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1. INTRODUCTION

Viater availability is critical to the economy in the state of Texas. Numerous reservoirs and conveyance structures have been constructed across the State to meet the water supply needs of farmers, municipalities, industries, and power generating facilities. Despite this extensive water management system, water supply
remains a concern because of increasing populations and uncertainties about climate stability. The rainfall map of Texas shown in Figure 1.1 clearly shows that water management is a spatial problem. The State as a whole receives about 711 mm year’! of rainfall, while the area of the State east of the 100th meridian

receives 890 mm year’ | and the area west of the 100th meridian receives only 457 mm year™'. In addition to water supply concerns, the assessment of non-point source pellution is another important issue that is largely dependent on the spatial distribution of runoff. Although, the focus of this report is not to address
water supply or pollution issues directly, an improved understanding of the spatial water balance the partitioning of precipitation between evaporation, runoff, and groundwater recharge at different points in space will directly benefit those who wish to assess water resource availability and non-point source pollution
potential across the State.
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Figure 1-1: Mean Annual Rainfall in Texas from Oregon State PRISM Study (Daly, 1994)

The goal of this study was to gain an improved understanding of the stocks of water in different components (air, soil, water bodies) of the hydrologic cycle and the fluxes between these components. A basic approach for determining stocks and fluxes involves the calculation of a water balance. A water balance, applied
to a particular control volume, is an application of the law of conservation of mass which states that matter cannot be created or destroyed. To achieve a balance, the rate of change of storage of water within the control volume must be equal to the difference between its rates of inflow and outflow across the control
surface,

In this study, three independent water balance models were constructed to model different components of the hydrologic cycle an atmospheric water balance, a soil-water balance, and a surface water balance. These models were constructed using a geographic information system (GIS). A GIS provides a framework for
storing and manipulating spatial data and facilitates modeling on control volumes of various sizes and shapes. In all three cases, the choice of modeling unit was driven by the resolution and characteristics of the input data. The control volumes for the atmospheric, soil, and surface water balance models respectively are
(1) an imaginary column confined horizontally by the boundary of Texas and extending to the 300 mb pressure level, (2) 0.5 cells with a depth equal to the plant-extractable water capacity of the soil, and (3) 166 gaged watersheds of differing sizes and shapes. Neither the atmospheric nor the surface water balance
involve any simulation of physical processes and are simply mass balances based on empirical data. The soil-water balance does attempt to simulate evaporation from the soil through the use of a soil-moisture extraction function. Both the atmospheric and soil-water balance models are time-varying models, while the
surface water balance model is steady-state and uses an empirical relationship to estimate mean annual runoff and evaporation in ungaged areas. One advantage of making three independent water balance calculations is that checks for consistency can be made among the three models. For example, all three models
yield an estimate of actual evapotranspiration which is a difficult quantity to estimate, particularly at the regional scale. Previous studies at the scale of Texas have estimated only evaporation from open water surfaces and potential evapotranspiration from the land surface (TDVWR, 1983; Dugas and Ainsworth, 1983).

Of the three methods, the surface water balance has the least uncertainty and the greatest spatial resolution. Current atmospheric data do not seem to support accurate calculations of net moeisture influx at the scale of Texas on a monthly time scale as attempted in this study. The soil-water balance method employed
here is limited by the use of monthly data and its overly simplified representation of land surface hydrology. Despite their weaknesses, the atmospheric and soil-water balance methods do provide information and insights that cannot be gleaned from the surface water balance alone.

In terms of usable runoff maps for engineering and planning, the surface water balance provides the best results. The surface water balance yields gage-calibrated maps of mean annual runoff and evaporation for the entire state on a 500 m grid. To estimate runoff in ungaged areas, a scale independent "expected”
rainfall-runoff curve was developed. This rainfall-runoff curve represents runoff that would be expected in the absence of large amounts of reservoir evaporation, urbanization, and recharge-springflow activity. Maps of actual runoff and expected runoff were created for the entire state. A map of the differences between
actual and expected runoff shows where human activities strongly influence runoff in Texas. By combining runoff information with the topographic information in a 500 m digital elevation model, accumulated flow maps were created and these maps show statewide spatial trends such as the increased density of stream
networks in East Texas, while also capturing localized phenomena such as large springflows and agricultural diversions. The maps are presented in this report in paper form and the data used to create these maps can be obtained in digital form as Arc/Info grids on CD-ROM from the Center for Research in \Water
Resources, University of Texas at Austin.



2.0 LITERATURE REVIEW
2.1 Atmospheric Water Balance Studies

A number of researchers have used the atmospheric water balance to estimate hydrologic fluxes. Among these researchers, Rasmusson, 1967, Brubaker et al., 1994, and Oki et al., 1995, describe atmospheric water balance studies at river basin, continental, and global scales. Rasmusson, 1967, analyzes the characteristics
of total water vapor flux fields over Morth America and the Central American Sea. A noteworthy observation made by Rasmussen is that a large diurnal wind system covering the central United States, part of Mexico, and the Central American Sea produces significant diurnal variations in the transport of water vapor. By

decomposing the vertically integrated vapor flux term into mean motion and transient eddy terms, where the mean motion term is at a time scale of one month and the transient eddy term describes motion at a time scale of less than one month, Brubaker et. al. also observe important vapor flux transport at sub-monthly
time scales. Brubaker ef. al. note that poleward eddy flux transport from the Gulf of Mexico is sienificant, particularly during the winter months. From these observations, Brubaker et. al. surmise that the use of monthly-averaged or sparse data may significantly underestimate the eddy flux component of vapor transport.

