 D
c
F = = C
A G =z
H=a +p e L =0.
gv eg p
ns A
M=o BYszc s N=anF
rl
ns C
0= ¢ % Tszc o P=aetB,®
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UszM, = (USZMO - 11319_) B, ?
LSZM, = (Lszno + Ad ~ %) oDd

GZM, = GIM, e Hd

5 = (%% - Pl'iD * (Pl—qn)2 -%
where

A=a, (UszM) - %‘i)

D =

¢ G +

ns A

E+ UsZcC

ns C

USZC apl

(=]l
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{P?D + (pr)Z [(P-D)d -il}e
B - ﬁ%%ﬁ + %1 * Beu °p
¢= apl %E
E = LSZM0 —'%
L = 0.
N = aint F
P = %s£ * Bes ep

Dd

0
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D=B,H=D,P #H, a, =0.

dp
ns ~Bd ns
uszM, = (USzMy - §=) e T + 3=
Cy -Dd C
LSZM, = (LszM, + Ad 3e  ty
-Hd
GZMd GZHO e
L M 0 -Pd 1 L M -Hd

= -~ - + + - -

5, (ss4 =, P) e 51 * G2 [(P-H)d - 1] } e
ns
where B USZC + apl + Beu P
ns ns

b = + + e E = LSZM -£

%ae ¥ %p * Pe1 % 0" D

C
F A G =3
ns A

= Fow * ﬁeg ®p L= ane B ¥ szc %y
M = e F N = 0.
0= g c+_n8_ C P=a_+p e

int USZC apl sf es p
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D=B, =D, P=H o =0.
UszM, = [USZMO - g_ﬂ) o Bd ;—B

LszM, = (LSZM, + Ad - %) e Dd 4
GZM, = GZM, e Hd

$84 = (SSO+ Ld + 112_ d2 _ %) -Pd
where

A= 1 (Uszm0 - %‘.)

D=

%at ¢t T8zC

ns

C

pl

ol
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Appendix C.-—FORTRAN PROGRAM FOR CALIBRATION
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The FORTRAN program in this appendix may be used for calibration or
simulation; its use is 1llustrated in appendices D, E, and F. The user must
change lines 37, 48, 49, 50, and 51 to agree with his or her intended appli-
cation. Line 37 defines the average mid-month cloudless day insolation (10
langleys/d) for January through December, respectively. Line 48 gives the
watershed area (square meters); lines 49 and 50 define the beginning and the
end of the data set portion to be used in calibration (Q, to be contailned
within the input file); line 51 gives the number of days to be used in the
mass balance computation period. The user may also change lines 42 and 43
if evaporation from the surface or evapotranspiration from the groundwater
zone are considered to be important.

The program reads an input file called "ZDATA." A partial listing of
such a file is given as appendix D; it contains the date, minimum dally tem—
perature, maximum daily temperature, daily precipitation volume over the
watershed, and daily basin outflow volume from the watershed for each day in
the units noted. The first four lines are header information gkipped over
by the program. Missing data is denoted by "-9999."

The program 1s designed to be used interactively; a typical example of
an interactive terminal session is given as appendix E. The program first
prompts for entry of values ofK, ag, Tp, gws and agf. These values are
repeated after their entry and the operator 1is asked 1f they are correct.
If not, the input query is repeated (as in the example). When correct
values are entered, the program outputs summary statistics on the data set:
calibration period and daily averages for the watershed of temperature
(degrees Celsius), precipitation (cubic meters), basin outflow (cubic
meters), W (cubic meters), net supply (cublc meters), evapotranspiration
(cubic meters), and potential evapotranspiration (cubic meters). The sample
mean and variance of basin outflow volumes over the computation interval are
given next (30-d flow volumes are used in the example of appendix E). The
program next prompts for entry of values of USZC, aper, Pey, and (aint +
adp)+ These values are repeated and the operator is asked if they are
correct. If so, the program proceeds to find values for ayn¢, tdps and
Be1 that satisfy the constraint of eq. (51) and minimize the sum of squared
errors on basin outflow. This is represented in appendix E by the long
columns of figures. At this point, the computed values of ajnr and Pe] are
given, followed by gsummary information on the fit. First, model averages
over the computation interval (30-d averages in appendix E) are given for
basin outflow and evapotranspiration and the goodness—of-fit i1s summarized
by giving the sum of squared errors (between the model and the actual basin
outflow volumes over the computation interval) and the explained variance.
These four values are given again for a model variation not described here-
tofore. The variation consists of routing only surface runoff from the
upper soil zome through the surface storage and then combining with inter-
flow and groundwater flow in fig. 1. For the example in appendix E, these
numbers are the same as for the original model since agf is very large
(thereby functionally eliminating the surface storage zone tank in fig. 1).
The next five values are the averages over the entire calibration period for
surface storage, surface storage for the model variation described above,
upper soil zone moisture, lower soil zone moisture, and groundwater mois-—
ture. The last four vaues in appendix E are the values of USZC, aper, Peus
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and (aint + adp), repeated for the operator's convenience for the next trial
iteration. The operator is then asked if he or she wants another iteration;
if the response is "yes” (Y), the operator is prompted for the next values
of USZC, aper, Beu, and (aint + «gp) and program flow is similar to that
before. 1If the operator responds “over” (0), then the initial prompt is
repeated and program flow proceeds, as outlined above, from that point. If
the operator responds "no” (N), then summary statistics are sent to a print
file and the program is terminated.

Appendix F contains the partial print file resulting from the applica-
tion exemplified by tables 1 and 2 and by the preceding appendices and it
should be self-explanatory.
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PROGRAM WASSERS(ZDATA,TAPES=2DATA, INFUT,TAPE4=INPUT,0UTPUT,
+TAPE4=0UTPUT,RESULT, TAPE?=RESULT)
IHPLICIT REAL (A-H,J-2)
COMMON/VARDF /USZH,LSZM,BZN,S5,EVAP, HPLSE ,USZNAVG ,LSZMAVE
COMMON/PARDF /USZC,ALPPER,ALPUEV,ALPINT ,ALPDPR,ALPLEV
CONMON/PARDF2/ALPGY, ALPBEY, ALPSF ,ALPSEV
CONMON/INDICAT/EFF ,NSS,555,EVAPS, DAY, EPSILON, DPSILON,GFSILON
COMMON/VAROF2/YRUN, VINT,UPER,YGU, VUEY, VLEV
DIMENSION R{14),INDPH{13)
DIMENSION LATA(4,11109)
GINENSION TERR(4)
DATA IERR/&*G/
DATA INDPM/Q,31,59,90,120,151,181,212,243,273,304,334,366/
CHhdt

Cxxdx PROGRAN FOR INTERACTIVE INVESTIGATION OF MWODEL - HONTHLY
CHkkks

CrekEs

C AREA = WATERSHED AREA, 58. M.

C FLOU = ACTUAL BASIN OUTFLOU YOLUME, CUB. M.

CID = CALENDAR DAY OF THE YEAR

c IM o CALENDAR MHONTH OF "THE YEAR

C INDFGOD= WUMBER OF DAYS PER GROUP OF DAYS, DAYS

C INODAYS- NUMBER OF DAYS TO BE CONSIDERED IN DATA SET, DAYS

c Iy = CALENDAR YEAR

C PRECIP = DAILY PRECIPITATION YOLUME (LIQUID EQUIVALENT). CuB. M.
C R = AVERAGE MI1D-MONTH CLOUDLESS-DAY INSOLATION, LANGLEYS/DAY
C (INPUT IN UNITS OF 10#LANGLEYS/DAY)

£ RR = DAILY SURFACE INSOLATION, CAL.

C SNU = SNOUPACK VOLUME (LIQUID EQUIVALENT), CUB. M.

c Ta = AVERAGE DAILY AIR TEHYERATURE. DEG. L.

