Chapter 5: Procedures

This chapter describes design and implementation of the computer
programs used to orgae and intepret the data. Definitions of the INFO
database tables used in thigdst are listed im\ppendix A. The source code for
programs is presented #ppendix B. In several cases, an involved series of
Arc/Info conmands was entered from the keyboard to carry out a procedure.
Some of the Arc Macro Languagen(l) programs included iAppendix Bare, in
effect, transcripts of kdoard procedures with ooments insertetbr clarity. A
reader reasonably familiar with Afnfo should be able to reconstruct the
computer analyses carried out in this study detety from thematerial in this
chapter and the appendices. All operations were carried out on a Sun Sparc 2

workstation using Arc/Info version 6.1.1, except as noted.
5.1 IMPORTANT FEATURES OF INFO AND TABLES

The Arc/Info GIS incorpates the NFO database management system
for manag@ment of its tabular data. Since trganzation and manipulation of
tabular data, both related anoirelated to spatial objects, is crucial to the
methods used in this study, a brief discussion of some imposgatirés and
programming tricks is required b@re moving on the gxific procedures used.
A limited set of NFO canmands is included in the TABLES subsystem of
Arc/Iinfo. The ditabasgrocedures in this study were carried out using TABLES

commands.
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In concept, an INFO table is a setretords each with the same set of
items A record represents some j@tt—a well, a nitrate measurement, a
STATSGO map unit—and theems define a set qiropeties of the object. This
structure is identical to the set of tuples that make up a relation in the database
model discussed iBection4.3.1. For example, a record in the table of nitrate
measurements, called "meas" contains the items WELL-ID, YBMMABNTH,
DAY, and NITRATE, anong others. A record in the table oéNvdata, called
"wells.dat,” contains the items WELL-ID, DEPTH, LATITUDE, and
LONGITUDE, anong others. (This example is simplified folarity. The
definitions of the tables actually used in thadst are listed inPAppendix A.)
Each reord (or tuple) in fheas" orresponds to a ndate measurement collected
from one of those wlls on a particular day, and each aet in "well"
corresponds to a well somewhere in Texas.

The database query expressed in relational calculus in eq. 4-1,

{r |r O meaddr[well-ID] = 5740304}

would be carried out in INFO with the commands

select meas

reselect well-id = 5740304

The first command makes "meas" the active, or queriable, table, and the
second resicts the selected set of mds to thosemeeting the stated criteria.
By doing so, these commands implement the two parts of the predicate of the

relational calculus query.
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Because the tables "meas" and "well" contain a common item, WELL-ID,
there is a logical annection between them. Thisrmection was exploited in
query 4-2, which alected tuples on thfieom the elation "meas" on the basis of
values in the relation "well". Ordinarily, howeveNRO canaccess the contents
of only a single table (the "selected" table). To circumvent this limaitatihe
user must use a special mechanism called "relate," which allows a table to be
expanded temporarily withemsfrom a second tableFigure 5.1shows a relate
in concept. The tables shownkigure 5.1are made-up examples, natafrom

the study.

meas (" )
rec# |well-id | nitrate
1 1 05 N well
g ; ;-8 ‘\ well-id | depth
0 N 1 156
s T2 To1 H—1 281
5 3 0.2 ] 3 17
6 3 |05 [T—
7 4 10.0 1
\\§ 4
Relate "rel1"

Figure 5.1 Example of a RELATE

In the figure, theelate "rell" has been defined on well. The relate grants
access to the contents of wells.dat to any other table that contains an item
identical to the item "wellno". In thedure, the elate has been attached to
nit.dat. This means that the contents of wells.dat can be read while meas is

selected. In TABLES, the items accesdaough a elate are referred to by the
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relate name and the item namenocected by two slash (/) characters.
"rell//depth" refers to item "depth" in wells.dat, accesdedugh the elate
“rell". The equivaent of the relational caluculus expression

{r |r OmeaddOsOwell (rfwell-ID] = gwell-ID] O gdepth] < 100)}
would be the INFO commands

select meas

reselect rell//depth < 100
which would select records 5 and 6 from the tables showigirme 5.1.

The relate mechanism gives rise to a usefwgramming device used
several times in thiswtly. Relates can grant accdss both reading and wing
to the related table, andNFO pemits simple mathematical operations to be
performed on the contents of tables. These atjmers can be combined to
calculate ounts, sums, averages and weighted averages. A series of examples
will illustrate this device.

The TABLES commandaalculate calculates new value®r items.
To create an itenfor nitrate-NQ3 equivalents of the nitrate-N concentrations
shown inFigure 5.1 a new item called conc-NO3 is added to the table "meas"
and the commands

select meas

calculate conc-NO3 = conc * 4.429

produce the values shown in the table "mea$igure 5.2.
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To count the number aheasurements in each well, a new item called
m_cnt is added to the table "well" and given an initial value of ferall
records. The commands

select meas

calculate rell//m_cnt=rell//m_cnt+ 1

produce the values shownhigure 5.2in the table "well."

meas 4 A
rec# |well-id |nitrate | conc-NO3

1 1 0.5 2.21 q well
g % %-8 g-gg \\Well-id depth |m_cnt

: : i 1 156 | 2
4T 2 Tol [0 Ht5—T501
6 3 |05 [221 T —
7 3 10.0 | 44.29 d

\\§ J

Relate "rel1"