These observations are relevant to the interpretation of our results, as discussed in Section 3.3. Brubaker et al. also note that the accuracy of runoff estimates made using atmospheric data increases with the size of the study area and cite a recormmendation by Rasmusson, 1977, that a minimum area of 10% km? should be
used . The area of Texas is about 0.7 x 10% km?. Improvements in observational networks and general circulation models may justify runoff estimation on smaller areas in the future,

If the annual change in atmospheric water storage and surface water storage are both negligible, runoff estimates can be obtained from the vertically integrated vapor flux convergence |~ eg 1. Using four years of data from the European Centre for Medium-Range \Weather Forecasts (1985-1988), Oki et al. compared
convergence values with the observed annual runoff for 70 river basins throughout the world. Differences between vapor flux convergence and measured runoff varied widely, although larger river basins tended to show smaller differences. On average, the vapor flux convergence was about 2/3 of the measured runoff. Oki

et al. also made a more detailed study of the Chao Phraya River basin in Thailand which drains 178,000 km?. Oki et al. estimated annual runoff, monthly evaporation, and monthly storage for the Chao Phraya from 1985 to 1988. The evaporation and river basin storage values were estimated by augmenting atmospheric
data with precipitation and runoff data. In the Chao Phraya basin, the vapor flux convergence was consistently higher than observed runoff; however, the temporal variations of vapor flux convergence and runoff were comparable. This was illustrated by applying a reduction factor to the convergence values.

Significant uncertainties in runoff estimation using atmospheric data still exist even at the continental scale. Both Brubaker et al. and Oki et. al. compare their continental runoff estimates with those given by Baumegartner and Reichel, 1975, for river runoff. For North America, Brubaker et. al. estimate annual runoff as
84.6 mm./year while Oki etf. al. estimate 263 mm/year and Baumgartner and Reichel give 223 mm/year. Both Brubaker et al. and Oki et al. make note of the fact that poorly defined continental or basin boundaries may contribute to inaccuracies in runoff estimation. This problem is solved in the current study of Texas by
using a geographic information system in which any arbitrarily defined boundary can be used to compute the water balance, although the problem remains that atmospheric soundings are sparse remains.

2.2 Soil Water Balance Studies

V/here detailed data about soil layers, depth to aroundwater, and vegetation are not available, hydrologists have often resorted to simple bucket models and budgeting schemes to model near-surface hydrology. Despite numerous uncertainties associated with the simple soil-water budeet model like the one used in this
study, many researchers have applied this type of model to problems ranging from catchment scale studies to the global water balance and climate change scenarios (Thornthwaite, 1948; Shiklomanov, 1983; Manabe, 1969; Mather, 1978; Alley, 1984; Viillmott et al., 1985; Mintz and Walker, 1993; Mintz and Serafini, 1992)
This approach is attractive because of its simplicity. The simple "bucket” model used here requires minimal input data: precipitation, potential evapotranspiration, and scil-water holding capacity. The studies by Willmott et al., Mintz and Valker, and Mintz and Serafini, are climatology studies that present the global
distributions of precipitation, evapotranspiration, and soil moisture. Mintz and Serafimi compare their evapotranspiration estimates for sixteen major river basins throughout the world with those derived from river runoff analysis made by Baumgartner and Reichel, 1975, and the values show reasonable agreement.

At a smaller scale, Mather, 1978, (Chapter 4) describes the application of a soil-water budget model to several watersheds in the coastal plains of Delaware, Maryland, and Virginia. Comparisons between measured and computed runoff values are rather poor for monthly data, but better for annual data, although Mather
suggests further refinement of the method even for annual values. In its simplest form, the soil-water budeget model does not account for situations where the precipitation rate is greater than the infiltration capacity of the soil. Mather describes one approach to remedy this problem, that is, to first use the SCS method to
estimate direct overland runoff and subtract this amount from the precipitation before it is allowed to enter the soil "bucket.” This approach appears to vield better results (Mather, Chapter 4). A similar approach of taking an initial rainfall abstraction before allowing precipitation to enter the soil column for climatological
budgeting was used in a study of the Niger Basin described by Maidment et al., 1996 (further description available at http: / fwww.ce.utexas.edu/ prof f maidment/ gishydrofafrica/africa. htm). In the Niger Basin study, the surplus from the soil-water budget is passed to a surface and groundwater routing model which is in
turn calibrated with observed runoff.