C THAX = MAXTHUM DAILY AIR TEMPERATURE, DEG. C.

C THIN = WININUN DAILY AIR TEHMFERATURE, DEG. C.

T ET T

R X
Gs+x4% INPUT CONSTAN®TS
Cxress
DATA R/24.,34.,48.,63.,73.,71.,75., 65.,924,38,,24.,20./
CALL SYSTEMC(115,IERR)
EPSILON=I.E-7
DFSILON=1.E-200
GFSILON=1.E-3
ALPGEV=0.
ALPSEY=Q.
ROTA¥=R{1)#10.
DO 33 IXY=1,12
33 R{14-1XY)=R{13-1XY3=10,
R(1)1=R013)
AREA o 2540778335.
ISTART = 468
INDDAYS= 5947
INDPGOD=39
DAY=FLOAT CINDPGOD)
11ST=15TART/INDFPGOD
A1=-999.
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AZ=~999.
A3=-799.
ALPLEV=,63E-07
565 WRITE(4,544)
564 FORMAT(SSHCONSTANT, ALBEES, TBASE, ALPGU, ALFPSF (SE13.6E2 FORMATY)
READ(4,73%) £ONS,ALBEDS, TBASE,ALFGW, ALFSF
759 FORMAT{E11.4E2,4E13.6E2)
URITEL{4,559)CONS, ALBEDS, TRASE,ALPGY , ALPSF
566 WRITE(G,561)
READ(4,556) 1
IF{1.EG.1HY) GOTO 567
IF{I.NE.1HN) GOTO 566
GOTO 565
567 IF(CONS.EQ.AT.AND . ALBELS.EQ.A2.AND. TBASE.EQ.A3IGOTOD 5594
A1=CONS
A2=ALBEDRS
A3=THASE
REWIND 5
SNW=0.
IKNTR=0
TIME o o«
avgiTa = 0.
AVGPR = O.
AVGF = O.
AVGHFLE= 0.
AYGNS = O.
REAL(S,1000)
REancs, 1900)
READ(S,1000)
REAT(S,1000)
1000 FORMAT(3A10)
REALI(S,1010) ID,IH,IY,TMIN,THAX,PRECIP-FLBU
BACKSPACE 5
Chkkas
Catkxt DAILY LOOP - DATA FREPERATION (BEGINWING)
EREREEE
DO 300 I=1,INODAYS
EEIEE]
Cibsbobskek INPUT AND FILL IN DAILY DATA
IR ETTYS
REABi15.1010) ID,Iﬁ,IY,NTHIN,NTMGK,NPRECIP,NFLUU
1010 FDRMAT(1X,13,13,15,9%,2F10.2,2F20.0)
TF(NTHIN.GT.NTHAX.OR.NTHINLLT.=900, .0R.NTHAX.LT.-900.) GOTO 920
GaT0 ¢
20 MTHIN=THIN
NTHAX=THAX
921 THIN=RTHIN
THAX=NTHAX
I (NFRECIP.L.T.-900.) NPRECIF=FRECIF
IF{NFLOW.LT.-900.) NFLOW=FLOU
FRECIF=NFRECIF
FLOW=NFLOUW
R
TR COMPUTE DAILY INSOLATION
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(NTILE:
£=(THAX~-TMINI/15.
X=AHINT(X,1.03
IF{ID.GT.1D) GOTO 203
IF(IN.EQ.1) GOTO 200
II=INDFH(IM)-INDPH(IN-1)
IF(IT.NE.28) GOTO 201
IFCINTU(FLOATEIVI+.5)/40)%4.RE. 1Y) GoTO 201
11-29
GOTO 201
200 11-31
201 NOYS=FLGAT(II)
NOY=NOYS-15.+FLOAT(ID)
RR=(RCIHHT Y -ROIMY I /NDYSENDY+R{TH)
GOTO 204
203 II=INDPM(IH+1}-INODFM(IM)
IF{ITI.NE.28) GOTO 202
IFCINTC(FLOAT(IY)4.5) /4. )%4.NE.IY) GOTO 202
I1=29%
202 NOYS=FLOAT(ID)
NEY=FLOATU(ID)-13.
RR=(R{IN+2)-ROINH1)) /NDYS*NDY+R(IN+1)
204 RR=RR*(0.355+0.6B*X)¥10000. ¥AREA
(EEREE
(b xkik HEAT BALANCE
AEEEY
TA=(THIN+THAX)} /2.
x=1.
IF(TA.LE.O0.)E0TO 900
HELT=0.
IF(SNUW.LT.1.)60TD 901
HELT=(RR*(1.“ﬁLBEUS)+FRECIP*1000000.*Tﬁ)/?9.7/1000000.
IF(HELT.GT.SNUIKELT=BNU
GOTO Y04
901 x-o0.
904 SNU=SNW-MELT
NS=FRECIF+MELT
GOTO 905
900 IF(SNW.GT.1..0R.FRECIF.BT.1.160TD 903
X=0,
963 SHWU=GNW+FRECIF
HNS5=0.
0% DATA{1,1)=NS
DATA(2,11=TA
BATA(3, 1) =FLOM
DATACA, 1) =X
IF(1.LE.ISTART}GOTO 300
AVGTA=AVGTA+TA
AVGPR=AVGFR+PRECIP
AVGF=AVGF+FLOU
AYGNS=AVGNS+NS
IKNTR=IKNTR+1
300 CONTINUE
Drsadt
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Caskxd DAILY LLOOF ~ DATA PREPARATION (END)
IEEEEE:
EEEY
Casdds SUAMARY INFORMATION
EXEXE]
FI=IKNTR
AV TA=AYGTA/F ]
BAVEPR=AVGFR/FI
BYGF=AVBF/T1
BUGNS=AYGNE/FI
AVBEYP=AVIENG -AVGF
AVGHFLE=0.
no 10 I=1,INCDAYS
HPLSE={DATA{2,T)-TBASE)+CONS
IF(HFLSE.LT.0..0K.DATA(4,1).6T..5)HPLSE=0.
HFLSE=RFLSE/(594.~.52+DATAL{2,11)/1000000.
IaTa{4,1)=HFLSE
IF(ILLE.ISTARTIGOTD 910
AUGHPLE=AYEHPLE+HFLSE
910 CONTINUE
AVGHPLE=AVGHFLE/FI
AVGEVFPF=AVGHFLE-AVGEVF
WRITE(4,550) ISTART,INODAYS
URITEi6.559) AVGTA,AVGFR ,AVGF, AVEHFLE
URITE(6,559) AVGNS,AVGEVR,AVGEVFF
550 FORWAT{1X,BHFRON DAY, 16,70 TO DAT,16,/)
EEEEE
Cxevex CONVERT TO GROUPS OF DAYS INPUTS
RERER]
Vak=9.
MEAN=G.
5=,
HFiL5E=0,
FLOW=Q.
11=0
111-0
IO 400 I=1,INQDATS
NS=NS+DATA G 1, I
HFLSE=HPLSE+DATA (4, 1)
FLOW=FLOW+DATALS, T}
II=11+1
IF(ITLNE.INDPGODIGOTO 400
III=I11+1
DATA(T, T =N,
DATAL4, ITL)=HPLEE
DATACI, I110=FL.OW
IFCITTLLELLIISTIGATO 710
VAR=VAR+FLOW*2
MEAN=MEAN+FLOY
710 H5=0,
HPLGE=d.
FLOW=G,
11=G.
405 CONTINDE
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FI=FLOAT(III-TIST)
VAR=VAR/F1
KEAN=MEAN/FI
UAR=VAR-HEAN##2
WRITE{S,711) MEAN,VAR
711 FORMAT(/,7HMEAN = JE13.6E2,16H VARIANCE = ,E13,4E2,/)
IR EIEE]
C#+xx++ INPUT PARAMETERS
CktEdt
554 URITE(6.540)
560 FDRMAT(3SHUSZC, ALPFER, ALPUEV, ALFINT+ALFDFR,
+ 184 (SE13.6E2 FORMAT))
READ{4,73%) USZC,ALPPER,ALPUEU,&LPDPR
URITE(6,SS?)USZC,ALPPER,ﬁLPUEU,ﬁLPDPR
563 WRITE(&,361)
561 FORMAT(22HIS THIS CORRECT (Y/Ni7)
READ(4,536) 1
IF(1.EQ.1HY) 60TD 562
IFCILNE.THN)Y GOTD 563
GOTO 554
562 aLFINT=0.
ICNTR=0
ICNT=0
Ot bk
Caxetx INPUT INITIAL VARIABLE VALUES
Cakt®x
703 USIM=.09EB
|.57K=,43E8
GIM=.27E9
IF (ALFOFR.LT.EFSILON)GZH=0,
§5=.12E8
655=.12E8
Careds
Cexees INITIALIZE
W EET T
AVGFM® = O.
VARM=0.
FROD=0.
VARK2=0 .
FRODZ2=0.
AVGSSZ =
AVGFMZ =
AVGSSS =
AVGUSZ
AVGLSZ
AVGEE

