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Introduction

We present a report on our progress to update a linkage between SWAT and
MODFLOW, originally developed for application to basins in Kansas draining the Lower
Republican River (Sophocleous and Perkins [S&P],  1997; Perkins and Sophocleous
[P&S],  1999) and Rattlesnake Creek (Sophocleous et al.,  1999).  The linkage for these
models is documented in P&S (1997,1998).  The updated linkage currently being
developed also incorporates code improvements made for a different linkage, that
between the program POTYLDR (Koelliker,  1994) and MODFLOW for a model of Wet
Walnut Creek basin in Kansas (Sophocleous et al.,  1998; Koelliker et al.,  1999;
Ramireddygari et al., 2000).  In each of these, watershed hydrology is simulated using
lumped models of subbasins; spatial heterogeneity within each subbasin is represented by
taking spatially weighted averages over hydrologic response units (HRUs), which are
defined by combinations of the factors of spatial heterogeneity, including soil type, land
use, and subsurface features.  A factor for subsurface features was introduced by
modifying SWAT to represent variations on the conceptual model of a soil profile
entirely underlain by an aquifer with a saturated zone sufficiently deep to have negligible
interaction with the root zone.  These variations include (a) a soil profile that is directly
underlain by bedrock so that no water percolates out of the root zone, and (b) a soil
profile underlain by ground water sufficiently shallow, to interact with the root zone
through evapotranspiration.  Appendix A reviews the conceptual models for the linkage
based on the methodology presented in Perkins (1999).

Section 1 of this report summarizes the status of tasks identified in the project
proposal (S&P,  1999), and updates the task descriptions in light of recent developments.
Fig.1.1 shows the work schedule as originally proposed; Fig. 2.1 shows a revised
schedule that more accurately reflects task descriptions and time frames at the time of the
progress report.

Section 2 presents an overview of two preliminary versions of the SWAT-
MODFLOW linkage under development.  The first of these preliminary versions
combines modified versions of SWAT 94.2 and MODFLOW  88.  It is documented in
P&S ( 1999b-c), and has been demonstrated for the Lower Republican River basin model
(Perkins,  1999).  One of its significant features is to provide a two-way coupling of the
soil water balance simulated by SWAT and ground water simulated by MODFLOW.
This coupling is obtained with separate execution of the two programs through the use of
time-varying HRU weights and successive approximation, as discussed in Sections 2.D
and A.5.

The second preliminary version is a modification of the first, replacing SWAT
v.94.2 with v.99.2.  In this version, the code changes made to SWAT to enable the
linkage with MODFLOW have been reduced significantly.  In addition, the areal
components of HRUs based on soil, land use, and subsurface features can be specified by
SWAT's soil (*.sol), management (*.mgt), and ground water (*.gw) input files.  This may
allow applying SWAT's capabilities for simulating and averaging HRUs.  In the fmal
version of the SWAT-MODELOW linkage, MODELOW v.88 is to be replaced by v.96.
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i_Tfop„osedprojectschedule PreParation ProPOSedproject: Aug 1,1999to Jut 31,20cO

i 1999 2000 i

Tasks* ay Jun Jul Au8 Sep Oct Nov Iiec Jan Feb M Apr ay Jun Jul

1. Cfive v.1 to SWAT developers

2. Cbt familiar with SWAT '98

3. Review with SWAT developers

4. Modify HYDBAI

5.  Revise  SWAT '98``thwh`_prnggivHnggEl;H¥pqB{_A,L`{`{whin.^^Luuu+H,,<ck,<
- -

-

Cliron: daily `wewheT inpu(aCi`pmcl+Irrrigrliumrititom++_+++HRUs(WEIGHTS,SWBAVG)

6.UrfeteMODFLOW`pagk¥kaggg^^^m^„^

hhain
MODSVVB -
MODSTR, MODvmaL
MODPOST, MODRSD - -

7. Test code
- -

8. Document code (inchide tests) -

Progress and fmal report dates
; Proaressreport: Jan31 Final reTrort:Jul31

Fig.1.1.  Project schedule and deliverables as proposed in February 1999.
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i.  Peview of tasks for SWAT-MODFLOW linkage

The objectives of tasks identified in Fig.  1.1 have been revised in light of
developments since their proposal.  First, the updated linkage is incorporating SWAT
v.99.2, which was released in 1999.  Second, a two-way coupling of the soil profile and
ground water was developed and demonstrated based on separate execution of SWAT
and MODFLOW for HRU scheme 3, as discussed in Section 2 and in Appendix A.5.  As
a result, the linked execution of SWAT and MODFLOW mentioned in Task 5, in which
SWAT calls MODFLOW as a subroutine, is not being pursued.

Tasks 4-6 have been pursued somewhat simultaneously.  Two preliminary
versions of the SWAT-MODFLOW linkage have been developed; these are summarized
in Sections 2.1  and 2.2.  The first of these is an updated version of the original linkage
based on SWAT 94.2 and MODFLOW.88 (S&P,  1997; P&S,  1997).  This linkage is
documented in P&S (1999b-c) and was used to demonstrate HRU schemes  1-3 (see
Appendix A) for the Lower Republican River basin in Perkins (1999).  Improvements
previously made for the Walnut Creek basin model (S&P,  1998) were incorporated into
the SWAT-MODFLOW linkage (Tasks 4 and 6a).  The updated project schedule is
shown in Fig. 2.1.

.«`~>>x«<a~```<~hh<`<".`^`,h`„.p_r`Qj.eft€£|eg«tl._e.,`,^^.`_.in.NT`.„N`.`«u`,`„`.`..`...`.,.._`.Preparation Project: Aug 1,  1999 to Jut 31, 2cOO

(Progress Report) i i        i        i    1999 2un         i      i      i
i

Tasks* a Jun Jul Aug Sep Oct Nov Dec Tan Feb Mar Apr ay Jun Jut

1. Give v.0 (P&S,1997) to SWAT devebpers
2. Become familiar with SWAT 98.1, 99.2
3. Review plans with SWAT developers
4. Modify overan linkage prcoedure

a. write Preswb, Subwts for Swat 94.2
b. move Preswb, Subwts to SWBAVG

5.RLgyiseswA|99.2forlinLkaeaLaetoMODFLOW
a. Co      ilo, run v. 98.1,99.2underLahe
hJlmml]  link:},ge  iapli(im:  ( *.tqu+J`  *.gwr )  +_

c. Instan irrigation options (*.mgt)

^€±TJrfuteMODFLOw
a.U      teswb,Str,Wel,Rsd,Post   acka  es
b. Convert from MODFLOW v.88 to v.96

7.   Test Swat-Modflow linkage
a. Y7 (98.1 vs. 99.2); Repub (94.2 vs.  99.2)
b. Repub model.  (v.1 : Swat.94.2, Modflow.88)
a. Rei]ub model.  (v.2: Swat.99.2, Modflow.88)

d. final version v.99.2 w/ Modflow.96)
8. Dceument code (inch]de tests) - - - - - -

i !! 1!!! i i

Progress and fmal report dates iprogress report: Jam 31 Final report: Ju131

L(*) Dashed ines indicaELaralleL rented work.
iL*!J Ll    i    i    i      i    i    i    iJ_

Fig. 2.1.  Revised project schedule and deliverables at the time of the progress report.
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HRU schemes 1-3 are composed of from 10 to 15 individual HRUs, each of
which is based on subbasin areal fractions for soil types, land use, and subsurface
features.  For this version of the linkage, these three factors can be represented by soil
(*.sol), management (*.mgt), and ground water (*.gw) input files for each subbasin.  The
*.gw input file format was modified to allow specifying a subsurface feature option,
ipurk¢.) for subbasin/IIRu j, for alternatives to the conceptual model of a soil profile
underlain by an aquifer with a saturated zone sufficiently deep that it does not interact
with the root zone.  Alternative conceptual models include (a) a soil profiles directly
overlaying bedrock, thereby preventing percolation out of the root zone, and (b) a soil
profile underlain by an aquifer with a saturated zone sufficiently shallow to interact with
the root zone.  The second of these altematives depends on a two-way coupling between
SWAT and MODFLOW.  This is implented with separate execution of SWAT and
MODFLOW based on techniques of successive approximation to obtain a two-way flow
of information between the programs, and evaluation of time-varying HRU weights to
reflect changes in area of shallow ground water as the hydraulic head in the aquifer
responds to hydrologic conditions.  This two way coupling is summarized in Section 2.3.

HRU schemes 1-3 have been run with the SWAT 99.2 version of the linkage
(Section 2.2) and compared with results of the SWAT 94.2 version (Section 2.1)  At this
time some significant discrepancies exist between test results given by these two
versions, which will hopefully be resolved soon.  One option to help investigate these
discrepancies is to set up a version of the SWAT-MODFLOW linkage with SWAT 98.1.

Task 1. Provide SWAT developers with the original SWAT-MODELOW linkage.

Provide SWAT developers with executable files for our versions of SWAT
(referred to here as SWAT.94) and MODFLOW; docuinentation, and input files for the
Lower Republican River basin model base case.

This included executable files for our modified versions of SWAT (v. 94) and
MODFLOW (v. 88) with documentation and input files to run the Lower Republican
River basin model's base case.  These were provided during our discussions in April and
May 1999.

Task 2. Become familiar with SWAT  98.1

Begin working with SWAT's latest version (SWAT '98).  Use SWAT_98.1 to run
test cases, including demonstration of new HRU capabilities.

Since the project to link SWAT and MODFLOW was proposed, SWAT_99.2 has
been released.  Consequently, we have based our work linking SWAT and MODFLOW
on SWAT_99.2.  However, we have compiled and linked both SWAT versions 98.1 and
99.2 using the Lahey 95 Fortran 90 compiler in order to compare model results between
the versions.  Successful execution of both versions under the Lahey compiler required a
number of minor changes, primarily to avoid references outside array bounds and
references to undefmed variables.  See Task 7 for a summary of testing procedures.
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Arcview 3.2, Spatial Analyst, and SWAT-Arcview have also been installed for
eventual use during the development of the SWAT-MODFLOW linkage.

Task 3.  Review Plans to be imDlemented with SWAT develoDers

Review with SWAT developers the changes we made to SWAT.94 to determine
whether the same changes should be made to SWAT.98.  Determine how developments
to SWAT since SWAT.94 affect this update; in particular, with respect to SWAT's
representation of HRUs.  Determine whether any modifications are needed to produce
areal weights for averaging HRUs, or for simulating and averaging HRUs on a daily

.  basis.

Changes made to SWAT 94.2 for the original linkage to SWAT were reviewed
with Jeff Arnold and R. Srinivasan in our meeting of May 1999.  In a teleconference
between us in January 2000, the changes we have made to SWAT v.99.2 for the linkage
with MODFLOW were reviewed, and the general features of our approach were found
acceptable.  These include separate exeeutious of SWAT conesponding to individual
HRUs, and executing SWBAVG independently from SWAT to take averages over hrus.
Section 2 of this report summarizes the overall approach to the linkage, and Appendix A
describes the conceptual models implemented by the linkage.  Appendix 8 documents
changes made to input files for SWAT 99.2.

Task 4.  Modify SWAT to write a si)readsheet form of the balance file.

4a.  In the first preliminary version of the linkage based on SWAT 94.2, SWAT's calls to
HYDBAL are replaced by calls to PRESWB, which writes the balance file in a
spreadsheet format.  In addition, the functionality of the previously separate prograng
WEIGHTS, is provided by subroutine SUBWTS, which SWAT calls to evaluate HRU
weights.  The modified Control Codes (*.cod) input file is read both by SWAT, to specify
the HRUs to be simulated and to allow calculating their weights, and by SWBAVG, to
specify the HRUs to be averaged.

4b.        In the second preliminary version of the linkage, SWAT 94.2 is replaced by
SWAT 99.2 (see Task 5b, below).  In this version, some of the functionality associated
with subroutines PRESWB and SUBWTS is moved from SWAT to SWBAVG.  This
organizational change reduces the extent of required changes to SWAT 99.2 code and
input data format for linking SWAT and MODFLOW.  Changes to SWAT 99.2 input
format affects the Control Codes (*.cod), Management Codes (*.Ingt), and Ground Water
(*.gw) input files; these are documented in Appendix 8.

Task 5. IncorDorate SWAT v.99.2 into the linkage with MODFLOW

5a.        Preliminary work with SWAT versions 99.2 and 98.1 was summarized above as
part of Task 2.  Both versions were compiled and linked under Lahey 95, and were tested
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with comparative simulations of the Y7 watershed and the Lower Republican River basin
(see Task 7).

5b.        In the second of the two preliminary versions of the SWAT-MODFLOw linkage
(see Section 2.2), SWAT v.94.2 is replaced by v.99.2.  A key change in moving from
v.94.2 to 99.2 is the transition from Fortran77 code to Fortran90 code.  Effects and
advantages of this transition are summarized below; see "Notes."  In particular, the
Module program structure was utilized for data sharing instead of subroutine argument
lists and common blocks, as in the case of SWAT v.94.2.  This capability eliminated the
need for many of the changes made to v.94.2 for the linkage to MODFLOW.

Task 6.  UDdate MODFLOV/ Dackages

6a.        Incorporate the MODFLOw packages that were written or modified for the
model of Walnut Creek basin (Sophocleous et al., 1998), which was simulated using
POTYLDR (Koelliker,  1994) and MODFLOW.  These packages include a rrodified
version of MODFLOW's mainline, MODSWB, MODSTR, MODWEL, MODRSD, and
MODPOST.  These packages were incorporated into the first preliminary version of the
SWAT-MODFLOW linkage reviewed in Section 2, which was demonstrated in Perkins
(1999) and docunented in P&S (1999b-c).

6b.        Update the MODFLOw version incorporating the above packages from
MODELOW v.88 to v.96.

Task 7.  Test the combined SWAT-MODFLOW code.

Test the combined model code as it is developed; use the Y7 Reisel watershed and
Lower Republican River basin models as test cases.

Results for the test cases using the Lahey 95 executable version of SWAT_99.2
were compared both with results based on the downloaded executable file for
SWAT_99.2 and results for earlier versions of SWAT.  Comparisons with results based
on the downloaded executable file for SWAT_99.2 provided checks on possible errors
introduced either by code changes made to run under the Lahey compiler or into the data
sets due to input format changes.  Comparisons for the Y7 case between v.99.2 and
v.98.1 for the same set of conditions showed large differences that were traced to a line of
code in subr. SVVU that has been commented out of the current version of SWAT 99.2
used in the preliminary linkage of SWAT and MODELOW (see Section 28).  With this
change, differences are negligible between Y7 model results for v.98.1 and v.99.2.
However, differences are still large for the Lower Republican River basin model between
the two preliminary versions based on SWAT v.94.2 and 99.2.  See Appendix D for
further discussion of test procedures and results.
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Task 8.  Document the combined SWAT-MODFLOW linkage

Produce a manual to document the updated model as it is developed.  The manual
will document how to run the model code for the Lower Republican River model's base
Case.

The preliminary version of the updated SWAT-MODFLOW linkage based on
SWAT v.94.2 (Section 2A) was documented in two volumes corresponding to users' and
programmers' manuals ¢&S,  1999b-c).  These volumes win serve as drafts for the final
version of documentation for the linknge.  Other documentation to be provided include an
update of the Readme.txt file provided to SWAT developers in May 1999 with
instmctious on installing the original version of the SWAT-MODFLOW software and on
munning the program with test cases for the Y7 Reisel watershed and the Lower
Republican River basin.
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2. Overview of SWAT-MODFLOW linkage

An integrated watershed simulation based on the coordination of SWAT and
MODFLOW is illustrated by the block diagram of Fig. 2.2 (from Perkins and
Sophocleous, referred to as P&S, 1999a), which shows the hydrologic connections that
couple SWAT and MODFLOW's respective solutions.  Appendix A presents the
conceptual models on which the linkage is based, and begins in Section A.1 with
expressions of continuity for each of the partitions shown in Fig. 2.2.

Figure 2.2.  SWAT and SWBAVG simulate watershed control volume components above
the dashed line (vegetation canopy, soils, and ponds), and MODELOW those below
(stream and aquifer); LSF = lateral subsurface flow. (from P&S,  1999a)

2.A.   O_berating procedure linking SWAT 94.2 and MODFLOW 88

A preliminary version of the updated linkage between SWAT and MODFLOW
has been developed that addresses some of the key aspects of the proposal of
Sophocleous and Perkins (S&P,  1999).  The methodology implemented by this version
was presented and demonstrated in Sam's dissertation (Perkins, 1999), and is summarized
in Appendix A.  The procedure for simulating the hydrology of a watershed's hydrology
based on separate execution of SWAT v.94.2 and MODFLOW v.88 is illustrated in
Fig. 2.3.  This coordination relies on three additional components of code in addition to
SWAT and MODFLOW.  The essential features of these components are summarized
here, and described in more detail in Perkins and Sophocleous (1999b-c).

12



1. Soil waterlatmosphere simulation: SWAT (v. 94.2)
For each HRU, run SWAT as follows:

For each day of the simulation period:
At beginning of each aquifer solution time step, calculate (HRU scheme 3)

Daily capillary uptake from shallow ground water (from MODFLOW)
For each subbasin:

Run lumped watershed model code;
Accumulate results over each groundwater simulation time step;

end do
At end of each aquifer solution time step, calculate:

Flow rates for each HRU and subbasin (subr. PRESWB);
Spatial weights (subr. SUBWTS) to be used in average over HRUS

end do
end do
2. Take average over HRUs: SIVBAVG
For each aquifer solution time step:

Read spatial weights written by subr. SUBWTS for each subbasin;
For each HRU:

Read flow rates written by subr. PRESWB for each subbasin;
For each subbasin:

For each hydrologic component:
Accumulate a weighted average over all HRUs;

end do
end do

end do
Write HRU-averaged flow rates for each subbasin;

end do
3. Stream-aouifer simulation: MODFLO\V (v.88t
For each aquifer solution time step:
Distribute HRU-averaged flow rates for each subbasin over grid cells to specify

recharge, tributary flow, surface and ground water diversions, and max.
evaporation for shallow ground water (MODSWB, MODSTR and MODWEL
packages).
Formulate and solve finite difference equations (FM_ and solver routines);
Write summary of evaporation from shallow ground water (SW82BD)
Calculate residuals for simulated heads (MODRSD package) ;
Write optional "postprocessed" results (MODPOST package);

end do

Figure 2.3.  Procedure to coordinate separate execution of SWAT v.94.2 and
MODFLOW for simulation of the Lower Republican River basin's watershed hydrology.

The first component of the SWAT-MODFLOW linkage specifies hydrologic
connections between the respective control volumes simulated by SWAT and
MODFLOW.  These connections include tributary inflow, ground water recharge,
potential evaporation, and irrigation requirements; conceptual models are presented in

13



Appendix A, Section A.2.  At the end of each aquifer solution time step, SWAT calls
subroutine PRESWB (formerly HYDBAL) to transform the hydrologic depths, or
cumulative volumes per unit area simulated by SWAT, to average flow rates over the
aquifer time step to represent these connections for each subbasin.  These flow rates are
written to a file to summarize SWAT's simulation results for MODFLOW.  SWAT also
calls subroutine SUBWTS (formerly WEIGHTS) to calculate HRU weights, based on
soil type and land use areal fractions in each subbasin

The second component applies the HRU concept to represent the hydrologic
effects of spatial heterogeneity within subbasins simulated by SWAT.  Conceptual
models for spatial heterogeneity are presented in Appendix A, Sections A.3 and A.5.  A
statistical model for spatial heterogeneity is provided by coordinating the execution of
SWAT with a separate prograng SWBAVG.  SWAT simulates a set of representative
homogeneous cases, referred to as hydrologic response units (HRUs).  SWBAVG then
takes an areally weighted average over the HRUs.  Weight functions for the averages
taken over HRUs are calculated in calls by SWAT to subroutine SUBWTS.  SWAT's
Control Codes input file was modified to specify the HRUs and corresponding areal
weights for SWAT and SWBAVG, respectively.