2.3 Surface Water Balance Studies
2.3.1 Water Balances of Texas

The surface water balance, a commonly used method in hydrologic studies, relies on the fact that with the exception of coastal areas, the landscape can often be divided into watershed units from which there is only one surface water outflow point. Provided that the average watershed precipitation and runoff can be
measured with reasonable accuracy, the annual evaporative losses from a watershed can be estimated. Of course this assumes that change in storage is negligible and that there are no significant inter-watershed transfers via groundwater or man-made conveyance structures. Empirical relationships are often used to
estimate mean annual or mean monthly flows in ungaged areas; this approach is used in this study.

Two water balance studies that are particularly relevant to Texas are those by Ward, 1993, and the Texas Board of Water Engineers, 1961, VWard presents a water balance similar to that described here in which he estimates precipitation, evapotranspiration, runoff, recharge, and water demands for four different
hydroclimatological regions in Texas and for the State as a whole. To estimate annual runoff, VWard uses an empirical relationship between rainfall and runoff. A similar approach is used in this study, although the rainfall-runoff relationship derived here is used in conjunction with a large database of measured values to
develop spatially distributed maps of runoff. The Texas Board of Water Engineers (TBV/E; now Texas \Water Development Board) Bulletin 6001 is a study of surface runoff (1940-1956) from the major basins and sub-basins in Texas that uses measured flow data. To estimate runoff in ungaged watersheds or watersheds with
insufficient streamflow records, the authors of Bulletin 6001 used a proportion of the observed runoff in a watershed with similar characteristics and an additional factor to account for the difference in precipitation if necessary. One product of Bulletin 6001 is a map of Texas sub-basins with printed values of runoff.
improvements in computer technology since 1961 allow for more detailed electronic maps to be generated in this study, although the idea of mapping runoff values is similar.

2.3.2 Runoff Mapping

Three recently published articles by Arnell, 1995; Lullwitz and Helbig, 1995; and Church et al., 1995, describe studies of runoff mapping. All three use a geographic information system {GIS) to manage spatial data at a regional or continental scale. The paper by Arnell summarizes five approaches for deriving gridded runof
maps at a 0.5 grid resolution including (1) simply averaging the runoff from all stations within each grid cell, (2) statistically interpolating runoff between gages, (3) using an empirical relationship that relates runoff to precipitation, potential evaporation, and teraperature, (4) using a soil-water balance type model, and
5) overlaying grid cells onto catchment runoff maps to derive area-weighted runoff estimates, Arnell evaluates all but method (4) by mapping runoff onto 0.5 grid cells over a large portion of western Europe, and then intersecting the results with seven gaged river basins to validate the results. The results show that methe
5) produces the most reasonable estimates. In a study similar to that of Arnell, Lullwitz and Helbig created 0.5 runoff maps for the VWeser River in Germany. Both Arnell and Lullwitz and Helbig note that 0.5 runoff maps can be useful for validating general circulation models (GCM's). Church et. al. present maps of
evapotranspiration (ET) and runoff/ precipitation (R/P) ratios for the northeastern United States. Church et. al. use an interpolation method to create runoff maps. Church et al. found their results to be useful in assessing the effects of acidic deposition.

The approach used for runoff mapping in this study is different than any of the methods described above, although it is most similar to Arnell’s method 5. The approach taken here combines an empirical rainfall-runoff relationship and watershed runoff balancing.



3.0 ATMOSPHERIC WATER BALANCE

An atmospheric water balance is an accounting of the inflow and outflow of water vapor flowing over a region, coupled to the rate at which water is being added to or removed from the atmosphere by means of evaporation and precipitation. The percentage of the moisture flowing over a region which is involved in the
region’s hydrologic cycle can thus be assessed, and it may even be possible to estimate the rate of regional evaporation using measured atmospheric moisture flow and precipitation data.

3.1 Atmospheric Data

Two sources of atmospheric data were used in this study. One data set was provided by Allen Bradley at the University of lowa Institute for Hydraulic Research and the other by the National Meteorological Center (NMC). The data provided by Bradley originate from rawinsonde soundings. These rawinsondes are launched
twice daily (0 and 12 Coordinated Universal Time (UTC)) to measure temperature, humidity, and wind profiles at several levels in the atmosphere. Using these data, Bradley estimated the specific humidity at each measurement level and used the following equations to estimate the vertically integrated vapor flux:

.1 »
0, =-—|qtdp

# (3.13)
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In these equations, Qy is the zonal (east-west) component of vapor flux in [kg m™ 5°1], Q, is the meridional (north-south) component of vapor flux in [kg m™! 7], q is the specific humidity [gm gm’"], u is the zonal component of wind velocity [m 5], v is the meridional component of wind velocity [m 5], pis the
pressure [Pa], and g is the gravitational constant ( 9.81 m 57 ). The negative sign arises due to the fact that the hydrostatic assumption was used to convert from elevation to pressure. The limits of integration are the surface pressure (p;) and the pressure at the “top” of the atmosphere (pg). Strictly speaking, the top of
the atmosphere does not exist since there is no physical boundary constraining the atmosphere below a certain level; however, the transport of water vapor across the 300 mb (30.3 kPa) level is considered negligible so 300 mb was defined as the top of the atmosphere in these computations.