Figure 5.2 Using a RELATE to Count Measurements in Wells

This device wrks by explding the fact that TABLES p#orms the
calculations sequentially, rexd by record. Theétem in the related rexd is
updated oncéor each orresponding record in thelected table. IfNFO and
TABLES performedcalculations in parallel, this device would nobrk. The
same operations could berfeemed in external programs, or through the use of
the full INFO databaseprogmmming laaguage, but this dese simplifies the

required programming considerably.
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If the "reselect” command is used to restrict the set of selectertiseto
those meeting a set obrditions, the relate/calculate device can be useduatc
recordsmeeting the ondition. For example if aitem called "gtl_cnt" is added
to the well.dat table (with initial values set tor@g the following TABLES
commands, executed while the nit.dat table is selected, will assign the number of
measurements in each well that exceed 1.0 to the new item.

reselect conc > 1.0

calculate well//gtl_cnt =well//gtl cnt + 1

More complex uses of the combination of relates with the calculate
command will appear in the sections that follow.

Another database operation that requires some explanationredifane
feature, which is best defined by example. Withinords of the tables
"twdb_wells.dat" and "twlb_wells.nit,” which contain the well descriptions and
nitrate measurements extractedm the TWDB Groundater Data System, the
well number occupies the first seven bytes. The first two digits of the number, as
explained inChapter 3 identify the one-degree quadrangle in which the well is
located. The first two bytes of each well oet areredefinedas "QUAD_1D",
allowing the user to refer to only the part of the well number that identifies the
one-degree quadrangle, without requiring parts of thk mumber to be entered
multiple times. Similarly, th@.5" and 2.5' quadrangles are identified from the
first four and five bytes of the el number, as shown iRigure 5.3. By using
these redefined items, and the relate/calculate trick describedeait is

possible to count theells in each quadrangle, the number of measurements in
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each quadrangle, and the number of measurements exceeding various thresholds

in each quadrangle.

37405802]  well number

one-degree quad number
7.5-minute quad number
2.5-minute quad number

Figure 5.3 One INFO Item Redefined into Four Items

The redefine operation can combine any set of adjacent sigitde
"columns"” in an INFO table, including those that sparitiple items, into a
psuedo-item. This is especially pkll when no singletem has a unique value
for each reord in the table. Records in the component table of the STATSGO
databasefor example, can only be identified by the catenation of the map
unit ID and the component number. This is discusseckfaildin Section5.3.
Redefined items appear at the end of lists of item&NKFOl tables. (See table

definitions inAppendix Afor examples.)
5.2 DATA ENTRY

This section describes the collection and mobilization of ttata its
original sources into Arc/Info GIS coverages anatadtables. The item

definitions for the resulting INFO tables are givem\jpendix A.
5.2.1 TWDB Well and Nitrate Data

The first step in this study was to convert thesllwand nitrate

measurement dateom the form in which it was provided by TWDB to Arc/Info
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databasdorm. This required defition of two INFO tables, onéor well data
and the second for néte measurement data. TWDOBovided the dta in
comma-delimited text files, with character data enclosed in siggtgation
marks. This format permitted the data to be entered directly into the tables using
the ADD command in Arc/Info TABLES.
Selecting the Base Bta. The well and nitrate measurement dixtan TWDB
were entered into two tables, called dtwwells.dat® and "twlb_wells.nit",
respectively. Items were added to these tables to indicate whetherdius riec
each well or nitrate measurememiosld be included in the study. After the
records were marked for inclusion or exclusi@gcording to the deria
described inChapter 3(seeTable 3.3and Section3.2.4), "twdb_wells.dat" and
"twdb_wells.nit" were copied to new tables, called "include.wells" and
“include.nit" and the excluded records were purged from these tkdaleing
only the wells and nitrate measurements to be used inutg st the "include”
tables.
A Programming Example. Because therocess of removing excluded data
from the tablesillustrates some of the basic techniques used in passing
informationfrom INFO tables to external (C or FORTRAN)ograms and from
one INFO table to another, it will be described here in detalil.

The program "testquaainl" in Appendix B identifies wells whose
latitude and dngitude are not consistent with their well numbers. It also
illustrates the movement of ddt@m an NFO table to an externgprogram and

back. The steps below outline tpeogram's procedure, and are itg of the
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approach taken to an analysis that is more complex than can be carried out easily

in Arc/Info.

1. From the "twdb wlls.dat" table, write the well number, latitude, and
longitude of each well to a comma-delimited text file called "qgtest.in".

2. To perform theactual testrun the test quad program (see test quad.c in
Appendix B)with input from "gtest.in" and output @icted to "qtesbut”.
The output file contains lines consisting of three comma-delimited fields:
the well ID number, a one-character code ('y' or 'n’) indicating that the
well is or is not orrectly located in its quadrangle, and a one-character
code indicating whether mis-located wells are in theng 1 _, 7.5', or
2.5' quads (values are 'd', '7', or '2").

3. Define a new INFO table ("gtest.tab™) to hold the test reseitgorarily.
The items in the table are WELLN@UAD_OK, and QUAD_ERR,
corresponding to the fields in the test program output file.

4. Select the new table, and add records to it from the text file "gtest.out".

5. Join the tables "twdb ells.dat" and "gtest.tab", adding the new items
QUAD_OK and QUAD_ERR (with valuesetermined by the external
program) to the original table.

6. Delete the input and output text files, and the temporary INFO table.

The result of this procedure is the extension of the tweliswlat table.
The two new items in the table show whether a welloisectly located in the

guadrangle indicated by its well numbemdaif it is incorectly located, whether
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its mis-location is due to placement in theomg quadrangle at the one-degree,
7.5-minute, or 2.5-minute level.