The third component uses the spatially averaged results given by SWBAVG for
each subbasin to specify boundary conditions over the grid of MODFLOW's spatially
distributed stream-aquifer solution.  Conceptual models for this component are presented
in Appendix A, Section A.4.  This component is provided by the package MODSWB,
which was written for this purpose,  in conjunction with the packages MODWEL and
MODSTR, which are modified versions of MODFLOW's WELL and STREAM
packages, respectively.  MODSWB distributes the flow rates simulated by SWAT and
SWBAVG for HRU-averaged hydrologic connections over the appropriate grid cells of
the stream and aquifer domain in each time step.  MODWEL and MODSTR are
coordinated with MODSWB to represent iITigation requirements specified by SWAT as
spatially distributed diversions from surface and ground water supplies.

Compared with the original SWAT-MODFLOW linkage used for the Lower
Republican River basin study (Sophocleous et al.,  1997) and documented in Perkins and
Sophocleous (P&S,  1997), this version includes the following improvements:

1.  Techniques for passing data between SWAT and MODFLOW are simpler but more
flexible, whether data are passed by file or by reference as subroutine arguments.

2.  Conceptual models for hydrologic connections between the two model codes satisfy
continuity better than before.  This is shown by improvements in calibration residuals and
in overall watershed water balances (Perkins,  1999).

3.  Two alternatives to the original conceptual model for spatial heterogeneity (HRU
scheme) have been installed as options to account for areal fractions of subbasins
underlain by bedrock with no aquifer; and to further distinguish between deep and
shallow areas of ground water.  The two-way coupling between unsaturated and saturated
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zones arising from shallow ground water is represented by one of the alternative schemes.
This coupling of SWAT and MODFLOW solutions was implemented with separate
execution of SWAT and MODFLOW and required relatively Ininor changes to the two
programs.  Its implementation utilizes the techniques of (a) time-varying HRU weights to
reflect ground water response to weather cycles, and (b) successive approximation to pass
MODFLOW's results concerning shallow ground water to SWAT.  Section 4 of this
report discusses options for representing this two-way coupling

4.  The operating procedure for applying the SWAT-MODELOW linkage to simulations
has been simplified by using a single instance of SWAT's Control Codes (~.cod) input
file to show in a table how the component HRUs of a scheme are organized to represent
spatial heterogeneity.  This ~.cod file is used as input to all of the HRU simulations by
SWAT and by program SWBAVG, which takes an average over SWAT's results.

5.  The procedure for representing spatial heterogeneity with SWAT as originally
developed for application to the Lower Republican River basin has been retained.  In this
procedure, SWAT, SWBAVG, and MODFLOW are executed separately.  This is favored
over the procedure outlined in Fig.  1 of our proposal (S&P,  1999), in which SWAT calls
MODFLOW as a subroutine.  However, the technique employed here of simulating
HRUs individually with SWAT and averaging them extemally is considered to be an
optional mode of operation that should not interfere with alternative approaches that
make use of SWAT's capabilities to simulate and average HRUs internally.

6.  The preliminary version of the updated SWAT-MODFLOW linkage incorporates the
latest versions of MODFLOW packages developed for the linkage of POTYLDR
(Koelliker,  1994) to MODFLOW for application to the Wet Walnut Creek watershed
(Sophocleous et al.,  1998).

7.  The code for this version of the SWAT-MODFLOW linkage is documented in the
form of Users' and Programmers' manuals (P&S,  1999b-c), which can serve as a draft of
the final version of documentation (Task 8).

2.8.  Revised I)rocedure for linking SWAT v.99.2 and MODFLOW v.88

SWAT v. 99.2 has been adapted for the SWAT-MODFLOW linkage previously
developed for SWAT v. 94.2 ffig. 2.3).  Revisions to this procedure, Fig. 2.4, were
intended to make the SWAT-MODFLOW linkage easier to apply and to reduce the
extent of changes to SWAT v.99.2 code.

Compared with the version of the linkage described above that is based on SWAT
v.94.2, SWAT v.99.2 reads less data associated with the linkage, and shifts some tasks to
SWBAVG.  After all HRUs have been executed, SWBAVG is run, using all HRUs
calculated by SWAT for input, to calculate results for input to MODFLOW.  The updated
version of the intermediate program, SWBAVG (step 2 in Fig. 2.4), does the following:
(a) Calculate HRU weights by calling subr. Subwts;
a) Evaluate HRU averages as in the previous version;
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1. Soil waterlatmosDhere simulation: SWAT (v. 99.2)
For each HRU, run SWAT as follows:

For each day of the simulation period:
If iophni == 3 (IIRU scheme 3): On first day of gw time step, calculate

daily capillary uptake from shallow gw given by MODFLOW;
For each subbasin:

Run lumped watershed model code;
Accumulate results over each groundwater simulation time step;

end do
At end of each aquifer solution time step, summarize results (subr. Sumstep,

called by subroutines Writed, Writem, or Writea, depending on option
Ipd);

end do
end do
2. Take average over HRUs: SIVBAVG
For each aquifer solution time step:

If iophm == 3 (HRU scheme 3): Read shallow gw fraction for each subbasin
Calculate spatial weights (subr. SUBWTS) for each subbasin;
For each HRU:

Read SWAT results summarized by subr. Sumstep for each subbasin;
For each subbasin:

For each hydrologic component:
Accumulate a weighted average over all HRUs;

end do
end do

end do
Call Preswb to specify terms for MODFLOW (tributary inflow, recharge,

irrigation demand) in terms of the HRU averages; and convert to flow rates;
Write HRU-averaged flow rates for each subbasin;

end do
3. Stream-aquifer simulation: MODFLOwr
For each aquifer solution time step:
Distribute HRU-averaged flow rates for each subbasin over grid cells to specify

recharge, tnl)utary flow, surface and ground water diversions, and max.
evaporation for shallow ground water (MODSWB, MODSTR and MODWEL
packages).
Formulate and solve finite difference equations (FM_ and solver routines);
Write summary of evaporation from shallow ground water (SW82BD)
Calculate residuals for simulated heads (MODRSD package) ;
Write optional "postprocessed" results (MODPOST package);

end do

Figure 2.4.  Revised procedure to coordinate separate execution of SWAT (v.99.2) and
MODFLOW for simulation of the Lower Republican River basin's watershed hydrology.
More detailed outlines of SWAT v.99.2 and MODFLOW v.88 execution sequences to
implement this procedure are shown in Appendix A, Figs. A.4 and A.5.
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(c) Group hydrologic components to specify tributary inflows and ground water recharge;
(d) Convert SWAT's dimensional units of length (volumes per unit area, mm) to flow
rates.

Items a, c, and d in this list were previously handled by calls to subroutines
Pieswb and Subwts from the modified SWAT (v. 94.2).  The data describing the HRU
schemes are read in SWBAVG.

An alternate version of the SWAT-MODFLOW linkage using SWAT v.94.2 has
also been produced that follows the modified procedure of Fig. 2.4.  This version of the
hikage allows direct comparison of results from both SWAT for individual HRUs and
from SWBAVG after averaging over the HRUs.  This helps isolate differences between
SWAT versions 94.2 (as previously modified) and 99.2; see Appendix  D, "Test case
rresults."

SWAT inDut data to sDecifv the SWAT-MODFLOW linkage
Sde Appendix-B for instructions on specifying thes; data for SWAT and the

additional input data on the modified Control Codes input file read by SWBAVG.  See
Appendix C for example input data files and procedures used to apply HRU schemes 1-3
to the Lower Republican River basin model.  These schemes were formulated to provide
three options for conceptual models of spatial heterogeneity.  The HRU approach is
introduced in Appendix A, "Conceptual models for linkage," Seetion A.5.  In this
approach, each simulation by SWAT executes one HRU for each subbasin.  Each HRU
represents one combination of soil type, specified by the soils (*.sol) input file; land use,
specified by the Management Codes (*.nigt) input file; and subsurface feature based on
the option ipurk, specified by the modified ground water (*.gw) input file.  Options
defined for the Lower Republican River basin model are listed in the section entitled
"Specifying hydrologic response unit (IIRU) schemes 1-3" of Appendix C

1. Control Codes (*.Cod` inDut file
SWAT 99.2 reads afi additional field, columns 89-92 from record 2 of the Control

Codes (*.cod) input file, for the added variable iopmod.  If positive, SWAT writes a
summary of its simulation results at intervals specified by the variable ipd (0: monthly,  1 :
daily, 2: annual), which is rend from the same record as iopmod.  If iopmod > 0, a sixth
rrecord is read from the Control Code file after its five standard records have been read, to
specify cnvlen, a conversion between SWAT and MODFLOW for units of length; and
optional file names, nambal and namshl.  nambal specifies the name of the output file
for the summary of results.  This file provides the basis of input to MODFLOW to
specify fluxes (recharge, tributary inflows, irrigation pumping)  Conversion of results for
MODFLOW is organized by input to SWBAVG and is based on multiple simulations of
SWAT, one for each HRU.  namshl specifies the name of the input file written by
MODFLOW that summarizes results for shallow ground water for each subbasin,
including the area of shallow ground water, the flow rate for evapotranspiration through
the soil profile based on MODFLOW's model for evapotranspiration, and the depth to
ground water.

2. Ground water inDut data /*.gw` for each subbasin
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Subroutine Readgw was modified to read option ipurko) for subbasin, j, from an
unused field of the input file.  Ipurko) specifies the assumed conceptual model for
subsurface features as follows.
ipurko) = 0: the standard assumption holds for SWAT, in which the soil profile is

underlain by an aquifer with deep ground water that has a negligible effect on soil
water content due to evapotranspiration.

ipurko) = -1 : the soil profile is assumed to sit on top of bedrock.  This is represented in
SWAT by a modification to subroutine Purk that holds percolation out of the root
zone to zero if ipurk¢) = -1.

ipurko) = +1 : ground water is shallow, and data are read from file namshl by SWAT
(subroutines Init_shl and Sumstep) to specify evapotranspiration into soil profile
according to MODFLOW's simulation.  Evapotranspiration is converted from flow
rates into daily volumes per unit area for redistribution over the soil profile using
subroutine Evapngw, called by subr. Subbasin (see Fig. 2.5).  Evapotranspiration flow
rates are obtained from MODFLOW using successive approximation as described in
the section below,"Implementing a two-way coupling between SWAT and
MODELOW."

These options are used to represent subbasin heterogeneity for the Lower
Republican River basin model due to areal fractious of each subbasin lying within an
alluvial valley and having with either deep or shallow ground water, and the remaining
fraction of each subbasin lying outside the alluvial valley where the soil profile sits on
bedrock.  See Appendix A.5 for conceptual models based on these distinctions, and
Appendix C for examples of corresponding HRU schemes.

3. Management Codes (*.mgt` inDut file for each subbasin

SWAT was also modified to allow two additional fields of data to be read from
the Management Codes (*.nigt) input file.  If values are positive, these fields specify a
maximum daily irrigation limit, auto_dmx, and an iITigation threshold as a fraction of
available field capacity, auto_swf.  The daily maximum is applied whether the irrigation
threshold is given by plant stress factor or by soil water content.  Soil water content
threshold is indicated one of two ways.  (a) A negative value in the field for plant stress
factor, auto_str, is interpreted as a soil water content deficit below available field
capacity (mm).  This is a standard SWAT 99.2 option, but is not documented in the
Control Codes input file.  a) If a positive value is entered in the field for available field
capacity fraction, 0 < auto_swf < 1, a coITesponding deficit is calculated and substituted
for auto_str that is given by

auto_str = swcap(auto_wsf -1)
This is intexpreted by SWAT's standard code to represent the irrigation threshold,
auto_str, as a soil water content deficit.

2.C.  Flow of execution for modified versions of SWAT and MODFLOW

This section outlines the flow of execution for both SWAT and MODFLOW, and
shows where their procedures have been modified to implement the linkage.
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Flow of execution for modified SWAT v.99.2

A review of the procedure followed in SWAT to sinulate the soil water budget
components for each subbasin is outlined in Fig. A.4.  Subroutines in SWAT were added
or modified to coordinate with MODFLOW and to incorporate added options that are
specified in the modified Control Codes (*.cod) input file for Swat unless otherwise
noted below.  Item numbers correspond to superscripts on subroutine names in Fig. A.4;
options in bold type are defined as follows.

Read or generate daily weather observations, Clicon;
do for each subbasin (subr Subbasin):

Soil temperature: calculate for each layer; Solt;
Surface hydrology, Surface:

Canopy interception;
Snowmelt, Snom.
If precip > 0:

Excess rainfall: curve number or Green-Ampt, Volq;
Surface storage, Surfstor; Crack volume, Crackvol;
Transmission loss for ephemeral stream channels, Tram;
Effective rainfall (infiltration) = precipitation - runoff

Percolation and lateral subsurface flow, Purk]'2.
Redistribute uptake from shallow gw over soil profile, Evapngw]'3

Evaporation:
Potential evaporation, Etpot;
Actual evaporation, Etact;
Crop growth model, Cxpmd;

Supply plant evap. demand with avail. soil water, Swu4

Irrigation based on either plant stress factor or soil water content
thresholds, and limited by a daily maximum (Readmgt5, Subbasin);

end do
end do

Figure 2.5. Procedure followed in the daily hydrologic simulation for each subbasin in
SWAT v.99.2.  Superscripts 1-5 refer to code changes or additions that are summarized
in the text.

Notes on code changes or additious to SWAT v.99.2:

1 . Rcadgw was modified to specify the option ipucko) for each subbasin, j.  If
ipurko) < 0, the soil profile direetly overlays bedrock; subroutine Purk was modified
to represent this conceptual model.  Ipurko) = 0 specifies SWAT's default conceptual
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model, a soil profile underlain by an aquifer with ground water sufficiently deep that
its interaction with the root zone is negligible.  ipurko.) > 0 specifies that ground water
in the aquifer is shallow enough to interact with the root zone.  For this, subr. Subbasin
calls Evapngw to redistribute evapotranspiration from ground water, according to
MODFLOW's conceptual model, over the soile profile.

2. Purk was modified to include an option to represent a soil profile underlain by
bedrock, specified by setting option ipurko.) = -1.  In this case, percolation out of the
root zone is blocked, resulting in a corresponding increase in subsurface lateral flow
and soil water content.  This option is used in the HRU scheme2, specified by
iophru=2, in which a subbasin is disaggregated into components with a soil profile
either sitting on bedrock or underlain by an aquifer with deep ground water with
negligible effects on soil water content.

3. Evapngw redistributes uptake from shallow ground water over the soil water profile,
and is called by subr. Subbasin if the option ipurko.) = +1.  An HRU with shallow
ground water can be associated with HRU scheme 3 (iophru=3), which disaggregates
shallow and deep ground water components.  This two-way coupling obtained using
successive approximation.  Evaporation from shallow ground water is given by a
previous iteration of Modflow's solution for a given time step, and is redistributed over
soil layers in which water content is less than available field capacity.  Results from
the previous iteration of Modflow's solution can be given by HRU scheme 2(see Purk,
above).  The successive approximation approach enables the coupling of Swat and
Modflow solutions through shallow ground water evaporation while allowing separate
execution of Swat for each HRU, SWBAVG to average the HRU results, and
Mod flow based on the averaged HRUs.

4. In SWAT v.94.2, Swu was modified to avoid references to undeclared array locations.
In v.99.2, Swu was modified by commenting out a line of code in order to obtain
consistent results from versions 98.1 and 99.2 for the Y7 test case simulated over years
1975-1977.

5. Readmgt was modified to specify a daily maximum irrigation, auto_dmx, and a soil
water content threshold for iITigation, auto_swf in the management codes (*.mgt) input
file for the automatic irrigation option (mgt_opt = 10).  Subroutine Subbasin applies
the daily maximum and initializes the soil water content threshold.

The following modifications to SWAT v.94.2 were not carried into v.99.2:
Clicon was modified for SWAT v.94.2, but not for v. 99.2, as follows.  Option iopwea

specifies that daily measurements of wind speed, relative humidity, and solar radiation
are to be read.

Evap8 was modified to call the added subroutine Penman, based on the added option
ipet=3.

Penman was added as an option to calculate potential evaporation according to the
procedure recommended in Shuttleworth ( 1993), which accounts for the effect of long-
wave radiation, i.e., black body emissions from earth; and which can make use of daily
measurements, if available, of wind speed, relative humidity, and solar radiation (see
option iopwea).
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Flow of execution for modifled Mod flow Drograrn

MODFLOW's mainline was rewritten in the form of a subroutine to allow MODFL0lv
to serve dual modes of stand-alone and linked execution.  Fig. 2.6 summarizes
MODFLOW's mainline rewritten as a subroutine.  Further details are provided in Perkins
and Sophocleous (1999b-c).  In linked mode (iopswt=1), SWAT calls MODFLOW as a
subroutine Q]ig.  1 of S&P,  1999).  In the stand-alone mode (iopswt==0), a short "stub"
mainline initializes arguments iopswt and cnvtim.  The remaining arguments (de]t:  time
step IT]; kper, kstp, nstp: current stress period, time step, and no. time steps) are defined
within the call to Mod flo(), which also reads SWAT's simulation results from the
"balance" data file for each time step.

begin
subroutine Modflo (main entry point)

On the initial call to Modflo()
call Bas ldf to define grid size (rows, columns,layers), stress periods, options;
allcoate array space (AL routines);
call Swb2al (follows Strlal) to allocate arrays for watershed-aquifer linkage;
Read and prepare data that remain constant throughout simulation (RP routines);
call Swb2rp (follows Bcflxp) to associate subbasins with aquifer grid cells;

end if;

Do for each stress period laper=1,nper (implement loop with a counter and a go-to)
define stress period length and divide into time steps;
Read and prepare data that remain in effect for the stress period (RP routines);

Do for each time step kstp=1,nstp (implement loop with a counter and a go-to)
entry Modstp ()  [entry point provided for calls from Swat]
call Swb2fm (before Baslad) to set up conditions based on Swat's results;

if (iopswt = 0) read Swat's simulation results from the HRU-averaged balance
file;otherwise, Swat calls Modstp() and passes results by reference to array Shed.

call Baslad to advance time and initial hydraulic heads; calculate time step;
Do for each iteration of approximating the solution (kiter=1,mxiter):

formulate finite difference equations (FM routines) and solve equations ;
end iteration on solution;
calculate budget terms for mass balance (BD routines);
call Swb2bd to summarize Modflow results;
call Bas lot to optionally save and print results;
if (iopswt > 0) return to Swat

end time step;
end stress period;
entry Modend (to end Modflow exeeution with call from Swat)

close files;
end.

Figure 2.6. Flow of execution for MODFLOW mainline rewritten as a subroutine.
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MODFLOW's stand-alone mode is run as follows.

program modmain
data iopswt/0/       ! set option to run modflow as stand-alone program.
data cnvtim/1./     ! time conversion factor (to call MODFLOw from SWAT)
call MODFLO (iopswt, cnvtim, delt, kper, nstp, kstp)

end

2.D.  Iml)1ementing a two-wav coupling between SWAT and MODFLOwr

In the description of proposed tasks in S&P ( 1999), options to be explored for
updating the SWAT-MODFLOW linkage included the alternatives of separate execution
of SWAT and MODFLOW vs. linked execution, in which SWAT would call
MODFLOW as a subroutine; see Section 1, Task 3, "Review plans to be implemented
with SWAT authors."  The first of these options is summarized in Fig. 2.3, which outlines
the procedure followed in applying both the original SWAT-MODFLOW linkage (P&S,
1997) and the updated linkage (P&S,  1999b-c).  An alternative procedure is outlined in
Fig.  1 of S&P (1999), in which SWAT calls MODELOW as a subroutine.  As indicated
in the work proposal (S&P,  1999), this linked mode of execution was assumed to be a
prerequisite to simulating a two-way coupling between solutions by SWAT and
MODFLOW for unsaturated and saturated zones, respectively, which would arise from
shallow ground water conditions.