Bradley provided mean monthly integrated vapor flux values for October 1972 to December 1994, The mean monthly values for 0 and 12 Coordinated Universal Time were provided separately. These two values were averaged to estimate mean monthly flux. The data files from Bradley were provided in two formats:
integrated flux estimates interpolated to a 2 grid using a standard meteorological method for interpolation called the Barnes objective analysis, and flux estimates interpolated to points on the Texas border from the 2 grid using bilinear interpolation. These two data formats facilitate computation of the atmospheric
water balance using either a divergence approach or a flux integration approach as described below. Computations were made using both approaches as a check, and the two methods yielded consistent results,

Another data set, containing monthly atmospheric moisture divergence estimates on a 2.5 grid, was obtained from the National Meteorological Center (NMC) for the 26 month periad from June 1991 to July 1993. At NMC, a general circulation model (GCM) is run two to four times per day to predict atmospheric conditions
a few hours in advance. After these few hours have passed, observational data including rawinsonde data, satellite temperature and moisture data, and surface observations, are used to adjust the predictions and the next simulation is run. A general circulation model fills gaps in regions with sparse observations and
creates atmospheric data sets on regular grids. The NMC monthly divergence estimates used in this study are outputs from the general circulation model. These values are the results of a simulation only and were not modified after the fact to fit actual measurements (Patoux, 1994). No computations were required to
determine the divergence on the NMC grid because these values were provided; therefore, the calculations described below refer only to the Bradley data.

3.2 Methodology

3.2.1 Water Balance Equations

The mass conservation equation for water vapor in the atmosphere can be written as

MW 5
—_—=-V E-P
a et (3.2

where V/ is the amount of water vapor stored in the atmospheric column, ¥ e is the divergence or net outflow of water vapor across the sides of the atmospheric column, Q is the vapor flux, E is evaporation, and P is precipitation. The quantity \/ is also referred te as the precipitable water and may be expressed in

Vego B B
units of mass per unit surface area [M L'2] or converted to an equivalent depth of liquid water [L] by dividing by the density of liquid water (1000 kg m™?), The divergence is represented mathematically by & & and measures the difference between inflow and outflow to a region. A positive divergence

means that outflow is greater than inflow, and a negative divergence (or convergence) means that inflow is greater than outflow. The units of divergence are [M L2 T°1) but may also be expressed as depth of liquid water per time [L T"'] results in this paper are presented in these units. To show how the atmospheric
water balance can be used to estimate the runoff from a river basin, a similar equation can be written for the surface water balance.

E+ P
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out
In Equation 3.3, H is the depth of liquid water storage in the basin, Ry, and Rgyt are the inflow and outflow of surface or subsurface runoff, E is evaporation, and P is precipitation, Combining Equations 3.2 and 3,3 yields the expression:
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In mean annual water balance computations, the change in atmospheric storage ( éWj& ) and surface water storage ( d‘i/d ) are often assumed to be negligible so that the negative of the divergence provides an estimate of runoff.

~Ved =R~ Ry=P~E (2.5)

It is seen in Equation 3.5 that if the divergence (V ® Q) in & region is positive, then evaporation is greater than precipitation ( P-E < 0 ), while a negative divergence or "convergence” indicates that precipitation is greater than evaporation ( P-E > 0 ). One goal of this study was to estimate the divergence or net influx of
water to the atmosphere above Texas.

3.2.2 A Control Volume over Texas

To define an atmospheric column for vapor flux calculations, the boundary of Texas was generalized by dividing it into straight segments, each with a length of approximately 100 km, and this boundary was extended vertically to the top (300 mb level) of the atmosphere, In visualizing this control velume, it is important
to keep in mind that the height of the atmosphere (8-10 km) is thin compared to the horizontal extent of Texas. Figure 3.1 shows that only 42 2 cells are required to cover the state of Texas and surrounding areas, while Figure 3.2 shows the thickness of the atmosphere relative to the horizontal extent of a 2 grid cell.

Figure 3-1: 2 Degree Cells Overlaid on the Texas Border
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Figure 3-2: Dimensions of a 2 Degree Atmospheric Column in South Texas

3.2.3 Direct Computation and Flux Integration Approaches to Estimate Divergence

3.2.3. Divergence approach

Two methods for computing divergence ( V.Q ) were applied to the Bradley data set and, as expected, both methods gave consistent results. In the first method, the divergence was computed directly from the 2 grid by using a finite difference approximation to the divergence equation in spherical coordinates.
Equation 3.6 gives an expression for divergence in both Cartesian and spherical coordinates.

= & A,
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Rg is the radius of the model earth taken as 6371.2 km, Q; and Q, are the zonal and meridional components of vapor flux (previously denoted as Q, and Q,, respectively), 7. is longitude in radians, and ¢ is latitude in radians. The spherical form of the divergence equation can be derived following the methodology given by
Kreyszig, 1993, Section 8.12. The fallowing centered difference approximation was used to calculate divergence directly from the 2 gridded data.
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The 10 x 9 computational mesh used for the Bradley data is shown in Figure 3.3. For points on this mesh in columins 1 and 10 (i = 1 and 10) and rows T and 9 (j = 1 and 9), Equation 3.7 was modified to use a forward or backward difference approximation as appropriate, because data values outside of this mesh were not
provided., The use of a forward or backward difference approximation did not affect any of the cells intersecting the boundary of Texas.

