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CHAPTER 1
INTRODUCTION

Scope of the Report

Senate Bill 1, Article VII of the 75thTexas Legislature directs the Texas Natural Resource
Conservation Commission (TNRCC) to develop water availabilitymodels for the 22 river basins
of the state, excluding the Rio Grande. Models for six river basins are to be completed by
December 1999, and the 16 others completed by December 2001. The Water Availability
Modeling (WAM) Project is being conducted collaboratively by the TNRCC, Texas Water
Development Board (TWDB), Texas Parks and WildlifeDepartment (TPWD), consulting firms,
and university research entities, in coordination with the water management community. The
WAM system being developed includes databases and database management tools, a geographic
information system, user interfaces, and the Water Rights Analysis Package (WRAP) simulation
model and associated data files (TNRCC 1998). The study documented by this report was
performed in conjunction with the Water AvailabilityModeling(WAM) Project.

The investigation documented by this report consists of identifYing, developing, and
evaluating alternative approaches for estimating sequences of monthly naturalized streamflows at
ungaged sites based on known naturalized flows at gaged locations. The ultimate product of the
study is a recommended set of flow distribution methodologies for incorporation into the Water
Rights Analysis Package (WRAP) model (Wurbs 1999). The objectives of the investigation are:

· To analyze relationships between flows ITomdifferent subwatersheds of river basins and
the watershed characteristics governing these relationships

. To evaluate alternative methodologies and associated parameters for transposing flows
ITomgaged to ungaged locations

. To develop a recommended set of procedures for transposing flows ITom gaged to
ungaged locations for incorporation into WRAP

A literature review was performed. Meetings were held with personnel of the TNRCC,
Texas Water Development Board, Texas Parks and Wildlife Department, University of Texas
Center for Research in Water Resources, U.S. Geological Survey, USDA Agricultural Research
Service, Texas Agricultural Experiment Station, and several consulting firms. Flow distribution
approaches were identified and evaluated. Availablenaturalizedflows at selected gaging stations
in the Brazos and the San Jacinto River Basins were used to investigate relationships between
flows at different locations and to evaluate alternativemethods for distributing flows. Streamflow
data ITomthe SulphurRiver Basin were later used to supplementinitialanalyses.

The following general approaches for estimating naturalized flows at ungaged sites are
addressed to various degrees of detail.

. distribution of flows in proportion to drainagearea
· flow distribution equation with ratios for various watershed parameters

1
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. adaptation of the NRCS curve number method
· use of stream gage records to develop regression equations relating flows to

watershed characteristics

· use of recorded data at gaging stations to develop precipitation-runoff
relationships

. watershed (precipitation-runoff) computer models such as the Soil and Water
Assessment Tool (SWAT)

Recommendations regarding adoption of a set of procedures for the TNRCC Water Availability
Modeling (WAM) system are presented in the Chapter 7 Summary and Conclusions.

Role of Streamflow Distribution in Water Availabilitv ModelinS!:

Methods for developing naturalized streamflowdata are addressed ITomthe perspective of
a water availabilitymodeling process consistingof two phases (TNRCC 1997):

1. development of monthly naturalized streamflow sequences covering the hydrologic
period-of-analysis at the locations of reservoirs, diversions, instream flow
requirements, and other pertinent sites

2. simulation of the water rights/reservoir/river system, for the input sequences of
naturalized flows, to determine reliabilityindices, unappropriated flows, and related
information

Naturalized or unregulated flows represent natural historical hydrology without the effects
of reservoirs and human water use. The process of estimating monthly naturalized streamflows
consists of three phases:

1. adjusting recorded flows at selected gaging stations to remove the effects of
historical water management/use

2. filling in gaps and extending record lengths to cover a common hydrologic period-
of-analysisat all the gage sites

3. distributingthe naturalized flows at the gaging stations to pertinent ungaged sites of
actual or proposed water rights

This report focuses on the third phase, transferring naturalized flows trom gaged to ungaged
locations.

The problem addressed by this study is that of estimating flows for ungaged
subwatersheds. Sequences of naturalized monthly flows covering a several decade hydrologic
period-of-record will be available at the location of stream gaging stations. These flows are used
to estimate the corresponding flow sequences at the ungaged locations of actual and proposed
water rights. For some river basins, the number of relevant ungaged sites may be many times

2

-- -- --



greater than the number of gaging stations. The relative significance of sites may vary. More
sophisticated methods may be adopted for developing flows for selected key ungaged locations,
while simpler methods are applied to determine flows for numerous other sites. In some cases,
the flows computed at selected locations using more sophisticated approaches may in turn be
distributed to other sites using simplertechniques.

An illustrative hypothetical river basin is shown in Figure 1.1. Naturalized monthly flow
sequences at ungaged locations 1 through 12 in the figure are to be determined, given the
corresponding flows at gaging stations A-E.

Figure 1.1 HypotheticalRiver Basin

3
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Flows at Numerous WaterRights Sites

The TNRCC (1997) notes the number of water rights in each of the 22 river basins in
Texas excluding the Rio Grande, with a total of 5,310 rights. Most of the appropriated water is
associated with a relatively few larger water rights. Since the larger diversion and storage rights
are typically located on major streams reasonably near gaging stations, the role of naturalized
flows at ungaged sites is associated largelywith the numerous smaller rights. Of course, some of
the larger rights are also located some distance ftom gaging stations. There are a few hundred
stream gaging stations in Texas with adequate record lengths for use in developing naturalized
monthly flow sequences.

As previously noted, the water availabilitymodeling process consists of two phases: (1)
the methodology for developing naturalizedflows and (2) the river/reservoir/rights system water
allocation model. However, the two phases are interconnected. One data management
consideration is whether to incorporate some of the naturalized flow distribution computations
into the river/reservoir/rights system simulation model or to develop the complete set of
naturalized flows independently of the model. For one of the larger basins with several hundred
water rights sites, a naturalized flow database might include flows at 20 to 30 stream gage
locations and perhaps 10 to 40 other key locations. The flows at several hundred other locations
would then be synthesized from flows in the database during execution of the WRAP
reservoir/river/rights system water allocation model. The size of the naturalized flow databases
may be greatly reduced by incorporating the naturalized flow distribution in the
river/reservoir/rights system simulation software as a user-option that would typically be applied
for the numerous smaller rights.

The Brazos, San Jacinto, and SulphurBasins, respectively,provide examples of the range
of larger and smaller major river basins. These and other major river basins of the state are shown
in Figure 1.2. For the 1,200 rights in the Brazos River Basin, which include storage in 600
reservoirs, 42 percent of the annual diversionvolume and 62 percent of the conservation storage
capacity are associated with 12 reservoirs managed by the Brazos River Authority and U.S. Army
Corps of Engineers (Wurbs et al. 1994). These and other rights accounting for much of the
remaining permitted water use and storage capacity in the Brazos Basin are located reasonably
near stream gaging stations. Over 1,000other smallerrights are scattered throughout the basin.

A recent update of the San Jacinto River Basin water availability model using WRAP
involved 108 rights, of which 78 include reservoir storage (TNRCC 1996). San Jacinto River
Authority and City of Houston rights associated with Lakes Houston and Conroe account for 94
percent of the total diversion volume and 93 percent of the storage capacity in the basin. The
model was formulated with 1940-1980 sequences of naturalized flows input for 22 selected
control points. Flows were distributed to several other sites within the model by simply applying
drainage area ratios.

The Texas portion of the SulphurRiver Basin has 54 existing water rights and two major
reservoirs, Wright Patman Lake and Jim ChapmanLake, along with 27 other impoundments with
a storage capacity of greater than 200 acre-feet. A study of the Sulphur Basin performed for the
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TNRCC by R. J. Brandes Company (1999) used naturalized flows at 6 gaging stations covering a
1940-1996 period-of-analysis. Flows at the other sites were estimated from flows at the six gaged
sites.
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Figure 1.2 River Basins in Texas

Reproduction of Relevant Streamflow Characteristics

Although future streamflows are of concern rather than the past, the future is unknown.
Thus, historical hydrology is used as being representative of flow characteristics to be expected in
the future. In synthesizing flows for ungaged watersheds, accuracy in estimating the actual flow
for any particular month in the past is typically not important as long as relevant statistical
characteristics of the long-term historical naturalized flows are adequately captured. Achieving
accuracy in the flow-duration (flow-frequency)relationship is particularly important. Capturing
the likelihood of long-duration droughts represented by sequencing of many months of flows is
also important.

Methods that relate flows at ungaged sites to the corresponding flows at gaged sites will
typically tend to result in the estimated flows at ungaged sites being more closely correlated to the
gaged site than is actually the case in reality. For example, estimating flows at ungaged site 5 in
Figure 1.1 by applying a drainage area ratio to the flows at gaging station D will result in an
absolute correlation. In the computations, a low flow at station D will always result in a
correspondingly low flow at site 5. In reality,a lower-than-average flow at gage D could occur in
the same month as a higher-than-averageflow at site 5. This over-correlation between locations
is probably acceptable as long as the flow-durationrelationship at site 5 is reasonably accurate.
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Uncertainties

The task of developing sequences of naturalized flows for ungaged watersheds necessarily
involves uncertainties and inaccuracies. Major areas of uncertainty affecting the accuracy of flow
estimates include the following.

. Precipitation, streamflow, and other hydrologicvariablesare highly stochastic and vary greatly
both temporally and spatially.

· Rainfall intensities vary drastically over short distances. An intense storm may be
concentrated over a particular subwatershedwhile neighboring subwatersheds receive little or
no rainfall. Rain gages are much too sparsely located to capture the spatial variability of
rainfall events with a high degree of accuracy.

· Watersheds may be highly nonhomogeneouswith soils, vegetation, land use, topography, and
other characteristics changing significantlyover short distances.

· Watershed characteristics are difficultto accurately measure.

· Changes over time in land use and other watershed characteristicsare typicallynot reflected in
the process of naturalizinggaged flows.

· The hydrologic processes that transform rainfall to streamflow, such as infiltration, surface
storage/flow, subsurface storage/flow, and evapotranspiration, are complex. Watershed
modeling requires major simplificationsand approximations.

· Streamflow includes both base flow and surface runoff Accurately accounting for the
separate base flow component, from subsurface sources, and the surface runoff, from recent
rainfall, is difficult.

· Channel losses and other interactionsbetween subsurface flows and streamflows are complex.

· Inaccuracies and uncertainties are inherent in all recorded data including gaged streamflows,
gaged rainfall, and data used to naturalize gaged streamflows such as reservoir storage,
evaporation rates, and water use.

6
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CHAPTER 2
LITERATURE REVIEW

Although the published literature on watershed hydrology is voluminous, there is
remarkably little work reported on the specific topic of developing sequences of naturalized
monthly flows at ungaged locations based upon corresponding flows at gaging stations. While the
mont~y flow distribution problem of concern here is not addressed directly, the hydrology
literature does focus in depth on related topics such as:

. watershed processes through which precipitation is partitioned into hydrologic
abstractions and streamflow

. methods for estimating flood peaks and/or volumes associated with specified annual
exceedance ITequencies

. watershed modeling methods for developingflood hydrographs ITomprecipitation input

. watershed modeling methods for synthesizing long-term streamflow sequences ITom
precipitation input

. stochastic hydrology techniques for synthesizing sequences of flows that reproduce
selected statistical characteristicsof observed flows

. flood-flow and low-flow ITequencyanalysis methods and flow-duration curves at gaged
sites

The hydrologic processes affecting streamflow and an array of associated
modeling/analysismethods are addressed by numerous hydrology books including Linsley et aI.
(1982), Chow et al. (1988), Shaw (1988), Ponce (1989), Brooks et al. (1991), Singh (1992),
Maidment (1993), Dingman (1994), Newson (1994), Viessman and Lewis (1996), and McCuen
(1998), as well as thousands of journal and conference papers, agency reports, and other
references. However, the problem of relating monthly flow sequences at ungaged sites to the
corresponding flows at gaged locations is essentially ignored in the literature. Regression
analyses and watershed (precipitation-runoff)modeling are two subjects addressed extensively in
the hydrology books cited above and other references, which are particularly relevant to
developing sequences of flows for ungaged watersheds. However, although these methods have
been applied extensively to other types of hydrologic analyses as discussed below, very few
applications deal directly with the problem of distributing monthly flow sequences ITom gaged
watersheds to ungaged subwatersheds.

Investigation of data managementsoftware, data sources, and databases is a key aspect of
the methodology development effort. Data management systems are an important consideration
in applying any of the methods for developingnaturalized streamflows. Thus, data management
systems are reviewed in the last section of this chapter.

Re2ression Relationships

Standard statistical methods for regression and correlation analyses and associated
significance tests are covered in many statistics books such as Milton and Arnold (1995) and
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Kottegoda and Rosso (1997) as well as the previously cited hydrologybooks. A common fonn of
regression equation is

(2-1)

where the dependent (response) variable Y is expressed as a function of independent
(explanatory) variables Xi. The regression coefficients (a, b, c, d, ... , m, n) are determined based
on least squares regression or other analyses of observed data. Other general fonns of the
regression equation may be used as well. The investigationscited in the next paragraph illustrate
the application of statistical techniques to extensive databases of field data to test the significance
of the alternative independent variables being considered, to develop multiple-variable regression
models, and to analyzethe expected accuracy of the regression models.

The D.S Geological Survey (USGS) is particularly notable of the many entities that have
modeled hydrologic characteristics of watersheds using regression equations. For example,
Driver and Tasker (1990) present a set of regression equations for estimating runoff volumes and
loads of 11 water quality constituents trom urban watersheds for individual stonn events and for
annual means. The dependent (response) variables predicted by the regression equations are
runoff volumes and loads of the 11 water quality constituents. The independent (explanatory)
variables include rainfall depth and duration; 2-year recurrence interval 24-hour rainfall intensity;
watershed area; watershed percent impervious; percent commercial, industrial, residential, and
nonurban land use; temperature; and population density. Different regression equations were
developed for different regions of the nation.

Kircher et aI. (1985) applied regression techniques to estimate streamflow characteristics
for natural streams in western Colorado. Mean annual discharge, mean monthly discharge, and
peak discharge are predicted as a function of drainage area, mean annual precipitation, mean basin
elevation, and mean basin slope.

Flood flow prediction accounts for most of the work reported in the literature in
developing regression equations relating hydrologic variables to watershed parameters. Jennings
et aI. (1994) present regression equations for predicting peak flood flows associated with
specified exceedance probabilities,for rural and urban watersheds in various regions of the nation.
Independent variables in the regression equations include watershed area, percent impervious,
watershed slope, channel slope, mean annual precipitation, and other watershed parameters.
Asquith and Slade (1997) present regional regression equations for peak flood flow associated
with specified exceedance probabilities for natural (unregulated rural) watersheds in Texas.
Devulapalli (1995) provides regression equations for flood volume-duration-trequency
relationships for small ungaged rural watersheds in different regions of Texas that are based on
watershed parameters includingdrainage area, slope, and an index precipitation depth. Xin et aI.
(1997) compare regression methods and other methods for predicting flood flows trom ungaged
watersheds.

A reasonably in-depth literature review revealed only one journal paper that focuses
specificallyon methods for transferring sequences of monthlyflows from gaged to ungaged sites.
Gan et aI. (1991) investigated the use of various fonns of regression equations for relating
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concurrent monthly flows from neighboring watersheds. In the regression analyses, monthly
flows were related to the following watershed parameters: drainage area, mean annual
precipitation, and percent of watershed covered with forest. Gan et al. (1991) conclude that:

"The transposition of monthly streamflaw data from a gauged catchment to an
ungauged catchment is a difficult exercise, whereby great accuracy is not to be
expected The relationship between the concurrent streamflaws of two hydrologically
similar catchments is essentially a linear one. It is sufficiently accurate if expressed as
Y=BX where X and Y represent concurrent monthly discharges. ... Even if B is well
estimated, the individual transposedflaws may still be much in error as the regression
line only represents an average relationship between theflaws of two catchments. "

Watershed Models

Much of the work reported in the literature related to the watershed characteristics that
govern streamflow deals with hydrologic modeling. Watershed models simulate the hydrologic
processes by which precipitation is converted to streamflow. The watershed is the system being
modeled; precipitation is the input; and hydrologic abstractions and runoff are the computed
output. Simplified techniques such as the rational formula, which is widely used in drainage
design, compute only the peak flood flow associated with a specified annual exceedance
probability. Computer models of watershed hydrology incorporate an array of water balance
accounting techniques representing the various hydrologic processes. Some watershed models
consider only water quantities;others include sediment transport and water quality processes.

Precipitation-Runoff Processes

Some precipitationis loss throughthe naturalhydrologicprocessesof interception,depression
storage, infiltration,evaporation,and transpiration. The remainingprecipitationflows overland and
through the soil, collects as flow in swales and small channels,and eventuallybecomes runoff to
streams. Groundwater also contributes to streamflow, largely independently of the particular
precipitation-runoffevent. Contaminantsenter the water during the runoff processes. Various
pollutant transport and transformationprocesses occur within the hydrologicprocesses. Land use,
drainage improvements, storage facilities,and other developmentactivities significantlyaffect the
processesby whichprecipitationis convertedto streamflow. Snowfalland snowmeltas well as rainfall
are important in many areas. Numeroushydrologytextbooks such as those previouslycited cover the
fundamentalsof watershed(precipitation-runoff)processesandmodelingthereof

Watershedmodelinginvolvescomputingflow rates and sometimescontaminantconcentrations
or loads, over time, at the watershed outlet (or multiple subwatershed outlets) for specified
precipitation input. Larger watersheds are typically divided into a number of smaller more
hydrologicallyhomogeneous subwatershedsfor modelingpurposes. The runoff from the individual
subwatershedsis routed through streamreachesand combinedat appropriatelocations. Runoff from
subwatershedsmayalsobe routed throughwater controlfacilitiesand temporarilystored in reservoirs.
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Generalized Watershed Models

Singh (1995) describes 27 of the many major generalized watershed modeling packages
which among others include the Hydrologic Engineering Center's HEC-J Flood Hydrograph
Package, u.S. Geological Survey's Precipitation-Runoff Modeling System (PRMS), National
Weather Service's River Forecast System, USACE North PacificDivision's Streamflow Synthesis
and Reservoir Regulation (SSARR), Danish Hydraulic Institute's Systeme Hydrologique
Europeen (MIKE SHE), Environmental Protection Agency's Stormwater Management Model
(SWMM) and Hydrologic Simulation Program-Fortran (HSPFj, and Agricultural Research
Service's SWRRB, EPIC, CREAMS, and GLEAMS. Several generalized watershed simulation
modelsare describedbelow.

Watershed modelscan be categorizedas single-eventor continuous. Single-eventmodelsare
designed to simulateindividualstorm events and have no capabilitiesfor the soil infiltrationcapacity
and other watershedabstractioncapacitiesto be replenishedduringextendeddry periods. Continuous
models simulate long periods of time which include multiple precipitation events separated by
significantdry periodswith no precipitation. Somemodelscan be used optionallyin either single-event
or continuousmodes. Most single-eventwatershedmodelsare designedfor quantity-onlyapplications
and contain no features for modelingwater quality. Most (but not all) continuous models provide
capabilitiesfor analyzingwater qualityas well as quantity.

HEC-J and HEC-HMS

The HEC-l FloodHydrographPackage(HydrologicEngineeringCenter 1998) is probablythe
most widely used of the numerous available watershed models. The recently developed HEC
HydrologicModelingSystem(HEC-HMS)incorporatesmost of the modelingcapabilitiesofHEC-l in
a windows-based environment(HydrologicEngineeringCenter 1998). HEC-HMS is intended to
eventuallyreplaceHEC-l. HEC-l and HEC-HMS simulateindividualflood events. They have no
water qualitycapabilities.The generalizedwatershedsimulationmodelsprovide an extensivepackage
of optional computationalmethods. Precipitation-runoffmodelingrepresents the central focus of the
package, but other related modeling capabilitiesare provided as well. In addition to the basic
watershed modeling capabilities,the modeling package includes several other optional features
involving:partiallyautomatedparametercalibration,multiplan-multifloodanalysis,dam safetyanalysis,
economicflood damageanalysis,andfloodcontrolsystemoptimization.

A HEC-l or HEC-HMSprecipitation-runoffmodelingapplicationtypicallyinvolvesdividinga
watershed into a number of subwatersheds. Precipitation-runoffis simulatedfor each subwatershed.
The models provide flexibleoptions for developingand/or inputtingprecipitation data, which may
reflect snowfalland snowmeltas well as rainfall. Precipitationvolumesare convertedto direct runoff
volumes using one of the followingoptional methods: NRCS curve number method; initial and
uniform loss rate; exponentialloss rate function; Holtan loss rate function; or Green and Ampt
relationship. Runoffhydrographsare computedftom the incrementalrunoff volumes using either the
unit hydrograph or kinematic routing options. An unit hydrograph may be input to HEC-l.
Alternatively,the model includesoptions for developingsyntheticunit hydrographsusing either the
SoilConservationService,Synder,or Clarkmethods. Watershed modeling also involves routing
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hydrographs through stream reaches and reservoirs. HEC-l uses hydrologic storage routing for
reservoirs. The followingchannel routing options are provided: Muskingum, Muskingum-Cunge,
modifiedPuIs,workingR andD, averagelag, andkinematicwave.

HSPF

The HydrologicalSimulationProgram -Fortran (HSPF) is documented by Johanson et aI.
(1984). HSPF providesrelativelysophisticatedcapabilitiesfor continuoussimulationof a broad range
of hydrologicand water qualityprocesses. The model is orientedmore toward agriculturaland other
non-urbanwatersheds,but urbanwatershedscan alsobe simulated.HSPF consistsof a set of modules
arrangedin a hierarchicalfTameworkbuiltaround a time seriesdata managementsystem. The various
simulationand utilitymodulescan be invokedindividuallyor in variouscombinations. The structured
designof the modelfacilitatesusers addingtheirown modules,if theyso desire.

HSPF simulates watershed hydrology and water quality for both conventional and toxic
organic pollutants. Input data includetime historiesof rainfall,temperature, and solar radiation;and
informationregardingland-surfacecharacteristics,such as land-usepatterns, soil properties, and land-
management practices. The result of the simulation of a subwatershed is a hydrograph and
pollutographs. The model predicts flow rates, sediment loads, and nutrient and pesticide
concentrations. The subwatershedrunoff characteristicsare then used by the model to simulate
instream processes to determine hydrographs and pollutographsat all pertinent locations in the
watershed. HSPF allows integrated simulationof land and soil contaminantrunoff processes with
instreamhydraulicand sediment-chemicalinteractions.

MIKE SHE

The DanishHydraulicInstitute'sMIKE SHE stemsfTomthe SystemeHydroloqiqueEuropeen
(SHE) developedby a consortiumof threeEuropeanorganizations.MIKE SHE simulateswater flow,
water quality,and sedimenttransport inruralwatersheds. Thegeneralizedmodel is particularlynotable
for its comprehensiveinclusionof all major hydrologicalprocessesoccurringin the land phase of the
hydrologic cycle includingboth surface and ground water processes. MIKE SHE has been widely
appliedthroughoutthe world in a varietyof differenttypes of applications.

Agricultural Research Service Models

The U.S. Department of Agriculture (USDA) AgriculturalResearch Service (ARS) has
developed a number of models for simulatinghydrologic and water quality processes in rural
watersheds. The Soil and Water AssessmentTool (SWAT) is the model applied in the analyses
reported in Chapter 6 of this report. SWATbuildsupon the Simulatorfor Water Resources in Rural
Basins (SWRRB) developedby the ARS Grassland,Soil,and Water Research Laboratory in Temple,
Texas. SWRRBis designedto predict the effectof varioustypes of watershed managementpractices
on water and sedimentyields in ungaged agriculturalwatersheds (Arnold et al 1990). The major
processes reflected in the model includeprecipitation,surfacerunoff, percolation, lateral subsurface
flow, evapotranspiration,pond and reservoirevaporation,erosionand sedimentation,soil temperature,
crop growth, and irrigation. Many years of dailyflowsmay be determinedfor inputted or computed
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precipitation data. Precipitation may be either inputted or developedby the model as a Markov
processusing inputted probabilities. A watershedmaybe dividedinto asmanyasten subwatersheds.
The soil profile canbe divided into asmanyasten layers. The hydrologiccomputationsarebasedon
the water balanceequation. The NRCS curve numbermethodis usedto compute runoff volumes.
Sedimentyield is determinedusing the modified universalsoil loss equationand a sedimentrouting
model.

The Simulator for Water Resourcesin Rural Basins - Water Quality (SWRRB-WQ) was
developedby addingwater qualitymodelingcapabilitiesto SWRRB. SWRRB-WQ simulatesweather,
hydrology, erosion,sedimentyield, nitrogenandphosphoruscyclingandmovement,pesticidefateand
movement, crop growth and management,pond and reservoir management,and other processes.
SWRRB-WQ has been used by the Agricultural ResearchService, Soil Conservation Service,
EnvironmentalProtectionAgency,andother agenciesto assessthe effectsofland managementon off-
site water quantity and quality, pollution of coastalbays and estuaries,reservoir sedimentation,and
registrationof pesticides.

SWRRB-WQwas developedby modifying andexpandingthe earlierCREAMS model. The
Chemicals,Runoff: andErosiontrom Agricultural ManagementSystems(CREAMS) model simulates
hydrology, erosion,nutrients,and pesticidestrom field-sizeareas. SWRRB expandsCREAMS for
applicability to larger, more complex watersheds. The recently developed Groundwater Loading
Effects of Agricultural ManagementSystems(GLEAMS) modelwas designedto replacethe earlier
CREAMS model. GLEAMS simulatesthe effectsof weather,soils,tillagepractices,andpesticideand
nutrient managementon movement of nutrients,pesticides,and pesticide degradationproducts to
ground andsurfacewaters. GLEAMSis a continuous,field-scalemodelthat permitsassessmentof the
effects of variabletopography and slope within the field. The model is used by the USDA, other
government agencies, and agriculturalchemicalcompanies to assess the environmentaleffects of
alternativemanagementpracticesandpesticideproducts.

Soil and Water Assessment Tool rSWA1)

The recentlydevelopedSoil and Water AssessmentTool (SWAT) is designed to extend the
capabilitiesof SWRRB-WQto large complexrural river basins(Arnold et al. 1996). SWAT, like
SWRRB, was developed at the ARS Grassland,Soil, and Water Research Laboratory in Temple,
Texas. This research facilityalso houses the BlacklandResearch Center of the Texas Agricultural
Experiment Station (TABS) of the Texas A&M UniversitySystem. Watershed modeling research
programs have been a joint partnership of the ARS and TABS. Natural Resource Conservation
Service(NRCS) personnelalsoparticipateinthe researchprogramsat the facilityin Temple.

SWAT reflects changes to SWRRB-WQ involving: (1) expanding the model to allow
simultaneouscomputationson severalhundredsubwatershedsand (2) adding componentsto simulate
lateral flow, ground water flow, reach routing transmissionlosses, and sediment and chemical
movementthrough ponds, reservoirs,streams,and valleys. SWATis a spatiallydistributedwatershed
modelthatusesa dailytimestepforsimulationperiodsthatmayexceed100years. Majorcomponents
of the model include hydrology,weather, sedimentation,soil temperature, crop growth, nutrients,
ground water and lateral flow, and agricultural management. SWAT has been combined with
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geographicalinfonnationsystemsand relationaldatabases. A unique aspect of the developmentand
applicationof SWAT has been the focus on linkingthe watershedsimulationmodel to a numberof
GIS databasesthat includeprecipitationand other weatherdata, soils, land use, and agriculturaldata
(Srinivasanand Arnold 1994). SWAT has been run primarilyon workstations under the UNIX
operatingsystem,but MS-DOS andWmdowsbasedmicrocomputerversionsare also available.

SWAT has been used for variousriverbasin modelingapplications. It is presentlybeingused
in the HUMUS (HydrologicUnit Model for the United States) project which entails national and
regionalwater assessmentsfor allthe majorriverbasinsof the UnitedStates.

Data Mana2ement Systems

Data management software systems for compilation, storage, retrieval, editing,
mathematical computations, analysis, and tabular/graphical display of voluminous data are a
central foundation of the entire water availabilitymodeling process. Data management is a key
aspect of the streamflow naturalization methodologiesbeing investigated.

Availabledata management software maybe categorized as follows.

. spreadsheet/graphics/databasepackages such as Excel, Quattro Pro, and Lotus 1-2-3

. commerciallyavailabledatabase managementsystemssuch as Oracle

. water resources data management systemssuch as HECDSS

. geographic infonnation systems(GIS) such as Arc/Info and ArcView

These different types of data management software are brieflydiscussed below.

Spreadsheet Programs

Excel, Quattro Pro, and Lotus 1-2-3are among the most popular of the numerous
spreadsheet/graphics/database packages available on the market (Wurbs 1995). Spreadsheet
programs are widely-used, polished, inexpensive commercial products. They provide the
advantage of applying the same familiar software to many different applications. A particular
application can be addressed using software that is already being used in the office for other
purposes as well. Spreadsheet software provides extensive computational and data management
capabilities. However, application of spreadsheet programs grows awkward as the volume of
data increases. The programs discussed next are designedto handle large databases.

Commercial Database Management Systems

Thuraisingham (1997) defines data management systems as systems that manage data,
extract meaningful infonnation ITomthe data, and make use of the infonnation extracted. These
systems are widely used in business and government. Most of the popular database management
systems are classified as being relational because each database file is considered as a two-
dimensional table, and related files are linked via connection fields. The voluminous literature on
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database management technology includes books by Simoviciand Tenney (1995), Zaniolo et al.
(1997), and Thuraisingham(1997) covering fundamentaltheory and applications.

Many relational database system products are marketed by various companies including
Oracle Corporation, Ingres Corporation, ffiM, Digital Equipment Corporation, Hewlett Packard,
Informix, and Sybase, Inc. Particularly notable are the numerous products for database
management, server technology, and applications developed by the Oracle Corporation. Oracle's
Oracle7 Server is extensivelyused in business, industry, and government. The Oracle7 relational
database management system is a set of software products to support various functions including
query processing, online transaction processing, data warehousing, workgroup management, and
internet access.

Oracle7, ObjectStore (an object-oriented system marketed by Object Design Inc.), Illustra
(an object-relational system marketed by Informix Inc.), and other competing products are large-
scale more-expensive database management systemsused by large organizations. Less expensive,
smaller-scale systems for personal computers include Paradox and dBASE, available ITom
Borland International, and Access ITomMicrosoft.

These generalized database management systems tend to be oriented toward business
applications involving extensive text information as well as numbers. Water resources data
typically involve numerous large blocks of numbers. The data management systems discussed
below were designed specificallyfor water resources applications with the intent of being more
efficient for these applications than the generalizedcommercialsystems cited above.

Water Resources Data Management Svstems

Software systems have been developed by the water agencies specifically for water
resources related data management and analysisapplications. Two particularly notable packages
are described below. HECDSS and ANNIE were developed by the Hydrologic Engineering
Center and U.S. Geological Survey, respectively.

HECDSS. - The HydrologicEngineeringCenter(BEC) Data Storage System(DSS) is one of
a number of widely-usedcomputer programs availableITomthe HEC of the U.S. Army Corps of
Engineers (HydrologicEngineeringCenter 1995). The publicdomain software may be downloaded
ITomthe HEC website(http://www.wrc-hec.usace.army.mil)and is alsodistributedby variousvendors.
HECDSS is widely used by water agencies and consultingfirms for a variety of different types of
applications.

HECDSS databasemanagementcapabilitiesare orientedparticularlytoward voluminoussets
of time seriesdata. HECDSS uses a block of sequentialdata as the basic unit of storage. The basic
concept underlyingthe HECDSS is the organizationof data into records of continuous, applications-
relatedelements,as opposedto individuallyaddressabledata items. This approach is more efficientfor
water resources applicationsthan that of a conventionaldatabase system because it avoids the
processing and storage overhead required to assemblean equivalent record ITom a conventional
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system. HECDSS is availablefor desktop computers,and the FORTRAN77programshave alsobeen
compiledand executedon variousminicomputerandmainftamesystems.

HECDSS provides capabilitiesto: (1) store and maintaindata in a centralizedlocation, (2)
provide input to and store output ITomapplicationprograms,(3) transfer data between application
programs, (4) mathematicallymanipulatedata, and (5) displaythe data in graphs and tables. The user
may interactwiththe databasethrough:(1) utilitiesthat allowentry,editing,and displayof information,
(2) applicationprogramsthat read ITomand write to the data base, and (3) libraryroutinesthat can be
incorporated in any program to access data base information. HECDSS does not presentlyhave a
graphical user interface. However, the CaliforniaDepartment of Water Resources is currently
sponsoringdevelopmentof a graphicaluser interfacein conjunctionwith adoptingHECDSS for use by
state and localagenciesin California.

A variety of utilityprograms are includedin HECDSS for entering data into a database file.
Some are designed for entering data ITomother databases such as the US. Geological Survey
WATSTORE system and National Weather Service climaticdatabases. Several HEC application
programshavebeen interfacedwith DSS, allowingusersto retrievedata for analysisor store results in
a DSS file. This provides the user the capabilityof displayingand analyzingapplicationprogram
resultsby using the DSS utilityprograms. A set of FORTRANsubroutinesare availablewhichcan be
used to link applicationprograms with HECDSS (HydrologicEngineeringCenter 1990). HECDSS
also provides means for mathematicallymanipulatingdata in a variety of ways. Normal arithmetic
operations and many mathematical functions are provided. Various statistical analyses can be
performed. Missingdata can be synthesized.Hydrologicroutingof streamflowscan be performed.

Application of HECDSS capabilitiesspecificallyfor developing naturalized streamflows is
illustrated by a recent major water availability/allocationstudy for the Alabama-Coosa-Tallapoosa
(ACT) and Apalachicola-Chattahoochee-Flint(ACF)River Basins in Georgia, Alabama,and Florida
(U.S. Army Corps of Engineers 1997). Participantsin this several-year,several milliondollar water
availability modeling effort included several agencies of the three states, several local water
managemententities, several consultingfirms includingCamp, Dresser & McKee Inc., and several
Corps of Engineersoffices.