0
0.
0

¥
Ceclwo

AVGBEYZ =
S5SRAERR = 0.
SSQEH2 = 0.
Ckdrsk
Ca##+4#% DAILY LOOP {BEGINNING)
LT LE]
DO 100 I=t,I1I
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[T LS
EEEEE INPUT DAILY FREFARED DATA
Dotm ™
NS = DATA(T, D)
HPLSE=DATA(4,1)
FLOU o DATA(E, 1D

Chbkks
(T TEE MASS BALANCE
T EE]

CALL GUTFLOW{NS)
RERRE)

DaTa(2,1)=NS
IF{I.LE.TISTIGOTE 100
AVGFM=AVGFHNS
VARK=VARN+NS 42
FROD=PROT+FLOWHNS
VARN2=VARN2 +N55++2
PROD2=FPRODZHFLOWERSES
AVGSSZ=AVBHESZ+53
AVBFM2=AVEFHI+NSS
AUGSSS=AVERE5+555
AVEUSZ=aVGUSZ+USINAVE
AVGLSZ=AVELET+.5IMAVE
AYGHZ=AVGRZ+GZH
AVOEVH=AVBEVH+EV AR
AVGEV2=AYGEV2+EVAFS
S5QERR=5SAERR+{FLOU-NG ) #+2
GGRER2=GSQAERZ+{FLOU-N3G) #+2
100 CONTINUE
Cadtk
Cwded+ DAILY LOOP (END)
T ET:
ETET E
Coevakd FINDALFLEY (INTERPBLATE ON  MEAN)
ETEE
R2=AVGFM/FI
IF{ARS(A2-MEAN) /MEAN.LT.0.00008)GOTD 790
ARZ=ALPLEV
IFCICHNTRLER.OIGOTO 704
ALFLEV=AAT+(AA2-AA1 Y+ {HEAN-G1 )/ CB2-0G1)
IF(ALFLEY.LE. 0. YALFLEV=ARZ/Z.
706 G1=A2
SRR
URITE(S,537)01 ,AAl
ICNTR=TCNTR+1
Gotd 703
704 ALPLEY=1.3kALFLEN
GOTO 70é
Cobsdobtan
Cosdsd FIND ALPINT (IMTERVAL-HALVING ON HSE!
EERREE
700 IF{ICNT.EQ.13B0TD 740
ALFI=ALPINT
M3ER1=850ERR/FI
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760

761 WRITE(4,559) MSER2,ALF2

[ *surs

Gkt SUMMARY INFORMATION

Crasss
762

399
555
557

WRITE(6,559) MSER1,ALF1

ICHT=1

PT2=0.
FPT3=HSER1
ALPINT=ALPDFR
ALFDPR=0.
GOTO 703
PT1=PT2
PT2=FT3
PT3=55QERR/FI

IF(ABS(FT3-PT2)/PT3.LT..00001,AND,ABS(FT3-PT1)/PT3,LT,..00001)

MSER2=FPT3
ALFPZ=ALFINT

ALFINT=(ALF1+ALP2) /2.
ALFDFR=ALFIFR+ALF2-ALFINT
IF(WSER2.GT.M5ER11GOTO 761

MSER1=MSER2
ALP1=ALP2

GOTO 703

AVGFM=AVGFM/F1
VARM=VARK/F I

YARN=YARN-AVGFid+¥2

FROD=PROL/FI

EXVA={PROD-HEAN+#2)+%2/VAR/VARN

AVBFHZ=AVGEN2/F]
VARM2=VARNZ/FI

VARAZ=VARM2-AYGF K24x2

FROL2=PROD2/F]

EXVA2= (PROD2-MEAN+¥2 ) +42/VAR/VARN2

AVBSSS=AVGESS/FI
AVBSSZ=AVGEST/FI
AVGUSZ=AYGUSZ/FI
AVELSZ=AVGLSI/FI
AVGGZ=AVG6I/F]

AVGEVH=AVEEVN/FI
AVOEV2=AVEENZ/FT
S3OERR=55GERR/FI
BSHER2=550ER2/FI

WRITE(&,558) ALFINT,ALFLEV

FORMAT(/,6E13.6E2)

WRITE(é,558) AVGFM,AVGEVM,SS0ERR,.EXVA
WRITE(6,559) AVGFH2,AVGEV2,55QGER2,EXVAZ
WRITE(4,55%) AVGSSZ,AVGSSS,AVEUSZ,AVELSZ AVEEZ
ALFUPR=ALPINT+ALFDFR

WRITE(6.559) USZC,ALPPER,ALFUEV,ALFEFR

FORMAT(4E13.56E2)
UWRITE (46,5570

FORHAT(ICHAGAIN (Y/N) OR START OVER (0)%)

READi4.556) |

GOT0 7.52



556 FORMAT(AT j
IF(ILER. THYI6OTD 554
IF(I.EQ.1HO0) GOTO 545
IF(I.NE. 1HN)BOTD 555
REWIND 7
REWIND 5
READ(5,1000) 11,12,13
WRITE{7,1000) 11,12,13
WRITE(7,1020) ISTART,INODAYS,INDFGOD
,020 FDRHAT(/,BHFROK IAY,14,7H TO DAY,16,3H IN,I3,11H-DAY GROUFS,/)
WRITE(7,1030)
1030 FORNAT(39H CONSTANT ALBEDS TRASE(C))
WRITE(7,559) CONS,ALBELS, TBASE
URITE(7.1040) AVBTA,AVGPR,AVGF, AVGHFLE, AVGNS, AVBEVF , AVGEVEF
1340 FORMAT(/, TAHBAILY AVERAGES,

¥ /Ly 37H TEAFERATURE (C):,E13.6E2,
+ ¢y 37H FRECIFITATION (CUB. M.):,E13.4E2,
¢ 7, 37H ELOU (CUB. M.):,E13.6E2,
+ /. 37H HEAT LOSS, WATER EQU. (CUB. M.):,E13.4E2,
+ 7 37H NET SUFFLY (CUD. H.):,E13.4E2,
+ / 37H EVAFOTRANSPIRATION (CUD. M.):,E13.4E2,
¥ /v37H  POT. EVAFOTRANSFIRATION (CUD. #.):,E13.4E2)
ALFDPR=ALFIPR-ALFINT
WRITE(7,1050)
1050 FORMAT(/,39H USZC(H3)  ALPPER(D-1)  ALFUEV(M-3),
¥ 24H ALPDFR{D-1) ALPINT(D~1))