However, in tests of the preliminary version of the updated linkage reported in
Perkins ( 1999), a method was demonstrated that simulates a two-way coupling of
uunsaturated and saturated zones based on separate execution of SWAT and MODFLOW.
TThis method applies a form of successive approximation to the procedure outlined in
Fig. 2.3 in order to supply SWAT with a summary of MODFLOW's results at the end of
each time step regarding the area of shallow ground water and the flow rate from shallow
ground water into the soil profile for each subbasin.  These results are used by SWAT to
evaluate, respectively, time-varying HRU weights and daily soil water volumes per unit
area to be distributed over the soil water profile for those HRUs representing shallow
ground water.  This method is based on a refined conceptual model of spatial
heterogeneity that is summarized in Section A.5 of Appendix A; see "Coupling SWAT
and MODFLOW solutious by successive approximation. "  The method is presented and
demonstrated in Perkins (1999), and documented in P&S (1999b-c).

This method for simulating a two-way coupling does not require the added
complication of modifying SWAT to implement linked execution as outlined in Fig.  1 of
the proposal (S&P, 1999).  While linked execution of SWAT and MODFLOW is
appealing in some respects as discussed previously, it is not necessary for implementing a
two-way coupling, according to our findings.  Some unexpected pitfalls might be
encountered in attempting to implement a two way coupling with linked execution.  One
set of questions to be resolved for linked execution involve the intemalized simulation of
HRUs, including their specification through the *.cio and *.fig files and the spatial
weights used in averaging them:
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(a). Could construction of the File.cio and ~.fig files for the SWAT-based HRU approach
be automated, at least in part, based on HRU descriptions given by the SWBAVG-
based approach in the modified Control Codes input file (described in App. 8)?

(b). Could the HRU weights calculated by SUBWTS and called by SWAT (as in the case
of the preliminary version of this linkage, P&S  1999a-b) simply be substituted for the
HRU weights currently read by SWAT from the general subbasin (~.sub) files?

Other questions regarding stability of the coupled solution stability and linked
execution requirements for memory and file i/o should be considered.  For these reasons,
we suggest that the demonstrated method for representing a two-way coupling be
implemented for the updated linkage of SWAT and MODFLOW, as it should not require
substantial changes to SWAT.  Altematively, if the two-way coupling of SWAT and
MODFLOW with time-variable HRU weights could be incorporated into SWAT's
existing technique for representing HRUs, then linked execution of SWAT and
MODFLOW might be considered feasible.  If so, the linked execution scheme as
documented for the preliminary version (P&S, 1999b-c) might be considered for possible
incorporation into SWAT 99.2.

2.E.  Generalizing HRU sehenes for the SWAT-MODFLOW linkage

The original SWAT-MODFLOW linkage was developed for application to the
I,ower Republican River and Rattlesnake Creek basins.  One of the goals of the present
project is to nrake the combined code more generally applicable.  One component of the
linkage that may require further work in this regard is the formulation of the HRU
schemes 1-3 presented in Appendix A and expressed by equations (A.15), (A.21), and
(A.23), respectively.  These schemes were presented and demonstrated for the Lower
Republican River basin model by Perkins (1999).  An important fcature of these schemes
to be preserved in a more generalized scheme is to allow the HRU weights to be
evaluated during the simulation, rather than requiring them to be specified as input data.

We have given some thought to how the HRU schemes described in Appendix A
might be generalized in a way that allows specifying the features of schemes 1-3 not only
based on the specific assumptions made for the Lower Republican River basin, but for a
more arbitrary watershed.  One approach being explored that might serve this purpose is
to evaluate the HRU weights based on a generalized form of equation (A.15b).
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Appendix A.   Conceptual models for linkage

Section 2, "Overview of SWAT-MODFLOW linkage," introduced the three main
components of the linkage in procedural form as outlined by Fig. 2.3.  The conceptual
models and methodology of all three components are presented in Perkins (1999).  This
Appendix summarizes the conceptual models for hydrologic connections between SWAT
and MODFLOW, and the conceptual models for spatial heterogeneity simulated by
SWAT and SWBAVG.  These are the conceptual models associated with the code that is
being upgraded to SWAT's latest version (99.2).  The third component of the procedure
shown in Fig. 2.3 involves distribution of results from SWAT and SWBAVG over the
streani-aquifer domain simulated by MODFLOW for each subbasin, and is executed by
MODFLOW.  It will be examined in more detail for the conversion to MODELOW-96
after conversion to SWAT v.99.2.

A.1.  Hydrologic balances and governing equations

A watershed's overall hydrologic balance is given by
ds/dt -- Qpap - Qevt - Qy\d + Qgw (A.1)

The rate of change in storage, ds/df, includes components in the watershed's streams,
aquifer, soil profile, vegetation, and ponds. Terms on the right-hand side include net
inflows for precipitation, gpep, and net regional ground water inflow, ggw; and net
outflows for evaporation, gevt, and stream yield, gyid. Irrigation is an internal transfer
within the watershed from surface and ground water sources to the land surface, and so is
not included witb precipitation.  Evaporation from water bodies and the land surface is
driven by atmospheric conditions and, over land, is supplied by upward flow from the
soil profile and plant transpiration.  Stream yield consists of the net lateral contributions
to streamflow.  Net regional ground water inflow, ggw, is zero if surface water and
ground water divides coincide (Freeze and Cherry,  1979), which is not the case in our
study area.

The watershed control volume is partitioned conceptually into interacting
components for the vegetation canopy, soil profile, ponds, streams, and aquifer.  SWAT
and MODFLOW are coordinated to simulate different components of the watershed as
illustrated in Figure A.1.  Above the dashed line, the vegetation canopy, soil profile, and
pond storage are represented for each subbasin by SWAT and the HRU averaging
technique.  Below the dashed line, the Republican River and alluvial aquifer are
represented by MODFLOW.  Flow paths across the dashed line represent connections
made in MODSWB that use results from SWAT to specify conditions for MODFLOW's
solution in each time step, including ground water recharge, evapotranspiration from
shallow ground water, withdrawals by both surface and ground water rights, and runoff to
streans represented by MODFLOW.

Stream yield is based on a mass balance for a stream reach given by
(ds/Zzf/str = Bin - gout + gtrib - gsdiv - gevs + abase
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which equates the rate of change in storage on the left to the sum of net inflows.
Defining stream yield as the net channel outflow (Bout - gin) under steady flow
conditions, (ds/df/str = 0, stream yield includes terms for tributary inflow, gtrib, diversions
for irrigation and other uses, gsdiv, evaporation from the stream surface, Qevs, and
base flow, abase:

gyld = gtrib - gsdiv - Oevs + gbase

A mass balance for ground water flow is given by
(ds/df/gw = Qgw + grech - Ogdiv - get-gw - gbase

(A.3)

(A.4)

On the left is the rate of change in aquifer storage, (ds/df)gw.  On the right, ggw = net
lateral ground water inflow, grech = recharge, ggdiv = ground water diversions (primarily
irrigation pumping), and get_gw = evapotranspiration from shallow ground water.

Streambed leakage, which couples the control volumes for ground water and
channel flow, is given by Darcy's law,

Qbse __ _KSAs #,                                               tA.5,

where Ks is the streambed hydraulic conductivity; As is the streambed area, the product of
wetted perimeter P and reach length I; and dfo/d/ is the hydraulic gradient across the
streambed.  Equation (A.5) is evaluated as part of MODFLOW's simultaneous solution
for stream stage and aquifer head.  Streambed leakage is bidirectional, but is commonly
referred to as base flow, a temi that implies unidirectional contribution to streamflow
from ground water.  Streambed leakage will flow from the stream into the aquifer in
response to either a rise in stream stage due to a flood wave or a water table depression
due to irrigation pumping.

Combining continuity in differential form with Darcy's law gives the governing
equation for saturat£(fl:?#°S°[#'j:i(Kz£)=ss #-A(x),         (A6)

where SS is specific storage, A(x) represents the spatially distributed sum of net inflows to
ground water, in particular recharge, evaporation from shallow ground water, and
pumping from wells.  Coordinates x = (x,y,z) are assumed to be oriented to lie along the
principal components K = (K„ Ky, Kz) of hydraulic conductivity (Anderson and
Woessner,  1992).  MODFLOW applies a finite differences solution to equation (A.6).
Unconfined flow is linearized by successive approximation of saturated thickness based
on the latest solution for hydraulic heads fe(x).

MODFLOW's STREAM package (Prudic, 1989) provides an approximation for a
simultaneous solution of streamflow and streanbed leakage.  Its routing procedure is
given by expressing equation (A.3) in terms of outflow from a given reach by

gout = gin + Qtrib -gsdiv -gevs + gbase                                  (A.7)

and proceeding downstream from the top reach of each segment.  The routing procedure
assumes steady flow and ignores momentum, so that both change in storage and time of
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travel of a flood wave are neglected.  This is reasonable when time steps for the aquifer
solution are much larger than the time of travel of a flood wave through the solution
domain.

SWAT uses an excess rainfall method to simulate the soil water budget of each
subbasin separately with daily time steps in the form

dsw(t)-dsw(O) --i(drm -dro -dxm -dprc -de`)                     (A.8)
'`=]

On the left-hand side is the change in soil water content after f days; on the right
are terms integrated over time for precipitation, dpcp, which includes snowmelt and
applied iITigation; runoff, dro; transmission losses, dxm; percolation from the soil proflle,
dperc; and evapotranspiration, Jet.  Fig. A.1 is a block diagram showing the hydrologic
connections to be represented by the SWAT-MODFLOW linkage.

Figure A.1.  Conceptual model for soil water hydrology simulated by SWAT.

Equation (A.8) expresses each of these components as a depth, d, based on a
geometrical interpretation of volume given by V = d/A, where/ is the areal fraction of
watershed area, A, to which the hydrologic component applies.  This volume is also given
by integrating flow rate over time.  For average flow rate, 0, and time step, Af, V = OAf.
Combining these relates the hydrologic flow rates, Q, and depths, d, by

CQA,I = dfA .

where c is a length conversion factor.

29

(A.9)



Surface runoff, czro; is based on the NRCS curve number method (USDA,  1972),
and reflects variations in watershed slope and soil water content.  Runoff is reduced by
channel transmission losses, dxm, which infiltrate to an underlying aquifer along
ephemeral streambeds.  Each subbasin is divided into a contributing fraction, /con, in
which surface and subsurface runoff flow to the subbasin' s outlet; and a noncontributing
fraction, (1-/con), in which runoff flows to ponds within the subbasin.  SWAT calculates
a separate water budget for pond storage given by

(ds/df)pond = gin -gout + gdir -gevap -Oseep'                         (A.10)

where (ds/df/pond is the rate of change in pond storage, gin is inflow due to runoff, gout is
pond overflow, gdir is direct precipitation, gevap is evaporation, and gseep is pond seepage.

A.2.  Lumped models for hydrologic connections: SWAT and PRESWB

SWAT calls subroutine PRESWB to calculate flow rates from each subbasin
representing contributions for a single HRU to tributary inflows to the Republican River,
aquifer recharge, surface and ground water diversions, and evapotranspiration from
shallow ground water.  Calculation of these flow rates involves combining terms
simulated by SWAT, reviewed below, and conversion from hydrologic depths
(cumulative volumes per unit area of the watershed) into flow rates according to equation
(A.9).

Irrigation water use. recharge. tributarv flow. and evanoration

Irrigation demand is simulated as summarized above for SWAT's soil water
balance simulation. This is converted to a flow rate according to equation (A.9) by

girr = drfrrA/CAf.                                                    (A.11)

The areal fraction of the watershed appropriated for irrigation, /in, is factored into the
spatial weight functions associated with the averages taken over HRUs to represent
spatial heterogeneity as discussed below.

Recharge to ground water includes contributions from percolation through the soil
profile, dperc, transmission losses along ephemeral streams, dxm, and pond seepage, cJpsep.
SWAT's simulation of these components is based on the presumed presence of an
underlying aquifer.  Consistent with this assumption, the ground water recharge flow rate
for a subbasin is given by

grech = (dperc + dxm + dpsep)A/CAf.                                         (A.12)

This recharge rate is distributed over the active nodes of the aquifer grid within each
subbasin.

Tributary flow, Qtrib, from a given subbasin is assigned as lateral inflow to a reach
of the Republican River associated with the tributary stream' s grid location.  It includes
terims for surface runoff, dsro, and lateral (subsurface) flow, diat, calculated by SWAT for
each subbasin' s contributing areal fraction, /con.  Tributary flow is expressed as

gtrib = (CJsro + dlat)/conA/CAf + gpo + grbed
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Overall, the watershed fraction contributing runoff directly to streams is estimated
to be 0.98, based on USGS streamflow data reports.  The remaining noncontributing
component of the watershed drains to ponds, from which water may overflow with a flow
rate gpo, or seep to streams.  The last term in equation (A.13), grbed, is related to equation
(A.12) as follows.

SWAT simulates percolation, transmission losses, and pond seepage, the terms
included for recharge by equation (A.12), based on the assumption that the full areal
extent of a subbasin's soil profile is underlain by an alluvial aquifer.  To represent a
subbasin only partially underlain by an aquifer, several alternatives are available.  A
somewhat simplistic method is to partition recharge according to equation (A.12) into
two components,

grech = graqf + grbed                                                 (A.14a)

Ground water recharge is restricted to the first term,  graqf, which is  associated with the
areal fraction of a given subbasin underlain by an alluvial aquifer, /aqf:

graqf = Orecrfaqf                                                      (A.14b)

The second term, grbed, is associated with the complementary fraction outside the alluvial
valley, (1 -/aqf), where the soil profile is underlain by bedrock:

grbed = Orech( 1 -/aqf)

This term is added into tributary flow as shown in equation (A.13).

(A.14c)

These ad hoc schemes are based on the partitioning of equation (A.12) to satisfy
continuity, but equation (A.14a) is inconsistent with the hydrologic model simulated by
Swat, in which the full extent of the subbasin is assumed to be underlain by an aquifer.
More hydrologically consistent alternatives are provided by refined conceptual models of
spatial heterogeneity, which are presented in Section A.5.

Potential evaporation simulated by SWAT is passed to MODFLOW to represent a
maximum rate of evapotranspiration from shallow ground water.  This coupling is
described in Section A.4, "Distributed model of hydrologic connections," the third
component of the SWAT-MODFLOW linkage as outlined in Fig. 2.1.  The coupling of
the soil water profile to shallow ground water incorporates changes to Swat's hydrologic
model simulation, and is based on the conceptual model for spatial heterogeneity given
by HRU scheme 3 (Section A.5).  In contrast to hydrologic connections for irrigation,
recharge, and tributary flow, this coupling requires that information flow from
MODFLOW to SWAT.  This is accomplished with only minor changes to SWAT and
MODFLOW by the use of successive approximation (Section A.5).

A.3.  Basic model of heterogeneity (HRU scheme 1)

For the basic conceptual model of spatial heterogeneity (or HRU scheme)
represented by the SWAT-MODFLOW linkage, the hydrologic connections between
SWAT and MODFLOW provided an improved accounting for continuity, primarily by
including a term that had been neglected in the original SWAT-MODFLOW version as
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applied to the Lower Republican River basin.  This term represents the coustituents of
ground water recharge (deep pereolation, transmission losses, and pond seepage)
conesponding to the basin uplands lying outside the alluvial valley.  Since the uplands
constitute 87 percent of the basin area, this was a potentially significant hydrologic term
to have neglected.  Because the soil profile in the basin uplands is underlain by bedrock
instead of a vadose zone and aquifer, the areal fraction of the above recharge coustituents
corresponding to the uplands are assumed to flow to tributaries instead of ground water.
By including this previously neglected hydrologic component, cumulative stream yield
for a recalibrated simulation of the model was found to match observations much closer,
and a more satisfactory rainfall-runoff parameter was obtained with a curve number value
of75.

The required assumption of homogeneity within each subbasin presents a conflict
with a variety of hydrologic factors that are spatially heterogeneous, including drainage
areas determined by hillslope, precipitation, soil type, land use, and hydrogcological
properties.  Spatial heterogeneity within the Lower Republican Basin was accounted for
both by disaggregating geographically distinct regions and by statistical techniques.  The
basin was partitioned into nine subbasins along hydrologic divides corresponding to
eleven-digit hydrologic unit codes (HUC-11) in the USGS river basin system (Seaber et
al.,  1987).  SWAT represents each subbasin with a single, homogeneous set of
characteristics and a lumped model of its water budget that is simulated with daily time
steps.  Each subbasin's topography determines its areal fraction contributing runoff
direetly to streamflow from the subbasin; the remainder of the subbasin contributes
runoff to pond storage.  SWAT uses these complementary areal fractious to simulate the
magnitude of runoff to streams and ponds, respectively.

HRU scheme 1 accounts for variability of soil type and land use, and has been
applied to models of the Lower Republican River, Rattlesnake Creek, and Wet Walnut
Creek watersheds.  Two additional schemes have been incorporated into the SWAT-
MODFLOW linkage to disaggregate each subbasin into components that have a soil
profile underlain by either bedrock or an aquifer.  The third HRU scheme further
disaggregates the component underlain by an aquifer into deep and shallow components,
and provides the means of representing a two-way coupling between unsaturated and
saturated components.  The methodology for the basic HRU scheme 1  is presented here;
schemes 2 and 3 are presented in Seetion A.5.

HRU scheme 1 : sl)atial heterogeneitv of soil tvDe and land use

In the basic HRU scheme, SWAT simulates the watershed hydrology for each
combination of the major soil types and land use management schemes, holding other
conditions constant.  The set of hydrological parameters associated with each of these
combinations characterizes a hydrologic response unit (HRU).  The Lower Republican
River basin model is represented by six soil types and three major land uses.  Assuming
the land use categories and soil types to be independent, the product "A = 18 combinations
exist.  The hydrologic fluxes simulated by SWAT for a given HRU contributes a
fractional weight, wk, to the average of hydrologic fluxes taken over all HRUs, k, from 1
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to 7th.  For each subbasin, the HRU-averaged value for a given hydrologic component, d„
is given by

d,. = £d,.„,                                            (A.15a)
k=l

Wk  = Smc„                                                                  (A.15b)

Each HRU weight, wk, is given by the product of the subbasin's areal fractions associated
with soil type, sin, and land use, c„.  Areal fractions for the land use classes in each
subbasin, cm,., are expressed as follows:

Ci,.  = /c,. -/in,,.            (non -irrigated cropland);

C2,.  = /iIT,,,                       (irrigated cropland);

C3,.  = 1 -/cj                  (grassland);

(A.15c)

(A.  15d)

(A.15e)

The areal fraction of cropland is denoted by/c,. for each subbasin, /., in equation (A.15c).
The non-irrigated areal fraction is given by subtracting from cropland the irrigated areal
fraction, /in,. (A.15d).  In this scheme, grassland represents areal fraction of the subbasin
not under cultivation (A.15e).  Table A.1 summarizes the values required for the soil type
and land use areal fractions.  The iITigated areal fraction for the basin,/irr, is derived from
data obtained from the Kansas Division of Water Resources (DWR) and varies slightly
with time over a range of 3-4 percent.

