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DISCLAIMER

This report was prepared by P, R. Schroeder, A, C. Gibson, and M. 0.
Smolen of the U.S. Army Engineer Waterways Experiment Station, Vicksburg,
Mississippi under Interagency. Agreement AD=-96-F-2-Al40. The EPA Project
Qf ficer was D. C. Ammon of the Municipal Environmental Research Laboratory,
Cincinnati, Ohio.

This is a draft report that is being released by EPA for public comment
on the accuracy and usefulness of the information in it. The report has
received extensive technical review but the Agency's peer and administrative
review process has not yet been completed. Therafore, it does not neces-
sarily reflect the views or policies of the Agency. Mention of trade names
or commercial products does not constitute endorsement or recommendation for
use.
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FOREWORD

The Environmental Protection Agency was created because of increasing
public and governmental concerm about the dangers of pollution to the health
and welfare of the American people. Noxious air, foul water, and spoiled land
are tragic testimony to the deterioration of our natural enviromment. The
complexity of the environment and the interplay between its components require
a concentrated and integrated attack on the problem. .

Research and development is the first necessary step in problem solution;
it involves defining the problem, measuring its impact, and searching for
solutions., The Municipal Environmental Research Laboratory develops new and
improved technology and systems to prevent, treat, and manage wastewater and
the solid and hazardous waste pollutant discharges from municipal and: commun-
ity sources; to preserve and treat public drinking water supolies; and to min=-
imize the adverse economic, social, health and aesthetic effects of pollutiocm.
This publication is one of the products of that research-=—a vital communica-..
tions link between the researcher and the user community.

The Hydrologic Evaluation of Landfill Performance (HELP) program was.
developed to facilitate rapid, ecomomical estimations of the water movement
across, into, through, and out of landfills. The program is applicable for -
_evaluation of open, partially closed, and fully closed sites by both designers
. and permit writers,

FRANCIS T. MAYO -

Director

Municipal Eanvironmental Qesearcﬁ
Laboratory
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This document is a first edition draft being made available for public
review and comment. It has undergone review by recognized experts in the
technical areas covered, but Agency peer review processing has not yet been
completed. Public comment is desired on the accuracy and usefulness of the
information presented in this manual. Comments received will be evaluacted,
before publication of the second edition. Communications should be addressed
to Docker Clerk, Room S$-212, Office of Solid Waste (WH-562), U.S. Eavironmental
Protection Agency, 401 M Street, S.W., Washington, D.C. 20460. The document
under discussion should be Lden:ified by title (e.g., "The Hydrologie Evaluation
of Landfill Performance (HELP) Model"). ’
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PREFACE

Subtitle C of the Rasource Conservation and Recovery Act (RCRA) requires
the Environmental Protection Agency (EPA) to establish a Federal hazardous
waste management program. This program must ensure that hazardous wastes are
handled safely from generation until final disposition. EPA issued a series
of hazardous waste regulations under Subtitle C of RCRA that is published in
40 Code of Federal Regulations (CFR) 260 through 265 and 122 through 124..

Parts 264 and 265 of 40 CFR contain standards applicable to owmers and:
operators of all facilities that.treat, store, or dispose of hazardous wastes.
Wastes are identified or listed as hazardous under 40 CFR Part 26l. The
part 264 standards are implemented through permits issued by authorized states
or the FPA in accordance with 40 CFR Part 122 and Part l24 regulations. Tland
treatment, storage, and disposal (LTSD) regulations in 40 CFR Part 264 Lssued
on July 26, 1982, estaolish performance standards for hazardous waste land-
£ills, surface impoundments, land treatment units, and waste piles. :

The Environmental Protection Agency is developing three types of document:
for preparers and reviewers of permit applications for hazardous waste LTSD
facilities. These types-include RCRA Technical Guidance Documents, Permic:
Guidance Manuals, and Technical Resource Documents (TRD's). The RCRA Tachnica
Guildance Documents oresent design and operating specifications or design eval-
pation techniques that generally comply with or demonstrate compliance with
the NDesign and Operating Requirements and the Closure and Post-Closure Require:
ments of Part 264, The Permit Guidance Manuals are being developed to describ
the permit application information the Agency seeks and to provide guidance to
appiicants and permit writer3 in addressing the information requiraments.
These manuals will {include a discussion of each steap in the permitting prccess
and a description of each set of specifications that must be considered for
inclusion in the permict.

The Technical Resourcsa Documents prasent gtate=of-the-art summaries of
technologies and evaluation techniques determined by the Agency to constitute
good engineering designs, sractices, and orocedures. They support the RCRA
Technical Guidance Documents and Permit Guidance Manuals in certain areas
(i.e., liners, leachate management, closure covers, water balance) by des-
cribing curraant technologies and methods for designing hazardous waste facil-
ities or for evaluating the performance of a facilizy Jdesign. alchougn
emphasis is given to hazardous waste facilities, the information presented in
these TRD's may be used in designing and operating non—hazardous waste LTSD
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SECTION L

PROGRAM LDENTIFICATION

PROGRAM TITLE

Hydrologic Evaluation of Laadf{ill Perfotmadéo'xode}
PRUCRAM CODE NAME

HELP

WRITERS . .- -

Paul R. Schroeder, Anthony C. Cibson,'and Michael D. Smoien

ORCANIZATION

e —

U.S. Army :ngineer wa:erv;ys _xperiment Station (WES)
"DATE o
Augué:_l983
UPLATE
None - Versiom No.: |
‘ SOURCE LAHGUAC;
'IBM 360/370 and CDC Extended FORTRAN IV
AVAILABLLIIY
| A completa program listing is provided in Appendix A. Source cards and
magnetic tape are available froum the Office of Data Base Service, Mational *
_ Technical Information Service (NTIS). The program 1s addressahle an the U.S,

Eavironmental Protection agency Nationali Computar Jeniel 3ysSTIm. J30TuwIlT
accounts for the system are available through NTIS.
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two-dlmensional deteministic, ccmpu:er-based water budget model, The modeJ
as “aveioped ind zdapted reom the 1.3, Savironmental 9rotsction Agency HSSWDS
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model and the U.S. Department of Agriculture CREAMS Hydrologic model. The HEL?
model computes runoff by the Soil Conservation Service runoff curve aumber
method. Evapotranspiration s computed by a modified Penman method developed
by Ritchie and adapted for Limiting soil moisture in the manners of Shanholtz
and Saxton. Percolation is determined by applying Darcy's Law for saturaced
flow with modifications for unsaturated conditions. Lateral drainage {s com-
puted analytically from a linearized Boussinesq equation which is corrected to
agree with numerical solutions of the Boussinesq equation for the range of
design specifications used in hazardous waste landfills. The model uses clima-
tologic and design input data'in the form of daily rainfall, mean moathly
temperatures, mean monthly solar radiation, leaf area indices, soil character-
Lstics, and design specifications to perform a sequential daily analysis to
determine runoff, evapotranspirationm, percolation, and lateral drainage for
the landfill (cap, waste cell, leachate collectiow system, and liner) and to
obtain daily, monthly, and annual water budgets.

“(08 .



SECTION 2

ENGINEERING DOCUMENTATICN

NARRATIVE DESCRIPTION

. The Hydrologic Evaluation of Landfill Performance (HELP) model was devel-
oped to help hazardous waste landfill designers and evaluators estimacte the
magnitudes of components of the water budget and the height of water saturated
soll above barrier soil layers. This quasi-two-dimensional, deterministic
computer-basad water budget model was developed and adapted from the U.S. Zavi-
roomental Protection Agency Hydrologic Simulation Model for Estimating Perco-
lation at Solid Waste Disposal Sites (HSSWDS) (1,2) and the U.S. Department of
Agriculture Chemical Runoff and Erosiom from Agricultural Management 3Syu-
tems (CREAMS) Hydrologic model (3). The HEL? model performs a sequential
daily analysis to determine runoff, evapotramspiration, percolation, and
lateral drainage for the landfill (cap, waste cell, leachate collection
system, and liner) and obtain daily, moathly, and anaual water budgets. The
mcdel does not account for lateral {pflow and surface runoa. —

The HELP dodel requires climatologic data, soll characteristics, and
design specifications to perform the anmalysis. Climatologic input data con-
sist of daily precipitation values, mean monthly temperatures, mean acn'hly
solar radiation values, leaf area indices, evaporative zone depth, and winter
cover factors. Soil characteristics include povoaity, field capacity, wilting
point, nydrauiic coaductivity, wmter transmissivity evaporation coefiicient
and Soil Conservation Servics (SCS) runoff curve aumber for antecadent mnois-
ture condition II1. Design specifications counsist of the number of layers and
their descriptions including type, thickness, slope, and maximum lateral dis-
tance to a drain, if applicable, and whether synthetic membranes are to he
used (n the cover and/or liner. The HELP model maintains five years of
default climatologic data for 102 cities throughout the United States. Any of
seven dafault options for vegetation zay be specified. The modal also stores
default soil characteristics for 21 so0il types for use when measurements or
site specific estimates are oot availabdiae.

The model is orvdinarily ﬁsed in ﬁhe conversational mode., This enabpias
users to interact directly with the program and regeive output through the
sarminal ‘mmediztalv, Use of the modal does not require prior experienca with

.c@mpurer: STIgTSomIng; Tougf. 1ODe. iXDeri2acse CMuld. 158187 102 user I 2Iglna
20 ine <omputar Iystem :ind =anifurdring iata fils2s.  The wdei 23n 3i30 ta un
tn ZNe 5aTEN Iogae: aowaver., 113 S2gulres JOCe JS@MPULEX ISETILEAIII  TerLanc:

and extreme cars {n oreparation of {input data files.
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The definition skecch of a typical closed landfill profile is shown in
Figure 1. The sketch shcws six layers--chree in the cover or cap and thrse ia
the wasce, drain, an¢ liner system. Two subprofiles or modeling unics for
water routing are shown. A subprofile comsists of all layers becween (and
including) cthe landfill surface and the bottom of the cop barrier soil Layer,
between the boctcom of a barrier soil layer and the bottom of the next lower
barrier soil layer, or between the bottom of the lowest barrier soil layer and
the boctom of the lowest soil layer comsidered. 1In .the sketch, the top sub-
profile contains the layers of the cover, and the bottom subprofile is
composed of the waste, drain, and liner system at the base of the landfill.
Four types of layers are shown in the sketch: verctical percolation, lateral
drainage, waste, and barrier. '

Vertical percolation layers (e.g., layer | on Figure l) are assumed to
have great enough hydraulic conductivity that vertical flow in the downward
direction (i.e., percolation) is not significantly rescricted. Lateral
drainage is not permittad, but water can move upward and be lost to evapotran-
spiration, depending upon the specified depth of the evaporative zome. Per-

" colation is zmodeied as being independent of the depth of water saturated soil
“(i.e., the head) above the layer. Layers designed to support vegecation
should generally be désignated as vertical percolacion layers.

Lateral drainage layers are assumed to have hydraulic conductivizy high
enough that little resistance to flow is offered. The hydraulic conductivity
of drainage layers should be greater than or equal to the hydraulic conducgiv-
ity of the overlying layer. Vertical flow is modeled in Lhe same |mannaer as

-for a vertical percolazion layer° however, lacteral . outflov 1s allowed. This -
lateral drainage is considered to be a function of the slope of the boettom of
the layer, the maximum horizontal disctance that water omust traverse to drain
from the layer, and the depth of water saturated soil above  the top of the
underlying barrier soil layer. (Note: a lateral drainage layer may be under-.
lain by only another lateral drainage layer or a barrier soil layer.) The
slope at the bottom of the layer may vary from O to lQ percent, and the maximum
drainage distance may range between 25 and 200 feet. Layers 2 and 5 on

igure | ara lataral drainaga layers. :

Barrier soil layers serve the purpose of restricting vertical flow.
Thus, such layers should have hydraulic conductivicy substantially lower chan
for vertical percolation, lateral drainage, or waste layers. The program
limits the direction of flow in barrier soil layers to downward. Thus, any
wvagar aoving into a barrier layer will =ventually percolarcs through. Perco-
lation is modeled as a function of the depth of watar saturated soil (head)
above the base of the layer. The program recognizes two types of barrier
layers; those composed of 3soil alcne and those composed of soil overlain »v an
impermeadie synthetic membrane. In the latter case, the user must specify some
membrane leakage fraction. This factor may be thought of simply as the frac-
tion (range Q0 %o 1) of the maximum daily notantial mersolacicn (i.a., 'He sar-

ssiztdon TRzt voudd. scaur inona iosaencn X 2. iEmMprans) nTsusn Az ey
Znat i3 expeczaa £o actually occur on a dav with the membrane ‘2 »lacs ::d S-S
In2 Iame :128Q I N2 (ATTI3T .ayer. 8 28t LIzCT JI SpecLiying (ne jra2sencs

of a membrane is.-to reduce the effective hydraulic conductivicy of che laver.
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The program does not model agxng df che membrane Layers 3 and 6 shown on
Figure | are barrier layers.

Water movement Ehrough a waste layer is modeled in the same zmanner as for
a vertical percolation layer. However, identifying a layer as a waste layer
indicaces to the program which layers should be considered part of cthe landfill
cap or cover (see Figure 1), and which layer should be considered as parc of
the liner/drainage system. Layer 4 shown on Figure | is a wasce layer.

If the topmost layer of a landfill profile is -identified as a wasce layer,
the program assumes that the landfill is open. In this case, the user must
specify an SCS runoff curve number and the fraction (a factor chat may vary
from O to 1) of the potential surface runoff that is actually collectad and
removed from the landfill surface. ’

METHOD OF SOLUTION

The HELP model was developed to estimate daily water movement on the sur-
face and through the landfill. Precipitation is partitioned into runoif,
evapotranspiration, percolation, and subsurface lateral drainage to maintain a
continuous water balance. The HELP model computas runoff by the Soil Ccmsar-,
vacion Service (SCS) runcff curve number method (4) and percolation by Darcy's.
Law for saturated flow (5 with modifications for unsaturated conditions.
Lacteral drainage is compuced analytically from a linearized Boussinesq equa-
tion, corrected to agree with aumerical solutions of the non-linearized
Boussinesq equation for che range of design specifications used in hazardous-

" waste landfills (8). Evapotranspiration s decermined by a modified Penman’
mechod developed by Ritchie (7) and adapted for limiting soil moisture condi-
tions in the manner of Shanholtz et al. (8) and Saxton et al. (9). Solution
principles are described in detail below.

Mathematical modeling may deal with deterministic and stoachastic vari-
ables. A stochastic variable is one whose properties are governed by pursly
random=-time events and sequential relations as vell as functional relacicns
with other hydrologic variables. A determiniscic variable is one whose tem-
poral and spatial properties are known; i.e., it 1s assumed that the behavior
of gsuch a variable is definite and its characteristics can be predicted. The
HEL? model is deterministic in concept insofar as the model treats all vari-
ables and cheir relationships as being definitely known, although often with
empirical relacionships. However, the results of 20 years of simulation should
not be comsidered as simulation cthrougn a 20-year period since che effects of
aging of the landfill are not modeled. The simulation results should be used
to demonstrate the probabilities of various outcomes for the given characcer-
istics of the landfill.

Runoff

luring o jivent TzinZzil, CATsr S

-Jqqqa‘lan J—--gp—qgaq,d ey = an Y hm - P R T P,

2 Lt inemmgr PR .
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10N &4OQ <eVapoLransplratlon also OCCUTX Slmulfaneousiy Cnrougnout the peried.
Once rain begins 2o fall and the initial requirements of infiltration ara
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fulfilled, natural depressions collect the excess rain to form smal! puddlas,.
In additicn, a fila oz water begins to build up on permeable and impermeadie
surfaces within the raste disposal site. This stored water collects in small
tivuylets and is hence conveyed into small channels, and, thus, surface runoff
is produced,

The SCS curve number technique presented in Section 4 of the National
Engineering Handbook (4) was selected to model the runoff process bacause (10):

d. It is a well established reliable procedure.
b, It is computationally efficient.
¢. The required input is generally available; and

d. Various soil types, land use and management prartices can be can=-
venieatly handled.

The prucedures were developed fram observed runoff-rainfall relationshipzs foc
large storas on small -atersneds, as presencted in the following paragrachs [4),

Runoff was plotted as a function of rainfall on aritimertic grapr paper
having equal scales, ylelding a curve that becomes asymptotic to a straighe
line with a 45° slope at high rainfall as shown in Figure 2. The equation of
the sctraight line portion of the runoff_curve, assuming no initial abstraction
or lay between- the times when runoff and rainfall starts, tis

Q =p' -5§' (L)
where
Q = aczual runoff, iaches

?' = maximum poceantial runoff or actual rainfall aftar runofi star:s,
inches

S' = potential maximum retention Sy any means after runoff starts,
inches '
S' is a constant for a particular storm because it s the maximum retention
that can occur under existing conditions of watershed characteristics and rain-
£all intensgity if the storm continues indefinizely, The relation hetween ore-
cipization, rumofl, and re2tz2nticn {ihe differance Sertween ihe rainizi’ and
runoff) at any point oan the runoff curve was found to be

- -~
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RUNOFF, O

— Iy .
l—- RAINFALL, P

Figure 2. Relationship between runoff, precipitation, and retencion.

where

F = actual retention aftar vunoff starts, inches
= P' - Q

Substituting for F,

where P' {s the actual rainfall when initi{ial abstraction does not occur.

014
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If initial abstraction were considerad, the runoff curve would be trans-
lated to the vight, as shown in Figure l, by the amount of precipicacion
which occurred prior to the start of runoff. This amount of precipitation is
the initial abstraction. Therefore, to form the relationship with {nizial
abstraction analogous to Equation 3, the initial abstracttion would be sub-
tracted from the precipitation.

Pl P -1 : (%)
Equation J becomes P-1,-Q Q .
. sl = P - I ())
T Ca
where

P = actual rainfﬁll, inches
Ia = initial abstractioh, inches

In the SCS derivation (4), the maximum retention paramecter, S', in Equation 5
is termed S, but both parameters are equal.

' § =3’ (6)
Equation & has been corrected from the SCS derivation (4). .

Rainfall and runoff data from a large number of small experimental water-
sheds empirically indicated that (4)

Ia -AO.ZS | _ (7
‘Substituting Equations 6 and 7 into Equation 5 and solving for Q,
g . o025
(P + 0.85)

Performing polynomial division on Equation 8 and dividing both sides of
‘the equation by S,

ST A (9)
S .

Equation 9 is the normalized runoff-rainfall telationship for any S and is

B s - - e .-y
s et v e ——a R
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S, was transformed into runoff curve numbers, CN, to make interpolating,
wveraging, ind wmighting svarztions —ore nearlv linear. ag ‘nllows:
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Figura 3. SCS rainfall-runoff relation normalized on retention parameter S
L0C0

N T+ 10 : C(10)
. logo _

S N 10 (11)

The retantion 'parameter, S, for a given soil varies as a function of the
soil moistures in the following manner which differs slightly from the CREAMS

documentation (3) in that the watar content below the wilting point was not
_tacluded in their so0il moisturs rzemm: '

—_— (12)

-
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whare

D, = depth to Hottom of segment j, inches

]

VD -'vegetative or evaporative depth, inches

Therefore, the weighting factors for segments l, 2, 3, 4, 5, 6, and 7 are
n.111, 0.397, 0.254, 0.127, 0.063, 0.032, and 0.016, respectively.

The maximum value of S, S _, is the value of S at the lowest soil mois-
ture content which correspondsm¥o antecedent moisture condition I (AMC-I) in
the SCS method (4). S 13 related to the curve numbér for AMC-I, CNI, as
follows: mx .

S = 10090
| mx CNI
Generally, the curve number for a watershed is determined for average moistures
conditions (AMC-II) in the SCS method and the curve number is termed CMN__.

Y 1 ©an be estimated from Figure 4 which was developed from the relatiddaship
beEween soil hydrologic group and minimum infiltratiom rate (4,l.) presentead
in Table 6 and from the CN 1 values for various combinations of soil type and
vegetation type (4). In tge CREAMS development (3), CN_, was related to CNII

by the following polynomial: I

- 10 : (13)

| . . g 7~
Y. = =186, .34 2 - 0. h . N_. (14
CWI 16.91 + 1.3 8(CVII) Q 9l379(CYII) + 0 0001177(CVII) (14)

Summarizing the procadures used in the HEL? model to determine daily run-
off, the approach 1is:

a. Knowing CN__ for the site, compute CN

and Smx using Equactions L[5
and |5, raspectively,

I

b. Compute the daily depth-weighted retention parameter, Si}

¢. Compute the daily runoff, Qi’ by Equation 8,

Infiltration

Infiltration is equal to the difference between the daily precipitacion,
the sum of the change in surface storage of precipitation (snow), the daily
runoff, and the surface evaporation, If the mean daily temperaturs i3 Selow
32°F, precipitatiom is stored on the surface as snow and does aot contrisuca
to -infiltration or runoff until the mean daily temperature exceeds 32°F,

The daily snowmelt {3 computed as follows (4):

{9 tor I, s32o0c3NO, , =0
M, = ‘o.oe(ri - 32) for T, >32 and SNO}_, >0.06(T, - 32) (17)
BOFTO N STl il oama LU0, 0 sLlieTL - LD

\ -“- - -
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where
S = maximum value of S, inches
SM = soil water content in the vegetative or evaporative zone, inches

UL = upper limit of soil water storage and defined as the storage
capacity at saturation, inches

WP = wilting point of the soil or the lowest naturally occurring soil
water contant, inches -

Since soil water is not distributed uniformly thraoughout the soil profile

and since the soil moisture near the surface influmences infilcration more
strongly than that located elsewhere, the retention parameter should be deprh-
weighted. The soil profile of the vegetative or evaporative depth is, there=~
fore, divided into seven segments. The thickness of the top segment is set

to equal ome=-thirtysixcth of the thickness of the vegetative or evaporacive
depth and the thickness of the second segment is five-chirtysixths of the
thickness of the vegetative or evaporasive depth, The chickness of e2ach of
the bottom five segments is defined as one-sixth of the thickness of tlie
vegetative or evaporative depth. The evaporative depth 1is specified by the
user and is the maximum depth from which moisture can be removed by evapo-
transpiration, but this depth cannot exceed the depch to the top of the upper-

.most barrier soil layer. The depth-weighted retention parameter is computed

018

with the following equatioun (3): . ~

7 M - WP
sssul-z il =) | S )
j=l J i
where
wj = yeighting factor for segmen; 3
SHj = soil wvater content of segment j, inches
ULJ - satnr;:ea capacity of segment j, inches
_WPj = wilting point of segment j, inches

The weighting factors decrease with the depth of the segment in accordance
crieh cha f2lloying squation from. “he CREAMS davelooment ()

L \3%)'_';-;.16 (|
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 The dally runoff, Q , is computed from Equation 8 using the net rainfall in
inches, Pi’ whera :

Pi = PREi +'SN01_l - SNOi - ESSi (19

Therefore, the net daily infiltration is computed as follows:

INi = P1 - Qi (20)

where INi = infiltration on day i, {nches

Evapotranspiration

The evapotranspiration from a landfill cover 1is a function of the energy
available, the vegetation, the soil water transmissivity, and the soil water
content. The potential evapotranspiration is computed by a modified Pemman
method developed by Ritchie (7) and used in CREAMS (3). '

1.28 A H

£ - 11
-
o (fé + G)25.4 (21)
whére
Eo = potential evapotranspiration on day i, inches
i . ' ' .
R Y slope of saturation vapor pressure curve omday 1 = i
Hi = net solar radiation on day i, langleys
G = psychrometric conétant which is assumed to remain cons<ant at

0068 '

A, LS ccmputed wizh the follcwing aquation:

i
(21.255 - 5306/TK1)
e

5304
X

Ai =

(22

~
)
3
~

2
i
where TK, = mean temperature in °X on day {i. Hi is computed by the following
aquation:

(1 = I.)Ri
i SV R R 23
where
= 1ltade Tor islam mdiscica.. Rizh s issumed c2 camain CnsTant

at J.23

Ri = golar radiation on day i, langleys’

L4
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Figure 4, Relationship between SCS curve number and minimum

{infilzration rate (MIR) for various vegetative covers.

where

M, = amount of snowmelt on day {, inches

= mean temperature on day i, °F

SNOt = amount of'snowvatér at end of day (-1, inches

20 - <3
SNoi-l > ...Ei _Soi

for T

for TL 532

>32 and ESS,

SNOi = { SNO - M L .

i-1

y 9W0, _, = £33, iov I, 32 ana 43§,

-

. where PRE, = actual precipitation on day {, inches

L

13

———aea.
-

252 CAT2rT :VETOYATLIN N L&Y .. LRI

(18)
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where éSi a éctpaL soil evaporation on day i, inches

EPL = gctual plant transplration on day i, -inches

The model computes soil evaporation and plant transpiration separately.
The potential soil evaporation through the surface is predicted by the follow-
ing equation when evaporation is not limited by transmission of water to the
surface:

0.4 LAIt
ESO = £ e (29)

£ %

where

ES° = potential soil evaporation on day i; Inches
L

LAIi = leaf area index, on day i, of actively transpiring plants
measured on a scale of 0 to 3

NDuring the nongrowing or dormant period, the LAIL, which {s based on :he
Leaf area of actively transpiring plants, would be equal tn zero. However,

v the actual winter cover would not be bareground as a LAI index as used 1in
Equation 29 implies. This dead or dormant vegetative cover would reduce the :
heating of the soil surface in the same manner as actively transpiring plants-
and, therefore, would similarly reduce the potential soil evaporation. The

- potential soil evaporation for winter cover is computed as followss

._a- B = - S e "‘:-_. _—O ._4_ WCF """
ESO - Eo e ¢
i i

where WCT = winter cover factor

0y

= 0 for bareground and for row crops

1.8 for an excellent grass stand

1.2 for a good grass stand

0.6 for a fair grass starnd

0.3 f&r a poor grass stand

Soil evaporation occurs in two stages. Stage one evaporation is con-
trolled only by the energy available, while stage two evaporation i3 limited
also %y w<acar tTanamizsicn thrsugh the soll., 7o stage one,

Sl = ES, (31)

t
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Daily- mean temperatures and solar radiation values are intersolacted from
mean monthly temperatures and solar radiation values by fitting the monthly

values to a simple harmonic curve with an annual period using Fourier analy-
sis (12). The form“of the equation is

= 29 (L - 0.5) 27 (L - 0.5)
V’i V + A cos ) + B sin D

' (2&)‘

where

V. = interpolated value of day i

<u -
[}

average annual value
A = coefficient of the cosine tem
B = coefficient of the sine term

"~ ND = number of days in a year

The coefficleants of the equation are computed as follows:.