ANNIE. - ANNIE is a computer program for interactive hydrologic analyses and data
management,which was developed by the US. GeologicalSurvey (Lumb et al. 1990). ANNIE
containsa set of proceduresto organize,manipulate,and analyzedata needed for hydrologicmodeling
and analysis. The user interactivelyperformstasks relatedto data management,tabular and graphical
presentation,statisticalanalysis,and input preparationfor hydrologicmodels. ANNIE stores data in a
binary, direct-accessfile with a specifiedstructure, which is called a Watershed Data Management
(WDM) file. The WDM file provides users with a common database for many applications,thus
eliminatingthe need to reformatdata ITomone applicationto another. ANNIE and/or the WRM file
format are currently used with a number of US. GeologicalSurvey and EnvironmentalProtection
Agency hydrologic and water quality models. ANNIE is written in FORTRAN and designed for
portabilityto mainftamecomputers,minicomputers,andmicrocomputers.
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ANNIE providescapabilitiesto create a WatershedData Management(WDM) file, transport
data to and from the WDM file, and adjust and manipulatethe data. The data can be tabulated in
various presentationformats. ANNIE graphicscapabilitiesincludestime seriesplots, X-Y plots, and
probabilityplots. The plots can meet USGS publicationstandards. ANNIE provides a number of
statistical analysis capabilitiesincluding flow-duration,frequency, error, and trend analyses. The
ANNIE libraryof routineshas also been used to create customprograms for use in developinginput
filesfor specifichydrologic,hydraulic,or water qualitysimulationprograms.

ANNIE-IDE.- The ANNIE InteractionDevelopmentEnvironment(ANNIE-IDE)was created
by the EnvironmentalProtection Agencyto providea consistentmethodologyfor buildinginteractive
interfaces for environmentalcomputer programs and data bases (Kittle, Humme~ Imhoff 1989).
ANNIE-IDE incorporatesa number of routinesand methodsfrom ANNIE. ANNIE-IDE is a set of
tools for developinguser interfacesfor simulationmodelsand pre-and post-processorprograms. The
ANNIE-IDE system provides the program developer with a set of subroutines which may be
incorporatedinto a model to performone or more of the followingoperations:(1) displaytext on the
monitor screen,(2) displaystaticand/ordynamicmenus,(3) promptthe user to inputor edit valuesin a
one- or two- dimensionalarray,(4) open a fileto store or retrieveinformation,and (5) displaycontext-
sensitivehelp, instructions,and modelparameterinformation.

Geographic Information Systems

A geographicinformationsystem(GIS) is a set of computer-basedtools for capturing,storing,
processing,combining,manipulating,analyzing,and displayingdata which are spatiallyreferencedto
the earth. Thus, GIS is a specialcase of data management/analysisdealingspecificallywith spatialor
geographicaldata. GIS technologydatesback to the 1960'sand has evolvedinto a major disciplinein
recent years. Groups monitoring the GIS industry estimate the total value of hardware, software,
and services conducted by the private, government, educational, and other sectors that handle
spatial data to be about $6 billion per year (Clark 1997). The voluminous GIS literature includes
recent books by Antenucci et al. (1991), Maquire et al. (1991), Goodchild et al. (1993), Demers
(1997), and Clarke(1997).

Applicationsof GIS technology vary widely. In general, geographic information systems
provide cartographic,data management,analytical,and polygonprocessingcapabilities. Cartographic
capabilityallowsaccurate maps and engineeringdrawingsto be produced efficiently. This capability
includes digitizing,graphic displaygeneration,interactivegraphic manipulation,and plotting. Data
managementcapabilitiesinvolvethe efficientstorageandretrievalof both graphicand nongraphicdata,
includingnongraphicattributeslinkedto graphicimages.Data managementincludesselectingdata and
producinggraphicsand reports on the basisof attributevalues. Analyticalcapabilitiesinvolvevarious
mathematicalcomputationsand analyses. Polygonprocessingconsistsof overlayingsets of data. For
example, soil type data may be overlain on land use data to construct polygons having specified
combinationsof soiltype and landuse.

In some cases, customizedGIS software has been developed for a particular governmental
organizationor privatecompanyand its own particularapplications.However, manygeneralizedGIS

16



._u __ __ - . --.---

software packages are available which provide a variety of capabilities for a broad range of
applications. The followingeightGIS packagesaccountfor the majorityof applications(Clark 1997):

. Arc/Infomarketedby the EnvironmentalSystemsResearchInstitute(ESRI) (http://www.ersi.com)

. ArcView alsomarketedby ERSI

. Atlas*GISoriginallymarketedby StrategicMappingIncorporatedand later sold to Claritaswhich
in turn was purchasedin 1996byESRI (http://www.stratmap.com)

. GeographicalResources Analysis Support System (GRASS) which is public domain software
developed by the U.S. Army Corps of Engineers (USACE) ConstructionEngineeringResearch
Laboratory (CERL)(http://www.cecer.army.mil)

. IDRISI developed, distributed, and supported by the Clark University Graduate School of
Geography

. Maplnfo marketedbyMaplnfo Corporation(http://www.mapinfo.com)

. Maptitudemarketedby the CaliperCorporation(http://www.caliper.com)

. MicrostationMGE marketedbyIntergraphCorp. (htto://www.inter1!raDh.comlinfrastructure)

ARC/INFO. - Arc/Info is one of the earliest and still most widely used of the available
generalizedGIS software packages. ESRI marketingliteratureindicatesthat the company has over
100,000 customers in 120 countries that use its various products. Clarke (1997) states that over
30,000 people are using Arc/Info at over 7,000 organizationsworldwide. The software is used by
federal, state, and local governmentagencies,businesses,utilities,and universitiesfor applicationsin
planning, cartography, transportation, research, telecommunications, oil and gas, forestry,
environmentalmanagement,hydrology,and manyother disciplines. .

Early versions of Arc/Info were developed for use on Sun workstations with the Unix
operatingsystem,but versionsare currentlyavailablefor implementationon a wide range of computer
systems, including higher-end microcomputers,most workstation systems, and various mainframe
computers. Significanteffort is requiredto becomeproficientwith the software. An array of manuals,
references,trainingmaterials,and coursesare availableto assistusers.

As the name suggests,Arc/Infois comprisedof two components,ARC and INFO. ARC is a
system for working with map coordinate data representinggeographic features. INFO is database
managementsystemfor attributedata. ARCIINFOis a set of tools for creating,analyzing,displaying,
and managing computerizedmaps in vector format. The vector approach for storing data is used.
Geometric features of a map are representedby points, lines (an arc or set of arcs), and polygons
(planes enclosed by arcs). For example, a river basin applicationmight involve representation of
precipitationand streamflowgages as points, streams as arcs, subwatershedboundaries as arcs, and
subwatersheds as polygons. The associated attribute data might include stream reach lengths,
subwatershedareas,soiltypes, and landuse.

The Arc/Infosystemprovidesa broad range of optionalcapabilitiesfor data managementand
analysis. A macro languageis providedfor developingcustomizedapplications. Data can be edited,
checked, and manipulatedin variousways. Data can be displayedin a variety of graphic and textual
formats. Analyticaltools are availablefor modelingnetworks, includingthe computationaltasks of
routing, allocation, and districting. Routing determinesthe optimum paths for the movement of
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resources (such as vehicles, water, electricity, or pulses of communication)through a network
(comprisedof roads, pipes, or telephonelines). Allocationinvolvesfindingthe nearest center for each
linkin the networkthat best servesthe network(suchas findingthe closestfire stationfTomeach street
withina city). Districtinginvolvesaggregationof areasboundedby certainnetworks, such as dividing
a cityinto districtsboundedby selectedstreets. Attributedata canthenbe displayedby district.

ArcView. - ArcViewis desktop-computerGIS softwarepackagethat is easierto learnand use
than ArcJInfobut does not have the fullcapabilitiesof ArcJInfo. ERSI developedboth ArcViewand
ArcJInfo,and there is compatibilitybetweenthe two systems. ArcView is orientedmore toward map
display than database management. ArcView providescapabilitiesfor storing, modifying,querying,
analyzing,and displayinginformationabout geographicspace. An intuitivegraphicaluser interface
facilitatesdata displayand viewing. The softwareincludesfeaturesfor spatialand tabular queries,hot
links to other programs,and varioustypes of graphics.

HEC-PREPRO. - HEC-PREPRO is a GIS preprocessor for the USACE Hydrologic
Engineering Center (HEC) Hydrologic Modeling System (HMS). The GIS preprocessor was
developed by Professor David R Maidment, Universityof Texas Center for Research in Water
Resources, under contract with the HEC. A draft HEC-PREPROuser's guide and referencemanual
(HydrologicEngineeringCenter 1997)is availablefTomDr. Maidment'sweb site:

http://civil.ce.utexas.edu/prof7maidment/gishydro/ferdi/research/hecprepro/uguide/uguide.html

as well as fTomthe HEC. HEC-PREPROis writtenin ArcJInfo'sArc Macro Language(AML).

As previously discussed, the Hydrologic Modeling System (HEC-HMS) was recently
developed by the Hydrologic Engineering Center in conjunction with their NexGen project to
incorporate advancesin computer technologyinto HEC generalizedmodels (HydrologicEngineering
Center 1997). The HEC-HMS is a watershed(precipitation-runoff)modelingpackage for simulating
flood events. It is the NexGen versionof the widelyused HEC-l Flood HydrographPackage. HEC-
PREPRO converts watershed data fTomArcJInfodatabasesinto a format for input to HEC-HMS.
Input to HEC-PREPRO consists of GIS stream coverage,subbasincoverage, and an elevationgrid
which is translatedby the programintoa schematicdata structurefor input to HEC-HMS.

Available Maior Databases

The Texas Natural Resources Information System (TNRIS) is the state's clearinghouse
and referral center for natural resources data (http://www.tnris.state.tx.us). The TNRIS was
established by the Texas Legislature in 1968 as the Texas Water-Oriented Data Bank and in 1972
was designated the TNRIS. The TNRIS is an operational section of the Texas Water
Development Board. Its policies and guidelinesare set by an interagency task force composed of
representatives fTom 16 of the state's natural resource agencies and the Office of the Governor.
Funding is provided by the legislature through the TWDB. TNRIS is a clearinghouse for data
developed by the federal and state agencies and other entities. In addition to providing
information regarding data availability,the TNRIS maintainsa library of data that can be accessed
directly. TNRIS operates a geographic informationsystem primarily for support of participating
agency mapping requirements.
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THE TNRIS web site (http://www.tnris.state.tx.us) provides information regarding
numerous databases. Several of the databases that are particularly pertinent to the task of
distributing naturalized streamflows trom gaged to ungaged sites are cited as follows. These
databases are commonlyused in conjunctionwith geographic informationsystems.

Watershed areas can be determined by a GIS using Digital Elevation Models (DEM)
developed by the U.S. Geological Survey (USGS). DEM data files are digital representations of
cartographic information in a raster form. A grid of terrain elevations are provided. The data
files are produced by the USGS as part of its National Mapping Program and are sold in 7.5-
minute, IS-minute, 2-arc-second (also known as 30-minute), and I-degree units. The extent of
availablecoverage of regions of the United States varies between the different scales.

Land Use and Land Cover (LULC) data are also developed by the USGS as part of the
National Mapping Program. LULC data files describe the vegetation, water, natural surface, and
cultural features of the land surface. The LULC mapping program is designed so that the
standard topographic maps of a scale I :250,000 can be used for compilation and organization of
the land use and land cover data. LULC data are availablefor most of the contiguous United
States and Hawaii. All LULC features are delineated by curved or straight lines that depict the
actual boundaries of an area, commonly referred to as a polygon. These polygons have a
minimum size of 10 acres or 4 hectares. Each polygon represents a homogeneous element in the
mapping scheme that is labeled with an integer or attribute code. The arcs and nodes are further
defined by a x,y point or string of points that provide the direction and location for the polygon.
This relationship may be defined by the labeled area within the polygon or outside of it. Such
positional data can be manipulated to meet a variety of user needs by reprojecting the data or re-
sealing them. The LULC data are available in two different formats: (1) as a part of the
Geographic Information Retrieval and AnalysisSystem (GIRAS) and (2) in the Composite Theme
Grid (CTG) format which is grid cell oriented instead of polygonal.

The State Soil Geographic (STATSGO) database was developed by the Natural Resource
Conservation Service (NRCS) of the U.S. Department of Agriculture (USDA). STATSGO is a
general soil association map developed in conjunctionwith the National Cooperative Soil Survey
Program administeredby the NRCS. STATSGO consists of a broad based inventory of soils and
non-soil areas that occur in a repeatable pattern on the landscape and that can be cartographically
shown at the scale mapped. The soil maps for STATSGO are compiled by generalizing more
detailed soil survey maps. Where more detailed soil survey maps are not available, data on
geology, topography, vegetation, and climate are assembled,together with Land Remote Sensing
Satellite (LANDSAT) images. Soils of like areas are studied, and the probable classificationand
extent of the soils are determined. STATSGO was designed for regional, multi-county, river
basin, state, and multi-state resource planningand management.
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CHAPTER 3
WATERSHED CHARACTERISTICS

The primary watershed characteristicsgoverning streamflowmay be outlined as follows.

. precipitation characteristics

. watershed area

. watershed characteristicsaffectinghydrologicabstractions and runoff volumes
land cover (land use and vegetation)

- soils
- antecedent moisture conditions

. topographic characteristicsprimarilyaffecting runoff response time
- watershed shape
- stream tributary configuration
- watershed slope
- stream channel slope

. watershed characteristicsaffectingsubsurfacebase flow
soils

- vegetation
soil moisture
channel bed materials

stream channel length
geology
groundwater table

Different precipitation and watershed characteristics affect different aspects of the streamflow
hydrograph as discussed below.

Precioitation Characteristics

Precipitation is the source of surface and subsurfacewater. Whether the precipitation is in
the form of snowfall or rainfall significantlyaffects streamflow characteristics, but precipitation in
Texas is usually rainfall. For a given rain storm, intensities vary greatly both temporally and
spatially. A storm may be centered over a particular subbasinand miss an adjacent subbasin, and
then vice versa for the next rainfallevent.

In distributing naturalized monthly streamflowstrom a gaging station to various ungaged
locations in a river basin, if accuracy in predictingflow for particular historical months (say June
1967) is the primary concern, then knowing the precipitation falling in that month over each
subwatershed would be important. However, if only the long-term characteristics of streamflows
are of concern, knowing the long-term mean precipitationfor each subbasin is probably adequate
for representing differences in precipitationin the distributionof streamflows.

For many water availability modeling situations, the differences in mean annual
precipitation may be insignificantfor relevant closely spaced locations in a river basin. However,
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there will be applications in which the mean precipitation for an ungaged subbasin will be
significantlydifferent than the gaged watershed from which streamflows are being transferred.
Although seasonal patterns of precipitation may vary between regions, annual means are still the
key characteristic to be considered in distributingflows to different sites within a river basin.

Watershed Area

Drainage areas clearly affect the streamflows from various subbasins in a river basin.
Drainage area is a key parameter in essentially all techniques for estimating discharge
hydrographs, daily or monthly volumes, peak flows, or other flow characteristics at ungaged sites.
Drainage area is logically considered to be a primarywatershed characteristic to be incorporated
in methods for transposing monthly naturalized flows from gaged watersheds to ungaged
subwatersheds.

Other Watershed Characteristics Governin2 Surface RunotT

The watershed characteristics governing the hydrologic processes that partition
precipitation into hydrologic abstractions (surface storage, infiltration, soil moisture, and
evapotranspiration) and streamflow can be categorized as follows.

. watershed characteristicsaffectingrunoff volumes
land cover

- soils
- antecedent moisture conditions

. topographic characteristicsprimarilyaffecting runoff response time
- watershed shape and slope
- stream tributary configurationand channel slopes

The tremendous amount of work reported in the literature on the subject of watershed
modeling provides insight into the relevance of various watershed characteristics in estimating
streamflows. The Hydrologic Engineering Center's Hydrologic Modeling System (HEC-HMS)
and its predecessor HEC-J are used as an example here because either version of the HEC
modeling package provides a comprehensive array of alternative widely-accepted hydrologic
analysismethods (Hydrologic EngineeringCenter 1998).

In HEC-J, HEC-HMS, and the various other single rainfall event watershed models, the
precipitation-runoff process is represented in three phases.

Phase 1: For each subbasin, precipitationis transformedto runoff volumes by subtracting
hydrologic abstractions.

Phase 2: For each subbasin, runoff volumesare converted to discharge hydrographs.

Phase 3: Flows are routed through stream reaches, and hydrographs from different subbasins
are combined.
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The phase 2 and 3 computations are performed after completion of phase 1 and have no affect on
runoff volumes. The single-eventmodels provide a detailed simulationof the watershed response
to a rain storm that results in flows rates at computational time steps of several minutes to a few
hours. Thus, the entire hydrograph for the several-hours to several-days rainfall-runoffevent is
precisely defined. Continuous models like the Soil and WaterAssessment Tool (SWAT) compute
daily runoff volumes without needing to define the instantaneous flow rates within a day. Thus,
the phase 2 computations noted above are not performed. Likewise, in dealing with naturalized
monthlyflows, the phase 2 and 3 processes are of little or no concern.

The point here is that watershed characteristics associated with phase 1 are important in
distributing monthly naturalized flows trom gaged to ungaged sites, but the watershed
characteristics associated with phase 2 are of relative little importance. The collective experience
in watershed modeling indicates that:

· Watershed characteristics affecting runoff volumes such as antecedent moisture conditions,
land cover, and soils, are very relevant to the problem of estimating monthly flow sequences
for ungaged locations.

· Topographic characteristics primarilyaffectingrunoff response time, such as watershed shape,
stream tributary configuration, and watershed and channel slopes, are much less relevant.

The HEC-l/HEC-HMS options for determining the direct runoff volumes to result trom
precipitation include the Natural Resource Conservation Service (NRCS) curve number, Green
and Ampt, and Holtan methods which incorporate parameters representing physical characteristics
of the watershed and the exponential and initiaVuniformmethods which are completely empirical
requiring calibration studies. Drainage area is a key parameter in all the methods. The other
parameters associated with the relevant three methods are indicated in Table 3.1.

Table 3.1 Watershed Runoff VolumeParameters in HEC-l Options

Method WatershedParameters Watershed Characteristics

NRCS Curve Number curve number land cover, soil type
antecedent moisture
soil characteristics
antecedent moisture

Green and Ampt hydraulicconductivity
effectiveporosity
suction head
growth index

ercolation rate
vegetation
soil tVDe

Holtan

An array of options are incorporated in HEC-l and HEC-HMS to convert runoff volumes
to discharge hydrographs. The watershed parameters incorporated in the three alternative
syntheticunit hydrograph methods, in additionto drainage area, are .as follows.
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NRCS Method

Synder Method

lag time which is a function of watershed slope,
basin hydrauliclength, and curve number

lag time which is a function of storage coefficients,
basin hydrauliclength, and distance to basin centroid

Clark Method storage coefficient,time of concentration,
and time-area relationship

These parameters are related primarily to the time required for the rainfall to run off the
watershed and reach the outlet. The topographic characteristics of the basin govern the runoff
response time and shape the discharge hydrograph but do not affect runoff volumes in the model.
These types of topographic parameters are important in predicting instantaneous peak flood flow
rates but are much less important in determiningdailyor monthlyflow volumes.

Watershed Characteristics AtTectin2Base Flow

Base flow entering the stream ITomsubsurfacewater is perhaps the most complex aspect
of streamflow to characterize. Fortunately, to a large extent, base flow can be expected to vary
between locations in roughly about the same proportion as surface runoff Thus, flow distribution
methods that deal with total flows, without separating surface runoff and base flow, are probably
adequate in most cases, but may present problems in some watersheds. Base flow depends upon
various surface and subsurface characteristicsof the watershed including:

· the relationshipbetween the groundwater table and stream channel bottom elevations
. geologic conditions affectingthe flow through the saturated zone
· soil characteristics and moisture conditionsaffectingflow through the unsaturated zone
· stream length and width and channelbed materials

· vegetation in the watershed and along the streambanksaffecting transpiration losses

There have been two general strategies for separating base flow ITomsurface runoff One
approach includes various empirical, largely judgmental methods of analyzing observed
hydrographs at gaging stations. The other approach involves comprehensive water accounting
algorithms built into watershed computer models.

Kev Watershed Characteristics for Transferrin

Based upon the considerations outlined in the previous paragraphs, the most relevant
watershed characteristics to be incorporated into approaches for distributing naturalized monthly
streamflows ITomgaged to ungaged watersheds are as follows.

1. drainage area
2. soil type and land cover which maybe combinedinto a NRCS curve number
3. mean precipitation
4. antecedent moisture condition which mayalso be reflected in the curve number
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CHAPTER 4
METHODS FOR DISTRIBUTING FLOWS

FROM GAGED TO UNGAGED SITES

Chapter 1, page 1 includes a list of general approaches for estimating monthly naturalized
streamflows for ungaged subwatersheds based upon naturalized flows at gaging stations. The
following discussion of alternative methods is organized based on the categorization of general
approaches reflected in that list.

Distribution of Flows in Proportion to Draina2e Area

Application of drainage area ratios is the simplest and perhaps most widely used method
for distributing flows ITom gaged to ungaged sites. This has been the predominant method
adopted in water availability modeling studies conducted by the TNRCC and its predecessor
agencIes.

The streamflow per unit area of watershed is assumed constant. The monthly naturalized
flow Qungagedat the ungaged site is related to the corresponding naturalized flow at the gage Qgagc
by the ratio of drainage areas Aungagcdand Agagcabove the gaging station and ungaged site.

Q Q
(

Aungaged

Jungaged - gage A
gage

(4-1)

In Figure 1.1, the flow each month at site 5 is estimated as a function of flow at gage D as
follows.

The flows at site 12 could be estimated similarly as a function of total flows at gage A.
Alternatively, the flows at site 12 could be estimated as a function of the incremental local flows
at gage A computed as

Qincremental= QA - QB - Qc

Aincremenatal= AA - Aa - Ac

(
AI2

)
Q = Qincremental A I12 incrementa

Flows at site 1 may be estimated by an area-weighted averaging of flows at gages A, B, and C.

Alternatively, flows could be estimated as a nonlinear function of drainage area ratio as
follows
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N

Aungaged

Qungaged = Qgage A
gage

(4-2)

with the exponent N being determined trom empirical analyses of gaged flows at many different
gaging stations.

Although the drainage ratio approach is logical and has been widely applied, the literature
review has uncovered no work dealing specificallywith evaluating the validity of using drainage
area ratios to distribute flows. An evaluationof the drainage area ratio approach is included in the
analyses of available naturalized flows at selected gaging stations in the Brazos, San Jacinto, and
Sulphur River Basins reported in Chapters 5 and 6. The drainage area is also a key parameter in
all the other approaches considered in this investigation.

Flow Distribution Eauation with Watershed Parameter Ratios

Murthy et at. (1975) describe early water availabilitymodeling concepts developed by the
Texas Water Rights Commission(a predecessor of the TNRCC) and application to the Guadalupe
River Basin. The following equation is presented for distributing storm runoff to the
subwatersheds between gaging stations:

SWRF:
I = SRFj (

!!L
]

CI

(
~

]

C2

(
~

]

C3

(
rdcj

]

C4

Aj DDj CNj RDCj
(4-3)

where SWRFj and SRFj are the runoff trom subwatershed i and watershed j, respectively; ~ and
Ai are the drainage areas of subwatershed i and watershed j; ddj and DDj are drainage densities;
cnj and CNj are hydrologic characteristic numbers; and rdcj and RDCj are rainfall distribution
coefficients for ungaged subwatershed i and gaged watershed j. The drainage density (dd and
DD) is defined as the total length of main stream and tributaries per unit drainage area. The
hydrologic characteristic number (cn and CN) is determinedbased on soil characteristics and land
use in the watershed. Rainfalldistributioncoefficientsare computed trom monthly rainfall records
and their probability distributions. Murthy et at. (1975) do not explain how the exponents C1,
C2, C3, and C4 are determined. Presumably,estimates could be developed based on analyses of
flows at multiple gaging stations.

If C2, C3, and C4 are zero, Equation 4-3 reduces to Equation 4-2. Although the
parameters in Equation 4-3 and perhaps others were investigated during the water availability
modeling studies conducted by the Texas Water Rights Commission, Texas Department of Water
Resources, and Texas Water Commissionduring the 1970's and 1980's, the drainage area ratio
was the predominant parameter used to distributeflows.

The drainage area (A) and curve number (CN) are parameters for both Equation 4-3 and
the adaptation of the NRCS curve number method (Equation 4-4) described next. With the
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drainage density and rainfall distribution coefficient ratios set equal to one, Equation 4-3 reduces
to the following.

Cl

( )

C3

a. en;

SWRF, = SRFj(AJ CN,

A simple exercise was performed in conjunction with the present investigation to compare this
equation with the NRCS curve number method. The exponent CI was set equal to one,
consistent with the NRCS equation, and an attempt was made to determine a value for C3 that
would result in the equations providing similar results. However, the above equation is
fundamentally different from the NRCS curve number equation and will yield significantly
different results if the curve numbers for the gaged and ungaged watersheds are significantly
different. The equation above provides a linear relationship between the flows at the gaged and
ungaged sites. The adaptation of the NRCS curve number provides a nonlinear relationship
between flows at the different sites. The nonlinearityis significant.

The approach presented next is considered to be preferable to the use of Equation 4-3
since the form of the NRCS equation is more realistic,and it has been used in many different types
of applications. The use of drainage density ratios are not incorporated in the NRCS method.
However, drainage densities are somewhat arbitrary to estimate because of difficulties in
determining the distance to extend the tributary stream length measurements. The approach
outlined below incorporates mean precipitationin a more straight-forward manner than the rainfall
coefficient in Equation 4-3.

NRCS Curve Number Method AdaDtation

The Natural Resource Conservation Service (NRCS) curve number (CN) method is based
on the following relationship between rainfalldepth, P in inches,and runoff depth, Q in inches.

Q = (P-0.2S)2
P+0.8S

Q=O

where S = 1,000
CN -10 (4-4)

if P < 0.2S

P and Q in inches must be multiplied by the watershed area to obtain volumes. The potential
maximum retention, S in inches, represents an upper limit on the amount of water that can be
abstracted by the watershed through surface storage, infiltration, and other hydrologic
abstractions. For convenience, S is expressed in terms of a curve number CN, which is a
dimensionless watershed parameter ranging from 0 to 100. A CN of 100 represents a limiting
condition of a perfectly impervious watershed with zero retention and thus all the rainfall
becoming runoff A CN of zero conceptuallyrepresents the other extreme with the watershed
abstracting all rainfallwith no runoff regardlessof the rainfallamount.

The watershed parameter CN can be determined from empirical information, such as that
reproduced as Table 4.1, developed by the NRCS as a function of watershed soil type, land
cover/use/condition, and antecedent moisture condition.
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Table 4.1 Watershed Curve Numbers (McCuen 1998)

Cllrve Numbers (or
Curve Numbers for

Hydrologic Soil Group
Hydrologic Soil Group

Hydrologic

Land Use Description A B C D Land Use Description Tretment nr Prctice Condition A B C D

Fully developedurbanareas'(vegetationestablished)
Conlnured :md telTaces Poor 66 74 80 82

Lawns. openspaces,paries.golf courses,cemeteries.etc.
Conloured andlelTces Good 62 71 78 81

Good condition; grasscover on 75% or moreof the area 39 61 74 110
Contourel! anI! lelTa<'es Poor 65 73 79 81

Fair condition; grasscover on 50% 1075% of Ihearea 49 69 7'1 114 :mll \O,'n,,,"rv:lli,Intillngc Good 6] 70 77 80

poor condition; grasscover on 50% or lesso( Ihearea 611 79 116 X'I SI1111 rain Slra'j!hl r.." Poor 65 76 84 88

Paved parking lOIS,roofs, driveways, elc. 98 911 9K 'IX Slra'j!hl r.." Gooo 63 75 83 87

StreetS and roads
Cnn'C:r\.lllIu,IIII:It!( Poor 64 75 83 86

Paved with curbs and stOrTnsewcrs 911 911 911 'IX
r...",,'r\ :,IO..n101I,,!!e Good 60 72 80 84

Gravel 76 85 K'I '/I
Cnn1nurel! Poor 63 74 82 85

Dirt 72 82 K7 1\'1
Contuure,l Good 61 73 81 84

Paved with open ditches 83 89 92 'IJ
Conlnurel! ;1I11! Poor 62 73 81 84

cnnservalinn lilla!:!e Good 60 72 80 83

Average % impervious
Contoured anI! lelT;lCeS Poor 61 72 79 82

Commercial and business areas 85 89 92 94 95 Conlllurel! anI! lelTaces Good 59 70 78 81

Industrial districts 72 81 88 91 93 Contoured anI! lelTaces Poor 60 71 78 81

Row houses. town houses, and residential with lots sizes 65 77 85 C}() 92
anI!conser\'a1iontillage Good 58 69 77 80

1/8 acre or less
Close-seeded Sirail:!hl row Poor 66 77 85 89

N Residential:averagelot size
legumes Slrai!:!hl rnw Good 58 72 81 85

00 1/4acre
rottions Conlourel! Poor

38 61 75 83 117
64 75 83 85

1/3acre 30 57 72 81 86
meadows' Conlourel! Good 55 69 78 83

112acre 25 54 70 80 85
Cc,nloured anI! telTaces Poor 63 73 80 83

I acre 20 51 68 79 84
Conlllurel!;ml!lerrJl'eS Good 51 67 76 80

2 acre \2 46 65 77 82 Noncultivaled agricultural land

Developing urban areas' (no vegetation established)
Paslureor range No mech:mi:lllrealment Poor 68 79 86 89

Newlygradedarea 77 86 91 94
No mechanical treatmenl Fair 49 69 79 84

Western desert urban areas

No mech:mical treatmenl Good 39 61 74 80

NalUraI desert landscaping (pervious area onlyt 63 77 85 KK
Cuntourel! Poor 47 67 81 88

Artificial desert landscaping 96 96 96 96
Conlnuretl Fair 25 59 75 83
Conlourel! Good 6 35 70 79

Curve Numbers for
Meadow - 30 58 71 78

HydrologicSoil Group
Forestland-grass or Poor 55 73 82 86

Hydrologic orchords-<:vergreen Fair 44 65 76 82

Land Use Description Treatment or Practiced Condition A B C D deciduous Good 32 58 72 79

Cultivated agrlcullUralland

Brush Poor 48 67 77 83

Fallow Straight row or bare soil 77 86 9\ 94
Fair 35 56 70 77

Conservation tillage

. Good 30 48 65 73
Poor 76 85 90 93 Woods

Conservation tillage Good 74 83 88 90
Poor 45 66 77 83

Rowcrops Straight row Poor 72 81 88 91
Fair 36 60 73 79

Straight row Good 67 78 8S K9
Good 2S 55 70 77

FrTnsteads

Conservation tillage Poor 71 80 87 90
- 59 74 82 86

Conservation tillage Good 64 75 82 85 Foresl.range

Contoured Poor 70 79 84 K8
Herbaceous Poor 80 87 93

Contoured Good 6S 7S 82 86
Fair 71 81 89

Contoured and Poor 69 78 83 87
Good 62 74 85

conservation tillage Good 64 74 8\ 85 Oak-aspen Poor 66 74 79

Fair 48 57 63
Good 30 41 48



The soil groups and hydrologic conditions in Table 4.1 are based upon standard NRCS
classificationprocedures. The NRCS has classifiedsoils throughout the United States in county
soils surveys and soils databases. Soilsare categorized as follows.

Group A: deep sand; deep loess; aggregated silts (infiltration0.30-0.45 inch/hour)
Group B: shallow loess; sandy loam (infiltration0.15-0.30 inch/hour)
Group C: clay loams; shallow sandyloam; soils low in organic content;

soils usually high in clay (infiltration0.05-0.15 inch/hour)
Group D: soils that swell significantlywhen wet; heavy plastic clays;

certain saline soils (infiltration0-0.15 inch/hour)

Hydrologic condition is defined as follows.

Poor: heavily grazed or regularlyburned areas with less than 50% of the ground
surface protected by plant cover or tree canopy.
moderate with 50 to 75% of the ground surface protected by vegetation.
heavy or dense cover with more than 75% of the ground surface
protected by vegetation.

Fair:
Good:

The CN values in Table 4.1 are for average antecedent moisture conditions. The NRCS
procedures also allow adjustments for eitherwet or dry antecedent conditions.

For a watershed with subareas of different soil types and land cover, a composite CN is
determined by weighting the CN's for the different subareas in proportion to land area associated
with each.

composite CN = CN1(%area 1) + CN2(%area 2) + ... + CNN(%area N) (4-5)

The curve number CN method dates back to the 1950's and is based on extensive field
tests conducted by the Soil Conservation Service (renamed Natural Resource Conservation
Service). The method is described by the Soil Conservation Service (1985), a number of
hydrology textbooks including McCuen (1998), and numerous other references. Ponce and
Hawkins (1996) review the important role played by the method and its strengths and
weaknesses. The standard references all reproduce the tables of empirical information, such as
Table 4.1, developed by the NRCS to facilitate estimation of the CN as a function of watershed
characteristics. The technique is widelyused by water agencies, consulting firms, and universities
in the United States and abroad. The CN method has been widely applied largely because it is
easy to use, empirical information including soils and land use databases are available for
estimating the single parameter CN, and it is supported by a major federal agency. The CN
method has been widely criticized due to its over simplicity.

The CN method was developed to compute the total runoff volume Q given the total
depth P for a rain storm. The original motivation in the 1950's was to develop a technique for
evaluating the impact of agriculturalactivitieson runoff volumes. However, the method has since
been applied to a much broader range of urban and agricultural watershed modeling situations
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than originally envisioned. The HEC-l Flood Hydrograph Package and HEC-HMS Hydrologic
Modeling System apply the CN equation to obtain the runoff trom each small time increment of
rainfall during a rainfall event (Hydrologic Engineering Center 1998). The Soil and Water
Assessment Tool (SWAT) applies the CN equation to obtain the runoff from daily rainfall
amounts. The CN method is incorporated in various other complex computer models and simple
manual computation procedures.