Table A.1. Land resource, use, and soil areal fractions for Lower Reublican River Basin.
sub-       areal        non-     aquifer
basin     fract.1     contrib.

fract.2

cropland Crete    Hasting  Hedville  Kipson    Muir

1        0.22015     0.0343    0.0733
2       0.04909     0.0031    0.2053
3       0.20435     0.cO64    0.2368
4       0.08729     0.0268    0.0924
5        0.05282     0.cO21    0.2106
6       0.08247     0.0000    0.0122
7        0.10945     0.0131    0.0829
8        0.11788     0.0414    0.0257
9       0.07649     0.0283    0.2504

basin:      1.0000     0.0199    0.1261

0.5962    0.092      0.471
0.5463    0.191      0.064
0.6281    0.098      0.637
0.5737    0.126      0.543
0.7164    0.043      0.745
0.6113              0      0.741
0.6753             0     0.869
0.5316             0      0.697
0.4991              0        0.63

0.099               0
0.402               0
0.125        0.007
0.054               0
00
0       0.176
0       0.022
0       0.279
0       0.021

0.338              0
0.342              0
0.052      0.081
0.274     0.cO4
0.086      0.126
0.059     0.024

0      0.108
0     0.024
0      0.348

0.5995  0.0629   0.6103     0.0718     0.0528    0.1352   0.0668
Subbasin areal fraction of study area (2569.6 lam Areal fraction of subbasin draining to
ponds.  3Areal fraction of subbasin underlain by alluvial aquifer.  4From 1990 LANDSAT
Thematic-Mapper (T-M) data analysis.  5Derived from analysis of STATSGO Soils data base
obtained from DASC ( 1999).

For the basic HRU scheme, areal fractions for soil type and land use are specified
by input to the modified version of SWAT's *.COD input file.  At the end of each aquifer
solution time step, SWAT calls subroutine SUBWTS to calculate the weights, wk, for
each HRU and subbasin (Fig. 2.1).  After all HRUs have been simulated by independent
executions of SWAT, progran SWBAVG takes the weighted average according to
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equation (A.15a) over the HRUs.  The areally weighted average hydrologic fluxes from
SWAT and SWBAVG are used as input to MODFLOW's MODSWB package.

A.4.  Distributed model of hydrologic connections

While revisions to MODFLOW address specific modeling requirements of the
Lower Republican River basin study, earlier versions have been used to develop
calibrated models of Rattlesnake Creek and Walnut Creek basins in Kansas.
Documentation of the simulation code for the Lower Republican River basin in Perkins
and Sophocleous ( 1999b-c) reflects the latest versions of the packages developed for this
linkage.

The MODSWB package was written to provide a means of specifying conditions
for MODFLOW's stream-aquifer solution in terms of results from a watershed simulator.
SWAT and SWBAVG provide HRU-averaged, lumped quantities as flow rates from each
subbasin to simulate these conditions for each solution time step.  Simulated recharge and
potential evaporation for each subbasin are distributed over the corresponding grid cells
of aITays for MODFLOW's Recharge and Evapotranspiration packages.  Simulated
tributary inflows from each subbasin are associated with corresponding stream reaches,
and irrigation demand is distributed over surface and ground water points of diversion.
The associations of tributary inflows and diversions involve modified versions of
MODELOW's STREAM and WELL packages, referred to as MODSTR and MODWEL,
respectively, which provide features necessary for the SWAT-MODFLOW linkage.

MODELOW's Evaporation package represents evaporation from shallow ground
water as a linearly varying function of depth, qET(d), from a maximum value at the
ground Surface, gET(0) = qmar, to a value of zero at the extinction depth, gET(dext) = 0.  For
a given grid cell, this is expressed as a function of hydraulic head, fe, by

9TmaJ,

qFT(7.)--q_

0

ZJ  - Zex,

h= zs,

zs a h = zs -dex„

h < z s - d en`

(A.16)

where zs = surface elevation and zext = zS-c7ext, elevation at extinction depth.  The
maximum value, gmax, is provided by SWAT as the potential evaporation rate.  The
evaporation rate given by equation (A.16) is head-dependent, and is treated implicitly in
MODFLOW's solution.  The relative significance of the coupling due to uptake from
shallow ground water varies both with the area of shallow ground water and the depth to
water.  Subroutine SW82BD in the MODSWB package writes a summary of shallow
ground water, including its area, mean depth, and evaporation rate for each subbasin.
These results can be used as input  to a subsequent execution of the linked SWAT-
MODFLOW procedure outlined in Fig. 2.1, thereby coupling SWAT and MODFLOW's
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solution by the lnethod of successive approximation.  This approach is applied in an
alternate HRU scheme that disaggregates shallow and deep ground water, and is
described below.

Associating watershed subbasins with stream-aauifer grid

To initialize an association between MODFLOW's stream-aquifer grid with the
subbasins simulated by SWAT, MODSWB reads an input file, mustrated at the end of
Appendix 8, that provides the following two items:

1.  The point of exit for runoff, or pour point, from each subbasin is associated with a
reach of the stream network based on its grid cell coordinates and an association matrix
in the MODSTR package, Idxstr (described below).

2.  Associate the geographical extent of each subbasin with the grid cells of the aquifer
and stream  A two-dimensional integer-valued array associates each grid cell with the
subbasin enclosing the cell's center, and follows MODFLOW' s convention for reading
arrays.  The approximate areal fraction of each subbasin underlain by an aquifer is based
on the area of active grid cells conesponding to positive-valued elements of
MODELOW's IBOUND array.

Distributing HRU-averaged flow rates over a stream-aauifer grid

In each time step, MODSWB reads tributary inflows, ground water recharge,
irrigation demand, and potential evaporation for each subbasin as HRU-averaged flow
rates from a data file written by SWBAVG.  In addition, "actual" evaporation and rates of
change in storage for soil water and ponds are passed, allowing evaluation of an overall
water balance according to equation (A.1) based on these and MODFLOW's results.
Pumping rates from surface and ground water diversions are specified to meet the
irrigation demand simulated by SWAT, but are constrained to stay within operating limits
imposed on individual water rights, and within supply limits imposed by available
streamflow and aquifer saturated thickness.  The modified packages MODSTR and
MODWEL are both involved in satisfying these constraints.

MODSTR, the modified version of the STREAM package, uses a modified
routing procedure to account for net lateral surface inflows in each reach, which
represents the sum of any tributary inflows, surface water diversions (outflows), and
optional evaporation from the streani surface that might be specified for the reach.  In
addition, an indexing array, Idxstr, is a feature added to look up a stream reach that is to
be associated with grid coordinates specified for subbasin outflows (item 1, above) and
surface water diversions.

Meeting irrigation demand with surface and around water diversions

MODWEL, the modified version of the WELL package, represents diversions
from both ground and surface water, which are distinguished by a source indicator.
Locations of both types of sources are given by grid coordinates.  The indexing array,
Idxstr, defined in MODSTR, is used to look up corresponding reaches of a stream
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network that is specified by input to MODSTR.  Diversions are further distinguished by
type of use, (irrigation, domestic, municipal, etc., including fictitious wells to represent
boundary conditions.  Irrigation demand simulated by SWAT is distributed only over
ppoints of diversion associated with irrigation water use.  The method of this distribution
is described as follows.

Annual appropriations are specified as flow rates for both ground water
diversions, ggk, and surface water diversion, qsk, by MODFLOW's WELL package;
modified as described above to represent diversions from both ground water and
streamflow.  Total annual appropriations for irrigation are denoted by the sum over both
appropriation sources,

gapp = Z}qgk+Z9sk                                                         (A.17)

The first summation on the right is taken over the appropriations for ng individual ground
water rights, and the second for ns individual surface water rights.  For a given time
period of interest, if water use is known for the individual water rights, total water use
can be similarly expressed.  Otherwise, the irrigation demand simulated by SWAT and
given as a flow rate, gin, by equation (A.11) can be distributed over water rights
appropriated for iITigation.  This is done by defining the factor, s = gin/gapp, which is
used to scale the annual appropriations of the individual diversions, expressed as
pumping rates.  Multiplying equation (A.17) by a gives

gin = Soapp = S(I:9gk+Zgsk) = Zsqgk+ZLsqsk                             (A.18)

Here, the normalized spatial distribution of appropriations is given by dividing equation
(A.17) by gapp, and is used in place of one for water use in the absence of sufficient
information regarding water use by individual water rights.

In the case of the Lower Republican River basin model, irrigation demand was
simulated in SWAT on a daily basis, summarized for monthly time steps Af, and
avernged over the eighteen HRUs for each subbasin by equation (A.15) to give the
average depth di,rfin.  The average irrigated area fraction of the basin was/in = 0.04 for
years 1977-1994.  The flow rate conesponding to this monthly demand is given by
equation (A.11).  The total annual appropriations for ground and surface water rights
meet this demand by distributing the scaling factor, s, which is zero except during the
growing season, over the individual water rights according to equation (A 18).  Data from
DWR were used to develop estimates of irrigation water use.  Predictive models of
irrigation water use were also developed thad depend on total precipitation during the
growing season.

ODerational and suDDlv limits on surface and around water diversions

Pumping limits may be specified for MODWEL in terms of both operating and
supply limits.  Operating limits with respect to pumping capacity are specified as
maximum scaling factors for ground and surface water diversions, sg and ss, as a variation
on equation (A 18) given by
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gi,IT =  Zg;A  +  Zg:„
*=l '"J                    k=1,"A

a:A = nin(s, sg , gg„ (A.19)

g;k = nin( £' ss ) qJ„

The supply for surface water diversions is limited by the sum of channel and
lateral surface inflows to its associated stream reach.  This limit is applied as part of the
modified stream routing procedure in MODSTR.  The supply for ground water diversions
is limited by the aquifer' s saturated thickness, ds(fe) = fo-zb, where fo = hydraulic head and
zb = bedrock elevation.  Above an upper limit, d„ , and corresponding elevation, z„, the
specified pumping rate is unaffected; below this limit, the pumping rate decreases
linearly with saturated thickness to zero at a lower limit, d/.  For the base case, these
limits are set at dw = 4.6 in and d/ =3.1 in  This is expressed by

q"gk(h)--

h= zu,

zu = h= z.I,

h=zl

(A.20)

This technique provides a realistic means of preventing grid cells from going "dry" as a
result of excessive pumping from wells.  But equation (A.20) makes the affected
pumping rates head-dependent components of the forcing function A(x) in equation
(A.6), which can adversely affect solution convergence if not handled properly.

A.5.  Spatial heterogeneity of an underlying aquifer (HRU schemes 113)

A preceding discussion of the conceptual model for ground water recharge
(equation A.12) notes that SWAT's model for the soft profile presumes the existence of a
vadose zone and underlying aquifer, the destination of water that percolates below the
root zone.  But approximately 87 percent of the study area lies outside the alluvial valley,
where the soil profile is underlain by bedrock.  A conceptual model for these features and
their hydrologic effects are illustrated by Figs. A.2 and A.3.  Figure A.2 shows a
hypothetical watershed, part of which is underlain by an alluvial aquifer with a corridor
of shallow ground water along the stream  Irrigated cropland is signified by the green
circles.  Figure A.3 shows the vertical profile for watershed transect A-A'.  Along this
transect, the segment b-b' spans the alluvial valley, and the segment c-c' spans the
corridor of shallow ground water near the stream.  Three HRU-based approaches to
modeling the hydrologic effects of this spatial heterogeneity are presented here.
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Fig. A.2.  Conceptual model for spatial heterogeneity with respect to a subbasin's
geomorphology.  HRU schemes 2 and 3 disaggregate the alluvial aquifer from the
uplands, and deep from shallow ground water (scheme 3).

Fig. A.3. Proflle of subbasin shown in Fig. A.2 along an arbitrary transect A-A'.
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HRU scheme 1 for a subbasin partially underlain by an alluvial aa_uifer

HRU scheme 1 represents the hydrologic effects of a watershed partially underlain by an
aquifer as follows.  First, HRUs are simulated on a daily basis by SWAT assuming that
the soil profile is underlain by an aquifer.  Irrigation, recharge, tributary flow, and
potential evaporation are based on equations (A.11-A.14).  Ground water recharge
includes percolation, transmission losses, and pond seepage for the areal fraction of the
watershed underlain by an aquifer, /aqf (equation A.14b).  For the remainder of the
watershed outside the alluvial valley, these components are assumed to contribute to
streamflow (equation A.13).  This scheme is intended to preserve continuity, but is
inconsistent with assumption of an underlying aquifer in SWAT's simulation.  Effects of
this inconsistency were examined in Perkins ( 1999) by comparison with alternative HRU
schemes 2 and 3, described below.

HRU schemes 2 and 3: disageregating areas with an underlving aciuifer

HRU schemes 2 and 3 provide a more hydrologically consistent approach in which the
soil profile for a given HRU is underlain completely by either an aquifer or bedrock,
according to an option specified by SWAT's modified Control Codes input file (*.cod).
For the subbasin component outside the alluvial valley, percolation out of the root zone is
held to zero, producing increases in lateral subsurface flow, soil moisture, and
evaporation.  These alternate flow paths are illustrated in Fig. A.1.  SWAT's subroutine
furkl 8, which simulates percolation through the soil layers, was modified to implement
this option.  The hydrologic conneetious for ground water recharge and tributary inflow
(equations A 12-A.14) still apply, taking/aqf = 1 for HRUs with an underlying aquifer,
and/aqf = 0 with underlying bedrock.  Then for a soil profile underlain by bedrock,
components that would otherwise contribute to ground water recharge are treated as
components of tributary flow.

Land use heterogeneitv for HRU scheme 2

Two simplifying assumptions are made, inustrated in Fig. A2, that (1) all
irrigated cropland lies within the alluvial valley, where the surface and ground water
diversions are located; and (2) all unirrigated cropland lies outside the alluvial valley with
bedrock under the soil profile.   13 percent of the Lower Republican River basin lies
within the alluvial valley, about 1/3 of which is irrigated cropland, according to analysis
of DWR water rights data.  The remaining 2/3 of the alluvial valley is assumed to be
grassland.

HRU scheme 2 allows the hydrology of the alluvial valley with an underlying
aquifer to be distinguished from that of the uplands with bedrock under the soil profile,
but without distinguishing deep and shallow ground water as in the case of HRU
scheme 3 (below).  Dependencies with respect to both land use and soils are considered
in defining the HRUs.  Four land use classes are defined that also denote land form and
land resources :

1. Non-iITigated crop rotations outside the alluvial valley (no aquifer);
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2. Irrigated cropland within the alluvial valley (with aquifer);
3. Grassland within the alluvial valley (with aquifer);
4. Grassland outside the alluvial valley (no aquifer).

Areal fractions for these land classes in each subbasin, j, are expressed as follows:

c],.  = /c,. -/in,,.          (non -irrigated cropland,soil overbedrock);    (A.21a)

C2j  = /irr„.                   (irrigated cropland, alluvial aquifer);                   (A.21b)

C3j  = /aqf,,.- C2,.         (grassland, alluvial aquifer);                                    (A.21c)

C4,.  = 1 -/aqf,,.- c,j    (grassland, soil overbedrock).                              (A.21d)

This scheme builds on the one given by equations (A.15a-c) for HRU scheme 1.  The
areal fraction of cropland within each subbasin, /., is denoted by/cj, which is divided into
non-iITigated and irrigated components of cropland corresponding to equations (A.21a-b).
In Equations (A.21c-d), c3j and c4j are the alluvial and upland components of the subbasin
not under cultivation, respectively, and are represented as grassland.

The alluvial valley's areal fraction of the basin, 0.125, exceeds that of irrigated
cropland, 0.04; but the alluvial valley's areal fraction within each subbasin varies widely,
from 0.01 to 0.25 pct (Table A.1).  To keep the irrigated cropland within the alluvial

;::I::s::::s¥nug:::ea:::o2x]=:t:;:hi:,:s±nfnTigap:t,e/dfiei.w3:v:isftnr:btuht:sdboyvtehret::bbasfn
area, Asubj., multiplying and dividing the right-hand side by basin area, Abas, and
rearranging, the irrigated areal fraction for each subbasin is approximated by

/[IT,,=E=%+.Notethatthiswouldlkelyhavebeenabetterapproximationthanthe

basin-wide areal fraction, /irr, that was used for HRU scheme 1

The land use scheme given by equations (A.21a-d) is justified mathematically by
showing that the coefficients for a given subbasin add to 1.  Similarly, the areal fractions
for the six soil types add to 1 for a given subbasin.  If the soils and land uses are assumed
to be independent as in the case of the basic HRU scheme 1, their combinations yield 24
HRUs to be simulated and averaged according to equations (A.15a-b).  But by
recognizing dependencies between soil types and land classes, spatial heterogeneity
within each subbasin can be more accurately represented, and the required number of
HRUs can be reduced significantly as follows.

The two alluvial land use schemes given by equations (A.21b-c) are associated
only with Carr and Muir soils; their combinations are represented by four HRUs.
Combinations of the remaining two land uses and four soil types can be represented by
eight HRUs, for a total of 12 HRUs.  The number of required simulations can be further
reduced to 10.  Noting that two of the soils outside the alluvial valley, Hastings and
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Hedville, do not occur together within subbasins (Table A.1), execution of their HRUs
can be combined.

HRU scheme 3: disageregating areas with shallow around water

HRU seheme 3 further distinguishes deep and shallow aquifer colxponents as
mustrated in Fig. A2.  For HRUs representing areas with shallow ground water, SWAT
and MODFLOW solutious are coupled by uptake of shallow ground water into the soil
profile.  These schemes are implemented by modifications to SWAT's simulation of the
component HRUs and to the SWAT-MODFLOW linkage Gig. 2.1).

Here shallow ground water is considered to be at a depth z < zext, where zext is the
extinction depth as defined for MODFLOW's Evaporation package.  MODFLOW
approximates evaporation from shallow ground water as a linearly varying function of
depth to water given by equation (A.16), where the maximum rate can be specified by
ppotentialevaporationcalculatedbySWAT.

SWAT simulates components of a soil water balance using the SCS curve number
procedure (USDA,  1972) to determine excess rainfall, and storage routing techniques
(Amold et al.,  1994) to determine infiltration, percolation,subsurface lateral flow, upward
capillary flow, and plant water uptake.  In addition, SWAT defines "revap" as flow from
shallow ground water to the soil profile, but treats revap as water that evaporates directly
from ground water to the atmosphere, bypassing the soil water balance.  Note that
equation (A.8) negleets upward movement of water into the soil profile, while accounting
for downward movement out of the soil profile by percolation.  Revap is given simply by
the product of the "actual" evaporation rate and a constant (Amold et al.,  1994).

HRU scheme 3 provides a means for coupling the soil water balance in SWAT to
upward flow from shallow ground water simulated by MODFLOW.  The soil water
balance (equation A.8) can be rewritten to include a term for capillary uptake from
shallow ground water, denoted here as dip:

dsw(t)-dsw(0)-=tldrm-dro-din-dprc-dot+dcap)            (A.22)
f=l

For an HRU-averaged soil water balance, capillary uptake into the soil profile, drap, is
expressed in equation (A.22) as a daily volume per unit area of subbasin.  This depends
on simulation results from MODFLOW for "evaporation from shallow ground water,"
expressed as a flow rate, and the area of shallow ground water.  This area is also used to
calculate weights for HRUs with shallow ground water in each solution time step.

The dependence of the term dcap in equation (A.22) on MODFLOW's results
implies that a simultaneous solution is needed for SWAT and MODFLOW.  This was
originally assumed to require linked execution of SWAT and MODFLOW as outlined by
Fig.1 of S&P (1999).  HRU scheme 3 provides an alternate means of coupling these
solutions based on separate execution of SWAT and MODFLOW using successive
approximation, a technique that is discussed below.
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In each aquifer solution time step and for each subbasin, MODFLOW's
MODSWB package summarizes evaporation from shallow ground water as a flow rate
and the corresponding area of shallow ground water within the active grid domain.  These
results are summarized by subroutine SW82BD for each corresponding time step to a file
that can be read in a subsequent execution of SWAT.  They are used to calculate (a) tine-
varying spatial weight functions (subroutine SUBWTS) for the HRU scheme 3 that
distinguishes deep and shallow ground water components, and (b) daily capillary uptake
into the soil profile from shallow ground water, converting flow rates given by
MODFLOW into volumes per unit area according to equation (A.9) in subroutine
PRESWB.  SWAT's subroutine Subbasin was modified to distribute the daily uptake over
the soil profile, beginning with the bottom layer, limited by each layer's available water
capacity.  This incorporates capillary uptake from shallow ground water, dcap, into the soil
water balance (equation A.22).  The routing approach taken to this redistribution in
subroutine Subbasin is ad hoe but appropriate to the essentially ad hoc models
implemented in MODFLOW for evaporation from shallow ground water and in SWAT
for soil water movement.