The units of the divergence computed with Equation 3.7 are [kg m'2 5], To estimate the net divergence in the atmosphere above Texas, cells centered on the mesh points depicted in Figure 3.3 were intersected with the Texas boundary as shown in Figure 3.4, The boundary of Texas shown in Figure 3.4 is the same
generalized boundary use in the flux integration calculations described in the next section. Intersection is a GIS term that describes an overlaying of two spatial data sets. In this case, the border of Texas was intersected with the 2 cell layout of atmospheric data to determine the area of each cell lying within the State.
By summing up the divergence estimates and using these included areas as weights, an estimate of the divergence for the State as a whole was made. This intersection was made in a projected plane; the projection used was an Albers equal-area projection.

"
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Figure 3-3: Computational Mesh for Divergence Calculations

Figure 3-4: Computational Cells Intersected with the Generalized Boundary of Texas
3.2.3.2 Flux integration approach

Thanks to the divergence theorem of Gauss (Kreyszig, 1993, p. 545, 551), an alternative method for calculating divergence is available that involves calculating the moisture flux across line segments that make up the Texas border. This approach is interesting because the flux across any arbitrary boundary line can be
estimated. Because a three dimensional problem was reduced to a two dimensional problem through vertical integration of the vapor flux, the divergence thearem in two dimensions can be applisd:
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Rather than using a vector dot-product as in Equation 3.8, the right hand side of this equation can be evaluated by applying a vector cross-product to each border segment and summing the result for each to determine the net flux into the Texas atmosphere, This concept is illustrated in Figure 3.5.

qu
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Figure 3-5: Vector Cross Product

The vector =(ly,ly) defines the boundary line where x is in the direction of parallels of latitude and y is in the direction of meridians of longitude. As before, the vector 0=(Qy,Q,) is the atmospheric moisture flux in [kg m™1 571] where Q is in the x direction and Q, is in the y direction. The mass flow rate across a
boundary segment in [kg '] can be obtained from the vector cross-product as follows:

Go=T=0=R(.0,-40) 5

In this problem, the boundary segments that make up the border of Texas are defined so that they all point in a clockwise direction, the interior of the region is to the right of each boundary vector and the exterior to the left. The result of the vector cross product is a vector oriented in the vertical direction, If this vector
is positive, this indicates mass leaving the region and if this vector is negative, this indicates mass entering the region. For net flux calculations, only the magnitude of the resulting vector e is needed, The total outflow is determined by summing the magnitudes of all O vectors pointing in the positive ¥ direction and
the total inflow by summing the magnitudes of all el vectors pointing in the negative £ direction. The net flux or divergence is outflow minus inflow.

In these calculations, the direction of the vector flux components are defined in geographic space and the geometric relationship between the flux vectors and border segments is also determined in geographic space; however, the lengths of the border components || and |ly| correspond to the length of these segments
as measured along the surface of the earth. To estimate |L,| and |Ly| given the latitude and longitude of segment endpoints, the length of a radian of longitude and a radian of latitude on the earth's surface (with the earth represented as an ellipsoid) were multiplied by the difference between the longitude and latitude
of the two segment endpoints as follows:
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The equations for the length of a radian along a meridian of longitude and the length along a parallel of latitude were taken from Snyder, 1987, p. 25. The parameters for the Clarke 1866 ellipsoid were used to evaluate Equation 3. 10 because this was the ellipsoid used to define the Texas border. In Equation 3.10, g is
the radius of curvature for the ellipse in the plane of the Equator (a=6378206.4 m), e is the eccentricity (e=0.000045815), AL s the lengitudinal difference between segment end points [radians], and A¢ is the latitudinal difference between segment end points [radians].

3.3 Results and Discussion
3.3.1 Results

Figure 3.6 shows the results of the monthly divergence calculations for 1973 to 1994 using the Bradley data. The chart of Figure 3.6 shows the results of direct divergence calculation on a spherical grid {Section 3.2.3.1). Although not shown here, the flux integration results (Section 3.2.3.2) are nearly identical (within 2%
on average) as expected. Figure 3.7 presents the same data of Figure 3.6 averaged by year. Figure 3.8 provides a comparison of Bradley and NMC divergence for the 26 month period when the NMC data were available (June 1991 - July 1993). There are significant differences between these two estimates, both in
variation of divergence throughout the year and the average divergence magnitudes. Assuming that the mean annual change in atmospheric storage is negligible, the 22 year average runoff (P-E) from the Bradley data is 1206 mm year™! and the 2 year average runoff predicted from the NMC data is 379 mm year™. Both of
these estimates are much higher than observed surface runoff. A 30 year mean annual runoff of 78.4 mm year'! was estimated from the surface water balance described in Section 5 below. Such large errors in predicting runoff using the atmospheric water balance are not uncharacteristic for this type of study. Although
Oki et al. find good agreement between convergence and observed runoff for several basins in the analysis of 70 basins worldwide, they also report a wide range of errors in which the vapor flux convergence may be up to 80 times the observed runoff or the vapor flux convergence may predict a net evaporation 28 times
greater than observed runeff. Several sources of error in making atmespheric flux calculations are discussed in the Section 3.3.2.
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Figure 3-6: Monthly Divergence of Water Vapor Over Texas for 22 Years
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Figure 3-7: Yearly Mean Divergence of Water Vapor Over Texas (1973 - 1994)
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Figure 3-8: Net Influx of Water to the Atmosphere Above Texas, June 1991 - July 1993