The present research includes an investigation of the validity of applying the CN method
to transfer monthly flows trom gaged to ungaged locations. Although the method was developed
to determine the runoff trom single storm events, it might also be a reasonable approximation for
monthly values. Observations of gaged data indicate that the runoff volume associated with a
particular precipitation depth tends to vary greatly between storm events. The CN number
method, like other approaches discussed here, estimates the mean runoff associated with a
particular precipitation depth and may be significantly in error for a particular rainfall event.
Golding (1997) notes that the fit of measured data to the CN relationship improves with
aggregation such that estimating monthly runoff trom monthly rainfall has less scatter than for
daily values. Although the original CN method does not include base flow, the procedure for
distributing naturalized flows outlined below distributes all of the flow including base flow in the
same proportion as runoff.

The following proposed procedure for distributing monthly naturalized flows at one or
more gaging stations to an ungaged site is an adaptation of the CN relationship. The required
data consists of monthly naturalized flows at the gaging station and drainage areas A and
watershed curve numbers CN for both the gage location and the ungaged site. The CN can be
estimated using standard procedures either manuallyor trom GIS-based databases of soil type and
land use. Likewise, the drainage areas can be determined either manuallyor by GIS. Optionally,
the long-term mean precipitationM maybe input for both the watershed and subwatershed for the
precipitation adjustment outlined in step 3. The following computations are performed for each
month.

Step 1: The flow at the gage, in acre-feet/month, is divided by the drainage area Agageand
multiplied by a unit conversionfactor to convert to an equivalentdepth Qgage in inches.

Step 2: Qgage is input to the curve number equation (Equation 4-4) to obtain Pgagein inches. An
iterative method is required to solve Equation 4-4 for P. This approximation for
precipitation depth is assumedto be applicableto the ungaged subwatershed as well as the
gaged watershed. Base flow is being distributed along with storm runoff, all in the same
proportion.

Step 3: If the long-term mean precipitationvaries between the watershed and subwatershed, the
precipitation depth may optionallybe adjusted by multiplyingPgageby the ratio of the long-
term mean precipitation depth of the subwatershed to that of the watershed to obtain a
Pungagcdadjusted in proportion to meanprecipitation.
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(
M ungaged

Jadjusted Pungaged= Pgage M gage
(4-6)

where Mungagedand Mgagedare the mean precipitation for the ungaged subwatershed and
gaged watershed. Otherwise, Pungagedis assumed equal to Pgage.

Step 4: Pungagedis input into Equation 4-4 to obtain Qungagedin inches. Qungagedin inches is
multiplied by Aungagedand a unit conversion factor to convert to flow in acre-feet/month.

Re2ression of Flows at Ga2es with Watershed Parameters

The TNRCC (1997) presents a set of three alternative methodologies proposed by the
USGS for developing naturalized monthly flows at ungaged sites. The USGS has identified 76
stream gages in Texas with at least a 40 year period-of-record of unregulated/nonurbanized flow
data and an additional 354 stations with between 5 and 40 years of unregulated/nonurbanized
flow data. The objective is to devise a scheme for relating flows at ungaged sites to the flows at
these gages based upon measurable characteristics of the gaged and ungaged watersheds such as
drainage area, major channel length and slope, and a basin shape factor defined as the ratio of the
major channel length to the mean basin width.

A database of naturalized monthly flows at the gages would be developed by (1)
naturalizing the gaged flows by adjustments to remove the effects of human water use and (2)
extending flows at gages with short records by regressing with flows at gages with longer records.
A database of the watershed characteristicsfor each gage would also be developed.

The first alternative USGS procedure outlined by the TNRCC (1997) would be based on a
regression study to develop a set of equations to relate flows at ungaged locations to those at
selected gages based on watershed characteristics. The second alternative procedure would be
based on relating flow duration-curves at ungaged sites to the flow-duration curves at selected
gages based on watershed characteristics. The third procedure is based on incorporating short-
term flow measurements at the otherwise ungaged sites into the analyses.

Rainfall-Runoff RelationshiDs

Linsley et aI. (1982) and other hydrology books review the practice of developing
relations between precipitation and runoff using recorded data trom precipitation and streamflow
gages, for a monthly, seasonal, or annual time interval. Annual data typically exhibit less scatter
than monthly data. The general form of the relationship is illustrated by the annual precipitation-
runoff relation reproduced as Figure 4.1 for the 4,460 mile2 (11,550 km2) watershed of the
Merrimack River above Lawrence, Massachusetts.

Runoff volume expressed as an equivalent depth covering the watershed area represents
the measured flow volumes for the selected time interval at a streamflow gage. Precipitation is
typically determined by spatially averaging the records of several precipitation gages in the
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watershed above the streamflow gage. Gaged precipitation depths, in inches or millimeters, are
related to runoff volume as a depth equivalent in inches or mm. Standard regression techniques
may be used to express the relationship as an equation. The precipitation-runoff relationship for
gaged watersheds is assumed to be applicable to other ungaged watersheds. Precipitation
estimates for a subwatershed with no stream gage are combined with the precipitation-runoff
relationship to obtain the runoff depth which is then combined with the subwatershed drainage
area to obtain the volume in acre-feet or other units for the ungaged site.
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Figure 4.1 RelationshipBetween AnnualPrecipitation and Runoff
for the MerrimackRiver Basin (Linsleyet al. 1982)

Reed, Maidment, and Patoux (1997) used a precipitation-runoff relationship in developing
the runoff portion of a water balance for the state of Texas. This study included constructing
independent models for an atmospheric water balance, a soil water balance, and a surface water
balance. The surface water balance resulted in gage-calibrated maps of mean annual runoff and
evaporation for the entire state on a 500 meters grid. A rainfall-runoff relationship was used to
estimate runoff in ungaged areas.

Variations of the procedure adopted by Reed, Maidment, and Patoux (1997) may be
adapted to various applications. The general procedure for determining runoff trom ungaged
subwatersheds of a larger gaged watershed based on spatial variations in precipitation is as
follows.
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. A curve of annual rainfalldepth, in millimeters,versus runoff volume as a depth equivalent, in
mm, is developed using recorded streamflow and rainfall measurements for numerous
watersheds throughout the state.

. Recorded precipitation at appropriate gages is spatiallyaveraged to estimate the precipitation
for a subwatershed. This precipitation depth is combined with the precipitation-runoff
relationship to estimate runoff for ungaged areas.

. Flow accumulation computations proceed from upstream to downstream. The runoff volume
as an equivalent depth in mm from each additional incrementaldrainage area is determined as
noted above. The cumulative volume in m3is determined by converting the runoff depths of
upstream subareas to m3and summing.

. At the stream gaging station at the outlet of the overall watershed the runoff volume estimated
using the generalized annual precipitation-runoffcurve is compared to the runoff measured at
the gage. The difference between gaged and estimated is treated as a correction to be
distributed back throughout the subareas of the watershed.

The use of precipitation-runoff relationships to distribute flows from gaged to ungaged
locations allows the flows to vary between locations in response to spatial variations in
precipitation as estimated by recorded measurements at multiple precipitation gages. However,
this procedure by itself does not reflect differences in subwatershed characteristics other than
drainage area and precipitation.

Comouter Models of Watershed Bvdrolo2V

As previouslydiscussed,generalizedwatershedmodelsare availablethat computesequencesof
dailyor monthly streamflowsfor givenprecipitationinput. The practicalityof adopting the Soil and
Water Assessment Tool (SWA1) or other hydrologicsimulationmodels for developing naturalized
monthlyflowsfor ungagedwatershedsis investigatedas a part of this study.

As discussedin Chapter2, water accountingroutinesare incorporatedin watershed modelsto
simulationsurface storage, surfacerunoff:infiltration,soil moisture,evapotranspiration,groundwater
storage/flow, and streamflow. A river basin is divided into subbasinsand flows computed at all
pertinentlocations.

Computer models simulating river basin hydrology have advantages and disadvantages
relative to the simpler methods previously discussed. Watershed (precipitation-runoff) models
contribute to a greater understanding of the hydrologic processes governing streamflows in the
basin. Models also provide capabilitiesfor dealing with complexities such as subsurface/surface
water interactions. However, a watershed modeling study requires considerable expertise, time,
and effort. More input data is needed. Additional sophistication reflected in a watershed model
may not necessarily result in significant improvements in the accuracy of naturalized flow
estimates.
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A variety of alternative strategies could be formulated for applying a watershed model to
develop naturalized flows. The conventional approach for applying a model involves the
following tasks.

1. Sequences of recorded daily precipitation depths at all relevant precipitation gaging stations
are provided as model input.

2. The river basin is divided into subbasins to obtain flows at all pertinent locations. Initial
values for the parameters are estimated for all subbasinsand stream routing reaches.

3. A calibration study is performed in which parameters are iteratively adjusted until the
computed flows reasonably match the observed flows at stream gaging stations.

4. The calibrated model is executed with given precipitation input to obtain sequences of daily
flows at all pertinent locations. The dailyflows are aggregated to obtain montWyflows.

A simpler flow distribution approach was investigated in this study (Chapter 6) that still
incorporates the capabilities provided by a watershed simulationmodel. This approach involves
applying SWAT with options requiring minimal input to develop relationships (regression
equations) between flows at gaged and ungaged locations. The regression equations are then
combined with the known naturalizedflows at the gage to obtain flows at the ungaged site.

The watershed of Figure 1.1 is used to illustrate this general approach. Period-of-analysis
sequences of daily rainfall observations at one or more precipitation gages are provided as input.
Alternatively, the synthetic rainfallgeneration option in SWAT could be used with only one gage
ftom the precipitation station database for simplicity. GIS is used to delineate drainage areas. As
discussed in Chapter 5, the required weather data and watershed parameters are obtained ftom
existing databases through the SWAT/GISInterface. SWAT performs computations using a daily
time step with results aggregated to montWyvalues. Model output would include naturalized
montWystreamflows at the fivegaging stations and 12 ungaged sites shown in Figure 1.1. These
flows will be approximate and will not match the already known naturalized flows at the five
gages. However, the flows should represent spatial consistency such that they would be adequate
for developing relationships between gaged and ungaged locations. For each of the 12 ungaged
sites, the SWAT computed sequence of montWy flows for that site are regressed with the
corresponding flows at the next downstream gage, using standard least squares regression
techniques. The regression equation will likelybe of the form

Qungaged = a + b Q~age

where the coefficients a, b, and c are determined by applying least squares regression analysis to
the SWAT output and will be different for each site. The already known naturalized montWy
flows at the gage (not those computed with SWAT) are then substituted into the regression
equation for Qgagcto obtain flows for the ungaged site Qungagcd.

34



--. ___A -- --- ----.

CHAPTER 5
ANALYSES OF NATURALIZED FLOWS

AT SELECfED GAGING STATIONS

Chapters 5 and 6 summarizethe results of analyses of naturalized monthly streamflows at
selected gaging stations in the Brazos, San Jacinto, and Suphur River Basins. Analyses for the
stations in the Brazos and San Jacinto Basins were included in the initial (June 1998) draft of this
report. Since that time, the R. 1. Brandes Company under contract with the TNRCC has modeled
the Texas portion of the Sulphur River Basin. The analyses presented in Chapters 5 and 6 have
been extended to include several gaging stations in the Sulphur River Basin using data from the
TNRCC/Brandes study.

The relationships between flows from different subwatersheds of a river basin are
investigated, and alternative methods for transferring flows are tested. Chapter 5 describes the
naturalized monthly flow data adopted for the study and presents the results of analyses
comparing flows at the differentgaging stations. The followingtechniques are applied:

. scatter plots of flows at one location versus flows at another location

. standard correlation and regression analysismethods

. comparison of ratios of flows at pairs oflocations

Understanding the degree of correlation and the relationships between the flows at different
locations is fundamental to formulating methods for distributing flows from gaged to ungaged
sites and evaluating their validity.

The naturalized flows described in Chapter 5 are used in Chapter 6 in a comparative
evaluation of alternative approaches outlined in Chapter 4 for transferring flows. Analyses
reported in Chapter 6 involve computing naturalized flows at locations for which the flows are
known and then comparing the computed flows with the known flows.

DescriDtion of River Basins and Streamflow Data

The location and size of the Brazos and San Jacinto River Basins and the Texas portion of
the Sulphur River Basin relative to other major basins in Texas are shown by the map of Figure
1.2. A map of the Brazos and San Jacinto Basins is provided as Figure 5.1.

Brazos River Basin

The Brazos River Basin encompasses an area of 45,600 miles2,with about 43,000 miles2
in Texas and the remainder in New Mexico. Approximately 9,750 mile2 in the northwestern
portion of the basin, including all the area in New Mexico and a portion of the area in Texas, are
non-contributing to downstream flows. The basin encompasses about 16 percent of the land area
of Texas. Mean annual precipitation varies from about 16 inches in the northwestern (upstream)
end of the basin to over 50 inches in the lower basin near the Gulf of Mexico. In its upper reaches
in the arid plains of West Texas, the Brazos River is a salty intermittent stream. Toward the
coast, it is a rolling river flowingthrough hardwood bottoms, pastures, and cultivated fields. The
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Little River and Navasota River watersheds are in the more humid lower half of the Brazos Basin
and consist of pastures, forests, agricultural fields, and smallcities.
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Figure 5.1 Brazos and San Jacinto River Basins

Texas Department of Water Resources (TDWR) Report 244 (Doughtery 1980) describes
141 stream gaging stations in the Brazos River Basin. Most are maintained by the U.S.
Geological Survey (USGS). Naturalized monthly flows at the 15 USGS stream gaging stations
shown in Table 5.1 and Figure 5.2 were adopted for this study. The 15 stations are divided into
three groups for purposes of the analyses presented in this report. Stations 1 through 7 are
located on various tributaries in the Little River subbasin and have drainage areas ranging from
248 to 7,065 mile2. Stations 8 and 9 on the Navasota River have drainage areas of968 and 1,454
mile2. Stations 10 through 15 on the main-stem Brazos River have very large drainage areas
varying from 23,810 to 45,010 mile2.
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The naturalized flow data used in this investigation were developed in conjunction with a
water availability modeling study performed by the Texas Department of Water Resources
(1981). Naturalized flows for the period 1940-1976 were developed by the TDWR by adjusting
gaged flows to remove the effects of reservoir storage and diversions for beneficial use. The
naturalization process included adjustments for about 40 major water supply reservoirs, many
smaller storage facilities, over 400 Soil Conservation Service flood retarding dams, and numerous
diversions and return flows. As indicated by Table 5.1, the period-of-record for several of the
stations does not completely cover the period 1940-1976. The TDWR extended the records as
necessary by regressing flows at these stations with flows at nearby gaging stations, using the
MOSS-IV computer program (Beard 1973).

The Texas Water Commission (TWC), the TDWR's successor, provided the 1940-1976
naturalized flows at 23 USGS gaging stations developed by the TDWR (1981) to researchers at
Texas A&M University (TAMU) for use in the study documented by Wurbs et al. (1988). Wurbs
et at. (1988) developed an alternative set of monthly unregulated flow sequences covering the
period 1900-1984. Gaged flows were adjusted to remove the effects of 21 of the largest water
supply reservoirs. Flows at the Richmond gage were further adjusted to remove the effects of
diversions through the Brazos River Authority Canal A and Richmond Irrigation Company Canal.
The TAMU and TWC data sets were compared and found to be very similar, indicating that the
few larger reservoirs considered in the TAMU study account for most of the adjustments reflected
in the much more detailed TDWR/TWC flow naturalizationprocess.

Gaged monthly flows at the Richmond and Waco gages on the Brazos River (stations 15
and 13) and Cameron gage (station 7) on the Little River are plotted in Figures 5.3, 5.4, and 5.5.
Flow-duration curves for 1940-1976 monthly flows at these three stations are compared in
Figures 5.6 - 5.8. Annual gaged, TAMU unregulated, and TWC naturalized flows are compared
in Tables 5.2, 5.3, and 5.4. Again, the Texas Water Commission(TWC) naturalized flows are the
USGS gaged flows adjusted by the TDWR (TWC predecessor) as described above. The TAMU
regulated flows are USGS gaged flows adjusted by Wurbs et aI. (1988).

Annual precipitation for the watersheds of the Richmond, Bryan, Waco, and Cameron
gages are tabulated in Table 5.5. (Wurbs et al. 1988). The precipitation depths are estimated by
averaging recorded amounts at 8 precipitation gages for the Little River watershed above the
Cameron gage (station 7) and 28 and 41 precipitation gages, respectively, for the Brazos River
watersheds above the Waco and Richmond gages (stations 12 and 15). The periods-of-record
vary between gages, and the means for each year reflect the gage records available for that year.
Figures 5.9, 5.10, and 5.11 are plots of 1940-1976 annual precipitation versus naturalized
streamflow. The plots illustrate the scatter typical of rainfallversus runoff data. Monthly data
tend to have greater scatter than aggregated annual means.
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Table 5.1 Selected Streamflow Gaging Stations in the Brazos River Basin

Nearest USGS Drainage Mean Mean Portion of 1940-1976
Station Stream City Gage Area Flow Flow Covered by

Number (mile2) (ac-ft/yr) . (inches/yr) Period of Record

LittleRiver Subbasin
1 LeonRiver Hasse 08099500 1,261 114,800 1.71 1940-1976
2 LeonRiver Belton 08102500 3,542 518,300 2.74 1940-1976
3 LampasasRiver Youngsport 08104000 1,240 210,200 3.18 1940-1976
4 LampasasRiver Belton 08104100 1,321 261,200 3.71 Feb 1963- Dee 1976
5 N. Fork San Gabriel Georgetown 08104700 248 69,600 5.26 Jul1968 - Dee 1976
6 San GrabrielRiver Laneport 08105700 738 .189,600 4.82 Aug 1965- Dee 1976
7 LittleRiver Cameron 08106500 7,065 1,328,500 3.53 1940-1976

Navasota Subbasin

8 NavasotaRiver Easterly 08110500 968 319,500 6.19 1940-1976
9 NavasotaRiver Bryan 08111000 1,454 391,000 5.04 Jan 1951- Dee 1976

Mainstream
10 BrazosRiver Palo Pinto 08089000 23,810 861,500 0.68 1940-1976
11 BrazosRiver Aquilla 08093100 27,240 1,756,000 1.21 1940-1976
12 BrazosRiver Waco 08096500 29,570 1,934,000 1.23 1940-1976
13 BrazosRiver Bryan 08109000 39,520 4,007,000 1.90 1940-1976
14 BrazosRiver Hempstead 08111500 43,880 5,344,000 2.28 1940-1976
15 BrazosRiver Richmond 08114000 45,010 6,401,000 2.67 1940-1976
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Figure 5.5 Monthly Gaged StreamflowHydrograph
at Cameron Gage on Little River (Station 7)
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Table 5.2 Comparison of Annual Flows at Richmond Gage (Station 15)
(Wurbs et at. 1988)

Annual Flow in acre-feet Percent of Gaged
TAMU 1WC TAMU 1WC

Year ed Unre lated Naturalized Unre lated Naturalized

1940 7,758,910 7,410,388 7,851,618 95.5 101.2
1941 13,910,500 14,346,378 13,806,657 103.1 99.3
1942 8,296,710 8,505,618 8,517,257 102.5 102.7
1943 2,108,960 2,106,135 1,984,736 99.9 94.1
1944 8,600,480 8,878,290 8,901,381 103.2 103.5
1945 9,659,400 10,058,334 10,075,109 103.7 104.0
1946 8,227,090 8,886,366 8,406,103 108.0 102.8
1947 4,781,200 5,381,676 4,877,188 112.6 102.0
1948 1,697,900 1,892,009 1,873,102 111.4 110.3
1949 4,023,710 4,064,956 4,322,245 101.0 107.4
1950 3,670,770 4,426,907 3,960,416 121.0 107.9
1951 891,910 1,042,432 996,828 116.9 111.8
1952 1,446,990 1,648,562 1,612,838 112.4 110.0
1953 3,668,980 4,419,181 4,606,973 120.4 126.1
1954 1,127,660 1,418,617 1,362,354 126.0 121.0
1955 2,236,590 2,802,870 2,986,883 125.3 134.0
1956 960,020 842,231 898,582 88.0 93.6
1957 14,209,420 13,825,945 14,984,783 97.3 106.0
1958 5,756,700 5,909,958 5,932,483 103.1 103.1
1959 5,447,250 5,836,004 5,875,656 107.1 108.1
1960 6,857,140 7,110,624 7,158,404 104.1 104.4
1961 9,693,800 9,901,227 10,018,645 102.1 103.4
1962 2,941,700 3,590,161 3,381,734 122.0 115.1
1963 1,353,000 1,551,270 1,698,264 115.1 126.0
1964 1,659,280 2,057,165 2,209,970 124.1 133.2
1965 7,861,000 8,860,428 8,630,871 114.0 110.8
1966 5,822,080 6,331,361 6,412,548 108.4 110.1
1967 1,381,440 1,794,160 1,963,592 130.1 142.1
1968 10,009,900 11,030,169 11,074,102, 110.2 111.0
1969 5,524,730 6,285,600 6,405,007 114.1 116.0
1970 4,711,890 5,083,781 5,019,975 108.1 107.0
1971 2,073,450 3,420,179 3,342,931 165.1 161.2
1972 2,370,460 3,058,040 3,001,706 129.0 127.0
1973 8,566,400 9,078,366 9,113,881 106.1 106.4
1974 6,601,540 7,524,022 7,823,188 114.1 119.0
1975 7,084,590 7,093,489 7,280,038 100.1 103.1
1976 5,701,000 6,308,629 6,400,579 111.1 112.3
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Table 5.3 Comparison of Annual Flows at Waco Gage (Station 12)
(Wurbs et al. 1988)

Annual Flow in Acre-feet Percent of Gaged
TAMU TWC TAMU TWC

Year Gaged Unregulated Naturalized Unregulated Naturalized

1940 2,003,570 2,036,267 2,038,918 102.0 102.1
1941 4,965,660 5,732,670 5,700,425 115.4 115.1
1942 3,831,550 3,943,540 3,973,631 103.0 104.0
1943 738,920 500,669 512,290 68.1 69.3
1944 1,472,020 1,651,409 1,681,202 112.2 114.2
1945 2,835,030 3,075,364 3,103,807 109.1 110.1
1946 1,808,160 1,885,563 1,909,210 104.3 106.1
1947 1,361,740 1,338,830 1,349,068 98.3 99.1
1948 737,470 787,502 795,028 107.1 108.1
1949 1,540,300 1,647,823 1,707,407 107.1 111.0
1950 1,197,430 1,352,578 1,363,694 113.1 114.1
1951 610,680 582,360 589,597 95.4 97.0
1952 412,650 430,742 434,409 104.4 105.3
1953 432,510 1,224,589 1,232,289 283.1 285.0
1954 761,420 814,349 836,368 107.1 110.0
1955 1,424,510 1,798,487 1,864,593 126.3 131.1
1956 649,280 453,840 476,796 70.1 73.4
1957 6,151,850 6,657,818 6,726,271 108.2 109.3
1958 1,864,540 1,899,938 1,926,859 102.1 103.3
1959 1,572,870 1,832,874 1,871,637 117.0 119.1
1960 1,459,370 1,604,427 1,631,701 110.0 112.0
1961 2,639,660 2,783,641 2,830,387 105.5 107.2
1962 1,627,110 1,858,597 1,889,101 114.2 116.1
1963 670,760 684,175 750,999 102.1 112.1
1964 582,220 817,981 875,277 140.5 150.3
1965 1,680,290 2,192,212 2,227,415 130.5 133.1
1966 2,139,400 2,485,294 2,529,568 116.2 118.2
1967 626,760 863,368 921,764 138.1 147.1
1968 3,006,640 3,357,044 3,372,471 112.1 112.2
1969 1,936,150 2,492,019 2,524,598 129.0 130.4
1970 1,311,110 1,533,267 1,395,099 117.0 106.4
1971 1,042,860 2,092,884 1,864,536 201.1 179.1
1972 802,910 1,283,166 1,157,339 160.0 144.0
1973 1,911,350 2,122,328 2,076,896 111.0 109.1
1974 1,339,000 1,918,892 2,043,226 143.3 153.1
1975 1,721,810 1,816,234 1,898,435 105.5 110.3
1976 1,057,090 1,504,459 1,464,606 142.3 139.1
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Table 5.4 Comparison of Annual Flows at Cameron Gage (Station 7)
(Wurbs et al. 1988)

Annual Flow in Acre-feet Percent of Gaged
TAMU TWC TAMU TWC

Year Ga ed Unre lated Naturalized Unre lated Naturalized

1940 2,054,350 2,054,350 2,054,956 100.0 100.0
1941 3,280,800 3,280,800 3,282,135 100.0 100.0
1942 2,150,180 2,150,180 2,154,788 100.0 100.2
1943 389,420 389,420 391,832 100.0 101.0
1944 2,584,280 2,584,280 2,589,675 100.0 100.2
1945 2,443,240 2,443,240 2,449,115 100.0 100.2
1946 1,689,000 1,689,000 1,693,990 100.0 100.3
1947 998,350 998,350 1,002,645 100.0 100.4
1948 261,030 261,030 266,762 100.0 102.2
1949 712,810 712,810 721,383 100.0 101.2
1950 363,350 363,350 367,954 100.0 101.3
1951 133,230 133,230 138,330 100.0 104.0
1952 327,952 327,952 333,429 100.0 102.1
1953 835,610 835,610 861,193 100.0 103.1
1954 73,087 92,731 98,454 127.1 135.0
1955 274,780 467,077 489,028 170.1 178.1
1956 216,220 216,685 232,191 100.2 107.4
1957 3,244,730 3,363,659 3,384,816 104.1 104.3
1958 1,614,040 1,635,853 1,645,774 101.4 102.1
1959 1,450,690 1,479,590 1,510,125 102.1 103.5
1960 1,740,640 1,764,633 1,778,414 101.4 102.2
1961 2,385,510 2,407,549 2,423,227 101.0 102.1
1962 547,420 586,013 605,643 107.0 111.0
1963 201,030 257,833 299,717 128.3 149.1
1964 647,770 711,644 757,591 110.1 117.1
1965 2,905,700 2,930,402 2,973,446 101.1 102.3
1966 1,331,540 1,366,925 1,409,473 103.1 106.1
1967 379,370 390,906 463,129 103.0 122.1
1968 2,284,140 2,609,875 2,673,668 114.3 117.1
1969 1,012,770 1,103,290 1,156,140 109.0 114.2
1970 1,424,410 1,464,031 1,513,251 103.1 106.2
1971 427,860 612,031 733,555 143.0 171.4
1972 378,960 455,173 502,654 120.1 132.6
1973 1,142,550 1,341,895 1,388,700 117.4 122.0
1974 1,188,100 1,460,675 1,534,861 123.0 129.2
1975 2,061,360 1,906,154 1,962,568 92.5 95.2
1976 1,195,070 1,284,759 1,324,026 108.1 111.1
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Table 5.5 Annual Precipitation for Watersheds in the Brazos River Basin
(Wurbs et at. 1988)

(INCHES) (INCHES)
Watershed AboveSt;eam GageAt : atershed AboveStream GageAt

Year . Waco Cameron Bryan Richmond Year . Waco Cameron Bryan Richmond

1900 37.42 35.47 38.88 41. 83 1946 26.32 35.86 29.39 30.89
1901 17.83 15.80 17.76 18.23 1947 21.82 20.66 22.58 23.58
1902 33.53 27.97 34.16 35.83 1948 16.70 21. 99 18.47 18.72
1903 27.54 31.55 30.38 31.59 1949 29.10 32.57 30.06 31.57
1904 28.20 32.44 29.44 30.74 1950 24.12 25.17 24.37 24.68
1905 44.03 37.13 44.10 44.74 1951 18.50 22.91 19.67 20.41
1906 34.90 28.62 33.47 33.58 1952 18.25 24.60 20.73 21. 72
1907 30.22 32.42 33.16 35.01 1953 21.03 30.75 24.33 25.32
1908 35.79 32.61 36.05 36.41 1954 15.97 16.19 16.24 16.45
1909 21.89 21.18 22.84 23.31 1955 22.90 28.08 24.76 25.11
1910 18.38 21.72 20.69 21.02 1956 12.35 17.70 13.99 14.44
1911 27.99 25.38 27.57 28.75 1957 36.65 46.15 39.88 40.40
1912 22.32 22.65 23.03 23.54 1958 25.00 32.22 27.28 27.87
1913 32.75 39.76 35.10 36'.25 1959 28.09 34.09 30.72 31.66
1914 36.42 35.04 36.70 37.69 1960 26.25 33.81 28.88 30.18
1915 31.67 27.00 31.51 31.92 1961 30.54 36.08 32.47 33.53
1916 23.09 25.38 23.94 24.36 1962 26.35 27.11 26.77 27.13
1917 14.86 15.03 15.35 15.51 1963 20.78 20.33 20.65 20.79
1918 23.46 23.21 24.29 24.76 1964 22.31 31.91 25.16 25.74
1919 39.70 44.58 41.81 44.02 1965 25.75 35.32 29.48 30.45
1920 32.91 35.70 34.00 35.01 1966 24.29 28.76 26.31 26.73
1921 21.06 25.36 23.81 25.53 1967 22.83 28.10 24.75 24.97.
1922 24.79 32.25 28.33 29.80 1968 29.41 39.97 32.93 34.24
1923 31.98 35.11 33.46 35.39 1969 31.49 29.49 31.30 31.56
1924 18.83 20.83 20.16 21.08 1970 19.14 28.66 21.98 22.89
1925 21.23 22.33 21.59 22.49 1971 27.61 31.27 29.04 29.28
1926 32.91 32.68 33.89 34.99 1972 25.70 24.86 25.88 26.38
1927 22.24 28.91 25.08 25.89 1973 28.72 33.78 31. 56 32.19 .
1928 22.79 26.15 24.04 24.69 1974 28.47 34.18 30.68 31.09
1929 22.44 26.88 24.47 i6.04 1975 24.49 28.67 26.18 26.59
1930 25.00 29.41 26.85 27.44 1976 26.09 33.43 28.90 28.61
1931 .23.74 31.49 25.67 26.20 1977 20.51 22.80 21.86 22.15
1932 33.96 37.80 35.31 35.43 1978 23.16 25.89 24.29 24.77
1933 21.07 25.00 22.32 23.01 1979 26.68 35.06 29.83 30.87
1934 16.47 23.75 19.47 20.94 1980 23.40 27.50 24.42 24.84
1935 31.15 36.33 33.49 34.58 1981 27.98 30.56 29.81 30.61
1936 25.67 3589 28.73 29.34 1982 27.63 28.61 28.26 28.64
1937 22.56 28.99 25.03 25.34 1983 22.52 23.81 23.93 24.51
1938 24.55 30.67 26.42 26.94 1984 24.52 27.21 26.11 26.45
1939 20.34 26.09 22.15 22.30
1940 25.87 41.81 30.81 31.87 1900-1984
1941 43.53 37.80 42.33 43.41 mean 25.89 29.64 27.58 28.37
1942 28.89 39.62 31.75 32.03 1940-1984
1943 17 .10 21.53 18.85 19.81 mean 24.96 30.06 26.89 27.55
1944 29.08 38.15 32.89 33.64
1945 25.16 37.61 29.53 30.95



Annual Precipitation (inches)

Figure 5.9 AnnualPrecipitation-RunoffRelationshipfor the Watershed
above the Richmond Gage on the Brazos River (Station 15)
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Figure 5.10 AnnualPrecipitation-RunoffRelationshipfor the Watershed
above the Waco Gage on the Brazos River (Station 12)
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Figure 5.11 AnnualPrecipjtation-RunoffRelationshipfor the Watershed
above the Cameron Gage on the Little River (Station 7)

San Jacinto River Basin

As indicated by Figure 5.12, the two principal drainage systems of the San Jacinto River
Basin are the watersheds of the San Jacinto River and BuffaloBayou which flow into the Houston
Ship Channel which flows into Galveston Bay. The total basin drainage area of 3,900 square
miles includes 2,900 and 1,000 square miles in the San Jacinto River and Buffalo Bayou
subbasins, respectively. The City of Houston lies within the Buffalo Bayou watershed.
Naturalized monthlyflows at the 12 USGS stream gaging stations shown in Figure 5.12 and Table
5.6 are used in this study. The combined watershed area of the stream gages adopted in the study
is 2,730 square miles.

The naturalized flow data adopted for this investigation were developed in conjunction
with a water availabilitymodeling study performed by the Texas Department of Water Resources
(1983). Naturalized flows for the period 1940-1980 were developed by the TDWR by adjusting
gaged flows to remove the effects of reservoir storage and diversions for beneficial use. As
indicated by Table 5.6, the period-of-record for several of the stations do not completely cover
the period 1940-1980. The TDWR extended the records as necessary by regressing flows at
these stations with flows at nearby gaging stations. The water availability model was later
updated by the Texas Natural Resource Conservation Commission(1996). The 1996 San Jacinto
Basin water availabilitymodel update incorporated the same 1940-1980 naturalized flows at the
stations listed in Table 5.6. The station numbers adopted here (first column of Table 5.6)
correspond to the watershed identifiers assigned by the 1983 TDWR report and control points
used in the 1996 TNRCC report. Drainage areas and the means of the 1940-1980 naturalized
flows at each station are shown in Table 5.6.
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Figure 5.12 San Jacinto River Basin
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Sulphur River Basin

The Sulphur River flows trom northeast Texas into Arkansas where it confluences with
the Red River, which is a tributary of the MississippiRiver. The Texas portion of the Sulphur
River Basin encompasses 3,600 square milesand has an average annual precipitation ranging trom
40 inches in the west to 47 inches at the state line. Basin population increased trom 154,000 in
1980 to 162,000 in 1990. The largest cities in the basin are Texarkana (1990 population of Texas
side of 32,000) and Sulphur Springs (population 14,000). The city of Paris (25,000) lies on the
divide between the Sulphur and Red River Basins. Permitted diversion rights are for 185,057 ac-
ft/yr municipal, 165,875 ac-ft/yr industrial, 26,635 ac-ft/yr irrigation, and 863 ac-ft/yr other uses.
A total conservation storage capacity of 750,000 acre-feet is contained in 29 impoundments with
capacities greater than 200 ac-ft each. Lakes Wright Patman, Chapman, and Sulphur Springs
account for about 95 percent of this total storage capacity(R. 1. Brandes Company 1999).

The basin is rural in nature, predominatelypasture and agricultural land. The western part
of the basin is mainlyopen rolling prairies with small tracts of woodlands. The eastern portion is
typically forested, with a smaller amount of cropland and pasture. Since the 1940's, land use has
changed trom primarilycropland, mostly cotton, to a predominance of pastureland.