The HRUs of scheme 3 are modified by dividing each of the two alluvial land
uses of irrigated cropland and grassland into components with deep and shallow ground
water as illustrated in Fig. A.2, while treating the soil types the same as in the case of the
above HRU scheme 2.  The land use areal fractions for the resulting six land uses in each
subbasin, j, are as follows:

c],.  = /c,. -/j„.                         (non -irrigated cropland, no aquifer)                (A.23a)

C2,  = /iIT,, (1-/sh,,j )      (irrigated cropland, deep auuvial aquifer)                       (A.23b)

C3,  = traq„ -c2,. X1-/sh,„ )     (grassland, deep alluvial aquifer)                          (A.23c)

C4,.  = 1 -/aq„ -C„                (grassland, no aquifer)                                           (A.23d)

C5 ,.  = /irr„. /shi, ,.            (irrigated cropland, shallow alluvial aquifer)                  (A. 23e)

C6,.  = trapf,,.- c2, )Ifsh],            (grassland, shallow alluvial aquifer)                      (A.23f)

In this land use/resource scheme, /shij represents the shallow aquifer's areal
fraction of the gridded aquifer area within subbasin j.  Land use components representing
the alluvial valley for HRU scheme 2 (equations A.21b-c) have simply been divided into
two components each, corresponding to deep aquifer components (equations A.23b-c)
and shallow aquifer components (equations A.23e-f).  Outside the alluvial valley,land
uses and soil types are represented by six HRUs as before.  Within the alluvial valley, the
four land use components and two associated soil types are represented by eight HRUs,
requiring a total of 14 HRUs.  This is still fewer that the number required for the basic
HRU scheme 1, which can be reduced to 15 if HRUs associated with Hastings and
Hedville soils (Table A.1) are combined as described for HRU schemes 2 and 3.
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HRU weights, wk, for this scheme are given by the products of soil type and land
use (equation A.15b), and are calculated by subroutine SUBWTS in each aquifer solution
time step.  This accounts for time-varying changes in the area of shallow ground water in
response to drought-flood cycles.  As illustrated by Figs. A.2-A.3, the rise and fall of the
water table with wet and dry seasons and with irrigation pumping affects not only the
direction of flow across the streambed into or out of the stream channel, but also the
width of the aquifer extent with a depth less than the extinction depth, cLxt. This is taken
to be the lower limit for shallow ground water based on MODFLOW's conceptual model
for evapotranspiration, which is assumed to contribute to upward capinary flow through
the soil profile and to plants.  The temporal variation of the spatial extent of shallow
ground water results in time-varying HRU weights, which are consequently evaluated for
each tine step.

Shallow ground water, denoted by giv. and corresponding to hydrologic
component I. and subbasinj, is converted in subroutine PRESWB to a daily volume per
unit area of shallow ground water, d ,.,. (mm).  This is given by integrating the flow rate
over a day's time step and dividing by the shallow aquifer area, i.e.,

di,j --cQ..j^t / f s,]A                                              (A.2;4)

For a given HRU associated with shallow ground water, the area of shallow ground water
as a fraction of the watershed, /s,., is given by the product

f s,j  --f orb,j f arrf.j f stud.i                                                        (A.2.S)

for subbasinj.  Factors on the right-hand side are/subj, subbasin area as a fraction of the
watershed; /aqfj, aquifer area as a fraction of subbasin, j; and/shi,., shallow ground water
area as a fraction of total aquifer area within a subbasin.  Subroutine Subbasin was
modified to distribute uptake from shallow ground water over the soil profile, beginning
with the bottom soil layer; redistribution to each layer is limited by the difference
between available water capacity and soil water content.

Coupling SWAT and MODELOwr solutions bv successive aDDroximation

Results from MODFLOW's simulation of evaporation from shallow ground water
and the associated area are passed to SWAT in each time step using the technique of
successive approximation.  This is used routinely for numerical solutions that depend on
a converging sequence of approximations, such as MODFLOW's solution for aquifer
heads.  Here, HRU scheme 2 provides an initial solution for the coupled SWAT-
MODFLOW simulation, following the procedure outlined by Fig. 2.1 and with dinp = 0 in
the soil water balance (equation A.22).  A summary of results for evaporation from
shallow ground water for each time step of this simulation can be used in a subsequent
pass through the procedure of Fig. 2.1 based on HRU scheme 3, with dcap I 0 for HRUs
with shallow ground water.  Results for HRU schemes 2 and 3 conesponding to the first
two passes through the simulation procedure (Fig. 2.1) are presented in Perkins ( 1999).
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Appendix 8.   Specifying the SWAT-MODFLOW linkage

A description of the SWAT-MODFLOW linkage as a user's manual will appear in
volume 1 of documentation for this project as a sequel to KGS Open-File Report 99-24
(P&K'  1999).

SWAT
The SWAT-MODFLOW linkage is specified in SWAT by additional data that are

read from the Control Codes input file that control the writing and reading of data files
that provide either one-way or two-way couplings between SWAT and MODFLOW
simulations.  In addition to the Control Codes input file, two additional fields of data are
proposed for the automatic irrigation operation (mgt_op = 10) in the Management Codes
input file in order to specify a maximum daily irrigation limit and to allow specifying a
soil water content threshold as a fraction of available field capacity.

The proposed changes to the Control Codes and Management Codes input files do
not appear to interfere with the existing SWAT capabilities nor with their specification in
these data files.  The only restriction on data sets used for input to the original SWAT
v.99.2 is that the data fields used for the added capabilities contain blanks or a value of
zero.  The relevant fields include the following:

Control Codes input file: iopmod (columns 89-92 on reeord 2), to indicate that an
additional record (6) is to be read specifying the SWAT-MODFLOW linkage;

Management Codes input file, for automatic irrigation initialization (mgt_op = 10):
i. auto_swf (columns 49-56), automatic irrigation threshold based on soil water

content as a fraction of available field capacity,
ii. auto_dmx (columns 61 -66), maximum daily irrigation limit on automatic irrigation

that applies to both plant stress factor and soil water content threshold options.

SWBAVG
As in the case of the unmodified SWAT v.99.2 code, spatial heterogeneity is

represented by spatially weighted averages of hydrologic response unit (HRU)
simulations.  In addition to the unmodified version's capability for representing HRUs,
the SWAT-MODFLOW linkage includes the capal>ility for calculating HRU weights and
averages external to SWAT using the program SWBAVG.  This capability is useful for
modeling watersheds requiring a large number of HRUs to represent each subbasin,
represented by the combinations of soil types and land use/land form classes.  It is also
useful for calculating HRU weights that vary over time.  This latter case can occur if
subbasins are to be partitioned into HRU components with either deep or shallow ground
water, since both the land area with shallow ground water and the associated upward flow
rate due to capillary, evaporative, or seepage processes will vary with depth to ground
water in response to meteorological conditions.

MODELOW
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SWAT simulation results, summarized over each aquifer time step and averaged
over HRUs by SWBAVG, are used as input to MODELOW.  The package MODSWB
was written for MODFLOW to read these data as flow rates and convert them for each
subbbasin into flow rates for individual cells of the stream and aquifer grids to specify
flow conditions for MODFLOW's solution in each time step.  MODSWB also
suinmarizes MODFLOW's solution for each subbasin in a form that can be input to
SWAT and SWBAVG in subsequent executions.  This capability is applied to represent a
two-way coupling between SWAT and MODFLOW based on successive approximation
(see Methodology).  Here we describe input data to SWAT v.99.2 and SWBAVG for a
linkage to the version of MODFLOW that is documented in KGS Open-File Reports 99-
24 and 99-25 (Perkins and Sophocleous)

HRU-related inDut to SWAT and Slh7BAVG

The following HRU-related items are all specified as part of the modified Control
Codes (*.cod) input file, but only iaqufi. is read by SWAT; the remaining items are read
only by SWBAVG, which calculates HRU weights and HRU-weighted averages.  The
modified Control Codes (~.cod) input file provides these data for the linkage as required
to both SWAT and Slh/BAVG as described below under "Instructions for modified
Control Codes (*.cod) input data file."

numhni: no. HRUs required to represent spatial heterogeneity; specified on extended
*.cod input file, read from swatmod2.h

idxhru: index to HRU; specified by matching item from list of HRU names on file *.cod
with case name on file *.cio.

iophru: option for one of three HRU schemes (conceptual models for spatial
heterogeneity within subbasins): definitions are given above.

iaqufr: indicates (y>0,n=0) that soil water can percolate out of the soil profile to an
underlying aquifer; otherwise, the soil profile is assumed to be underlain by bedrock,
blocking percolation below soil.

Evaporation from gw is zero except for hnis with shallow aquifer, which are
distinguished for the third hni scheme (option iophru=3).  For the three HRU options,
the input option iaqufr indicates aquifer presence; see Preswb for definition. as follows:

0: soil is underlain by bedrock, not by an aquifer, so that percolation stops at the bottom
of the soil profile;

1: soil is underlain by a deep aquifer, i.e., one that does not contribute to plant or soil
water uptake; aquifer areal fraction of subbasin is read from the *.cod input file.

2: soil is underlain by a shallow aquifer; plant or soil water uptake is based on Modflow's
model of evapotranspiration from shallow ground water.  For option iophru=3,
Modflow's results for areal fractious and evapotranspiration are read by Swat in each
tine step.
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isolhr: index to soil type associated with this HRU (idxhru).
iusehr: index to land use (or crop rotation) assoc. w/ the HRU
Note: isolhr and iusehr are values from index arrays idxsol and idxuse that identify the

soil type and land use associated with the HRU idxhru; these associations are read from
the extended *.cod input file if numhm > 1.

Instructions for modified Control Codes (*.cod) input data file

1. Control codes file (~.cod` format for inDut to SWAT /items 1 to 6

The following data records are read by SWAT subroutine READCOD from the
Control Codes (*.cod) input file.  Only input variables affected by SWAT-MODFLOW
linkage are defined; for definitions of standard input, see SWAT v.99.2 documentation.

(text)  title                                                                                                         (1

title: input description line.

Data   (23i4)   nbqrr, iyr, idegr, ipd,nsim,maim, igrn, iwst, isst, ireg, igiraf,
irain, itemp, iresq, idaf , idol, ipzm, ipxp, iopt , ipet , ilogl,
ipdwql , iormod (2

fields   1-40:               1            2            3            4               5               6            7            8            9          10
data:                     nbyr      iyr    ideg      ipd pcpElim  tapsim      ign    iwgt  isBt  ny8kip
fields   41-80 i           11          12          13          14             15            16          17          18          19          20
data:                i®vent  irtgub  ihumiB  iregq  idaf      idal.    iprn    iprp    iopt    ipet
fields  81-92:          21         22         23
data:                    ilog  ipdwql  icxpod

I)eta   (20i4)   (Ipdvar(i),i=1,20)
Data   (17i4)   (Ipdvab(i),i=1,17)
Data   (20i4)    (Ipdvag(i),i=1,20)

Added item for SWAT-MODELOW coordination:
if (iopmod > 0) read item 6:

Daca   (FREE)   cnvlen,   cnvlbl,   nambal,   naz]Lshl        I (f8.4,3a)

ExamDle Control codes inDut file hni  deeD.cod

Control  Fl1®   I   hru_deep.cod   (aquifr=1,   eominf=O.65)
181977         0        0        1        1        0         a        0        0        a        0        a        0        0        a

1,     ,        ,     ' I    . (14,2a) I :   1&q`ifr  fiambal  nan8hl
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Definitions for Control Codes input file (~.codi record items 1-6

ipd (cols.13-16): print code for standard output file (0: monthly,1 : daily, 2: annually).
NOTE: if iopmod > 0 (see below), ipd also specifies ground water simulation time steps

over which SWAT results are to be summarized for linkage to MODFLOW's stream-
aquifer simulation.  In addition, if iaqufr = 2 (specified on record 6; see below),
which specifies a two-way coupling between SWAT and MODFLOW, then SWAT
also reads a summary of results describing shallow ground water in the conesponding
time steps; the name of this file is specified by the variable namshl (also on record 6).

ipet (cols. 77-80):  choice of method for calculating potential evaporation; see manual for
explanation of original options 0-2:

0: Priestley-Taylor;
1 : Penrrm-Monteith;
2: Hargreaves;
3: no available option for SWAT v.99.2.  (In SWAT v.94.2, this invoked use of subr.

Penman, which applied the Penman method as recommended by W.J. Shuttleworth in
Chapter 5 of the Handbook of Hydrology, Maidment, ed., 1993.  This option was
incorporated into SWAT v.94.2 in order to include the effeets of long-wave radiation
emission; see P&S,  1999b-c).

iopmod (cols. 89-92):  This input code is now read from record 2 of the Control Codes
input file (*.cod).  A positive value indicates that a summary file for the SWAT-
MODFLOW linkage is to be written.  An additional record of data is also read
following the standard records; see record item 6 (below).

Usage of the input variable iopmod has been modified since the SWAT-MODFLOW
linkage based on SWAT v.94.2, in which iopmod specified the time step for
MODFLOW's stream-aquifer simulation ( 1 :annual, 2:monthly, 3: daily) as
documented in P&S (1999a,b).  In the present version (99.2), SWAT's own code, ipd,
which is read from the ~.cod input file, is used to specify the time steps over which
SWAT's results are to be summarized.  The previous meaning of iopmod is ignored
in SWAT v. 99.2, but is retained for the linkage with MODFLOW in the form of the
variable iopstp, which is defined in SWBAVG based on ipd so that the correct value
is passed to MODFLOW.  Values of iopstp are detemined by ipd as follows:

Time step of summarv             ioDstD (balance file)                  ind /~.cod int)ut filet
simulation period
annual
monthly
daily

0
1

2
3

Ipdvar(i): up to 20 output variables printed to the .rch file.
Ipdvab(i): up to 17 output variables printed to the .bsb file.
Ipdvas(i): up to 20 output variables printed to the .sbs file.
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cnvlen: conversion factor for standard units of length from Mod flow to hydrologic
model. Example: to convert units of length from Mod flow (ft) to Swat (in): cnvlen =
0.3048 (Iutft).

cnvlbl: conversion factor label (8 characters max). ex. cnvlen=0.3048, cnvlbl='m/ft'

The following two conversion factors are also used in the conversions:
depmpy = conversion for model results from hydrologic depth to std unit of length.  Ex.

Swat: Hydrologic depths are in mm, std length units are in; so depmpy = 1.e-3
(Iulmm)

widmpy = conversion for model results from units of length used for land surface areas
to std unit of length.  Ex. Swat: Land surface areas are given in km^2.  The
corresponding units of length are kin, and std length units are in; so widmpy = 1.e+3
(nutm)

The factor cnvlen and the associated factors depmpy and widmpy are used in SWAT
and Swbavg for conversions between SWAT and MODFLOW units.  These include:
a) basin area, such as from km2 in Swat to ft2 for Mod flow;
b)SE;tteod#:::e8s£C[Lfl3uITX;Sfo:°#o:°fl]:::np:::#::i:]ui:ts¥uactLsfs[-ftb3a/::dunfts

nambal, namshl: file names.  nambal = name of "balance" file summarizing results at the
end of each ground water time step. to be passed to SWBAVG for averaging according to
the extemally averaged scheme. namshl = name of file summarizing shallow ground
water (area and rate of flow into soil profile), written by a previous execution of
MODFLOW using a successive approximation scheme for coupling (iophru=3).

nambal: output file name for hydrologic balance to be passed to Modflow.  This file
name is no longer read from this file but is now derived from Swat's standard output file
name (extension ".std"), and will fail if the standard output file name does not at least
include a period.  Example:  For a case with standard output file name carr-irm.std, the
assumed balance file name is carr-irm.bal.

namshl: input file name for results from Mod flow for a previous iteration of the
combined Swat-Mod flow solution.  This file is expected for HRU option iophru=3, in
which shallow aquifer HRUs are simulated.  Results from Modflow on this file include
areal fraction of shallow aquifer and evaporation from shallow ground water.  If file
name is given as blank (namshl=' '), it will be derived from Swat's standard output file
name using the extension '.SHL'.  File is opened and read for the first time step in Swat's
Main by code on included file Swatmod3.h, and for succeeding time steps in subroutine
Preswb.

2. Control codes file (~.codl format for input to SWBAVG (record items 7 to 14)

In addition to records 1-6 that are read by SWAT (above), SWBAVG reads data
records 7-14 as labeled in the example shown below (file hrul .cod).  These data are used
by SWBAVG to take spatially weighted averages over HRUs simulated by SWAT to
represent spatial heterogeneity with respect to soil type and land use within subbasins.

48



Record items 7-14 specify the HRU scheme, individual HRUs, and their
properties as they pertain to the calculation of HRU weights, spatial averaging of HRUs
simulated by SWAT for each hydrologic component, combination of hydrologic
components to specify ground water recharge and tributary inflow; and conversion of
HRU-averaged results simulated by SWAT from hydrologic depths (volumes per unit
area) to flow rates for input to MODFLOW.

Data   (FREE)   iophr`i  numhru  ngubg
fortDat   (3i4)

Subbasin areal fractious for aauifer. croos. and soils for each defined tvDe

DData   (FREE)   nsoilg,   aqflbl,   c]:'plbl,   (soilnm(i),i=1,ngoils)

(7

(8

Read for each subbasin i:
Data   (FREE)   id]E,aqffrc(i),crpfrc(i), (soilwt(i,j),j=1,ngoilg)      (9

Data   (FREE)   (pctirr(k),   k=1,nyrg)

Data   (FREE)   numuse,    (crpnam(i) ,i=1,numus®)

Table of DroDerties associated with each HRU
Data  (tin-)  header

Read for each HRU i. =1 to numhn] (see item 3, above):
Data   (FREE)   id][,idxsol(i) ,idmse(i) ,idxaqf(i) ,  naznhru(i)

Data   (FREE)     cagavgr

Example Control codes inDut file hru 1 .cod

This input file specifies HRU scheme 1 .

hr`il.cod  (15  ERU.,   iophrullj   eulnf-O.65,1p.tlo(Prl..tle]r-Taylor)   1aq`ifr-1
181977        a        0        1        1        0

a.3048      'n/ft'       I    I         I    I
1159

5,            I.q££rc.   'crpfrc.   'Carr'
1           0.0733      0.5962         0.092
2            0.2053      0.5463         0.191
3           0.2368      a.6281         0.098
I           0.0924      a.5737        0.126
5           0.2106      0.7164         0.043
6           0.0122      0.6113                    0
7            0.0829      0.6753                    0
e           0.0257      0.53i6                   0
9           0.2504      0.4991                   0

3.13      3.32      3.42      I.18      4.06
.11     I.10

3 , I zronlrrlg . , ' 1rrlg I , ' noncrop I
hr`i  eoll    ufi.  aq`il£r nadru

000000000000

I    ' (f8.4,3.) ' I   cnvl®zi  cnvlbl  zialbbal  ziazbflhl
I    I (314) I :            1ophru  n`ichr`i  zi.ub.  cnvl®n  cnvlbl

[Cr®t®'    .EfafitH.dv'    .   Kip.on.    .thilr'
0.471           0.099              a.338                   0
0.064           0.402              0.342                    a
0.637           0.132              a.052         0.081
0.543           0.054              0.274         a.001

(12

(13

(14

0.745                       0              0.086         0.126
0.711           0.176              0.059        0.024
a.869           0.022                        0        0.loo
0.697           0.279                         0         0.024
0.630           0.021                         0        0.348

3.54      3.61     3.66      3.51      3.55      3.76      4.28      I.21     4.31     I.52      4.42

In`izbifl®,    (crpnaD(J ) , J-1,n`]mie®)
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111
212
313
421
522
623
731
832
933
1041
1142
1243
1351
1452
1553

1      ' carl-vstbL I
1     I carr-1m'
1     'carr-pap.
1     ' cr®t -van I
1      . cr®C-1m.
1    ,cr.t-pan'
1     ' h8hd-vfn.
1     I h8hd-1m'
1     .hshd-pan'
1     `klpEi-vm'
1     'klps-1mI
1     'kipe-pap.
1     . "1r-vrm.
1    l"1r-1m'
1    '-ir-pan'

floll  1   (who.C/eorghun/fallow  rot. )
(1rrlgat®d  corn)
(gr.a.:  ranqr.  and  pafltur®)

Boll  2

floil   3:E[a.tlngfl(Cub.1-5),   E[®dvlll®(eubfl   6-9)
(collap...  6  hrufl  for  the  tro  flolle  into  3  hr`ig)

Soll  4

Eloll   5

'hr`il',   na]bcae   (Chl.11n®  1e  read  by  gwbavg,   not  8VAt)

Definitions for record items 7-14

(13

(14

Reeord item 7:
iophni: option for one of three HRU schemes (conceptual models for spatial

heterogeneity within subbasins) :
=1 : original 18-HRU scheme for 6 sods and 3 land use types (dryland crop, irrigated

crop, and grassland); can also be represented by a 15-HRU scheme in which HRUs
based on Hastings and Hedville soils are combined as described below for iophru=2,
Option b.