Although the comparison of theelW number with the latitude and
longitude is too complex to be carried out with the simple comparison operators
provided by Arc/Info, the ality to write selected contents oNFO tables to text
files, and to permanently add new items to existMgQ® tables using a kdatem
(one that has a unique value feach reord) makes it possible to carry out
analyses in external programs, using tRE® databasdunctions to assure that
the results are attached to the rightorés in the original atabase. The
calculation of bgnomal parametergor nitrate detections follows a similar,
although slightly more sophisticated, procedure.

The procedure used to test the consistency @f mumbers and well
locations required that datom an NFO table be transferred an external
program, and that the output from that program be added to the original INFO
table. Testing that records in the ater database havercesponding records in
the wells database requires reading and writing to two tables simultaneously, but
does not require the tables to be joined permanently. This is accomplished using
the "relate” mechanism described fRection 5.1 The aml programs
"testquad.aml" and "include.aml" (listed #ppendix B) contain a complete
procedure foralecting well and nitrate measurementarels for exclusion from
the study, based on theteria listed inChapter 3 Execution of these programs
produces the tables "includeells” and "include.nit”, containing the primary

data for the study.
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Converting Nitrate-NO 3 to Nitrate-N. The final step in preparing the nitrate

measurement dafar use in the study was thalculation of "adjusted” nitrate
concentrations. This process convertedasurementfom mg/l as nitate to
mg/l as nitrogen and set a uniform reportlimgit for all nitrate measurements.
A new item called "nit_adj" was added to the "include.nit" table. For abrdsc
included in the study reporting a @ite concentration d¥.45 mg/l as nitate, the
value of this item was set 1.1, to indcate a measurement at or below the
reporting limit of0.1 mg/l as nitrogen. Fall other included reards, the value
was set to the reported nitrate concentration divided by oneecsion &ctor
4.43.

Data Subsets for Aquifers. Two additional tables, one forelNs and one for
nitrate readings, were creatéol the five aquifers edectedfor closer study.
These were created bpmying "include.vells" and "include.nit" as 'gb.wells"
and "ag5.nit". A four-chacter text item called "agf* was added t@5anells"

to hold a code for theames of the sidy aquifers. Wells reords with TWDB
aquifer codes identified with the study aquifers weskected and @propiate
values for the "agfitem were written. The following TABLES commands

illustrate this process.

select ag5.wells
reselect agfcode = '124CRRZ' or agfcode = "124WLCX'
or agfcode = '124CZWX' or agfcode = '124CZWXA'
move 'CZWX' to aqf
aselect
reselect agfcode = '218EBFZA'
move 'EBFZ' to agf

(repeat for Hueco-Mesilla Bolson, Ogallala, and Seymour Aquifers)
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aselect
reselect agf ="

purge
The resulting table contains only oeds for wells associated with the
study aquiferseach with a simple code identifying the aquifer. These are listed

in Table 5.1

Table 5.1 Codes for Study Aquifer Identification

Aquifer Name Code
Carrizo-Wilcox CZWX
Edwards (Balcones Fault Zone) EBFz
Hueco-Mesilla Bolson HMBL
Ogallala OGLL
Seymour SYMR

The "ag5.nit" table wasefated to the 'gb.wells" table by the shared
"wellno" item. Nitrate measurement oeds with no correspondingel record
in "ag5.wells" were identified angurged. tem definitionsfor "aqf.nit" are
identical to thosdor "include.nit". tem definitionsfor "aqf.wells" are given in

Appendix A.
5.2.2 Soil Data

The STATSGO dtabase was received as an Ao coverage with
related NFO tables. It was used Wwiutalteraton. Galculation of average soll
thicknesses and organmaterial contentdor STATSGO map units and.5'

guadrangles is described$®ction 5.3.
5.2.3 Precipitation Data
The precipitation maps used in thisdy are derived fromata provided

by Hydrosphere, Inc. on CD@Ms under the ameClimatedata The CD-ROMs
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contain ArcInfo point coverages, which ¢ate weather porting stations in the

US. and contain summary statistfos those gations. More detailed data—daily,

monthly, and annual figures for the period of recordeath statn—are

included in tables, which must be read with Hydrosphere's proprietary software.
Because the summary data u$edthis study was not theame as that

included with the Arc/Info coverages, the following procedure was followed to

produce Thiessen polygon maps of average reportedcilaatfstations in Texas

and a 100-km buffer around Texas during the years from 1951 to 1980.

1. The Arc/Info coverages ctaining weather stations in Texas and adjoining
states (New Mexico, Oklahoma, Kansas, Arkansas, and Louisiana) were
joined using the Arc command "mapjoin”. The resulting coverage was
trimmed to al00-km zone around Texas by applying the Armpwand
“clip" to the multi-state point coverage, usiiag the clip coverage a map
created with the Arc commanddiffer" appied to the outline of the
STATSGO map of Texas. Hily, the Arc command "reselect" was
applied to limit the coverage to precipitation stations only. This coverage
was named "prec_tx".