12 ’
12 h 12 S
hel ) '
Le=mr oL oL - b LZ ° .
3 e 2 V. sin {2Xth =03 (29)
12 ) h 12
h=l '

whaere

Vg = mean monthly value for month h

‘The daily potential evapotranspirative demand as calculated in Equa-
tion 21 is exerted first on water available on the surface, either snow or
precipitation. If adequate water is present on the surface to satisfy the
demand, water is not taken from the soil colum for evapotranspiration. “Any
demand in excess of the surface water is exerted on the soil column in the
forms of 30il evaporation and plant transpiration when above fraezing. That
portion of the potential evaporative demand that is met by evaporation of
surface moisture, ESS, is given for day i by '

Eo for Eo sSNOi_l * PREi
ESS, = i S A 27N
L Jewo., | » omE, 5 T sawo, . - EE,
oy - T2 = z N 213 &
--i —.i J o L J2 \ 8)

022
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ESl.  for ESIT. <U and ESS, + ESl., <E_
i ‘ i i i
ES2, for ESLT1 2l and ESSi + ESZi sE T(3%)

£, = <
: E - ESS. for ESLT, <U and ESS, + ESl, >E
i i i o]

L : :
E - ESS, for ESILT, =2U and ESS, + ES2, >E
\.oi i i i i o,
The potential plant transpiration is computed as follows:
‘ Eo LAIi ) '
EP i ©(36)

. where E?o = potential plant transpiratibn on day 1, inches
L -

The actual plant transpiration is equal to the poteantial plant transpiration
except when limited by low soil moisture or when the daily total of the sur-
face evaporation, soil evaporation, and plant transpiration exceeds the daily
potential evapotranspiration. . : -

EP  for EP + ESS, + ES, <E
—. oi °t i —-1 °i . .
EPDi - = . . . 37
- E - ESS, - ES, for EP + ESS, + FS >E
°i i i °L i i °L

where EPD. is the actual plant transpiration demand in inches on day {. The
actual evdpotranspiration varies as a function of the soil moisture and zhe

~ plant transpiration demand as showm by Shanholt= and Lillsrd (8); Saxtcnm,

. Johmson, and Shaw (9); and Sudar, Saxzon, and Spomer (13). Using the relacive
evapotranspiration rate curves for no-tillage areas given by Shanholtz and
Lillard (8), the following relationship was developed.

. sM, - P o
gpi - EPDi 1.20 - (4 EPDL) *\ ¢ - wp (38)

where EP, is the actual plant transpiration in inches on day i. If E?, as
Accmputediby Equation 38 is less than zero, it is set to equal zero; ané if
graatar tham ZPD , it i3 3et <9 equal D . The soil moisture. {ieid caoacity
and wilting poin% values used in EquationLBB are depth weightad as follows:

i 1~

;;.i o ;.-iA_‘_',

4

i3

023
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‘where ESli = stage one evaporation from soil on day i, inches.

Stage one evaporation occurs when the total-to-date of the soil evaporation
less the iafiltractidn is less than the upper limit for stage one evapora-

tion, U, The Llimit represents the quantity of water that can be readilv trans-
mitted to.- the surface., The total of soil evaporation less infiltratcion, E3.T,
is computed as follows:
i )
= F - b
ESl‘l‘i E Sk INk (32)
k=m

where -
ESk = soll evaporation on day k, as computed in Equation 35, inches
m = last day when ESIT equalled zero

The upper limit of stage one.evaporation in inches, U, 1s (3) . : ‘
. ) ‘
U [9 (a, - 3)0"2]/25.4 (33)

a = soil trangmissivity parameter for evaporatioh given in Table 6,
-~ mm/day "° .

whére

When ESLT, 1s greater than the upper limit Por accumulared stage one soil

~evaporatidn (7), in inches, stage one evaporation stops and stage Iwo evapo-

ratlion starts. Stage two evaporation from the soil {s computed by Egquation 34

N B _
1/2 1/2
ESZi a [cf - (ti - 1) ]/25.4 (34)

. '
whare

ESZi = stage two soil evaporation for day i, inches

¢, days since stage one evaporation ended

Since the daily total of soil evaporation, surface evaporation, and olant
transpiration cannot exceed the daily potential evapotranspiration, the daily
soil evaporatiomn is

~..024
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LAl g = Wl gg * ORI, 4
) . (2.3 = 1.7)
.80 * T30 = To0)

= 1.63

The ctoctal evapotranspiration (ET) is equal to the sum of the avaporation
from the soil (ES) and the plant tramspiration (EP): '
ES, + EP, when (ES, * EP,) < (E_ =~ ESS,)
ETi - i i 1 ; o, 1 (43)
Eoi - E;Si when (Esi,+ EPi) >(£oi - ESSi)
The evapotranspiration is distribu:ed'th:oughout.tﬁz evaporative zone of the
soil cover by the fullowing equation (3):

ET,(3) = ET, W(J) (44)

where

ETi(j) = evapetramspiration from seZitent j on day i, inches

W(j) = waighting factor for segment j from Equation l4

. This water extraction profile predicted by Equation 44 agrees very well
with profiles measured for permanent grasses by Saxton, Johnson and Shaw (9).
The depth of the extraction is the specified evaporative depth described previ-
ously. The cthicknessas of the segments are the same as those used to determine
the depth-weighted retention parametar for the SCS runoff curve number mecthod.

Soil moistura storage

AS wvater eatars the soil. it contributas its volume to either evapotran-
spiration, storage, drainage, or percolation. In the HEL? mcdel, 3 daily tize
intervai is used o avaluaza. zha components of zhe -atar balancs aquation. In
general terms, soil moistyre storage 13 computed as follows:

SMi = SML;l + 1/2 (INL - PEi -.ETi + INi—l.f PEi—l - ETi_l) (45)
where
M, = s0i]l moisture storage at midday L, inches
SM, , = soil moisturs sctorage at midday i-l, Lﬁches

IN, = infiltration during day i, inches

iz .. [ ot v ciroga. - ST " - - e -
S IRroCl&ATAl LWnd. (JAIZGEZY Tom Il o WLl o LAY .. LI 2=

&
2l
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7
FC = E: W(3) FC(3) . (399)
. j=l

: 7
WP = 3 () WR(§) (39¢)
=t |
where j refers to the number of a segment and W(j) is the weighting factor as
used in Equation 13 and computed in Equation l4.

The leaf area indices used in the model are typical values for a year
without severe dry periods during the growth season. The model uses leaf area
indices for thirteen dates throughou: the year to ecompute twelve rates of
change in the leaf area index as follows:

LAI(n) = LAI(m) (40)
n-m

NTAI(m to n) =

whare ODLAI(m to n) = the daily rate of change in the typical leaf area
index between day m and day n

LAI(n) = typical leaf area index on day n

~The daily leaf area indices are computed as follows:

AL ., + DLAL, for SM, | >CRITS or DLAL, 0
LAIt = ‘ ' - NCYY)
LAIL-I for SHL_I,sCRITS and DLAI¥ > q
whers LAIi = leaf area index computed for day {

DLAL, = dailv rate of change in the leaf area index for day L as com-
puted in Equation 40 for { between m and n

critical soil water content below which plant growth {s

- CRITS
' stopped due to inadequate soil water

WP + 0.1(FC - wP) - . (42)

Cxample: GCiven the following typical LAI values, a LAI on day 109 of l.AQ,
and a soll water content greater than the critical soil water con-

tent for plant growth:

Data . Al
60 0
80 - 1.0
) oL
220 13

rm
iy

LAI on day 110 would be:

19
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The model assumes that the soil moisture storage ot coatent of a barrier laver’
always remains at field capacity but creats the layer as being saturated for
computing percolatiorr. ‘

Aftep distributing the water from the top to the hoctom, the model checks
the seven segments above the barrier soil to insure that the soil moisture
storage of each segment does not exceed the saturated capacity or porosity.

If it does, the storage is set equal to the saturated capacity and the excess
{s added to the soil moisture storage of the segment directly above. Any
excess storage 1n the top segment is added to the surface runoff.

Vertical flow

. J .

The vertical flow submodel assumes that the soil profile consists of dis-
crete segments that are homogeneous with respect to hydraulic coaductivity,
total porosity, and field capacity. The soil profile is brokea into as many
as three subprofiles or modeling units. The top subprofile is composed of the
seven segments of the evaporative zone, as discussed previously in zhe sections
on runoff and soil molsture storage, plus ome segment for each soil layer
_between the evaporative zone and the top barrier soil laver, and one segment
for the top barrier soil layer. The second subprofile consists of one sagment
for each soil layer between the top barrier soil layer and the cecond barrier
soil layer plus one segment for the second barrier soil layer. The third sub--
profile 1s composed of one segment for each layer below the second barrier soil
layer. The vertical flow submodel simulates vertical water routing and perco-

‘tation through the top subprofile or modeling unit hefore repeating fhe procass
for the second and third subprofiles.

The rate of flow downward out of each segment is assumed to follow Darcy's
Law. ‘

q-k%‘} (47)

rate of flow, inches/day

~ Fe
[} [}

hydraulic conductivity, inches/day

h

gravitational head, inches

L

?ree outflow 13 assumed from each segment above the barrier soil layer and,
therefore, :

length {n the direction of flow, inches

/AL 2t LAy

L I S . fLa)

inc.

This assumption is reasonable as long as the hydraulic conductivities of the

a . .l g ‘ P - 2 dmd ! : . ‘ :
iagnents iCove N2 IETTLAr I0i. _EVRIr 72 ZAZJLLET T LngTagse Uil LnifT2asLnz

<2DTn3 oI N3 s8gmants. : 027
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-INi_l = {nfileration during day i=-l, inches

- PE = percolation and drainage from landfill during day i-l, iaches

i-1

E‘l‘i_l = avapotranspiration during day i-l, inches
Soil water is distributed among as many as aine layers and among seven
segments in the vegetative or evaporative zone. The model treats segments and
layers in an equivalent manner, and considers the landfill as being composed
of a minimum of seven segments and a maximum of gixteen segments (seven in the
vegetative or evaporative plus one for each additional layer below this zone).

The model initially distributes the soil water as follows for a landfill
composed of eight segments; seven segments in the vegetative zone plus a bar-
rier soil layer:

For segment 1 (top)
SMi(l) - SHi_l(l) + 1/2 [?Ri-l(l) - ?Ri_l(Z) - ETL~1 (L) R
- BRi(l) - DRL(Z) -?Ti(l)]
where ' |

DRi(l) = i{nfiltration during day {, INi from Equation 20, inches

DR (2) < drainage out of segment | and {nto segment 2 during day .~

inches
DR,_I(I) = {nfiltration ddring day i-l, INt-l’ inches
DRL- (2) = drainage cut of segment | and iato segmen:z 2 during day i-1,

inches
Tor segmant j; § = 2 to §
M (1) = SMy_ (1) + 172 [DRL-I(.J) TR D = ET D) (46b)
+# DR (4) = DR, (3 » 1) = ET (J)
For sagment 7

' SH1(7) - SMi—l(7) + 1/2 [PRL_L(7) - ?Ei-l - ETi-l(7) )
. (4é¢c)

* DR1(7) - PEi - ETL(7)]
For segment 3 (barrier)

‘L3d)

)
»
G)
-
u
1
4 Y
o
-~
-
]
8]
[}
-

028 .
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Iz = inflow to segment during present time stap, inches

01 = outflow from segment during previous time step, inches .

02 = outflow from ségment during present time step, inches

Equation 52 may be rewritten in terms of soil moisture aad drainage rates as
follows:

SM,(3) = SM,_|(§) = 1/2 [DR($) *+ DR, (§) = DR (j * 1) o)
- OR,_ (4 + ]

The outflow drainage terms, DR(j + 1), of Equation 33 should each include a
term for evapotranspiration. Therefore, the change in storage is written as

‘ BALL(J) - [DRL(J) --DRi(J +1) - ETL(j)] DT (54)
where

BAL (j) = change in moisture storag® {n segment j during time scap £,
' inches '

ETi(j) = evapotranspiration rate from segment j during time step 1,
inches/day

DT = time step, days
Eqﬁation’53 may be rewritten as follows:

SM, (§) = SM,_ (1) * BAL,_ (§)/2 + BAL (§)/2 (55a)

or
M, (§) = SM,_ (3) + BAL,_ . (1)/2 +

,\
w
wn
Q-

S~

DT [DR,(3) - DR, (§ + 1) - ET, (1)]1/2

Equation 55b may be substituted into Equation 5! to solve simultaneously for
drainage rate and soil moisture. The resulting drainage is.

DR, (J *+ 1) = 2x (1) (M, _, () -~ BAL, ,(§)/2 + DR, (4)DT/2
(56)
- ET,(4)DT/2 = ¥DC(})1/[2(UL(1)=4DC(4)) * k _(§)0T]

Moisture routing proceeds sequentially from the top segment to the hottem

segment, assuming free drainage at the bottom of each segment. An estimate of
infileration frcm <ha SCS -uneff 2quacizn <rovidas cha ‘afleyw <2 tRe taz cace

<801, 468 4a STLOTT 28Ti2ate JL +<I31nage Tca (ne 'OC'CC'B ségment oI N8 suo-

srogils Yz izea cz cofannl i otoisrTurs iziaznce. LnoTn2 anIsz o.sgmant (o s
supprorile. The percoiation from the parrier soil layer of one subprofile {s
ugsed 23s the 4drainage {nfo *the next suborofilas, Zecause draizage ‘22z 31 seg-
=enT -3 ‘arangant nilv n a2 cEgmant LDowa, 1 Isgment O3V SIg21v2 ITa

s S amis

2% " 029
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The hydraulic conductivity used in Equations 47 and 49 is a function of
soil moisture and varies from zero to the saturated hydraulic conductivizy
value, k . The unsgturated hydraulic conductivity, k , is defined by che
EoLLowing linear function of soil moisture: -

<, " ks (SMi - MDC) /(UL - MDC) (50)
where
MDC = minimum soil water content, vol/vol, for drainage to occur

The minimum soil water content for drainage to occur is the field capacity for
all soils below the evaporative depth and for all sands and gravels in the
evaporative zone. For agricultural soils and clays in the evaporative zone,
MDC is set to equal the field capacity when the profile is drying and to equal
yesterday's soil water content but aot grea:er than the field capacity when
the profile is wetting.

Routing of moisture from segment to segment is accomplished by a storage
routing procedure computed at the aid-point of the time {nterval. Mid-ooint
routing was selected to obtain an accurate and efficient simulation of simul-
taneous incoming and outgoing drainage processes. The mid-point routing pro=
cedure tends to provide relatively smooth, gradual changes that resemble the ..
actual flow process. This procedure avoids the more abrupt changes that result
from applying the full amount of moisture to a segment at the beginning of the
time step. The orocess is smoothed further by using time steps that are .
shortar than the period of interest.

Mid-point storage routing proceeds as Eollows. The drainage rate from
segment j can be written as : :

DR, (§ + 1) = k_(§) (SM,(§)=MDC($))/(UL($)-¥DC(})) (51)

DRi(j + 1} = drainage racte from segment j during :ine stap £,
inches/day

SM (j) = 30il moisture content of segment j at mid-point of the
time step i, inches

This drainage rate can be computed from the equation of continuity.

: I, =+ I 0, + 0
- 1 2 - 1 2 (s2)
AS 3 3

where

QS = change in mMmolsTure 3TOT3age .ol jegEent JetwWeen aid-9olnts Jr

ITRVYLoUusS Ln2. :::geqt T rma. TAOna belebot-X ]

o=l e e . amemaml L mem e e R paPPR-

T. = {a2flsw <o segmant durinz srevious time stsp. iaches

030 | 23




whera

= dimensionless drainable porosity

2 time, days

gravitational head, inches

effective saturated lateral hydraulic conductivity, inches/day
= lateral position in the directicn of drainage, inches-

= dimengionless slope
= recharge flux perpendicular to lateral flow, inches/day

DY K KRNI o

The recharge flux is equal to the infiltration rate less the evapotranspira-
tion rata.

For application in the lateral drainage submodel, a steady-state
assumption,

ELI
= 0 o (61)

is used. This assumption is justified if the time step is selected suffi-
clently shert so that there is little change in head. With the stsady-state

assumption, Equation §0 reducas to

'ﬁ s %)- . _R/K (62)
whére _' - . ' ' o .— .
y = thickness of water profile at k, inches
= h ~-ax ’ |
The boundary conditions are
h=0atx=0 . - (83a)
Looarx=t (e

Qhére
L = lataral distance from the crest to the drain, inches

“quation 82 was linearized by 3Skaggs (4) ¢o the folliowing form:

ZK;(v_ +al)

v -

31
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moiscure than it can hold. 1[f cthe moisture content of a sagment is greéacer
than ics tocal porosicy, che excess moiscure is added to the sagmenc abcve ic.
In this way, the mo¥scure contents of segments are corrected by backing up
water from bottom to top. [f the entire profils becomes sacuracad, any excess
moisture at the surface is added to the runoff for the day.

After the moisture content of each segment is corrected for excess water
content, the cocal head or thickness of the water column in the profile is
computed by comparing segment moiscure contencs with their corresponding tocal
porosities. The head computacion begins at che boczom of che profile. Total
head (TH) in inches is compucted as

Z TS(5) ((SM3) - FC(3))/(UL(§) = FC())] (57)
j=m ' :
where

TS(j) = chickness of che segment j, inches

“he heads computed within consecutive segments are accumulatad from the lowest
segment above the barrier soil layer, n, of the subprofile. When a segment, .
m, that is not saturated is encountered while moving up the subprofile, TH is.
seC equal to the accumulated head. |

The percolationechrough a barrier soil layer ts alscecomputed using
Darcy's Law as given in Equation 47 where

dh _ TH + TS(n+l) (58)
. dr TS (a+1) '
and
TS(n+l) = chickness of the barrier soil layer, inches
Theretore, 4
.y TH + TS(n+l)
QPERC ks(n*l) TS (a+l) (59)
where
QPERC = percolation rats through che barrier soil layer, inches/da&
Lateral Flow
The literal 1rzinage supomocel is Zased on The loussinesg :cuiafics waich
24y :e «rizian as
£ Bag= ((a - xa) ==} = ] | 34
N L s J 1% } ’ N ]

3t Ix
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ABSTRACT

The Hydrologic Evaluation of Landfill Performance (HELP) program was
developed to facilitate rapid, economical estimation of the amounts of surface
runoff, subsurface drainage, and leachate that may be expected to result from
the operation of a wide variety of possible landfill designs. The program
madals- the effects of hydrologic processes including precipitation, surface
storage, tunoff, infiltration, percolatiom, evapgtranspiration, soil moisture
storage, and lateral drainage using a quasi-two-dimensioaal approach. Ia this
document, the theories and assumptions upon which the HEL? model 1is based, the
solution techniques employed, and the intermal logic of the computer program
are presented and discussed in detail.

i This report was submitted in partial fulfillment of Interageqcy Agrﬂement

Number AD-96-F=2-A140 between the U.ST Environmental Protection Agency and the
U.S. Army Engineer Waterways Experiment Station. This report covers a period
from April (982 to August 1983, and work was comple:ed as of Augusc 1983,

vi ’ 1?:3;3
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technical areas covered, but Agency peer review processing has not yet been
completed. Public comment is desired on the accuracy and usefulness of the .
information presented in this manual. Comments received will be evaluated,
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Protection Agency, 40l M Street, S.W., Washington, D.C. 20460. The document _
under discussion should be identified by title (e.g., "The Hydrologic Evaluation
of Landfill Performance (BELP) Model'). ' .
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model and the U.S. Department of Agriculture CREAMS Hvdrologic model. The HIL?
model computes runoff by che Soil Conservation Services runoif curve aumber
method. Evapotranspiracion is computed 5y a modified Penman method develaped
by Ritchie and adapted for limiting soil moisture in the manners of Shanhol::z
and Saxton. Percolatioan is determined by apnlying Darcy's Law for sazuraced-
flow with modif{cations for unsaturated conditions. Lateral drainage is com-
puted analytically from‘*a linearized Boussinesq equation which is correczad to
agree with numerical solutiocns of the Boussinesq equation for the range of
design specificacions used {n hazardous waste landfills. The model uses clima-
tologic and design input data in the form of daily rainfall, mean monchly
temperatures, mean monthly solar radiation, leaf area indices, sotl charactec-
istics, and design specifications to perform a sequential daily analysis to
determine runoff, evapotranspiration, petrcolation, and lateral drainage for

the landfill (cap, waste cell, leachate collection system, and liner) and to
obtain daily, monthly, and annual water budgets.
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The definition skecch of a ctypical closed landfill profile is snowmn in
Figure 1. The skatch shows six layers--chree in che cover or cap and thrae in
the wasce, drain, and liner system. Two subprofiles or modeling unics for
water routing are shown. A subprofile consists of all layers becween (and
including) the landfill surface and che bottom of the top barrier soil layer,
between the bottom of a barrier soil layer and the bottom of the next lower
barrier soil layer, or between cthe botzom of the lowest barrier soil layer and
the boctom of the lowest soil layer considered. 1In the sketch, the top sub-
profile contains the layers of che cover, and the bottom subprofile is d
composed of the waste, drain, and liner system at the base of the landfill.
Four types of layers are shown in che sketch: vertical percolation, laceral
drainage, wasce, and barrier.

Vertical percolation layers (e.g., layer | on Figure l) are assumed to
have great enough hydraulic conductivicy cthat vertical flow in the downward
direction (i.e., percolation) 1is not significantly restricted. Lateral
drainage is not permicted, but water can move upward and be lost to evapotran-
spiration, depending upon the specified depth of the evaporative zone. Per-
colation is modeled as being independent of the depth of water saturated soil
(i.e., the head) above the layer. Layers designed to support vegetation
should generally bde dasignatad as vertical percolazion layers.

. Lateral drainage layers are assumed to have hydraulic conductivity high
enough that little resistances to flow is offered. The -hydraulic conductivity
of ‘drainage layers should be greater than or equal to the hydraulic conducziv-
'Lty of the overlying layer. Vertical flow is modeled in the same manrer as
for a vertical percolation layer; however, lateral ocutflow i3 allowed. This-
lateral drainage is considered to be a functiom of the slope of the bottom of
the layer, the maxizum horizoncal distance that wvater must traverse to drain
from the layer, and the depth of water saturated soil above the top of the
underlying barrier soil layer. (Note: a lateral drainage layer may be under-
lain by only another lateral drainage layer or a barrier soil layer.) The
- slope at the boticm of the layer may vary from Q zc 10 perzsanz, and :he aaxizum
drainage distance may range between 25 and 200 feet. Layers 2 and 5 on
figur: | arz lacaral drainage iayers.