If it is assumed that the change in storage from month to month in the atmosphere is negligible, an evaporation estimate can be made as (E = ¥ 0 + P). Taking statewide average monthly precipitation estimates for 1992 from the study of Patoux, 1994 [Figure 4.2.7), rough monthly evaporation estimates are shown in
Figures 3.9 and 3.10 using the Bradley and NMC data respectively. The average precipitation estimates for Texas were made using Thiessen polygons built from the locations of precipitation stations and computing the areal average using an intersection procedure similar to that described in Section 3.2.3.1. Clearly the

evaperation estimates shown in Figure 3.9 are unreasonable because negative evaporation estimates don't have physical meaning. Using the Bradley data, the total S Qwoz is -1417 mm and the total Pyogp is 860 mm, which means that the atmosphere must increase its storage by 557 mm in order for a net positive
evaporation to occur over the year, These numbers, again, show that the divergence estimates derived in this study are much too high. Using NMC data, the total v .ngz 15 =310 mm, Pyggy is 860 mm, giving Eygez = 550 mm if the annual change in storage is negligible, Figure 3,10 shows more reasonable monthly
evaporaticn estimates; however, the annual divergence estimate (-309 mm) is still quite high relative to annual runoff and changes in atmospheric storage may not be an adequate explanation for the relatively large negative evaporation estimates in January, February, and march.
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Figure 3-9 : Evaporation Estimates from Bradley Divergence + Precipitation in 1992
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Figure 3-10: Evaporation Estimates from NMC Divergence + Precipitation

Unfortunately, very little data on atmospheric storage was available for this study. In unpublished follow up work to the study by Patoux, 1994, Patoux estimated the moisture content of the atmosphere over Texas for the first 6 months of 1991, The moisture content increased from about 17.1 mm in January to 54.7 mm
in June, with increases of 3.6 mm, 2.4 mm, 3.4 mm, 7.8 mm, and 20.4 mm in the intervening months. This trend simply shows that the atmosphere holds more moisture in the warm summer months. It deesn't appear that large discrepancies illustrated in Figures 3.9 and 3.10 can be explained by these relatively modest
atmospheric moisture changes.

In addition to making net flux calculations, a simple program for displaying flux vectors in a geographic information system was developed for use in this study. Looking at the flux vectors gives a sense of where moisture enters and leaves the State, and also gives a feel for seasonal and annual trends in moisture flux
magnitudes, Figures 3,11 and 3.12 show moisture flux vectors for January and July 1973, The moisture flow over Texas drastically increased during the Midwest flood of 1993 which is shown in Figure 3.13. Comparing Figures 3.12 and 3.13 shows the difference in summer moisture flux between 1973 and 1993,

1973 1

Segment 1

Figure 3-11: Moisture Flux Yectors in January, 1973

1973 7

Figure 3-12: Moisture Flux Vectors in July, 1973

Figure 3-13: Moisture Flux Vectors in July, 1993

3.3.2 Sources of error

The sparseness of observation points, both horizontally and vertically, leaves room for significant error in the atmospheric flux calculations. Even if estimates at all the 2 grid points are accurate, this leaves only about 42 observations, after vertical integration, to describe the flux over an area of 690,000 km?, In addition
to problems with sparseness of measurements in the horizontal direction, Brubaker et al. note that the vertical resolution of atmospheric soundings, which typically include measurements at about 6 levels from 1000 to 300 mb (about 0 - 10 km), do not adequately resolve the atmospheric boundary layer (for which a
typical depth is 1 km) where a large fraction of the atmospheric water vapor can be found.

Because of the large magnitudes of the numbers under consideration, a small error in the estimate of vapor flux across a single line segment may have a relatively large impact on the net influx computaticn. For example, the flux across segment 1 (86 km) in Figure 3.11 is 9.180 x 108 kg 51 which is equivalent to about
9810 m® 5”1 or 36 mm month™! when dividing by the area of the region being considered this value is significant when compared with the netflux estimates given in Table 3.1 below. The fact that there are large volumes of water both entering and [eaving the State means that calculating the net influx requires taking
the difference between two large numbers of similar magnitude. As a result, a small percentage error in either the total influx or total outflux estimate can lead to a large percentage error in the result. Table 3.1 was constructed using data from 1977 to illustrate this point. The netflux is (outflux - influx) and the
throughflux is (outflux + influx)/2.