=2: 2 possible schemes, depending on how sods are handled.  Land use definitions are the
same for both of these: (c 1 : nonalluvial dryland crops; c2: alluvial irrigated crops;
(c3 : alluvial grassland; c4: nonalluvial grassland).

a) 24-HRU scheme for 6 soils and 4 land use/land form types:  The six sods are
assumed to be independent of the land uses, which account for the alluvial/upland
heterogeneity within each subbasin.  Alluvial component of subbasin is restricted to
land uses of irrigated com and grasslands; the remainder of the subbasin in the
uplands is restricted to the non-iITigated crop rotation and grassland land uses.

b) 10-HRU scheme taking into account soil and land use dependencies.  Alluvial land
uses (irrigated com and grasslands) are associated only with alluvial soils ( 1 :Carr and
2:Muir); upland land uses (dryland crop rotation and grassland) are associated only
with non-alluvial soils 3:Crete, 4:Kips, and 5:(Hastings and Hedville).  Hastings and
Hedville are combined into one HRU soil factor with Hastings soils only in subbasins
14 and Hedville soils in subbasins 6-9.

=3: refinement of the above scheme, dividing the alluvial aquifer area into shallow and
deep components; the shallow component is associated with evaporation from gw
according to Modflow's simulation.  For iophru=3, this is read from file device ioshl
at the end of this subroutine for the following time step; values for initial time step are
read in swatmod3.h (included in main).  Evaporation, given by Mod flow results as a
flow rate, is converted to a hydrologic depth, evtgw, with respect to the shallow
aquifer area.

numhru: no. HRUs (hydrologic response units) that must be run and then averaged for a
complete simulation of this case.  The case numhm = 1 indicates that the HRU
averaging, if any, was handled by SWAT.  In this case, only input and output file
name prefixes, namhm( 1) and casavg on record item 8a need to be read; items 8b-14
are read only if nulnhru > 1 .
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nsubs: no. subbasins.

if numhm = 1 (read only record item 8a):
Record item 8a (for the case numhm = 1):

namhm( 1) name of HRU, up to 8 characters; compared with case name for match
to determine which HRU is represented by the simulation.

casavg: suffix for balance file to be written by Swbavg.

If numhm > 1 (read items 8b-14, the data needed to take averages over HRUs):
Record item 8b:
nsoils  number of soil types used to represent soils of basin.

aqflbl, crplbl: Column labels for areal fractions of aquifer and cropland within each
subbasin.
soilnm(i): Column labels for areal fractions of each soil type, i=1 to usoils.

Record item 9:
idx = index to subbasin (should be the same as counter i).
aqffrc(i)     area of aquifer underlying soil as a fraction of subbasin I.
cxpfro(i)     cropland as fraction of subbasin I.
soilwt(i,j)  fraction of subbasin z. covered by each soil type/.

Record item 10:
pctirr(k)  iITigated land as pet of entire basin for each year of simulation.

Record item 1 1 :
numuse = no. land use classes defined for this HRU scheme (iophru, line 7)
crpnam(i) = name of land use class i from 1 to numuse.

Land use class labels for each of three defined HRU schemes ( 1-31:

iophm         numuse      labels for land use schemes (crpnam¢),j=1,numuse)
1                        3            'nonirrig','irrig','noncrop'     !numuse,
2                      4            'wsf-upld', 'irr-aqfr','grs-aqfr', 'grs-upld'
3                       6            'wsf-upld','irr-aqdp', 'grs-aqdp','grs-upld', 'irr-aqsh', 'grs-aqsh'

Description of land use classes for each HRU scheme ( 1-3`
if(iophru.1e.1) then      !HRu model option 1: 31and uses
cxpnam(1) = 'nonirrig'   !no irrig. e.g. wheat,sorghum,fallow rotation
crpnam(2) = 'irrig'      !irrigated crops
crpnam(3) = 'noncrop'    !range, pasture, and other noncrop land uses

else if (iophru.eq.2) then !option 2 distinguishes subbasin with aquifer
crpnam(1) = 'wsf-upld'   !non-irrigated crops in upland, no aquifer
crpnam(2) = 'irr-aqfr'   !irrigated cropland over alluvial aquifer
crpnam(3) = 'grs-aqfr'   !grasslands over alluvial aquifer
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crpnam(4) = 'grs-upld'   !grass in upland, no aquifer
else   !option 3 distinguishes aquifer with shallow & deep components
crpnam(1) = 'wsf-upld'   !non-irrigated crops in upland, no aquifer
capnam(2) = 'irr-aqdp'   !irrigated cropland, deep alluvial aquifer
cxpnam(3) = 'grs-aqdp'   !grasslands, deep alluvial aquifer
crpnam(4) = 'grs-upld'   !grass in upland, no aquifer
crpnam(5) = 'irr-aqsh'   !irrigated cropland, shallow alluvial aquifer
capnam(6) = 'grs-aqsh'   !grasslands, shallow alluvial aquifer

end if

Record item 12:
header = heading for the following table (item 13).

Record item 13:
idx  index to identify HRU (should be the same as counter i)
idxsol(i) soil type associated with HRU i
idxuse(i) land use associated with HRU i
idxaqf(i) aquifer status associated with HRU i.  Definitions:
= -1 : soil is underlain by bedrock.  Option is passed to subroutine Purk to indicate that

percolation out of the root zone is blocked by bedrock, resulting in alternate routes
(increased lateral subsurface flow, soil water content, and evaporation).

= 0: soil is underlain by an aquifer that is deep enough that soil and plant water uptake
from ground water is negligible.

= 1: soil is underlain by a shallow aquifer.  This case is associated with HRU option 3
and input file nalnshl (above), which specifies areal fraction of shallow aquifer
and evaporation from shallow ground water in each time step for each subbasin
according to Modflow's solution.

namhni(i) name of HRU, up to 8 characters; compared with case name for match to
determine which HRU is represented by the simulation.

Record item 14:
casavg: suffix for balance file containing average over all HRUs, and written by Swbavg.

Instructions for modified ground water (*.gw) input data file

Format for this file was modified to specify conceptual models for a soil profile
sitting on bedrock (ipurk¢) = -1) and for shallow ground water (ipurk¢) = 1)  The case of
deep ground water is considered the default conceptual model for MODFLOW.

Modified format of record 3:
ipurko): This option was added to the ground water input data file (*.gw) for HRU or

subbasin j to specify the conceptual model for soil water movement.  Code changes
have been made to implement alternative conceptual models for ipurk¢) I 0.
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ipurko) = 0: soil proflle is underlain by an aquifer with ground water that is deep
enough that uptake from ground water by capillary or evaporative processes into the
soil profile can be neglected.  This is the default case represented by SWAT.

ipurk¢) = -1 : soil profile is underlain by bedrock (no aquifer).  In this case, no water
percolates out of the root zone.  This conceptual model is implemented in subr. Purk
by setting the variable sep to zero after percolation out of the root zone has been
calculated.

ipurk¢) = 1 : soil profile is underlain by an aquifer with ground water that is shallow
enough that uptake into the soil profile is signficant.  Subroutine Subbasin was
modified to implement this conceptual model by calling subr. Evap_gw to distribute
this uptake over the soil profile.  This uptake is specified by MODFLOW using a
form of successive approximation in which the SWAT-MODFLOW linkage is first
applied with the initial assumption of deep ground water in SWAT, and MODELOW
revises this initial assumption by summarizing the area of shallow ground water
within each subbasin and the corresponding flow rate into the soil profile based on
MODFLOW's evapotranspiration model.  This revised estimate of uptake from
shallow ground water can be used in a second application of the SWAT-MODFLOW
linkage.  MODFLOW's results from the second application of the linkage can be used
in a third pass and so on in order to examine convergence properties of the solution.

Instructions for modified Management Codes (*.mgt) input data file

Based on SWAT v.94.2, the previous version of the SWAT-MODELOW linkage
included modifications to SWAT to specify a daily maximum irrigation limit, wsfmax,
and an option, iopswm, to simulate irrigation based on a soil water content threshold,
swminf, expressed as a fraction of available water capacity.  These options are available
as part of proposed changes to SWAT v.99.2, but are specified through the Management
Codes input file as follows.

SWAT v.99.2 has the capability to specify a soil water content threshold for
irrigation in the Management Codes input file (~.mgt) in its auto irrigation initialization
(mgt_op = 10).  Subroutines Readmgt and Subbasin were modified to expand on this
capability so that the Management Codes input file can specify both a soil water content
threshold as a fraction of available soil water capacity and a maximum daily irrigation
limit.  These options are incoxporated into the management file using a proposed format
that is described below and illustrated by the following file, com.mgt, which is part of the
data set for the Lower Republican River basin model:

Maziagement  I)eta  File   I   1/17  mgt(17) :   corn.mgrt   (wsf=.990)
0100500

0.65                 12.7

In this example, automatic iITigation (mgt_op= 10) is specified by record 3, and occurs
when plant water stress factor falls to 0.99, if the standard version of SWAT 99.2 is
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applied.  Subroutine Readmgt reads mgt_op as mgt2i, and the stress factor threshold as
mgt3, which is then assigned to auto_wstr.

SWAT v.99.2 already has the capability for automatic irrigation triggered by a
soil water content threshold, but this capability is not documented in the Management
codes input file description. If the desired irrigation triggering threshold is given by
swtrig (mm) < sol_sumfc¢), where sol_sumfco) is available field capacity (mm), then the
soil water deficit threshold for subbasin j can be represented as a negative soil water
depth by

deficit (mm) = swtrig - sol_sumfco)

The plant stress factor threshold, specified in the *.mgt input file and read by
subr. Readmgt,  is interpreted instead by the standard version of subr. Subbasin to
represent a soil water content threshold if it is a negative number, which represents a soil
water deficit in the above form.  Subroutines Readmgt and Subbasin were modified to
allow specifying the following:

(a) soil water threshold as a fraction of available capacity, auto_swf (cols. 49-56);
(b) maximum allowed daily irrigation (mm), auto_dmx (cols. 61-66).

Variables auto_swf and auto_dmx are arrays that are analogous to auto_wstr, the
plant stress factor (cols. 33-40), but are currently declared in module swtmod99 instead
of module parms, and are allocated in subr. alloc_swtmod instead of subr. alloca_parms.
The added variables have no modifying effect if they are specified as zero. They are
stored in arrays auto_swf and auto_dmx by subr. Readmgt, and are then applied as
follows in subr. Subbasin if they are nonzero.  These options are implemented as follows.

(a) With the modified versions of subroutines Readmgt and Subbasin, if auto_swf > 0, it
is converted into a soil water deficit threshold in subr. Subbasin by

deficit (mm) = (auto_swf -1).sol_sumfco)

This form of the soil water content threshold is substituted for the plant water stress
threshold, auto_wstr, which is then intexpreted by the original version of subroutine
Subbasin as described above.  The initializing code to do the above in subr. Subbasin is
the following:

i£   (auto_wstr(ziro(j) ,hair(j),j).g®.O.)   thou                                         I lapp
swminf  =  auto_Eiw£(nro(j) ,hair(j ) ,j )                                                          I lf)pp
if   (0.   <  8ominf   .and.   8tmin£  <   1.)                                                           IIgpp

1                      auto_w8tr(nro(j),nair(j),j)   =  sol_gunfc(j)*(slmin£  -1.)   I IElpp
and  if                                                                                                                      I lBrp

In this code, swminf is a scalar version of the element of interest in array auto_swf.  The
above initialization would be more appropriately done in subr. Readmgt, but this is
prevented because the call to subr. Readmgt precedes the call to Readsol, where
sol_sumfc is initialized (see subr. Readinpt).
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(b) The daily maximum irrigation limit, auto_dmx, is applied as an added constraint on
the supply source, divmax, for iITigation sources iIT > 2 in subroutine Subbasin as
follows:

11           JLdjugt  Aquifer  Storag®g  for  Irrigation  Withdrawals
if   (irr(j).gt.2)  then

c                   wsfma]z  =  daily  irrig.  rna)t  (input  from modified  *.met,
c                                        Bubr.   Readmgt)   through  Swtnod99  module) :

wgfma]E  =  auto_dint(Pro(j) ,nair(j) ,j)
if   (1.+wsfmax  >   1.)   divmax(j)   =  az[Lizil(divmax(j),wgfma]t)

55



Appendix C.  Example procedures (HPU schemes 1 -3)

Specifying hydrologic response unit (HF]U) schemes 1-3

The land use/land form classification is the distinguishing feature of the three
HRU schemes, and are alternatives for representing spatial heterogeneneity with respect
to both land use and the bedrock or aquifer underlying the soil profile.  The land use/land
form classes for each of the three HRU schemes are listed in the following table.

Land use/land form schemes for each of three HRU schemes ( 1-3)
Land-use
codes (1-6)

HRU Scheme 1:
Soils (*.sol)
1   Carr.sol
2  Crete.sol
3  Hastings.sol
4  Hedville.sol

1
dry  crops
lrrlg.  crope
grasBlond

HRU
schemes (1-3)

2
bedrock,  dry  crope
&quif®r,   1rrlg.   crope
aqulf.I,  qira.fllande
b.drock,  gragel.nde

Land uses (*.mgt)
1   3-wsf.mgt
2  com.m8t
3  pasture.mgt

3
t>.crock,   dr]r  crope

d..p  aquif.r,  irrlg.  crops
d®.p  .q`ilf®r,   graflel.zLd.
bedrock,  gra8el.nd.
Shallow  aq`ilf®r,   1rrlg.  crop.
8hallow  aqulf®r,   qrraflelande

Subsurface (*.gw)
1   deep_hru.gw

5   Ffipson.sol
6  Muir.sol

In HRU scheme 1, soil type and land use are treated as independent factors, and
all HRUs are simulated by SWAT with the assumption that the soil profile is underlain
by an aquifer with deep ground water over the entire domain of each subbasin.  This
assumption is then modified in SWBAVG, where contributions of hydrologic
components to recharge and tributary flow depend on the areal fractions of each subbasin
with a soil profile underlain by bedrock or ground water.  The inconsistency between
conceptual models applied in SWAT and SWBAVG regarding the material underlying
the soil profile may represent a source of distortion in the simulation.

In HRU schemes 2 and 3, the conceptual models of a soil profiile with underlying
bedrock or ground water are consistent between SWAT and SWBAVG.  HRUs simulated
by SWAT are distinguished by a soil profile either underlain by bedrock (iaqufr = 0) or
by ground water (iaqufr > 0).  The case of bedrock is represented by a modification to
subroutine purk() in which percolation out of the soil profile is set to zero.  This is
compensated by increased soil water content, lateral subsurface flow, and evaporation.

HRU scheme 3 further distinguishes HRUs with ground water underlying the soil
profile as either deep (iaqufr = 1) or shallow (iaqufr = 2) ground water.  Deep ground
water is assumed to have a negligible effect on soil water content due to up flow from
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ground water.  This scheme requires specifying the following: (a) for SWAT, the rate
up flow from ground water for corresponding HRUs with shallow ground water; (b) for
SWBAVG, the areal fractions of shallow and deep ground water components within each
subbasin, which are used to calculate HRU weights.  The conceptual model for HRUs
with shallow ground water.  The data necessary for both SWAT and SWBAVG is
provided by a previous execution of MODFLOW using a form of successive
approximation that is initialized by HRU scheme 2, in which all ground water is assumed
to be deep.  In SWAT, the up flow from ground water given by MODFLOW is converted
to a daily volume per unit area for each subbasin and distributed over the soil profile in
subroutine evapngw(), which is called by a modified version of subroutine subbasin().
SWBAVG calculates HRU weights in each time step, which allows the weights to vary
over time with the areal fraction of shallow ground water in each subbasin as the ground
water elevation responds to hydrologic conditions.

Scheme  1. treat soil tvDe and land use as indeoendent factors

The following illustrates the procedure followed to simulate HRU schemes 1 -3
for the Lower Republican River basin with the updated version of the SWAT-
MODFLOW linkage based on SWAT v.99.2 and MODELOW v.88.

Conditions specified for SWAT-MODELOW linkage bv file HRU1.COD:

ipd=0                 (hrul.cod): monthly time steps for stream-aquifer solution
numhm=15      (hrul.cod): number ofHRUs to be simulated by SWAT and averaged by

sveAVG

iophru= 1           (hru 1.cod): basic HRU scheme (soils and land uses assumed independent;
alluvial/upland heterogeneity is ignored.

ipurk¢)=0         (hru_deep.gw): an aquifer is assumed to underlie the entire basin (standard
SWAT assunxption) ;

auto_swf® = 0.65 (com.nigt):  set soil water content threshold equal to 0.65 as a fraction
of available soil water capacity; irrigation is triggered if soil water content
is below this threshold during the growing season.

auto_dmx = 12.7 (com.mgt): limit daily irrigation depth to a maximum of 12.7 mm.

usoils=6 (hru 1.cod): six sods are specified; specifying Hasting and Hedville separately
results in distinct HRUs; in schemes shown below these are combined,
since Hasting and Hedville sods are disaggregated by subbasins (Hasting
in subbasins 14, Hedville in subbasins 6-9, neglecting the small
component in subbasin 3).