2. The station ID number, station namepaming year, and total namual
precipitationfor gations in the six-state aréar each yeafrom 1951-80
were written to a comma-delimited text file, usingydrbsphere's
software. This data was entered into BIRFO tablecalled "prec.dat” (see

definition in Appendix A).
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3. An INFO tablecalled "statbn.mean" (see definition iAppendix A), with one
record foreach of the stations in the coverage "prec_tx", was created to
hold the summary datr the pecipitation stations. The first year, last
year, and maximum gap in reporting was calculated following the
procedure listed as "yeaml" in Appendix B. This procedure, like the
one that tests the consistency of well locations, relies on external
programs to perform some analysis. Here, the external programs are
written in AWK (Aho, et al. 1988), rather than C. AWK is tpaularly
suited to oncekrough text ile operations like this, file opening
statements, variable declarations, and other overhead of C or FORTRAN
are unnecessary in simple AWK programs.

4. The procedure listed as gamean.aml" inAppendix B was followed to
produce average annualepipitation fgures in "tation.mean." This is
an example of the use of the relate/calculatehotktto calculate an
average.

5. The "statbn.mean" table was joined to the ygbn attribute table of
"prec_tx", associating thenaual averages with the station locations.
Stations with gaps greater than two years in theionteng histories were
dropped from the coverage.

6. A Thiessen polygon network wasatedfrom the reduced point coverage
with the Arc/Info canmand "thiessen". The portions of this polygon

coverage outside of Texas were removed using the "clip” command with

171



the outline of Texafrom STATSGO, resliing in the polygon coverage

shown inFigure 3.15.
5.2.4 Fertilizer Sales Data

Like the STATSGO soil dta, the nitrate fertilizer sales data were
received already in thimrm of Arc/Info GIS coverages. Thet, asprovided
by the USGScame in theform of 6 coveragesach a map of theoanties of
Texas with attribute data attached listing estimated fertilizer $atea single
year for the period 1986—91. This data was reorganized for use in this study.

A new INFO tablecalled "nitrate.use" (se@ppendix A for defintion)
was created with one rex per county, andtems for each year's estimated
nitrogen fetilizer sales and "use" (sales in tons divided by areaohty). The
total estimated fertilizer sales and "udet each ounty wascalculated by
summing and averaging the annual figures, and listed in additional items.

After the fertilizer data table was created, all but one of the original
coverages were deleted. The remaining coverage was usedoasity base
map. Where fertilizer data was used in th&dygt it wasattached to this base

map through the use of a relate.
5.2.5 Water Utilities Division Data

Nitrate monitoring data collected by the Water Utilities Division (WUD)
of the Texas Natural Resource Consgion Commission were received in the
form of an Arc/Info Coverage, ctaining well locations and descriptions, and
two data tables, one, called "poe", containing system and point of entry

identificationsfor each water@urce known to WUD, the other daming, called
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"nitrate", containing reards of nitate measurements collected at points of entry
to the water systems. The tables were received in dBasat, translatedrom
the Paradox database maintained by the WUD.

The dBase files were read as PC Arfd data files and translated into
equivalent NFO tables using EXPORT in PC Anafo to create transferable text
files, transferring the text files to theovkgation with ftp, and usingMPORT in
Arc/Info on the workstation to create INFO tables from the text files.

The nitrate, nitrite, and combined nitrate and nitrite concentrations
reported in the "nitrate" table were oeded in text ields so that the character
"<" could be used to indicate measurements below the detection limit. This
makes numerical analysis of the data difficult, so two additional items were
appended to the table feach concentration item: one single character field to
hold the "<" characters, and a numerical field to hold the concentration value.
The resulting table has item definitions listed Appendix A for the table
"nit.wrk". The item ho3fl" was set equal to "<" foall records with a "<"
character in the nitrate results column. The numerical valaesnitrate
concentrations were added to the table by writing the record number and nitrate
values to a text file, removingon-numeric charctersfrom that fle with a text
editor, witing the remaining numeric values to a forary NFO table with the
ADD FROM command and joining the temporary table to "nit.wrk".

The WUD data tables wefartheraltered in theorocess of comparing the
nitrate measurements they contain with predictions nfize the TWDB dta.

These alterations are describedirtion 5.8.
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5.2.6 Midwest Herbicide and Nitrate Data

Because of the lack of comprehensive herbicide measurement data in
Texas, a comparison of nitrate and herbicide detections was made using data
from Kolpin, Burkart, and Thurman (1993). The comparison is simple enough
that it is fully described irSection 6.5where the results are discussed. The
preparation of the data was somewhat more complex.

The data, describing well locations, geologic settings, and construction,
and the results of water quality analysis, were available only psbhshed
report, so the values were read into a computer texiwith a scanner and a
characterecognition program on an Apple adintosh microcomputer. The
contents of the text file were transferred to an Excel spreadsheet where they were
parsed into columns. The values in the spreadsheet were compared with the
tables in the report and corrected as necessary.

Two INFO tables, onéor well data and onéor water-quality data, were
defined (see "construction" and "quality” Appendix A). Separate items were
defined for flags, such as the "<" chater to indicate concentrations below
detection limits, and the numerical concentration values. The spreadsheet values
were exported as oama-delimited text and transferred to therkgation, where
they were loaded into the data tables using A FROM canmand in
Arc/Info's TABLES module.