- Barrier soil layers serve the purpose of rescricting vertical flow..
Thus, such layers should have hydraulic conductivity substantially lower than
for vertical percolation, lateral drainage, or wasce 'layers. The program
limics the direction of flow in barrier soil layers o dowaward. Thus, any
vater aoving into a bartier layer will eventually percolats througn. Perco-
lation is modeled as a function of the depth of water saturated soil (head)
above the base of the layer. The program recognizes two types of barrier
layers; those composed of soil alone and cthose composed of soil ovarlaiz by an
impermeable synthetic membrane. In the latter case, the user must specify some
membrane leakage fraction. This factor may be thought of simply as the frac-
=ion (range 9 %5 ') af =he =axi=mum 43ily -otantizl -~erzcalacisn ‘i.a.. =Sa ter-
ZSl4TISW (NAT YOuUid JGSUIrT .3 e iDsenca UI cle I|ADTENEe; nTSugh (NR .ayer
that ls expeczad <5 igzeallv <ezur onm 3 <av vien Tna <amprans n tizzs sms ciim
ine same 12ad Jn ke sarTier lsyer., 'he agc efiect of speciriying che presence
of a membrane is to reduce the effective hydraulic conductivicy of the laver.
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The program ddes not model aging of the membrane. Lavers J and & shewn on
Figure | are barrier layers.

Water movement Ehrough a waste layer is modeled in the same manner as for
a vertical percolation layer. However, identifying a layer as a waste layer
indicates to the program which layers should be considered part of the landfill
cap or cover (see Figure l), and which layer should be considered as partc of
the liner/drainage system. Layer 4 shown on Figure | is a waste layer.

I1f che topmost layer of a landfill profile is identified as a wastce layer,
the program assumes thac the landfill is open. In this case, the user austc
specify an SCS runoff curve number and the fraction (a factor that may vary .
from 0 cto 1) of che poctential surface runoff chat is- actually collected and

_removed from the landfill surface. :

METHOD OF SOLUTION

The HELP model was developed to estimate daily wacter movement on the sur-
face and through the landfill. Precipitation is partitioned into runoff
evapotranspiration, percolation, and subsurface lateral drainage co zmaintain a
continuous wacer balance. The HELP model computes runoff by the Soil Counser-
vation Service (SCS) runoff curve number method (4) and percolacion by Darcy'’s.
Lav for saturated flow (5 with modifications for unsacurated conditionms.
Latéral drainage is computad analytically from a linearized Boussinesqg equa-
tion, corrected to agree with numerical solutions of the non-linearized
Boussinesq equation for the range of design specifications used in hazardous
waste landfills (6). Evapotranspiration is determined by a modified Penman
method developed by Ritchie (7) and adapted for limiting soil moiscture condi-
‘tions in the manner of Shanholtz ec al. (8) and Saxton et al. (%8). <Soluzion
‘principles are described in detail below.

Mathematical modeling may deal with deterministic and stochascic rari-
ables. A s:ochasclc variable is one whose properties are govermed by surely
random=Cize 2vents and sequential ralations as well as Jlunczional relacicus
wich ocher hydrolcgic variables., A deterministic variable is one whose tem-
-‘poral and spatial properties are known; i.e., it is assumed that the behavior
"of such a variable is definite and its characteristics can be predicted. The
"HELZ model is deterministic in concept insofar as the model treats all vari-
ables and their ralationships as being definitely knowm, although often with
" empirical relationships. However, the results of 20 years of simulation should
not be considered as simulation through a 20-year period since the effects of
aging of the landfill are not modeled. The simulacion results should be used
to demonstrate the jrobabilizies of varicus outcomes 13T the given zharactaz-
istics of the landfill. :

Runoff

MNyymd oy 2 mdreng mmdadal® rmmar TalTioa = -

...-_-.- Tem s Sae e ——— T C R emam e o . - Erna TLz2TC:Z - T e - — . PPN

c¢inuaidly LRCEtCEPtGQ oy crees, piants, root surraces, ecc. However, anxl:ra-
tion and evapo:ranspiration also occur simul:aneously chroughou: the period.

Tty .- - cAam.—ea - P C-n - - . cAmLLToImant s - [, .-
C - —— e emes . S immeee .- - — Rrppey Cema . - —— ....—-..--.-—-. - 1 e mmesaTLLn .- -
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RAINFALL, P

Figure 2. Relationship between runoff,vﬁrecipi:a:ion, and retention.

where

F = actual retention after runoff starts, inches
= pP' =« Q

Substituting for F,

PP=0.2 ' (1)

wheres P' {s the actual rainfall when initial abstraction does not occur.
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Figure 3. SCS rainfall-runoff retation normaiized on cecentica paramezsr 3,
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s « 228 - 10 (1)

The retsntion parameter, S, for a given soil varies as a function of the
soil mpisqure i the following manner which differs slizhzly frzm :he CREAMS
documentation (3) in that the water content below the wilting point @s a0t
included in their soil moisture term:

\iay



where
Dj = depth to Yoctom of segment j, inches
VD = vegetative or evaporative depth, inches

Therefore, the weighting factors for segments l, 2, 3, 4, S5, 6, and 7 are
n.l1l, 0.397, 0.254, 0.127, 0.063, 0.032, and 0.016, respectively.

The maximum value of S, S 1s the value of S at the lowest soil mois-
ture content which correspondsmfo antecedent moisture condition I (AMC-L) in
the SCS method (4). S is related to the curve cumber for AMC-I, CM_, as
follows: mx L

1000 . :
smx - —Eg; - 10 (15)

Generally, the curve number for a watershed 'is determined for average moisture
conditions (AMC-II) in the SCS method and the curve number is termed CN...

o | can be estimated from Figure 4 which was developed from cthe reiatiddiship
between soil hydrologic group and minimum infiltratiom rate (4,ll) presented
in Table 6§ and from the CN,. values for various combinations of soil type and
vegetation type (4). .In the CREAMS development (3, CNI wags related to CVII =
by the following pOlfﬂOﬂ¢3l :

e e ——— e 3r e

Y% . o.oooun(cnny3 (14)

CNI - -16.91 + 1.348(CH__) - 0.01379(CN

II I

Summarizing the procedures used in the HEL? azodel to determize daily run-
off, the approach is:

a. Knowing C‘II for the site, compute C?I and Smx using Iguations 1§
and 135, raspectively,

b. Compute the daily depth—veighted retention parameter, Si'
¢. Compute the daily runoff, Qi' By Equation 8.

Infiltration

Infiltration is equal to the difference between the daily precipization,
the sum of the change {n surface storage of pracipitation (snow), the daily
runoff, and the surface evaporation. [f the mean daily temperacure is neiow
32°F, precipitation is stored on the surface as snow and does not contribute
to infiltration or runoff until the mean daily temperatuyre exceeds 32°F,

Tiz. 4ailv moumess. S 1S=DuIas o8 CSLlSWs 4
‘ - ST .i - - pleg -.-ni-i 2 ’
R A.08¢(T. = 12) far T, 572 and SO, . 5>N.N&/T - 7). 71
; >3 SNO . - 32
‘SNOi-l for ri 32 and § f-1 <0 06(1‘i 32)
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The daily runoff. Qi’ is compuzed from Equation 8 using the net
inches, Pi' where

Pi = PREi + SNOi-l - SNOi - ESSi

Therefore, the net daily infiltration is computed as follows:
‘ INi = Pi - Qi
where INL = infiltration on day {, {nches

Evapotranspiration. : .

E B wa,

rainfall

(19

(20)

The evapotranspiration from a landfill cover is a function of the energy
available. the vegetation, the soil water transmissivity, and the soil water
content. The potential evapotranspiration is computed by a modified Penman

method developed by Rizchie (7) and used in CREAMS (3).
. 1.28 ALHi
(Ai + G)25.4

Eo = potential»eyapotranépiration on day i, inches _.
A, = slope of saturation vapor pressure curve on day i '

H, = net solar radiationm on day i, langlays

G = psychrometric constant which {3 assumed to remain constant at

0.68

A, is computed with the following equation:

(23)

i
5104 <21f255 - SBOA/IKi)
AT T e
Txi
where TX, = mean temperature in °X on day 1. Hi is‘computed:by the following
equation:
1 -
o 1 L)Ri
i 58.3

ers

. 4 3ileqc or s0.ar cagidtion, 4nich L3 485Uumea Q9 2maLln I3nstant

at 0.23

* 30lar rzaizticn <m iay L., .angiavs

L4

045



;"4616

where "ESi = actual soil evaporation on day i, fnches

<EP1 = actual plant transplration on day i, laches

The model computes soil evaporation and plant transpilration separataly.
The potential soil evaporation through the surface {s predicted by the follow-
ing equation when evaporation is not limited by :ransmission of water ta the
surface:

-0.4 LAL

S =E e L 29

where

F.'So = potential soil evaporation on day {, chﬁes,
i

LAL, = leaf area index, on day i, of actively transpiring plants
measured on a scale of 0 to 3

Nuring the nongrowing or dormant period, the LAI, which s bdased on the
leaf area of actively transpiring plants, wuld be equal tn zaro. However,
the actual winter cover would not be bareground as a LAI index as used in
Equation 29 implies. This dead or dormant vegetative cover would veduce the -
hea:ing of the s0il surface in the same manner as actively transpiring plants
and, therefore, would similarly reduce the potential soil evaporation. The
potential soil evaporiation for winter cover is computed as follows:

"=0.4 WCF (1)

FS, =E e : T
o o, ~

whare WCT = winter cover facter

for bareground and for row crops

1.8 for an excellent grass stand

1.2 for a good grass stand

0.5 for a fair grass stamd

0.3 for a poor grass stand

Soil evaporation occurs in two stages. Stage one evaporation is con-
trolled only by the energy available, while stage two evaporation is limited
alac by watar tTansmission :inrough the soil. Ia 3tage ome,

ESli - Eso, ‘ (31?



ESL, for ESIT, <U and ESS, » S, sE  ~ 7 ’ -

ES2, for ESIT, =U and £S5, » £52, <€ ‘ (3%)

ES. = < :
L £ - ESS. for ESIT, <U and ESS, + ES1, »>E
°i i i i i OL

kEoi - ESSi for ESITL 22U and ESSi - ESZ:.L =E°i

The potential plant transpiration is computed as follows:

EP i (36)

where E?o = potential plant transpiration on day {, inches
i

The actual plant transpiration is equal to the potential plant transpiration
except when Limited by low soil moisture or when the daily total of che sur-
face evaporation, soil evaporation, and plant transpiration exceeds the daily h
potential evapotranspiration. : - :

EP for E? - ESS, + ES, <E
o o i i o}

i i i
- - -] v -
Eo ESSLI ESi for E.o + .SSi + ESL >Eo

{ | t 1

_an

__EPD, .=

where EPD. {s the actual plant transpiration demand in inches on day {. The
actual evipotranspiration varies as a function of the soil moisture and the
plant transpiratiocn demand as shown by Shanholtz and Lillard (8); Saxtcnm,
rahnson, 3nd Shaw (9); and Sudar, Saxton, and Spomer (13). [sing the relartive
evapotranspiration rate curves for no-tillage areas given by Shanholtz and
Lillard (3), the following relationship vas developec.

| . sM, - P
Ep, = €0, [1.20 - (4 €20 +\——7 8

where P, s the actual plant cranspiration in inches on day i. I ZP, as
computed by Equation 38 is less than zero, it is set to equal zero; and if
greater than EPD_, it is set to equal EPD,. The soil moisture, field capacity
and wilzing poin% values used in Equation 38 are depth weighted as follows:

7
M, = L W) M, (D) (39a)

21
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LAl Lal + DLAL

110 109 {10

) . (2.3 = 1.7)
.80 * 120 = 1o0)

= 1.63

The total evapotranspiration (ET) is equal to the sum of the evaporation
from che soil (ES) and the plant transpiration (EP):
ES, » EP, when (ES, ® EP,) < (E_ = ESS,)
ETi - | i i i i oi i (43)
E°i - ESS, when (ESL * EPi) >(Eoi - ESSi)
The evapotranspiration is distributed throughout the evaporative zome of the
s0il cover by the fullowing equation (3):

E‘ri(j) - ETL W(i) (64)

where |

EIi(j) = evapetramspiration from segment j on day i, inches

W(j) = weighting factor for segment j- from Squatiocn l4

This water extraction profile pradicted by Equétioh 44 agrees very well
vith profiles oeasured for permanent grasses by Saxtom, Johnson and Shaw (9.
The depth of the extraction is the specified evaporative depth described previ-
ously. Thé thicknesses of the segments are the same as thcse used to determine

the depth=-weighted retention parameter for the SCS -runoff curve number method.

301l molsiure storage -

AS water encers the soil, ic¢ contribuctes its volume to either evapotran-
spiration, storage, drainage, or percolation. In the HELP model, a daily tine
interval is used to evaluate the componeants of the water balance equation., Ia
general terms, soil moisture scorage is computed as foiliows:

M, = SM _, +1/2 (IN - PE = ET + IN,_ | = PE,_, = ET,_|) (43)

where

R

soil moisture storage at midday 1, inches

soil misture storage at midday i{-l, inches

2

L
.

infiltration during day i, inches
PE, = percolation and drainage from landfill during day {, inches

B : - - Qe - L Cmn -
- ""EOE-..D...-..-_-_..“. SLTLNZ &y L. Lnclias
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The model assumes that the soil moisture storage or content of a barriac laver
always remains at field capacity but treats the layer as being saturated for
computing percolatiorr,

After distributing the water from the top to the hottom, the model checks
the seven segments above the barrier soil to insure that the soil moisture
storage of each segment does not exceed the saturated capacity or porosity.

If {t does, the storage is sat equal to the saturated capacity and the excess
is added to the soll moisture storage of the segment directly above. Any
excegs storage in the top segment is added to the surface runoff.

Vartical flow

The vertical flow submodel assumes that the soil profile consists of dis-
crete segments that are homogeneous with respect to hydraulic ecdaductiviey,
total porosity, and field capacity. The soil profile is brokea {nto as many
as three subprofiles or modeling units. The top subprofile 1s composed of the
seven segments of the evaporative zone, as discussed previocusly in the sectiocas
on runoff and soill moisture storage, plus one segment for each soil layer
between the evaporative zone and the top barrier soil laver, and one segrent
for the top harrier soil layer. The second subprofile consists of one sagment
for each soil layer between the top barrier soil layer and the second barrier
soil layer plus one segment for the second barrier soil layer. The third sub-"
profile {3 composed of one segment for each layer below the second barrier soil
"layer, - The vertical flow submodel simulates vertical water routing and perco-
lation through the top subprofile or modeling unit hef@re repeating the process
for the second and third subprofiles. i

The rate of flow downward out of 2ach segment {s assumed ro follow Darcv's

Law.
.« 40 ‘n 7
where

q = rate of flow, inches/day
k = hydraulic conductivity, inches/day
h = gravitational head, inches

L = length ia the directiocnm of flov.‘inches

Free outflow is assumed from each segment above the barrier soil layer and,
therefore, ' .

aLd

This assumption is reasonable as long as the hydraulic conductivities of the
izgmenTs 1ISVe 1nE ATITLEY SLL JiYRT T2 IZI_iT .T LnIST23se LIS ISTTEIlng

o e et = PrC e - .- i ety -

ieptis oI :he segmentis.

* 050
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'Iz_= "inflow to segment during praseant time steo, anhes
O1 = outflow from segment during previous time step, inches

Oé = outflow from segment during present time step, inches

Equation 52 may be rewritten in terms of soil moisture and drainage rates as
follows:

SM,(§) = SM _,(§) = 1/2. (DR (§) + DR _ (§) = DR (§ + 1)

-1 (53)

BR, (3 + D]

The outflow drainage terms, DR(j * 1), of Equation S$3 should each include a
term for evapotranspiration. Therefore, the change in storage is written as

BAL, (§) = [DR,(§) = DR, (§ + 1) - ET (§)] OT (54)
where

BALi(j) = change ‘in moisture storage in segment j during time step £,
inches

ETi(j) = evapotranspiration rate from segment | during time step {1,
inches/day

-v;. DT = time siep. days” ' SR e el

- Equation 53 may be rewritten as follows:

. /2 ) /2 ‘Sia
S (3) = SM,_ ($) + BAL,_ (§)/2 + BAL (J) 52a)

Qor

M (1) = sM,_ (1)« 3AL, _ (D)/2 +
CT (DR, (§) - DRi (j = 1) - ETICJ)i/z

Equatibn'SSb may be substituted into Equation 51 to solve simultaneously for °
drainage rate and soil amoisture. The rasulting drainage is

DR (3 + 1) = 2k (4) (SM,_ () + BAL,_,(1)/2 » DR, (1)DT/2
- (56)
= ET,(1)DT/2 - MDC(4) ]/ [2(UL($)=DC()) *» k_(§)DT]

Moilsture routing procseds sequentially from the top segment :2 :the 3n:i:om
segment, assuming free drainage at the bottom of each segment. An estimate of

infiltration from the SCS runoff equation provides the inflow to the top seg-
lent. z:nd an 2 cvicrd aseimara of Irzinage from fRe Morism tagment oF tna runa-

ororila .3 3eq o spt3iz 4 =Soisture salanca in Ine sottom segment aor :Ine

' - . ; . . -
Ty emgn e - - - R — - R RS, .- . C - =
ERS Yuh v igania it Y 3 RT3t iCn .:-—a 2 IATTLArD iCi. LatAar [T 2 L uZTTTILL: -

used as the qrainage into the next subprofile. Because drainage {nto a seg—
ment is devendent anly on tha segment zbove. 2 segment mnav raceive Tore

24
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dimensionless drainable porosity

time, days '

gravitational head, inches

effactive saturated lateral hydraulic conductivity, inches/day
lateral position in the direction of drainage, inches
dimensionless slope

recharge flux perpendicular to lateral flow, inches/day

The recharge flux is equal to the infiltration rate less the evapotranspira-
tion rate. '

For application Iin the lateral drainage submodel, a steady-stace
assumption,
dh , .
3t Q ' (51)

s used. This assumption i{s justified {f the time scép i3 selactad suffi-
clently short so that there is little change in head. With the steady-state

assumption, Equation 60 reduces o

e - ARl 7
where |
y = thickness of wacer profile at x, incﬁes
| = h «ax |
The boiundary conditions are
| h=0atx=20 | (63a)
$aoacx=t (635)
whers
L = lateral distance from the crest to the drain, {riches
Fquation 62 was linearized by Skaggs (6) to the following Eorm:_
AR T TR

ATAT = ' - L

26
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han zan anold. LI the moisture conient of ~2nt Is greatars
wresity, the excess moisture 1s added o se@gment ascve LI
) < moPsture concents of segments are co:cr 2y backing up
waztuar ziiu 3w.fm to cop. LI che entire profile becomew < _uracted, any excess
Mesctiere 42 che surface is added to the runoff for the
a7 -gr-Fme woistyre content of each segment is co- T : {or excess wazarw
= 1e, t»2 r-:zal.head or thickness of the water colu . .. the profile is
<l tad 9+ coamparing segment moiscure contents with ' ~¢.  :otresponding total
= LTiag Tha "+ - ' computation begins at the botzom - w profile. Tocal
: CRoo 70 L. .t computed as
a .
3 E TS(j) ((SMyj) = FC(j))/ (VL. ;. )] (37)
j=m
res e
Ty ‘ckness of cie segment j, iaches
+d within consecutive segments are act ‘i 'd from the lowest
e barrier soil layer, n, of the subprr '’ When a segment, .
- icuracted 1s encountered while moving :. - ibprofile, TH is,
- accumulated head. e
“ion through a barvier soil laver is ..~ - .puted usinag
.ven in Equazion 47 where
dh _ TH + TS(n+l) (33)
ds IS(n+l) :
chickness of the barrier soil layer, inc
There. -2,
- TH + IS(n-1) .
PERC = k _(n+l - 59
Q s( ), IS(n+l) (39)

cecolation rate through the darrier soil 1- .z, inches/day

(s .
The  ca-3l irainage sSUDmEG2L Ls taseq o e figu 153 2QuUaTICh <“aIcn
=3y = YvizzIan i ‘
ah . 3 3h )
fom X == [(h = x2) =— ! + £2Q)
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o | |
o » v ] . .
c, = (;L-) ' (59)

Therefore, the final form of Equacion 64 is

where

0.16
| -2 |
QAT = 2 (0.510 » 0.0Q205 <L) Ky(y (QL) * aL) (70)

L2

Linkage Between Verfical and Lacteral Flow Submodels
Two assumptions are used to link the vertical and lateral flow submodels:

l) The steady-state assumption that change in head i{s not a function.
of time and

2) That the draihagé rate estimated at the aid-point of the time inter-
val is effective throughout the time interval.

For these assumptions to hold, the computational time interval must be suffi-
ciencly small so there {s little change in head. Because the magnitude of
change in head vith time (3h/3t) increases with increasing head, as shown in
‘Figure 5, the. computational time stap in the model i{s set to provide accept-
able accuracy for most of the expected values of head. The accuracy of esti=-
maring percolation is not very sensitive to the size of time step because che
percolation rates at higher heads are smaller than cthe lateral drainage rates
and because the higher heads last for amuch shorter periods of time than the
lower heads. ' Therefore, acgceptable time steps for lateral drainage are also
acceptable for percolation. As shown in Figure 5, four equal time steps per
day yield acceptable accuracy for heads less than 30 inches.

The second assumption, that the drainage rate at the midpoinc of the time
step is applicable :zarcugnour Ine time stap, L3 alsc dependen: 2n selaczing a
time step that i3 sufficiently small. As shown in Figure 6, nonlinearity is
not a prodblem when the time step i3 less than one day.

Convergence Scheme

The drainage race from che bottom of the profile must be equal to the sum
of lateral flow and vertical percolation. The two flow submodels are aligned
by an {terative procedure that works as follows:

l) An a priori escimate of the drainage rate from the bottom profile
segment is obtained; on the first iteracion this is estimaced to be
she drainzge =af2 from che srsvicus %ime sga9.
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where
yo = thicknegs of watar profile above Sarvisr
v = average thickness of water nrofils adove
between x = Q0 and x = L, inches

QLAT = lateral drainage rate, fanches/dav
Q

The lateral hydraulic conductivity of a multila
puted as follows:

m

. T k(D) A
K - =
fay!
2 4w
j=m

where
d(j) = thickness of saturated soil in segment j
a = number of segment directly above barrier

‘m = number of segment containing the surfacqg
- or top of the water profile in the soil

Although Skaggs (8§) used an elliptical profile
Equation 62, the shape of the profile deviates from
vary. To provide accurate estimates of faterval draj
range of O to 10 percent, L from 25 ft to 200 ft, aq
a correction factor vas developed to adjust Zguatiod
cal solutions of the 3oussinesq eduation (Tquation
factor, Equation 84 =23y de wristen as

2¢, K;‘(yo ral)
QLAT = .
i X

where

C1 = 0.510 « 9.00205 & L

and

L « drainage distance, inches

The sariable. 7 . ‘3 unknown duTing the sinw:a
Setween 7 and y; ¥3s 1evelioped =-f :ne ‘2Llowvin
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values may be quite differant from actual daily values. However, computed and
actual monthly and annual toctals of the daily evapocranspiration siiould e
similar. .. '

The vertical water routing, percolation, and laceral drainage submodels
contain several assumptions. Drainable volume of water in soil can be defined
by an escimate of field capacity and tetal porosity. Drainable soil wacter,
thac in excess of field <dapacity, drains freely through the soil profile at a
rate defined by Darcy's Law with a hydraulic gradient equal to one and a
hydraulic conductivity thac is a function of soil moisture conteng. The unsac-
uratad hydraulic conductivity is assumed to be a linear function of soil mois-
cture between total porosity and minimum storage capacitcy for drainage.

Because Darcy's Law is assumed, there can be no dirsct channels to quickly
rouce water vertically from the surface to the water table. Water in excess
of the total porosicty of a segment is assumed to belong to the segment above.
Excess water from the top segment is added to the surface runoff for the time
step. Vertical routing, lateral drainage, and percolation through a barrier
soil layer occur at a uniform rate through the time step. Equal amounts of
infiltracion and evapotranspiration occur in each time scep within a day. The
laceral drainage and vertical percolation are assumed to be at steady-state,
i.e., head is constanc during a time step. The approximation to the 3oussinesg
equation developed by Skaggs (6) for the range of design specificacions for
landfills is assumed to estimate lateral drainage adequately when used with
appropriate correction factors. Barrier soil layers remain saturated and
percolation through barrier soil layers is not restricted or aided by segments

below-the barrier soil. o

The model uses several simplifying assumptions and assigns constants for
several variables. Table | contains the constants used in modeling the hydro-
- logic processes. Table 2 lists the variables which are assigned values wnen
default soil daca input is used. Correction factors, which adjust che default
nydraulic conduccivizy of che top layer for the various vegetacticn types, are
also liscad in Table 2. Table 2 also contaias che coefiiciencs chac arz used
to calculace the defaulr runoff curve numbers as a function of vagetacion.

The model assumes that vegecatiom nas no ocher 2ffects on the soil character-
istics, such as porosity, field capacity, and wilting point. The model also
assumes that surface runon does not occur, and that the water table is below
the landfill. The model does 7ot simulate the effects of aging on the landfill
syscem and, therefore, the simulation run demonstrates the range and frequency
of resulrs for a given condition of the landfill. When using an impermeable
liner, a leakage fraction is used by permitting only thac fraction of the -
potential daily percolacion through a barrier soil layer to actually percolacte
on that day. This use of leakage fraction is identical to the effect of
reducing the hydraulic conductivity of the barrier soii. Typical leaf area
indices used in the default climatological data for excellent grass and a good
row crop are iisted in Table 3. Winter cover factors and correction factors

A = : 1 . . - -
- - - 2 F emmpe e am . J T H- w
$CoT2Rr TIZnNCE .2 SsgeLIITI . IT2 LL3C TLvAn L il L.
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3) The average head for the profile (y) and the efisctive lataral con-
ductivity K are computed.