The R. J Brandes Company performed a water availabilitymodeling study for the Sulphur
River Basin, under contract with the TNRCC, using the WRAP model (R. 1. Brandes Company
1999). The investigation included developing 1940-1996 sequences of naturalized monthly flows
at six USGS stream gaging stations. The five stations shown in Figure 5.13 and Table 5.7 were
adopted for the present study.
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Table 5.6 Selected Streamflow Gaging Stations in the San Jacinto Basin

Nearest USGS Drainage Mean Mean Portion of 1940-1980
Station Stream City Gage Area Flow Flow Coveredby

Number (mile2) (ac-ftfyr) (inches/yr) Period of Record

1 West Fork San Jacinto Conroe 8068000 809 370,000 8.6 1940-1980

2 Spring Creek Spring 8068520 419 158,000 7.1 1940-1980
3 Cypress Creek Westfield 8069000 285 121,000 8.0 Jul1944 - 1980
4 East Fork San Jacinto Cleveland 8070000 325 163,000 9.4 1940-1980
5 Peach Creek Splendora 8071000 117 55,200 8.8 Oct 1943 - 1980
6 Caney Creek Splendora 8070500 105 55,600 9.9 Jan 1944 - 1980
8 Greens Bayou Houston 8076000 72.7 43,500 11.2 Oct 1952 -1980

9 Buffalo Bayou Addicks 8073500 293 163,000 10.4 Aug 1945 - 1980
10 Buffalo Bayou Houston 8074000 358 216,000 11.3 1940-1980
11 White Bayou Houston 8074500 84.7 59,900 13.3 1940-1980
12 Brays Bayou Houston 8075000 88.4 88,100 18.7 1940-1980
13 Sims Bayou Houston 8075500 64.0 54,500 16.0 Oct 1952 - 1980



Figure 5.13 SulphurRiver Basin
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Table 5.7 Selected Streamflow Gaging Stations in the Sulphur Basin

Nearest USGS Drainage Mean Mean Portion of 1940-1996

Station Stream City Gage Area Flow Flow Covered by
Number (mile2) (ac-ftlyr) (inches/yr) Period of Record

A South Sulphur River Cooper 7342500 541 320,670 11.1 Jun 1942-Sep 1991
B North Sulphur River Cooper 7343000 311 175,270 10.6 Oct 1949-Dec 1996

C Sulphur River Talco 7343200 1,380 952,520 12.9 Oct 1956-Dec 1996

D White Oak Creek Talco 7343500 546 387,050 13.3 Ian 1940-Nov 1949

E Sulphur River Darden 7344000 2,850 1,983,620 13.1 Ian 1940-Dec 1956

N

i
20 0 20 Miles. ,



Scope of the Analvses to Compare Concurrent Flows at Different Locations

The remainder of Chapter 5 presents the results of analyses to determine how closely the
naturalized monthly flows trom the different subwatersheds are related and the form of the
relationships. Graphs are plotted, and least squares linear regression/correlation techniques are
applied to evaluate relationships between the flows at different locations.

Pairing of Brazos River Basin Stations

As indicated in Table 5.1, the 15 stations in the Brazos River Basin are divided into three
groups.

. Stations 1-7 on the Little River and its Tributaries: Stations 1 through 6 are located on
various tributaries above station 7 on the Little River. Flows at each of stations 1-6 are
compared with flows at station 7. Flows at adjacent stations on the same tributaries are also
compared.

. Stations 8 and 9 on the Navasota River

. Stations 10-15 on the Brazos River: Flows at stations 10, 11, 12, 13, and 14 on the Brazos
River are compared with flows at station 15, which is the most downstream station on the
Brazos River. Each of the stations on the main-stem Brazos River is also paired with the
adjacent station located immediatelyupstream.

The portion of the 1940-1976 period covered by the period-of-record at each gaging
station is shown in Table 5.1. In the original development of the sequences of naturalized flows,
the Texas Department of Water Resources (1981) extended records as necessary to cover the
period 1940-1976 by regression techniques using flows at other gages with complete longer
records. In the present investigation, the comparisons of flows at pairs of stations include the
flows covering the portion of the period 1940-1976that is covered in the period-of-record of both
gaging stations. Thus, all of the naturalized flows used in the study are gaged flows adjusted to
remove the effects of historicalwater management.

Pairing of San Jacinto River Basin Stations

The following comparisons are presented for the 12 stations in the San Jacinto Basin
shown in Figure 5.12.

. comparisonof flowsat eachofthe 12gagingstationswiththe combinedtotal flows

. comparison of flows at pairs of gaging stations for adjacent subwatersheds

. comparison of flows at stations 9 and lOon Buffalo Bayou

Station 9, which is located upstream of station 10, is the only station for which another station is
located downstream. The combinedtotal flow for each month consists of the summation of flows
at all of the stations except station 9. This represents the flow trom the entire 2,730 mile2
watershed above the stations.
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The period-of-record at each gaging station is shown in Table 5.6. The Texas Department
of Water Resources (1983) extended records as necessary to cover the period 1940-1980 by
regression techniques using flows at other gages with complete longer records. In the present
investigation, the comparisons of flows at each station with the concurrent total combined flows
include all flows covering the period 1940-1980 includingthose synthesizedto extend records. A
set of plots and correlation/regression statistics are presented for adjacent-station concurrent
flows that include only the months included in the period-of-record for both gaging stations,
shown in Table 5.6, thus excludingflows previously synthesizedby the TDWR to extend records.

Pairing of Sulphur River Basin Stations

The following comparisons are presented for the five stations in the Sulphur Basin shown
in Figure 5.13.

. comparsion of flows at stations A and B with station C

. comparison of flows at station D with station E

. comparison of flows at stations B with station A

Station C is downstream of stations A and B. Station D is upstream of station E. Stations A and
B are at the outlets of adjacent subwatersheds. The portions of the period 1940-1996 covered by
the gage record at each station are shown in Table 5.7. Again, only flows for the common
portions of the periods-of-record are used, so that all of the naturalized flows used in the study
are gaged flows adjusted to remove the effects of historicalwater management.

Plots Relatin2 Concurrent Flows at Different Locations

Hydrographs of annual naturalized flows at stations in the Brazos Basin are compared in
Figures 5.14 through 5.16. The flows at the 7 stations in the Little River watershed are compared
in Figure 5.14. Flows at the two stations on the Navasota River are compared in Figure 5.15.
The hydrographs for the main-stem Brazos River are plotted in Figure 5.16. Annual flows for
stations for two example stations in the San Jacinto Basin are compared with the total combined
flows in Figure 5.17. Flows at the two stations on Buffalo Bayou are plotted in Figure 5.18.

Concurrent Monthlv Flows at Pairs of Stations in the Brazos River Basin

Concurrent 1940-76 monthly naturalized flows at pairs of stations in the Brazos River
Basin are plotted in Figures 5.19 through 5.37. In Figures 5.19-5.24, flows at each of the stations
in the Little River watershed above station 7 are related to the corresponding flows at station 7.
In Figures 5.25-5.27, flows at pairs of stations on the same tributaries (Leon, Lampases, and San
Gabriel Rivers) in the Little River watershed are compared. The flows at the two stations on the
Navasoto River are plotted in Figure 5.28. The flows at the stations on the Brazos River are
plotted against the flow at station 15, the most downstream station, in Figures 5.29-5.33.
Concurrent flows at adjacent stations on the Brazos River are plotted in Figures 5.34-5.37.
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From the perspective of fitting curves through the data, the plots of Figures 5.19-5.37
generally indicate that the relationships are essentially linear. Linear regression and correlation
coefficients associated with these data are presented in the next section.

There is significantscatter in the plotted data. In general, the correlation between flows at
subwatershed versus watershed outlets depends largely on the differences in the drainage areas
between the two stations being compared. For example, the Figure 5.19 plot of concurrent 1940-
1976 monthly flows at stations 1 and 7, with drainage areas of 1,260 and 7,060 mile2,
respectively, show little correlation. The flows at stations 2 and 7 (3,540 versus 7,060 mile2)in
Figure 5.20 are much more closely correlated. Concurrent flows at stations 14 and 15 (43,880
versus 45,010 mile2)plot almost as a straight line in Figure 5.33.

Concu"ent Monthlv Flows at Pairs of Stations in the San Jacinto River Basin

Regression plots of naturalized monthly flows at pairs of stations in the San Jacinto River
Basin are presented in Figures 5.38-5.60. Correlation and regression analyses are presented in the
next section. The plots for all of the pairs of stations also indicate essentially linear regression
relationships.

The combined flows from the total 2,730 mile2watershed above the 12 stations in the San
Jacinto Basin are computed by summing the flows at the individualstations. The flows at each
station are compared with the total combined flows in Figures 5.38-5.49. The relationship
between individual station flows and the combined flows exhibits significant scatter at all of the
stations. However, the flows at stations 1,2, 3, 4, 5 and 6 in the predominately rural San Jacinto
River subbasin are more closely correlated to combined flows than are the relationships for the
flows at stations 8, 9, 10, II, 12, and 13 in the urban and urbanizingBuffaloBayou subbasin.

The concurrent flows at adjacent stations for each month are plotted in Figures 5.50-5.60.
Only the months included in the gaging station period-of-record shown in Table 5.6 are included
in the adjacent-station plots of Figures 5.50-5.60. The monthlyflows for the entire period 1940-
1980 are included in the combined-flow plots of Figures 5.38-5.49. The adjacent-station plots
also exhibit considerable scatter. The closest correlation is between flows at stations 9 and 10.
Station 9 is located above station lOon the same stream. These are the only two stations in the
San Jacinto Basin located on the same tributary.

Concurrent Monthlv Flows at Pairs of Stations in the Sulohur River Basin

The flows at A and B are compared with C and the flow at D is compared with E in
Figures 5.61-5.63. The flow at B is also compared with the flow of A Figure 5.64. These plots
show an essentially linear trend with much scatter similar to the plots for the stations in the San
Jacinto and the Brazos Basins.
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Figure 5.14 Annual Flow Hydrographs for Stationsin the Little River Watershed
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Annual Flow Hydrographs for Stations on the Navasota River
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AnnualFlow Hydrographs for Stations on the Brazos River

4000000

i?'3500000
! I CombinedStationsu
.!!.3000000
~o

~ 2500000
f..
CI)
'tI 2000000
11
ii
~1500000
IIIz
~1000000
c
c<

500000

o
1935 1940 1945 1950 1955 1960

Year
1965 1970 1975 1980

Figure 5.17 Annual Flow Hydrographs for Stations in the San Jacinto River Basin

55

16000000

? 14000000
CI)
to)
IV
-- 12000000

0
;:
E 10000000
IV
CI)
..

8000000en
"0

GI
l:! 6000000ca
::I..
IV 4000000Z
ca
::I

2000000c
c
«

0
1935 1940

Figure 5.16



600000

500000

if
I!u
.!. 400000
~
o
I;:
E
~ 300000..
II)"
:I
:; 200000..
::I..III
Z

~ 100000
I:
I:
c( Station 9

o
1935 1940 1945 1950 1955 1960 1970 19751965

Figure 5.18 Annual Flow Hydrographs for Stations on Buffalo Bayou
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Figure 5.19 MonthlyFlows at Station 1 versus Station 7
in the Little River Watershed
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Figure 5.20 MonthlyFlows at Station 2 versus Station 7
in the Little River Watershed
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Figure 5.21 MonthlyFlows at Station 3 versus Station 7
in the Little River Watershed
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Station 7 (ac-ftImonth)

Figure 5.22 MonthlyFlows at Station 4 versus Station 7
in the Little River Watershed
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Figure 5.23 Monthly Flows at Station 5 versus Station 7
in the Little River Watershed
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Station 7 (ac-ftImonth)

Figure 5.24 MonthlyFlows at Station 6 versus Station 7
in the Little River Watershed
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Figure 5.25 MonthlyFlows at Station 1 versus Station 2
on the Leon River
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Figure 5.26 MonthlyFlows at Station 3 versus Station 4
on the Lampases River
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Figure 5.27 MonthlyFlows at Station 5 versus Station 6
on the San GabrielRiver
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Figure 5.28 Monthly Flows at Station 8 versus Station 9
on the Navasota River
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Figure 5.29 MonthlyFlows at Station 10versus Station 15
on the Brazos River
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Figure 5.30 Monthly Flows at Station 11versus Station 15
on the Brazos River
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Figure 5.31 Monthly Flows at Station 12 versus Station 15
on the Brazos River
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Figure 5.32 MontWyFlows at Station 13versus Station 15
on the Brazos River
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Figure 5.34 MonthlyFlows at Station 10 versus Station 11
on the Brazos River
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Figure 5.35 MonthlyFlows at Station 11 versus Station 12
on the Brazos River
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Figure 5.36 MonthlyFlows at Station 12versus Station 13
on the Brazos River
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Figure 5.37 MonthlyFlows at Station 13versus Station 14
on the Brazos River
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Figure 5.38. Station 1 vs Combined Figure 5.39. Station 2 vs Combined
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Figure 5.40. Station 3 vs Combined Figure 5.41. Station 4 vs Combined
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Figure 5.42. Station 5 vs Combined Figure 5.43. Station 6 vs Combined
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Figure 5.46. Station 10 vs Combined Figure 5.47. Station 11 vs Combined
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Figure 5.48. Station 12 vs Combined Figure5.49. Station 13vs Combined
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Figure 5.50. Station 5 vs Station 4 Figure 5.51. Station 6 vs Station 5
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-- ---
.-. ..- .., .-. -~.. .. "- .. . -

.- -.!.ft:~ - -.",,-- .--. --

50000 100000

Station2 (ac-ftImonth)

Figure 5.56. Station 11 vs Station 8

35000

S 30000
c

~ 25000

=. 20000uca
;: 15000
...

6 10000

~ 5000

0-.
o

- ---- .- - -... - -- ...
- -=-.....- ': ~

:~~. .iC" ...

10000 20000 30000

Station 8 (ac-ftImonth)
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Figure 5.61 Monthly Flows at Station A versus Station C
on the SulphurRiver
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Re!!ression and Correlation Analvses of Flows at Different Locations

Standard least squares linear regression and correlation techniques are applied to the
concurrent naturalized flows at the pairs of stations reflected in Figures 5.19 - 5.60. The first set
of analyses include computation of both the y-intercept and slope coefficients. The y-intercepts
are reasonably close to zero. The analysesare repeated setting the y-intercept at zero. The slope
coefficients determined by the zero-intercept linear regression computations are related to
watershed parameters in Chapter 6.

For all of the pairs of stations, the regression/correlationanalyseswere performed with the
flows expressed in units of acre-feet/month. In most cases, the analyses were repeated with the
flows expressed in inches/month, where an inch represents a monthly flow volume equivalent to
covering the watershed to a depth of one inch. The depth equivalents of flow volumes are
normalized by dividingby the watershed area.

Regression and Correlation Statistics

The computations were performed using Microsoft Excel. The regression coefficientsand
related statistics computed in the analysesare definedas followed. The linear regression model is

y = mx+b (5-1)

where m is the slope and b is the y intercept. For our purposes, x denotes the flows at a
downstream location (flows ftom larger watershed) and y denotes flows at a station located
upstream (subwatershed outlet). The regression coefficientsm and b are computed by standard
methods based on minimizingSr the sum of the squares of the deviations between observed Yiand
predicted Yi values ofy.

Sr = i: (~_~)2 = i:[(~-(mXl +b)]21_1 I_I
(5-2)

Sr represents the variation of Yjabout the regression line (y=mx+b). S, represents the variation
about the mean Y.

(5-3)

The coefficientof determination'; is

(5-4)

The correlation coefficientr is

(5-5)
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The standard error of the estimate SYIX is

(5-6)

Results of the Regression Analvses

The results of the linear regression and correlation analyses for the pairs of stations in
the Brazos and San Jacinto River Basins are presented in Tables 5.8-5.20. The pairs of adjacent
stations for which flows are correlated/regressed are cited in the first column of the tables as y-
station versus x-station. The flows at the first station cited (y) are predicted, given the flows at
the second station (x). For the stations in the Brazos River Basin, flows for an upstream station
are predicted as a function of flows at a downstream station. For the stations in the San Jacinto
Basin, regression analyses are performed to relate flows ITom adjacent subwatersheds and to
relate flows at each station with the combinedflows ITomthe total 2,730 mile2watershed.

The y-intercept b is fairly close to zero in all cases. The regression analyses are repeated
setting the y-intercept equal to zero to obtain the regression model

y = mx (5-7)

where the flow at a station is expressed simplyas a constant times the flow another location. The
results are presented in Tables 5.11-5.13 and 5.18-5.20. Chapter 6 includes an analysis of the
relationship between constant m and watershed parameters.

The correlation coefficientr varies ITomabout 0.6 to 1.0. The r is highest for pairs of
stations on the same stream with relatively smalldifferencein drainage areas. Smaller values of r
are associated with greater differencein watershed areas.
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Table 5.8 Linear Regression Coefficients
for Stations in the Little River and Navasota River Watersheds

(Flows are in acre-ft/month.)

Station r r Sylx n b m

1 vs. 7 0.658 0.434 15723 444 294 0.084
2vs.7 0.936 0.876 26659 444 -4504 0.431
3 vs. 7 0.941 0.885 10614 444 -2338 0.179
4vs.7 0.913 0.834 15341 168 -2991 0.223
5vs.7 0.847 0.717 3522 96 519 0.050
6vs.7 0.859 0.739 10075 132 989 0.133
8vs.9 0.994 0.989 5158 312 -1061 0.834
1 vs. 2 0.783 0.613 13003 444 226 0.216
3 vs. 4 0.949 0.900 9199 168 275 0.734
5vs.6 0.998 0.997 377 96 262 0.355

Table 5.9 Linear Regression Coefficients
for Stations in the Little River and Navasota River Watersheds

(Flows are in inches/month.)

Station r r Sylx n b m

1 vs. 7 0.658 0.434 0.234 444 0.004 0.469
2vs.7 0.936 0.876 0.141 444 -0.024 0.858
3 vs. 7 0.941 0.885 0.161 444 -0.035 1.020
4vs.7 0.913 0.834 0.218 168 -0.042 1.189
5vs.7 0.847 0.717 0.266 96 0.039 1.425
6vs.7 0.859 0.739 0.256 132 0.025 1.275
8vs.9 0.994 0.989 0.100 312 -0.021 1.252
1 vs. 2 0.783 0.613 0.193 444 0.003 0.607
3 vs. 4 0.949 0.900 0.139 168 0.004 0.782
5 vs. 6 0.998 0.997 0.029 96 0.020 1.056

Table 5.10 Linear Regression Coefficients
for Main-Stem Brazos River Stations

(Flows are in acre-ft/month.)

Stations r r Sylx n b m

10-15 0.627 0.380 117078 444 -38. 0.149
11-15 0.814 0.663 143837 444 -12346 0.328
12-15 0.850 0.723 140424 444 -16895 0.369
13-15 0.952 0.907 143591 444 -20127 0.728
14-15 0.993 0.986 68485 444 -7732 0.937
11-12 0.906 0.822 62786 444 -7549 0.544
12-13 1.000 0.980 35453 444 -2136 0.919
13-14 0.924 0.854 101949 444 -12551 0.525
14-15 0.971 0.944 111631 444 -18624 0.787
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Table 5.11 Zero-InterceptLinear Regression Coefficients
for Stations in the Little River and Navasota River Watersheds

(Flows are in acre-feet/month.)

Stations r r Sylx n b m

1vs. 7 0.658 0.433 15707 444 0 0.085
2vs.7 0.934 0.873 26890 444 0 0.418
3vs.7 0.939 0.881 10778 444 0 0.173
4vs.7 0.911 0.829 15486 168 0 0.213
5vs.7 0.844 0.713 3524 96 0 0.052
6vs.7 0.859 0.737 10064 132 0 0.137
8vs.9 0.994 0.988 5232 312 0 0.826
1vs. 2 0.783 0.612 12990 444 0 0.218
3 vs. 4 0.949 0.900 9174 168 0 0.738
5vs.6 0.998 0.996 426 96 0 0.362

Table 5.12 Zero-Intercept Linear Regression Coefficients
for Stations in the Little River and Navasota River Watersheds

(Flows are in inches/month.)

Station r r S x n b m

1vs. 7 0.658 0.433 0.234 444 0 0.473
2vs.7 0.934 0.873 0.142 444 0 0.833
3 vs. 7 0.939 0.881 0.163 444 0 0.982
4vs.7 0.911 0.829 0.220 168 0 1.139
5vs.7 0.844 0.713 0.266 96 0 1.492
6vs.7 0.859 0.737 0.256 132 0 1.312
8vs.9 0.994 0.988 0.101 312 0 1.240
1 vs. 2 0.783 0.612 0.193 444 0 0.611
3vs.4 0.949 0.900 0.139 168 0 0.786
5vs.6 0.998 0.996 0.032 96 0 1.076

Table 5.13 Zero-Intercept Linear Regression Coefficients
for Stations on Main-Stem Brazos River

(Flows are in acre-feet/month.)

Stations r r Sylx n b m

10-15 0.617 0.380 116946 444 0 0.149
11-15 0.813 0.662 144003 444 0 0.318
12-15 0.849 0.721 140893 444 0 0.356
13-15 0.952 0.906 144299 444 0 0.712
14-15 0.993 0.986 68677 444 0 0.930
11-12 0.905 0.820 63051 444 0 0.531
12-13 1.000 0.979 35460 444 0 0.916
13-14 0.923 0.853 102349 444 0 0.512
14-15 0.971 0.943 112480 444 0 0.772
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Table 5.14 Linear Regression Coefficients for the San Jacinto Basin Stations

for Flows at Each Station as a Function of Combined Flows (acre-ftlmonth)

Station r S x n b m

4 .9273 .8599 56515 492 27173 6.491
5 .8636 .7458 76144 492 22759 20.18
6 .9141 .8356 61223 492 10435 22.68
1 .9411 .8856 51076 492 22565 3.014
2 .9470 .8968 15949 492 -3102 0.2939
3 .9398 .8832 51601 492 28201 8.656
8 .7924 .6279 92120 492 37993 21.40
11 .8248 .6804 85379 492 16500 19.83
10 .8319 .6920 83807 492 14658 5.602
9 .8287 .6867 84527 492 22556 6.842
12 .7332 .5376 102689 492 19829 13.03
13 .7033 .4946 107358 492 36695 17.35

Table 5.15 Linear Regression Coefficients for the San Jacinto Basin Stations

for Flows at Each Station as a Function of Combined Flows (inches/month)

Station r S x n b m

4 .9273 .8599 .3885 492 .1868 .7734
5 .8636 .7458 .5234 492 .1564 .8654
6 .9141 .8356 .4208 492 .0717 .8731
1 .9411 .8856 .3511 492 .1551 .8938
2 .9470 .8968 .3334 492 .2149 .9778
3 .9398 .8832 .3547 492 .1938 .9044
8 .7924 .6279 .6332 492 .2611 .5704
11 .8248 .6804 .5869 492 .1134 .6156
10 .8319 .6920 .5760 492 .1008 .7352
9 .8287 .6867 .5810 492 .1550 .7349
12 .7332 .5376 .7058 492 .1363 .4222
13 .7033 .4946 .7379 492 .2522 .4070

Table 5.16 Linear Regression Coefficients for the San Jacinto Basin Stations
for Flows from Adjacent Subwatersheds (acre-ftlmonth)

Stations r r S x n b m

4-5 .8955 .8020 2844 456 761 .2872
5-6 .8509 .7240 3024 444 1063 .7580
6-1 .8831 .7799 20621 444 -367 6.744
1-2 .9120 .8318 9214 492 -166 .4345
2-3 .9264 .8582 5889 444 1118 .6882
3-8 .7778 .6050 29096 348 1057 .2490

8-11 .9000 .8099 2278 348 1340 1.016
11-10 .8540 .7293 11667 492 2781 3.049
9-10 .9897 .9796 3103 432 1096 1.266
10-12 .7661 .5869 5462 492 2117 .2903
12-13 .9189 .8444 2257 348 -340 .6615
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Table 5.17 Linear Regression Coefficients for the San Jacinto Basin Stations
for Flows from Adjacent Subwatersheds (inches/month)

Stations r r2 S x n b m

4-5 .8955 .8020 .4558 456 .1220 .7980
5-6 .8509 .7240 .5400 444 .1898 .8446
6-1 .8831 .7799 .4779 444 -.0085 .8753
1-2 .9120 .8318 .4123 492 -.0074 .8389
2-3 .9264 .8582 .3875 444 .0736 1.012
3-8 .7778 .6050 .7503 348 .2727 .9760
8-11 .9000 .8099 .5043 348 .2966 .8719
11-10 .8540 .7293 .6111 492 .1457 .7212
9-10 .9897 .9796 .1625 432 .0574 1.036
10-12 .7661 .5869 1.16 492 .4491 1.176
12-13 .9189 .8444 .6613 348 -.0997 .9137

Table 5.18 Zero-Intercept Linear Regression Coefficients for San Jacinto Basin Stations
for Flows for Each Station as a Function of Combined Flows (acre-feet/month)

Stations r S x n b m

4 .9252 .8561 8176 492 0 .1271
5 .8626 .7441 3266 492 0 .0380
6 .9128 .8332 2483 492 0 .0380
1 .9396 .8829 16122 492 0 .2839
2 .9409 .8852 7603 492 0 .1311
3 .9362 .8764 5757 492 0 .0966
8 .7917 .6268 3412 492 0 .0301
11 .8145 .6633 3641 492 0 .0376
10 .8213 .6745 12782 492 0 .1355
9 .8241 .6792 10350 492 0 .1068
12 .6924 .4794 6125 492 0 .0495
13 .6843 .4682 4460 492 0 .0325

Table 5.19 Zero-Intercept Linear Regression Coefficients for San Jacinto Basin Stations
for Flows for Each Station as a Function of Combined Flows (inches/month)

Station r S x n b m

4 .9252 .8561 .4718 492 0 1.066
5 .8626 .7441 .5234 492 0 .8863
6 .9128 .8332 .4434 492 0 .9885
1 .9396 .8829 .3737 492 0 .9574
2 .9409 .8852 .3402 492 0 .8538
3 .9362 .8764 .3788 492 0 .9245
8 .7917 .6268 .8801 492 0 1.129
11 .8145 .6633 .8061 492 0 1.211
10 .8213 .6745 .6694 492 0 1.032
9 .8241 .6792 .6623 492 0 .9940
12 .6924 .4794 1.299 492 0 1.528
13 .6843 .4682 1.307 492 0 1.386



Analvsis of Flow Ratios

Equations 6-1 through 6-5 discussed in the next chapter are based on the premise that the
naturalized monthly flows QsubwatenhedITom each individual subwatershed are approximately a
constant proportion of the flows QwatenbedITomthe overallwatershed:

Qsubwatenhed= C Qwatenhed (5-8)
or

C = Qsubwatenbcd I Qwatenhed

where C is the ratio between flows at two locations. The flows at the stations in the Brazos and
San Jacinto River Basins are used to:

. examine the validity of this basic premise of a constant C

. compare the C with drainagearea ratios

Variations in Monthlv and Annual Flow Ratios

For each of the 444 months and 37 years of the period 1940-76 included in the period-of-
analysis for the Brazos Basin stations and each of the 492 months and 41 years during 1940-80
included in the period-of-analysisfor the San Jacinto Basin stations, the flows at selected stations
are expressed as a ratio of the correspondingflows at a downstream location. Ratios have been
computed with the monthly and annual flow volumes expressed alternatively in units of acre-feet
and inches.
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Table 5.20 Zero-InterceptLinear RegressionCoefficients
for San Jacinto Basin Stations for Flows from Adjacent Subwatersheds

(Flows are in acre-feet/month.)

Station r r2 Sylx n b m

4-5 .8881 .7887 2968 492 0 .2884
5-6 .8538 .7290 3165 492 0 .8778
6-1 .9014 .8124 20401 492 0 6.866
1-2 .9120 .8317 9206 492 0 .4329
2-3 .9381 .8801 5673 492 0 .7055
3-8 .7297 .5324 3819 492 0 .2835
8-11 .9365 .8770 2201 492 0 1.159
11-10 .8485 .7199 11857 492 0 3.265
9-10 .9862 .9726 3709 492 0 1.252
10-12 .7410 .5491 5700 492 0 .3365
12-13 .9691 .9391 1434 492 0 .6622



. Flows at stations 1, 2, 3, 4, 5, and 6 in the Little River watershed are expressed as a ratio of
the corresponding flows at the Cameron gage on the Little River (station 7).

. Flows at station 8 are expressed as a ratio offlows at station 9 on the Navasota River.
· Flows at stations 10-14 on the main-stem Brazos River are expressed as a ratio of the

corresponding flows at the Richmond gage on the Brazos River (station 15).
· Flows at the stations in the San Jacinto River Basin are expressed as a ratio of the combined

flows.

. Flows at station 9 are also expressed as a ratio of flows at station lOon Buffalo Bayou.

The total watershed area above the 12 stations in the San Jacinto Basin is 2,730 mile2.
Stations 9 and 10 are the only stations located on the same stream with one station being
upstream of another. The combinedflow trom the entire 2,730 mile2watershed for each month is
determined as the addition of the flows at all stations except station 9, which is upstream of
station 10.

The ratios of annual flows, in acre-feet/acre-feet, are tabulated in Tables 5.21 and 5.22.
The ratios of annual flows, in inches/inches, are tabulated in Tables 5.23 and 5.24. The
corresponding tables for montWy flows have been developed but are not reproduced in this
report. The values for C for each month or year at each station are computed as:

C = flow ratio = subwatershed Q
watershed Q

In general, the flow ratio (value of C) varies greatly between months. Thus, there is not a
constant C for the montWy flows at any of the stations. The ratios of annual flows exhibit
significantlyless variation trom year to year than the monthly variations but still vary significantly
at each station.

The inches/inchesflow ratios in Tables 5.23 and 5.24 for each station are the annual flows
at the station, in inches, divided by the annual flows, in inches, at the specified downstream
station. An inch represents a volume equivalent to covering the watershed to a depth of one inch.
Thus, these flow ratios have been normalized by dividing by the drainage area. These ratios
would all be 1.00 if flows were strictly proportional to drainage area, meaning simple application
of a drainage area ratio would distribute flows with perfect accuracy. However, the flow ratios
vary significantlytrom 1.00 and between years and vary even more between months.

Observations and Conclusions

The basic concept is to evaluate capabilities for predicting flows at individual
subwatersheds Qsubwatershedtrom known flows trom the larger watershed Qwatershedbased on a
relationship of the form:

Qsubwatershed= C Qwatershed (5-8)
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As discussed in Chapter 6, the constant C could be estimated as a function of watershed
characteristics such as drainage area A, mean precipitation M, curve number CN, and other
parameters. The Brazos and San Jacinto Basin stations serve as a test case.

The analyses indicate that there actually is not a uniformproportionality between locations
for monthly flows for the case study data. The ucoefficient C" varies greatly between months.
Thus, for these data, the flows for an individualmonth can not be predicted reliablyregardless of
the watershed parameters or form of the relation used to determine C. Adopting a modified
nonlinear form of the basic relationshipbetween flows at differentlocations such as

Qsubwatcrshed = C (Qwatcrshed)N (5-9)

provides little or no improvement in predictive capabilities.

However, for most applications in water availabilitymodeling, predicting flows reliablyfor
each individual month is not necessary as long as reasonable accuracy is achieved in the mean,
flow-frequency relationships, and other relevant statistical characteristics of the predicted
sequence of flows at the ungaged site. Thus, the comparative evaluation of alternative methods
should focus more on evaluating capabilities for predicting flow-frequency relationships and
means. Equation 5-8 should be viewed as predicting the expected value (probability-weighted
mean) at a location, given a known flow at another location. The actual predicted value in any
particular month may vary significantlyfrom the estimated expected value.

Comparison of Flaw Ratios with Drainage Areas

Drainage areas for each of the stations are tabulated in Tables 5.1, 5.6, 5.7, 5.25, 5.26,
and 5.27. Stations 1-6 in the Little River watershed are each paired with station 7. Stations 8 and
9 on the Navasota River are paired. Flow ratios in both ac-ft/ac-ft and inches/inches are shown in
Tables 5.25. 5.26, and 5.27. A value of 1.0 for the flow ratio in inches/inches in the last column
of Tables 5.25, 5.26, and 5.27 would indicate that the mean flows vary between the two stations
in the same proportion as their drainage areas.