WRITE{(7,559) USZC,ALFPER,ALFUEV,ALFDFR,ALFINT
WRITE(?,1040)
1060 FORHAT(/,3%H ALFLEV(H-3) ALPBU(D=1) ALFGEV(M-3),
* 26 ALFSF{D-1) ALPSEV{N-3))
WRITE(?,55%) ALPLEV,ALFGY,ALFGEY,ALPSF, ALFSEV
WRITE(7,1070) INDFGOD
1070 FDRHAT(/,I13,154-DAY STATISTICS:
WRITE(7,1080F HEAN,VAR,

+ AUGEN, AVGEVM, AVGSSZ,AYOUSZ, AVGLSYZ , AVGLL  SSRERR EXVA,
+ QUGERD, AVGEYD, AVESSS, AVGUST (AVGLSZ  AVGEZ, SSRER2 EXVAL
1680 FORHAT( 37H FLOW HEAN (CUD. #.):,E13.4E2,
+ /375 FLOW VARIANCE (CUD. H.)2:,E13.4E2,
+ S 37H HOGEL 1 MEAN (CUR. M.):,E13.6E2,
+ /374 EVAFDTRANSFIRATION (CUD. M.):,E13.8E2,
+ /437H MEAN 55 (CUH. H.):,E13.6E2,
+ /37 WEAN USIM (CUB. if.):,E13.6E2,
+ /L 37H WEAW LGif (CUR. #.):,E13.6E2,
/0374 HEAN GZM (CUB. H.):,E13.6E2,
+ /374 WSE (CUE. i.):.E13.6E2,
+ 7, 37H COEFFICIENT OF DETERMINATION:,E13.6E2,
+ i, 37H HODEL 2 MEAN (CUB. H.):,E13.6E2,
+ /37K EVAFOTRANSFIRATION (CUB. M.):,E13.8E2,
¥ /,37H MEAN 55 (CUR. M.):,E13.8EZ,
+ /37 NEAN USZH (CUR. M.):,E13.4E2,
+ /37K HEAN LSZH (CUR. N.):, E13.eE2,
y 7,374 NEAN GIM (CUB. #.):,E13.6£2,
¥ /374 HSE (CUB. M.):,E13.5E2,
¥ 134 COEFFICIENT OF DETERMINATION:,E¥3.6E2,/)
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WRITE(7,1090) INDPGOD
1090 FORMAT(IOHFLOW RATES IN CUBIC KETERS FER,13,5H DAYS,
+ / 40K ACTUAL MODEL)
IIST=116T+¢
DO 750 I=II5T,111
750 WRITE(7,1100) DATA(3,1),0ATA(2,D)
1100 FORMAT(2F20.0)
REWIND 7
REWIND 5
STOP
END
SUBROUTINE OUTFLOW (NS)
INPLICIT REAL (A-2)
COMNON/VAROF 7USZM,LSZH,BZN,55,EVAP HPLSE,USZNAVG,L5ZHAVG
COXMON/PAROF/USZC,ALFFER, ALFUEV, ALFINT,ALFDFR, ALFLEY
COMMON/FARGF2/ALPGU,ALPGEV, ALPSF ,ALFSEY
COMNON/INDICAT/I11,NSS,558,EVAFS, DAY, EPSILON, IFSILON, GPSILDN
COMMON/VAROF2/VRUN,VINT,VFER,V6U, VUEYV, ,ULEV
Cexrun
C ALPDPR = LINEAR RESERVOIR CONSTANT FOR DEEP PERCOLATION, INV. DAYS
C ALPGEV = FARTIAL CONSTANT OF GROUNDWATER EVAPORATION, INV. CUB. M.
. ALPGW = LINEAR RESERVOIR CONSTANJ FOR GROUNDWATER FLOW, INV.DAYS
C ALPINT = LINEAR RESERVOIR CONSTANT FOR INTERFLOU, INV. DAYS
C ALPLEV = PARTIAL CONSTANT OF LOWER ZONE EVAPORATION, INV. CUB. M.
C ALPFER = LINEAR RESERVOIR CONSTANT FOR PERCOLATION, INV. DAYS
C ALPSEV o PARTIAL CONSTANT OF SURFACE EVAPORATION, INV. CUB. M.
C ALPSF = LINEAR RESERVOIR CONSTANT FOR SURFACE FLOW, INV. DAYS
C ALPUEV = PARTIAL CONSTANT OF UPPER ZONE EVAP., INV. CUB. M.
¢ DAY TIME iN ONE GROUP OF DAYS (WEEK, MONTH, ETC.), DAYS
s EVAP TOTAL EVAPOTRANSFIKATION VOLUME, CUB. d.
C EVFRP = POTENTIAL EVARUTRANSFIRATION RATE, CUB. H./DAY
GZH GROUNDWATER ZONE HGISTURE, CUB. H.
C HPLSE = TOTAL ENERGY OUT (EVAF. + FOT. EVAP.} WATER EQU., CUB. H.
C
¢
¢
¢

[ LI ¢ ]

LSIH LOWER SOIL ZONE MDISTURE, CUB. M.
NS NET SUPPLY VGLUWE, CUB. H.
C kS BASIN OUTFLOW VOLUHE, CUB. H.

NSR
R

NET SUPPLY RATE, CUB. M./DRY
DUHHY VARIABLE FOR STORAGE OF INTERMEDIATE RESULTS

[ T U S | R [ N | I 1}

L 8§ = SURFACE WATER STORAGE, CUB. M.
CT = DUMMY VARIARLE FOR STORAGE OF INTERMEIIATE RESULTS
L uszc = UPFER SOIL ZOME MOISTURE CAPACITY, CUB. H.
c WUSIH = UPPER S03iL ZONE HOUISTURE, CUD. M.
C VDPR = DEEP PERCOLATION VY0lL.UME, CUE. H.
C VGEV =GROUNDWATER ZONE :ZVAPOTRANSFIRATION YOLUME, CUR. H.
C Gl = GROUNDWATER ZONE QOUTFLOW VOLUME, CUB. H.
C VIHF = INFILTRATION VOLUME, CUB. H.
C VINT = INTERFLOW VOLUME. CUE. 4.
£ ULEV = LOWER ZONE EYAFOTRANSFIRATION VOLUNE, LUB. fi.
£ VFER = PERCOLATION VOLUME. CUB. H.
 VRUN = SURFACE RUNOFF YOlLUik, CUB. .
C VUEV = UFFER ZONE EVAPOTRANSPIRATION VOLUME, CUB. H.
EER R
NSR=NS/DAY

EVFRP=HPLSE/2. /DAY
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904

905

706

903

910

IF(EYFRF.LE.DPSILONIG0TO 903
L=NSR/USZIC+ALFPER+ALFUEVFEVFRP

C=WSK/B

A=USIN-C

USZMAVG=A/B (1, -EXP (-B*DAY) }/DAYHE
I=ALPINT+ALFOFR+ALFLEV+EVFRF

IF(ABS(({D-B) /1) ,LE.EPSILON.OR.ABS(B~B).LE.DFSILONIGOTO 905
F=ALFFER+A/(D-B)

G=ALFFER*C/D

E=L578~F-G

LSZHAYG=(E/D# (1. ~EXF (~D#TAY) ) +F /B (1, -EXF (~B+DAY)) ) /DAYHE
G470 906

F=ALFPER*A

G=hLFFER*C/D

E=L5IMG

LSZHAVG= (E/ k], ~EXP (- (DAY ) ) +F /D2 (1, - (I DAY+ L)
+ #EXP(=-D*DAY) )} /DAY+E

EVPRFO=EVFRF
EVERF=HPFLSE/BAY/ (1. +ALFUEV+USZHAVG+ALPLEVHLSTHAVE)
IF(AES{ (EVFRF-EVFRFO)/EVFRF).GT.GFSILONIGOTO 904
B=HSR/USZC+ALFPER+ALFUEVEEVPRF