%) Lacteral flow and percolation through the barrier layer are computed,
and

5) If cthe sum of lateral flow and vertical percolation is nat accept-
ably close (= 5 percent) to the initial estimate of drainage rate
used in step |, a new estimate is ohbtained, and the aew estimate of
drainage racte is returned co step l, - If the convergence criterion
is met, summaries are ohbtained and computationn begins on the next
time step.

. v

The new 2stimate of drainage rate, teferred to in step 5, i{s obtained by
comparing the previous estimate with the computed value for the sum of lateral
flow and percolation. If the computed rate is too high, {t is used as the top
of an acceptable range of values, and {t is averaged with the previous low
estimate. If the computed value is too low, it i{s taken as the bottom of the
ranke and is averaged with the previous high estimate. In this way, the best
estimata L3 appreached. fram one side at™a time, When consecutive estimaies
are acceptably close (<5 percent), the Lteration is ended.

LIMITATIUNS, ASSUMPTIONS, AND CUNSTANTS

The HELP model is a dezemministic, quasi-two dimensional modei that devel-
ups a loang=-term water balance tased .on historizal or simulated daily raiafall
records. The HELP model 'is no more complex than a manual tabulation of mois-
ture balance, but the HELP model makes available a more completes data Sase and
a state=of=-the—art system for computing an accurate water budget over a wide
variety of climatic, soil, and vegetative conditions. [nfiltration of -ater
through the soil surface is calculaced using che SC3 runofi curve aumper tach-
aique. The SCS %achnique relatas runoff 25 soi! <ype, land use, soil! slope,
and management practices using daily rainfall records. The actual rainfail
intensity, duration, and distribution are not considered. Factors such as
slope and surfice roughness, which would be important if individual rainfall
or storm eveats were used, are considered in the context of the land use/land
management factors used in the selectiom of the SCS runoff curve number. The
SCS tecimique developed for watersheds and large plocs of land s assumed o
provide zood estimates of infiltration for landfills. The retention paramecer
S, ussd to calculate the runoff curve aumber, can be computed from 3 depth=
weighted average of soil moisture in the soil profile.

The evapotranspiration submode! {s based on a modified Penman relation-
ship which relates evapotranspiration to the available energy based on daily

czmperzture ind. :3ilv :olar Tadiszizn.  The zodei izes ot use sctial lailc
remperacurs ind solar radiation values: instead. mean daliiv remperatur2 ana
3CLdf TsEdlacsicocn Values JQC2TTulalad ITSM IRAN 10OTni S lRATTETEF ILI= ind oS! AT

radiacivn daca are used., Similarly, daily leaf area indices, the other main
rariaple coperslling evapotransciration, are incersolacad from 12 values scac-
I2LeU  INrYuKAOUl Ine yesr., LJoRsSe@quentiy, JEilWiatrd I3LIF EVEDUCIENNOLIZILIN

T
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TABLE 2. SOTIL VARIABLES FOR OJEFAULT SOIL DATA [NPUT

Variables ] Functions

XRC(XSOILn) These six variables are taken direécly from
XPOROS (XSQILn) Table 10 according to the soil type (XSOIla)
XCON(XSOILa) selected for layer n

XFC(KSQILn) Whare : :

DMIR(KSOILn) . XRC = hydraulic conductivity

XWP (XSOIL) * XPOROS = porosity

RC(n) = XRC(KSOILa)/20

CON(n) = 3.1

PORO(n) = 0.75 XPOROS(XSQLLn)

FC(a) = 0.75 XFC(KSOIla) +
0.25 XWP(KSOLLa)

CORECT (KVEG)

TAQ (RVEC)
XAl (XVEG)
XA2 (KVEG)

XCON = avaporation coefficiant
XFC = field capacity

MIR = minimum {nfiltration rate
WP = wilting point *

These four variables are affected when sotil
layer n is compacted

Where :

RC(a) = hydraulic conductivity of laver n
CON(n) = evaporation coefficient of layer n
PORO(n) = porosity of layer n

FC(n) = field capacity of layer n

This factor corrects RC(l) for vegetation ia
the vegetative layer of the soil cover. The
hydrauiilc conductivity RC(l) ‘beconmes the
effective "hydraulic conductivity when multi-
plied by the appropriate coefficient for the
vegetation type, KVEGC, which is 1.0, 5.0, 4.2,
3.0, 1.8, 1.9, and .5 for bareground, =xcal-
lent grass, good grass, fair grass, poor grass,
good row crop, and fair row crop, respectively,

These three varianles are coefficients used to
calculaca zhe SCS curve number 3s follows:

CI-AMC II = XAO(KVEG) + %A} (RVEG) XMIR(KSOILL)
+ XA2(KVEG) [XMIR(KSOILL)]

KVEG XAQ XAl XA2

L 97.14 -23.57 -30.400
2 81.49 -58.96 - -144.76
3 89.90 T =32.92 -48.05
4 90.01 -43,12 -48.33
5 92.18 . -25.11 . -58.93
6 84.75 . -36.45 -156.30
7

-93.36 -19.21 -A7.86

w 060
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TABLE |. CONSTANTS USED IN HEL? MODEL

Constant - Value Uged Functions
AB 0.2 8 The initial abscraction for SCS curve humber method
accounts for losses of water (incerception) before
infilcracion or rumoff occurs, where S is the
. retention parameter.
SWUL(]) WP({) » FC(j) The initial soil water content of the top seven

CRIIS

2 segments is assumed to be halfway between the wilt--
ing point and the field capacity. The soil water-
for § s 7 ~contents of all other segments start at field
capacity. :

FC(3) for j > 7

WP + 0.1 AWC The soil water content below which plant groweh is
stopped is assumed to be the wilting point plus
one-tenth of the plant available water capacity.

0.68 - The psychrométric constant is used in compyting
evapotranspiration.
- 0.23 The albedo for solar radiacion is used in computing

‘avapotranspiracion.

—_ e e — e ——— il - cm e
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TABLE 3. CLIMATOLOGIC CHARACTERISTICS FOR DEFAULT INPUT

Portion of Growinyg LAI of Actively Transpiring Vegétacion
Sea son ° Excellent Grass GCood Row Crop
0.0 : 0.00 . 0.00
0.1 . 1.8 0.15
0.2 | ’ 3.00 | 0.40
0.3 | | 300 | 2.13
0.4 ' ‘ . 3;00 2.97
0.3 | .00 3.00
0.6 : 3.00 2.96
0.7 ' ih7o 2.92
0.8 ’ | T 1.96 . 2,30
0.9 : 0.96 1.15

g s | 0.50 S 0.50

. Winter Cover Factors, GR
Excel lent Coad Fair Poor Row

Grass Grass Grass Grass Crops Bareground

Winger L8 L2 0.6 0.3 0.0 0.0

Note: XGR is a factor to correct the LAI values for poorer stands of vegeta-
tion. The above valuaes are multiplied by 1.0, 0.67, 0.33, 0.17, 1.0,
0.5, and 0.0 for -excellent grass, good grass, fair grass, poor grass,
good row crop, poor row crop, and bareground, respectively,
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- Figure 7. General relation between soil-vater, soil texture,
' and hydraulic conductivity (l4).

The hydraulic conductivitias of the layers of a subprofile above a barrier soil
Llayer should increase with increasing depth or at worst be similar (within an
order of magnitude) to the layers above. Tge evaporation or vater transmis-
sivity coefficieat ranges from 3.1 mm/day *” for compacted soils of low trans-
alssivizy 0 3.3 Ior sands o about 5.3 Br highly organic soils (3, 7). The
coefficient must be greatar than 3 mm/day '~. Several of the soil charactar-
istics for sowme layers ara not used by the model; these include the potosity,
wilting point, and evaporation coefficient of barrier soil layers, and the
wilting point and evaporation coefficients of all layers below the evaporative
Zone,

The only climatnlogic variables that have limited tanges of values are
the leaf area index and winter cover factor. Leaf area indices nmay range from
0 to ] where zero {3 bareground and three represents the maximum possible vege-
tative cover, The leaf area index i{s the ratio of the leaf area of vegetation
to the soll surface area. Typical leaf area Lndices for various vegetative
covers are listed in Tables 3 and 4 (3). The annual lLeaf area index distribu-
tions in the tables are normalized by the growing seasoan at the location of

l—og"ﬂst '!’4 —'1' "P"" y-’v Tasanns i "7‘;’.;_: Le "__—_ . -'v" w.ous -:rﬂv--':ﬂc-\u '_::_'_'_:ﬂ-
ing tne J.3. Departmen: 0t AgricuLture publication, "Climate and Man, Year-
tsex s -grizudzura’ 171 Tha Antar isver zzZior L3 acizea L1 tarms oo .23%

L mas

area index.
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SECTION 3

PROGRAM DOCUMENTATION

PROGRAM CAPABILITIES AND DATA INPUT

The HELP model is a quasi-two-dimensional, deterministic, computer-based
water budget for landfills. The model performs a daily sequencial analysis to
estimate runoff, evapotranspiraction, lateral drainage, percolation, and water
storage from daily precipitation data. The model can handle wvater routing
through or storage in up to nine soil or waste layers; as many as three of the
layers may be barrier soil or restrictive layers. The simulation period can
range from 2 to 20 years. .

The model has limits on the aorder that layers can be arranged ia the lang-
£ill profile. As discussed in Section 2, each layer must be described as being
one of four types: vertical percolation, lataral drainage, waste, and barrier
soil. The model does not permit 3 vertical percolation layer or a waste layer
to be placed below a lateral draimage layer.--A barrier soil layer may not be
placed directly below another barrier soil layer. The top layer may not bde a
barrier soil layer. 1f a barrier soil layer is not placed directly below the
lowest lateral drainage layer, the lateral drainage layers in the lowest sub-
profile are treated by the model as vertical percolation layers. No other
reatrictions are placed on the order of the layers.

The lateral drainage equation was daeveloped for the expected range of
hazardous waste landfill design specifications. Permissible ranges for slope
and maximum drainage length of the drainage layer are O to 1O percent and 25
to 200 feec. Accurate estimates of the lateral drainage rate were obtained
for heads up to 5 feet on the base of the drainage layer or on the top of the
barrier layer. : S

Several other design variables have limits for the values which may be
specified. The SCS runoff curve number for AMC-II can range dectween 20 and
"100. SCS runoff curve numbers may be selected by the procedures outlined in
the Natiocnal Engineering Handbook (4). The liner leakage fraction and the

fraction of potsntial runoff for open sites can range between 0 and |.

Several relationships must exist between the soil characteristics of a
layer and Jf :Re soil supprsiils.  The jorssisy, fi:214 czpacist. ind vulizing
can :heorecically wange fTom Q 2 L ia unics of voiume fer voiume, Suc le
J0TDSLtYy muat te grester Inan tle Iieid capacily ina le [Izid <APACITT Iusc
be greater than the wilting point. The relation becween soil type and soil
caaraczariscics L3 saowa L Sigure 7. Typical values for varicus soils are
Liscea i3 Taple .0 wnica :sntains cler i2fault 501l charaesariscis3 (.5, LI,

I8).
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Sources for other climatologzc variables are readilv avaiLabLe ?recxpl-'
tation and temperature data are available from local libraries and from the
National Weather Service through the Director of the National Climatic Cencer
NOAA, Federal Building, Asheville, N.C. 288Ql. Mean monthly solar radiation
(insolation) values can be obtained from the ."Climatic Atlas of the
United States" (18) and from Table 2 of the HSSWDS User's Guide (l) for
selected cities.

PROGRAM OPTIONS

The program has options only in the input and &éutput routines. Climato-
logie data and soil characteristics may be specified by the user or selected
from default data bases. Several other options are also available in the
input routines as will be discussed below. Design data must be specified by
the user., The optional output routines provide summaries of daily values,
mouthly totals.and annual totals of various simulation variables. Average
monthly and annual totals, and peak daily values are produced for all simula=-

tions.

Input Ovtions

Climatologic data may be specified by either manual or default options.
Five years of default precipitation data are available for 102 cities, as are
one set of monthly mean temperatures and solar radiation, winter cover factor,
and leaf area indices for each city. This set of climatolegic data, other

. than precipitation, is uséd for each of the five years of precipitation datca.

If the manual option is used, the user has the option of supplying one set of

any climatologic variable except precipitation which would be used for all

years of simulation, or the user can specify a separate set of values for each.
year of simulation. The manual option also provides the user with optional
routines to cheg¢k or correct the values previously specified. The user does
not need to enter the years of precipitation data in chronological order since
the program sorts the vears and arranges them in  increasing chronological
order. -The program skips over years without data during the simulation.

Soil characteristics may also be specified by either manual or default
options. With both options the design data are specified by the user. In the
default option the user may override the default runoff curve number by speci-
fying a curve number. The manual soil characteristics input option provides
the user with routines to check or correct previously specified values or pre-
viously selected values from the default data base.

Outuut Options .

Four types of output can be obtained from the program: daily values,
monthly totals, annual totals, and a summary of the simulation. Qutput of
daily wvalues i3 2otZsnal and “ncludes date. %ndicator for fwaazing *amrara-
{ures, gracipltation, JUNCII, ¢VAPOUTINSPLIaTLon, .STaL .4ai@ral aca ailnage .:icm

s 4-_-,_,329 Tzvars im eRa tm= sm ~myas sarsnizzrion Tomm cha taue

A, o . - b e [y

cover, nead on top of the barrier soil layer at the base of the cover, totaL
lateral drainage from all drainage layers in the waste cell and liner/drain

065
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TABLE 4. TYPTCAL LEAF AREA INDEX DISTRIBUTIONS FOK VARIOUS VEGETATIVE COVERS

Portion of Growing . LAL*
Season Corn . Qats Wheat Crass Soybeans
0.0 0.00 0..00 0.00 0.00 0.00
0.1 | ~0.09 0.62 047 1.8 0.15
0.2 0.19 0.84 0.90 3.00 0.40
0.3 0.23 0.90  0.90 3.00 2.18
0.4 o 0.49 0.90. ° 0.90 3.00 2.97
0.5 1.16 0.98 0.90  3.00 3.00
0.6 2.97 2.62 1.62 3.00 2.96
0.7 | 3.00 . 3.00 3.00 12,70 2.92
0.8 Can .00 3.00 .96 2.30
0.9 : .83 3.00 0.96 . 0.96 .15

1.0~ 0.00 0.00 0.006  0.50 0.50

* LAI values for good crops and excellent grass stands.
ixtracted: from Knisel (3).
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system at the base of the landfill, percolation from the base of the landfill,’
. head on top of the barrier soil layer at the base of the landfill, and sotil
water content of the,evaporative zone. Quztput of monthklv totals is also
optional. The totals of the daily values for each month are given for the
following variables: precipitation, runoff, evapotranspiration, lateral
drainage from each subprofile, and percolation through the bottom of =2ach sub-
orofile. OQutput of daily values and monthly totals are output ontions only
when detailad output 1is requested. Detalled ouput always Llacludes annual
totals of the variables listed for moathly output and a summary. The summary
of the simulation {s always produced, and {ncludes monthly and annual aver-
ages, and peak daily values for the variables listed for the optional output
along with several other variablas. The variabley are described later in this
section of the documentation.

INPUT VARIABLES

Three types of input are used in the model: climatologic, soil, and
design data. Tables 5 and 7 'list the climatologic faput variables for the
manual and default options, respectively. The manual and default {nput vari-
ables for soil characteristics are given in Tables 8 and 9, respectively, and
Table 10 lists the design variables. The HELP User's Guide (19) providas a
"more complete discussion of i{nput requirements, '

Maanual Climatologic Input

Climatologic variables are shown in Table 5. The user may specifv from 2
to 20 vears of daily precipitation vaglues, one year for each year of simula-
_tion desired. Twelve monthly mean temperatures and twelve monthly mean solar
radiation values may be specified for one vear or each year of simulation,
Thirteen leaf area indices, the corresponding Julian dates, and a winter cover
factor may. also be specified for one year or each year of simulation. Only
one evaporative zone depth may he specified for the simulation.

Nefault Climatologic tngut

The model stores default climatologic data for 102 cities. By specifyinyg
‘the desired state ard city from Table 4, the user is supplied daily precipita-
tion data for years 1974 through 1978, one set of monthly mean temperature and
solar radiation values, and sets of leaf area indices and winter cover factors
for a good row crop and an excellent stand of grass. Actual leaf area indices
and winter cover factor used during the simulation are selectad or corrected
from the default sets after the vegetation type i3 specified; the correction
factors ars given in Table 3. The input variables are summarized in Table 7.

Manual Soil Data Input

Soil characzar
saquicedq clarscteristics, LL3TBQ L JdoLe 3, Lngciude JCrosity,
' wED

P amim- o oS mey cmgF S ad ame cmd g meart i A amemmeraweees wa
: ~T oLt DOT: Ingd TvwAarTzIulll 2 ~

- [RRORS-SERNINIAPE

.- - JSRC AR Py R A 2 S R

2
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TABLE 4. LISTING OF DEFACLT CITIES AMD STATES

Default Data ‘Ls Provided Only

for the Following Cities and Staces

Alaska Tllinois Naevada Rhode Island
Annette Chicago Ely ?rovidence
;e::::nks E. St. Louls Las Vegas South Carolina

2 . Indiana New Hampshire Charleston

Arizona Indianapolis Concord South Nakata -

Flagscaff Mashua ; .
lowa Rapid City

Phoenix Des Moines New J '

Tucson ' .eEdiersey Tennessee

ka Kansas S :O?‘k Yaoxville

Arxansas Dodge City eabrao Mashville
Little Rock ;-

Topeka New Mexico Texas

Caé:f°t:ia Kentucky Albuquerque Rrownsville

s Lexington New York Nallas
Los Angeles
Central Park Tl Paso
Sacramento Louisiana Itha \idland
San Diego Lake Charles naca o

Santa Maria

New Orleans

=aad Tzlznd

Nertn umana

New York City

San Antonio

Schenectady :
}
Colorado Shreveport Svracuse Geah
Denver Maine Cedar Cicy
‘ . Nor- : S Lake Ci
Grand Junction Augusta Vofth Ca;°Lina ale Lake Clicy
) Bangor t:reensooro Vermont
Connecticut . Surld
Bridgeport Caribou North Dakota urlington
" Portland Bismarck Montpelier
Hartforcd Rutland
New Haven Massachusetts Ohio ) :
Florida " Boston Cincinnati Virginia
plainfield Cleveland Lynchburg
Jacksonville » qorfolk
wiami orcasgtar Columbus Norto
Orlando Michizan Put=-in-3ay Washington
Tallahassee F.e Lansing Oklahoma Pul lman
. Tampa Sault Ste. Marie Oklahoma City Seattle
W. Palm Beach * Tulsa Yakima
- Minnesota
Georgia St. Cloud Oregon Wisconsin
Atlanta 4 ssouri ~ Astoria Madison
Watkinsville Columbia :edfirdd Wyoming
Hawaii ortlan Chevenne
: - , Montana
Honolulu Pennsylvania Lander
Glasgow Philadelphi
Idaho Creat Falls o1 cab‘“ph a Puerton Rico
Boise tesourg San .Juan
Nebraska
Pocatello _ -
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Default Soil Data Input

The default soil characteristics are listed in Table 9. The only vari-
able used to obtain default soil characteristics is the number of the soil
type or cexture. Default soill characteristics are provided for 21 textures.:
The numbered soil textures, labeled KSOIL in the program, and their corre-
sponding soil characteristics are listed in Table 10. Soil texture numbers 22
and 23 are used to specify characteristics manually.

Design Data Input

The design variables given in Table 1|l describe the landfill system.
These variables include the number of layers, the thickness of each layer, a
descriptor for each layer, the slope and maximum drainage distance at the base
of each drainage system, and the total surface area of the landfill. Three
other design variables may also be required: the SCS runoff curve number for
antecedent moisture condition II, the liner leakage fraction, and the open
waste cell potential runoff fraction. The SCS runoff curve number is optional
for default soil characteristics input except when the waste cell is open; the
curve number i1s required for manual input of soil characteristics. The liner
leakage fraction must be specified whenewer a synthetic liner is used in the
design. The potential runcff fraction for open sites is used when the top
layer is a waste layer. :

OUTPUT VARIABLES

——The output {s ¢oaposed of Lnput” infbrmation and simulation results., All
of the input data except daily precipitation values are always reported; daily
precipitacion values are printed only when the daily output option is used.
This section presents only a discussion of output variables for simulation
results.

Daily Output

The variables £or daily output ara listed in Table !2. All of these var-
iables, except precipitation, are computed daily. Daily values for precipita-
tion, runoff, evapotranspiration, percolation, and drainage are used to com-
pute the monthly and annual totals. Due to the limited number of variables
which can be printed across a page, daily values of drainage and percolation
from each subprofile are not. always printed for each simulation. Lateral
drainage values fox all subprofiles completely above the top waste layer are
totaled and called cover drainage; lateral drainage values from all other sub-
profiles are also totaled and reported as base drainage. Percolacion values
are given only for subprofiles containing either the base of the cover or the
base of the landfill. These two percolation values represent the daily
amounts of percolation through the base of the cover and through the base of
the landfill. Only two heads are reportaed; the heads on barrier layers at the

. - - B - -~ - T - A
"ase I Tne 2Iver ind. i Tn2 tas2e f the angdiill.

Geb
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TABLE 9. DEFAULT SOIL CHARACTERISTICS INPUT

Variable . ' Function

KSOIL(ILAY) The soil texture number (between ! and 23) for soil layer
ILAY where ILAY is the aumber of the layer from the top
(between 1 and 9).

PORO(ILAY) The user-specified porosity of soil -layer ILAY in vol/vol

' for soil textures 22 and 23.

FC(ILAY) The uset-specified field capacity of soil layer ILAY in
vol/vol for soil textures 22.and 23.

WP (ILAY) The user-specified wilting point of soil layer ILAY in
vol/vol for soil textures 22 and 23.

RC(ILAY) The user-specified hydraulic conductivity of soil layer ILAY
in inches/hr for soil textures 22 and 23.

CON(ILAY) " The user-specified evaporation coefficient of soil layer

ILAY in mm/day '~ for soil textures 22 and 23.
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TABLE 0. DEFAULT SOIL CHARACTERISTICS

. "Field = Wilting - Hydraulic
Soil Texture Class MIR* Porosity Capacity Point Conductivity CON*S 5

HELP USDA  USCS din/hr Vol/Vol Vol/Vol Vol/Vol in/hr mm/day "

1 Cos ¢S 0.500 0.351 0.174 n.107 11.95 3.3

2 CosL GP 0.450 0.376 0.218 0.131 7.090 3.3

3 s SW  0.400 0.389 .  0.199 0.066 6.620 3.3
4 Fs St 0.390 0.371 0.172 0.050 5.400 1.3
S LS M 0.380 0.430 0.160 0.060 2.780 3.6

6 LFS  SM 0.340  0.401 0.129 0.075 1.000 3.3

7 LVFS M 0.320 0.421 0.176 0.090 0.910 3.4

8 sL M 0.300 0.442  0.25 0.133 0.670 3.8

9 FsL M 0.250 0.458 0.223 0.092 - 0.550 - 4.5
10 VFSL ME  0.250 0.51l 0.301 . 0.184 0.330 5.0
1l L ML 0.200  0.521 0.377 0.221 0.210 4.5
12 SIL- - ML 0.170  0.535 0.421 0.222 - 0.110 5.0
13 SCL: SC  0.110  0.453 0.319 0.200 0.084 4.7
14 L CL  0.090 0.582  0.452 - 0.325  0.065 1.9 |
15 SICL  CL - 0.070 0.588 0.506 07355 0.04l T
16 SC "CH - 0.060 0.572 0.456 0.378 0.065 1.6
17 sIC CH  0.020 0.592 0.501 0.378 0.033 3.8
18 c CH = 0.0l10 0.680 0.607 0.492 0.022 3.5
19 Waste | 0.230  0.520  0.320 n.190 0.283 1.3
20 Barrier Soil 0.002 0.520  .0.450 0.360 ©  0.000142 3.1
‘21 sarrier Soil 0.001  9.520 0,480 0.400 0.0000142 3.1

* MIR = Minimum Infiltracion Rate

*% CON = Eva@oration Coefficient
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TABLE ll. DESIGN DATA INPUT

Variable

Function

LAY

THICK(ILAY)
LAYER(ILAY)
FLEAK
FRUNOF

cN2

TAREA

SLOPE(ILAY)

XLENG (1LAY),

The number of soil layers.

The chickness of soil layer ILAY in inches where I[LAY
is the number of the layer from the top (between 1
and 9.