Each of the 12 stations in the San Jacinto Basin is paired with the combined total
watershed. The ratios of drainage areas for pairs of stations are compared with the corresponding
ratios of the period-of-analysis mean flows, in acre-feetlacre-feet, in Table 5.28. Table 5.28
includes all of the pairs of stations included in Tables 5.25, 5.26, and 5.27 plus several other
station pairings. Table 5.28 also includes the drainage area ratio (DAR) expressed as a
percentage of the flow ratio (FR), which is computed as (DAR/FR)100%. For example, the
drainage area above station 3 is 0.176 of the drainage area of station 7 (stations 3/7 DAR=0.176).
The corresponding ratio of mean flows is 0.158. Thus, the DAR/FR is 111 percent
[«0.0176/0.158)100%=111 %] Thus, predicting station 3 flows by applying a DAR to the station
7 flows results in predicted flows with a mean of III percent of the mean of the known flows at
station 3. The DAR ranges from 45 percent to 393 percent of the FR for the various pairings of
stations. If the drainage area ratio method of distributingflows (Equations 6.1 and 6.2) worked
perfectly, the DAR would be 100 percent of the FR.
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Table 5.21 Annual Flow Ratios for Stations in the Brazos River Basin
in acre-feet/acre-feet

Station/Station
Year 1/7 2/7 3/7 4/7 5/7 6/7 8/9 10/15 11/15 12/15 13115 14/15

1940 0.051 0.290 0.139 - - - 0.7710.118 0.224 0.260 0.632 0.916
1941 0.122 0.467 0.171 - - - 0.806 0.260 0.405 0.413 0.746 0.882
1942 0.160 0.574 0.148 - - - 0.792 0.168 0.426 0.467 0.810 0.955
1943 0.091 0.378 0.117 - - - 0.808 0.116 0.275 0.258 0.664 0.876
1944 0.039 0.418 0.228 - - - 0.788 0.042 0.135 0.189 0.676 0.949
1945 0.061 0.457 0.217 - - - 0.791 0.062 0.246 0.308 0.698 0.965
1946 0.052 0.371 0.109 - - - 0.799 0.086 0.212 0.227 0.602 0.935
1947 0.037 0.313 0.126 - - - 0.792 0.143 0.245 0.277 0.606 0.941
1948 0.085 0.418 0.170 - - - 0.802 0.198 0.468 0.424 0.678 0.900
1949 0.258 0.440 0.124 - - - 0.757 0.183 0.379 0.395 0.625 0.977
1950 0.163 0.419 0.083 - - - 0.783 0.198 0.350 0.344 0.543 0.938
1951 0.165 0.381 0.104 - - - 0.611 0.365 0.571 0.595 0.818 0.944
1952 0.194 0.409 0.246 - - - 0.848 0.043 0.228 0.271 0.595 0.892
1953 0.045 0.292 0.133 - - - 0.797 0.172 0.219 0.270 0.633 0.948
1954 0.257 0.248 0.304 - - - 0.726 0.478 0.576 0.614 0.757 0.924
1955 0.180 0.428 0.235 - - - 0.624 0.517 0.636 0.624 0.879 0.982
1956 0.472 0.744 0.204 - - - 0.815 0.171 0.513 0.518 0.866 1.019
1957 0.098 0.411 0.146 - - - 0.824 0.246 0.432 0.449 0.786 0.931
1958 0.047 0.321 0.166 - - - 0.7670.123 0.301 0.325 0.745 0.934
1959 0.088 0.415 0.175 - - - 0.782 0.120 0.310 0.319 0.685 0.911
1960 0.029 0.298 0.189 - - - 0.730 0.104 0.206 0.228 0.640 0.880
1961 0.041 0.418 0.161 - - - 0.795 0.093 0.250 0.283 0.630 0.856
1962 0.222 0.335 0.122 - - - 0.736 0.328 0.506 0.559 0.793 0.932
1963 0.317 0.478 0.091 0.114 - - 0.429 0.345 0.449 0.536 0.694 0.941
1964 0.192 0.608 0.102 0.115 - - 0.630 0.141 0.375 0.398 0.769 0.944
1965 0.049 0.374 0.162 0.185 - - 0.848 0.088 0.213 0.258 0.753 0.939
1966 0.073 0.345 0.147 0.172 - 0.151 0.809 0.190 0.343 0.395 0.754 0.922
1967 0.165 0.339 0.050 0.077 - 0.1760.883 0.271 0.402 0.469 0.883 0.951
1968 0.123 0.401 0.145 0.252 - 0.110 0.832 0.088 0.267 0.305 0.658 0.943
1969 0.139 0.333 0.146 0.201 0.057 0.147 0.771 0.178 0.350 0.394 0.672 0.929
1970 0.076 0.379 0.203 0.246 0.047 0.120 0.821 0.071 0.256 0.279 0.705 0.923
1971 0.107 0.603 0.106 0.177 0.024 0.069 0.791 0.258 0.529 0.558 0.877 0.970
1972 0.061 0.329 0.152 0.217 0.048 0.137 0.771 0.244 0.370 0.386 0.667 0.818
1973 0.065 0.271 0.106 0.145 0.068 0.184 0.812 0.049 0.179 0.228 0.542 0.870
1974 0.048 0.327 0.173 0.265 0.047 0.128 0.778 0.121 0.231 0.261 0.603 0.882
1975 0.033 0.293 0.160 0.177 0.062 0.173 0.803 0.089 0.222 0.261 0.658 0.892
1976 0.031 0.264 0.130 0.181 0.067 0.178 0.858 0.072 0.188 0.229 0.652 0.921

Mean 0.120 0.394 0.163 0.068 0.053 0.143 0.791 0.149 0.303 0.334 0.690 0.921
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Table 5.22 Annual Flow Ratios for Stations in the San Jacinto River Basin in acre-feet/acre-feet

Station/Station
Year lIC 2/C 3/C 4/C 5/C 6/C 8/C 9/C 9/10 lO/C ll/C 12/C 13/C

1940 0.366 0.143 0.096 0.161 0.039 0.048 0.013 0.071 0.862 0.082 0.018 0.040 0.013
1941 0.246 0.132 0.090 0.121 0.035 0.037 0.037 0.144 0.861 0.167 0.047 0.053 0.035
1942 0.268 0.107 0.069 0.157 0.051 0.052 0.032 0.107 0.780 0.137 0.043 0.024 0.031
1943 0.198 0.106 0.071 0.094 0.034 0.030 0.057 0.118 0.730 0.161 0.075 0.018 0.070
1944 0.266 0.113 0.086 0.089 0.036 0.038 0.043 0.165 0.863 0.191 0.053 0.034 0.034
1945 0.299 0.135 0.096 0.124 0.035 0.038 0.026 0.130 0.828 0.157 0.034 0.047 0.021
1946 0.265 0.134 0.101 0.129 0.042 0.039 0.035 0.107 0.765 0.140 0.042 0.061 0.029
1947 0.278 0.121 0.090 0.128 0.051 0.043 0.023 0.121 0.799 0.151 0.034 0.022 0.029
1948 0.366 0.105 0.031 0.126 0.070 0.058 0.013 0.076 0.768 0.099 0.030 0.007 0.035
1949 0.198 0.101 0.098 0.144 0.075 0.047 0.037 0.115 0.770 0.149 0.046 0.032 0.041
1950 0.325 0.147 0.084 0.141 0.055 0.047 0.021 0.061 0.715 0.086 0.031 0.028 0.023
1951 0.225 0.098 0.067 0.129 0.084 0.078 0.017 0.096 0.625 0.154 0.042 0.003 0.037
1952 0.277 0.117 0.116 0.111 0.043 0.046 0.018 0.129 0.751 0.172 0.034 0.011 0.024
1953 0.282 0.110 0.100 0.126 0.042 0.030 0.021 0.134 0.809 0.166 0.034 0.022 0.034
1954 0.207 0.077 0.104 0.097 0.044 0.046 0.063 0.183 0.799 0.229 0.063 0.007 0.023
1955 0.302 0.080 0.056 0.145 0.041 0.046 0.023 0.113 0.690 0.164 0.038 0.008 0.040
1956 0.275 0.051 0.037 0.125 0.051 0.067 0.022 0.117 0.647 0.180 0.048 0.003 0.043
1957 0.337 0.080 0.066 0.143 0.031 0.033 0.020 0.123 0.775 0.159 0.038 0.025 0.046
1958 0.330 0.124 0.079 0.133 0.049 0.044 0.017 0.081 0.696 0.116 0.030 0.016 0.032
1959 0.260 0.098 0.075 0.106 0.030 0.036 0.031 0.121 0.725 0.167 0.057 0.027 0.067
1960 0.303 0.131 0.105 0.105 0.032 0.041 0.021 0.119 0.739 0.160 0.033 0.044 0.028
1961 0.240 0.130 0.085 0.106 0.047 0.040 0.041 0.131 0.729 0.180 0.048 0.042 0.033
1962 0.249 0.060 0.034 0.132 0.044 0.057 0.034 0.134 0.669 0.200 0.052 0.011 0.042
1963 0.253 0.067 0.040 0.123 0.036 0.053 0.030 0.119 0.642 0.185 0.051 0.010 0.055
1964 0.290 0.056 0.061 0.149 0.038 0.052 0.045 0.120 0.748 0.160 0.040 0.013 0.044
1965 0.400 0.074 0.072 0.072 0.020 0.031 0.022 0.132 0.733 0.181 0.033 0.013 0.035
1966 0.238 0.089 0.094 0.099 0.028 0.032 0.038 0.128 0.670 0.192 0.045 0.022 0.064
1967 0.176 0.049 0.054 0.098 0.032 0.049 0.036 0.169 0.652 0.259 0.060 0.006 0.065
1968 0.301 0.116 0.092 0.113 0.023 0.035 0.020 0.137 0.770 0.177 0.030 0.037 0.035
1969 0.304 0.097 0.073 0.125 0.032 0.040 0.025 0.103 0.699 0.147 0.038 0.023 0.050
1970 0.097 0.055 0.088 0.049 0.026 0.024 0.053 0.183 0.605 0.302 0.072 0.017 0.081
1971 0.075 0.028 0.074 0.049 0.023 0.027 0.042 0.226 0.645 0.351 0.093 0.009 0.075
1972 0.124 0.107 0.118 0.062 0.028 0.023 0.045 0.201 0.721 0.279 0.056 0.020 0.057
1973 0.269 0.127 0.092 0.124 0.049 0.034 0.032 0.097 0.727 0.134 0.040 0.065 0.041
1974 0.251 0.096 0.087 0.146 0.051 0.049 0.028 0.109 0.700 0.155 0.044 0.043 0.032
1975 0.257 0.107 0.078 0.133 0.052 0.049 0.027 0.090 0.633 0.142 0.045 0.035 0.039
1976 0.262 0.090 0.077 0.103 0.037 0.043 0.047 0.110 0.819 0.134 0.058 0.029 0.057
1977 0.284 0.132 0.072 0.112 0.042 0.044 0.033 0.074 0.820 0.091 0.049 0.021 0.049
1978 0.222 0.117 0.098 0.080 0.029 0.035 0.042 0.131 0.819 0.160 0.061 0.021 0.053
1979 0.295 0.155 0.095 0.110 0.031 0.040 0.025 0.088 0.819 0.108 0.034 0.064 0.040
1980 0.184 0.109 0.112 0.079 0.028 0.030 0.051 0.134 0.817 0.164 0.066 0.021 0.063

Mean 0.267 0.115 0.087 0.118 0.040 0.040 0.031 0.118 0.755 0.156 0.043 0.026 0.039
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Table 5.23 Annual Flow Ratios for Stations in the Brazos River Basin
in inches/inches

Station/Station
Year 1/7 2/7 3/7 4/7 5/7 6/7 8/9 10/15 11/15 12/15 13/15 14/15

1940 0.286 0.578 0.578 - - - 1.159 0.223 0.370 0.395 0.720 0.939
1941 0.682 0.930 0.930 - - - 1.211 0.491 0.669 0.628 0.849 0.904
1942 0.894 1.143 1.143 - - - 1.189 0.317 0.703 0.710 0.922 0.980
1943 0.511 0.752 0.752 - - - 1.214 0.219 0.455 0.393 0.756 0.899
1944 0.216 0.833 0.833 - - - 1.183 0.080 0.224 0.287 0.770 0.973
1945 0.341 0.911 0.911 - - - 1.187 0.117 0.406 0.469 0.795 0.990
1946 0.290 0.740 0.740 - - - 1.200 0.163 0.349 0.346 0.686 0.959
1947 0.210 0.623 0.623 - - - 1.189 0.271 0.405 0.421 0.690 0.965
1948 0.473 0.833 0.833 - - - 1.204 0.375 0.773 0.646 0.772 0.923
1949 1.444 0.876 0.876 - - - 1.138 0.347 0.626 0.601 0.711 1.002
1950 0.910 0.834 0.834 - - - 1.176 0.373 0.578 0.524 0.619 0.962
1951 0.922 0.760 0.760 - - - 0.918 0.689 0.943 0.906 0.931 0.969
1952 1.085 0.815 0.815 - - - 1.273 0.081 0.377 0.413 0.678 0.915
1953 0.250 0.581 0.581 - - - 1.197 0.325 0.362 0.411 0.721 0.972
1954 1.436 0.495 0.495 - - - 1.090 0.904 0.952 0.934 0.862 0.948
1955 1.009 0.853 0.853 - - - 0.937 0.978 1.050 0.950 1.001 1.007
1956 2.641 1.483 1.483 - - - 1.225 0.323 0.847 0.789 0.986 1.045
1957 0.546 0.819 0.819 - - - 1.238 0.465 0.714 0.683 0.895 0.955
1958 0.262 0.640 0.640 - - - 1.152 0.233 0.497 0.494 0.849 0.958
1959 0.495 0.826 0.826 - - - 1.175 0.227 0.511 0.485 0.780 0.934
1960 0.162 0.593 0.593 - - - 1.096 0.196 0.340 0.347 0.729 0.902
1961 0.227 0.833 0.833 - - - 1.193 0.176 0.412 0.430 0.717 0.878
1962 1.240 0.667 0.667 - - - 1.106 0.620 0.835 0.850 0.903 0.956
1963 1.773 0.953 0.953 0.606 - - 0.644 0.651 0.742 0.815 0.790 0.965
1964 1.074 1.212 1.212 0.612 - - 0.947 0.267 0.620 0.605 0.876 0.968
1965 0.273 0.745 0.745 0.985 - - 1.273 0.166 0.351 0.393 0.858 0.963
1966 0.406 0.686 0.686 0.919 - 1.441 1.215 0.360 0.567 0.600 0.859 0.945
1967 0.923 0.675 0.675 0.413 - 1.687 1.327 0.511 0.664 0.714 1.006 0.976
1968 0.686 0.800 0.800 1.344 - 1.049 1.250 0.166 0.441 0.463 0.749 0.967
1969 0.780 0.664 0.664 1.072 1.628 1.403 1.159 0.336 0.578 0.600 0.766 0.953
1970 0.425 0.756 0.756 1.315 1.331 1.151 1.233 0.134 0.423 0.424 0.803 0.946
1971 0.601 1.201 1.201 0.946 0.692 0.661 1.188 0.487 0.873 0.849 0.999 0.995
1972 0.339 0.656 0.656 1.160 1.364 1.309 1.159 0.461 0.612 0.587 0.759 0.839
1973 0.366 0.539 0.539 0.774 1.933 1.756 1.219 0.092 0.296 0.347 0.617 0.893
1974 0.268 0.652 0.652 1.413 1.348 1.228 1.168 0.229 0.382 0.398 0.687 0.904
1975 0.184 0.584 0.584 0.943 1.758 1.653 1.206 0.169 0.367 0.397 0.750 0.915
1976 0.172 0.525 0.525 0.966 1.919 1.699 1.289 0.136 0.311 0.348 0.743 0.944

Mean 0.670 0.786 0.786 0.962 1.497 1.367 1.188 0.282 0.500 0.508 0.786 0.944
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Table 5.24 Annual Flow Ratios for Stations in the San Jacinto River Basin in inches/inches

Station/Station
Year lIC 2/C 3/C 4/C 5/C 6/C 8/C 9/C 9/7 lO/C ll/C l2/C 13/C

1940 1.233 0.929 0.919 1.354 0.900 1.242 0.502 0.659 1.054 0.626 0.594 1.240 0.549
1941 0.828 0.859 0.860 1.013 0.810 0.960 1.398 1.342 1.053 1.275 1.525 1.639 1.480
1942 0.904 0.696 0.662 1.321 1.192 1.360 1.183 0.998 0.954 1.046 1.398 0.740 1.328
1943 0.666 0.691 0.684 0.787 0.781 0.787 2.140 1.094 0.892 1.227 2.428 0.565 2.977
1944 0.898 0.737 0.819 0.743 0.831 0.984 1.609 1.533 1.054 1.454 1.712 1.052 1.430
1945 1.007 0.878 0.916 1.038 0.809 0.993 0.986 1.211 1.011 1.198 1.093 1.441 0.904
1946 0.893 0.872 0.965 1.081 0.971 1.005 1.301 1.000 0.935 1.070 1.353 1.889 1.240
1947 0.937 0.790 0.865 1.073 1.194 1.114 0.878 1.124 0.976 1.152 1.099 0.670 1.232
1948 1.235 0.686 0.298 1.059 1.640 1.515 0.493 0.706 0.938 0.752 0.962 0.211 1.493
1949 0.668 0.658 0.935 1.212 1.753 1.227 1.370 1.067 0.940 1.134 1.494 0.973 1.744
1950 1.094 0.955 0.802 1.182 1.272 1.225 0.799 0.570 0.873 0.653 0.993 0.867 0.994
1951 0.758 0.639 0.641 1.087 1.957 2.017 0.648 0.895 0.764 1.172 1.360 0.106 1.579
1952 0.933 0.760 1.111 0.930 1.011 1.204 0.665 1.205 0.917 1.314 1.110 0.340 1.025
1953 0.950 0.719 0.962 1.060 0.980 0.772 0.773 1.252 0.988 1.267 1.105 0.670 1.452
1954 0.697 0.499 0.995 0.812 1.014 1.193 2.364 1.701 0.976 1.743 2.027 0.211 0.981
1955 1.019 0.518 0.533 1.219 0.956 1.185 0.868 1.053 0.844 1.249 1.224 0.250 1.694
1956 0.926 0.335 0.358 1.050 1.189 1.746 0.826 1.086 0.790 1.374 1.530 0.105 1.812
1957 1.137 0.520 0.631 1.200 0.725 0.866 0.768 1.145 0.947 1.209 1.235 0.770 1.968
1958 1.112 0.806 0.758 1.115 1.149 1.147 0.649 0.753 0.850 0.886 0.968 0.500 1.384
1959 0.877 0.639 0.722 0.886 0.709 0.932 1.158 1.128 0.886 1.273 1.823 0.844 2.840
1960 1.023 0.852 1.003 0.883 0.743 1.061 0.795 1.104 0.903 1.222 1.052 1.371 1.206
1961 0.808 0.844 0.811 0.893 1.100 1.034 1.539 1.222 0.891 1.372 1.531 1.286 1.424
1962 0.838 0.391 0.325 1.111 1.023 1.471 1.273 1.249 0.818 1.528 1.660 0.350 1.798
1963 0.852 0.435 0.386 1.029 0.849 1.374 1.139 1.106 0.784 1.411 1.657 0.303 2.360
1964 0.979 0.362 0.583 1.249 0.887 1.349 1.677 1.117 0.914 1.221 1.272 0.408 1.873
1965 1.350 0.482 0.686 0.605 0.457 0.808 0.819 1.231 0.895 1.375 1.077 0.394 1.476
1966 0.803 0.580 0.897 0.833 0.641 0.829 1.416 1.195 0.818 1.461 1.436 0.668 2.721
1967 0.595 0.320 0.517 0.821 0.743 1.273 1.356 1.573 0.796 1.976 1.937 0.193 2.782
1968 1.013 0.757 0.884 0.949 0.540 0.914 0.735 1.271 0.941 1.351 0.958 1.156 1.511
1969 1.026 0.631 0.697 1.046 0.743 1.041 0.956 0.959 0.854 1.123 1.233 0.714 2.123
1970 0.328 0.357 0.840 0.410 0.615 0.634 1.998 1.703 0.739 2.304 2.318 0.527 3.467
1971 0.252 0.182 0.708 0.412 0.535 0.702 1.584 2.106 0.788 2.673 2.992 0.268 3.206
1972 0.419 0.695 1.129 0.519 0.659 0.603 1.692 1.875 0.881 2.129 1.805 0.626 2.409
1973 0.906 0.829 0.881 1.044 1.151 0.885 1.203 0.904 0.888 1.018 1.281 2.014 1.734
1974 0.847 0.626 0.831 1.226 1.186 1.274 1.048 1.012 0.855 1.183 1.421 1.331 1.354
1975 0.868 0.696 0.750 1.120 1.223 1.275 1.012 0.835 0.774 1.079 1.451 1.075 1.642
1976 0.884 0.583 0.735 0.865 0.868 1.110 1.749 1.020 1.001 1.019 1.865 0.884 2.410
1977 0.956 0.859 0.686 0.944 0.973 1.132 1.225 0.693 1.002 0.692 1.567 0.640 2.100
1978 0.749 0.764 0.939 0.675 0.679 0.897 1.575 1.219 1.000 1.219 1.955 0.652 2.245
1979 0.995 1.010 0.912 0.924 0.726 1.040 0.950 0.820 1.000 0.820 1.082 1.976 1.697
1980 0.620 0.713 1.073 0.664 0.663 0.783 1.928 1.246 0.999 1.247 2.136 0.643 2.686

Mean 0.900 0.746 0.836 0.989 0.928 1.042 1.177 1.095 0.922 1.188 1.392 0.814 1.677
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Table 5.25 Drainage Area and Flow Ratios for Stations in the Brazos River Basin

Drainage Drainage Mean Flow Mean Flow
Station Stream Area Area Flow (ac-ft/yr) Flow (inches/yr)

(mile2) Ratio (ac-ft/yr) Ratio (inches/yr) Ratio

1 Leon River 1,261 0.178 114,812 0.086 1.71 0.484
2 Leon River 3,542 0.501 518,327 0.390 2.74 0.776
3 Lampasas River 1,240 0.176 210201 0.158 3.18 0.901
4 Lampasas River 1,321 0.187 261,249 0.197 3.71 1.050
5 San Gabriel River 248 0.035 69,573 0.052 5.26 1.490
6 San Gabriel River 738 0.104 189,608 0.143 4.82 1.365
7 Little River 7,065 - 1,328,563 - 3.53

8 NavasotaRiver 968 0.666 319,479 0.817 6.19 1.228
9 NavasotaRiver 1,454 - 390,989 - 5.04

Table 5.26 Ratios of Station Versus Combined Areas and Flows
for the Stations in the San Jacinto River Basin

Drainage Drainage Mean Flow Mean Flow
Station Stream Area Area Flow (ac-ft/yr) Flow (inches/yr)

(mile2) Ratio (ac-ft/yr) Ratio (inches/yr) Ratio

1 WF San Jacinto 809 0.297 370,000 0.267 8.6 0.90
2 Spring Creek 419 0.154 158,000 0.115 7.1 0.75
3 Cypress Creek 285 0.105 121,000 0.0870 8.0 0.84
4 EF San Jacinto 325 0.119 163,000 0.118 9.4 0.99
5 Peach Creek 117 0.0429 55,200 0.0398 8.8 0.93
6 Caney Creek 105 0.0385 55,600 0.0401 9.9 1.04
8 Greens Bayou 72.7 0.0267 43,500 0.0314 11.2 1.18
9 Buffalo Bayou 293 0.107 163,000 0.118 10.4 1.10
10 Buffalo Bayou 358 0.131 216,000 0.156 11.3 1.19
11 White Bayou 84.7 0.0310 59,900 0.0432 13.3 1.40
12 Brays Bayou 88.4 0.0324 88,100 0.0260 18.7 0.81
13 Sims Bayou 64.0 0.0235 54,500 0.0393 16.0 1.68

Combined 2,728 1,386,400 9.53
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Table 5.27 Drainage Area and Flow Ratios for Stations in the Sulphur River Basin

Drainage Drainage Flow Flow
Station Stream Area Area (ac-ftlyr) (inches/yr)

mile2 Ratio Ratio Ratio

A SouthSulphur 541 0.392 320,670 0.337 11.1 0.860
B North Sulphur 311 0.225 175,270 0.184 10.6 0.822
C Sulphur 1,380 - 952,520 - 12.9
D WhiteOakCreek 546 0.192 387,050 0.195 13.3 1.015
E Sulphur 2,850 - 1,983,620 - 13.1

Table 5.28 Comparison of Flow Ratios and Drainage Area Ratios

Brazos River Basin Stations San Jacinto Basin Stations
D. Area Flow DAR/FR D. Area Flow DAR/FR

Station Ratio Ratio Percent Station Ratio Ratio Percent

1/7 0.178 0.086 206.54 lIC 0.297 0.267 111.2
2/7 0.501 0.390 128.50 2/C 0.154 0.105 133.9
3/7 0.176 0.158 110.93 3/C 0.104 0.087 120.7
4/7 0.187 0.197 95.09 4/C 0.119 0.118 100.8
5/7 0.035 0.052 67.03 5/C 0.043 0.040 107.8
6/7 0.104 0.143 73.19 6/C 0.038 0.040 96.0
1/2 0.356 0.222 160.72 8/C 0.027 0.031 85.0
3/4 0.939 0.805 116.66 9/C 0.107 0.118 90.7
5/6 0.336 0.367 91.58 101 C 0.131 0.156 84.0
8/9 0.666 0.817 81.48 11/C 0.031 0.043 71.8

10 I 15 0.529 0.135 393.05 121 C 0.032 0.026 124.6
11 I 15 0.605 0.274 220.65 13 IC 0.023 0.039 59.8
12I 15 0.657 0.302 217.49 9 110 0.818 0.755 108.3
13 I 15 0.878 0.626 140.26
14 I 15 0.975 0.835 116.78 Sulphur River Basin
10 I 11 0.874 0.491 178.13 D. Area Flow DAR/FR
11 I 12 0.921 0.908 101.45 Station Ratio Ratio Percent
12 I 13 0.748 0.483 155.07
13 I 14 0.901 0.750 120.10 AlC 0.392 0.337 116.32
7 113 0.179 0.332 53.92 B/C 0.225 0.184 122.28
9 114 0.033 0.073 45.29 DIE 0.192 0.195 98.46

BIA 0.575 0.545 105.50



CHAPTER 6
COMPARATIVE EVALUATION OF

ALTERNATIVE APPROACHES FOR DISTRIBUTING FLOWS

Chapter 6 is a comparative evaluation of alternative methods outlined in Chapter 4 based
on using the naturalized flows at the stations in the Brazos, San Jacinto, and Sulphur River Basins
described in Chapter 5. Chapter 6 begins with a description of the flow distribution methods
tested and the estimation of values for the parameters incorporated in these methods. Next,
relationships are examined between the flow regression coefficients computed in Chapter 5 and
combinations of the ratios of drainage areas, mean precipitation, and curve numbers representing
land use and soil type. The last section of the chapter summarizes the results of a comparative
evaluation of flows predicted using alternative flow distribution approaches. Alternative methods
are applied to predict flows at selected stations from known flows at other stations. The flows
computed with the alternative methods are compared with each other and with the known flows
at the station.

Alternative Flow Distribution Methods

All of the methods described in Chapter 4 for distributingflows from gaged watersheds to
ungaged subwatersheds have been considered in this investigation to varying extents. However,
based on considerations outlined in Chapters 3, 4, and 5, the analysesreported in Chapter 6 focus
on the following alternative approaches, which are listed in hierarchical order from simple to
complex.

1. distribution of flows in proportion to drainage area (Equations 6-1,6-2, and 6-3)
2. distribution of flows in proportion to drainage area, CN, and mean precipitation

(Equations 6-1, 6-4, and 6-5)
3. adaptation of the Natural Resource Conservation Service curve number (CN) method

(Equations 6-6 and 6-7)
4. application of the Soil and Water AssessmentTool (SWAT) hydrologic simulation model

a. develop relationships between flows at gaged and ungaged locations using SWAT
b. directly use flow sequencesdevelopedby SWAT

The first three approaches and estimation of their parameters (drainage area, CN, and mean
precipitation) are described next, followedby a separate section addressing application of SWAT.

Distribution of Flows in Proportion to Ratios of Watershed Parameters

The first and second approaches listed above involve multiplying flows by ratios of
watershed parameters. Naturalized monthly streamflows are transposed from a gaged site to an
ungaged site by the following simplelinearrelation discussed in previous chapters:

Qungaged= C Qgage (6-1)
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where C is a constant. The general strategy of using Equation 6-1 for computing flows requires
that the coefficient C be estimated from characteristics of both the gaged and ungaged
watersheds. A logical approach for relating C to watershed characteristics is to express C in
terms of the ratio of parameters such as drainage area, mean precipitation, curve number, and
other parameters. The most common approach is to simplyuse the drainage area ratio:

c=(~~ )

N

gage

(6-2)

If the exponent N is determined to be one, the expression for C is as follows:

(6-3)

Alternatively, ratios for other watershed parameter could also be used. C may be expressed as a
function of mean precipitation M, curve number CN, and other parameters, as well as drainage
area A.

C =
(

AI/ngaged

)

Nt

(
MI/ngaged

)

N2

(
CN I/ngaged

)

N3

(
Otherl/ngaged

)

N4

Agage Mgage CNgage Other gage
(6-4)

If all the exponents N; are assumedto be unity, the constant C would be related to the watershed
characteristics as

C =
(

AI/ngaged
) (

MI/ngaged

) (
CNI/ngaged

) (
Otherl/ngaged

)Agage M gage CN gage Other gage
(6-5)

NRCS Curve Number (CN) Method Adaptation

The Natural Resource Conservation Service (NRCS) curve number (CN) method
adaptation is advantageous over the parameter ratio approach (Equations 6.1 and 6.4) from the
perspective of providing a more conceptual relationship for incorporating the CN and mean
precipitation. The concept of distributing flows in direct proportion to drainage area is also
explicitlyinherent in the NRCS CN method. If the CN and mean precipitation are assumed to be
identical for both watersheds, the NRCS CN method adaptation predicts identically the same
flows as the drainage area ratio method.

The NRCS CN method is a widely applied approach for predicting the runoff volume to
result from a specified precipitation volume. The general methodology is modified here for
transferring flows from one location to another. Thus, the method is being adapted to a different
type of application than that for which it was originally developed. The procedure has been
modified in this investigation for applicabilityto the task of distributing flows. As normally
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applied, storm runoff volumes are computed for given precipitation volumes. In the adaptation,
monthly streamflow volumes at a specifiedlocation are computed for given monthly flow volumes
at another location.

Chapter 4 outlines both the conventionalNRCS curve number method (Equation 4-4) and
the step-by-step procedure for adapting the method to transposing flows ftom gaged to ungaged
sites. The NRCS CN method is based on the following relationshipbetween rainfall depth P, in
inches, and runoff depth Q, in inches.

Q =
(p-0.2S)2

P +0.8S (6-6)

Q = 0 if P < 0.2S

S _ 1,000
- CN -10

P and Q in inches must be multipliedby the watershed area to obtain volumes in acre-feet or other
units. The potential maximumretention S, in inches, is expressed in terms of a curve number CN
which is a dimensionlesswatershed parameter ranging ftom 0 to 100. The watershed parameter
CN is determined ftom empiricalinformation,such as that reproduced as Table 4.1, developed by
the NRCS as a function of watershed soil type, land cover/use/condition, and antecedent moisture
condition.

The computational algorithmfor the modifiedNRCS CN method consists of the following
steps performed for each month.

Step J: The flow at the gage, in acre-feet/month, is divided by the drainage area Agagcand
multiplied by a unit conversionfactor to convert to an equivalentdepth Qgagein inches.

Step 2: Qgagcis input to Equation 6-6 to obtain Pgagein inches. An iterative algorithm is
required to solve for P given Q. This approximationfor precipitation depth is assumed
to be applicable to the ungaged subwatershed as well as the gaged watershed. Base
flow is being distributedalong with storm runoff, all in the same proportion.

Step 3: The precipitation depth is adjusted by multiplyingPgage by the ratio of the long-term
mean precipitation depth Mungagcdof the subwatershed to that of the watershed Mgagcdto
obtain a P ungagcd.

(
Mungaged

Jadjusted Pungaged= Pgage M gage
(6-7)

Step 4: Pungagcdis input into the Equation 6-6 to obtain Qungagcdin inches. Qungagedin inches is
multiplied by Aungagedand a unit conversion factor to convert to flow in acre-feet/month.
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Watershed Parameters for the Selected Stations

1NRCC/CRWR GIS

During 1998-1999, the Center for Research in Water Resources (CRWR) at the
University of Texas, under contract with the TNRCC, is developing an ArcView based
geographic information system (GIS) to:

· delineate the spatial connectivityof gaging stations, water rights, and other pertinent sites

· determine the drainage area, curve number, and mean precipitation for each water right
and pertinent stream gaging station in the 22 river basins

The investigation reported herein provided a basis to determinethe types of watershed parameters
to be adopted for the statewide water availabilitymodeling effort. The Brazos and San Jacinto
River Basin analyses presented here were performed prior to the CRWR developing the GIS. The
Sulphur River Basin analyseswere performed later and used watershed parameters developed by
the GIS. The curve number and mean annual precipitation data for the Sulphur River Basin were
developed by the CRWR for use in the TNRCClBrandeswater availabilitymodeling study.

The CRWR GIS uses digital elevation models produced by the U.S. Geological Survey to
delineate watersheds. The GIS uses a grid database of curve numbers (CN) developed by the
Blackland Research Center of the Texas Agricultural Experiment Station (TAES) in conjunction
with the nationwide HydrologicUnit Modeling of the United States (HUMUS) project sponsored
by the USDA Natural Resource Conservation Service (NRCS). The grid of mean annual
precipitation adopted for the GIS was developed at Oregon State University for the NRCS
(Hudgens and Maidment 1998).

Watershed Parameters

The only parameters required for the drainage area ratio approach (Equation 6-2) are the
watershed areas of all pertinent sites. The curve number CN and mean precipitation as well as
drainage areas are used in both the parameter ratio (Equation 6-4) approach and NRCS CN
method adaptation (Equation 6-6). This section describes estimates of these three parameters for
these three flow distribution approaches.

Estimates of parameter values for the watersheds of the gaging stations in the Brazos, San
Jacinto, and Sulphur River Basins are presented in Tables 6.1, 6.2, and 6.3, respectively. The
drainage areas published by the USGS in the gaging station information were adopted for the
stations in the Brazos and San Jacinto Basins. The mean annual precipitation values for the
Brazos and San Jacinto watersheds were estimated ftom a mean annual precipitation map for
Texas published by the Texas Water Development Board (1984). Estimation of CNs for
subwatersheds in the Brazos and San Jacinto Basins are discussed in the following paragraphs.
The drainage area, mean precipitation, and CN data for the stations in the Sulphur Basin were
taken ftom the TNRCClBrandes report (R. 1. Brandes Company 1999). These data for the
Sulpur Basin were developed in conjunctionwith the TNRCC/CRWRGIS project noted above.
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Stations 10-15 on the Brazos River have extremely large complicated watersheds.
Consequently, curve numbers were not estimated. The drainage area ratio method is the only
flow distribution approach applied to the stations on the main-stemBrazos River.

For the San Jacinto River Basin, Table 6.2 includes parameter values for the combined
watershed above all of the stations. The combineddrainagearea is the summation of the areas for
all stations except station 9, since the station 9 drainage area is included in the station 10 area.
The CN and mean precipitation for the combined watershed was estimated as a drainage area-
weighted average of the values for the individualsubwatersheds.

The curve numbers CN for the Brazos and San Jacinto watersheds above the stations were
estimated based on reviewingNRCS soil maps and USGS quadrangle maps to determine soil type
and land use. The percentage of each watershed represented by each predominate soil type and
land use was related to the standard NRCS CNtable (Table 4.1) to estimate a composite CNfor
the watershed (Equation 4-5). The land use and soil type estimates for each watershed are shown
in Tables 6.4 and 6.5. The curve number estimates are necessarilyapproximate and of course are
determined with less precision than impliedby the significantfigures shown in Tables 6.3 and 6.4.