C=ALPFER*NSR/B

A4=ALPPER#USIN-C

T=EXP(-B*DAY)#A/ALFFER+NSR/B
USZMAYE={A/B¥ (1 ,—EXP{~B*DAY))/DAY+C)/ALFPER

R=NG+USZH-T

U5ZK=T

YINF=NS~R+NSR/USIC/

YPER=R#ALFFER/B

VRUN=NS-YINF

YUEY=R-URUN-VFER

G=ALFINT+ALPDPRAALFLEVHEVFPRP

TFCABS ((D-B)/1) . LE.EFSTLON, OR.ABS(I-B) LELDFSILON)GOTD 100
F=p/il-B)

G=C/D

E=LSIM-F-0

T=E#EXF{-D+DAY ) +F#EXF (-BHLAYI+0

LSIHAYG= (E/D# 1. -EXP (~D*DAY) ) +F /B3 (1 ~EXF (-B*DAY) ) ) /OAT+G
R=YPER+LSZR-T

IFCALPOFR.LTLEFSILONIGOTD 910

E=ALFDPR*E

F=aLPDFR*F

F=ALPUPR+E

LSZIN=T

YINT=R+ALPINT/D

VEPR=R*ALPDBFR/T

YLEV=R-NINT-VIFR

H=ALFGW+ALFGEVHEVFRE

TF (ABS{{H-0)/H) .LE.EFSILON.ORLABS(H-1) LE.DPSILONIGOTD 200
1F¢AES((H-B)/H).LE.EPSILON.OR.ABS(H~E).LE.DPSILON)GOTO 250
T={GIN-E/ (H-D1)-F/ (H-B)-G/H) *EXF (-H#DAY)
+ 2E/(H-DIREXP(~D*OATIHF/ (H-B)+EXF (-B#0AY ) +G/H
{F{ALPDFR.LY.EFSILOK) T=GZH#EXF{-H+DAY)