Because nitrate wasperted only as the sum of nitrate and nitrite, a new
item for nitrate values was added and values were calculated by subtracting the

nitrite concentratiorfrom the nitrte/nitrate total. Where nitrite was below the
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detection level, the nitrate value was set equal to the nitrite/nitrate sum. All

nitrite and nitrate values in this data set are reported in equivalent nitrogen units.
5.2.7 A Note on Map Projections

All maps used in the study were in an Albers equal-arej@giron with

the following parameters:

Units: Meters

Datum: 1927 North American Datum (NAD27)
1st Standard Parallel: 29 30' 00"

2nd Standard Parallel: 45 30' 00"

Central Meridian: -96_ 00' 00"

Latitude of Origin: 23_00' 00"

The US Geological @vey uses this pjection for its National Atlas of
the United States, which many agencies uggduide base maps for a vetly of
thematic maps. In fact, all the prdased dta used in this sty (STATSGO,
nitrate data, and precipitation station locations) was originally delivered in this
projecton, so that no re-pjection of maps or GIS coverages was required for
any of these data. Locations of wells andlibendaries of 7.5' quadrangles were
given in unprgected latitude andohgitude, and the quadrangle maps were

generated in this form, then transformed into the Albers projection.
5.3 CALCULATION OF DATA DERIVED FROM STATSGO

The STATSGO dtabase, aprovided by the Soil Conseation Service,
does not provide values for average soil layer thickness and average organic
material contenfor the map units. As described &ection 3.3 these values
were calculatedhtrough a process that, in eft, integrates soil parameter values

through the layers of the soil components and then averages thosatedegr
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parameters, weighted by cponent area, over the map units. Here, the steps
required to carry out the integgion and averaging process in Arc/Infdlvbe
described. Within a STASGO soil corponent, the process fealculating soil
thickness is simple, the process éailculatingorganic content is more complex.
Once the parameter values are calculdtedthe components, the averaging
process over the map units for bothgraeters is identical. All thrggrocedures
are described here.

For the calculation of derived data, the STJ0O map unit, coponent,
and layer data tables were copied to new tables calleddy:stapu”,
"study.comp”, and "study.layer" to avoid corruption of the origiitesf Most of
the items not requiredor soil unit identifcation or for calculation of the
parameters of interest to thisudy were dropped from the new tables. The
definitions of the resulting tables are listeddippendix A.
Defining Keys for STATSGO Tables. Calculating the map unit averages for
parameters listed in the cponent and layer tables begins with the dgén of
a unique identifier (a key itenidr each corponent. Together, the map unit ID
and the sequence number for a component make up such a unique identifier.
Since the two are listed in adjacent fields in the data tables, they can be
combined through a redefine op&on, $milar to that which extractetl-degree,
7.5-minute, and 2.5-minute quadrangles from tledl D numbers in the TWDB
well tables. The set of adjacent bytes that make up the map unit ID and the
sequence number were redefined as an item called "mapseq" inutig csmp"

and "study.layer" tables, providing a key for relating the two tables.

176



Calculating Soil Layer Thickness. STATSGO lists many soil pameters,
including soil depth and organinatter content, as ranges, defined by a low and
high value. Item namder low values end in "L", andamedfor high values end

in "H". For example, the items "LAYERDEPH" and "LAYERDEPL" contain

high and low values for depth of a soil layer, i.e. the depth to the top and bottom

of the layer. Because the thickness of the soil pmmnt is simply the
maximum of the high values of the depth of the layers that make up the
component, the Arc eomand "statistics" can calculate the gmment thickness

in a few steps, as follows.

1. Invoke the STATISTICS eomand to calculate summary statistics on the
layer table foreach unique value of the "mapseq" item, and write the
results to a new INFQIlé called "maxdp.dat”. The syntax for this
command is
statistics study.layer mapseq maxdep.dat
Arc then asks for the spific statistics to be calculated. The gqmment
thickness is equal to the maximum of the item "LAYERDEPH".

2. Join the table resulting from thtatstics operation to the cqranent table
using the JOINITEM command with "mapseq" as the key item.

3. In TABLES, change the name of the new item in thepmmant table from
"max-layerdeph" to "soilthk" using the ALTER command.

Calculating Soil Organic Content. The process of calculating asrganic

matter contenfor each corponent is more contigated, because therganic

matter is given as a percentage by weight, so that it must be multiplied by the
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bulk density (gm/cr) to produce aneanngful number when integted over the

depth of the soil layer. Since both the orgamatter content and the bulk

density of the soil are expressed as ranges, this requirealthation of several
different values. The procedure is as follows.

1. Add items OMM" and "BDM" to the layer table to hold valués the mid-
range of organimatter and bulk density, respectively. Add items "MIN-
ORG", "MID-ORG", and "MAX-ORG" to the coponent table to hold
minimum, mid-range, and maximum values for organic content &g/m
in the component.

2. In the layer table, calculate thedwange values of organimatter fraction
and bulk density as one-half the sum of the minimum and maximum
values.

3. Using a relate based on the redefined "mapseq" item,the layer table, add
the product of the mid-range values of the organatter fracton, the
bulk density, and the thickness of each soil layer to the "MID-ORG" item
of the corresponding component in the component tablecalse each
layer in the component iliv contribute to the sum in the cgmanent
record, this has the eift of summing theproducts (or numecsally

integrating) over the layers of the component.

4. Repeat step 3 with the minimum and maximum values to establish the range

of values.
The amlprogram "org_inaml" (SeeAppendix B was used to carry out

steps 2—-4.
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The two procedures described above produce the soil thickness and
organic content for individual soil components from the layers that make them
up. A third procedure, which followsalculates the average over a map unit of a
parameter evaluated in all the components that make up that map unit.

1. Add an item to the map unit table to hold the average value for the parameter.
2. Using a relate defined on the map unitfidm the component table add the
product of the pameter value and the fraction of the map tmined by

the component to the neitem in the map unit table. Because each

component in the map unitilvcontribute to the sum in the map unit

recordaccording to the area it contributes to the map unit, this produces
an area-weighted average of the component values in the map unit table.