The descriptor of soil layer ILAY (between 1 and 5).

The leakage fraction through the synthetlc liner
(between Q and ).

The potential rumoff fraction for open sites (between

The SCS runoff curve number for éntecedent moisture
condition II (between 20 and 100) (optional if default
soil characteristics are used).

The surface area of the landfill in square feec.

The slope at the base of soil layer ILAY in percenct.

The maximum drainage distance at the base-of-soil layer
ILAY in feet. :

072
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 TABLE 12. DAILY OUTPUT VARIABLES

Variable Function

DA The Julian date.

NSTAR An indicator that the mean temperature is below 32°F,

PRE(IDA) The daily precipitation value {n inches.

RUN The daily runoff in inches.

ETT The daily evapotranspiration in inches.

CHED The head on the base of the cover in {nches.

CPRC The percolation through the base of the cover in
inches.

CORN The lateral drainage from the cover i{n inches.

BHED The head on the base of the landfill in inches.

BPRC The percolation through the base of the landfill. in
inches.

BORN - The lateral drainage heneath the cerr of the landfill

' o in inches. L ‘ : o
SW .The soil water content-in the evaporative zone in

vol/vol.
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Monthly fotals

Daily values for the variables listed in Tahle 13 are totaled for each
month to show monthly effects on the water budget. These values are averaged
by month for all vears of simulaction. The output of each vear of monthly
totals is optional.

.Annuél Totals

Daily values for the variables listed in Table 14 are totaled for each
year to show yearly effects on the water budget. Several variahles are also
reported to permit computation of the change in water storage in the landfill

- profile and to check that all of the water added to the profile has been
accounted. The water budget check should equal zero {f all computations were
performed precisely. The percent values are computed as the percent of the
annual precipitation, The reported annual totals are averaged with the totals
of the other years of simulation to obtain the average results of .the
simulatien.

Averages

The averaged monthly and annual totals of water budget components _
reported by the program are listed {n Table 15. The values are ohtained by
computing the arithmetic mean of totals frum the various years of simulation.

Peak NDaily 7aluas

Peak dgily valﬁes are reported for the variables listed in Table 1A to
provide {nformation for sizing collection and treatmeat facilities for runoff
and drainage, and for evaluating the landfill design.
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- TABLE .13. OUTPUT OF MONTHLY TOTALS

Variable . ‘ ‘ Function
PREM(J) The tocal precipitation, in inches, during month J where J
is the number of the month (between l and 240).
RUNM(J) The total runoff, in inches, duiing month J.
ETH(J) The total evapotranspiration, in inchés, during montch J.
PRC3IM(J) The total percolation, in inches, chrough the base of the
top subprofile during monch J. '
DRN3M(J) The total lateral drﬁinage, in inches, from the top sub-
profile during month J.
PRC2M(J) The total percolation, in inches, through the base of che
second subprofile from the top during month J.
" DRN2M(J) The total lateral drainage, in inches, from the second sub-
: profile from the top during month J.
PRCIM(J) The total percoclatiom, in inches, through the base of the
' third subprofile from the top during monch J.
DRNIM(J) The lateral drainage, in inches, from the third subprofile

e ——— from. :he top_ duriﬂs mon:h J-
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TABLE l4. OUTPUT OF ANNUAL TOTALS

G

Variable . _ Function
PREA(IYR) The total precipitation, in inches, during year IYR where
’ IYR is the number of the year (between | and 20).

TPREA The total precipitation, in cu. ft., during year IYR.

FPREA The total precipitation, in perceat of the total precipita-
tion.

RUNA(IYR) The total runoff, in inches, during year IYR.

TRUNA The total runoff, in cu. ft..‘during year IYR.

FRUNA The total runoff during year IYR, in percemnt of the tocal

_ precipitation during year IYR.

ETA(IYR) Tﬁe total evapotranspiration, in inches, during year IYR.

TETA The total evapotranspiration, in cu. ft., during year IYR.

FETA _.The total evapotranspiration during year IYR, in pefcen:'of :

" the total gtecipicacion during year IYR.
——————4PRGJA(IYR)- The- total percolation, in inches, through the base of the .
top subprofile during year IYR. .

TPRC3A The :ocal percolation, in cu., ft., through the base of the
top subprofile during year 1YR.

FPRC2A The total percolatica through the base of the top subproiile
during year IYR, in percent of the total precipitacion
during year IYR.

DRN3A(IYR) The total lateral drainage from the top subprofile, in

' inches, during year IYR.

TDRN3A The total lateral drainage from the top subprofile, in
cu. ft., during year IIR.

FDRN3A The total lateral drainage from the top subprofile during
year IYR, in percent of the total precipitation during year
iTa.

PRC2A(IYR) The total percolation, in {nches, through the base of che

sacond. suborofila from “he %ov during wvaar TYR.

‘Zonrinued)
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TABLE l4, (Continued)
Variable . . Function .

TPRC2A The total percolation, in cu. ft., through the base of the
second subprofile from the top during year IYR.

FPRC2A The total percolacion through the base of the second sub-
profile [from the top during year IYR, in percent of the

total '
precipitation during year IYR.

DRNZA(IYR) The total lateral drainage from the second subprﬁfile from
the top, in inches, during year IYR.

TDRN2A The total lateral drainage from the second subprofile from
the cop, in cu. ft., during year IYR. :

FDRN2A The total lateral drainage from the second subprofile from
the top during year IYR, in percen: of the total precipita-
tion during year IYR.

PRCIA(IYR) The total percolation, in inches, chrough-:he base of che

: ‘ third subprofile from the top during year IYR.
TPRClA The total percolation, in cu. £t., through the base of the.

FPRClA

DRN1A(IYR)
TDRNLA

FDRNLA

OSWULE

TOSW

- v -

TSNV L.

:hird subpro:ile from the top

The total percoclation through
file from the top during year

precipitation during year IYR.

-

during year IYR.

the base of che chird subpro-
IYR, in percent 2f che total

The total lateral drainage from the third subprofile from
the top, in inches, during year IYR.

The total lateral drainage from the third subprofils from
the top,. in cu. f;., during year IYR.

The total lateral drainage from the third subprofile from
the top during year IYR, in percent of the total precipi-

tation during year IYR.

The total soil water storage in the landfill at che begin-

ning of year IYR, in inches.

The total soil water storage in the landfiill at che begin-

ning of year IYR, in cu. ft.

a
vear YR, 4in inches.

(Continued)
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(Concluded)

total precipitation during year IYIR.

TABLE l4.
Variable . o Function
- TPSW The total soil water storage in the landfill at the end of
year LYR, in cu. ft.
OLDSNO The total snow water present at the beginning of year IYR,
in inches.
TOSNO. The total snow water present at the beginning of year IYR,
in cu. fc. o
SNO The total snow water present at the end of year IYR, in
: inches. :
TSNO The total snow water present at the end of year IYR, in
cu. fec.
BAL(IYR) - The water budget balance for year.IYR, in inches.
TBAL The water budget balanae for year IYR, in cu. ft.
FBAL The water budget balance for year IYR, in percent of the

-
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TABLE 15.° OUTPUT OF AVERAGE VALUES

Variable

. ‘ : Function

APREM(J)

ARUNM(J)
AETM(J)

APRC3M(J)

ADRN3M(J)

APRC2M(J)

. ADRN2M(J)

APRCIM(J)
ADRNIM(J)

APREA
TAPREA
FAPREA

ARUNA -

The average monchly precipitation, in inches, for month J of
the simulation period where J is one of the twelve months of
a year.

The average monthly runoff, in inches, for month J of che
simulation period.

The average monthly evapotranspiration, in inches, for month
J of the simulation petiod

The average monthly percolation, in inches, through cthe base
of the cop subprofile during month J of the simulacion
period.

The average monthly lateral drainage, in inches, from che

_top subprofile for manth J of the simulation period.

The average monthly percolation, in inches, through the base
of the second subprofile from the cop.during month J of . the

simulation period.

The average monthly lateral drainage, in inches, from the
second subprofile from the- :op during month J of the sxmula-

tion period.

The average monthly percolation, in inches, through zhe base

of the third subprofile from the top during month J of the
simulacion period.

The avérage mbnchly lateral drainage, in inches, from the

-chxrd subprofile from cthe top during month J of che simula-

Zon period.

The average annual. ptecipicatzon, in inches, for the simula-
cion period.

The average annual precipitation, in cu. ft., for che Simu-
lation period. :

The average annual precipitation for the simulation period,
in percent of the average annual orecipitaction for the simu-
lacion period. :

The average annual runoff, in inches, for che simulacion
sercioa.

Sontinueg)
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_TABLE 1S. Conctinued
Variable . Function

TARUNA The average annual runoff, in cu. fc., for che simulacion
period.

FARUNA The average annual vunoff for the simulation pericd, in per-
.cent of the average annual precipitactionmn.

AETA The average annual evapocranspiracion, in inches, for the
simulacion period. |

“TAETA The average annual evapotrauspiration, in cu. ft., for the
simulacion period.

FAETA The average annual evapotranspiration for the simulation
period, in percent of the average annual precipicacion.

APRC3A The average annual percolation, in inches, through the base
of the top subprofile for the simulation pericd.

TAPC3A The average annual percolation, in cu. ft., through the base
of the top subprofile for the simulation periocd. )

FAPC3A The aQerége annual percolation thrdugh the base of the top
subprofile for the simulation period, in percent of the

i average annual precipitactionm.

ADRN3A The average annual lateral drainage, in inches, from the top
subprofile for the simulation period.

TADN3A The éverage annual lateral drainage, in cu. f{z., Irom che
‘top subprofile for the simulacion period.

FADN3A The average annual lateral drainage from the cop subprofile
for the simulation period, in percent of the average annual
precipitacion.

_APRCZA The average annual percolation. in {nches, through the base
' of che second subprofile from the top for the simulat*on
TAPC2A The average annual percclatiom, in cu. ft., through the base
of the second subprofile i{rom Che cop for che simulacion

pericd.

TADCZA T2 iverage inmual cercsispiza thiTouzh th2 tasze (S otz
jageond sSuppDTrorfile ITom 4fne fop IOr tne IimuiacIon fericd.

.0 percant Or <cae average aNnuaL JTeclpliarion.
{Contizued)
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'~ TABLE 5. Concluded ' - (3 1 (; '
Variable i B Function - )
ADRN2A The average annual lateral drainage, in inches, from the

second subprofile from the top for the simulation period.

TADN2A The average annual lateral drainage, in cu. ft., from che
: second subprofile from the top for the simulation period.

FADN2A © The average annual lateral drainage from the second subpro-
file from che top for the simulation period, in percent of
the average annual precipitacion.

APRC1A The average annual percolation, in inches, through the‘base
of the third subprofile from the top for the simulation
period.

TAPCLA The average annual percolation, in cu. ft., through the base
of the third subprofile from. the top for the simulacion
period.

FAPCLA The average annual percolation through the base of the third

subprofile from the top for the simulation period, in
‘percent of the average annual precipitacion.

ADRN1A o The average annual lateral drainage, in irches, from the
third subprofile from the top for the simulation period.

TADNLA The average annual lateral drainage, in cu. fc., frem the
third subprofile from the top for the simulation pericd.

FADN 1A The average annual lateral drainage from the third subpro-
‘ file from the top for the simulation period, in percent of
. the average annuai precipitation. . ’
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TABLE 6. OUTPUT OF PEAK DAILY VALUES

Variable . Function

PPRE The peak daily precipitation value, in inches, for the sim-
ulacion period.

TPPRE The peak daily precipitation value, in cu. ft., for the
simulation period.

PRUN The peak daily runoff value, in inches, for the simulation
‘period.

TPRUN The peak daily runoff value, in cu. fc., for the simulacion
period.

PPRC3 The peak daily percolation, in inches, through the base of
the top subprofile for the simulation period.

TPPRC3 The peak daily percolation, in cu. ft., through the base of
the top subprofile for the simulation period.

PPRC2 The peak daily percolation, in inches, through the base of
the second subprofile from the top for the simulation
period. '

TPPRC2 -Thé.peak daily percolation, in cu. ft., through the base of -
the second subprofile from the top for the simulacion
period.

PPRCI The peak daily percolation, in inches, through the base of
the third subprofile from the top for the simulacion period.

TPPRCI The peak daily percolation, in cu. fc., chrough :he base of

' che third subprofile from the top for che simulacion period.

PSNO The peak daily snov water, in inches, present during the
simulation period.

TPSNO The peak daily snow water, in cu. ft., present during the
simulation period.

PSW The peak soil water content in the evaporative zone, in
vol/vol, during the simulation period.

DsSw The minimum soil water content in the evaporative zone, in

vol/vel, during the simulacion seriod.

082
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SECTION &

SYSTEM DOCUMENTATION

COMPUTER EQUIPMENT

The HELP model consists of approximately 5,000 cards with 80-column card
length, The model is equipped to run on IBM (International Business Machines)
360/370 Extended FORTRAN IV computer systems.

‘The default climatologic data file is approximately 24,000 cards with

80 column card length., The model is designed to run with or without the
default climatologic data attached.

PERLPHERAL EQUIPMENT

The following equipment {3 necessary to run the model in the time-sharing
mode: '

-——————te¥ephege —_— e A em R

120 voltage electrical outlet ‘
portable computer terminal

The folldwing equipment {s necessary. to run the model in the batch mode:
keypunch machine 029
card reader/puncher
line printer

SOURCE PROGRAM
The source program listings of the main program and each .subroutine are

given in Appendix A.

VARIABLES AND SUBROUTINES

The variables used in the program, the subroutines in which the variables
are used, and the definitions of the variables are presented in Appendix B,

reg
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- . : .
» DATA STRUCTURES

The daca f£iles used by the program and the device numbers, which are used
to.read or write information, are listed in Table L7.

(L)

(2)

(3)
(4)

(3

The default dacta file called PRE3 stores five years of daily precip-
itation values, l2 monthly mean temperature values, L2 monthly mean
solar radiation values, 13 leaf area index values for excellent
grass, and 13 leaf area index values for good row crops for

102 cities across the United States. The format for the precipi-
tation data is 10 values per record with 37 records per year. The
formats for temperature and solar radiation are |2 values per
record. The formacs for the LAI values are two date values and two
leaf area values per record for 13 records.

The data file called TAPE4 stores the daily precipitacion data to be
used in simulation. The maximum storage for the default option is
five years, and the maximum storage for the manual option is

20 years. ’

The data file c#lled TAPES stores the soil characteristics and
design data input from the user.

The data t1ile called TAPE7 stores monthly mean temperatures to be
used in the simulation.

The data file called TAPE8 stores che name of the cities and states

(6)

(7N

(8)

(9)

(10)

\Nea/

available for the default cllma:ologig input option.

The data f£ile called TAPEIl stores the name of the selected city and
state when using the default climatologic input option.

The default data £ile callad TAPELl2 stores the soil characteristics
given in Table 10, seven sets of three coefficients to compuce the
SCS runoff curve number for the seven vegetation types, and seven
¢oefficiencs to adjust the hydraulic conducezivity Sor the presence

of roots in the top layer for the default soil characteristics input
option, ‘

The data file called TAPEl3 stores monthly mean solar fadiation val-
ues to be used in the simulacion.

The‘data file called TAPEl4 stores the leaf area indices to be used
in the simulation. o

The data file called TAPEl3 stores the winter cover factors to be
used in the simulationm.

T

he cata Jile azilea TAPE 3TOT2S IN2 SVIDOYATIVe LSOn2 i2DLI T e

1seqa Lo "he siguliarnicn.

n
O
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TABLE 7. DATA FILES AMD NEVICE NUMBERS

Data Files - ] : - Device No.
(1) PRE3 : 9
(2) TAPE4 4
(3) TAPES 5
(4) TAPE? 7
(5) TAPES . 8.
(6) TAPELL : | 1l
(7) TAPEL2 : o | 12
(8) TAPEL] | . 13
(9) TAPEl4 14
(10) TAPELS | 15
(11) TAPEL6 | 16
Input " 10=*
Qutput . ' Hr*

* Device number L0 reads data input from the terminal when the interactive
~ method is used and it reads data input from cards when the batch method is
used. B T . o '

** Device number 6 prints output to the terminal when the interactive method
is used and it prints output to the highspeed printer when the hatch method
is used,
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STORAGE REQUIREMENTS

The entire program requires 240K characters or bytes of storage and the
default climatologic’data €ile (PRE3) requires L520K bytes of storage on the
360/370 configuration of IBM MVS/OS system.

MAINTENANCE AND UPDATE

Maintenance and updates will be provided by authors as needed There
have not .been any updates to date. .

T

086

" A1



SECTION 35

OPERATING DOCUMENTATION

OPERATOR INSTRUCTIONS

The program is stored on the 3350/350 disk drive and is operated under
the 360/370 configuration of IBM MVS/QS system of the National Computer Center.

OPERATING MESSAGES

There are two forms of messages: system and program. The system mes-
sages are produced by the IBM 360/370 Computer System. No special programming
messages are produced. If any messages occur while operating the system, con-
tact the authors. *

ERROR RECOVERY

,The user must rerun the program when a malfunction occurs. —If difficulty
is encountered, contact the authors for additional help. .

RUN TIME

For the interactive method, execution should occur within secdnds of
issuing a command. However, the run time for the batch mechod Jepends on the
numoer of years of daily precipitation emtered. A Tun time of Iczur minutes
should be provided for 20 years of manual climatologic input. To run five
years of simulacion with default climatologic input, the run time should not
exceed 30 seconds. '

JOB CONTROL CARDS

The HELP model can be runm in the batch and remote batch modes to reduce
computer costs. To run cthe HELP? model in the batch mode on the NCC IBM
360/370 computer system, the user must prepare a punched card deck of concrol
cards and sequential input cards. The control cards are separated into two
steps. An a:xample card deck for running the HEL? model with default data is

ziven iz -adbie .6. .4 <he TImoc: LTIl oIsae, oopunchad 1z ofaci lIonoT
required. huCt tne iser =usc Jroduce i ‘ile or on=-iLine 33CL3 3@C oI n2 1ItnIrcoi

cards and inpu: jata in sequencial orcar.
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 TABLE 18. JOB CONTROL CARDS

(1)
(2)
(3)
(4)
(5)
(6)

(7)

(1)
(2)

(3)

(4)

(3)

(8)

(7)

(8)

(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)

(1)~

(2)

=)

1

. Control Cards Step |

//userid JOB (accuidM,Muserid),lastname,PRIY=l,TIME=4,PASSWORD=password
/*ROUTE PRINT RMTxxx

//STEPl EXEC PGM=IEBGENER

//SYSIN DD DUMMY

//SYSPRINT DD SYSOUT=A

//SYSUT2 DD DSN=useridacc.AFILE,

// DISP=(NEW,PASS,DELETE),SPACE=(TRK, (14,5)),

// DCB=(LRECL=8Q,RECFM=FB,BLKSIZE=3129),

// UNIT=DISK

//SYSUTL DD *

Squentiai Input Cards

YES
NO

CALIFORNIA

LOS ANGELES

4

10

2

YES .
BATCH SAMPLE _ .. -
DEFAULT CASE DATA
20 OCTOBER 1982

1

NO

24

1

7

NO

NO

10000

3

5

NO

YES

4

Control Cards SCepAZ

/*
//STEP2 EXEC PGM=LEM3

~//STEPLIB JD JSN=mastidmastacc.HYDRO.LOAD,DISP=~SHR

LconctLlnueqa)
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TABLE 18. (Concluded)

(4)

(5)
(6)
(7)
(8)
(9)

(10)

(11)

(12)

(13)

(14)
(15)
(16)

» Control Cards Step 2 (Continued)

//FT19FP91 DD DSN=useridacc.AFILE,UNIT=DISK,
/{ DISP=(OLD,DELETE,DELETE),
// SPACE=(CYL,(19,2)),DCB=(RECFM=F3, LRECL’B@ BLKSIZE=3129)

//FTOEFDQ1
//FTR4FPOL
//FTQSFOg1
//FTR7T901
//FTP8FP01

//FT99F901

//FT11F991
//FT12F901
//FT13F901
//FT14F941
//FT15F8dl
//FT16F201

DD
DD
DD
oD
bD
DD
0D
DD
DD
DD

DD

DD

SYSOUT=A : _
DSN=useridacc.TAPE4 ,DISP=SHR
DSN=useridacc.TAPES,DISP=SHR
DSN=ugseridacc.TAPE7,DISP=SHR
DSNa=mastidmastacc.TAPES,DISP=SHR
DSN=mastidmascacc.PREJ,DISP=SHR
DSN=useridacc.TAPE!l,DISP=SHR
DSN=mastidmastacc.TAPEL12,DISP=SHR
DSN=useridacec.TAPEL13,DISP=SHR
DSN=useridacc.TAPEL4,DISP=SHR
DSN=useridacc.TAPELS5,DISP=SHR
DSN=useridace.TAPELS,DISP=SHR
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’4§h}§<ample batch card deck for running the HELP model is for a very sim-.
ple case using default climatologic and soil characteristics input opcioms.
Climatologic data frem Los Angeles, California, using default vegetation

type 4 (fair grass) with a root zone depth of 10 inches were used. Lines 10,
L1, and 12 are the title of the simulation run. The design has one layer;

24 inches thick, layer type | (vertical percolation layer) and composed of
soil texture 7 characteristics (loam and very fine sand, LVFS). The layer is
not compacted and the default runoff curve number is not overridden. The
“surface area is 10,000 sq ft. Output of monthly totals and a summary are
requested for 5 years of simulation. Information on user input is provided in
the User's Guide for the HELP Model (19).

The instructions for preparing the card deck aré as follows (20):

Control Cards Step |

Card (1) .

a. //userid--The user's identification name.

b. JOB--The word JOB indicates that it.is the job card.

c. (accuidM, Muserid)--Theé account name plus the utilization identifier
plus the letter M and the letter M followed by the user's "
identificacion. ' ’

d. lastname--The user's last name.

e. PRTY-~The priority of the job where

| = overnight processing time

2 = 4 hours processing time

3 2 hours processing time

4

1/2 hour processing time
5 = |/4 hour processing time
£. TIME--The maximum core time to be used in minu;es.
g. PASSWORD--The user's password. .
Card (2)
/*RQUTE PRINT RMTxxx-—Prints che'ou:put tg the high speed printer
sumber :uxx. This <ard is comicted LI zle user wishes :Ine SuctIur D

58 mailed =2 nim.

690 :
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- Card

Card

Card

Card

Card

Card

Card

(3)

(4)

(3)

(6)

(1)

(2)

f : o ) £~‘ - ..41 fs.z {;

STEPl--Processes the scep | cards first.

EXEC PGM=IEBGENER--Specifies that the system program named
IEBGENER entars the daca found in the file called AFILE.

//SYSIN DD DUMMY--A dummy data definition scatement is used to
specify the input facilities.

//SYSPRINT DD SYSOUT=A--The specific output from the program is co
be on device 6.

(shown as 4 lines in Table 18)

//SYSUT2 DD DSN=useridacc.AFILE,-~AFILE is the name of the data set
or file containing the sequerntial input cards and useridacc is che

- user identification followed by the account name.

// DISP=(NEW,PASS,DELETE),--The disposition of the AFILE is a new |
data set to be passed to STEP2 for more processing and to be deleted
when the program is finished.

SPACE=(TRK, (14,5).) ,~-Requests space for che data set (AFILE). The
type and size of this space are 10 primary and 5 secondary tracks.

// DCB=(LRECL=8¢,RECFM=FB,BLKSIZE=3120),~-The daca card block has

' 80 column records, the records have fixed blocks, and the block

size is 3120.

// UNITaDISK--AFILE is to be stored on 3 DISK device.

//SYSUTLl DD *--This indicates to the system that data are on the
next card. - ‘ :

Contzol Cards Stap 2

/*==This indicates a comment card.

;+ STIZl~=srocassas ne Si2p L I3Te seccnd.
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Card

Card

Card

Card

Card

Card

Card

b.

(3)
a.

b.

(4)

a.

(5)

(6)

(7

(3)

(9)

EXEC PGM-LEMB--Specifles that the execucable module of the HELP
model (LFM3) be run.

//STEPLIB DD--The program exists in a private library.

DSN=mastidmastacc.HYDRO.LOAD,DISP=SHR-~The data set name is HYDRO
and loads it in a shared private library. The author's idencifica-
tion name and account are mastid and mastacc, respectively.

(showvn as 3] lines in Table 18)

//FT19F9@l DD DSN=useridacc.AFILE,UNIT=DISK,--The system reads data
from a data set called AFILE with device 10 from the user's account
and stores data on a disk device.

// DISP=(OLD, DELETE, DELETE),--The disposition of AFILE is old, and
is to be deleted from processing and to be deleted when the program
is finished executing.

// SPACE=(CYL,(l@,2),DC3=(RECFM=FB,LRECL=89,3LXSIZE=3129)--Requests

space for data sat AFILE. The type and size of this space are

10 primary cylinders and 2 secondary cylinders. The data card block
has 80 column records, the records have fixed blocks, and the block

size 1s 3120. '

//FTP6r9@l DD SYSOUT=A--The output is prinfed on device 6.