Table 3-1: Comparison of Netflux and Througflux in 1977

el il e il
19771 |[e650 6687 38 [pe6 9 178
1977-2 _ ||416.2 419.7 34 4180 122
1977-3 6283 867.2 61.0 B97.8 15
1977-4 |[624.2 540.2 -840 [582.2 7
[15775  |[5251 7854 1397 |B56.2 6
19776 |[738.4 618.9 119.4 678.6 57
18777 |[715.0 5946 1204 6548 B4
19778 8195|5777 2419|6986 [z
15779 |[603.4 480.1 1233 |B417 14
1577-10 |[603.0 5456 575 574.3 10.0
1977-11_ |[5003 4719 284 4861 171
197712 |[7323 7374 50 7348 145

If there is a 10% error in the influx estimate for January 1977, then the true influx might be 731.5 [mm month™'], making the netflux -62.8 [mm month™'] rather than 3.8 [mm month™'] which is a 1750% difference, The absolute value of the throughflux to netflux ratio is given in the fourth column of Table 3.1. High
values of this ratio indicate that the influx and outflux values are close to one another in magnitude, meaning that a small percentage error in an influx or outflux estimate, may lead to a large percentage error in the netflux result.

Another source of error relevant to the analysis using Bradley data is that mean monthly flux values were used, meaning that transient eddy flux terms were not considered. V/hen time averaging is done on the product of two time-varying quantities - like velecity and specific humidity in this case - eddy flux terms arise
because of random variations in velocity and in specific humidity at time scales less than the averaging period used for the analysis. These eddy flux terms may have a significant influence on mass transport in certain situations. In their analysis of moisture flux into North and South America, Brubaker et al. decomposed
the vertically integrated moisture flux into mean motion and transient eddy terms. They note that from a global perspective mean motion dominates Q,, while mean and transient eddy terms are of comparable magnitude in Q.. From the results of their study, Brubaker et al. concluded that eddy flux terms contribute
significantly to the north-south transpert of water vapor, particularly along the Gulf of Mexico in the winter months, Thus, fluctuations on a few days time scale are important when considering the transport of water vapor, a conclusion also reached by Rasmusson, 1967.

3.3.3 Summary and Discussion

Two consistent methods for computing the divergence of atmospheric moisture using rawinsonde data have been described one using a finite difference approximation on a spherical grid and one by summing fluxes across boundary lines. The results of these computations were compared with output from a general
circulation model. In general, computations based strictly on observed data yielded poor estimates of divergence, with the estimate of average annual divergence over Texas being 15 times greater than observed runoff. The divergence estimate from the general circulation model was about 5 times greater than observed
runoff. Reasons for errors may include (1) the sparseness of observations, (2) errors associated with taking differences between large numbers, and (3) using monthly average flux values. V/ith regard to the first reason for errors, improved observation networks and remote sensing may help to alleviate problems with data
resolution in future studies. The United States National Meteorological Center is presently implementing a new mesoscale general circulation model over North America called the Eta model, using 40 km computational cells which will provide about 25 times greater horizontal resolution than the grid used in this study.
The second problem may be difficult to overcome considering the large amounts of moisture that flow through the atmosphere relative to the amounts of precipitation, evaporation, and runoff. Statewide average estimates from this study indicate that the average annual throughflux {1973 - 1994) of atmospheric
mpisture is 7788 mm while the annual precipitation is 720 mm and average annual runoff is 78.4 mm (See Section 5), indicating that only 9% of the moisture passing over the State falls as precipitation and 11% of this precipitation becomes runoff. \vith regard to the third problem, data for making calculations on shorter
than monthly time steps are available, but were not used due to time and logistical constraints in this study.

When calculations made in this study were compared with the output of a National Meteorological Center GCM, the GCM results seemed more reasonable, but not entirely satisfactory. The GCM considers transient eddy behavior that is not captured by mean monthly observations because a much smaller time step is used.
Simulation models also offer the advantage that equations of motion can be used to fill in areas with sparse observations. As products from higher resolution GCM simulations become available, simple operations in GIS can be used to estimate net fluxes into arbitrarily defined regions as done in this study.

Some additional information would have been useful to help assess the relative importance of different sources of error in this study. The use of 12 hourly data could have shed more light on problems associated with using monthly average values. It also would have been interesting to know the locations where
rawinsonde observations were actually made. In addition, more water content computations could have been made to yield better evaporation estimates.



4.0 SOIL-WATER BALANCE
4.1 Methodology
4.1.1 Model Description

The soil-water batance model uses a simple accounting scheme to predict soil-water storage, evaporation, and water surplus. Surplus is precipitation which does not evaporate or remain in soil storage and includes both surface and sub-surface runoff. The conservation of mass equation for soil-water can be written as
follows:

1)

In Equation 4.1, S is surplus, P is precipitation, E is evaporation, w is soil moisture, and t is time. Horizontal motion of water on the land surface or in the soil is not considered by this model. Snow melt was also not considered in these computations, but this probably does not introduce significant error for a study in
Texas. \Villmott et al., 1985, describe a simple scheme that could be included to account for snow melt.