Batch file HRU1.BAT to run SWAT and SWBAVG for HRU scheme 1 :
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rep  gi"1ate  hruB  with  deep  aq`iifer:  set  ipurk(j)  =  0  for  each  Bubbasin
Copy  /y  hru_deep.glwr  h2.gw

copy  /y      hrul.cod  hru.cod

copy  /y      carr-wan.cio  file.cio
..\gwt99opt  >hrul.jnl
copy  /y      carr-iz:in. cio
..\swt99opt  >>brul.jnl
copy  /y      carr-palrL. cio
..\gwt99opt  >>hrul.jnl
copy  /y      cret-wgn. cio
. .\swt99opt  >>hrul.jnl
copy  /y     cret-im.cio
..\gwt99opt  >>hrul.jnl
copy  /y      cret-pan.cio
..\Btit99opt  >>hrul.jnl
copy  /y      bshd-wgm. cio
. .\gut99opt  >>hrul.jnl
copy  /y     hshd-irn.cio
. .\swE99opt  >>hrul.jnl
copy  /y      hgbd-pan. cio
. . \gtirt99opt  >>brul.jnl
copy  /y      kips-wrm. cio
..\swt99opt  >>hrul.jnl
copy  /y      kips-irm.clo
..\swt99opt  >>hrul.jnl
copy  /y      kips-pan. cio
. .\gwE99opt  >>hrul.jnl
copy  /y      lrvuir-wan. clo
. .\Bwt99opt  >>hrul.jnl
copy  /y      muir-irm.cio
. .\swt99opt  >>hrul.jnl
copy  /y      in:uir-pan. cio
..\swC99opt  >>hrul.jnl

file.cio

file.cio

file.cio

file.cio

file.cio

file.cio

file.cio

file.cio

file.cio

file.cio

file.cio

file.cio

file.cio

file.cio

. .\swbavg  <hrul.cod  >>brul.jnl

time

File Hrul .cod. inDut to Swat and Swbavg for HRU scheme 1

h"1.cod   (15  tmufi,   1ophr`izilj   .tmlnf=O. 65,1p.tl=0 (Prl..C1®y-I.ylor)   Laqufrzil
181977         0         0         1         1         0         0         0         0         0         a         0         0         a         0         0         0         0         a         0         0

10

0.3048   'D/£t'    '    I      '    '      I   I(f8.4,3a)`:   cnvl.a  czlvlbl  nanbal  zian.hl   (lafit  lln.  r®.a  by
SWJIT  ln  flubr  A.adcod)

115        9         I.(314)  ':   iophru  ziunh"  ziout)a      (r.&d  bar  SWELAVC)
5,             'aqffrc'    'crpfrc'    'Carr'   'Cr.t.I    'Ha.tH®dv.    .   I:1p.on.    .Mulr'   ln8oll8 ,... j
aqfbas -a . 12 61

1            0.0733      a.5962         0.092
2           0.2053      a.5463         a.191
3            0.2368      0.6281         0.098
4           a.0924      a.5737         0.126

0.471           0.099              a.338                    0
a.064           0.402              0.342                    0
0.637            0.132              a.052         0.081
0.543            0.054              0.274         0.004
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5            0.2106      0.7164         0.043
6           0.0122      a.6113                    a
7            a.0829      0.6753                    0
8            0.0257      0.5316                    0
9           a.2504      0.4991                   0

0.745                       0              0.086         0.126
a.741           a.176              a.059        0.024
0.869           0.022                         a        0.loo
0.697            0.279                         0         0.024
0.630           0.021                         0         a.348

3.13      3.32      3.42      4.18      4.06      3.54
4.42      4.77      4.70
3 , I aondrrlg . , ' 1rrlg . , I noacrop .

hru  Soil    Hgt
111
212
313
421
522
623
731
832
933
1041
1142
1243
1351
1452
1553

Ipur* (qpr)   naJDhru
0     I carr-van I
a     . carr-1=n.
0     . carr-pan I
a     , cr®t-w.D.
0      'cr®t-1rm.
0     |cr.t-paul
0      I hehd-wezn t
0      I hehd-1m I
0     'behd-pan'
0     ,klpg-vfm'
a      'klpfi-1zm'
0     'klpB-pan'
0     'nulr-wgn '
a     .nulr-1m I
0    I-|r-pap,

'hr`il',   zianca8   (ttil.liz).  le  r.&d

3.61      3.66      3.51      3.55      3.76      4.28      4.21      4.31      4.52

lnumuae,    (crpnafD(J ) ,j=1,tiunug®)
mu  d®gcrlptlon
eoll  1   (wh.at/eorghtm/fallow  rot.)   (ca8®,   Ill.  nan®)

( lrrlgat.a  corti)
(grafiB:   rang.  and  paBtur.)

eoll  2

goll   3:Hastlzige(flub.1-5) ,   H®dvlll®(Cube   6-9)
(collap8..  6  hruB  for  th.  two  Bolls  lzlto  3  hru.)

goll  4

Boll  5

by  Swbav\g,   not  twat)

File hm  deeD.gw: specifies default subsurface features assuml)tion /iDurk(i` = 0
0ro`izidmt.r  int-a  Ill-.   I   1/9    qrtr(19)a  ti2.gw  (gwht]  2D)      (zero  ;arc  to  =do.p.  aqf)

2.a                    0.a                    0.0                    .15                      0.                 0.00                 0.00                    a.a
000

r.ad   (19,5000)   tltldi]n
r.ad   (19, ' (10flo.4).)   grwht(1),   ehallet(1),   alpha_bf(1),   gv_flpyld(1),            a

d.lay(i) ,  gv_rev.p(1) ,  rchrg_dp(i) ,  r.vaE"(1)
r.ad   (19, t (10fl0.4) ',1o.tatl.of)   a..pet(1),   giirqpzi(1)   11,1purk(i)

r.cord  1:    (8£10.4)
grwht       ®hallf)t    alpha_bf    gw_flpyld

record  2:   (2£10.4,ilo)
a..p. t         gtirpn         lpurk

delay    gv_r®vap    rct)rgLdp      r.vapDn

File com.mgt: sDecifiesdailv irrigation limit and soil water content threshold

Managemelit  Data  File   I   1/17  mat(17) :   corli.mat
0100500

5      07                            10
5      07                               1        1900.         2
9      07                               5                               2

0.98

Execution of MODFLOVV given results on file Hrul .bal:

c : \gh\nodflov  <Elr`il. rE)p  >Elrul. jnl

ResDouse file Hru 1.rsD contents:

h"1
. . \ 1nl>ae®\bcae®_t4 .b..
. . \1ziba..\kbal.20b .bcf
. . \ 1nba..\vrr®pub . v.I
. . \1z)ba..\r.pBur£ . ®vC
. . \1z)ba..\rpt®et . ewe
. . \1aba..\nacrl][1. rcb
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Cae®   Zlap®
.bee  uzilt
.bcf  unit
.w®1  ualt
.®vt  uLlt
.,wb  unit
.rch unit

0.65                 12.7

(-.log,   -.pm,   ~.rep)
1  Mozithly  Ba81c  p-ck.9.

61  Block-c.nt.r.a  flov
62  W.11§   grouz)dwat®r  ue.
65
66  Soil  vat.r  bal.zic.
67  R.charg.



\ 1ELba8 . \aod®11bg . pcgi
\ 1nbae. \ rpba.. . oc
\ lab.fl.\ rpt.et . etr
\1nbae.\bafi.c.e..pol
\lnbal.\gvuadrnu.obe

.peg  uzilt    68  pr.cond.   conJ.   grad.

.oc    uzilt    69  Output  cozitrol

.gtr  unit    70  nozichly  Str.Inflow

.pofi  unit     64  PoBtproc.8flor:   b`idg.C8

.ob4  unit    72  gtr  l®v.I  ob..rvatlonB

Scheme 2. disageregate alluvial vallev and uDland

Table C.1  shows the land use areal fractions given by equations 4.21 a-d.

Tal>le C.1. HRU scheme 2 land use fractions

numhru=10 (hru2.cod):  number of HRUs simulated by SWAT and averaged by
SVVBAVG.

iophru=2 (hru2.cod):  alternate HRU scheme: disaggregate alluvial and upland
components of subbasin; associate soil types and land uses with alluviavupland
heterogeneity.

Batch file Hru2.bat to run SWAT and SVVBAVG for HRU scheme 2:

rein  si"`ilat®  hrug  with  deep  aquif®r:  get  ipurk(j)   =  0  for  each  subbagin
copy  /y  bru_deep.gw  h2.gw

rein liot®:  indiv.  cio  files  ref.r  to  hru_deep.cod.
rein  copy  /y      hru_deep.cod  hru.cod

copy  /y     carr-ira.cio  file.cio
..\BwC99opt   >hru2.jnl
copy  /y      carr-pad.cio  file.cio
. .\swE99opt  >>hru2.jnl

copy  /y     "ir-ird.cia  fil..cio
..\gwt99opt  >>hru2.jnl
copy  /y     muir-pad.cio  file.cio
. . \sut99opt  >>hz:ii2 . ].nl

rep  similat.  brus  with bedrock under  goil  profile:  Bet  ipurk(j)  =  -1
copy  /y  hru_bedr.gw  h2.grir

red note:  indiv.  cio  files  refer  to  hru_bedr.cod  inf)teed  of  gien®ric
hru . cod .
rein  copy  /y      bru_b®dr.cod  hru.cod

60



copy  /y      cret-web.cio  file.cio
..\sut99opt  >>hru2.jnl
copy  /y      cret-pab.cio  file.cio
.. \gtlrt99opC   >>hru2.jnl

copy  /y      kips-wsb.cio  file.cio
..\swC99opt  >>hru2.jnl
copy  /y      kips-pab.cio  file.cio
..\swt99opt  >>hru2.jnl

copy  /y      hBhd-web.cio  file.cio
..\swC99opt   >>hz:u2.jnl
copy  /y      hghd-pab.cio  file.cio
..\swt99opt  >>hru2.jnl

. .\gwbavg  <hru2.cod  >>bru2.jnl

File Hru2.cod. input to SWAT and Slh/BAVG
bru2.cod   (10  rm.,   1ophr`i-2;   .`mln£-O.65,1p.t-0(Elrl..tl.y-Taylor)   1aq`ifr-1

181977        a        a        1        1        a        a        a        a        a        0        a        0        0        a        a        a        a        a        a        a        1        a

a.304e   'n/£t.    '   .      '   '      I   I(f8.4,3.)'s   cnvl.zi  cnvlbl  aeDb.1  nan.hl
210       9       I   I(314)'s   lophru  numhru  a.`ib.     (I.ad  by  thl`ro)

5,          I.q££rc'   'crpfrc.    'C.rr'   'M`iir'      'Cf.t.I    'Xlp.oti'   'H&.CH.dv'   Iziloll .,... j
1           a.0733           a.5962                         1                        a     a.518722      a.372247      a.109031
2           0.2053           a.5463                         1                         0      a.079208      a.423267      a.497525
3           0.2368           a.6281      O.5474e6      a.4525i4      a.775883      0.063337      a.i6078O
I           a.0924           a.5737      0.969231     a.030769      a.623421     a.311581     a.061998
5           0.2106           0.7164      0.254438      0.745562      0.896510      0.103.90                         0
6           0.0122           0.6113                         0                         1      0.759221      0.060451      0.180328
7           0.0829           0.6753                         0                         1      0.975309                         a      0.024691
8           a.0257           a.5316                        0                        1     O.7i4i39                        a     O.2e586i
9           0.2504           0.4991                         0                         1      a.967742                         a      a.032258

3.13      3.32      3.42      4.18      1.06      3.51      3.61      3.66      3.51      3.55      3.76      4.28      4.21      4.31      I.52      4.42      4.77
4.70
4, 'v.I-upld' , '1rr-.qfr' ,.err.-.qfr' ,.qrr.-upld'   Inumu..,   (crpn.n(J) ,J-1,mi"..)

hru  Boil    Mgrt  Ipurk(gv)  I)anh"'carr-1rd'  .oil  1  de.p .1luvl.l!  irrlgat.a corn
'carr-p.d'                a..p  .lluv. i    qrral.  (rang.  .nd pa.Cur.)
'miir-1rd'  .oil  2  a..p .lluvlals  lrrlg.t.a corn
'nuir-pad'                a..a  .1luv..  grra..  (razlo.  and p..tor.)
•cr.t-"b'  .oil  3  upl.ndl  wh.at/eorohun/I.llor rot.tlon
'cr.t-p.b'                             gra..  (I.ng.  .nd pa.tur.)
'klp.-I..b'  .oil  4  `ipl.nd!  tch..C/.orgh`in/I.llow rot.tlon
•klp.-pab'                               gr...  (r.ng.  .nd p..Cur.)
`h4hd-`..b'   .oil  5  `ipl.n4  (I..ting  1-4,  II.dvlll.  6-9)
'hehd-pab'                               grr...  (raao.  and p.|tur.)

lln.  1.  r.ad  b]r  8wh.vg,  ziot  8`nt)

IAzid-a..        IRU  .ch.a..   (1-3) a
cod®.  1-6

12
dry  crop.           b.drock,  dr]r crop.
irrl..  crop.     .q`il£.I,  1rrlg.  crop.
gr...lend           .qul£.I,  qrr...1azid.

b.drock,  gr.iiland.

3
b.drock,  dr]r  crop.
a..p  .qul£.r,  1rrlg.  crop.
a..p .q`il£.I,  gr..filand.
b.arock,  gr...1.na.
•h.1lov .q`ilf.I,  lrrlq.  crop.
flh.llo`r .q`il£.r,  .ra..I.nd.

File Hru  deep.gw. inDut to SWAT for HRUs with deeD around water
aroundvat.r  I)ati  rll®-I   1/9    qpr(19):  h2.giir  (gwht=  2n)   -(i.ro  p.rc  to  .a..p]  aqf)

2.0                    a.a                    a.0                    .15                      0.                 0.00                 0.00                    0.0
000
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:£:LHrut.#¢EWF'L±PrtLt,°9S¥AT,f°:i:T3Lwjt.haqu#.kroun±e:L¥?Ed¥.pfl.P:¥i]e
2.0                    a.0                    a.0                    .15                       0.                 a.00                 0.00                    0.0
00-1

Execution of MODELOW given SWAT and SWBAVG results (file IIru2.bal):
c : \gh\Inod£1ow  <tlru2. rep  >IIru2. jnl

Resoouse file Hru2.rsD contents:
{same as file Hrul.rsp with case name = hru2)

Scheme 3. further disaggregate deep and shallow alluvial around water

Table C.2, below, shows the areal fractious of shallow ground water that can be
used with the land use fractions shown in Table C.1 for HRU scheme 2 to obtain those
rrequired for HRU scheme 3 according to equations (4.23a-f).  Coupling of Swat and
Modflow is based on shallow ground water evaporation and area given on file Hru2.shl
resulting from the uncoupled HRU scheme 2 (case Hru2, above).

Table C.2. Be subbasin areal fractions of shallow round water
active   shallow     shallow        active          areal         noncon-       evap-     shallow       deep
cells        cells        fraction      fraction      fraction     trib. fract. w,cfs     dtw,ft       dtw,ft

125

3     0.18750     0.07325     0.22015
2     0.20000     0.20532     0.04909
4     0.08333     0.23675     0.20435
0                  0     0.09238     0.08729
1      0.09091      0.20991      0.05282
0                   0     0.01222     0.08247
0                   0     0.08288     0.10945
0                    0      0.02565      0.11788
0                  0     0.25037     0.07649

10     0.07293      0.12599                    1

0. 0343        6.58
0.0031          1.52
0.0064          1.14
0.0268              0
0.0021          0.79

00
0.0131                 0
0.0414               0
0.0283              0

0.01994

3.91            22.2
3.56         19.29
4. 98        27.23

0        28.26
2.54        23.75

0        35.88
0         17.56
0          37.6
0        20.48

numhru=14      number of HRUs simulated by SWAT and averaged by SWBAVG.
iophru=3           altemate HRU scheme as variation on scheme 2: further disaggregate deep

and shallow alluvial ground water components of subbasin; associate soil types and
land uses with alluvial/upland heterogeneity as in HRU scheme 2.

Batch file Hru3.bat to run SWAT and SwrBAVG for HRU scheme 3:
r.a  .1qulat.  hru.  with  .hallow  aqulf®r:  g.t  laq`ifr  I  2
ron
r.n  note  1:  Run  thle  batch  £11®  ozlly  afc®r  c.e.  hru3  h.fl  be.a  run.
ron  not.  2:  lndlv.  clo  fll®8  r.I.I  to  hr`i_.hal.cod  lzilt.ad  of  g.a.rlc  hru.cod.

I.n  .1"lat.  hr`i.  vlth  Shallow .qulf.r:  .®t  ipurk(j)  I  a  for  a.cb  eubba.1n
copy  /y  hru_8hal.gv  h2.gw

r.a  copy  /y      hru_eh&l.cod  bru.cod
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copy  /y      carr-ire.clo  file.clo
.. \etlrt99opt   >hru3.Jzil
copy  /y      c&rr-pa..clo  Ill..clo
..\etlrt99opt   >>hru3.Jnl
copy  /y     Dulr-1r..clo  Ill..clo
..\flut99opC   >>bru3.jnl
copy  /y      nulr-pee.clo  fll®.cio
. . \etirt99opt   >>hru3 .jnl

. .\®whavg  <hru3.cod  >>bru3.JD1

File IIm  shal.gw. input to SWAT for HRUs with shallow ground water
Oroundwat.r  Data  Fll.-11/9    gilr(19):   h2.gtlr   (gwht=  2n)      (a.ro  p.rc  Co   -d..p.   aq£)

2.a                    a.0                    0.0                    .15                      0.                  0.00                 0.00                    0.0
001

File IIm3.cod. input to Swat and Swbavg for HRU scheme 3
hru3.cod  ( 1.  HRIJ.,   1-ophru-3;   .`mln£-O. 65, lp.t-O (I.rl.|tley-faylor)

181977        a        a        1        1        a        a        0        0        a        0        a        0        a        a        a        a        a        0        a        a        1        a

0.3048   'D/ft'    '    '      'hr`L2.|hl'      I   ' (£8.4,3a)'s   cz)vl.a  czrvlbl  zidr.I  nan.hl
314       9        I    i (314)'s   lophzii  zi`inhru  nfiub.     (I..A  b]r  rmAlro)

5,          .aq££rc.    'crpfrc'   .Carr.    'thilr'      'Cr.t.I   'KLp.on.   .H..tH.dv'   lnfioLl .,... /   aqfb..-O.1261
1           o.o733           o.5962                        1                        o      a.5ie722     o.372247      o.iogo3i
2           a.2053           0.5463                         1                        a      a.079208     0.123267      0.197525
3           0.2368           0.6281      0.547186      0.152514      a.775883      a.063337      0.160780
4           a.0924           a.5737      a.969231      0.030769      0.623421      0.314581      a.061998
5           0.2106           0.7164      0.254438      a.745562      a.896510      a.103190                         0
6           0.0122           a.6113                         0                         1      0.759221      0.060451     a.180328
7            a.0829           0.6753                          0                         1     a.975309                         0      0.024691
8           a.0257           0.5316                         0                         1     a.711139                         0      a.2®5861
9           a.2504           a.4991                         0                         1      a.967742                         0      0.032258

3.13      3.32      3.42      4.18      I.06      3.54      3.61     3.66      3.51      3.55      3.76     I.28      4.21     4.31     I.52      4.42      4.77
.70

6, 'v.I-upld' , I 1rr-.qdp . , 'grl-.qdp' , 'gre-upldl , '1rr-.a.h' , '.I.-.a.h'   Ia`imifi.,   (crpnan(j ) , J-1,"imi..)
hr`i  Boll    Xqrt  Ip`irk(g`.)   nanhr`i

1       1       5       1    'carr-lr.I  .oil  1.I.llov.lluvl.ls  lrrlg.t.a corn
2        1        2        a    'c.rr-1fd'                a..p  .lluvl-l!  irrlqrat.a  corn
3        1        6        1     'ctLrr-p..'                 .h.llov.lluv.i    qrrafle   (r.Ilo.  azld  p..t`ir.)
4       1       3       a    'c.rr-p.d'               a..p  .lluv.:    gr...  (r.ng.  -rd p-.Cur.)
5        2        5        1    '"lr-Lr.I  .oil  2  .h.1lov.lluvl.1!  1rrio.t.a  cozm
6        2        2        0    ."1r-1rd'               a..p  .1luvl.lI  lrrlg.t.a  corzi
7         2         6        1     'nuir-p..I                 .b.llo`..lluv. a  gr-.fi   (rangr.  az)A  pa.Cur.)
8        2        3        0     'imilr-p.d'                 a..p  alluv.I  gr...  (r.ziqr.  azid  a..t`ir.)
9        3        1      -1     'cr.t-.oib'   .oil  3  uplaz)d!  vh..t/.orgh`in/£allor  rot.tlozi

10        3        4      -1    'cr.t-p.b'                               gr...  (raaqr.  .nd p..tiir.)
11        I        1      -1     'kip.-vlb'   .oil  4  uplands  wh..t/.orgh`in/I.llow  rot.tlozi
12        I        4      -1     'kip.-pab'                                gr...  (I.ng.  and  pa.Cur.)
13         5         1      -1     'bfihd-`..b'   .oil  5  upi.I)a  (Ha.ting  1-4,  H.drill.  6-9)
14         5         4       -1     'bf)hd-p.b'                                  grra..   (rang.  .n4  p..Cur.)