//FTB4FPA1l DD DSN=useridacc.TAPE4,DISP=SHR-—Reads or writes to the
data set TAPE4 on the given account in a shared privace library.

//FT8SF3@1. DD DSF=useridacc.TAPES,DISP=SHR—-Reads or writes to the
data get TAPES on the given account in a shared private library.

//FT97F941 DD DSN-useridacc.TAPE7,DISP-SHR-ﬁeadS'or writes to the
data set TAPE7 on the given account in a shared private library.

;/FT38@0@01 DD DSHemagtidmastacs. APER,DISP=ShiR~--<ezas ar <“TII2S I3
ne <43ra sec TAPER osn :he ziven account in 3 3darea -rivate itrare,

. 092



Card:

‘Card

Card

Card

Card

Card

Card

(10)
(il) -
(12)

(13)

(14)

(15)

(16)

- ===4616

//FTQ9F@@Ll DD DSN=mastidmastacc.PRE3,DISP=SHR~-Reads or writes to
the daca séc PREJ on the given account in a shared private library.

//FT1IF@@1 DD DSN=useridacc.TAPEll,DISP=SHR~-Reads or writes to the
daca sec TAPEll on che given accounc in a shared private library.

//FTL2F@@1 DD DSN=mascidmastacc.TAPEL2,DISP=SHR--Reads or wrices to
the data set TAPEL2 on cthe given account in a shared privace
library.

//FT13F941 DD.DSNauseridacc,TAPEl3.DISP-SHR--Reads or writes to the
data set TAPEl4 on the given account in a shared privace library.

//FT14F@@1 DD DSN=useridacc.TAPE14,DISP=SHR--Reads or writes to the
data sec TAPEL3 on the given account in a shared private library.

//FT15F9@1 DD DSN=useridacc.TAPE1S,DISP=SHR--Reads or writes to the
data sect TAPEl5 . on the given account in a shared private library.

//FT16F@@1l DD DSN=useridacc.TAPE16,DISP=SHR--Reads or writes to the
data set TAPEl6 on the given account in a shared private library.
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APPENDIX 8
PROGRAM VARIABLES
Variable Subroutine/Common Definition

A ’ -COMPUT, DATFIT The coefficient of the cosine term for
computing the dqily values of temperature
of solar radiation.

A POTET The slope of the vapor pressure curve.

AB RUNQFF The initial abstraction of precipitacion,
in inches. .

AC COMPUT, DATFIT The annual average of the mean monzhly
temperature or solar radiation values.

ADDRUN DRAIN, SIMULA, The excess infiltration which 1is added to

SNOW runeff, in inches,

ADRN1A . QUTAVG The average annual lateral drainaie from
the third subprofile from the top, in
inches.

ADRNIM(12) OUTAVG The average monthly lateral drainage val-
ues from the third subptofile frem the
top, in inches.

ADRN2A QUTAVG The average annual lateral drainage from
the second subprofile from the top, in
inches,

ADRN2M(12) QUTAVG The average monthly lateral drainage val-

: ues from the second subprofile from the
top, in inches.

ADRN3A QUTAVG The average annual lateral drainage from

_ the top subprofile, in inches.
ADRN3M(12) OUTAVG The avarage monthly lateral 4rainage wale
' ues [rom tne 0P syDproriie, i3 incnes.,
AETA The average annual evapotranspira:lon, in

GUTAVG

inches.
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-

PROGRAM VARIABLES (Continued)

”‘f‘-’}:' ) -

Variable Subroutine/Common } Definition
AET™ OUTAVG The average monthly evapotranspiracion
' values, in inches.

ALl COMPUT The aidpoint of the month or day,

ALAi EVAPQT The datily effective leaf area index.

ALS8 POTET . The albedo for solar radiation, set to

‘ equal 0.23.

AM DATFIT The number of iterations in an annual
period, 12 for monthly values.

AN COMPUT The number of itarations in an annual
period, 365 or 366 for daily values.

AN DATFIT The number of years in tha period of the

' harmonic funczion, set to e 1.0,

ANG COMPUT ) The érgument of the sine and cosine tarms
of .the harmonic equation.

APRClA OUTAVG The average annual percolation from the

. third subprofile from the top, in inches.

APRCIM(12) QUTAVG The'average ronthly perconlacticn values
from the third subprofile from the top,
in inches,

APRC2A OUTAVG The average annual percolation from the
second subprofile from the cop, in
inches,

APRC2M(12) QUTAVG The average monthly bercolation values
from the second subprofile from the top,
in inches. '

APRC3A OQUTAVG , ~ The averaga annual percolation from the
top subprofile, in 1inches.

APRC3M(12) OUTAVG The average monthly percolation values

‘ -from the top subprofile, {n {nches.

APREA OQUTAVG The agverage annual precipitation, in

APREM(12) QUTAVG The average monthly nrecipitation values,

‘m T ammaa
Laones,

—

208




Variable

,PROGRAM VARIABLES (Continued) |

Subroutine/Common Nefinition

AREAG(13) DCDATA The leaf areas of the default LAI for
excellent grass.

AREAR(13) DCDATA The leaf areas of the default LAI for
good row crops. '

ARUNA QUTAVG The average annual runoff, in {nches.

ARUNM(12) QUTAVG The average monthly runoff values, in
inches,

8 COMPUT, DATFIT The coefficient of the sine term for com-
puting the daily values of solar radia-
tion or temperature.

3AL(20) BLK13 The annual wvater Sudget balance check, in
inches.

BALT(16) AVROUT",” DRAIN, The éFange in vater storage for-a segment

ETCHK, PROFIL, today, in {nches.
- SIMULA

BALY(16) AVROUT, DRALN, ‘The change' in water storage for a segment

’ PROFIL, SIMULA yesterday, in inches.

BDRN OUTDAY - The daily lateral drainage from the base,
of the landfill, in inches.

BHED OUTDAY The daily head on the barrier soil layer
at the bagse of the landfill, in inches.

BLK1 DCDATA, DSDATA, A common block of variables to store and

MAIN, MCDATA, ‘pass informationm.
- MSDATA, MTRLYR,
READCD, SIMULA
8LK2 OUTSD, READSD, A common block of variables to store and
SEGMNT pass information.
BLK3 DRAIN, LATFLO, A common block of variables to store and
QUTSD, READSD pass {nformation.
BLKS 'CNTRLD,. DRAIN, - A common block of variables to store and

LATFLO, OUTSD,
READCD, READSD,
SEGMNT, SIMULA

pass information.

AL B
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PROGRAM VARIABLES (Continued)
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Subroutine/Common Nefinition
BLKS QUTAYG, OUTPEKXK, A common block of variables to store and
QUTSD, OUTYR, pass informaczion.
READSD, RUNOFF,
SIMULA
BLK#6 CNTRLD, SEGMNT, A common block of variables to store and
SIMULA pass information.
BLK7 AVROUT, DRAIN, A common block of variahles ts store and
: ETCHK, HEAD, pass information.
LATFLO, LATXS,
PROFIL, RUNOFF,
SEGMNT, SIMULA
BLK3 EVAPOT, POTET, A common block of variables to store and
READCD, SIMULA, pass information.
SNOW )
BLK9S ETCOEF, SECMNT A common block of variables to store and
: pass informacionm.
BLK1O DLAIS, READCD A common block of variables to store and
' ‘pass information.
BLK1l EVAPOT, SIMULA ‘A common block of variables %o store and.
pass information.
BLK12 QUTAVG, QUTMO, A common block of variables to store aand
SIMOLA pass information. :
BLK13 OUTAVG,- OUTYR, A common block of variables co store and
STMULA pasa information.
BLK14 OUTPEK, SIMULA A common block of variables to store and
pass information.
thlS OUTDAY, SIMULA A common block of variables to store and
pass information.
BOT CONVRG, DRAIN The lower limit of the {terative solution
: in the convergence technique.
BPRC OUTDAY The daily percolation from the base of
the landfill, in inches.
~ CAL(12) VONTH Tha Julian dazs of tha last day of 2ach
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PROGRAM VARIABLES (Continued)

Variable Subroutine/Common Nefinition

CDRN OUTDAY The dally lateral drainage from the cover
of the landfill, in inches.
CF LATFLO : The correction factor for the lateral
drainage equation.
CHED OUTDAY The head on the barrier layer at the base
of the cover, in inches.
CNl - SIMULA The SCS runoff curve aumber for the site
’ under AMC-I.
cN2 -BLKS. NDSDATA, The SCS runoff curve number for the site
MSDATA, OPEN under AMC-IT,
SDCHK
CON(9) BLK2, NSDATA, The soil evaporation (tBagsmissivity)
MSTATA, SDCHEK coefficients, in mm/day ",
CONA 3LX1l, ETCOEF, The aeffazzive 301l svaporation {-ransmis- +
QUTSD sivitya goefficient for the landfill, in
mm/day "~ .-
CONUL (16) ETCOEF, SEGMNT _._The product of the segment thickness and

the evaporation coefficient which i3 used
to compute CONA.

CORECT(7) DSDATA _ Correction factors to adjust_the
’ : hydraulic conductivity of soil for dif-
ferent types of vegetation. '

CPRC OUTDAY The daily percolation through the bottom
. ‘ ' of the landfill cover, in inches.

CRITS SIMULA . The soil water content below which plant
' growth stops, in inches.

. CYBAR LATFLO - The factor to coanvert the average thick-
ness of water profile to the thickness
of water profile at crest,

c2 SIMULA The square of the.SCS runoff curve
number.

c3 SIMULA The ~ube of the SCS runoff ~urve number.

2L TATRIT "2 ==an —onthle sluag <f cammerztura T

sdolar radiation to oce ctitted ¢to a curve,

k!
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PROGRAM VARIABLES (Continued)
Variable Subroutine/Common Nefinition

DBALL SDMULA The daily water budget check for the top
subprofile, {n {nches.

DBALZ. STMULA The daily water budget check for the
second subprofile from, the top, in
iaches.

DBAL3J SIMULA The daily water budget check for the

: third subprofile from the top, in inches.

DELAZ NLAIS The daily rate of change in the leaf area
index.

bEPSEG SEGMNT Depth to the top of a segment, in inches.

DEPTHL SEGMNT Depth to the bottom of a layer, in

o inches,

DFPTHS SEGMNT Depth o :the bottom of a segment, in
inches.

DLAI(367) BLK8, NLAIS The daily changes {n leaf area index.

DLDAY o DLAIS " The difference in J&Iliaraates betueenSA”
two adjacent specified LAI values.

DOUT1 SIMULA - The sum of the daily outflow from the top
subprofile, in inches.

DOUT2 STMULA The sum of the daily outflow from the
secoad subprofile from the top, in
inches.

DOUT3 SIMULA The sum of the daiiy outflow from the
third ‘subprofile from the top, in inches.

DRIN(17) AVROUT, DRAIN, The vertical drainage into a segment, in

HEAD, PROFIL inchas.

DRN DRAIN, LATZYLO The daily lateral drainage from a sub-
profile, in inches.

DRNMAX AVROUT, DRAIN The maximum drainage from a segment, in
inchas.

IRML T ﬁlf Th= L3217 322val drainage ‘rom ths chics

subptotiic from the top, in inches.
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"PROGRAM VARIABLES (Continued)
Variable Subroutine/Common Nefinition

DRN2 BLK1S The daily lateral drainage from the
second subprofile from the top, in
{nches,

DRN3 BLK1S The daily lateral drainage from the top
subprofile, in inches.

DRN1A(20) BLK13 The annual lateral drainage values from
the third subprofile from the top, in
inches.

DRNIM(240) BLK12 The monthly lateral drainage values from
the third subprofile from the top, in
inches.

DRN2A (240) BLK13 The annual lateral drainage values from

' the second subprofile from the top, in
; Lnghes,

DRNZ2M(240) BLK12 The monthly lateral drainage values from
the second subprofile from the top, ian ¢
inches.

DRN3A(20) BLK13 The annual lateral drainage values from’
the top subprofile, in inches.

DRN3M(240) BLK12 The monthly lateral drainage values from
the top subprofile, in inches,

DSEG SEGMNT The partial thickness of a segment, in
inches.

DSNO SIMULA, SNOW The daily change in snow, in i{nches,

DSTOL SIMULA - The daily change in storage in the top
subprofile, in {inches.

DSTO2 SIMULA The daily change in storage from the

: second subprofile, in inches.

DSTO3 . SIMULA The daily change in storage from the
third subprofile, ia inches.

DSW BLK14 The minimum vegetative soil water content
during the simulation. {n vol/vol. '

2T AVROUT The time increment ‘sr wdelline latarsl

HAEAD drainage and percoiation, 13 1ays.

2in
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PROGRAM VARIABLES (Continued) _
Variable Subroutine/Common Definition

DXLAL NLAIS - The difference {n leaf area between two
adjacent, specifisd LAT values.

E(1l8) AVROUT, DRAIN, The evapotranspiration values from the

HEAD, PROFIL segments for a time period, in inches.
ENEPTH SEGMNT The evaporative zone depth, in i{nches,
"ELKS DRAIN, LATFLO, The effective lateral hydraulic conduc-
LATKS “tiviey, in inches/day.

EP ETCHK, EVAPOT, The daily potentixl plant transpiration,
SIMULA in inches.

EPS CONVRG, DRAIN The convergence criteria tolerance.

ES ETCHK, EVAPOT, The daily soll evaporation, in inches.
STMULA A

R \

ESAT HEAD The evapotranspiration from the saturated
: zone, in inches.

ESO EVAPOT The daily potential soil evaporation, in

- inches. o

ESS ETCHK,-EVAPQT, The daily evaporation at the surface, in

STMULA inches. :

EST CONVRG, DRAIN The estimate of the combined percolation,
and lateral drainage from a subprofilas,
in inches,

ESl EVAPOT The daily stage one soill evaporation, in
inches.

ESIT EVAPQT, SIMULA The accumulative sum of soil evaporation

' less {nfiltration, {in inches.
ES2 EVAPOT The daily stage two soil evaporation, in
' inches.
ET(16) DRAIN, ETCHK The daily evapotranspiration values from
EVAPOT, SIMULA the segments, in inches.
ITAZM SUTAVG, JOUTYR, The average 2vapotranspicacicn vaiues, .o’
SIMULA incheas,’
ETM(Z&O) QUTAVG, oUTMO, The monthly evapotranspiration values, in

inches.
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PROGRAM VARIABLES (Conctinued)

SuBroutine/Common

Naefinition

ETO(366)
ETT

FXCE

EXCESS

FXTRA
AXWATL

EXWAT2

FADN1A

FADN2A

- FADN3A
FAETA

FAPCLA

BLK1l, POTET
BLK1S5, ETCHK

PROFIL

DRAIN, PROFINL

ETCHK
SIMULA
STMULA
DRAIN
QUTAVG

OUTAVG

OUTAVGC
OUTAVG

OUTAVG

The daily potential evapotranspiration
values, in i{nches.

The daily total avapotraaspiration, in
inches. .

Quantity of water above saturation in the
segment directly below the segment under
consideration 1in inches.

Auantity of watar above saturation in the
top segment of a profile, in inches.

Evapotranspiration from a segmeant in
excess of the plant available water, (n
inches.

Quaﬁ:ity of water above saturation in the
top segment of the second subprofile, in
{nches. '

OQuantity of water above saturation in the
top segment of the third subprofile from
the top, in inches.

The {nfiltration during the time period,
in iaches.

The average annual lateral drainage from
the third subprofile from che top, in
percent of the average annual
precipitation.

The average annual lateral drainage from
thia second subprofile from the top, in
percent of the average annual -
precipitation.

The average annual lateral drainage from
the top subprofile, in percent of the
average annual precipitation.

The average annual evapotranspiration, in
~arcant nf rthe average annual srecipita-
tion,

The average annual percolation from che
third subprofile from the top, in percent

3L 102 Sversgae innual TrERCLTLIaNLIn
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PROGRAM VARIABLES (Continued)
Variable Subroutine/Common Nefinttion

FAPC2A QUTAVG The average annual percolation from the
second subprofile from the top, L({a per=-
cent of the average annual precipitation.

FAPCIA OUTAVG The average annual percolation from the
top subprofile, in percent of the average
annual precipitation. :

FAPREA QUTAVG - The average annual precipitation, in per-
cent of the average annual precipitation.

FARUNA QUTAVG The average annual runoff, in percent of
the average annual precipitation.

FBAL OUTYR The water budget check, in percent of the

' average annual precipitation.
F2(9) 3LK2, DJSDAZA, The field capacities of the layers, (n -
MSDATA, SDCHK vol/vol. ’

FCOS DATFIT The cosine of the mid-sonthly grac:ional
part-of-an—annual-periad.

FCUL(16) BLK?7 The field capacities of the segments, in

: inches.

FCULE SIMULA The field capacity of the evaporative
zone, in {inches,

FDRN1A QUTIR The annual lateral drainage from the
third subprofile from the top, in percent
of the annual precipitation.

FDRN2A OUTYR ‘The annual latsral drainage from the
second subprofile from the top, in per-
cent of the annual precipitation.

FDRNJA OUTYR The annual lateral drainage from the top
subprofile, in percent of the annual
precipitation.

FETA OUTYR The annual evapotranspiration, {in percent
4% <42 innual sreciziiacion.

T ZRAIG Tae zazly lariicratilon, ia lagnes.

FIN1 STMULA The daily sercalation ints =ha ~hird wub-

1\2'.35

Jreriiz izom e 129, L3 Lacnas.
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PROGRAM VARIABLES (Continued)
, .
Variable Subroutine/Common RDefintition

FIN2 SIMULA The daily percolatinn intn the second
subprofile -from the top, {n inches.

FLAG LFAP, MONTH Used to convert the number of day to 366
for a leap year, set to O for a2 'eap year
aad to | for other years.

FLEAK BLKS, DRAIN, The liner leakage fraction.

DSDATA, LATFLO, :
MSDATA, SDCHK
FPRCLA OUTYR The annual percolation from the third
' subprofile from the top, in percent of
the annual precipitation.

FPRC2A OUTYR - The annual percolation from the second
subprofile from the top, in percent of
the annual precipitation.

FPRC3A OUTYR The anaual percolation from the top sub=-
profile, in percent of the annual precip-
{tation.

FPREA QUTYR The annual precipitation, in pé:cent of

- the annual precipitation.

FRUNA QUTYR The annual runoff, in percent of the
annual precipitation.

FRUNOF . BLKS5, DSDATA, The fraction of potential runoff which

“SDATA, OPEN, runs off an open wagte site.
SDCHK

FSIN DATFIT The sine of the mid-monthly fractional
part of an annual period.

G POTET. The psychrometric constant, set to equal
0'68.

GR BLK8, DOCDATA, The winter cover factor.

MIRLYR

GRVWAT HEAD The gravity qatef in the subprofile, in
inches.

aw STaza Tie graviiy atar of 4 .iver, .1 /0L TTL.

d LATKS The nead apove 4 segment, .o Lacnes,

lis .1 1“12;3?7
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— PROGRAM VARIABLES (Continued)
Variable Subroutine/Common Nefinition
Y POTEY The net solar radiation, langleys,
HED DRAIN The daily head on the base of che drain-
age layer, in inches.
HEDL BLKLS The daily head on the base of the third
subprofile from the top, in inches.
HEDZ BLK13 The daily head on the base of the second
subpcofile from the top, in inches.
HED3 BLK1S The daily head om the base of the top
subprofile, in inches.
I ANSWER, CNTRLD, Used as a counter,
COMPUT, DATIFIT,
DCDATA, DLAILS,
DSDATA, MONTH, -
MCDATA, MSDATA,
MTRLYR, OUTAVG,
QUTSD, POTET,
PRECHK, READCD,
READSD, RUNOFF,
SCAN, SDCHK,
- SIMULA, SORTYR .
[ADﬂ &CDATA A control variable to show whether addi-
tional years of precipitation data were
entered.
IANS ANSWER, DCDATA, Set equal 2o 0 for an input of yes and to
OSDATA, MAIN, l for an input of no. ‘
MCDATA, MSDATA,
MTRLYR, PRECHK,
SIMULA, SDCHK
IBAR AVROUT, DRAIN. - A control variable to {indicate whether a
- barrier layer {3 used in the subprofile.
ICITY(18) DCDATA Used to read and write the default citias
and states from a data file of 317 lines
with 18 sets of four alphanumeric charac-
ters. :
ICOMP SCAN Used to datermine 1f an alnhanimeri=

‘o ave-
PRSIOTE N PN

SCTATA, COATA,
SORTYR

<NaractaT L3 4 sumper.

The count of a line or record of pracip-
itation data.

v«

-




 PROGRAM VARIABLES (Continued)

Variable Subroutine/Common Nefinition
I0A EVAPOT, OUTDAY, Counter for the Julian date of a vear of
SIMULA, SNOW simulation.

IDAILY STMULA A control variable to indicate whether
daily output i3 desired. .

DAY DLAILS A control variable used to compute daily
leaf area indices.

IFLAG BLK! A control variabie to indicate that the
vegetation type has been assigned.

1T SORTYR Counter for sorting the years of data.

LKOUNT MCDATA Control variable for replacing a year of
the existing precipitation data.

LAY DSDATA, MSDATA, Counter for the number of layers.

SITE
ILAYM] - ~ NDSDATA, MSDATA The numher of the layer above the layer
' : being considered.
ILAYPL SITE The numher gf the layer Below the layer
‘ being considered.

™0 SIMULA Counter for the month of the simulation
period.

IMONTH. SIMULA A control variable to indicate whether
moathly cutput is desired.

IMYEAR (20) PRECHK, SORTYR The years of simulation.

INEW MCDATA A control variable to indicate whether a

. completely new precipitation data set is

being entered.

INEW SNDCHK A control variable to indicate whether
lines of soil data were changed.

10l BLK1 A control variable that indicates whether

.- -

to print only summaty of input and
"‘ut"!ut

[ .. ks
oaTTZL, arznpLla TRET

'*‘\:""‘!v‘

- to print only output and summary witnout

input.

216
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PROGRAM VARIABLES (Continued)

Variable Subrouzine/Commen Nefinicion

103 BLKI A control variable that indicates whether
to print only summary of output.

104 BLK! A control variable that indicates whether
to print only iaput and output without
summary.

10s ALKl A control variable that indicates whether
to print only output without input and
summarcy. .

IPLUS . SCAN The character, +,

IPOLNT SCAN The character, . .

TSAND AVROUT, DRAIN, A control variable that indicates whether

DSDATA, MSDATA, the top layer is an unvegetated sand c.
"QUTSD, READSD, gravel layer.

SDCHK, SIMULA,

SITE

LSET PRECHK. Counter for year of p:ecipi:aﬁion data to
bey checkead. _

ISET READCD, SIMULA Control variable to indicate whether
miltiple years of temperature data are
used,

I[SOIL DSDATA Soil texture number for a layer.

ISTAR(2) SIMULA Character array used to indicate {reezing
temperatures,

IT SIMULA, SNOW Control variable to indicate whether the
temperature is below 32°F, ‘

ITER DRAIN, SIMULA The number of {terations used to model
drainage per day.

TTITLE(3,40) DSDATA, MSDATA, The title consisting of 3 records with

) READSD, SDCHK 40 characters per record for the name of
the site, the location of the site, and
*ha Aars AFf the wun.
TMIT TITOLI . TUTAVG. Tie iumber :f abprafilis mad o hE
OUTDAY, OUTMO, design.

OUTPEK, OUTYR,

HERI SRENC Y
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PROGRAM VARIABLEIS (Continued)

' ;:ff;aﬂlffll€3 .

Variable Subroutine/Common Nefinition
TUNITR CNTRLD, OQUTDAY, The number of subprofiles helow the cover
SIMULA of the landfill.
LUNITT CNTRLN, OUTAVG, The number of subprofiles in the cover of
OUTDAY, QUTMD, the landfill. .
OUTPEK, OUTYR,
SIMULA

[VEG DCDATA The default vegetation type.

[WB CNTRLD The number of tMe bottom waste layer.

IWT CNTRLD The aumber of the top waste layer,

YR BLK1lS, OUTMO, The counter for the years of simulation.

OUTYR
J AVROUT, DCDATA, A counter,
NLAIS, DRAIN,
DSDATA, ETCHK,
ETCOEF, FVAPOT, .
HEAD, LATKS, _
MAIN, MCDATA, - - )
MSDATA, MTRLYR,
OPEN, QUTAVG,
QUTMO, PRECHK,
PROFIL, READCD,
READSD, SDCHK,
SEGMNT, STMULA,
SITE, SORTYR
JCOUNT DSDATA, MSDATA, Line numbe ¢ for the soil and design data.
SDCHK, SITE )

JDAY DLAIS A control variable used to compute daily
leaf area indices. '

JNAY MONTH The Julian date of a year of simulation.

JSET PRECHK Counter for. line of precipiltation data to
be corrected.