R=VIPR+GZN~T
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IF (ALFRBFR.LT,.EPSILONIBOTO 911
L=ALPGU*(GZM-E/(H-B)-F/(H-B)-G/H)
HW=E#{ALFINT/ALPDPR+ALFBW/ {H-11))
N=A*NSR/USZC/ALPPER+F+(ALFINT/ALPUPR+ALPGU/ (H-B))
D=C#NSR/USZC/ALPPER+G*{ALFINT/ALPDPR+ALPGU/H)
6070 912
911 L-O.
H=ALPINT*E
N=ALFINT#F+A+NSR/USZC/ALFPER
O0=ALFINT#G+C*NSR/USZC/ALPPER
912 BIM=T
VGW=R+ALPGU/H
VGEV=R-~YGU
F=RLFSF+ALFSEVHEVPRP
IF(ABS{(FP-H)/P).LE.EFSILMN.OR.ARS(P~H) ,LE.DPSILON}GOTO 300
IFCABS((F-T1)/P).LE.EPSILON.OQR.ABS(P-D).LE.DFSILONIGOTD 400
IF(ABS((F~B)/P),LE.EPSILON.OR.ABS(P-B).LE.DFSILONIGOTO 500
T=(§5-L/{F-H)-H/(F-D)=N/(P-B}-0/P)*EXP (-P*DAY)
+ AL/ (P-HYSEXP (~H*DAY )Y +¥/ (P-D) ¥EXP (~D*DAY I +N/ (P~B)#EXF (~B*DAYI+0/P
[11-0.
600 R=VRUN+VINT+VGU+ES-T
NE=R*ALPSF/P
§5=T
EVAF=VUEV+VLEV+VGEV+R-NS
GOTD 1000
500 T={88-L/(F~H)-M/(P-01)+N+DAY-0/P)*LXP(~F+DAY)
+ HL/AP-HYSEXP (-H#DAY )+ M/ (P=D)+EXP (-T1*DAY) +0/F
I[1I=1.
G018 600
400 T={§8-L/(P-H)+M+DAT-N/{P-B)-0/F)EXP{-F+DAY)
+ +LA(P=HI#EXP (-H#DAY) +H/ (P-BY*EXP (-B+DAY) +0/F
I11=2.
6070 600
30D T=(8G+L#DAY-8/(P~D)-N/(P-B)-0/Fi+EXP (-P£DAY)
t /AP -DY#EXP(-D#BAY )N/ (P-BYEXP (-B+DAY) +0/F
III=4.
GOTO 600
200 T=(GIM+E*DAY-F/{H=B}~-G/HI+EXF (~H¥BAY)
+ +F/(H-BY*EXF(~B*+DAY)+G/H
IFCALPOPRLT.EPSILON) T=6ZM+EXP (-H+DAY)
R=YIFR+GIM-T
IF(ALPOPR.LTLEFSILONIGOTE 913
L=ALPGU#(GZH-F/{R-B)-G/HI+ALPINT/ALPDPR*E
H=ALFGW*E
N=A+NSR/USZC/ALFFER+F* (ALFINT/ALPDFR+ALFEW/ (H-B))
O=C#NSR/USZC/ALFPER+G*{ALPINT/ALPDFR+ALFGW/H)
6G0TO 914
913 L=ALFPINTH*E
K=0.
N=ALPINT#F+A+NSR/USZL/ALFFER
D=ALPINT*G+C+NSR/USZE/ALFPER
914 Bin=;
VGU=R+ALFOU/H
VGEY=R-VGU
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PeALPSF+ALPSEVHEVERP
CCOABS U (F-H)/F) LEEFSILON.OR.ABS(F-H) .LE.DFSILON)GOTO 203
TF(ARS((P-B)/F).LE.EFSILON.OR.ABS(FP-B).LE.DPSILON)GOTO 204
Te(S5-L/(F-H)#H/ (F-H)#%2-N/ (P-B)-0/F)*EXP (~F*DAY)
b oH(LAP-H)+M/ (P-H) =25 ((P-H) DAY ~1) Y $EXF (-H*DAY)
+ +N/(P-B)+EXP(~B*DAY)+0/F
I111=8.
G070 600
204 T=(55-L/(P-H)+H/ {P-H) 44 2+N*DAY-0/P)+EXF (-F*DAY)
& H(L/(P-H)+N/ (F-H)®#2%{ (P-H)*DAY-1) }*¥EXF (~H¥DAY)+0/F
I11=9.
GOTO 4500
203 T=(S5+L*DAY +H/24TAY+52-R/ (F~B)-0/P)+EXP (-F+DAY)
+ +is (P-E)*EXP(-B*DAY)+0/F
111=14.
BOTO 690
100 T=(LSZR+AFTAY-C/ D) +EXP (-D#paY)+L/D
F=h
G=C/L
E=.5ZK-C
LOTHANGS (5 /0 (1 . -EXP (=T DAY Y ) +F /D24 (1, -~ (D#DAY+1 )
+ *EXF(-0+DAY) ) /DAY G
R=VPER+LEZH-T
IF{ALPDFR.LLT.EFSILON) GOTO 920
E=ALFIFR+E
FeplPIRRSF
G=ALFDFR#*G
920 L5IM=T
VINT=ReaLPfINT/L
VIFR=R+ALFOFR/D
YLEV=R-YINT-VDFR
H=ALFGW+ALFREYHEVFRP
IF CABS{ (H-T)/H) . LE.EFSILON,OR.ABS(H-1) (LE.IFSILONIGOTO 120
T=(BZH-E/(H-T)+F/ (H-D)#42-G/H)#EXP (-H+DAT)
boRCE/ (H=T) +F/ (H=T) 2% ((H-D Y= DAY -1 ) Y#EXP (-D#DATI+6/H
IFCALEDPRLLTLEPSILONY T=GZM+EXP (-HaDAT)
R=VDFR+GIN-T
IF{ALFOFR.LTLEFSILONIGOTE 221
L=ALPGR* (OZH4F/ (H-0 ¢ 2-E/ (H-I1) -G/H)
H=ALFGW# (E/ (H-D)=F/ (H-D)#x2) +ALFINT/ALFOFR+E
=M+ (NSR/USZD/ALFPER)#4
NeF#{ALFGU/ (H-D) +aLPINT/ALFORR)
0=C+NSR/USIC/ALFFER+5% (ALFINT/ALFIPR+ALFGU/H)
GOTO 942
721 L=0.
M=pLFINT#E+ANSR/USZIC/ALPPER
N=ALPINT#F
D=ALEINT#G+C#NER/USIL/ALFIER
g2 S1u=1
YGW=R+ALFGH/H
VEEY=R-YGY
Pzl FSF+ALFPSEVHEVPRF
IF(ABS((P—H)i?).LE.EPSILGN.UR.ABS(P~H).LE.DPSILUN)GDTD 139
IF(ABS({P~D)/?).LE.EPSILON.DR.ABS(Fwﬁ).LE.HPSILDN)GUTG 140
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T=(§5-L/ (P=H) =M/ {P=D)+N/ (P-D)%42-0/P)+EXP (-P¥DAY)
+ +L/(P-H)*EXP{-H*DAY)+0/P
+ H(H/(P-D)+N/ (P-D)#424((P-D)#DAY=-1) ) #EXP(-D*DAY)
IT1=14,
60TE 600
140 T={S5-L/{P-H)+H*DAY+N/2+DAY*#2-0/P ) ¢EXP (-P+DAY)
+ +L/(P~H)*EXP{-H*DAY)+0/P
I11=19.
6070 600
130 T=(55+L*DAY~H/(F=D)+N/(P-D)+%2-0/P)*EXP (-P#*DAY)
¥ +(H/(P-D)4N/(P-D)**2% ((P-D)*DAY~1) )#EXP{~D¥DAY)+0/F
II1=20.
GOTO 600
120 T=(GZH+E+*DAY+F/24DAT#+2-6/H)#EXP (-H*#DAY)+G/H
IF(ALFDFR.LT.EPSILON) T=GZM+EXF(-H#DAY)
R=VDFR+BZH-T
IF(ALPOPR.LT.EFSILON)GOTO 923
L=ALPGU*(GZH-G/H)+ALPINT/ALFDPR#*E
L=L+NSR/USZC/ALPFER*A
H=ALPGUHE+ALPINT/ALPDPR*F
N=ALPGW*F/2
0=C#NSR/USIC/ALFPER+G*(ALPINT/ALPIPR+ALPEU/H)
6JT0 924
923 L=ALPINT*E+A+NSR/USIC/ALFPER
M=ALFINT+F
N=0,
D=ALPINT+6+C*NSR/USZC/ALPFER
924 GIN=T
VGU=R*ALPGU/H
YGEV=R~-VGU
P=AlLPSF+ALFSEVEEVFRF
IF (ABSC (F-H)/F) JLE.EPSILON.OR. ABS{F-K) .LE.DPSILONIGOTO 423
Te(55~L/(P-H)+M/ {F-H)#+¥2-2%N/ (P-H)+43~0/P ) #EXF (-P#DAY)
& #(L/(P-H)+M/ (P-H)#*2% ((P-H)}#DAY-1) +N/(P-H}*DAY#+2
b =2aN/CP-H) s3I CP-H)*DAY-1) Y #EXF (-R+DAY)+D/P
I11=34.
60TO 600
123 T=(5S+L+DAY+H/ 24 DAT++2+N/ 3+ DAY#43-0/P ) #EXP (-F+DAY y40/p
I11=43.
GOT0 600
250 T=(GZN-E/ (H-D)+F+DAY~G/H)*EXP (~H¥DAY)
+ +E/{R-DY+EXP{-D+DAY) +G/H
IF(ALFDPR.LT.EFSILON) T=GZN+EXF{-H*DAY)
R=VDPR+GIN-T
IF{ALPDPR.LT.EPSILONIGOTD 915
L=ALFGU* (GZH-E/ (H=1) -G/ H)+ALF INT/ALPDPR*F
L=L+A*NSR/USIC/ALFFER
M=E+{ALPINT/ALPDFR+ALFGU/ (H-0))
N=ALPGU*F
D=C#NSR/USZC/ALFPER+G* (ALPINT/ALFEPR+ALPGW/H)
GoOTD 914
915 L=ALPINT4F+A+*NSR/USIC/ALFFER
M=ALPINT4E
N=0.
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D=ALPINT*G+C*#NSR/USZIC/ALFPER
916 GZN=T
VGW=R#ALPGU/H
VEEV=R-VGY
P=ALPSF+ALFSEV+#EVPRP
IFCABS({P~H)}/P) . LE.EPSILON.OR.ABS(P-H),LE.DPSILON)GOTO 255
IF(ABS((P-D)/P).LE.EPSILON.OR.ABS(P-D).LE.DFSILONIGOTO 254
T={§5-L/(P-H)-M/(F-D)+N/(P-H)*%2-0/P)*EXFP (~P+DAY]}
+ #{L/{P-HY+N/(P-H)*#2% ((P-H)*DAY-1) )¥EXF (~H#DAY)
+ +M/ (P-DY*EXP (-D*DAY)+0/P
II1=32.
GOTO 500
254 T=(8§5-1./ (P-H)+W*DAT+N/ (F-H)#42-0/P)+EXP (~F+DAY)
+ 4(L/(P=H)EN/ (P-H) #3525 ( (F-H)*DAY~1) }*EXF (-H¥DAY)+0/F
IT1I=34.
GBTO 500
255 T=(55+L*«DAY-H/(F-D)+N/24DAY+2~0/F ) ¥EXP (~P#DAY)
+ +M/(P-D)#EXF(-DI*DAY) +0/F
111-37.
GOTO 500
1000 IF(ABS{{F-B)/F).GT.EFSILON.AND,ABS(P-B).GT.DPSILONIGOTD yo5¢
R={NSK/USZC/ALFFER)
T=(555+R+A+DAY ~R#L/F)+EXP (~P+DAY)+R*C/F
1600 R=VRUN+555-T
NSS=R*ALFSF/F+VINT+VGU
§85=T
EVAPS=YUEV+YLEVHVGEV +R-R*ALPSF /P
RETURN
1050 R=(MSR/USZC/ALFFER)
T=(5G5-R#A/ (P-B)-ReC/P)eLXP (-P+DAY)
+ ¥REAS (F-E)#EXP(-B*DAY ) +R*C/P
GO TO 1600
END
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Appendix D.~--PARTIAL LISTING OF INPUT DATA FILE
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GENESEE RIVER AT PORTAGEUILLE NEW YORK

6-20-56 TO 9-30-72 : 5947 RECORDS
(1X,13,13,15,3X,2F10.2,2F20.0)

DAY MORTH YEAR THINCC) THAX{C) PRECIF{(M3/D) FLOW(M3/IN
20 6 1956 9.37 22.57 0. -9999.
21 6 1956 13.49 27.29 0. -9999.
22 6 1956 16.02 29.40 319480. -9999.
23 6 1956 12.77 28.15 1990867 . -9999.
24 6 1956 16.39 28.24 14544764. -9999.
25 6 1956 15.39 22.81 7028568. -9989.
26 6 1956 6.63 25.84 0. -9999.
27 6 1956 16.58 25.35 10858969. -9999.
28 6 1954 11.23 19.79 417006. -9999.
29 6 1956 8.80 21.18 0. -9999.
30 6 1956 5.56 28.86 0. -99%%,