Table 6.1 Watershed Parameters for the Stations
in the Brazos River Basin

Station
Curve

Number
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1 1,261 81.6 27.1
2 3,542 79.2 30.0
3 1,240 80.1 28.5
4 1,321 78.5 32.3
5 248 82.8 31.7
6 738 82.8 31.5
7 7,065 79.7 30.1
8 968 83.3 37.7
9 1,454 83.3 39.0
10 23,811
11 27,244
12 29,573 - 25
13 39,515 - 27
14 43,880
15 45,007 - 28



Table 6.2 Watershed Parameters for the Stations
in the San Jacinto River Basin

Station
Curve

Number

Table 6.3 Watershed Parameters for the Stations in the
Sulphur River Basin (R. 1.Brandes Company 1999)

Station
Curve

Number
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1 809 66.5 42.9
2 419 70.8 42.7
3 285 82.8 43.0
4 325 64.8 45.0
5 117 64.7 45.0
6 105 62.7 44.5
8 72.7 84.5 44.8
9 293 83.6 43.1
10 358 83.4 43.2
11 84.7 88.1 45.0
12 88.4 88.9 45.5
13 64.0 86.3 45.5

Combined 2,728 73.0 43.6

A 541 64.4 42.7
B 311 70.0 43.2
C 1,382 69.5 43.4
D 546 70.8 44.1
E 2,849 69.0 44.4
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Table 6.4 Watershed CharacteristicsUsed to Estimate Curve Numbers
for the Stations in the Brazos River Basin

Station CN Land Use Soil Type

1 81.6 20% Crops, 80% Pasture 60% C, 40%D

2 79.2 10% Crops, 40% Pasture, 50% 50%C, 50%D
MilitaryReserve(Brush,

Meadow)

3 80.1 15% Crops, 65%Pasture, 25% 60%C, 40%D
Brush

4 78.5 15% Crops, 65%Pasture, 25% 15%B, 40%C, 45%D
Brush

5 82.8 20% Crops, 80% Pasture 35%C, 65%D

6 82.8 20% Crops, 80% Pasture 65%D,35%C

7 79.7 15% Crops, 65% Pasture, 10% 50%C, 50%C

8 83.3 20% Crops, 80% Pasture 20% Crops, 80% Pasture

9 83.3 20% Crops, 80% Pasture 20% Crops, 80% Pasture
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Table 6.5. Watershed Characteristics Used to Estimate Curve Numbers
for the Stations in the San Jacinto River Basin

Station CN Land Use Soil Type

1 66.5 60% woods; 8% crops; 15% A; 50% B
32% pasture 35%D

2 70.8 40% woods; 12% crops 10% A; 35% B
48% pasture 35% C; 20% D

3 82.8 20% residential; 8% crops 50%C
32% pasture 50%D

4 64.8 100%woods 75% B; 25% D

5 64.7 90% woods; 2% crops 75% B; 15% C
8% pasture 10%D

6 62.7 90% forest; 2% crops 10% A; 65% B
8% pasture 10% C; 15% D

8 84.5 40% residential; 12% crops 20%C
48% pasture 80%D

9 83.6 10% residential; 18% crops 15%C
72% pasture 85%D

10 83.4 20% residential;5% commercial 50%C
15% crops; 60% pasture 50%D

11 88.1 70% residential; 10%commercial 15%C
4% crops; 16% pasture 85%D

12 88.9 75% residential; 10% commercial 100% D
3% crops; 12%pasture

13 86.3 45% residential; 11% crops 100% D
44% pasture



Adiusted Curve Numbers

The flow predictions with the NRCS CN method adaptation were repeated for two sets of
curve numbers. The first set of CN's, which are tabulated in Tables 6.1 and 6.2, was developed
using conventional procedures as outlined in the preceding paragraphs. Another adjusted set of
curve numbers was developed through a quasi-calibration procedure based on reproducing long-
term means. Calibration is obviouslynot possible in estimatingflows for ungaged subwatersheds.
However, the adjusted curve numbersused in this study simplyprovided another way to test flow
distribution methods. The purpose of the adjusted CNs was to examine the extent of monthly
deviations between known and predicted flows given that the long-term means are about the
same. Even with adjusted CNs set to reproduce long-term means, significantdeviations between
predicted and known flows were found to occur in individualmonths.

After performing an initial series of analyses, more precise precipitation values were
determined and used to update most of the analyses. However, updating the adjusted CNs was
considered to not be warranted. Thus, the adjusted CN's were determined using a slightly
different set of precipitation values than shown in the report.

In the Brazos Basin, given the CN for the watershed above the Cameron gage on the
Little River (station 7) trom Table 6.1, the CN's for each subwatershed above station 7 were
determined such that the mean of the computed flows equal the mean of the known flows.
Likewise, the CN for the watershed above station 8 on the Navasota River was determined, given
the CN for station 9. For each of the 12 stations in the San Jacinto Basin, adjusted curve numbers
were determined that result in the 1940-1980 mean flows at the station being predicted when the
combined flows are used for the prediction.

The adjusted CN's were computed as follows. Given the flows at the specified
downstream location, the flows at the station were computed using the modified NRCS CN
method computer program developed in conjunction with the project. The CN, drainage area,
and mean precipitation for both the overallwatershed and the station subwatershed were provided
as input to the Fortran program as well as the overall watershed monthly flows. The monthly
flows at the station and their mean were computed by the program. The computed mean was
compared with the corresponding mean for the actual known naturalized flows for the station.
With all other input held constant, the CN for the station was adjusted and the computer model
executed again. This process was repeated iterativelyuntil the predicted mean of the flows at the
station matched the mean of the known naturalized flows for the station. The original estimates
for the CN and the adjusted CN values are tabulated in Tables 6.6 and 6.7. The results of flow
predictions performed using the NRCS CN method adaptation with the two alternative sets of
CN's are presented later in this chapter.
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Table 6.6 Originaland Adjusted Curve Numbers (CN)
for Stations in the Brazos Basin

Table 6.7 Originaland Adjusted Curve Numbers (CN)
for Stations in the San Jacinto Basin

Station
Original

Curve Number
Adjusted

Curve Number

1
2
3
4
5
6
8
9
10
11
12
13

Combined

66.5
70.8
82.8
64.8
64.7
62.7
84.5
83.6
83.4
88.1
88.9
86.3
73.0

72.9
67.5
69.7
72.1
69.9
73.1
76.5
75.0
76.7
80.1
87.9
84.3
81.2

Relationships between Watershed Parameters
and Flow Reeression Coefficients

In applying Equation 6-1 to transfer flows trom gaged to ungaged sites, the coefficient C
must be estimated trom watershed parameters. The known naturalized flows at the gaging
stations a data base to examine the relationships for C reflected in Equations 6-2, 6-3, 6-4, and
6.5. This section summarizes the results of investigatingthe relationship between C determined
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Original Adjusted
Station Curve Number CurveNumber

1 81.6 76.1
2 79.2 78.5
3 80.1 82.1
4 78.5 79.4
5 82.8 87.5
6 82.8 84.2
8 83.3 74.7



from estimates of watershed parameter ratios and the C determined from regression of known
flows.

In applying Equations 6-1 through 6-5, the flow at an ungaged location is assumed to be
equal to the flow at the gage site multiplied by a constant C reflecting the characteristics of the
gaged and ungaged watersheds. This relation has the same form as the zero-intercept linear
regression equation

y = mx

adopted in Chapter 5 to relate known flows at different stations. In the following presentation,
the slope coefficient m, determined in Chapter 5 from two sets of concurrent known flows, is
compared with the equivalentC determined from watershed characteristics. Drainage area, curve
number, and mean precipitation are the watershed parameters incorporated into Equations 6-2
through 6-5 to estimate values for C.

Thus, the followinganalysesinvestigate the relationship:

Qstationi = C Qstationj

between flows Q; and Qjat the locations i and}, respectively,where C is estimated from the ratios
of parameter values for the watersheds of locations i and}. For the stations in the San Jacinto
Basin, this relationship is also expressed as:

Qstation= C Qcombined

where Qcombinedis the total flow from the 2,730 mile2 combined watershed above all the stations,
computed by summing the flows at the individual stations.

Determination of the Exponents N in Equations 6-2 and 6-4

The slope coefficientsm from Tables 5.11, 5.16, and 5.18 are reproduced in Tables 6.8-
6.13 along with the corresponding ratios of drainage area RA curve number ReN and mean
precipitation RM. The C determinedfrom regression analysisof known flows is represented by the
slope coefficient m. The following relationships are considered for estimating C from watershed
parameters.

where the ratios of drainage area RA, curve number ReN, and mean precipitation RM for two
locations i and j are definedas follows.

RA = drainageareaforwatershedj dividedbydrainageareafor watershedi
RcN = curve number for watershedj dividedby curve number for watershed i
~ = mean precipitation for watershed j divided by mean precipitation for watershed i
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In some cases, values for the N computed for the followingrelationships are also presented.

m = [(RA)(RcN)]N
m = [(RA)(RcN)(RM)t

Based on the analyses presented in Tables 6.8 - 6.10, one (N=1.0) is concluded to be the
most appropriate value for the drainage area (RA)NexponentN. The values for the exponents N2
and N3 for the curve number and precipitation ratios (RcNandRM)exhibit great variation between
stations. The data are inadequate to reach a conclusion regarding the most appropriate RcN and
RM exponents N2 and N3. The N2 and N3 are probably not constants at all but rather vary
significantly£Tomstation to station and £Tommonth to month. In the flow predictions presented
in the later section entitled Comparison of Flow Distribution Approaches, these exponents are set
at one (N2=N3=1). The products of the ratios with all exponents set equal to unity are tabulated
in Tables 6.11 -6.13and adopted in the predictions reported later in the chapter.

Comparison of Flow Ratios and Parameter Ratios

The validityof Equations 6-1 through 6-5 is examinedby the comparison of the regression
slope coefficient m with the ratios of parameters tabulated in Tables 6.11 - 6.13. The parameter
ratios provide estimates for C in Equations 6-1 through 6-5 which are equivalent to the slope m
determined £Tomthe linear regression analysis of known flows in Chapter 5. Tables 6.11 - 6.13
provide some measure of the extent to which the estimates for C provided by the alternative
combinations of parameter ratios approximate the m representing the known flows. The curve
numbers and mean precipitation are similarfor the differentwatersheds as indicated by the ratios
RcN and ~ being close to 1.0. Thus, drainage area represents the greatest difference in
watershed characteristics between pairs of stations. Thus, Tables 6.11 - 6.13 may be viewed £Tom
the following perspectives.

. Comparison of the m and RA provides a measure of the validity of the drainage area ratio
approach (Equations 6-1 and 6-2) as a method for predicting the expected value (mean) of the
flow at one location given the flow at another location. If the drainage area method worked
perfectly,RAwould equal m. Of course, the tables show variations between RA and m.

. This comparison also provides a measure of the validity of Equations 6-1 and 6-5. The
products RARcNand RARcN~ should provide a closer approximation of m than is provided by
RAalone. A review of Tables 6.10-6.20 indicates that this is sometimes but not always the
case.

Based on a review of Tables 6.11-6.13, the drainagearea ratio method appears to provide
a rough approximation of the mean flow. The CN and precipitation ratios appear to provide only
minimalimprovement over using the drainage area ratio alone to proportion flows.
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Table 6.8 Exponents for Watershed Parameter Ratios
for Stations in the Brazos River Basin

Regression Ratios
Station Slope m RcN

1 vs. 7 0.085 0.178 1.024 0.900 1.430 -31.488 7.290
2 vs.7 0.418 0.501 0.994 0.997 1.263 28.890 52.748
3 vs. 7 0.173 0.176 1.005 0.947 1.008 -2.881 0.356
4vs.7 0.213 0.187 0.985 1.073 0.922 -8.589 2.062
5 vs. 7 0.052 0.035 1.039 1.053 0.883 10.298 6.851
6vs.7 0.137 0.104 1.039 1.047 0.890 7.107 6.126
8vs.9 0.826 0.666 1.000 0.967 0.470 - -6.362
1 vs. 2 0.218 0.356 1.030 0.903 1.475 -16.430 5.118
2 vs. 3 0.734 0.939 1.020 0.882 4.887 -12.190 2.126
3 vs. 4 0.362 0.336 1.000 1.006 0.932 - 11.756

Table 6.9 Exponents for Watershed Parameter Ratios
for Station Versus Combined Flows for the Stations in the San Jacinto River Basin

Regression Ratios Exponent N for
Station Slope m RA RcN (RA)N (RARrn)N (RARrn) RA<RcN)NRARrn(M)N

N

1 0.2839 0.2966 0.911 0.984 1.036 0.962 0.950 0.467 -3.055
2 0.1311 0.1536 0.969 0.979 1.085 1.067 1.055 5.10 6.084
3 0.0966 0.1045 1.134 0.986 1.035 1.096 1.181 -0.625 26.793
4 0.1271 0.1191 0.887 1.032 0.970 0.918 0.931 -0.538 5.851
5 0.0380 0.0429 0.886 1.032 1.038 1.000 1.010 1.003 -0.008
6 0.0380 0.0385 0.858 1.021 1.004 0.959 0.965 0.0842 6.856
8 0.0301 0.0267 1.157 1.028 0.966 1.007 1.015 0.835 -0.956
9 0.1068 0.1074 1.145 0.989 1.003 1.067 1.061 -0.0423 12.225
10 0.1355 0.1312 1.143 0.991 0.984 1.053 1.048 0.240 11.003
11 0.0376 0.0311 1.207 1.032 0.945 0.999 1.009 1.017 0.053
12 0.0495 0.0324 1.217 1.032 0.876 0.930 0.939 2.178 7.196
13 0.0325 0.0235 1.181 1.044 0.913 0.956 0.967 1.96 3.701
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Table 6.10 Exponents for Watershed Parameter Ratios
for Adjacent-Subwatershed Flows for the Stations in the San Jacinto River Basin

Regression Ratios
Station Slone m RA RcN

4-5 0.287 0.360 0.999 1.000 1.221 365
5-6 0.758 0.897 0.968 0.989 2.560 5.25 12.158
6-1 6.744 7.705 1.061 0.964 0.935 -2.25 5.255
1-2 0.4345 0.518 1.065 0.995 1.267 -2.81 50.892
2-3 0.688 0.680 1.170 1.007 0.970 0.0747 -14.133
3-8 0.249 0.255 1.020 1.042 1.018 -1.20 -1.064
8-11 1.016 1.165 0.982 1.004 0.104 7.61 -26.644
11-10 3.049 4.227 1.004 0.960 0.773 -90.7 8.100
9-10 1.266 1.222 0.998 0.998 1.176 -17.669 -706.034
10-12 0.290 0.247 1.065 1.042 0.885 2.549 -23.955
12-13 0.662 0.724 0.971 1.011 1.277 3.042 -52.811

Table 6.11 Comparison of Watershed Parameter Ratios and
Flow Regression Coefficients for Stations in the Brazos River Basin

Regression Ratios
Station Slone m RA RcN RARcN RARcN

1 vs. 7 0.085 0.178 1.024 0.900 0.182 0.164
2vs.7 0.418 0.501 0.994 0.997 0.498 0.496
3 vs. 7 0.173 0.176 1.005 0.947 0.176 0.167
4vs.7 0.213 0.187 0.985 1.073 0.184 0.198
5 vs. 7 0.052 0.035 1.039 1.053 0.036 0.038
6vs.7 0.137 0.104 1.039 1.047 0.109 0.113
8vs.9 0.826 0.666 1.000 0.967 0.666 0.643
1 vs. 2 0.218 0.356 1.030 0.903 0.367 0.331
2 vs. 3 0.734 0.939 1.020 0.882 0.958 0.845
3 vs. 4 0.362 0.336 1.000 1.006 0.334 0.338
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Table 6.12 Comparison of Watershed Parameter Ratios and Flow Regression Coefficients
for Station Versus Combined Flow in the San Jacinto River Basin

Regression Ratios
Station Slope m RA RcN 144 RARcN RARrn

1 0.2839 0.2966 0.911 0.984 0.270 0.266
2 0.1311 0.1536 0.969 0.979 0.149 0.146
3 0.0966 0.1045 1.134 0.986 0.119 0.138
4 0.1271 0.1191 0.887 1.032 0.106 0.109
5 0.0380 0.0429 0.886 1.032 0.038 0.039
6 0.0380 0.0385 0.858 1.021 0.033 0.034
8 0.0301 0.0267 1.157 1.028 0.031 0.032
9 0.1068 0.1074 1.145 0.989 0.123 0.122
10 0.1355 0.1312 1.143 0.991 0.150 0.149
11 0.0376 0.0311 1.207 1.032 0.038 0.039
12 0.0495 0.0324 1.217 1.032 0.0278 0.041
13 0.0325 0.0235 1.181 1.044 0.0278 0.029

Table 6.13 Comparison of Watershed Parameter Ratios and Flow Regression Coefficients
for Flows ftom Adjacent-Subwatersheds in the San Jacinto River Basin

Regression Ratios
Station Slope m RcN 144 RARcN RARrn

4-5 0.287 0.360 0.999 1.000 0.368 0.360
5-6 0.758 0.897 0.968 0.989 0.868 0.859
6-1 6.744 7.705 1.061 0.964 8.175 7.881
1-2 0.4345 0.518 1.064 0.995 0.551 0.549
2-3 0.688 0.680 1.170 1.007 0.780 0.765
3-8 0.249 0.255 1.020 1.042 0.260 0.271

8-11 1.016 1.165 0.982 1.004 1.144 1.149
11-10 3.049 4.227 1.004 0.960 4.244 4.074
9-10 1.266 0.247 0.998 0.998 0.247 0.246
10-12 0.290 0.724 1.065 1.042 0.771 0.803
12-13 0.662 1.222 0.971 1.011 1.187 1.200



Soil and Water Assessment Tool (SWAT) Analvses

SWAT Description

Background information regarding the Soil and Water Assessment Tool (SWAT) is
provided in Chapter 2. SWAT computes sequences of daily streamflowsto result trom specified
precipitation input by simulating the hydrologic processes that occur in the watershed and
subsurface (Arnold et al. 1996; http://brcsunO.tamu.edu/swatfmdex.html).A detailed daily water
balance accounts for subsurface/surface water interactions as well as surface runoff. SWAT is
more sophisticated with greater input data requirements than the previous methods. However,
the level of sophistication and effort required can be controlled to significant degree by the
optional features selected by the model user. SWAT also includes extensive optional water
quality modeling capabilities that are not pertinent to water availabilitymodeling. These options
are simply not used if not needed. SWAT interacts with GIS databases that facilitate estimation
of values for the model parameters.

A modification of the NRCS curve number method is incorporated in SWAT for
determining the runoff volume to result ftom a given precipitation amount. The curve number is
allowed to vary during a simulationwith changes in soil moisture. The percolation component of
the model uses a storage routing technique to predict flow through specifiedsoil layers in the root
zone. The downward flow rate is governed by the hydraulic conductivity of the soil. Upward
flow may occur when a lower layer exceeds field capacity. Lateral flow in each soil layer is
modeled with a kinematic storage routine that accounts for variations in conductivity, slope, and
soil water content. Several optional methods are provided for computing evapotranspiration.
Evaporation trom soils and plants are treated separately. Stream channel losses are determined as
a function of channel length and width and flow duration. The groundwater flow contribution to
streamflow may be simulated by creating shallow aquifer storage. The aquifer is recharged by
percolation ftom the soil layers in the root zone. A recession constant may be used to lag flow
ftom the aquifer to the stream. Other flow components reflected in the aquifer storage
computations include evaporation, pumpingwithdrawals, and seepage to a deep aquifer.

The weather variables driving SWAT are precipitation, air temperature, solar radiation,
wind speed, and relative humidity. If available, daily precipitation and maximum/minimum
temperature data can be input directly to SWAT. If not, the simulator within the model can
synthesize daily rainfall and temperature. Solar radiation, wind speed, and relative humidity are
always simulated within the model. One set of weather variables may be simulated for the entire
basin, or different weather maybe simulatedfor each subbasin.

Essentially all of the input data required for a SWAT simulationis available ftom existing
databases accessed through the SWAT/GRASSInterface (Srinivasanand Arnold 1994; Srinivasan
et al. 1996). These databases include the State Soil Geographic (STATSGO) data developed by
the USDA, Land Use and Land Cover (LULC) data developed by the USGS, National Weather
Service precipitation and climaticdata, as well as curve numbers, soil parameters, and other data
compiled by the ARS and TABS in conjunctionwith developing SWAT and the SWAT/GRASS
Interface. The geographical information system (GIS) interface was developed using the
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Graphical Resources Analysis Support System (GRASS). The SWAT/GRASS Interface will
automatically subdivide a basin (grids or subwatersheds) and then extract model input data ITom
map layers and the associated relational data bases for each subbasin. Soils, land use, weather,
management, and topographic data are collected and written to appropriate input files.

SWAT or other computer models for simulating watershed hydrology may be applied at
various levels of sophistication. More conventional approaches involve using the observed flows
at the gages to calibrate the model, and then applying the model to directly produce flows at
ungaged sites. The objective of the SWAT component of the present investigation was to adapt
the model to the problem of distributing naturalized monthlyflows in a reasonably simple manner
that still incorporates the capabilities provided by a watershed simulation model. The strategy
outlined below was developed in conjunction with the present comparative evaluation of
alternative approaches for distributing flows.

A

Raju (1998) applied SWAT and the SWAT/GRASSInterface to predict flows at each of
the 12 stations in the San Jacinto River Basin described in Chapter 5, given the combined flows.
Due to the effort involved, the stations in the Brazos River Basin were not included in the SWAT
study. Essentially all weather and watershed data required to perform the SWAT hydrologic
simulation were obtained ITom existing databases through the SWAT/GRASS Interface. The
results of the analyses documented in detail by Raju (1998) are brieflysummarized here.

As discussed in Chapter 5, the combinedknown 1940-1980monthly naturalized flow trom
the 2,730 mile2watershed above the stations is the sum of the concurrent flows at the individual
stations. The following procedure was adopted for applying SWAT to distribute known
naturalized monthly flows ITom the combined 2,730 mile2 watershed to each of the 12
subwatersheds. The flows predicted with the SWAT-based strategy are included in the overall
comparison of flows determinedusing the alternativeflow distributionmethods.

SWAT performs its computations with a dailytime step and then aggregates the results to
monthly streamflows. Daily streamflow sequences at each of the 12 stations for the period 1960-
1980 were simulated with SWAT for input sequences of 1960-1980 daily precipitation for the
Conroe and Houston precipitation gages. These are the only precipitation gages in the database
located in the San Jacinto Basin that cover the entire period 1960-1980. The database has no
precipitation data prior to 1960.

The required weather data and watershed parameters required for input to SWAT were
acquired through the SWAT/GRASS Interface. Developing GIS delineations of the watersheds
above the 12 stations represented a major portion of the effort in applying SWAT. With the
watershed and stream network delineationfiles provided as input, the SWAT input data for each
subbasin was obtained ITomexisting databases through the automated SWAT/GRASS Interface.
Although the subbasin delineationsmay be performed within GRASS, Raju (1998) actually used
ArcNiew-based software. ArcView and its Spatial Analyst extension were used to delineate the
watersheds and stream networks ITomdigital elevationmodels. This information was input to the
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SWAT/GRASS Interface for use as templates in developingthe SWAT simulationinput files from
the databases. The SWAT simulationwas then performedwith these input files.

The overall SWAT-based strategy for distributingflows consists of the following steps:

1. SWAT was applied to predict 1960-1980 daily flows at each of the 12 stations for input
sequences of 1960-1980 daily precipitation at the Houston and Conroe precipitation
gages. Daily flows are aggregated within the model to obtain monthly flows.

2. The 1960-1980 SWAT-predicted monthlyflows at the individualstations were summed to
obtain combined flows from the 2,730 mile2watershed above the stations. Standard least-
squares linear regression techniques were applied to the SWAT-predicted flows to obtain
a set of equations relating flows at each station to the combined flows.

3. The regression equations noted above were combinedwith the known combined flows to
develop 1940-1980 sequences of naturalizedmonthlyflows at each of the 12 stations.

Results of the SWAT Application

The results of the SWAT simulationare summarizedin Figures AI-A36 of Appendix A,
Tables 6.14 and 6.15, and other tables presented in the next section comparing the alternative
methods. Appendix A consists of three sets of regression/correlation plots for the 12 stations
corresponding to the steps 1, 2, and 3 listed above. Each of the 36 scatter plots (three sets of 12
stations) compares two sets of monthly naturalized flows. The linear regression equation and
coefficient of determination'; are shown along with the graphs. The 36 values for the coefficient
of determination'; are also tabulated as Table 6.14.

As discussed above, the SWAT simulationresulted in 1960-1980 monthly flows at each of
the 12 stations. The SWAT predicted flows are compared with the known flows in Figures Al
through A12 of Appendix A Considerable scatter is apparent in the plots. The values of ~
shown in the second column of Table 6.14 range from 0.38 at station 5 to 0.75 at station 12. In
general, the correlation is weak between the monthlyflows computed by the uncalibrated SWAT
model are the corresponding known flows.

The 1960-1980 SWAT-predicted monthlyflows at the individual stations were summed to
obtain combined flows from the 2,730 mile2watershed above the stations. Linear regression
equations were developed relating the SWAT-predicted flows at each station to the combined
flows computed by summing the SWAT-predicted flows at the individual stations. Graphs of
SWAT-predicted flows at the individualstations versus the combined SWAT-predicted flows are
presented as Figures A13-A24. The ~ values are tabulated in the third column of Table 6.14.

The regression equations were applied to the known combined flows to develop 1940-
1980 sequences of naturalizedmonthlyflows at each of the 12 stations. The flows predicted from
the SWAT-based regression equations are compared to the known flows in Figures A25 through
A36. The ~ values for predicted versus known flows are tabulated in the fourth column of Table
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6.14. Although there is significant variation between stations, in general, the 1940-1980 flows
predicted with the regression equations correlate more closely to the 1940-1980 known flows
than the directly-computed SWAT 1960-1980flows versus 1960-1980known flows.

Table 6.14 Coefficient of DeterminationrValues for the SWAT Predictions

Station

SWAT Predicted
versus Known

Flows
r

SWAT Predicted
Station versus

Combined Flows
r2

Regression versus
Known
Flows
r

1
2
3
4
5
6
7
9
10
11
12
13

0.702
0.577
0.613
0.579
0.380
0.619
0.642
0.385
0.458
0.746
0.752
0.706

0.941
0.938
0.912
0.854
0.779
0.909
0.503
0.827
0.815
0.499
0.551
0.562

0.886
0.897
0.883
0.861
0.746
0.836
0.628
0.687
0.692
0.680
0.538
0.495
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Table 6.15 Comparison of SWAT Predicted Mean Flows

1960-80Means
of

Station Known Flows Known Flows
(ac-ft/month

1 30,850 31,050 34,200 48,000 33,700
2 13,240 13,380 17,700 20,900 14,800
3 10,090 10,560 12,100 16,200 11,800
4 13,610 13,220 13,700 15,200 10,500
5 4,600 4,490 4,940 4,800 3,390
6 4,630 4,740 4,430 6,590 4,640
7 3,620 3,980 3,060 4,820 3,780
9 13,590 14,370 12,300 22,200 16,240
10 18,010 19,800 15,100 28,800 21,200
11 5,000 5,490 3,570 8,200 6,400
12 7,350 9,050 3,730 3,140 2,320
13 4,550 5,370 2,710 4,350 3,200



The means of the 1960-1980 flows computed directlywith the uncalibrated SWAT model,
in step 1, and the means of the 1940-1980flows computed with the regression equations applied
to known combined flows, in steps 2 and 3, are tabulated in Table 6.15. The corresponding
means of the known flows and the flows determined using drainage area ratios are included in the
table for comparison. For the majority of the stations, of the three sets of computed flows:

· the means of the flows computed by the regression equations correlate most closely with
the known flows

· the drainage area ratio approach ranks second in most closely reproducing known means

· the direct uncalibrated SWAT results are least accurate

Comoarison of Flow Distribution Aooroaches

This section presents a comparative evaluation of the results of applying the alternative
methods outlined earlier in this chapter to compute flows at specified stations from flows at other
stations. The followingflow distributionmethods are applied.

1. drainage area ratio (Equations 6-1 and 6-3)
[referred to as Area Ratio in table headings]

2. combined drainage area, CN, and mean precipitation ratios (Equations 6-1 and 6-5)
[referred to as A-CN-M in table headings]

3. modifiedNRCS curve number (CN) method (Equations 6-6 and 6-7)
[referred to as NRCS CN in table headings]

4. regression equations from Soiland Water AssessmentTool (SWAT) simulation results
[referred to as SWAT Regression in table headings]

All of the methods, including SWAT, are applied to all of the stations in the San Jacinto
River Basin. All of the methods, except SWAT, are applied to the stations in the Little River and
Navasota River watersheds of the Brazos River Basin. Only the drainage area ratio method is
applied to the stations on the Brazos River, because the large size and complexity of these
watersheds made estimation of other watershed parameters difficult. The drainage area ratio and
the NRCS curve number methods are appliedfor the stations in the SulphurRiver Basin.

Watershed parameters used in the first three methods listed above are tabulated in Tables
6.1, 6.2, and 6.3. Flows are predicted using the NRCS CN method adaptation with the two
alternative sets of curve numbers presented in Tables 6.6 and 6.7. The original set of CN's was
developed following conventional procedures with the information summarized in Tables 6.4 and
6.5. As previously discussed, The set of adjusted CN's was developed by iteratively changing the
CN for each station until the mean of the predicted flows matched the mean of the known flows.

Stations are paired as follows for purposes of these analyses.

· Little River Watershed. Stations 1-6 are paired with station 7 such that flows at each station
are computed given the corresponding flows at the station 7. Stations on the same tributaries
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are also paired such that flows at upstream station are computed given the corresponding
flows at the station located downstream. All of the alternative methods except SWAT are
used to transpose flows.

. Navasota River Watershed. Flows at station 8 are computed ffom the flows at station 9. All
of the alternative methods except SWAT are applied.

. Main-stem Brazos River Stations. Stations 10 through 15 are paired such that flows at each
station are computed given the corresponding flows at the station located immediately
downstream. Only the drainage area ratio method is used.

. San Jacinto River Basin. The combined flow ffom the total watershed above all the stations
is distributed to each of the 12 individual stations. All of the alternative methods including
SWAT are used. Stations 9 and 10 on Buffalo Bayou are the only stations on the same
tributary; station 9 flows are predicted from station 10flows. For the other stations, given the
subwatershed flow at one station, the flow at the station of an adjacent subwatershed is
predicted. All of the alternative methods except SWAT are used to transfer flows.

. Sulphur River Basin. The curve number and drainage area ratio methods are used. For
stations A, B, and D, flows are transferred ffom a downstream gage. Flows at station Bare
computed ffom flows at the adjacent station A.

The flows computed at each station using the alternative methods are compared with each
other and with the known flows at the station. The known and computed sets of monthly flows
are summarized by their means, standard deviations, and flow-ffequencytables. The relationships
between known flows at a station and those computed by the alternative methods are also
compared by the standard error of estimate, sum of the deviations, and sum of the percent
deviations.

The computations associated with the parameter ratio approaches and NRCS CN method
adaptation were performed with the CurNum, Ratio, and RECORDS Fortran programs developed
in conjunction with the investigationand described below. The other two Fortran programs noted
below were developed to summarize the flows resulting ffom any of the alternative methods.
Microsoft Excel was used in various exercisesto analyzeand present results.

. Program CurNum uses the NRCS CN method adaptation to compute the flows for one
location ffom known flows at another location provided as input. The watershed areas, curve
numbers, and mean precipitationfor both watersheds are provided as input.

. Program Ratio simplymultipliesthe input set of flows by a ratio also provided as input.

. Program RECORDS developed later in conjunction with the WRAP model incorporates both
the curve number method and the DAR method into one program and essentially replaced
programs CurNum and Ratio used earlier in the study. RECORDS has since been superceded
by the WRAP-HYD program developedfor the WRAP model.
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. Program Compare reads sets of flows for two stations as input and develops statistics
comparing them, including monthly and annual means and standard deviations for both
stations, mean deviations between the flow sets, sum of squared deviations, mean percent
deviations, and standard error of the estimate.

. Program Frequency develops a flow-frequency table for an input set of flows.

Comparative Summary of Results

Summary statistics of the period-of-analysismonthly naturalized flows predicted by each
of the alternative flow distribution approaches along with values for the known flows are
presented in Tables 6.17 through 6.31 and Appendix B Tables B.l through B.33. The means,
standard deviations, standard errors, mean deviations, and mean percent deviations, presented in
Tables 6.17-6.31 were computed as follows:

standard deviation = 'L(Q; _Q)2
V N-l

standard error = L (Qcomputed - Qknown) 2

N-2

mean deviation = L I(Qcomputed - Qknown )1

N

L
I

(Qcomputed - Qknown) I* 100%
A . . Qknown

meanpercent ueVlatlOn= N

The columns in Tables 6.17-6.31 are explainedas follows.

Given Flows - The known flows that are being distributed to other locations consist of either: (1)
the known flows at the station cited in the first columnthat are used to predict flows at the
station cited in the second column or (2) the combined flows from the entire 2,730 mile2
watershed that are being distributed to each of the 12 subwatersheds in the San Jacinto
Basin.

Computed Flows at Station - The station at which flows are predicted using the alternative flow
distribution approaches.
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Known Flows - Statistic (mean, standard deviation, standard error, mean deviation, or mean
percent deviation) of the known naturalized monthly flows at the station cited in the
second column.

Area Ratio - Statistic of the predicted flows at the station cited in the second column computed
by applyinga drainage area ratio to the flows cited in the first column.

A-CN-M Ratio - Statistic of the predicted flows at the station cited in the second column
computedby applyingthe productof drainagearea,curvenumber,andmeanprecipitation
ratiosto the flowscitedin the firstcolumn.

NRCS CN Original - Statistic of the predicted flows at the station cited in the second column
computed by applying the modified NRCS CN method to the flows cited in the first
column, using the original estimates ofCN's noted in Tables 6.5 and 6.6.