JSET READCD, SIMUTA Control variable to indicate whether
suLlipie raarz o iolir ramasation lald
are used.

JTMP MONTH The Julian date of a year of simulacion.

¥
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PROGRAM VARIABLES (Continued)

Deftnifion

Variable Suhtoutine/Common
LAT DRAIN A control variable to {ndicate whecther a
lateral drainage layer i3 used in the
gubprofile.
LAY 8LK4, DSDATA, The number of layers in the landfill
MSDATA, SNCHK, profilers
SITE
LAYB DRAIN The number of the top layer of the sub-
. profila.
LAYD DRAIN, LATFLO The number of th;.bottcu lateral drainage
layar of a subprofile,.
LAYE DRAIN, LATFLO The number of the bottom layer of a sub-
profile,
LAYER(L0) BLK4, DSDATA, The layer type descriptor numbers of ths
MSDATA, SDCHK, layers in the landf{ll.
SITE
LAYS SEGMNT The number of the bottém layer of the
second subprofile from the top. -
LAYl SEGMNT The number of layers in the top subpro-
file.
LAY1A STMULA The aumber of tha top layer of the top
: subprofile,
LAYL1E SIMULA The number of the bottom layer of the top
subprofile.
LAYIM] SEGMNT - The number of the laysr above the bottom
layer of the top subprofile.
LAY2 SEGMNT The number of the top layer of the second
subprofilse from the top.
LAY2B SEGMNT Counter for the layers in the second sub-
profile from the top.
LAY2B SIMULA The number of thc'fop layer of the second
subprofils from the top.
LAY2E | SIMULA ‘The aumber of *ha bottcm laver >f the

242

;econg JUDProzila JTom s Lop.
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PROGRAM VARIABLES (Continued)

Variable Subroutine/Common Nefinition

LAY3 SEGMNT The anumber of the top layer of the third
subprofile from the top.

LAY3B SEGMNT Counter fcr the layers {n the third sub-
profile from the top.

LAY3B SIMULA The number of the top layer of the third
subprofile from the top.

LAYJE STMULA The number of the hottom layer of the
third subprofila from the top.

LCITY DCDATA The four character name of the city read
from the default climatologic data file,

LDATEG(13) OCDATA The Julian dates of the 13 default LAI
values for excellent grass.

LDATER(13) DCDATA The Julian dates of the 1] default LAI
values for good row crops.

LDAY13(13) BLK10, DCDATA, The Julian dates of the 13 LAI values

C MTRLYR used {n the s{imulation,

LEAST SORTYR The last year that wms arranged in order.

LFLAGL SIMULA A control variable for initializing the
top subprofile,

LFLAG2 STMULA A control variable for initializing the
second subprofile {rom the top.

LFLAG3 SIMULA A control variable for initializing the
third subprofile from the top.

LINER BLKS, DSDATA, The number of synthetic liners used in

MSDATA, SDCHK the design.

LISTA(2) ANSWER Keyword storage for the words yes and no.

LISTC(99) DCDATA Keyword storégé for tné first four chac-
acters of all dgfault cities,

LISTS(4l) DCDATA Keyword storage for the first four charc-
ig2ars :f 1) lafaulr sszzasl

0l UTaAYG. IUTIDRI. “i@ sumpmT I CIMYn s cm jI=uLaTac.

SIMULA
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R PROGRAM VARIABLES (Continued)
Variable ° Subroutine/Common Nnefinition

LSET READCD, SIMULA Control variable to {ndicate whether mul-
tiple years of winter cover factors are
usged .

LSTATE NDCDATA The four character aname of the state read’
from the default climatologic data file.

LYEAR DCDATA, MTRLYR, Control variable to indicate whether mul-

REACD tiple years of climatologic variables,
other than precipjtation, are used.

v NDATFIT The number of monthly divisions in an
annual period, 12,

s MCDATA, MRTLYR, A counter,

OUTAVG, READCD
MCIT DCDATA The number which corresponds to the
: selected default city/state.

MFLAG CONVRG, DRAIN Control variable to indicate whether the

drainage satisfied the convergence
- criteria.

MINUS SCAN The character, =-.

M0 SIMULA The number of the month for the date.

MONTHB ouUT™O The number of the first month of a year
of simulation.

MONTHE oUT™MO The number of the last month of a year of

L simulation.

Mol SIMULA The number of the month of a year for
yestarday.

MSET READCD, SIMULA Control variable to indicate whether
multiple years of temperature or solar
radiation values ara used.

Ml MTRLYR A counter,

47 SCal The qumber af characiars .a :ne apux
arring ar arzav. 4.

N COMPUT Number of divisions in an annual period,

- 4
12 €22 m~anche, a2tz

-

2723
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PROGRAM VARIABLES (Continued)

Variable Subroutine/Common Nefinition
N READGD, SCAN A counter.
SORTYR
NCOL SCAN . A counter,
ND READCD, SIMULA The number of days in the year of simula-
tion.
NDA REALDCD The aumber of days in a leap vyear.
NO DCDATA, DSDATA, The number of numeric values entered on a
-MAIN, MCDATA, line of record ‘nterpreted by subroutine
MSDATA, MTRLYR, SCAN, ’
OPEN PRECHK,
- SCAN, SDCEK,
SIMULA, SITE
NOYEAR MCDATA The year of the precipitation data to he
replaced.
NSEC SIMULA The number of segments.
NSEGS AVROUT, DRAIN, The number of the top segment of a sub-
o HEAD, LATXS, profile. :
PROFIL e -
’ ®
NSEGE DRAIN, LATFLO The number of the bottom segment of a
subprofile.
NSEGL AVROUT, DRAIN, The aumber of the lowest segment of a
HEAD, LATXS, subprofile, which is not a barrier layer.
PROFIL
NSEGL 8LK6A The number of segments in the top sub-
profile.
NSEGLB SIMULA The number of the top segment fin the top
’ subprofile,.
NSEGID STMULA The number of the lowest segment of the top
subprofile, which is not a barrier layer.
NSEGLE SIMULA The number of the bottom segment {n the
top subprofile.’
TITGL ErINeC N2 umbas <f segmencs otk oacond muh-

profile from the top.
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PROGRAM VARIABLES (Zontinued)
Variable Subroutine/Common ‘ Nafinition
NSEG2B - SEGMNT, SIMULA The number of the top segment {n the
second_subproftle from the rop.
NSEG2D SIMULA The number of the lowest segment aof the
’ second subprofile from the taop, which is
not a barrier layer.
NSEG2E SEGMNT, SIMULA The number of the bottom segment in the
' : second subprofile from the top.
NSEG3 "BLK6 The number of sagments in the third sub-
profile from the top. '
NSEG3B SEGMNT, SIMULA The number of the top segment {n the
third subprofile from the top.
" NSEGID SIMULA \ The number of the lowest segment of the
) thizd subprofile from the top, which is
not 1 Barrier layer.
NSEG3E SEGMNT, SIMULA The number of the bottom segment i(n the
third subprofile from cthe top.
WSTAR  ~ BLK1S R The tndicator for freezing temperatures.
NT ' ' READCD, SIMULA Control variable to indicate whether the
year 1s a leap year,
NUM(10) SCAN The ten numeric characters.
NYEAR DCDATA, MCDATA, The year of simulation.
READCD, SIMULA
NYR PRECHK The year of precipitation data to be
checked.
OLDSNO OUTYR, SIMULA The snow water at the start of the year

of simulation, in inches.

OSWULE BLX13 The soil water storage throughout the
landf{1ll at the start of the year of sim-
ulation, in inches.

PAW DSDATA The plant availaBle wiater ~apacier 2f 2
iayer, in voi/vVol.

FAWC 2ICHK The piant availaole water capacity of the
evaporative zone, in inches.
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PROGRA! VARIABLES (Continued)

Variable Suhroutine/Common Nefinition

pPAWCUL ETChK The plant available water storage of a
segment, {n inches. :

PDRNL BLK14 The peak daily Lateral drainage frum the
third subprofile from the top, in inches.

PDRN2 BLK1l4 -The peak dally lateral drainage from the
second subprofile from the top, in
inches,

PDRN3 ALK14 The peak daily lateral drainage from the

o top subprofile, {n {inches,

PEFF ETCHK The plant transpiration efficiency for

' : limiting s0il water conditions.

PHEDL BLK14 The peak daily head on bottom of the
third subprofile from the top, {n inches.

PHENZ2 BLK14 The peak daily head on the hYottom of the
second subprofile from the ctop, in
{nches,

PHFDI - _ BLKl4 The peak daily head on the hottom of the .

' © top subprofile, .in inches. '

PL DATFIT , A variable set to equal ¥, 3.14159,

PINF EVAPOT, SIMULA The daily infilcracion, in inches.

PORO(9) BLK2, DSDATA, - The porosity of a layer, in vol/vnl.

MSDATA, SDCHK

PPRCL BLK14 The peak daily percolation from the base
of the third subprofile from the top, in
inches. '

PPRC2 BLK14 The peak daily percolation from the base
of the second subprofile from the top, in
inches.

PPRC3I BLK14 The peak daily percolation from the base
of the top subprofile, in tnches.

PPRE BLK14 The peak daily rainfall, in inches.

BRC NRAIN. LATFLO The datly sereslation from 3 suborafile.

~xl a2lCNes.
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PROGRAM VARIABLES (Continued)
Variable Subroutine/Common Nefinition
PRC1 . BLK1S ' The daily percolation from the third suh-
profile from the top, in inches.
. PRCLA(20) BLK!L3 The annual values of percolatinn from the
third subprofile from the top, in inches.
PRCIM(240) BLK12 ' The monthly values of percolatian from
the third subprofile from the top, in
inches. .
PRC2 A - BLK1S " The daily percolation from the second
subprofile from the top, in inches.
PRC2A(20) BLR13 The annual values of percolation from the
) : second subprofile from the top, in
inches.
PRCZ4(20) . BLK12 ' The monthly values of percolation from
: ‘the second subprofile from the top, in
inches.
PRC3 - BLK1LS - The daily percolation from the top sub-
T - ptofile, {n inches. '
PRC3IA(20) BLK13 ' The annual -‘values of percolation from the
: top subprofile, in inches. 1
PRCJM(ZAO) BLKR12 The monthly values of percoiation from
. . the top subprofile, {n {naches.
PRE(370) BLK3, OUTDAY The daily precipitation values for ua year
of simulation, in inches. '
PREA (20) BLK13 The annual precipitation valuesﬁ in
- 1inches. . .
-PREC(10) DCDATA The precipitation values oan a line of
input data, in inches.
PREM(240) BLK12 The monthly precipitation values, in
inches.
PRUN BLK14 The peak daily tuﬁéff. in inches.
PSNO BLK14 The oeak'daily snow watar., in {nches.
PSW BLK14 - The peak soil water content in the avap=

arativa <sna. ‘a vol/wal.

<48
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PROCRAM VARIABLES (Continued)

Subroutine/Common

Nefinition

PSWULE
QOR
QDRN

QORNL
QDRN2

QDRN3

QUAT
NLATY

QLATY1
QLATY2
QLATY3

couT

8LK13

NRAIN
AVROUT, DRAIN

STMUTA

S IMULA

SIMULA

NRAIN
AVROUT, DRAIN

SIMULA
SIMULA
SIMULA

TATFLO

The soil water storage throughout the
landfill at the end of a vear of simula-
tion, in inches,

The sum of the computed lateral drainage
and percolation rates during a time
interval, in inches/day.

The sum of the estimated lateral drainage
and percolation rates during a time
interval, in iaches/day.

The sum of the estimated lateral drainage
and percolation rates for the third sub-
profile from the top for a time {nterval,
in inches/day.

The"sum of the estimated lateral drainage
and percolation rates for the second sub-
profile from the =op for a time intarval, ,
in inches/day.

The sum of the estimated lateral drainage
and percolation rates for the top subpro-
fila for a time interval, in inches/day.

The qompﬁted lateral drainage rate for a
time interval, in inches/day.

The estimated lateral drainage rate for a
time ilaterval, in inches/day.

The lataral drainage from the third sub-
profile from the top for the previous
time period in inches/day.

The lateral drainage from the second sub-
profile from the top for the previous
time period, Ln inches/day.

The lateral drainage from the top subpro-
file for the previous time period, tin
inches/day.

aral 4rzinace

™a aym ~f *ta -samnucad it
a time incerc-

ana percolatina rates forc

TAL. L3 Lngn=2E"/ LGV

e
=

3 ‘ 219
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PROGRAM VARIABLES (Continued)

Variable Subroutine/Common Nafinition
QOUTMX DRAIN: HEAD, The maximum drainage rate for a time
LATY¥T.0 intarval, in faches/day.

QPERC DRAIN The computed percolationn rate Eor a time
interval, in i{nches/day.

OPERCY AVROUT, DRAIN The estimated percolatinn rate for a time
interval, {n inches/day.

QPRCY1 STMULA The percolation from the third subpenflile
from the top for—the previous time
period, in inches/day.

QPRCY2 STMULA The percolation from the second subpro-
file from the top for the previous time
period, in inches/day.

OPRCY3 STMHLA — The peTcolatinn from the top subprofile

‘ for the previous time period, in {nches/
day. .
RAD (366) BLKS The daily solar radiacion values for a
: year of simulation, in langleys.
RADI(12) DCDATA, MTRLYR, .The ownthly solar radiation values for a
READCD ' year of simulation, in langleys.

RADIM(12) REACD The curve-fitted computed monthly solar
radiation values, in langleys.

RAIN 3LK11l, RUNOFF The sum of the daily rainfall minus the

SNOW, SIMULA change i{n snow watar storage, in inches.

RAIN(20,37,10) MCDATA, PRECHK, The rainfall values for the simulation

SORTYR period, in inches,

RATIOL STMULA - The ratio of the outflow to the computed
outflow used to halance the water budget
{in the top subprofile.

RATIO2 SIMULA The ratio of the outflow to the computed
outflow used to balance the water hudget
in the sacond subvrofile from the ton.

RATIO3 3IMULA The ratio of the outflow 23 the zsmnuted

. ourZlow used 20 >alLanca ns <aters Suage?
in the third subprofile from the top.
L’g{
290




PROGRAM VARIABLES (Continued) -

fariahle Subroutine/Common Nefinition
RC(9) BLK3, NSDATA, The hydraulic conductivitiss of the
MSDATA, SDCHK layers, in Lnches/hr.
RCUL(LH) 8LK7 The hydraulic cnaductivities of the seg-
. ments, in inches/day.
SEGMNT The product of the hydraulic conductivity

RCULS (1K)

RNF.PTH

RUN

RUNA(2N)
RUNM(240)

RO

R1

R2

'SGN

SLOPE(9)

I

ALKA, NCDATA, .
MIRLYR, OUTSD,
READCD

EVAPOT, OUTDAY,
RUNOFF, SIMULA

BLKL3

8LK12

REANCD

PROFTL:

RUNOFF

SCAN

BLK3, SCDHK,
S1TE

RUNOFE. SIMULA

and segment thickness to compute the
hydrauiic conductivity of the segment, {in
inches /he. :

The evaporative zone depth, in inches.

The daily runoff, {n inches.

The annual runoff values, in tnches.
The monthly runoff values, in {nches.

The average annual solar radiation, in
langleys, "~ ~7 =

The coefficient of the cosine term for
computing the daily solar radiation
values.

The coefficient of the sine term for com=-
puting the daily solar radiation values.

The soill water content of a segment, in
inches,

The SCS soll water retention parameter,
in inches.

The multipliers for the sign of the data
being used.

The slopes at the interface between a
barrier soil layer aand a lateral drainage
Layer.

The maximmm SCS 301! rarantisn naramacn-.
i iagnes.
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PROGRAM VARIABLES (Continued)

Variable Subroutine/Common Nefinition
SNO - EVAPOT, OUTYR, The daily snow water storage, ia inches.
SIMULA, SNOW
SSLOPE BLKS, SITE The surface slope, in percent.
STAGE1 ETCOEF, EVAPOT, The upper Limit of stage one soil evap-
SIMULA oration, in inches. ’

STHICK (16) 8LK7, ETCOEF The thickness of the segments, in inches.

SUMA DATFIT The sum of the p%cducts of the values to
be fitted to a curve and the cosine of
its location in the annual period.

SUMB DATFIT The sum of the products of the values to
be fitted to a curve and the sine of 1its
location in the annual period.

suMD DATFIT The average of the values to be fitted to

- a curve, :
SURFSW EVAPOT The water available at the surface, in
. inches. -

SW BLKLS The soil water content of the evaporative
zone, in vol/vol.

SW RUNOFF The soil water coﬁtent of segments of the
avgporative zone, in {inches.

SWLIM AVROUT The lower limit of soil watar content

: that can drain on a given day, {n inches.

SWUL(16). BLK7? The soil water contents of the segments,

: in inches.
SWULE EVAPOT, OUTSD, The soil water content of the evaporative
SIMUTA . zone, in inches,

SWULEL SIMULA The soil water content of the top subpro-
file, in inches.

SWULE2 SIMULA The soil water content of the secand sub-

' protiie LTom :ne 0P, in lncnes,
SWULE3 SIMULA The soill water conteat of the third suo-

profile from the top, in inches.

231
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PROGRAM VARIABLES (Continued)

Variable Subrputine/Common Nefinition
SWULY (16) AVROUT, DRAIN, The soil water contents of the segments
' PROFIL for the previous time period, in inches. .
 SWULYE(L6) AVROUT . The soil water contents of the segments at
the end of the previous time period, in
inches,
T ~ EVAPOT, SIMULA = The number of days since stage one soil
evaparation stopped.
TADN 1A QUTAVG " The average anmial lateral drainage from
the third subprofile from the top, in
cu. ft,
TADN2A OUTAVG The average annual lateral drainage from
the second subprofile from the top, in
cu. £+, .
TADN3A OUTAVC . The average annual lateral drainage from
the top subprofile, in cu. ft. '
TAETA QUTAVG . The average annual evapotranspiration, .in
' . . cu. fe.
TAPClA OUTAVG The averagé annual percolation from the

bage of the third subprofile from the
top, in cu. ft. '

TAPC2A ' QUTAVG The average annual percolation from the
base of the sacond subprofile from the
top, in cu. ft. ‘

- TAPC3A QUTAVG . The average annual percolation from the
: basa of the top subprofile, in cu. ft.
TAPREA QUTAYG - The average annual precipitation, in
cu., ft,
TAREA BLKS, SDCHK, _The surface area of thellandfill. in
SITE sq. ft.
TARUNA. : QUTAVG . The average annual runoff, in cu. ft.
TRAL . OUTYR The averags wvater hudget balance. {n
Cu. ;t. ’
TIRNIA QUTYR The annual lateral drainage from (he

third subproflle from the top, in cu. ft.

m - 258
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PROGRAM VARIABLES (Continued) =

Y

t

\Fm

Variable-‘ Subroytine/Common Nefinition

TDRN2A OUTYR * The annual lateral drainage from the
second subprofile from the top, in cu.
ft.

TDRNJA OUTYR The annual lateral drainage from the top
subprofile, in cu. ft,

TEMP(IZ) DCDATA, MTRLYR, The mean monthly temperatures for a year

READCD of simulation, in degrees Fahrenhetit,

TET EVAPOT, SIMULA .The evapotranspiration when not limited
by low soil moisture, {n inches,

TETA OUTYR The annual evapotranspiration, in cu. ft.

TH DATFIT The date in terms of fraction of an
annual period.

TR DRAIN, HEAD The head on the base of a subprofile, in

LATFLO, LATKS inches. .

THICK(9) " BLK4, DSDATA, The thicknesses of the layers, in inches.

: = MSDATA, SDCHK .

THICKL SEGMNT A variable used to compute the thicknens
of the evaporative zone.

I DATFIT The nmidpoint of a division of the
harmonic period.

X POTET The daily temperature, in degrees Xelvin.

TMPF(366) BLK8 The daily temperatures for e year of
simulation, in degrees Pahrenheit.

TMPFM(12) READCD " The computed mean monthly temperatures,
in degrees Fahrenheit,

TO® CONVRG, DRAIN The upper limit of the iterative solution

' in the convergenca technique.
TOSNO OUTYIR The snowv water at ‘the start-of the year
: of simulation, in cu. “=.
Tosw AUTIR The %0il vatar atoraga “hroughout tha

landfill at the start of the year of sim=
ulation, in cu. fe.

2133
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PROGRAM VARIABLES (Continued)

Variable éubtoutine/Commcn Nefinition

TPDRN1 : OUTpéx The peak daily lateral drainage from the
third subprofile from the top, in cu. ft.
TPDRN2 QUTPEK The peak daily lateral drainage from the
second subprofile from the top, in cu.
ft.
TPDRN3 OUTPEK The peak daily lateral drainage from the
top subprofilr, in cu. ft.
- TPPRCIL QUTPEK The peak daily -ercolation from the third
subprofile from the top, in cu. ft.
TPPRC2 QUTPEX The peak daily percolation from the
' gecond subprofile from the top, in cu.
fe.
TPPRC3 OUTPEK The peak daily percolation from the top
. subprofile, in cu. fet.
.
TPPRE - OUTPEK The peak daily precipitation, in cu. ft.
TPRClA OUTYR = The annual percolation from the third
S subprofile from the top, in cu. ft.
- . . L
TPRC2A OUTYR ~ The annual percolation from the second
subprofile from the top, in cu. ft.
TPRCIA OUTYR The annual percolation from the top sub-
profile, in cu. ft.
TPREA OUTYR The annual precipitation, in cu. ft.
TPRUN OUTPEK The peak daily runoff, in cu. ft.
TPSNO ~ oUTPEX ' The beak daily snow water storage, in
cu, ft. ' .
TPSW QUTYR The soll water storage throughout the

land£41ll at the end of the year of simu-
lation, in cu. ft.

TRUNA OUTYR The annual runoff, in cu. ft.

~3NOo MR T™a mow rmter aftorage ar *ha and ~f the
year of simuiation, in cu. ft.

T0 B READCD The annual average of monthly mean tem-
' peratures, in degrees Fahrenheit.

i -

i
- - .
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PRQGRAM VARIABLES (Continued) -

Variable Subroutine/Common Nefinition

Tl READCD’ The coefficient of the cosine term for
computing the daily mean temperatures, in
degrees Fahrenheict.

T2 READCD The coefficient of the sine term for com=~
puting the daily mean temperatures, {n
degrees Fahrenheit.

UL(16) BLK? The porosities or saturated capacities of
the segments, in inches.

ULF OUTSD, SIMULA The maximum soil water storage in the

. evaporative zone, {n inches. :
VALUF (10) DCDATA, DSDATA, Numeric values of input read by use of
MAIN, MCDATA, subroutine SCAN.
MSDATA, MTRLYR, _
OPEN., PRECHK,
SCAN, SDCHK,
SIMULA, SITE
voeEPTH BLKS The thickness of the evaporative zone, in
. : inches.
[ ]

A AVROUT A partial solutfon of the vertical wata.
routing equation.

V2 AVROUT A partial solution of the vertical watar
routing equation

V3 AVROUT A partial solution of the vertical wvater
routing equation.

WCF(7) DCDATA The winter cover factors for the seven .
default vegetative types, in units of
1leaf area index.

WE(T) ETCHK, ETCOEP,. Weighting factors for proportioning the

EVAPOT, RUNOFP, evapotranspiration among the 7 segment3
SIMULA . and for determining weighted average sotl
water content.

WP (9) BLK2, DSDATA, The wilting points of the layers, in

MEDATA. 3DQE¥ al/rel.
WL LA SLET Tie eilling point3 9f (ne segmenti, N

256

inches. .
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SROGRAM VARIABLES (Continued)

Variable Subroutine/Common “efinition

wPULE SIMULA The wilting point‘of the evaporative
zone, in inches.

WTSM RUNOQFF The depth-weighted soil watar content of
the evaporative zone, in vol/vol,

XaAQ(7) DSDATA A coefficfent used zo compute the SCS
run-0ff curve number for AMC-II.as a
function of default vegetation and soil
type.

XAL(7) DSDATA A coefficient used to compute the SCS
run=0ff curve number for AMC-II as a
function of default vegetation and soil
type.

XA2(7) DSDATA " A coefficient used to ccﬁpute the SCS

) sun-off curve number for AMC-II :=s 3
function of default vegetation and soil
type.

XCOMA(21) DSDATA The soil evaporation (transmissivity)

o . coefficients for ;Ee 21 default soil °
- - - 1 =

. types,~-im-mm/day ' . s

XFC(21) DSDATA The field capacities of the 21 default
soil types, in vol/vol.:

XGR(7) DCDATA The factors to adjust the default leaf
area indices for lesser stands of
vegetation.

XHEAD HEAD ‘The incremental head of a Segment. in
inches.

LLAI 8LK1l The daily'Leaf area index.

XLAIL BLKS, DLAIS The leaf area index of the first day of a
year of simulation.

XLAIL3(13) BLX10, DCDATA, The leaf area indices for a vear of simu-

MTRLYR lation.
XLENG(9) BLK3, SDCHK, The maximum drainage distances at the
: it -ase of me lzzarsl Irzizage Lavars. o
faae,
LMELT SNOW

The daily snowmelt, in inches.