1 7 1956 15.41 30.96 0. ~9979.
2 7 1956 17.04 26.88 19195725. -9999.
3 7 1956 11.82 27.74 0. -9999.
4 7 1956 12.36 23.35 0. -9999.
¢ ? 1956 13.43 22.06 23201000. -9999.
6 7 1956 14.98 20.27 20056641. -9999.
7 7 1956 9.91 25.26 114340. -9999.
B ? 1956 13.56 28.86 6564481. -9999.
9 7 1956 15.24 26.87 69128824. -9999.
10 7 1956 13.34 21.91 8504904. -9999.
11 7 1956 8.86 24.82 2444866. -9999.
127 1956 13.43 21.27 26621122. -9999.
13 7 1956 14.53 21.35 33918726. -9%99.
14 7 1956 13.25 20.94 15637723. -9999.
157 1956 8.78 24.42 279125. -9999.
16 7 1956 13.84 23.33 1281284. -9999.
17 7 1956 10.46 21.77 0. ~29¥9,
18 7 1956 5.97 23.80 0. -9999.
19 7 1956 7.21 24.47 0. -9999.
20 7 1956 15.43 21.18 7805410. --9999.
21 7 1956 15.03 25.65 14450601. -9999.
22 7 1934 15.01 27.01 11050658. -9999.
23 7 1956 15.01 25.41 7953380. -7999.
24 7 1956 14.09 25.62 3107367. -9999.
25 7 1956 12.51 25.22 625509. -9999.
26 7 1956 12.06 24.76 739849. -299%.
27 7 1956 13.67 29.12 13394635. -9999.
28 ? 1956 16.27 25.77 0. -9999.
29 7 1956 7.38 20.40 0. -9999.
30 7 1956 4.62 20.11 0. -9999.
31 7 1956 5.17 22.81 26904. ~§999.
1 8 1956 13.42 24.00 0. -79Y9.
2 8 1956 8.86 22.21 0. -F999,
3 8 1956 2.62 23.91 0. -§9%9.
4 8 1956 6.21 25.33 0. -1999.
5 8 1956 15.37 25.54 21886086. -9%799.
6 8 1956 16.67 22.24 33885096 . ~9999,
7 8 1956 16.04 23.07 50101247. -9999.
g 8 1956 13.84 26.42 23735709. -9999.
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9 8 1956
10 8 1956
11 B 1956
12 8 1956
13 8 1956
14 G 1956
15 G 1956
Ib 8 1956
17 8 1956
18 G 1956
19 8 1956
20 8 1956
21 8 1956
22 8 15756
23 8 1956
24 8 1956
25 8 1956
26 8 1956
27 6 1956
28 8 1956
29 8 1956
30 8 1756
318 1956
1 9 1956
2 9 1956
3 9 1956
4 9 1956
5 9 1956
6 9 1956
7 9 1956
8 9 1956
9 9 1954
10 9 1956
11 9 1956
12 9 1956
13 9 1956
14 9 1956
13 9 1956
16 9 1956
17 9 1956
18 9 1956
19 9 1956
20 9 1956
21 9 1956
22 9 1956
23 9 1956
24 9 1956
25 9 1956
26 9 1956
27 9 1956
28 9 1956
29 9 1956
30 9 1956
1 10 1956

12.27
16.02
10.69
14.19
11.87
15.54
10.89
9.23
13.26
14.47
16.58
10.03
6.64
4.63
9.01
10.08
5.09
5.73
8.61
13.03
14.65
13.72
15.87
15.38
16.68
7.49
8.48
11.38
14.94
5.61
4.47
.78

$ 21
9.96
11.14
9.22
14.99
1.93
5.22
9.62
3.77
.88
49
~-.38
3.03
9.57
5.74
1.54
=.34
-1.643
-.32
3.62
6.98
2.65

28.
23.
26.
24.
23.
24.
24.
28.
28.
26.
22.
19.
19.
20.
22.
20.
21.
22.
22.
27.
27.
27.
29.
28.
25.
24.
26.
28.
24.
18.
15.
15.
18.
18.
23.
25.
22.
15.
17.
19.
14.
16.
11.
14.
20.
23.
18.
15.
14.
14.
20.
21.
.47
16.

19

03
83
16
60
42
99
64
14
68
29
85
13
20
59
90
87
17
77
02
78
46
40
27
52
41
47
83
47
43
08
86
29
69
69
37
59
88
88
33
37
18
50
74
28
12
55
78
09
89
82
17
82

69

89

2502036.
46909006 .
26904.
20178.
107614.
29220683.
121066.
0.

0.
349747.
24922831.
662501.
0474637 .
0.

0.
32977099.
154696.
0.
1119863.
3383129.
69515564.
14285817.
20685513.
14168113.
20712416.
100889.
0.

0.
22565402.
8414104.
538072.
0.

0.
1062693.
3480654.
0.

53807.
6655280.
53427205.
7142908.
14195017.
0.
14319446.
7334597.
2280081.
2929130.
11444123.
30267.

0.

0.

0.

0.

107614.
921449.

-9999.
-9999 .,
-9999.
-9999.
-9999.
-9999.
7999,
-9999.
-9999.
-9999.
-9999.
~9999.
-9999.
-9999.
-9999.
-9999.
-9999.
-999%.
-9099.
-9999.
-9999.
-9999.
-9999.
-9999.
-9999.
-9999.
-9999.
-9999.
-9999.
~99%9%.
-9999.
-9999.
-9999.
-9999.
-0999.
-3999.
-9999.
-9999.
~7999.
-9999.
-9999.
-9999.
-9999.
-9999.
-9999.
-9999.
-9999.
-9999.
-9999.
-9999.
-2997.
-9999.
-9999.
946930.



ooy U1 WN

10
i1

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

OCoONLEDWNDN R

10
11
12
13

14
15
16
17
18
19

ol
<

21
22
23
24

10
10

1954
1956

10 1954

10
10
10
10
10
10
10
10
10
10
10
19
10
10
10
10
10
10
10
10
10
10
10
10

1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956
1956

10 19354

10
10
11
11
1

11
11

1956
1956
1956
1956
1956
1956
1956

11 1956

i1
11
B
11
H
11

1956
1956
1956
1956
1956
1956

11 1956

11
11
11
11
B

11
11
T

11
11
B

1956
1956
1956
1956
1956
1956
1936
1956
1956
1956
1956

1.62
4.28
6.04
3.65
-1.34
5.93
.99
~.28
-2.91
-6.06
-3.78
2.01
2.86
2.81
3.11
3.73
4.31
-5.22
3.57
6.58
5.61
11.66
4.02
-4.42
1.51
7.01
e
-.78
6.24
10.86
12.24
12.39
11.33
7.57
5.81
-.98
5.11
2.03
-,38
-8.22
-9.71
.63
-1.37
i d
5.29
1.44
-2.13
-6.34
-7.91
-4.11
1.89
-4.24
-9.33
-15.98

22.88
i8.67
18.92
15.41
13.47
12.97
19.27
14.32
9.46
9.78
17.12
22.66
25.03
26.32
25.24
25.56
16.64
15.81
16.77
21.91
20.29
18.57
15.26
14.36
i3.32
13.53
15.68
18.47
19.88
18.33
22.99
20.32
17.84
17.74
17.59
18.59
15.72
10.11
4.52
12
9.53
13.16
4.26
15.48
21.36
15.12
6.03
3.61
9.01
11.33
12.69
3.12
-2.66
-1.81
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538072.
4993982.
2182555.
2707176.

26904.
372012641,
10684096.

26904.

0.

O O O O OO0 OO o oo

20540906 .
3588269.
0.

0.
1597402.
0.

0.

0.