•hru3',  nanca.  (thl.lln.1.  I..a  bar  gvb.vg,  not  Sirat)

lend-u..       mU  .ch.n..  (1-3) :
codel  1-6

12
dry  crop.            b.drock,  dr]r  crop.
Irrl®.  crop.      .q`ii£.r,  irrLqr.  crop.
gr...land           -qul£.I,  gra..1azid.

b.drock,  gr.I.land.

3
b.drock,  dr]r  crop.
a..p  .q`il£.I,  1rrlgr.  crop.
a..p  -q`L1£.I,  gr...1.nd.
b.drock,  .I...1.na.
|h.1lov .aulf.I,  1rrlq.  crop.
•h.llorr .q`il£.r,  gr...I-nd.

Execution of MODFLOW given SWAT and SWBAVG results (file IIru3.bal):
c i \gh\mod£1ow  <IIr`L3.rep  >Hr`i3. jnl

ResDouse file Hru3.rsD contents:
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This is the same as file Hrul.rsp with case name = hru3.  MODFLOW writes file
Hru3.shl, summary of shallow ground water area and evaporation flow rate, which could
be used to update the results on file Hru2.shl that was used to run Swat (batch file
Hru3.bat).

rDtest.shl: summarv of evacoration from shallow around water

This file is written in Mod flow by subroutine Swb2bd, part of the Modswb
package.  In Swat, it is opened and data for the first time step are read in the mainline
(included file Swatmod3.h).  At the end of each time step, data for the next time step are
read in subroutine Preswb after results for the current time step have been summarized.
In the following listing, only data for the first time step, January 1977, are shown.

year    per    f!tp
1977           1           1
1977           1           1
1977           1           1
1977            1           1
1977           1           1
1977           1           1
1977           1           1
1977            1           1
1977            1           1

Sub   act  .h.I  frc  .hall  fro  actlv
1         16           3   0.1875000   0.0732544
2         10           2   0.2000000   0.2053238
3         48            4   0.0833333   0.2367548
4           8            0   0.0000000   0.0923757
5         11           10.09090910.2099068
6           1           a   0.0000000   0.0122218
7            9            0   0.0000000   a.0828818
8            3            0   0.0000000   0.0256515
9         19            0   0.0000000   0.2503694

•vap-gw    fihal  dtw
a.57                 3.29
0.34                 3.30
0.28                 4.92
0.00                  0.00
0.17                 2.44
0.00                 0.00
o.oo                 o.oo
0.00                 0.00
o.oo                 o.oo

de.p  dtv
22 .16
19 .25
27.20
28.24
23.74
35.84
17 . 54
37.56
20.44

Input file to MODSWB package

This input file is read for the updated HRU schemes 1-3 by the MODSWB
package, summarized in Chapter 4, "Associating watershed subbasins with stream-
aquifer grid. "  It specifies execution options and initializes associations of subbasin
outflows with stream reaches, and subbasin domains with grid cells.  Also specified is the
"Frseep" option discussed at the end of Chapter 5 regarding the partitioning of uptake

from shallow ground water between evaporation and seepage flow to streams for grid
cells coupled to stream reaches.  For further documentation, see Perkins and Sophocleous
(1999b-c).

9,       zLveh.d    (balazic.  Ill.:  u..  ca®.  ziaD.) j   Ill.  a:\gh\t.flt\1z)b&..\rpt.flt..wb
'    . ,          1         3          1         10.00         1         0  0.0       nazbbal,1rropc,1.vopt,1oprcb,rchmpy,

•vaplr, v.1xpy,1adcod, £r...p
eub    ac

1
2
3
4
5
6
7
e
9

row  col   flbn]Et
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Appendix D. Test case results

Y7 test case

Comoarison of v7 results for 98. I and 99.2 versions of SWAT

The 99.2 version of SWAT was compiled and linked under Lahey 95.  The
comparison is for average results for 1975-1977 based on observed Reisel precipitation
data.  It shows that potential et increases only slightly in moving from the 98.1 version to
the 99.2 version (~24 mm), but that actual et is reduced considerably (~-266 mm).  There
is what appears to be a related increase in surface runoff (~206 mm).  There's also an
increase of ~51 mm in xm loss; which might also be related to the et reduction.

Summarv of results for Y7 test case 1975-1977

98.1                      99.2                     notes
867.9                 867.9                 (using observations for both, file

riesel.pcp, reformatted for v.99.2)
350.86                555.95
0.76                    0.49
2195.4                 2219
608.6                  342
346.81                 5cO
4.81                    56.4                    (shows as zero for 99.2 executable

version as downloaded)

version:
Precipitation

Surface runoff
Percolation
ppetentialet
et
h2o yield
xm loss

Y7 test case results for 1975 using SWAT v. 99.2 can be obtained that are very similar to
those for SWAT v. 98.1 for actual (supplied) evaporation if the following three lines are
commented out of subroutine swu(), listed in Appendix A, which were added since
version 98.1 :

if (sol_st(k,j) > sol_fc(k,j)) then
wuse(k) = 0.

end if

The insertion of these three lines appears to affect actual (supplied) evaporation
drastically for the y7 case.  This modified version of Swat 99.2, with the above lines
commented out of swu(), will next be used for the Lower Republican case.
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Overall water balance for a watershed

Continuity is expressed for a watershed by
ds/dt = net inflow,

where
ds/dt = rate of change in total storage (soil, ponds, ground water, streams);
net inflow = Q_precip +Qngwlat - Q_evap - Q_yield

Net inflow to the watershed is given by the sum of terms on the right-hand side, which
are flow rates for precipitation, net lateral ground water inflow, evaporation, and stream
yield.  One objective in applying the SWAT-MODFLOW linkage to a watershed model
is to obtain an overall water balance for the watershed, in which the equality above for
continuity holds; this is expressed by

balance = net inflow - change in storage

Soil water balance for SWAT versions 94.2 and 99.2

As an intermediate check on mass balance, a soil water balance is evaluated for
the results written by SWAT that are used to specify fluxes for MODFLOW of recharge
and tributary inflows.  The soil water balance is intended to be consistent with SWAT's
definitions and assumptions.  This balance is calculated at the end of each aquifer time
step in SWAT by subr. Sumstep in terms of volumes per unit basin area (mm), and is
applied to basin-wide fluxes as follows:

C

C

C            basin-wide  Soil  water  balance:

input  =  precip  +  irrigation:
£1xinp  =  basflx(1)   +basflx(2)

output  =  et  +   (surq+]zmloss)   +1atq  +  perc:
flxout  =  bagflx(3) +bagflx(4) +bagflx(6) +basflx(7)
f l]m®t  =  £1xinp  -  f lxout               I  basin-wide  soil  water  net  imf low

Boil  water  balance  =  net  inflow  -  chgi  in  storage,   dsol_SWS
fl]dbal  =  fl]met  -  basflx(15)

Runoff is accumulated into ssub(4,*) before xmloss has been subtracted from
runoff, so basflx(4) includes both.  The above balance is also calculated in Swbavg for
the HRU-averaged version of the soil water balance.

Runoff and transmission losses
One source of confusion on the soil water mass balance was traced to the

accumulator for surface runoff in subbasin j, ssub(4,j), which includes both surface runoff
and transmission loss.  This appears to be the case for both versions 94.2 and 99.2.  What
happens is the following.  In version 94.2, subroutine Subbasin calls subr. Volql 1 to
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compute runoff, qd, which is then accumulated into ssub(4,j).  Subr. Subbasin then calls
subr. Tranl2 to compute transmission losses, qtl, on the basis of runoff, qd.
Transmission losses are accumulated into ssub( 13,j) and are subtracted from the scalar qd
but not from the accumulator ssub(4,j).  Version 99.2 proceeds similarly, with subroutine
Subbasin calling subr. Surface, which does the above by making calls to subroutines
Volq and Tran.  Prior to accumulating runoff, qd, into ssub(4,j), qd is modified by models
for crack flow and effective rainfall.  After accumulating qd into ssub(4,j), qd is reduced
by transmission losses as above.

SWAT evaluates a running basin-wide soil water balance in subroutine swbl20 in v.94.2,
and in subr. swbl in v. 99.2.  The balance is evaluated by subr. swbl for v.99.2 as follows:

subroutine  swbl (p, q, et , ggf 1 , ol , g]E]E, tralil , tir)
use  Parm

c           name           name
c        (drLnny)    (actual)
C
C
C
C
C
C
C
C
C
C
a

p                     sin(1)
a                      gin(3)
et                an(7)
8gfl            rm(4)
01                  rm(5)
8)EX                 ggb ( 35)
tranl         sin(38 )
tir        tir

clef inition  (unitf)  all  in)
basin-vide  aroally  averaged values  (in)

~   ~   ~   INCOMING  VJLRIJLBIIES

precipitation-off
evapotranspiration
Bubsurfac®  f low
percolation  out  of  Soil  prof ilo
soil  water  cozit®zit
chat)nel  tranrmigsion  logges
irrigation

~   ~   ~   OUTGOING  VARIJLBIIES
wghd_gw  (passed  in  module  Parn)     area  weighted  Boil  water

wshd_sw  =  wshd_sw  +  p  -  q  -  ggf 1  -  ®C  -  ol  -  g]1[  +  tranl  +  €ir

return
end

Subroutine swbl20 in v.94.2 applies the same calculation as above.

Soil water balance: Y7 (v.99.2) and Rel]ub. R. basin (94.2 and 99.2`

The above balance calculation for Swat v.99.2 shows negligible error for case Y7
Q]ig. D.1).  For the Republican River test case, HRU scheme 1, cumulative mass balance
error calculated by SWBAVG varies about zero Gig. D.2).

For the Republican R. test case under Swat v.94.2, the cumulative mass balance
error calculated by SWBAVG is the negative of the cumulative transmission loss
quig. D.3).  Adding transmission loss back into net inflow reduces the cumulative mass
balance error to a small but inereasing value Gig. D.4).
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Fig. D.1.  Soil water balance and cumulative balance for case Y7 under SWAT v. 99.2.

1976            1980            1984            1988            1992            1996

Fig. D.2.  Soil water balance and cumulative balance for the Lower Republican River
basin case, HRU scheme 1.  Balance is based on HRU-averaged results calculated by
SWBAVG, based on component HRUs that were run under SWAT v. 99.2.
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1976             1980             1984             1988             1992             1996

Fig. D.3.  Soil water balance and cumulative balance for the Lower Republican River
basin case, HRU scheme 1.  Balance is based on HRU-averaged results calculated by
SWBAVG, as above, but based on component HRUs that were run under SWAT v. 94.2.

oil water balance for case hrul  (v.94.2); transrrission loss
dded to net inflow

cumulative balance

\

________1___   __ C`,
\r_______       I I,

Ill

y'Y 'Y' I,\ '

\
monthly balance

''1'

1976             1980             1984             1988            1992             1996

Fig. D.4.  Same soil water balance and cumulative balance shown in Fig. D.3, but with
transmission losses added into net inflow (or, equivalently, subtracted from runoff).
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ReDub. R. test case HRU scheme 1 under Swat v.94.2 with Modflow

1976               1980               1984               1988               1992               1996

Fig. D.5. Stream yield components (case HRul under Swat v.94.2).
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300  :cumulative error  (net influx -ds/dt)

:  (fluxes: precip., evap. yield, lat. ground water flow)

2oo  -cumulative change in storage
Oil + pon s + ground

\

1976             1980             1984             1988             1992             1996

Fig. D.6. Overall watershed balance error and net inflow (case HRul under Swat v.94.2).

ReDub. R. test case HRU scheme 1 under Swat v. 99.2 with Modflow

The main intended difference for this test case from the corresponding case run
under Swat v. 94.2 is that the soil water threshold for irrigation has not implemented for
the v.99.2, so that the plant stress factor threshold is applied; sensitivity cases are shown
that demonstrate the strong sensitivity to this factor.  Comparison with results obtained
using a soil water threshold under v.94.2 suggests that the soil water threshold allows
irrigation to be calibrated more easily for the Republican River basin model.
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Fig. D.7. Stream yield components (case HRul under Swat v.99.2).

600  -cumulative error  (net influx -ds/dt)
-  (fluxes: precip., evap. yield, lat. ground water flow)

300

1976             1980             1984             1988             1992             1996

Fig. D.8. Overall watershed balance error and net inflow (case HRul under Swat v.99.2).
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Fig. D.9. Simulated irrigation demand based on soil water threshold (v. 94.2) is compared
with iITgation based on plant stress factor (v.99.2) for stress factor threshold values of
0.990 and 0.999.
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Appendix E.   Compiling and linking under Lahey 95

Listings of modified and added code will appear in volume 2 of documentation
for this project as a sequel to KGS Open-File Report 99-25.  They are currently listed in
Appendix 8, "Code Listings" under "SWAT v.98.1 modified code" in the document
entitled "Progress Report Draft," Word file d:\gh\Ars\swt99chg.doc.  The following is a
listing of contents in Appendix 8 of this document.

Modules or subroutines added to SWAT

Module SwtMod99 (file swtmod99.h, declarations for linkage)
Subroutine Alloc_Swtmod (File Alloc_swtmod.for, allocate aITays for linkage) .........
Echolnpt (file Echoinpt.for, created to echo input)
Evapngw (file evapngw.for, added to redistribute up flow from shallow gw) ............
Subr. Init_bal (file Init_bal.for, initialize output file <namcas>.bal for linkage) ........
Subr. Init_shl (file Init_bal.for, initialize input file <namcas>.shl for linkage) ..........
Subroutine Sumstep (file Sumstep.for, write balance file and read shallow gw data)

Modified SWAT subroutines

SWAT code in d:\gh\Ars\Swat99_2\Source\ (added or modified routines)Error! Bookmark not defin
Mainline (File main.for, modified for linkage)
Subroutine Readcod (file Readcod.for, read control codes input file) ........................
Subroutine Readinpt (file Readinpt.for, call input file reading routines) .....................
Subroutine Readmgt (file Readmgt.for, read management codes, excerpt for
Subroutine Simulate (File Simulate.for, modified for linkage)
Subroutine Subbasin (File Subbasin.for, modified for linkage)
Subroutine Purk (File Purk.for, modified for linkage)
Subr. Swu (file swu.for, modified;  see Dec 23 progress note)
Subroutine WriteM (file writem.for, modified to call Sumstep)
Subroutine WriteA (file writea.for, modified to can Sumstep)
Subroutine WriteD (file Writed.for, modified to call Sumstep)
subr Open file(stdout): File Open file.for, modified to pass stdout name to Main .........
Files opened in SWAT

SWAT v.98.1 modified code in d:\gh\Ars\Swat98_1\Source\
subr. Initial (SWAT v.98.1 file initial.for, modified to initialize undefined var's)

SWBAVG (Swbavg.for): code in d:\gh\Ars\Swat99_2\Source\Swatmod\ ......................
begin Swatmod 1.h (included in SWBAVG mainline)
end Swatmodl .h (included in SWBAVG mainline)
Subr. Subwts (file Preswb.for)
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Transition from Fortran77 to Fortran90 code

This transition appeared to result in some minor idiosyncracies, but also some
advantages.  In particular, the "Module" program structure was utilized to declare,
initialize, and share data (scalars, arrays, and strings) between SWAT mainline and
subroutines.  Use of the module in this way avoided the more complicated means for
sharing data provided by argument lists and common blocks.  This was implemented as
follows.  For the SWAT-MODFLOW linkage.  File swtmod99.h was "included" for
compilation just above the mainline on its source file.  The module swtmod99 was then
invoked by the "Use" statement in each routine where needed.  In addition, dynamic
memory allocation was used (subroutine Alloc_Swtmod).  An apparent idiosyncracy
worth mentioning is that precipitation and temperature input data had to be prepared in
spreadsheets using a fixed numeric field format instead of the "general" numeric format
as defined in Excel (Microsoft Office).  Numeric values shown in the resulting file as
integers in the general format were treated as zeroes by the Fortran90 version of SWAT.

Compiling and linking SWAT v.99.2.

With the Lahey 95 compiler for Fortran 90, debugging and optimized versions of
executable versions of SWAT 99.2 can differ drastically in both executal>1e file size and
in runtime.  Optimized executable file size is comparable to that of the "Microsoft"
compiler, about 1.2 Mb, whereas a debugging version of the executable file can be 18
Mb.  For a year's execution of the Lower Republican test case on a 90MHz pc, the
"Microsoft" version of the executable file takes about 15 sec.  By comparison, the

debugging version of the Lahey executable file takes 2:05 min, and the optimized version
takes about 8 sec.  The dowuside of the optimized version is that it does not provide a
trace to execution errors.

Lahey expects the source file extension ".for" for fixed format, so all source files except
the included files modparm.f and common.f were changed to have the extension ".for".
To compile under Lahey, the only problem encountered was thesdebug statement, which
was commented out of the following files:

Main, Operatn, Readbsn, Simulate, Subbasin, Virtual.

Initial compilation and linkage used array bounds checking and tracing options in
"automake" configuration file:

QUlqroB©oR

FILES=* . for
CcuelL==@1£95  -c  -chk  -trace  -gi  -nco  -I 95  -let  -gtcbk  -gav  -w  -xref  96f i
-00

IilNK=@1f 95  @96r£   -gr   -fullwarn   -e]ze  96ex
TARGET= Swac 9 9 I.h . ®]Ee

This produces a very large executable file (~17 Mb) and is very slow.  Optimizing
compiler was found to produce an executable file about 1.2 Mb in size that is very fast,
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but at the loss of the error tracing capability.  An executable file slightly reduced in size
(~ 15 Mb) was produced using the following configuration file (automake.fig):

QulroNEREOR

FILES=* . for
ConelLE=@1f 95  -c  -chk  -trace  -nsav  -nstchk  -ol  -nw  -nlst  %f i

LINK=@1f 95  @96rf   -exe  96ex
TJLRGET= Swat 9 9 IIh . exe

The above configuration file is essentially that used for the optimized version, except that
the "-trace" option was added in order to obtain a traceback from runtime errors.  Adding
that one feature appears to increase executable file size from about 1.2 Mb to 15 Mb, and
increase runtime for a year of the Lower Republican River test case from about 8 sec to
about two minutes.

ComDiling and linking SWAT v.98.1 under Lahev 95

This was begun and completed on Dec 23  1999 in order to compare results for the
Y7 test case under versions 98.1 and 99.2.  After successful compiling and linking of v.
98.1, results for the Y7 test case were compared for version 98.1 based on the
downloaded executal)1e version and the exeeutal)le version obtained under Lahey 95.
TThese results were shown to be virtually identical.  Once this was accomplished, the
comparison with results based on v.99.2 was made.  Changes made to v.99.2 for linkage
to MODFLOIV were not made to v.98.1.

In order to indicate fixed-format source code for Lahey 95, source files were all
first renamed to have the extension ".for" instead of ".f" except for the files common.f
and modparmf, which are included in other source files.

Execution testing of v.98.1 was done with the Y7 case.  All fatal errors were due
to encounters with undefined variables.  These were handled by initializing the relevant
variables and arrays in subroutine Initial() as shown in the listing of the code. These will
appear in volume 2 of documentation for this project as a sequel to KGS Open-File
Report 99-25.  They are currently listed in Appendix 8, "Code Listings" under "SWAT
v.98.1 modified code" in the document entitled "Progress Report Draft," Word file
d:\8huntswt99ch8.doc.
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