213h
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PROGRAM VARIABLES (Concluded)

Variable Subroutine/Common Definition

IR (21) DSDATA The minimum infiltration rates of the
21 default soil types, in inches/hr,

XPOROS(21) DSDATA The porosities of the 21 default soil
types, in vol/vol.

XRC(21) DSDATA The hydraulic conductivities of the

’ 21 default soil types, in {nches/hr.

LSW1 SIMULA The daily excess soil water in the top

. subprofile in {inches,

XSW2 SIMULA The daily excess soil water in the second
subprofile from the top, in inches.

{SW3 S sIMULA The daily excess soil watar in the thizd

: subprofile from the top. in inches,

WP (21) DSDATA The wilting points of the 21 default soil
types, in vol/vol. . '

g " CONVRG " “Ihe ¢omputed value to be checked by the

’ convergence procedure.’

2 CONVRG The previocus estimate of the :omputed
value that was produced by the conver-
gence procedure.

XYR OUTAVG The number of years of simulation.

YEAR LEAP The year of simulation.

YSNO SIMULA The snov water storage of yesterday, in

YSWULL SIMULA The soil wvater storage of yesterday in
the top subprofile, in inches.

YSWUL2 - SIMULA The soil water storage of yesterday in
the second subprofile from the top, in
inches,

ISWUL3 S1MULA ihe 301. watar scorage Jl _28L2TrIEy .o
stp <dirzd subprefila from the %op. in
inches.

pci: v S GRob Ay HCTATS s tan sracizifation vaipas < 1 line ofF

258 iat3. L lnches.
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APPENDIX C
ORCANIZATION OF THE HELP MODEL

The HELP program consists of a hierarchifal series of subroutines. The
main program directs the iaput options, starts the simulation, and stops the
program as shown in Figure C-l. Subroutine SIMULA controls the simulation run
and output by sequentially calling a series of subroutines as shown in Fig-
ure C-2., Calculation of daily values for temperature, insolation, and leaf
area index is controlled by subroutine READCD as shown in Figure C-3. The
water routing techniques used for simulation are conducted by subroutine ORALN
as shown in Figure C-4., The functions of each of the subroutines are des-
cribed briefly below.

MAIN

MAIN is the main program that Adirects control to various subroutines for

'entering climatoloyglc data, safl charac:eristics and design {nformation, and
" running the simulatton.

ANSWER

Subrouitine ANSWER reads a record of i{nput that requires an input of
either YES ov NO, and then sets the variable LANS to equal 0 Lf the input is
YES, and to equal | 4f the input is NO.

AVROUT

Subroutine 'VROUT contains a water routing and storage algorithm that
allows water to drain vertically from upper to lower segments. Darcy's Law,
conservation of mass and the assumption of free drainage out of each segment
are incorporated into the method of solution. A moisture balance {3 computed
for each segment at the midpoint of the routing time interval (DT). An a

priori estimate of the drainage rate from the bottom segment of the profile is

used to compute the moisture balance in the bottom segment. The first estis
mate of the drainage rate from the bottom segment 'is that computed in the pre-
vious time step. If that estimate {3 not acceptably close to the subsequent

4STImatrt8 ITTS O USTSUring LalCsLl, 11 Sproweqa 28timace L3 nzzined v otulkTou-

tine CONVRG.

238 SR



_f4616.

OEFAULT OQOPTION

CLIMATOLOGIC

INPUT

MANUAL _OPTION

DEFAULT CPTION

=~ _SOIL AND .
N7/ DESIGN INPUT

MANUAL OPTION

DCDATA
PRECHK
MCDATA SORTYR
MTRLYR
OPEN
DSDATA
SITE
OPEN
ATA
MSDAT SITE
SOCHK

‘ Run simulation and
—@———- S'MULA obtain outa:u resnlu.

—@ STCP

- —@—— SIMULA

Run simulation and obtain
summary output.

By
&
@
f o

[ 3]
[+

(5 ]

)

]
\d'i

o

"

W
-
.—-.
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>Prcz—ow

READSO
SEGMNT
ETCOEF

QUTSD
- CNTRLD

READCD
POTET

| MONTH !
T SNCW__
"RUNOFF |

j

[_EVAPOT ]
[ETCHK ]
[ ORAIN_|

AIN

’, ORAIN |
I QUTCAY

[ T™MO |
l gu%Yﬁ“]

t_QUTAVG

— T ATOEK |

doo) Aji0ep
doo" £ji0q

Once for sach subprlofilo.

Tiaure -2, Subroutines Controlled hv SIMULA,
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CNTRLD

Subroutine CNTRLD secs control variables describing the locacion of the
subprofiles as being part of the cover or che waste, liner, and drainage sys-
tem. These control variables are used in the output routines ‘to idencify
simulation results.

COMPUT

The function subprogram COMPUT computes. values from the equacions of
smooth harmonic curves derived from a curve ficting method. The equations fit
mean monthly values of temperature and insolation with smooth curves having
.annual periods. These equations are used to determine mean daily temperazure
and insolaction. '

CONVRG

Subroutine CONVRG compares the previous estimate of drainage rats with
the current estimate of drainage rate. If consecutive estimates are not
wicthin a preset tolerance, a new estimate 1is computed and returned to subrou-
tine AVROUT. '

DATFIT

Subroutine bAIFIT determines the equations of smooth harmonic curves,
which pass through the 12 mean monthly values of temperature and insolacion
for each year of simulation. These equations are used in subroutine COHPU* to
compute daily values for temperature and insolation.

DCDATA

Subroutine DCDATA reads the data for default climacologic inpuc.

DLAIS

Subroutine DLAIS computes daily pocential changes in the leaf area index
for a year of simulation.

DRAIN

Subrouc=ne DRALN diviaes 2acn day iNCo 4 prasec zumper JL 2qual Iile
intevvals. ITER. :o imorove rthe zccuracwv of the laceral 4rzinage alzorizhm.
The program comput2s average aaily values [or gravictaciomal 3ead in ¢he pro-
file, the lateral drainage rate, and the rate of percolation through the bar-
Tisr Lava Soil =oisturz 2scimacas T2turned “Tom tXis srogram ire not

-
sversge 1ai.v ralues, tuf :STi2anad TolsTura Isnoancs iIrTasponging T ina

22(;4 : 243
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midpoint of the lasc time step for each day. Computations are performed hv
calling subroutines AVROUT, PROFIL, HEAD, LATKS, LATFLO, and CONVRG in a Lloop
that terminates when I convergaence criterion is satisiied.

N %%—A
- | o B4

CSDATA

Suhroutine DSDATA reads soil textures, layer descriptions, and laver
thicknesses for the default soil characteristics {nput optioan.

ETCHK

Subroutine ETCHK examines the daily soil water content of the evaporative.
zone and recalculates daily plant transpiration when plant evaporative demand
is high and soil water conteant is low.

ETCOEF

Subroutine STCOEF'compu:es rthe effective avaporation or transmissivicy
coefficient of the evaporative zone and the upper Limit for stage one soil
evaporation.

EVAPOT

Subroutine EVAPOT computes daily surface evaporation, soil evaporacion,

" and potential plant transpiration. The subroutine then determines how the

total evapotranspirative demand {s distributed among the seven segments oi
the evaporative zone.

HEAD

Subroutine HEAD computas the gravitational head available in the profile
to drive lateral flow and percolation through the barrier. The computation
proceeds from the top of the barrier layer accumulating head from saturated
segments. when a segment 13- encounterad in which the moisture content is
lower than the total porosity, the appropriate fraction of ‘the s.gment thick-
"negss is added to the estimate of head and the procedure ends.

LATFLO

Subroutine LATFLO computes the lateral flow rate based on a linearization
of the Boussinesq equation. All computations are performed at the midpoint of

Ry fm - fm ey
cne ILTe 1UER.
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LATKS
Subroutline LATXS computes the effective latearal hydraulic conductivicey
for the saturated portion of the profile. The effective conductivity is a

thickness-weighted average of the hydraulic conductivities of the segments or
fraction of segments used in the head computation.

LLFEAP

The {nteger function subprogram LEAP determines whether the yeé; heing
simulated i3 a leap year. »

MCDATA

Subroutine MCDATA reads precipitation input for the manual climatologic
input option. ’

MONTH

The integer function subprogram MONTH determines the month of a year for
a Julian date given an indicator as to whether the year is a leap year.

MSDATA

Subroutine MSDATA reads user input for runoff curve number, soil charac-
teristics, layer descriptors, and layer thicknesses.

" MTRLYR

Subroutine MTRLYR reads user input for mean monthly temperature and
insolation, leaf area index, winter cover factor, and root zome depth.

OPEN

Subroutine OPEN reads user input for SCS runoff curve number and daily
potential runoff fraction when the waste cell of the landfill 1is open.

OUTAVG

Juproucine JUTAVG caicuiates average monthly and annual results from the
~pprhly ind imnual t28aulis s Im® IIDWLOAULIT ing naNn ITLEUS n@ dVeTrsges.

A
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OUTDAY

Subroutine OUTDAY prints daily results of the simulatlion.

ouUT™0

Subroutine OUTMO prints monthly totals of the simulation results.

OUTPEK

Subroutine OUTPEK prints peak daily results of the simulation.

QUTSD

Subroutine OUTSD prints the input soil characteristics and design {nfor-
mation.

OUTYR

Subroutine OUTYR prints annual totals of the simulation results.

Subroutine POTET computes daily potential evapocranspira:ion values for a
year of simulation.

PRECHK

Subroutine PRECHK 13 used to check and correct precipitation values for
manual clizmatologic input.

PROFIL

Subroutine PROFIL chaecks each profile segment, beginning at the bo:tam of
the profile, for moisture contant greater than the pore space available in the
segment, When excess moisture 1is encountered in a segment, the segment mois-
ture content is set equal to the total porosity of the segment and the excess

moisture is distributed to :he_segmgnt above,

READCD

Subroutine READCD raads *tha climatologic data filea Ane vear at a time
during che 310uildtion and Prials cNe SLiAaTILogic iupuc.

246
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READSD

Subrnutine READSD. reads the daca file contalning the soil characteristics
and design information.

RUNOFF -

Subroutine RUNOFF determines the daily storage retention parameter aad
computes the datily runoff.

SCAN

Subroutine SCAN examines an array of 76 alphanumeric characters, which
are read from interactive input, and converts the array {nto an array of ten
floating potnt values. SCAN i{s used for reading all numeric. {nputs from the

user.

SNCHK

Subroutine SDCHK is used to check and correct saiL characteristics and
design information for the manual input option.

SFGMNT
Subroutine SEGMNT divides the landfill profile into segments and assigns

soll characteristics to the segments. This subroutine also assigns the ini-
tial snil water contents of the segments.

SIMULA
Subroutine SIMULA directs the simulation, calling subroutines to read

data, print input, compute water budget components, and priant output. The
accounting procedures for the watec budget are performed in this subroutine.

SITE

Subroutine STTE reads user input for surface area, drainage slopes, and
maximum drainage distances,

juproutine SHOW compucaes daily snow storage and daily snowmelz.

D
[@p]
o

247



- - =-aedg1s
SORTYR | ‘ |

Subroutlne SORTYR sorts the years of precipitation data {nto chronoloz-
ical order.

o
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APPENDIX D

COMPARISON WITH RESULIS OF DRAINFIL MODEL

. .
Both the HELP and DRAINFIL? models were developed to simulace the hydro-
logic performance of landfills. The two models are similar with respect o
the manner in which lateral drainage is estimated, but are otherwise quite dif-
ferent with raspect to the solution techniques employed. Data requirements
ars generally similar, except that DRAINFIL uses hourly pracipitatiocn data
while HELP requires only daily total precipitation. In order to compare
results produced by the models, simulations were performed for both a landfill
cap (cover) system and a liner/dta%n systam. The designs selected were based
on draft design guidance documents prepared by the U.S. Environmental Protec-
tion Agency. Historical precipitation data for Seattle, Washington were used
for all the simulacions.

INPUT

Three types of input are used by the HELP model: climatologic and vege-
" tation daca, design informacion, and soil characterisctics. Ioput daca are
suzmarized below.: : ' ST ST e

Clima:ologic-lnpu:

The climacologic and vegetation input are described below and partially
listed in Tables D-l, and D=-2.

Precipitation: 25 years of daily values (1951 co
1975) for cthe open landfill and
2l years of daily values (1955 to
1975) for che landfill cap

Temperature: ' One set of 12 mean aonthly values
- (see Table D-1)

Solar Radiation: One set of 12 mean mén:hly values
(see Table D-1)

a Skaggs, R. W. Modification to DRAINMOD to consider drainage from and seep-
age =hrough a lamdfill. Draft Racors. T.S. Savi-onmeatal Protacsica igancy,
Cincinnaci, CH, 1982. Z1 pp.

. v - . . - ) . - . o - .. -
: Vewe —aVITIIR|ERLIL, STIST22TLIO LgEncT. Trait GCRL faidapmcn Ceeumant. Land-

£111 Design, Liner Syscems, and Final Cover. Washingtom, DC, 1982. 33 pp.
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TABLE D-l., TEMPERATURE AND SOLAR RADIATION DATA

ﬁean Monthly lean Monthly
g Temperature ) Solar Radiacion

" Month (degrees Fahrenhetit) (Lang levs/dav)
January 40.13 69.80
° 'Fahruary 41,08 A 143,61
‘tarch 45.08 267.86
" April - 51.07 395.57
May _ 57.45 - 497.55
~June. A 62.49 . 546,46
July : 64.87 B ‘ 529.20
August 63.92 ) 450.39
September 59.92 33114
October 53.93 ] | 203.42
‘lovember 47.55 l0l.a5
Necember 42.50 52.54

250
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Leaf Area Index: ' One set of L3 values desecribing a

- L _ - vear, particularly the zrowing
season; tvpical of a poor zrass
for the cap and of bareground for

. the open waste cell (see Tabla N=2)
Winter Cover Factor: One value describing the leaf area
index of dormant winter cover (see
Table D=2)
Evaporative Zone Depth: A inches for a poor grass (for land=-

fill cap) and 2 inches for bareground
(for open site),

Design Iaformation

' The design information for the landfill cap and liner/drain system are
summarized below.

Landf1lL Cap:

Thickness of vegetative layer 2 ft

Thickness of drain layer l £¢

Thickness of barrier soil layer -2 fe

Slope of barrier soil layer 3z

Maximum drainage distance 175§

SCS runoff curve numbet 50, poor runoff potential
Liner/Drain System:

Thickness of waste layer 9 f¢t

Thickness of drain layer l ft .

Thickness of barrier soil layer 2 ft

Slope of barrier soil layer A

Maximum drainage distance 25 f¢e '

SCS runoff curve number - - 20, no runoff permitted

Soil Characteristics

The soil properties of the various layers are as follows:
Top Foot of Vegetative Layer:

Porosity 0.5 vol/vol

Fleld capacity . . 0.47 vol/vol
Wilting point . 0.15 vol/vol
Hydraulic conductivity l.417 X 100 5in./ht
Evaporation (transmissivity) coefficient 4.8 mm/day "~

Bottom Foot of Vegetative Layer:

same as above excepﬁ .
Field capacity ' . 0.45 wvol/vol

Nrain Tavars:
Porosity 0.50 vol/volL

Tlawd izpaellvT S.I% oL ma
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~TABLE D-2. LEAF AREA INDICES AND WINTER COVER FACTORS

i Landfill Cap ‘ Open Waste Cell

NDate 3 Leaf Area Index - T.eaf Area Index
1 0.00 ' 0.00
92 ’ 0.00 . n.00
104 0.30 0.00
116 ‘ - 0.50 n.00
128 : 0.50 ‘ n.00
140 . 0.50 0.00
152 0.50 . 0.00
164 0.50 o 0.00
176 0.45 | 0.00
188 0.33 - 0.00
200 . 0.16 0.00
213 o 0.08 0.00
366 : 0.00 0.00
Winter Cover Factor - 0.30 . | .0.00

252 )
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Wilting point ' : 0.15 vol/vol
Hydraulic conductivi:y 14.17 in. ,Hr_
Evaporation (transmissivity) coefficient 3.3 mm/day

Barrier Soil Layers:

Porosity ~ 0.50 vol/vol

Field capacity 0.49 vol/ vo&
Hydraulic conductivity 1.417 X 10O in./hr

Waste Layer:

Porosicy 0.50 vol/vol

Fleld capacity 0.45 vol/val
Wilting point 0.15 voL/vo%
‘Hydraulic conductivity 1.417 X 100 5in./hr
Evaporation (transmissivity) coefficient 3.8 mm/day

RESULTS AND DISCUSSION

Monthly and annual totals were generated for the following water budget
components: precipitation, runoff, evapotranspiration, lateral subsurface
drainage, and percolation through the hottom of the barrier soil layer.

Annual totals of each componeat for the simulation period were averaged to
obtain the average annual water budget, Table D=1 shows average annual water
budgets produced by the HELP and DRAINFIL models for both the landfill cap and
the open waste cell/liner/drain system. Results are given in inches (voi/
landf1ill area) and in percent of the average annual precipitation.

- The tesults produced by the two models are very similar; though, the HELP
model tends to predict somewhat higher evapotranspiration than the DRAINFIL
model. Consequently, the estimates of lateral drainage and seepage produced
by the HELP model are somewhat smaller than estimates from the DRAINFIL model.
Two causes for the difference {n the estimate of evapotranspiration are
apparent: : :

1) The HELP model estimates evapotranspiration by a modified Penman
telationship while the DRAINFIL model uses a Thornwaithe relationship adjusted
with pan evapotranspiration data.

2) The ORAINFIL amodel routes watar vertically down the soil profile to
the water table much fastar than the HEL? modei; this removes water from the
evapotranspiration zone of the soil profile before the watar can be used to
‘satisfy the evapotranspirative demand. Consequently, less evapotranspiration
.1s predicted by DRAINFIL.

. . The seepage (percolation) estimate produced by the HELP model is less
than the seepage predicted by the DRAINFIL model. As noted above, this is
caused, at least in part, by the combination of the slower vertical drainage
rates dowa and higher evapotranspiration predicted by the HELP model. Another
‘cause of the smaller seepage estimates is the assumption used in the HELP
model that barrier soil layers always remain at saturation, that is, that the
drainable porosity of barrier soil layers i{s always zero. The DRAINFIL model
assumes a drainable porosity of one percent. This assumption permits water to
seep from a barrier soil layer after drainage into the Layer ceages, thus

wi2iding jra2azar isrinatos of iespage.  loth todeis i3e larav’ o law o oiomouiln

seevage (percolation) from harrier soil lavers.

haos
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TABLE Da®. AVERAGE ANNUAL WATER BUDGETS PREDICTED BY THE HEL? AND
_ DRAINFIL MODELS

Average Annual Water

HELP DRAINFIL
Budget Component (Inches) (Percent?) (Inches) (?er:en:a)

For the Landf{ll Cap
Precipitation’ 17.70 100.00 17.70 100.00
Runoff 7.04 18.66 6.87 18.22
Evapotranspiration 16.59 43.99 15.74 41,75
l.ateral Drainage 12.77 33.88 13.78 36.55
Seepage® 1.31 3.48 1.39 3.69
Total Accounced For® - 37.71 100.01 37,78 100.21

For the Open Landfill
Precipitation® 37.05 100.00 37.05 100.00
Runoff 0.20 - 0.00 0.00 0.06
Evapotranspiration 14,42 38.91 © 12,64 36.17°
Lateral Drainage . 21.58 58.25 23.57 63.62
Seepage’ 1.04 2.89 .11 2.99

'37.04 99.96 37.32 100.73

Total Accounted For

o ADD O

&Y
-1
|
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Parcent of average annual precipitation.
For Seattle, WA, 1955=-7S. '
Percolation from hase of cover.

Excluding difference in initial and final soil moisture storage.
For Seattle, WA, 1951-~75.: , )
Percolation from base of landfill.:
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The estimate cf evapoctranspiracion is somewhat semsicive to the speci:iea
» chickness uf the evapcrative zone. Tn the simulations reported herein, avip-
orative zone depchs ware set to equal the minimum thickness reasonaple for che
specified vegetative conditicns in order to estimate che maximum iixely seep-
age and lateral drajnage. aAs a result, evapotranspiration escimatas were,
perhaps, small for cthe design. [acreasing evaporacive depchs would increase
escimaces for evapotranspiracion, and decrease estimates of seepage, lateral
drainage and, perhaps, runoff. To illustrace this poinc, the input evapora-
tive zone depths were increased from & inches for zhe cap and 2 inches for che
open site to 8 inches and 6 inches, respectively, The lacter values are
cthought to be more typical. Results for simulacions with these avaporative
depths are shown in Table D-4. For che open site, evapotranspiration
increased by about .7 inches and consequently, lateral drainage decreased by
about |.5 inches. Seepage decreased by about 0.2 inches. For che landfill
cap, evapotranspiration increased by about Q.7 inches while laceral drainage,
seepage and runoff decreased by about 0.5, 0.1 ands0.l1 inches, respectively.
Lateral drainage and seepage decrease because less water reaches the drainage
and barrier soil layers when evapotranspiration increases. Increasing the
evapotranspiration also decrcases the soil moisture content near che surface
which increases infiltration and reduces the runoff slightly.

The runoff potential of the landfill cap used in the simulations was very
small, typical of well-cultivated agriculctural fields. Most landfills would
have considerably greacer runoff pocential. A SCS runoff curve number of 80 .
would generally be more representative chan the 50 used in the simulation witk
the HELP model. The curve number of 50 was used to match the runoff pocential-
used in the simulation with the DRAINFIL model. A small runoff pocencial was.
used to estimata the maximum likely seepage and lateral drainage as small '
_evaporative depths ware used. Using both 6= and 8-~inch evaporative zone
depths for the landfill cap, simulations were run using a runoff curve number
of 80 to compare with che results shown in Tablag D=3 and D-4. Results for
these simulations are presented in Table D=-5. The runoif increased by about
2.l inches while lateral drainage, evapotranspiration and seepage decreased by
about 1.8, 0.2 and 0.l inches, respectively. Changes in the evapotrauspira-
tion on runoff mainly affect the estimates of lateral drainage in this design.

"CONCLUS TONS

Simulation results produced by the HELP and DRAINFIL models were found to
be very similar, although the HELP model predicted somewhat higher evapo-
transpiration and lower lateral drainage and seepage tor the two cases inves-
tigated. Seepage, lateral drainage, and evapotranspiration estimates produced
by the HELP model ware found to be somewhat sensitive to the avaporative zone
depth, a parametar which is difficult to estimate with zonfidence, and the SCS
runoff curve number.’ )

a Schroeder, P, R., J. M. Morgan, T. M. Walski, and A. C, Gibson. Hydrolegic
Evaluation of Landfill Performance (HELP) Model: Volume I. User's Guide
for Version 1. Draft Report, Municipal Environmental Research Laboratorv,

e -

§.3. Zavizommentai Frocacziza igency, Cilncilanati, O, 1383,
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TABLE D=4, = AVERAGE ANNUAL WATER BUDGETS PREDICTED B8Y
TYPICAL EVAPORATIVE (ROOT) ZONE DEPTHS ARE USED

THE HELP MODEL WHEN

Average Annual Water

For the Landfill Cag

For the Open Landfill

Budget Component (Taches) (Percent®) (Inches) (Parcent )
Precipitation 37.70° 100.00 37.05¢ 100.00
Runoff . 6.93 18.38 0.00 0.00
Evapotranspiration 17.30 45,89 16.06 43,34
Lateral Nrainage 12.23 32.45 20.10 54.25
Seepage 128 . 3.29 0.87° 2.36
Total Accounted For' 37.70 100.02 37.03 99.95
a Percent of‘average annual precipitation.

b For Seattle, WA, 19535-75,

¢ For Seattle, WA, 1951-75.

d Percolation from base of cover..

e Parcolation from base of landfiil.,

f Excluding difference in initial and Zinal soil aoisture storage.

TABLE D=-5. AVERAGE ANNUAL WATER BUDGETS-PREDICTED BY-THE HELP MODEL WHEN
A TYPICAL RUNOFF CURVE NUMBER IS USED FOR THE 'LANDFILL CAP

.

.

Average Annual Water - =1inch Evaporative Depth 8-inch Evaporative Deptﬁ
Budget Cowponent (Inches) (Percent ) {Tnches) (Percent®)

Pracipitation’ 17.70 100. 00 17.79 100.90
- Runof£® 9,03 23.95 9.20 26,41

Evapotraanspiration 16.41 43.52 17.08 45.32

l.ateral Nrainage 11.04 29.28 10.28 27.26

Seepaged : 1.20 3.18 L.11 2.94

Total Accountad For®  37.68 99.93 37.68 99.93

a Percsnt of average annual prncipita:ion.

b For Seattle, WA, 1955=7S.

¢ SCS runoff curve aumber of 80.

d Parcolation from hase of zover.
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