NRCS CN Adjusted - Statistic of the predicted flows at the station cited in the second column
computed by applying the modified NRCS CN method to the flows cited in the first
column, using the adjusted estimates ofCN's noted in Tables 6.5 and 6.6.

SWAT Regression - Statistic of the predicted flows at the station cited in the second column
computed by applying the regression equations developed trom SWAT simulation results
to the flows cited in the first column.

Flow versus exceedance frequency (also called flow-duration) relationships are provided
as Tables B.1 - B.37 of Appendix B. Flows associated with specified exceedance frequencies are
also cited in Tables 6.16, 6.32, and 6.33. These are known or computed monthly flow volumes
that are equaled or exceeded a specified percentage of the total number of months during the
period-of-analysis. For example, Table B.1 indicates that a flow of 547 acre-feet/month is
equaled or exceeded during 80 percent of the 444 months of the 1940-1976 sequence of known
naturalized flows at Station 1 on the Leon River in the Brazos Basin.

Observations and Conclusions

Stations 10 through 15 on the main-streamBrazos River are significantly different trom
the others due to their extremely large complicated watersheds. The following discussion is
organized such that the analyses of the flows at stations 10-15, representing very large
watersheds, are addressed first. Then the results of flow predictions at all the other stations,
which represent more moderately sizedwatersheds, are discussed.

Flows at the Main Stream Brazos River Stations

As discussed in Chapter 5, the 45,000 mile2BrazosRiver Basin above the Richmond gage
(station 15) varies dramatically from the upper through the middle and lower portions of basin.
Mean annual precipitation varies trom about 16 inches to 50 inches. According to the USGS,
about 9,750 mile2of the extreme upper basin contribute essentiallyno runoff to the river. Much
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more of the basin area in the arid high plains above Possum Kingdom Reservoir (station 10) has
runoff characteristics represented by a curve number of near zero. Interactions between ground
water and surface water are also complex in the upper basin above Possum Kingdom Reservoir.

Due to the size and complexity of the basin, the drainage area method was the only
approach applied in the analysisof flows at stations 10 through 15 on the Brazos River. Results
are summarized in Table 6.16. Flows at stations 10, 11, 12, 13, and 14 are predicted by applying
the drainage area ratios shown in the fourth column of Table 6.16 to the 1940-1976 monthly
naturalized flows at station 15. Alternatively, flows at each station are predicted by applying the
appropriate drainage area ratio to flows at the adjacent station located immediatelydownstream.
The means of the computed flows, expressed as a percentage of the mean of the known flows, are
tabulated in the fifth column. The values of the predicted flow that are equaled or exceeded
during 90% and 50% of the 444 months of the 1940-1976 period-of-analysis are tabulated in the
last two columns, expressed as a percentage of the correspondingknown flows.

Applying drainage area ratios to the downstream station 15 total flows results in high
predictions of flows at the upstream stations. This is to be expected since the extreme upper basin
contributes little runoff per unit of area relative to the middle and lower basin. The accuracy of
the flow prediction increases with increases in the drainage area ratio. Application of drainage
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Table 6.16 Flows at Brazos River Stations Computed with Drainage Area Ratio Method
Expressed as a Percentage of Known Flows

Drainage Predicted Flows as a
Stations Drainage Area Area Percentage of Known Flows

Ratio Mean 90% 50%,

10 - 15 23,810 45,010 0.529 393% 2,120% 600%
11- 15 27,240 45,010 0.605 221% 353% 252%
12- 15 29,570 45,010 0.657 217% 279% 212%
13- 15 39,520 45,010 0.878 140% 173% 143%
14- 15 43,880 45,010 0.975 116% 120% 109%

10- 11 23,810 27,240 0.874 178% 602% 238%
11- 12 27,240 29,570 0.921 101% 126% 119%
12- 13 29,570 39,520 0.748 155% 161% 148%
13- 14 39,520 43,880 0.901 120% 144% 131%

11 - 10&12 3,430 5,760 0.596 85% 88% 92%
12 - 11&13 2,330 12,280 0.190 113%
13 - 12&14 9,950 14,310 0.695 107% 126% 116%
14 - 13&15 4,360 5,490 0.794 111% 110% 103%



area ratios to station 15 flows results in the means of the predicted flows ranging ftom 393
percent of the mean of the known flows at station 10 to 116 percent of the known flows at station
14. Of course, applying drainage area ratios to the flows at the next station located immediately
downstream provides better predictions, with the means of the predicted flows ranging form 101
percent to 178 percent of the corresponding means of known flows. For example, predicting
flows at station 13 by multiplying the flows at station 14 by a area ratio of 0.901 results in
predicted flows with a mean of 120 percent of the mean of the known flows at station 14.

The predictions of low flows are less accurate than the means. The estimates of flows
equaled or exceeded 50% of the time are less accurate than the means. Likewise, as indicated by
the last two columns of Table 6.16, the predicted 90% flows deviate ftom the corresponding
known flows more the 50% flows.

Better flow predictions are obtained by applying incremental area ratios to incremental
flows as indicated by the last four rows of Table 6.16.

The flows Qll at station 11 are estimated ftom the flows QlOand Ql2 at stations 10 and 12 and
drainage areas AlO,All, and Al2at stations 10, 11, and 12 as follows:

Incremental flows ftom the watershed between stations 10 and 11 obtained by applying a drainage
area ratio are added to the flows at station 10 to obtain the flows at station 11. The mean of the
resulting predicted flows at station 11 is 85% of the mean of the known flows at station 11. As
indicated by Table 6.16, the means of flows predicted in this manner for stations 11 - 14 range
from 85% to 113% of the corresponding means of the known flows.

Flows at the Stations on Tributary Streams

The previously described alternative flow distribution methods were applied to flows at
stations 1-7 on tributaries in the Little River watershed, stations 8 and 9 on the Navasota River,
the 12 stations in the San Jacinto River Basin, and the five stations in the Sulphur River Basin.
The watersheds of these 26 stations range in size ftom 64.0 mile2for station 13 on SimsBayou in
Houston to 7,065 mile2for station 7 on the Little River. In general, the subwatershed stations for
which flows are predicted are fairly small relative to the watershed stations ftom which the flows
are distributed. As indicated in Tables 6.32 and 6.33, drainage area ratios for the pairs of stations
on tributaries of the Brazos River vary ftom 0.178 to 0.939, with three drainage area ratios
exceeding 0.5. Subwatershed to total combined watershed area ratios for the 12 stations in the
San Jacinto Basin range ftom 0.023 to 0.297. Comparisons are also made between adjacent
subwatersheds where neither is a subwatershed of the other.
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The results of applying alternative methods to predict flows at these stations are presented
as summary statistics in Tables 6.17 - 6.31 and as flow-frequencytables in Appendix B. Tables
6.32 and 6.33 provide a more concise comparative summaryof the information presented in the
other tables. Tables 6.32 and 6.33 include mean flows and the flows equaled or exceeded 95%,
80%, and 50% of the months of the period-of-analysis. These statistics of the flows predicted
with the alternative methods are expressed as percentages of the corresponding values for the
known flows.

In general, predictions for individual months tend to be inaccurate with any of the flow
distribution methods. The analyses of Chapter 5 demonstrate a considerable scatter in the
relationship between concurrent flows at different stations, thus implying that no method would
be very accurate in regard to predicting flows in individualmonths. Predicted flows are found in
the Chapter 6 analyses to deviate greatly from the known flows as expected. Deviations are
summarized in by the statistics tabulated in Tables 6.20 through 6.31. Of course, at a given
station, the predictions are closer to known flows in some months than in others. The average
deviation between predicted and known flows, expressed as a percentage of the known flows, are
tabulated in Tables 6.26, 6.27, and 6.28.

The means and flow-frequency relationships also depart significantly from those of the
known flows. However, means are reproduced much more accurately than the flows in individual
months. Means are compared in Tables 6.17,6.18,6.19, and 6.33. Predicted and known means
are fairly close for those pairs of stations for which the subwatershed comprised a major portion
of the watershed. Means compare less favorably for those stations where the subwatershed area
for the station for which flows are computed is small relative to the watershed area of the given-
flows station.

The predicted means are also more accurate than the low flows. Complete flow-frequency
tables are provided in Appendix B. Means and 95%, 80%, and 50% exceedance frequency flows
are expressed as a percentage of the corresponding values of the known flows in Tables 6.32 and
6.33. Values of 100% would indicate a perfect agreementbetween the known versus computed
flows at a station. The values in Tables 6.32 and 6.33 vary greatly from the perfect 100 percent.
The means are reproduced more closelythan the 50% exceedancefrequency flows which, in turn,
are reproduced better than the 80% frequencyflows. The 95% exceedance frequency flows vary
from the known flows more than the 80% exceedancefrequencyflows.

The relative performance of the alternative flow distribution methods vary significantly
between stations. Each method reproduces the mean and flow-frequency relationship of the
known flows at some stations more closely than the other alternative methods but performs worst
at other stations. The scatter of the results prevents a clear conclusion in regard to which method
performed best overall for the selected stations investigated.
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Table 6.17 Means for Alternative Flow Distribution Approaches
for the Brazos Basin

Computed Mean (ac-ft/mon)
Given Flows at Known Area A-CN-M

Flows Station Flows Ratio Ratio

7 1 9568 19708 18158 18174 9564
7 2 43194 55471 54918 52965 43329
7 3 17657 19487 18490 17712 17480
7 4 20309 20379 21920 22264 21810
7 5 7548 5695 4004 5384 5829
7 6 15729 13375 12552 16129 15672
9 8 26623 21704 26623 20845 12978
2 1 9568 15377 14297 14871 9576
4 3 17993 20443 18396 17401 17547
6 5 7548 5244 5275 5314 4599

Table 6.18 Means for Alternative Flow Distribution Approaches
for the San Jacinto Basin

Computed Mean
Given Flows at Known Area A-CN-M
Flows Station Flows Ratio Ratio

Combined 1 30848 34199 30681 23425 30795 33710
Combined 2 13237 17733 16840 15171 13209 14841
Combined 3 10089 12090 15917 18643 13648 11843
Combined 4 13613 13702 12572 9532 10108 10505
Combined 5 4598 4940 4522 3412 4601 3386

Combined 6 4633 4433 3887 2660 4632 4636

Combined 8 3623 3063 3656 5471 3620 3778
Combined 9 13590 12321 14072 19939 13576 16238
Combined 10 18008 15084 17186 24236 17996 21166

Combined 11 4995 3570 4464 7475 4986 6398
Combined 12 7345 3731 4695 8194 7342 2322
Combined 13 4545 2706 3345 5306 4545 3201

4 5 4598 4901 4901 4877 4612
5 6 4633 4125 3950 3602 4649
6 1 30848 35699 36510 4633 30755
1 2 13237 15979 16936 19393 13128
2 3 10089 9107 10126 12824 10092
3 8 3623 2270 2734 3002 3551
8 11 4995 4221 4167 3623 4732
11 10 18008 21113 20329 4988 18219
10 9 13590 14730 4430 14822 13622
10 12 7345 13038 14460 6223 7254
12 13 4545 8976 8814 4778 4615



Table 6.19 Means for AlternativeFlow Distribution Approaches
for the SulphurBasin

Given
Flows

Computed
Flowsat
Station

Known
Flows

Mean (ac-ft/mon)
Area A-CN-M
Ratio Ratio

c
C
E
A

A
B
D
B

27099
16292
43084
14762

33758
19680
35916
14551

26761
19918
37917
18522
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Table 6.20 Standard Deviations for Alternative Flow Distribution Approaches
for the Brazos Basin

Computed Standard Deviation (acre-feet/month)
Given Flows at Known Area A-CN-M NRCS CN

Flows Station Flows Ratio Ratio Original

7 1 11053 14783 13620 13485 9379
7 2 41482 41609 41193 40615 35616
7 3 16897 14617 13870 13545 12928
7 4 29292 25320 22040 22424 21698
7 5 7141 6054 3201 3709 3592
7 6 17311 15747 9608 10415 10359
9 8 20074 16383 10763 10589 11923
2 1 11053 14768 13731 13761 11159
4 3 27497 23544 21187 20511 20053
6 5 7141 3941 3964 3983 4239



Table 6.22 Standard Deviationsfor AlternativeFlow Distribution Approaches
for the SulphurBasin
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Table 6.21 Standard Deviations for Alternative Flow Distribution Approaches
for the San Jacinto Basin

Computed Standard Deviation

Given Flows at Known Area A-CN-M
Flows Station Flows Ratio Ratio

Combined 1 25745 24698 21541 20277 22964 26199
Combined 2 12334 12806 11823 11526 11272 11032
Combined 3 9138 8732 11176 9897 8067 7956
Combined 4 12449 9896 8827 8415 10005 8953
Combined 5 3842 3568 3175 3022 3550 2568
Combined 6 3581 3202 2729 2531 3298 3590
Combined 8 3285 2212 2567 2719 2365 1903
Combined 9 10057 8898 9880 10328 9264 10957
Combined 10 11472 10894 12066 12617 11689 13959
Combined 11 3688 2578 3134 3335 2936 3300
Combined 12 4531 2694 3296 3556 3436 1488
Combined 13 3367 1954 2350 2490 2369 2095

4 5 3842 4482 4482 4473 4446
5 6 3581 3446 3300 3261 3536
6 1 25745 27593 28219 3581 25045
1 2 12334 13336 14134 14419 13457
2 3 9139 8486 9435 10904 8798
3 8 3285 2056 2477 2535 2666
8 11 3688 3827 3778 3285 4290
11 10 11472 15589 15010 3692 14681
10 9 10057 9389 2822 9400 9041
10 12 4531 8306 9212 3347 3481
12 13 3367 5537 5437 3153 3113

Computed Standard Deviation (acre-feet/month)
Given Flows at Known Area A-CN-M NRCS CN
Flows Station Flows Ratio Ratio Original

C A 19931 23337 - 20551
C B 11487 12353 - 12403
E D 43501 32726 - 33788
A B 8933 8339 - 9868



118

- -

Table 6.23 Standard Error for Alternative Flow Distribution Approaches
for the Brazos Basin

Computed Standard Error (acre-feet/month)
Given Flows at Known Area A-CN-M NRCS CN

Flows Station Flows Ratio Ratio Ori inal

7 1 -0- 24290 22248 22102 16407
7 2 -0- 31544 31039 29849 26237
7 3 -0- 10811 10930 10992 11335
7 4 -0- 43492 41327 41640 15963
7 5 -0- 8726 9227 9041 3619
7 6 -0- 27421 25704 10112 10229
9 8 -0- 55077 17140 17729 24439
2 1 -0- 17736 16333 16568 13565
4 3 -0- 42643 40304 39630 9635
6 5 -0- 760 9760 9764 8599

Table 6.24 Standard Error for Alternative Flow Distribution Approaches
for the San Jacinto Basin

Computed Standard Error (acre-feet/month
Given Flows at Known Area A-CN-M NRCS CN

Flows Station Flows Ratio Ratio Ori inal

combined 1 -0- 16351 16481 19209 16204 16513

combined 2 -0- 8744 8324 7603 7149 7495

combined 3 -0- 6004 10347 11561 5683 5949

combined 4 -0- 8338 9313 10470 8279 9407

combined 5 -0- 3399 3772 3902 3349 3596

combined 6 -0- 2486 2798 3460 2507 2646

combined 8 -0 3486 3612 4122 3405 3549

combined 9 -0- 10424 11002 13000 10401 11592
combined 10 -0- 12896 13435 15121 12702 14484

combined 11 -0- 3870 3852 4647 3526 2905

combined 12 -0- 6957 6556 5966 5656 8435
combined 13 -0- 4802 4673 4533 4304 4582

4 5 -0- 3487 3489 3477 3418
5 6 -0- 3172 3172 3297 3132
6 1 -0- 21048 21848 49327 20484
1 2 -0- 10391 11305 12954 9427
2 3 -0- 5697 5586 8220 5626
3 8 -0- 3986 3831 3771 3740
8 11 -0- 2203 2204 2444 2245
11 10 -0- 14164 13518 21721 13036
10 9 -0- 3086 15809 3127 2873
10 12 -0- 12528 14589 5515 5381
12 13 -0- 6683 6448 1973 6683



Table 6.25 Standard Error for AlternativeFlow Distribution Approaches
for the Sulphur Basin
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Computed Standard Error (ac-ft/mon)
Given Flows at Known Area A-CN-M NRCS CN
Flows Station Flows Ratio Ratio Original

C A 0 18347 - 14273
C B 0 13239 - 13366
D E 0 32711 - 31936
A B 0 11047 - 12892

Table 6.26 Mean Deviation for Alternative Flow Distribution Approaches
for the Brazos Basin

Computed Mean Deviation (ac-ft/mon)
Given Flows at Known Area A-CN-M NRCS CN
Flows Station Flows Ratio Ratio Original

7 1 -0- 13589 12444 12447 7762
7 2 -0- 17467 17165 16114 13401
7 3 -0- 6037 5978 5893 5976
7 4 -0- 24742 24677 24909 8262
7 5 -0- 6010 5930 6068 2234
7 6 -0- 18405 17006 5386 6057
9 8 -0- 30794 8286 8617 13125
2 1 -0- 8945 8305 8639 6353
4 3 -0- 23683 22227 21626 4784
6 5 -0- 558 6666 6670 5447



Table 6.28 Mean Deviation for AlternativeFlow Distribution Approaches
for the SulphurBasin
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Table 6.27 Mean Deviation for Alternative Flow Distribution Approaches
for the San Jacinto Basin

Computed -----

Given Flows at Known Area
Flows Station Flows Ratio

combined 1 -0- 9861 9572 11051 9326 9580
combined 2 -0- 5778 5357 4404 3797 4384
combined 3 -0- 3977 6585 9088 3259 4098
combined 4 -0- 4819 5044 5727 4791 5324
combined 5 -0- 1852 1823 2012 1831 1865
combined 6 -0- 1430 1572 2253 1433 1594
combined 8 -0 1753 1860 2861 1847 2143
combined 9 -0- 6066 6392 8963 6158 6933
combined 10 -0- 7672 7814 9951 7633 8581
combined 11 -0- 2273 2146 3343 2116 2709
combined 12 -0- 4215 3878 3742 3468 5159
combined 13 -0- 2490 2370 2680 2353 2317

4 5 -0- 1680 1680 1677 1697
5 6 -0- 1294 1347 1558 1253
6 1 -0- 12956 13275 26231 11310
1 2 -0- 5568 6090 7688 4859
2 3 -0- 2877 3083 4491 3010
3 8 -0- 1941 1865 1821 1848
8 11 -0- 1346 1363 1652 1147
11 10 -0- 8170 7759 13068 7319
10 9 -0- 1847 9166 1893 1539
10 12 -0- 6917 8095 3087 3130
12 13 -0- 4506 4350 1088 1040

Computed Mean Deviation(ac-ft/mon)
Given Flows at Known Area A-CN-M NRCSCN NRCS CN
Flows Station Flows Ratio Ratio Original Adjusted

C A 0 9603 - 7746
C B 0 7023 - 7119
D E 0 17206 - 17136
A B 0 6019 - 7245
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Table 6.29 Mean Percent Deviations for Alternative Flow Distribution Approaches
for the Brazos Basin

Computed Mean Percent Deviation(%)
Given Flows at Known Area A-CN-M NRCSCN
Flows Station Flows Ratio Ratio Original

7 1 -0- 1337 1227 1266 238
7 2 -0- 735 727 543 148
7 3 -0- 90 81 74 80
7 4 -0- 352 965 980 67
7 5 -0- 355 125 167 133
7 6 -0- 360 602 116 105
9 8 -0- 2394 209 195 75
2 1 -0- 643 594 706 179
4 3 -0- 1465 1315 1243 43
6 5 -0- 12 183 184 372

Table 6.30 Mean Percent Deviations for Alternative Flow Distribution Approaches
for the San Jacinto Basin

Computed Mean Percent Deviation (%
Given Flows at Known Area A-CN-M NRCS CN
Flows Station Flows Ratio Ratio Ori inal

Combined 1 -0- 152 134 82 123 120
Combined 2 -0- 142 135 95 64 95
Combined 3 -0- 311 462 1165 157 522
Combined 4 -0- 90 84 66 88 76
Combined 5 -0- 58 55 59 55 53
Combined 6 -0- 46 46 67 46 56
Combined 8 -0 248 320 1024 391 977
Combined 9 -O- BI 170 448 167 242
Combined 10 -0- 61 76 178 83 112
Combined 11 -0- 67 83 309 123 281
Combined 12 -0- 68 74 178 144 69
Combined 13 -0- 65 74 178 130 75

4 5 -0- 41 41 41 46
5 6 -0- 25 26 36 27
6 1 -0- 165 171 69 117
1 2 -0- 73 79 125 69
2 3 -0- 170 190 256 258
3 8 -0- 95 107 146 263
8 11 -0- 46 47 51 35
11 10 -0- 64 61 69 56
10 9 -0- 53 59 56 31
10 12 -0- 125 144 64 93
12 13 -0- 136 132 33 32



Table 6.31 Mean Percent Deviations for AlternativeFlow Distribution Approaches
for the SulphurBasin

Given
Flows

Computed
Flowsat
Station

Known
Flows

Mean Percent Deviation(%)
Area A-CN-M NRCS CN NRCS CN

Ratio Ratio Original Adjusted

c
C
E
A

A
B
D
B

o
o
o
o

128
144
58
92

55
156
70
139

122
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Table 6.32 95% and 80% Exceedance Frequency Flows as a Percentage of Known Flows

Flow Exceeded 95% of Time with Flow Exceeded 80% of Time with

Drainage Alternative Flow PredictionMethods AlternativeFlow Prediction Methods
Area Stations Area A-CN-M NRCS SWAT Stations Area A-CN-M NRCS SWAT
Ratio Ratio Ratio CN Regressed Ratio Ratio CN Regressed

Little River Subbasin Stations
0.178 1-7 860 793 896 - 1-7 469 432 450
0.501 2-7 522 517 378 - 2-7 205 203 179
0.176 3-7 82 78 58 - 3-7 177 168 149
0.187 4-7 23 177 178 - 4-7 38 111 112
0.035 5-7 51 137 293 - 5-7 63 89 162
0.104 6-7 39 157 328 - 6-7 42 103 184
0.356 1-2 165 154 333 - 1-2 229 212 265
0.939 3-4 277 250 211 - 3-4 265 238 213
0.336 5-6 87 87 90 - 5-6 89 89 91

Navasota River Stations
0.666 8-9 86 190 110 - 8-9 126 190 162

San Jacinto Basin Station Versus Combined
0.297 l-C 294 256 37 0 l-C 279 251 82 151
0.154 2-C 254 235 136 121 2-C 236 224 156 161
0.104 3-C 655 838 2491 1192 3-C 281 369 794 375
0.119 4-C 141 126 13 0 4-C 164 150 44 49
0.043 5-C 70 62 6.1 14 5-C 87 79 23 42
0.038 6-C 50 42 .47 0 6-C 74 65 9.6 44
0.027 8-C 782 907 3996 4720 8-C 205 233 747 669
0.107 9-C 313 348 1325 746 9-C 157 179 484 277
0.131 10-C 134 148 555 390 IO-C 91 103 276 185
0.031 11-C 146 177 1078 1220 11-C 98 123 486 449
0.032 12-C 67 81 541 100 12-C 49 62 264 49
0.023 13-C 76 91 480 196 13-C 69 85 299 122

San Jacinto Basin Adiacent Subwatersheds
0.360 4-5 49 49 48 - 4-5 53 53 52
0.897 5-6 71 68 46 - 5-6 85 81 61
7.705 6-1 592 604 77 - 6-1 378 387 49
0.518 1-2 86 92 167 - 1-2 84 89 163
0.680 2-3 260 289 377 - 2-3 120 134 175
0.255 3-8 107 129 300 - 3-8 65 78 123
1.165 8-11 19 18 16 - 8-11 48 47 41
4.227 11-10 92 88 11 - 11-10 92 89 22
0.247 10-12 146 162 167 - 10-12 159 176 123
0.662 12-13 193 189 65 - 12-13 237 233 100
0.816 9-10 71 71 244 - 10-9 52 52 177

SulphurRiverBasin
0.392 C-A 3800 - 100 - C-A 237 - 14
0.225 C-B 138 - 195 - C-B 152 - 166
0.192 E-D 52 - 105 - E-D 75 - 103
0.575 A-B 100 - 100 - A-B 45 - 77
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Table 6.33 50% Exceedance Frequency and Mean Flows as a Percentage of Known Flows

Flow Exceeded50% of Time with Mean of Flows Computed with
Alternative Flow Prediction Methods Alternative Flow Prediction Methods

Stations Area A-CN-M NRCS SWAT Stations Area A-CN-M NRCS SWAT
Ratio Ratio CN Regressed Ratio Ratio CN Regressed

Little River Subbasin Stations
0.178 1-7 333 307 312 - 1-7 206 190 190
0.501 2-7 164 162 151 2-7 128 127 123
0.176 3-7 156 148 138 3-7 III 105 100
0.187 4-7 77 130 131 - 4-7 100 108 110
0.035 5-7 90 81 120 - 5-7 75 53 71
0.104 6-7 71 90 132 - 6-7 85 80 103
0.356 1-2 204 190 211 - 1-2 161 149 155
0.939 3-4 156 140 129 - 3-4 114 102 97
0.336 5-6 88 88 89 - 5-6 70 70 70

Navasota River Stations
0.666 8-9 87 140 131 - 8-9 82 100 78

San Jacinto Basin Station Versus Combined
0.297 1-C 146 133 75 132 1-C 111 100 76 109
0.154 2-C 227 219 178 185 2-C 134 127 115 112
0.104 3-C 197 263 400 210 3-C 120 160 185 117
0.119 4-C 138 128 69 78 4-C 101 92 70 77
0.043 5-C 105 97 52 68 5-C 107 98 74 74
0.038 6-C 91 81 33 87 6-C 96 84 57 100
0.027 8-C 108 131 266 181 8-C 85 101 151 104
0.107 9-C 100 117 218 143 9-C 91 104 147 119
0.131 IO-C 82 95 175 127 10-C 84 94 135 118
0.031 ll-C 65 82 199 156 ll-C 71 89 150 128
0.032 12-C 39 50 128 28 12-C 51 64 112 32
0.023 13-C 57 72 160 76 13-C 60 74 117 71

San Jacinto Basin Adiacent Subwatersheds
0.360 5-4 76 76 75 - 4-5 107 107 106
0.897 6-5 87 87 83 - 5-6 89 85 78
7.705 1-6 161 164 21 - 6-1 116 118 15
0.518 2-1 155 164 227 - 1-2 121 128 147
0.680 3-2 88 98 128 - 2-3 90 100 127
0.255 8-3 49 59 75 - 3-8 63 75 83
1.165 11-8 60 58 51 - 8-11 85 83 73
4.227 10-11 127 122 30 - 11-10 117 113 28
0.247 12-11 140 155 81 - 10-12 178 197 85
0.662 13-12 247 242 122 - 12-13 197 194 105
0.816 9-10 37 37 124 - 10-9 108 33 109

SulDhurRiver Basin
C-A 158 - 96 - C-A 125 - 99
CoB 118 - 121 - CoB 121 - 122
E-D 113 - 127 - E-D 83 - 88
A-B 94 - 158 - A-B 99 - 126



CHAPTER 7
SUMMARY AND CONCLUSIONS

This report documents an investigation of methodologies for transposing sequences of
monthly naturalized streamflows trom gaged watersheds to ungaged subwatersheds. The
objective is to develop improved capabilities for synthesizingflows at numerous ungaged water
rights sites in conjunction with the TNRCC Water AvailabilityModeling CWAM) System. Key
watershed characteristics to be incorporated into flow distributionmethodologies are investigated.
Alternative approaches for distributing flows are identified, developed, and evaluated. Several
methods are tested by predicting flows at locations for which known flows are available for
comparison. Analyses of naturalized monthly flows at 32 stream gaging stations in the Brazos,
San Jacinto, and Sulphur River Basins include (1) an investigation of the relationships between
flows at different locations and (2) a comparative evaluationof methods for distributing flows.

Alternative Flow Distribution Methods

A review of the published literature and the practices of agencies and consulting firms
resulted in identificationof the following alternativeapproaches for distributing flows.

. distribution of flows in proportion to drainagearea

. flow distribution equation with ratios for various watershed parameters including
drainage area, curve number, and mean precipitation

. adaptation of the NRCS curve number method

. use of stream gage records to develop regression equations relating flows to
watershed characteristics

. use of recorded data at gaging stations to develop precipitation-runoffrelationships

. watershed (precipitation-runoff) simulationcomputer models

Selected methods were examined in greater depth through application to the Brazos and
San Jacinto River Basin data sets. Gaging stations in the SulphurRiver Basin were added later in
the investigation to further expand the data base. Flows computed with alternative methods were
compared with each other and with known flows.

The first general strategy investigated in the analyses of flows at the selected gaging
stations is based on the folloWingrelationship.

Qungaged= C Qgage

C =
(

Aungaged

J

Nt

(
CNungaged

J

N2

(
Mungaged

J

N3

Agage CN gage M gage

The exponent NJ for the drainage area A ratio was found to be reasonably constant with a value
of approximately one (1.0). The exponents N2 and N3 for the curve number CN and mean
precipitation M ratios appear to vary greatly between months and between locations. Values of
one for NJ and N2 were assumed,resulting in the followingexpression for C.
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This expression reduces to application of a simple drainage area ratio if the CN and mean
precipitation are the same for both the gaged and ungaged watersheds.

Qungaged = (
Aungaged

)
Qgage

Agage

The second approach consists of adapting the Natural Resource Conservation Service
(NRCS) rainfall-runoffrelationship to the problem of distributingmonthly flows, realizingthat the
method was not originally designed for this particular type of application. The modified NRCS
curve number (CN) method is advantageous over the parameter ratio approach from the
perspective of providing a more conceptual relationship for incorporating the CN and mean
precipitation. The concept of distributing flows in direct proportion to drainage area is also
explicitly inherent in the NRCS CN method. If the CN and mean precipitation are assumed to be
identical for both watersheds, the NRCS CN method adaptation predicts identically the same
flows as the drainage area ratio method.

Another approach for developing flows at ungaged watersheds is to apply a computer
simulation model that simulates the processes by which precipitation is transformed to
streamflow. Leading generalized watershed (precipitation-runoff) models include the U.S.
Environmental Protection Agency's Hydrologic Simulation Program-Fortran (HSPF), Danish
Hydraulic Institute's MIKE SHE (Systeme Hydroloqique Europeen), and USDA Agricultural
Research Service's Soil and Water Assessment Tool (SWAT). These are comprehensive models
for simulating watershed hydrology and water quality. SWAT is particularly advantageous from
the perspective obtaining simulationinput from existingdatabases through a GIS interface.

The last alternative strategy adopted in the study involved application of the SWAT
hydrologic simulation model in combination with the SWAT/GRASS GIS Interface which
facilitates access to existing databases for developing precipitation, weather, and watershed
parameter input data. The SWAT portion of the study was limited in scope and involved only the
San Jacinto River Basin. The general strategy for applyingSWAT adopted in this study consists
of the following steps.

. Daily flows at all pertinent locations are computed by SWAT for input sequences of daily
precipitation. Daily flows are aggregated to monthlyflows.

. Least-squares linear regression techniques are applied to the SWAT-simulated monthly flows
to obtain a set of equations relating SWAT-predicted flows at the site of given known flows
versus SWAT-predicted flows at the sites to which the given flows are to be distributed.

. The regression equations are combined with the given known flows to develop sequences of
monthly flows at each of the sites.
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Conclusions

. Concurrent subwatershed versus watershed flows in individual months are not closely
correlated Long-term means are much more closely correlated than the flows in specific
months.

Scatter plots, regression/correlation analyses, and examinationof flow ratios indicate that
the correlation between concurrent flows in specificmonths at the sets of stations adopted for the
study tends to be fairly weak. Subwatershed flows are not a constant proportion of watershed
flows.

Long-term means and other statistical characteristics of flows at different locations are
significantlymore closely related than the actual flows in individualmonths. However, there is
also significantscatter in relating means and flow-frequencyrelationshipsat different locations.

The correlation is dependent on the proportion of the watershed area that is contained
within the subwatershed. For the majority of the pairs of stations in the case study, the
subwatershed stations to which flows were distributed represent a relatively small portion of the
larger watershed of the given flows. In some cases, flows were transposed between adjacent
separate watersheds. Flows are more closely correlated in situations where an ungaged
subwatershed covers most of the gaged watershed.

Temporal and spatial variations in rainfallprobably account for much of the scatter in the
monthly flow comparisons. A particular rainfall event will be centered over a portion of one
watershed with little rain falling in adjacent watersheds. The next rain storm will then be
concentrated in another subwatershed. Over the course of a year or many years, the temporal and
spatial variations of rainfall tend to average out. However, the temporal variations for storm
event runoff and monthly runoff are great. Precipitation gages are too sparsely located to capture
the significant variation in rainfall over short distances. The flow distribution methods should
reflect pertinent characteristics of precipitation even though the spatial rainfall variations within
each month are not captured.

. Flow predictions for a specific month with any flow distribution method are not highly
accurate. However, means and others flow characteristics can be estimated with a
reasonable degree of accuracy.

Since concurrent flows are not closely correlated, none of the methods investigated for
distributing flows will be highly reliable for predicting flows in any specified month. However, in
water availabilitymodeling, the primary concern is that the predicted flow sequences reproduce
relevant characteristics of historical flows, not necessarily an accurate flow estimate for each
individualmonth. The temporal correlation in the sequencing of multiple months of low flows or
higher flows reflected in the gaged flows is explicitlytransposed to the ungaged site by any of the
methods. Reproducing flow-frequencyrelationshipsis also important and is not achieved by any
of the methods as well as hoped.
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With all of the flow distribution methods, predicted flows vary greatly from the known
flows in individual months. All of the methods predict long-term means and flow-frequency
relationships much more accurately than flows in individual months. However, none of the
flow characteristics are reproduced with a reallyhigh degree of accuracy with any of the flow
distribution methods. Means are estimated more accurately than flow-frequency relationships
and low flows.

. The most important watershed parameters are drainage area, land cover and soil type
(represented by the curve number), and meanprecipitation.