The aml program "unit_av@gml" (SeeAppendix B carries out these
steps, and also sums the componeadtfons of the map units as amae test. |If
the area percentages of the components of any mapailniv fsum to100, the

program notifies the user.
5.4 PREPARATION OF QUADRANGLE M APS

The Texas Water Development Board doespnotide a GIS coverage of
the quadrangles that provide the basis for th&li-mumbering sym. Since
this study uses these quadrangles as grouping unitgdtstisal analysis of
water quality data, quadrangle maps were required foottisplay of satistics
and for the calculation of quadrangle averages of the potential indicator
variables. The anprogram "build_quadsaml" (seeAppendix B constructs an

Arc/Info polygon coveragecalled "TWDEB_7M" in geographic (unpjected
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latitude and dngitude) coordiates. It calls the externpfogram "tx_7m.c" (see
Appendix B to create theaordimate file used by the Arc GENERATE command
to create the coverage. The gonbgram uses the Arc nomands GENERATE
and CLEAN to build the polygon coverage, dittle explanation bgond the
function of these commands described by Arc/Info docuatem $ould be
required.

One subtlety, howeverheuld beilluminated. Theprograms assign four-
digit integers to the quads as polygon ID numbers. In the polgtiohute table
(PAT), the ID is automatically assigned the namedttw/m-id" and thdtem
type "B", or binary-coded integer. A netem called "qud_7.5m" of type "I",
or one-byte-per-digit integer, was added to the PAT. The values iietmsand
the ID number are identical, but tiremats are different. This new item in "I"
format provides a key foralates used to link the PAT to the TWDB well and
nitrate measurement tables, where the quadrangle numbers are also stored as type
1"

The quadrangle map was projectedm geographic (ecimal degrees)
coordirates to the Alberprojection usedor the study. The reHiing coverage
was named "quads_7.5".

To identify quads with the five study aquifers, a new tabéled
"ag_quad.dat" was eated by extracting the quad numbers with the
PULLITEMS command. A single-digit integéem was added to this new table
for each of the five sidy aquifers, and one morem was added tootint the

number of study aquifers assated with the quad (item definitions are given in
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Appendix A). The following commands set the CZWX item i "guad.dat” to
a value of 1 foreach quad containing a well associated with the Carrizo-Wilcox.
A relate called "quad" links ¢b.wells" to "aj_quad.dat" by theitem
"quad_7.5m".

select ag5.wells

reselect agf = 'CZWX'

calc quad//czwx = 1
A similar set of commands set the fldgsthe emainingfour aquifers. The sum
of the aquifer flags in each re@ wascalculated and assigned to the item
"ag_cnt". Records with "aq_cnt" equal to zero were purged from the table,

leaving only reords of quads assmted with one or more of theusly aquifers.

This table was used to produce the aquifer quad mamine 6.15.
5.5 CALCULATION OF STATISTICS

Two types of statistics were calculatied the nitate measurement data
in the TWDB database:

1. Estimates of thprobalilities that a single threshold concentration level will
be exceeded (discrete probabilities).

2. Estimates of the parameters of an assumed concentiaitodrablity
distribution (log-normal parameter fitting).

The discrete probablity and log-nomal parameter estimates are
calculatedfor groups of measurementsormed by 7.5 quadrangle, and by
aquifer. The mathematical meanings of theseeedures have been discussed in
Chapter 4 here, the details of oging out the opeations with Arc/Info and

external programs will be described.
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5.5.1 Discrete Probability Estimates

The various programs used toalculate estimates of the discrete
probalilities all operate using essentially the saptecedure. Counting &lls,
measurements, and measurements exceeding thresholds is carried out in
TABLES by the following steps.

1. Create a table to hold the results of the calculations, with oasdriez each
group (county, quad, or aquifer) to be considered. To supportlites

that make the calculations possible, one item, used to identifyrthgp,

must be identical to an item in the well and nitrate measurement tables.

An example, the table for 7.5' quadrangles, "counts.quad", is listed in

Appendix A (If necessary, aitem identifying thegroup can be added to

the measurement table byppying datafrom the wvell table. This was

done for couties and aquifers, which were not included in the original

definition of the measurement table.)

N

. Create a relate to link the results table to the well and measurement tables.

w

. Select the well table, and using the relate, add one to the item "WELL_CNT"
in the results table foeach reord in the vell table. Thisproduces a
count of the wells in each group.

4. Select the measurements table, and using the relate, add one to the item
"MEAS_CNT" in the results table farach reord in the vell table. This
produces a count of the measurements taken in each group.

5. Restrict the selection to measurements with nitrate values exceeding the

detection limit, and add one to the item "DTCT_CNT" in the results table
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for every record in the reducedlscton. This produces a count of the

measurements in each group that exceed the detection limit.

6. Repeat step for the cetection limits of interest to theusty. Here, levels of
1 mg/l, 5 mg/l, and 10 mg/l nitrate as nitrogen were used.

7. Select the results table and calculate estimates of exceguieba#lities by
dividing the number of detectionbave the thresholtimits by the total
number of measurements.

Steps 2-7 are carried out by tlanl programs "count_quaaml",
"count_acaml”, "count_aqqua@ml”, and “"ount_countyaml|® for 7.5
guadrangles, the five study aquifers, quadrangles migasurementfrom the
study aquifers, and counties.