0.
766753.
45372937 .
2179192.
0.

0.

0.
2613013.
53807.
719672.
2471769.
0.
753301.
12308401.
0.

0.
3171263.
1432617.
0.

0.

551524.
32321324.
32099369.
7065560.
5417714.

858844.
846609.
871078.
797672.
760970.
998314.
2334293.
1575770.
1176934.
983633.
915121.
827035.
758523.
709586.
492458.
645968 .
611712,
628840.
560328.
507244.
533413.
967669,
660649.
773204.
694905.
616606.
616606.
579903.
555434.
543200.
552988.
834375.
3131965.
1810668.
1421610.
1250339.
1108422.
1044804.
978739.
695546.
863737.
836822.
075972.
973646.
954271.
717348,
912674.
1071719,
807440,
694905.
1583558,
7927788.
3939425.
2667064 .



Appendix E.—-INTERACTIVE TERMINAL SESSION EXAMPLE
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CONSTANT, ALBEDS, TBASE, ALPGU, ALPSF (SE13.4E2 FORNAT)

?  .3922BBE+15 .B00000E+00 .300000E+01 ,490000E-01 .100000E+%7
.392288E+15  ,B00000E+00 .300000E+01  .490000E-01 ,100000E+99

IS THIS CORRECT (Y/N}?

7N

CONSTANT, ALBEDS, TEASE, ALPGU, ALPSF (SE13.4E2 FORMAT)

?  .39228BE+15 .809000E+00 .300000E+C1 ,490000E-01 .100000E+99
.392288E+15  .BO9000E+00 .300000E+01 ,490000E-01 .100000E+99

IS THIS CORRECT (Y/MN)?

2y

FROM DAY 448 TO DAY 5947

L691844E+01  395773E+07 L 28294BE+07  .4379B2E+07
J395772E+07 L 312823E+07  .123138E+07

HEAN = .847148E+08 VARIANCE = LO35443E+1 4

USZC, ALPFER, ALPUEV, ALPINTHALFDPR (SE13.6E2 FORMAT)

P .508156E+08 .270000E+00 .114000E-05 .490000E-01
J50B156E+08  .270000E+00 ,1146000E-05 .490000E-01

IS THIS CUORREET (Y/H)7

(R
.B50921E+08  L.4350000E-07
LB44710E+08  .975000E-07
LG46783E+0B . BATA42E-07
LB471B9E+08 .B824977E-07
L100971E+16 O.
LB47254E408  L827251E-07
LB47323E+08 . 823543E-07
414436418 (4R0000E-O
LB470946E+08 L BI2YI9E-O7
VB47135E+08 . 8I0B3DE-07
LH11438E+16 . 245000E-01
LBA7121E+08  .BI00F0E-07
LB47094E+0B .B31G77E-07
LH03763E+H16 L 122500E-01
.847133E+08 . B28893E-07
L01756EH18 L 612500E-02
JJ01211E+16 J306250E-02
LA01052E+16 1531256402
JA01002E+16 L 780620E-03
L100984E+18 L 382813E-03
LB47139E+08  .82788VE-DTV
LB47171E+08  .B23%82E-07
J00RFFEHTS L 191404E-03
L00973E+16 0 L957031E-04
LH00972E+14 L 47BU1AE-04
LH00F71E+14 L239258E-94
JA00971E+14 L 119429E-04

LS98145E-03  .B27224E-07

LB47147E+08  .937SO2E+08  L100971E+16  .BAE170E+00
LB47147E+08  L937502E+08  .100971E+16  .B46170E+00
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.284856E-91 L 116530E-91 ,789213E+07 .I41781E+08 .343481E+08
L508156E+08 .270000E+00 .116000E-05 .490000E-01

AGAIN (Y/N) OR START OVER (057

TN
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Appendix F.--PARTIAL LISTING OF EXAMPLE OUTPUT
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GENESEE RIVER AT PORTAGEVILLE
FROM DAY 468 TO DAY 5947 IN 30-DAY GROUPS

CONSTANT ALBEDS TBASE(C)
.392288E+15  .B0F000E+00 .300000E+01

DAILY AVERAGES
TEMPERATURE (C): .4%1844E+01

PRECIPITATION (CUB. M.} .595772E+407

FLOU (CUE. M.): .Z2B294BE+07

HEAT LOSS, WATER EQU. (CUB. H.): .437982E+07
NET SUPPLY (CUB. M.): .593772E+07
EUAPOTRANSPIRATION (CUB. M.): .312823E+07

POT. EUAPOTRANSPIRATION (CUB. il.,: .123138E+07

USZE(K3) ALFFER(D-1) ALPUEV(N-3) ALPDPR{D~1)
.S0BIS4E+0B .270000E+00 .114000E-05 .489940E-0Q1

ALFLEV(H-3) ALPGU(D~1) ALPGEVI(N-J) ALFSF(D-1)

ALPINT(D-1)
LSPB14SE-03

ALFSEV(H-3)

L827226E-07 . 490000E-01 O. «100000E+%9 O.

30-DAY STATISTICS
FLOU HEAN (CUB. M.): .847148E+08
FLOU VARIANCE (CUB. M.)2: .455443E+14

MODEL 1 MEAN (CUB. H.): .B47147E+08
EUAPOTRANSPIRATION (CUB. M.): .937502E+08
KEAN SS (CUB. M.): .2848546E-91

HEAN USZM (CUB. M.): .789213E+07

HEAN LSZH (CUB. ii.): .I41781E+08

MEAN GZM (CUB. M.): .343481E+0B

MSE (CUB. M.): .100971E+16

COEFFICIENT OF DETERMINATION: .B846170E+00

MODREL 2 MEAN (CUR. M.): .BA7147E+(8
EUAPOTRANSPIRATION {CUB. H.): ,937502E+08
MEAN SS (CUB. M.)}: .114330E-91

MEAN USIH (CUB. M.): .78B9213E+07

MEAN LSZM (CUB. fi.): .341781E+08

MEAN 6ZH (CUB. il.,: ,343481E+0B

MSE (CUB. H.): .100971E+16

COEFFICIENT OF DETERMINATION: .BA4170E+00

FLOU RATES IN CUBIC HMETERS PER 30 DAYS

ACTUAL MODEL
7636611. 4711878.
11372951. 10973428.
14294485. 51652945.
51838923. 76264636.
46597772. 62983986.
58993506. 120874258.
271257568. 203417158.
247645485. 195451409.
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52930213.
94463016.
36815272.
15921638.
66576287 .
27405338,
86133942.
52998728.
205608633.
151202971.
295921796.
162162404.
61976214.
23519102.
11279972.
7330754.
25148701.
79794159.
130049971.
201938366.
144535312.
132934803.
122601764.
255940747,
159310464622,
160111945,
19934468.
12765205.
7482463.
5857753.
7920446.
23423678.
7710018,
33524264.
255842427 .
219873761.
254007291.
116824758.
40970021.
32198072.
21280238.
10934960.
12155938.
54826518.
46465644, .
47395449,
78499779,
37104618179,
104778923.
28114281.
10563045.
3196942.
4475285.
43522085.

89195430.
95640487 .
29009593.
25720708.
38253470.
25865859.
61232938.

48074090

70813502.

136882174.
*3006687915.
166153740.

81108239.
29814572.
6548410.
3348955.
6223526.
136433282.
113054554.

140222222.

113158060.
121456822.
105741606.

219502722

174471299.

137220710.

33324255.
10760846 .
4341413.

4521300

10563408.
13212826.
21476100.
62994751.
263768052.

223180333.

199060579.

153121868.

52400761.

18090750.

4146939.

4187719

34010489.

73404374

19134430.
75738759.
139789761,
15.4014993.
85919234.
40653514.

8595124.
17893296.
3158445.
124723997.
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