The drainage area is the most important watershed parameter. In general, application of a
simple drainage area ratio predicts long-term means and frequency-flow relationships at the
selected stations tolerably well. The DA-CN-M parameter ratio equation and NRCS CN method
adaptation incorporate the CN (reflectingsoil type and land use) and mean precipitation as well as
drainage area. The incrementalgains or losses in accuracy in reproducing known flows associated
with these two methods vary significantlybetween the sets of stations investigated. Although the
incremental improvements in accuracy resultingfrom incorporation of the curve number and mean
precipitation are relatively small in general, the improvements may be significant if there are
significantdifferences in land use, soil type, and/or mean precipitation.

SWAT incorporates the drainage area and curve number as well as sequences of daily
precipitation, other weather data affectingevapotranspirationand other hydrologic processes, and
parameters affecting subsurface flow and storage. However, while incorporating much more
information, in general, the SWAT-based approach provided about the same level of accuracy as
the other methods in reproducing known flows at the 12 stations for which it was applied. The
regression equations developed from the SWAT simulation results reproduced the known flows
significantlybetter than using the uncalibrated SWAT output directly.

. The alternativeflow distribution methodsprovide about the same level of accuracy.

Alternative methods may be evaluated in terms of improvementsover the simple drainage
area ratio method in reproducing means, flow-frequency relationships, and other relevant flow
characteristics. For the case study watersheds, the other methods provide only minimal, if any,
improvements in reproducing characteristicsof the known flows. The DA-CN-M parameter ratio
equation, modified NRCS CN method, and SWAT regression procedure performed at about the
same level of accuracy. However, for most of the pairs of stations analyzed,the differences in CN
and mean precipitation are relatively small. Improvements over the drainage area ratio method
are dependent on the relative magnitude of the differences in land cover, soil type, and/or mean
precipitation. Conceptually, flow distribution methods incorporating land use, soil type, and
precipitation along with drainage area should logicallybe more accurate than the simple drainage
area ratio approach.

. Modeling validity depends upon capabilities for accurately estimating values for the
watershed parameters as well as the flow distribution methodology selected Estimating
valuesfor watershed parameters involvesuncertainties and is not necessarily highly precise.
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Recommended Methods

The following methods are recommended for adoption by the Texas Natural Resource
Conservation Commission (TNRCC) for distributing flows trom gaged watersheds to ungaged
subwatersheds in conjunction with the statewide Water AvailabilityModeling (WAM) Project.

. drainage area ratio method (Equations 6-1 and 6-3 on pages 89-90)

. NRCS curve number adaptation (Equations 6-6 and 6-7 on page 91)

The drainage area ratio method and modified NRCS curve number method are
recommended for most routine applications in water availabilitymodeling. The modified NRCS
CN method allows differences in land cover, soil types, and mean precipitation to be reflected in
the flow distribution. If these parameters are the same for both the gaged watershed and ungaged
subwatershed, the NRCS CN method adaptation reduces to the drainage area ratio method. The
decision to use the NRCS CN method rather than the drainage area ratio method for a particular
subwatershed is based on judgment consideringthe relative importance of the differences between
the CN and mean precipitation of the ungaged subwatershedand gaged watershed and capabilities
for estimating values for the parameters. If the CN's and mean precipitation are about the same
within some reasonable range of estimation accuracy, there is no need to use the NRCS CN
method adaptation; the drainage area ratio method is adequate.

The drainage area ratio method and NRCS CN method adaptation can be readily
incorporated into the WaterRights Analysis Package (WRAP). An ArcView based GIS is being
developed at the Center for Research in Water Resources of the University of Texas, under
contract with the TNRCC, that will read a list of coordinates associated with the sites of available
naturalized streamflows and water rights and perform the followingtasks for each site:

. delineate watersheds and determinedrainage areas

. access soils, land use, and mean precipitationdatabases

. generate curve numbers for grid cells

. determine the curve number and mean precipitationfor each watershed and subwatershed

The Soil and Water AssessmentToo (SWA1) provides greater sophistication in simulating
hydrologic processes. Further research is required to formulate roles for hydrologic simulation
models in water availability modeling. Areas of complexity that could be further investigated
regarding the potential for applyingSWAT includethe following.

. Flows trom subwatersheds that are extremely small relative to the watershed of the
nearest stream gage can not be predicted accuratelywith any of the flow distribution
methods. Flows computed with SWAT trom daily precipitation might be a better
approach for very smallwatersheds located far trom any stream gaging station.

. Improved capabilities for modeling the interactions between streamflow and
subsurface flows are important for certain river reaches. SWAT provides
capabilities for modelingthe processes involvedin surface/subsurfaceinteractions.
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Figure A.1 Predicted flows Vs Naturalized flows at station 1
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Figure A.2 Predicted flows Vs Naturalized flows at station 2
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Figure A.3 Predicted flows Vs Naturalized flows at station 3
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Figure A.4 Predicted flows Vs Naturalized flows at station 4
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Figure A.5 Predicted flows Vs Naturalized flows at station 5
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Figure A.6 Predicted flows Vs Naturalized flows at station 6
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Figure A.7 Predicted flows Vs Naturalized flows at station a
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Figure A.a Predicted flows Vs Naturalized flows at station 9
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Figure A.9 Predicted flows Vs Naturalized flows at station 10
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Figure A.10 Predicted flows Vs Naturalized flows at station 11
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Figure A.11 Predicted flows Vs Naturalized flows at station 12
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Figure A.12 Predicted flows Vs Naturalized flows at station 13
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Figure A.13 Predicted flows at station 1 Vs Predicted combined flows
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Figure A.14 Predicted flows at station 2 Vs Predicted combined flows
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Figure A.15 Predicted flows at station 3 Vs Predicted combined flows
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Figure A.16 Predicted flows at station 4 Vs Predicted combined flows
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Figure A.17 Predicted flows at station 5 Vs Predicted combined flows
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Figure A.18 Predicted flows at station 6 Vs Predicted combined flows
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Figure A.19 Predicted flows at station 8 Vs Predicted combined flows
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Figure A.20 Predicted flows at station 9 Vs Predicted combined flows
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Figure A.21 Predicted flows at station 10 Vs Predicted combined flows
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Figure A.22 Predicted flows at station 11 Vs Predicted combined flows
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Figure A.23Predicted flows at station 12 Vs Predicted combined flows
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Figure A.24 Predicted flows at station 13 Vs Predicted combined flows

o
o 100000 200000 300000 400000 500000 600000 700000 800000 900000

Predicted combined flows (ac-ftImonth)

Appendix A 150

25000+ .
-c0
E

20000u
0!!-
N I ....
c

£ 10000r

. . .
"Ii; . .
VI . .

10000
I;:

"

5000+
. .. ::a
\ .. .. . . . .f . . .. .. .D. .... ....-- ..1- 807 T -..-

0

0 100000 200000 300000 400000 500000 600000 700000 800000 900000

Predicted combined flows (ac-ff/month)

35000

I

.
30000

-c
25Ooo.J. .

=.u

t

. .

i 15000

.
. ... ..

"Ii; I .. .

1'0000I

. ... #

. . .. , . .
\.'...

... . . ..
5000 .-1....... ; .

.



Figure A.25 Predicted flows by regression equation at station 1
Vs Naturalized flows at station 1
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Figure A.26 Predicted flows by regression equation at station 2
Vs Naturalized flows at station 2
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Figure A.27 Predicted flows by regression equation at
station 3 Vs Naturalized flows at station 3

120000

Naturalized flows at station 3 (ac-ftImonth)

Figure A.28 Predicted flows by regression equation at station 4
Vs Naturalized flows at station 4
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Figure A.29 Predicted flows by regression equation at station 5
Vs Naturalized flows at station 5
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Figure A.30 Predicted flows by regression equation at station 6
Vs Naturalized flows at station 6
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Figure A.31 Predicted flows by regression equation at station 8
Vs Naturalized flows at station 8
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Figure A.32Predicted flows by regression equation at station 9
Vs Naturalized flows at station 9
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Figure A.33 Predicted flows by regression equation at station 10
Vs Naturalized flows at station 10
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Figure A.34 Predicted flows by regression equation at station 11
Vs Naturalized flows at station 11
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Figure A.35 Predicted flows by regression equation at station 12
Vs Naturalized flows at station 12 .
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Figure A.36 Predicted flows by regression equation at station 13
Vs Naturalized flows at station 13
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Table Rl. Frequency-Flow Relationship For Station 1 Flows
Predicted from Station 7 Flows in the Brazos River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original

100 0 25 23 38 0
99 0 89 82 107 0
98 1 211 194 230 0
95 48 413 381 430 0
90 142 977 900 971 0
80 547 2564 2362 2464 139
70 938 3873 3569 3684 463
60 1525 5792 5337 5465 1105
50 2553 8509 7840 7974 2207
40 3781 11931 10993 11126 3787
30 6343 19015 17519 17628 7458
20 11206 29548 27224 27266 13494
10 20118 52891 48731 48560 28179

Max 217095 244928 225664 222773 169422

Table B.2. Frequency-FlowRelationship For Station 2 Flows
Predicted from Station 7 Flows in the Brazos River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCS CN
Flows Ratio Ratio Original

100 0 72 71 13 0
99 0 252 249 120 0
98 1 593 587 375 16
95 223 1164 1152 842 171
90 1574 2750 2723 2225 911
80 3513 7216 7144 6300 3676
70 6132 10902 10793 9736 6229
60 9268 16304 16141 14826 10170
50 14620 23950 23711 22094 15981
40 24562 33582 33247 31311 23534
30 39425 53520 52986 50521 39650
20 63398 83167 82336 79271 64304
10 112228 148868 147382 143400 120494

Max 624904 689376 682496 677055 605966
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Table B.3. Frequency-Flow Relationship For Station 3 Flows
Predicted from Station 7 Flows in the Brazos River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original

100 97 25 24 6 41
99 141 88 84 45 111
98 220 208 198 133 233
95 500 409 388 292 428
90 760 966 917 761 954
80 1432 2535 2405 2131 2399
70 2297 3830 3634 3284 3576
60 3593 5227 5435 4989 5291
50 5380 8414 7983 7422 7707
40 8064 11797 11194 10503 10736
30 14606 18801 17840 16920 16981
20 24963 29216 27722 26516 26230
10 48417 52297 ' 49623 47903 46644

Max 292679 242176 229792 225614 213379

Table B.4. Frequency-Flow Relationship For Station 4 Flows
Predicted from Station 7 Flows in the Brazos River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN

} Flows Ratio Ratio Original

100 0 68 1139 1146 1194
99 0 94 1213 1222 1270
98 575 115 1678 1692 1741
95 1477 335 2608 2635 2678
90 2319 641 3230 3265 3302
80 4034 1530 4474 4528 4548
70 4782 2726 6286 6367 6356
60 5942 4459 8522 8638 8583
50 8929 6871 11573 11738 11616
40 12298 11634 15834 16067 15843
30 18117 19684 23368 23725 23302
20 26309 33837 31452 31945 31292
10 46677 58932 48824 49615 48435

Max 312711 200090 271072 275831 266778
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Table B.5. Frequency-Flow Relationship For Station 5 Flows
Predicted from Station 7 Flows in the Brazos River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCS CN
Flows Ratio Ratio Original

100 0 154 324 800 1177
99 0 154 324 800 1177
98 114 161 345 834 1218
95 376 192 515 1100 1522
90 496 366 682 1348 1798
80 1077 679 961 1744 2231
70 1703 1124 1252 2140 2654
60 2250 1966 1766 2815 3361
50 3161 2834 2547 3802 4371
40 4237 4739 3287 4709 5280
30 7361 6862 4611 6287 6834
20 10432 10283 6067 7977 8470
10 12870 13998 9418 11754 12053

Max 39758 37450 22422 25719 24870

Table B.6. Frequency-Flow Relationship For Station 6 Flows
Predicted from Station 7 Flows for the Brazos River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCS CN
Flows Ratio Ratio Original

100 0 200 963 2323 2303
99 0 200 963 2323 2303
98 517 255 1070 2495 2468
95 977 384 1532 3203 3148
90 1384 571 1879 3713 3635
80 2733 1157 2806 5017 4879
70 4072 2260 3677 6193 5997
60 5539 3386 5234 8215 7916
50 8244 5955 7380 10902 10456
40 11570 8267 9689 13707 13103
30 18985 13627 13711 18453 17570
20 25305 25676 18939 24453 23203
10 36826 37897 30053 36815 34781

Max 114758 111280 83983 93693 87810



Appendix B 162

- ---

Table B.7. Frequency-FlowRelationship For Station 8 Flows
Predicted from Station 9 Flows for the Brazos River Basin

(Flows are in acre-feet/month)

Exceedance Flow Prediction Approach
Frequency Known Area A-CN-M NRCSCN

ercent) Flows Ratio Ratio Original

100 0 0 0 0 0
99 0 0 0 0 0
98 0 3 24 7 0
95 49 42 93 54 0
90 164 140 347 266 0
80 521 655 991 843 0
70 1127 1269 1964 1745 0
60 2138 2151 4278 3933 18
50 5436 4723 7600 7118 575
40 11259 8949 12406 11764 2243
30 21174 17782 19805 18965 6921
20 38147 27653 32125 31025 13075
10 82911 70261 59339 57819 44395

Max 321161 242319 234315 231551 194895

Table B.8. Frequency-FlowRelationship For Station 1 Flows
Predicted from Station 2 Flows in the Brazos River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN

} Flows Ratio Ratio Original

100 0 0 0 0 0
99 0 0 0 0 0
98 1 0 0 1 0
95 48 79 74 160 0
90 142 560 521 721 0
80 547 1251 1163 1452 122
70 938 2183 2030 2404 449
60 1525 3299 3068 3519 948
50 2553 5205 4839 5393 1937
40 3781 8744 8130 8821 4011
30 6343 14035 13050 13880 7405
20 11206 22570 20985 21955 13266
10 20118 39953 37147 38235 25965

Max 217095 222466 206843 205845 1751147
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Table B.9. Frequency-FlowRelationship For Station 3 Flows
Predicted from Station 4 Flows in the Brazos River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original

100 97 0 0 0 0
99 141 0 0 0 0
98 220 540 486 378 492
95 500 1387 1248 1056 1233
90 760 2178 1960 1705 1920
80 1432 3788 3409 3045 3312
70 2297 4490 4041 3634 3918
60 3593 5580 5021 4552 4856
50 5380 8384 7545 6928 7267
40 8064 11548 10392 9623 9981
30 14606 17012 15309 14301 14662
20 24963 24704 22231 20918 21241
10 48417 43830 39442 37456 37571

Max 292679 293636 264241 256020 250017

Table B.IO. Frequency-Flow Relationship For Station 5 Flows
Predicted from Station 6 Flows in the Brazos River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN

} Flows Ratio Ratio Original

100 0 0 0 0 0
99 0 0 0 0 0
98 114 129 129 135 129
95 376 328 330 339 237
90 496 465 468 479 417
80 1077 954 960 976 696
70 1703 1561 1570 1592 1130
60 2250 1890 1901 1926 1677
50 3161 2770 2786 2817 2487
40 4237 3758 3780 3817 3524
30 7361 6379 6417 6467 4923
20 10432 9058 9112 9173 8008
10 12870 12374 12447 12520 9977

Max 39758 38180 38407 38538 38564
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Table B.ll. Frequency-Flow Relationship For Station 1 Flows
Predicted from the Combined Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCS CN

} Flows Ratio Ratio Original

100 0 1049 575 0 720 0
99 494 1473 1318 63 1064 0
98 560 1631 1437 90 1193 0
95 831 2443 2131 305 1870 0
90 1209 3308 2962 649 2605 790
80 1887 5272 4727 1555 4304 2842
70 3284 7852 7165 3028 6571 5610
60 6179 10737 9843 4818 9134 8810
50 10734 15675 14298 8041 13564 14124
40 16397 21310 19717 12224 18661 19961
30 27499 32153 30366 20968 28548 31529
20 53334 56840 50908 38976 51277 57581
10 98744 93385 83253 69017 85219 96377

max 406604 316554 283513 271161 295006 333297

Table B.12. Frequency-FlowRelationship For Station 2 Flows
Predicted from the Combined Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Exceedance Flow Prediction Approach
Frequency Known Area A-CN-M NRCSCN

ercent) Flows Ratio Ratio Original

100 175 544 316 98 34 0
99 278 764 724 356 96 169
98 354 846 789 401 125 239
95 498 1267 1170 678 297 602
90 761 1715 1626 1029 515 1005
80 1160 2734 2595 1813 1084 1869
70 1682 4072 3933 2942 1922 3034
60 2251 5567 5402 4221 2930 4381
50 3586 8128 7848 6401 4762 6617
40 5750 11050 10822 9110 6959 9074
30 9110 16672 16667 14545 11386 13943
20 20861 29473 27942 25271 22031 24907
10 36790 48422 45695 42514 38565 41235

max 150903 164139 155612 152507 146426 140947
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Table B.13. Frequency-Flow Relationship For Station 3 Flows
Predicted from the Combined Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCS CN
Flows Ratio Ratio Original g

100 3 371 298 1766 108 1125
99 14 521 684 2558 190 1262
98 37 577 745 2670 223 1312
95 132 864 1106 3288 404 1574
90 294 1169 1537 3965 610 1865
80 664 1864 2453 5273 1112 2488
70 1159 2776 3717 6921 1810 3328
60 1829 3796 5106 8609 2621 4299
50 2811 5542 7418 11244 4055 5912
40 4954 7534 10229 14265 5738 7684
30 7767 11367 15754 19854 9061 11195
20 16117 20095 26411 29915 16868 19102
10 31355 33015 43191 44779 28753 30878

max 106401 111913 147086 128862 104182 102787

Table B.14. Frequency-Flow Relationship For Station 4 Flows
Predicted from the Combined Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN

} Flows Ratio Ratio Original

100 265 420 236 0 371 0
99 400 590 540 12 532 0
98 520 654 589 20 593 0
95 692 979 873 92 906 0
90 874 1325 1214 217 1242 0
80 1291 2112 1937 563 2012 0
70 2022 3146 2936 1142 3030 628
60 2980 4302 4033 1855 4175 1731
50 4561 6281 5859 3153 6142 3561
40 7140 8538 8079 4852 8396 5571
30 11272 12883 12443 8427 12749 9556
20 23640 22774 20861 15841 22704 18529
10 38910 37417 34115 28284 37501 31892

max 184500 126835 116176 112725 128365 113495
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Table B.15. Frequency-Flow Relationship For Station 5 Flows
Predicted from the Combined Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCS CN
Flows Ratio Ratio Original g

100 147 151 85 0 76 0
99 267 213 194 4 121 0
98 376 236 212 6 138 0
95 505 353 314 31 230 70
90 603 478 437 75 332 164
80 878 762 697 198 574 365
70 1180 1134 1056 404 902 636
60 1561 1551 1451 658 1279 950
50 2163 2264 2107 1122 1937 1471
40 2991 3078 2906 1730 2701 2043
30 4180 4644 4475 3010 4196 3176
20 7529 8210 7502 5670 7671 5729
10 11600 13489 12269 10137 12910 9532

max 55830 45724 41781 40493 45715 32750

Table B.16. Frequency-Flow Relationship For Station 6 Flows
Predicted from the CombinedFlows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN

} Flows Ratio Ratio Original

100 351 136 73 0 158 0
99 488 191 167 0 218 0
98 537 211 182 0 240 0
95 638 317 270 3 354 0
90 718 429 375 20 473 127
80 926 683 599 89 744 408
70 1221 1018 908 225 1097 787
60 1549 1392 1247 405 1490 1226
50 2240 2032 1811 749 2159 1954
40 3001 2762 2498 1216 2921 2754
30 4431 4168 3847 2227 4381 4339
20 7550 7368 6450 4387 7692 7908
10 11851 12105 10547 8099 12574 13224

max 49926 41035 35919 34149 42236 45684
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Table B.17. Frequency-Flow Relationship For Station 8 Flows
Predicted from the Combined Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original g

100 0 94 69 645 209 1213
99 6 132 157 894 266 1246
98 12 146 171 929 287 1258
95 28 219 254 1119 390 1321
90 71 296 353 1325 495 1390
80 230 472 536 1717 725 1539
70 492 703 854 2203 1014 1741
60 859 962 1173 2695 1328 1973
50 1300 1404 1704 3454 1852 2359
40 1970 1909 2350 4314 2436 2783
30 3330 2880 3619 5887 3535 3623
20 5710 5091 6067 8679 5965 5515
10 10310 8364 9921 12752 9471 8333

max 39551 28351 33787 35404 30128 25540

Table R18. Frequency-Flow Relationship For Station 9 Flows
Predicted from the Combined Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN

} Flows Ratio Ratio Original g

100 30 378 264 2056 614 1476
99 84 531 605 2927 810 1665
98 127 588 659 3050 882 1735
95 281 880 977 3723 1242 2095
90 486 1192 1359 4457 1616 2496
80 1212 1899 2168 5869 2445 3353
70 2411 2829 3286 7637 3506 4510
60 4159 3868 4514 9438 4673 5848
50 5623 5647 6558 12238 6639 8069
40 8180 7677 9043 15434 8853 10509
30 14420 11584 13927 21321 13055 15345
20 24560 20478 23349 31863 22467 26235
10 36782 33644 38184 47362 36191 42452

max 106502 114045 130032 134466 118300 141488
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Table R19. Frequency-Flow Relationship For Station 10 Flows
Predicted from the Combined Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original g

100 278 463 322 2162 1068 2362
99 511 650 738 3511 1357 2602
98 604 719 805 3659 1461 2691
95 807 1078 1194 4475 1978 3150
90 1231 1459 1659 5364 2505 3660
80 2568 2325 2648 7078 1650 4753
70 4175 3464 4013 9225 5093 6227
60 6151 4736 5513 11416 6657 7931
50 8450 6914 8009 14824 9262 10761
40 11542 9400 11044 18718 12161 13869
30 18642 14182 17010 25896 17606 20029
20 31789 25071 28516 38763 29637 33902
10 47623 41190 46634 57701 46963 54561

Max 137903 139625 158810 164264 148869 180723

Table B.20. Frequency-Flow RelationshipFor Station 11 Flows
Predicted from the Combined Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Exceedance Flow Prediction Approach
Frequency Known Area A-CN-M NRCS CN

ercent) Flows Ratio Ratio Original g

100 37 109 84 1191 453 1952
99 67 154 192 1562 547 2009
98 120 170 209 1612 580 2030
95 175 255 310 1887 741 2138
90 279 345 431 2178 902 2259
80 561 550 688 2724 1240 2517
70 1191 820 1042 3385 1654 2866
60 1810 1121 1432 4041 2092 3269
50 2530 1636 2080 5037 2806 3938
40 3590 2224 2869 6147 3586 4673
30 5481 3356 4418 8140 5020 6130
20 8371 5933 7406 11607 8111 9410
10 13100 9747 12112 16574 12460 14295

max 46080 33041 41248 43555 37247 44126
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Table B.2!. Frequency-Flow Relationship For Station 12 Flows
Predicted from the Combined Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Exceedance Flow Prediction Approach
Frequency Known Area A-CN-M NRCSCN

ercent) Flows Ratio Ratio Original

100 45 114 88 1399 1312 318
99 147 161 202 1811 1483 343
98 290 178 220 1868 1542 353
95 401 267 326 2171 1821 402
90 560 361 453 2493 2086 456
80 1171 575 723 3092 2621 572
70 2161 857 1096 3814 3242 730
60 3170 1171 1506 4527 3872 911
50 4381 1710 2188 5605 4857 1213
40 6031 2325 3017 6802 5892 1544
30 8591 3508 4646 8942 7722 2201
20 11659 3201 7789 12649 11472 3680
10 16821 10187 12738 17937 16512 5883

max 51001 34533 43380 46513dv 43610 19333

Table B.22. Frequency-FlowRelationship For Station 13 Flows
Predicted from the Combined Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCS CN

J Flows Ratio Ratio Original

100 68 83 63 740 615 380
99 130 117 144 993 713 416
98 204 129 157 1028 747 429
95 254 193 232 1219 910 498
90 328 262 323 1423 1067 574
80 604 417 515 1808 1392 738
70 961 621 781 2279 1776 960
60 1530 850 1073 2751 2174 1215
50 2170 1240 1559 3472 2808 1640
40 3119 1686 2150 4283 3484 2107
30 4350 2544 3311 5749 4702 3031
20 7540 4497 5550 8325 7251 5113
10 11773 7389 9076 12044 10746 8214

max 39128 25047 30909 32457 30005 27150
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Table B.23. Frequency-Flow Relationship For Station 5 Flows
Predicted from Station 4 Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN

) Flows Ratio Ratio Original

100 147 95 95 92 48
99 267 144 144 140 84
98 376 187 187 182 117
95 505 249 249 243 167
90 603 315 315 308 220
80 878 465 465 457 347
70 1180 728 728 718 577
60 1561 1073 1073 1060 886
50 2163 1642 1642 1626 1407
40 2991 2570 2570 2549 2274
30 4180 4058 4058 4031 3687
20 7529 8510 8510 8469 8000
10 11600 14008 14008 13954 13412

max 55830 66420 66420 66313 66180

Table B.24. Frequency-FlowRelationship For Station 6 Flows
Predicted from Station 5 Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN

) Flows Ratio Ratio Original

100 351 132 126 59 252
99 488 239 229 133 398
98 537 337 323 206 524
95 638 453 434 296 668
90 718 541 518 366 776
80 926 788 754 567 1071
70 1221 1058 1014 793 1387
60 1549 1400 1341 1058 1779
50 2240 1940 1858 1555 2386
40 3001 2683 2569 2212 3207
30 4431 3749 3591 3170 4365
20 7550 6754 6467 5923 7558
10 11851 10405 9964 9328 11362

max 49926 50080 47958 47514 51258



Appendix B 171

Table B.25. Frequency-Flow Relationship For Station 1 Flows
Predicted ITomStation 6 Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original

9100 0 2704 2766 351 1855
99 494 3760 3845 488 2696
98 560 4138 4232 537 3001
95 831 4916 5027 6389 3634
90 1209 5532 5658 718 4140
80 1887 7135 7297 926 5469
70 3284 9408 9621 1221 7378
60 6179 11935 12206 1549 9525
50 10734 17259 17651 2240 14102
40 16397 23123 23648 3001 19201
30 27499 34141 34916 4431 28888
20 53334 58173 59494 7550 50297
10 98744 91312 93386 11851 80169

max 406604 384680 393417 49926 349809

Table B.26. Frequency-Flow Relationship For Station 2 Flows
Predicted ITom Station 1 Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original

100 175 0 0 0 0
99 278 256 271 494 7
98 354 290 307 560 13
95 498 430 456 831 52
90 761 626 664 1209 128
80 1160 977 1036 1887 302
70 1682 1707 1803 3130 734
60 2251 3201 3392 5156 1773
50 3586 5560 5893 8156 3581
40 5750 8494 9002 11732 5973
30 9110 14244 15097 18488 10909
20 20861 27627 29280 33583 23015
10 36790 51149 54210 59159 45285

max 150903 210621 223226 224248 205326
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Table B.27. Frequency-Flow Relationship For Station 3 Flows
Predicted from Station 2 Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Exceedance Flow Prediction Approach
Frequency Known Area A-CN-M NRCSCN

ercent) Flows Ratio Ratio Original

100 3 120 134 175 279
99 14 191 213 278 385
98 37 244 271 354 459
95 132 343 381 498 595
90 294 524 582 761 832
80 664 798 887 1160 1177
70 1159 1157 1287 1682 1613
60 1829 1549 1722 2251 2077
50 2811 2467 2743 3586 3139
40 4954 3956 4399 5750 4816
30 7767 6268 6969 9110 3761
20 16117 14352 15959 20861 16018
10 31355 25312 28144 36790 27485

max 106401 103821 115441 127690 107280

Table B.28. Frequency-Flow Relationship For Station 8 Flows
Predicted from Station 3 Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Exceedance Flow Prediction Approach
Frequency Known Area A-CN-M NRCSCN

ercent) Flows Ratio Ratio Original

100 0 1 1 3 93
99 6 3 4 14 116
98 12 8 10 37 146
95 28 30 36 84 226
90 71 66 80 149 329
80 230 149 180 282 521
70 492 261 314 449 745
60 859 412 496 665 1022
50 1300 632 762 973 1400
40 1970 1115 1343 1622 2168
30 3330 1748 2105 2450 3114
20 5710 3626 4368 4838 5738
10 10310 7055 8497 9076 10220

max 39551 23940 28835 29384 30718
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Table B.29. Frequency-Flow Relationship For Station Flows 11
Predicted nom Station 8 Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Exceedance Flow Prediction Approach
Frequency Known Area A-CN-M NRCS CN

ercent) Flows Ratio Ratio Ori2inal

100 37 0 0 0 0
99 67 7 7 6 59
98 120 14 14 12 78
95 175 33 32 28 120
90 279 83 82 71 210
80 561 268 265 230 488
70 1191 573 566 492 897
60 1810 1001 988 859 1433
50 2530 1515 1459 1300 2053
40 3590 2295 2266 1970 2964
30 5481 3879 3830 3330 4755
20 8371 6652 6567 5710 7790
10 13100 12011 11857 10310 13489

max 46080 46077 45484 39551 48382

Table B.30. Frequency-Flow Relationship For Station 10 Flows
Predicted nom Station 11 Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN

} Flows Ratio Ratio Original

100 278 156 151 0 8
99 511 283 273 0 48
98 604 507 488 30 153
95 807 740 712 92 282
90 1231 1179 1136 255 559
80 2568 2371 2283 561 1401
70 4175 5034 4847 1191 3483
60 6151 7651 7367 1810 5648
50 8450 10694 10297 2530 8248
40 11542 15175 14611 3590 12178
30 18642 23168 22308 5481 19377
20 31789 35384 34070 8371 30661
10 47623 55374 53317 13100 49540

Max 137903 194780 187546 46080 185693
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Table B.31. Frequency-Flow Relationship For Station 9 Flows
Predicted from Station 10 Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCSCN

} Flows Ratio Ratio Original

100 30 69 68 242 740
99 84 126 126 438 935
98 127 149 149 516 1004
95 281 199 199 685 1145
90 486 304 303 1038 1410
80 1212 634 632 2147 2117
70 2411 1031 1027 3476 2852
60 4159 1519 1513 5105 3672
50 5623 2086 2079 6999 4557
40 8180 2850 2839 9541 5675
30 14420 4603 4586 15372 8058
20 24560 7849 7820 26150 12116
10 36782 11758 11715 39115 16698

max 106502 34048 33924 112927 40783

Table B.32. Frequency-Flow Relationship For Station 12 Flows
Predicted from Station 10 Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCS CN

} Flows Ratio Ratio Original

100 45 201 223 278 740
99 147 370 410 511 935
98 290 437 485 564 1004
95 401 584 648 670 1145
90 560 891 988 873 1410
80 1171 1859 2062 1443 2117
70 2161 3023 3353 2061 2852
60 3170 4453 4939 2771 3672
50 4381 6118 6785 3556 4557
40 6031 8356 9268 4568 5675
30 8591 13497 14970 6779 8058
20 11659 23015 25527 10656 12116
10 16821 34479 38241 15141 16698

max 51001 99842 110736 39531 40785



Table B.34. Frequency-FlowRelationship For Station A Flows
Predicted from Station C Flows in the Sulphur River Basin

(Flows are in acre-feet/month)

100
99
98
95
90
80
70
60
50
40
30
20
10

max.

Known
Flows

Flow Prediction Approach
Area A-CN-M NRCS CN
Ratio Ratio Ori2inal

o
o
o
o
6

294
1153
3267
8025
14889
23620
39004
69636

259718

o
3
9

38
132
697

2621
5644
12677
22940
38527
57074
98854

297135

o
o
o
o
o
42
875

2717
7708
15682
28511
44393
81504

266906
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Table B.33. Frequency-Flow Relationship For Station 13Flows
Predicted from Station 12 Flows for the San Jacinto River Basin

(Flows are in acre-feet/month)

Flow Prediction Approach
Known Area A-CN-M NRCS CN
Flows Ratio Ratio Original

100 68 55 54 4 1
99 130 180 176 41 27
98 204 354 348 108 84
95 254 490 481 165 134
90 328 684 672 250 210
80 604 1431 1405 602 536
70 961 2641 2593 1212 1112
60 1530 3874 3804 1858 1731
50 2170 5354 5257 2654 2500
40 3119 7370 7237 3760 3576
30 4350 10498 10309 5507 5287
20 7540 14247 13991 7634 7380
10 11773 20555 20185 11256 10963

max. 39128 62323 61201 35681 35309



Table B.35. Frequency-Flow Relationship For Station B Flows
Predicted from Station C Flows in the Sulphur River Basin

(Flows are in acre-feet/month)

Appendix B

Exceedance
Frequency Known

ercent) Flows

100
99
98
95
90
80
70
60
50
40
30
20
10

max

o
o
5
21
71
367
1352
3054
6910
11454
17312
27938
48025
179508

Flow Prediction Approach
Area A-CN-M NRCS CN
Ratio Ratio Original

o
2
8

29
116
556
1948
3989
8161
13729
23051
34482
53202
170550

I
6
15
41
140
609

2051
4140
8381
14013
23412
34905
53688
171025

Table B.36. Frequency-FlowRelationship For Station D Flows
Predicted from Station E Flows in the Sulphur River Basin

(Flows are in acre-feet/month)

100
99
98
95
90
80
70
60
50
40
30
20
10

max

Known
Flows

63
63

202
373
714
1749
2696
3520
13335
26347
40232
79033
124601
301552

Flow Prediction Approach
Area A-CN-M NRCS CN
Ratio Ratio Original

77
77
85
192
407
1319
2786
4724
15116
32279
41172
66471
89172

219910

212
212
226
390
685
1809
3505
5672
16864
34837
44040
69997
93112

224808

176

-- -



Table B.37. Frequency-Flow Relationship For Station B Flows
Predicted from Station A Flows in the Sulphur River Basin

(Flows are in acre-feet/month)

100
99
98
95
90
80
70
60
50
40
30
20
10

max

Known
Flows

o
o
o
8

41
321
722
2540
4833
9068
15475
22860
44021
179508

Flow Prediction Approach
Area A-CN-M NRCS CN
Ratio Ratio Original

o
o
o
o
o

143
573
1956
4552
8624
13986
25336
44676
149338

o
o
o
o
o

248
996

3401
7646
12949
19572
32955
54806
166700
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