The above procedurealculates the best estimate of the exceedence
proballity for the various threshold levels, but does not provide confidence
intervals on the estimatesConfidencelimits are calculated using an external
FORTRAN program (bino2.f ilppendix B. The program uses a culative
binomial distribution estimatiofunction found in a tatistical function library
called SCDFLIB(Brown and Lovato, 1994). The following procedure adds
confidence limits to the probability estimates calculated above.

1. Create a series of tpwrary NFO tables to hold the results of the
calculations. The items in the tables include ghaup (county, quad, or
aquifer) identifier, upper and lower bounds for the confidence interval on
the exceedencprobalility for the chosen threshold, and the difference

between the upper and lower bounds.
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2. Select theNFO table cotaining the measurement and threshold exceedence
counts for the groups, and iter a text file containing the identifier,
number of measurements and number of threshold exceeden&zsh
group. This file becomes input to the confidence limit program.

3. Call the systerprogram (bino2) t@alculate theupper and lower confidence
limits. Thisproduces a textilé containing the identifier and the lower
and upper confidence limits for each group.

4. Read the contents of the text output from the confidémit program into
the temporary INFO tables.

5. Add the confidenckmits to the table containing the exceedepcebalility
estimates with the JOINITEM commd. The defiition of the resulting
table, called "bino.quad" is given Appendix A.

The aml program "bino_quadml" in Appendix B carries out this
procedure fomll the7.5' quadrangles withell datafor the 0.1, 1, 5, and 10 mg/I

thresholds .
5.5.2 Lognormal Probability Estimates

In addition to the discreteprobalility estimates, the best-fitting
parametersfor a lognomal distribution were calculatedrom the nitrate
measurements in each quadrangle. The follownogedure used taccomplish
this task.

1. Sort the table "include.nit" by quadrangle number, and write the quad number
and adjusted nitrate readifigr each nitrate measurement to a text file

called "fit.in" using the TABLES "UNDAD" command. The textile is
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used as input to a C program that carries out the next steps. Sorting the
nitrate data by quad number assures that the data imgthe fle is
grouped by quad.

The systenprogram "logfit" (see "logfit.c" inAppendix B reads the two
fields from each line of theriput fle, appending each nitrate value (the
secondikeld) to an array. The array continues to grow as long as the same
guad number is read from the first field of the line being read.

When a new quad number is found, the array is sorted, counted, and
numbered. For each value of nitrate concemnatithe log of the
concentration, the value of Blom's tilag position for the highest-ranked
entry with that value, and the normal variate (@jresponding to that
plotting position are calculated.

When all the concentration values associated with a quad have been
converted into log values and nual variates, a linear regression (using a
function from Press et. al (1988)) fits the following equation to the data:

Z =a+ b(log(C)).

The mean of the log concentrations is calculated as -a/b, and the standard
deviation of the log concentrations is calculated as 1/b.

Probabities of exceeding0.1, 1, 5, and 10 mg/l aretesated from the
lognormal parameters.

The lognamal parameters, descriptive statistfos the regression (F, t2r
standard error, and sigiménce of F), and exceedengwobalility

estimates are written to an output file.
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8. Steps 2-7 are repeated until the input file is exhausted.

9. The contents of the output file are entered intoN&Ol table, which can then
be related to quadrangle maps, or the discpeddallity estimates for
plotting or comparison.

The definition of the INFO table dhfit.quad” is presented ippendixA

The programs "logfiamlI" and "bgfit.c" carry out the steps listed above, and are

listed inAppendix B
5.6 MAP PREPARATION

Each map in this document was prepared in the Arcplotiube of
Arc/Info. The map compdson was set by a series of Arcplot commands in an
aml program, the output of which could beeatited either to the computer screen
or to an Adobe lllustratoileé. Theprogram was rewten and executed several
times with the output directed to the screen. When a satisfjachap
composition was set, the program was run a fima¢ with output directed to an
lllustator file. The amprogram "gtl_ploaml" in Appendix B which was used
to preparé-igure 6.4 is an example.

The map compositions created in Arcplot had no legends or captions.

These were added by transferring the map file to an Apple Macintosh computer

and adding labels and a legend with the Adobe lllustrator program. The maps

themselves were not edited in thi®cess, so that the infoation they contained

would not be altered. Colors in the maps were set using the CMY (cyan magenta

yellow) color scheme. Because both Arcplot and lllustrator permit colors to be

set by numerical values on the CMY scales, it was possible to create legends in
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Illustrator that exactly matched the map colors created by Arcplot. The CMY

components of the shades used in the figur€hampter Gare listed inrable 5.2.

Table 5.2 CMY Components of Probability Map Colors

Probability Cyan Magenta Yellow
> 80% 0 100 100
60-80% 0 35.3 100
40-60% 0 0 100
20-40% 39.6 19.6 80.4
<20% 100 0 100

All county maps anall quadrangle maps were creafeain one county
and one quadrangle coverage. For example, all of the maps of quadrangles,
regardless of the theme or shading scheme, were genématedhe coverage
quads_7.5, which was eated by theprocess described iBection 5.4 The
shading and coloring of the maps @hapter 6to show quad exceedence
probalilities at various thresholds waene by elating the quad coverage to the
counts.quad, logfit.quad, and bino.quad tables. This assured consistency between
the maps and reduced the storage demands on the computer where the study data
were stored. The use of related data to set a shading scheme is also illustrated in

"gtl_plot.aml".
5.7 INDICATOR VALUES AND STEPWISE LINEAR REGRESSION

The variation of the nitrate exceedenmbalilities was compared to
variations in theproposed ingtator parameters in thé.5' quadrangles using
stepwise multiple linear regressi. Average pameter values had to be
calculatedor each quadrangle, so that these values could be compared with the

exceedence probability estimates.
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Area-weighted averages of soil parameters was calculeteceach
guadrangle by the following procedure.

1. The STATSGO map unit coverage and T™e& quadrangle coverage were
combined using the Arc/Info "intexst” commad. This produced a
polygon coverage imilar to the simple example inFigure 5.4.
Quadrangles are subdivided intmaler poygons by the boundaries of
the STATSGO map units. (The soil pgbns in the example are much
simpler than actual STASGO map units so that tigroportion of the

guads in each soil group can be estimated easily.)

Soil Thickness

a2
o e
- Water

Figure 5.4 Simplified Quadrangle/Map Unit Intersection

2. The soil area in each quadrangle (i.e., the area not covered by water) was
summed into a table called "paramsad". If the quadrangles in
Figure5.4have unit area, the soil areas of quads 1 and 3 are 0.75 and the
soil areas of quads 2 and 4 are 1.0.

3. For each pgbon, the product of the area and theapagter value were added
to an item in the rewd of "params.quad"” corresponding to the

guadrangle from which the polygon was divided. For soil thickness, this
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item is called "thkar." The value of "thkar" in quads 1 and 3 is 12; in

quad 2 itis 18; in quad 4 it is 24.

4. The area-weighted parameter average is calculated by dividing the
guadrangle sum of the area-parameter values by the soil area of the
guadrangle. The value of "av-thk" for quads 1 and 3 is 16; for quad 2 it is
18, for quad 4 it is 24.

Steps 2-4 of the above procedure are carried out irartleprogram
"aw_avg.aml" inAppendix B.

A similar procedure was followed talculate area-weighted averages for
precipitation and nitrogen fertilizer applications.

The area-weighted-averaging process resulted in tHEOI table
"params.quad” which is defined iAppendix A. This table was linked to
"counts.quad" with aelate, and the exceedengeobablity estimates and
average parameter valus each quadrangle were written to an external text
file. This file was transferred to BOS computer where the stepwise linear
regression was carried out using the program STAARBRCS, version 4.0

(STSC 1989)
5.8 EXCEEDENCE FREQUENCIES FROM WUD DATA SET

The nitrate measurement data collected by the Water Utilities Division
(WUD) of the Texas Natural Resource Cons¢ion Commission is described in
Sections3.6and5.2.5. In order to link the niate measurement data to the well

locations, and to TWDB quadrangles, the following procedure was followed.
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1. Working copies of the point of entry and att measurement tables were
made. These were named "poe.wrk™ and "nit.wrk". The pws-gwt well
coverage was projectefiom its original coordiate system into the
system used for this study, resulting in a coverage called "pws".

2. The pws coverage was overlaid with tB' quadrangle coverage, using the

Arc command "IDENTITY". The resulting coverage was called pws-
guad, and assigned a quad number to each well in the pws coverage.

3. Aredefined item concatenating the water system id and the point of entry was
added to the tables poe.wrk and nit.wrk and the point attribute table of
pws-quad. Thistem, called "sysent" acts as a kiy linking the three
tables.

4. A temporary tablecalled poewsrf was ceated by opying poe.wrk and
purging all recmrds comaining agroundvater surce (identified by the
letter "G" as the first character in the wateurce entry). This was
linked back to poe.wrk by a relate on the sysent item. Evenrddn
poe.wrk that had a related oed in poe.surf was purgetkaving only
points of entry with no surface water sources in poe.wrk.

4. A temporary tablealled "wellquad" containing well IDs and quad numbers
was createdrom pws-quad.pat using the arcnomand "PULLITEMS".

This table was joined to poe.wrk using the Arc command "JOINITEM".
After the join, all reords with quad numbers equal to zero were purged

from poe.wrk, leaving only records that could be linked to TWDB quads.
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5. Atemporary tablealled "poequad" containing the iterios sysem ID, point
of entry number and quad number was credted poe.wrk using
"PULLITEMS". The contents of this table were sorted by system ID and
point of entry number, then written to a text file calledidadl” with the
tables "UNLOAD" canmand. This textile wasprocessed with the AWK
program
awk -f, '$1 I=lastl || $2 != last2
{last = $1; last2 = $2; print $0}' pquadl > pquad2
resulting in a file with one entrfor each point of emy, cortaining the
identity and a quadranglr that point of entry. (Theatt that this
operation could be carried out by so brief a progilumstrates the utility
of AWK.) The original contents of poequad were purged anthcep
with the values in pquad2. Thisethod assigns the quad of the point of
entry's first well as the quad of the point. This is somewhat arbitrary if a
point draws watefrom wells in more than one quad, but since most
points draw eithefrom a single wll or wells in a single quad, this
method was judged acceptable.

6. The poequad table was joined to nit.wrk, using "JOINITEM", assigning a
guad number to each nitrate readingm a purely groundater ®urce
traceable to a map location.

7. ltems were added to the tableotiats.quad” to hold the number of nitrate
measurements, threshold exceedensents, and threshold egedence

proportions for each quad
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8. The amlprogram "count_wudml" (seeAppendix B)was run to count the
measurements and exceedences, and to calculate the exceedence

proportions by quad for this data set.
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