At first glance, it would seem that the most natural spatial unit to use in a soil-water balance would be a soil map unit, but these map units have very irregular shapes and a wide range of sizes. Because climate data also play an important role in the soil-water balance, the cells generated when climate data are
interpolated onto regular grids are a judicious choice for use as the modeling units in the soil-water balance. Climate data interpolated onto 0.5 grid boxes are used in this study.

A major source of uncertainty in evaluating Equation 4.1 is estimating the evaporation. Estimation of evaporation is based upon knowledge of potential evapotranspiration, water-holding capacity of the soil, and a moisture extraction function. These concepts and a method for evaluating Equation 4.1 are described
below, Special consideration of the potential evapotranspiration concept is provided in the Section 4,2,

4.1.2 Description of input data
4.1.2.1 Climate data

Global data sets of mean menthly temperature and precipitation interpolated to a 0.5 grid were obtained by anonymous ftp to the University of Delaware (climate.geog.udel.eduj. These data are from the "Global Air Temperature and Precipitation Data Archive” compiled by D. Legates and C. Willmott. The precipitation
estimates were previously corrected for gage bias. Data from 24,635 terrestrial stations and 2,223 oceanic grid points were used to estimate the precipitation field. The climatology is largely representative of the years 1920 to 1980 with more weight given to recent (“data-rich”) years (Legates and \Villmott, 1990).

4. 1.2.2 Water-holding capacity data
Global estimates of “plant-extractable water capacity’ have recently become available on a 0.5 grid {Dunne and VVillmott, 1996). As used in this report, the term plant-extractable water capacity is equivalent to water-holding capacity. One reason given for developing this global database was to eliminate the need for

assuming spatially invariant plant-extractable water capacity in soil-water balance computations made over large areas. Information about sand, clay, crganic content, plant rooting depth, and horizon thickness was used to estimate the plant-extractable water capacity. Figure 4.1 shows the distribution of this parameter
throughout Texas. The global average for this parameter is 86 mm while the average in Texas is 143 mm.
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Figure 4-1: Soil-water Holding Capacity (mm)
4.1.2.3 Open Water Evaporation Estimates

Estimates of open water evaporation based upon pan evaporation measurements were provided by Alfredo Rodriguez at the Texas V/ater Development Board (T\/DB, 1995). The data consist of monthly average gross reservoir evaporation estimates for one degree quadrangles in and around Texas, Monthly data for 1940 to
1990 are available in 75 quadrangles thoughout Texas and monthly data for 1971-1990 in an additional 28 quadrangles at the border of Texas. Mean monthly values were computed from these data and used for estimates of potential evaporaticn in the soil-water balance calculations. Figure 4.2 shows the one degree
quadrangle index map, shaded to indicate where data are available. Figure 4.3 shows mean annual reservoir evaporation. As an alternative, a global radiation data set described in the next section has recently become available that facilitates making potential evaporation estimates using the Priestley-Taylor equation.
This method was also considered for use in the soil-water balance computations. An insightful comparison of these two methods for estimating potential evapotranspiration is described in Section 4.2,
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Figure 4-2: One Degree Quadrangle Index Map
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Figure 4-3: Mean Annual Reservoir Evaporation (mm)
4.1.2.4 Radiation Data

A global radiation data set recently made available makes using the Priestley-Taylor methed a feasible option for estimating potential evapotranspiration in large scale studies. These data are described by Darnell et al., 1995, and were cbtained by anonymous ftp to cloud.larc.nasa.gov. The data set includes longwave
and shortwave radiation flux estimates for a 96 month period extending from July 1983 to June 1991. The data are given on the ISSCP equal-area grid which has a spatial resolution of 2.5 at the equator. Darnell et al., 1992, describe advances in input data and flux estimation algorithms that improve the ability to assess
the radiation budget cn a global scale. Input data improvements have come from the International Satellite Cloud Climatology Project {ISCCP) and the Earth Radiation Budget Experiment (ERBE). Using this satellite data, the radiation budget components that cannot be measured directly are estimated independently using
physical approaches that have been validated against surface observations. According to Darnell et al., 1995, longwave flux estimates fall within = /- 25 V//m? of surface measurements while Whitlock et al., 1995, estimate the accuracy of shortwave estimates to be within +/- 20 \//m? of surface measurements. For
comparison, the energy required to evaporate 1 mm/day of water is about 30 V¢/mZ. In this study, net radiation (equivalent to net shortwave + net longwave) is used,

4.1.3 Water-holding capacity of the soil

In order to calculate the soil-water budget, an estimate of the soil's ability to store water is required. Several terms are used by soil scientists to define the water storage capacity of soils under different conditions. The field capacity or drained upper limit is defined as the water content of a soil that has reached
equilibrium with gravity after several days of drainage. The field capacity is a function of soil texture and organic content. The permanent wilting point or lower limit of available water is defined as the water content at which plants can no longer extract a health sustaining quantity of water from the soil and begin to
wilt, Typical suction values associated with the field capacity and wilting point are -10 kPa (-0.1 bars} and -1500 kPa (-15 bars) respectively. Like water content, field capacity and permanent wilting point are defined on a volume of water per volume of soil basis. The water available for evapotranspiration after
drainage ( or the available water-holding capacity ) is defined as the field capacity minus the permanent wilting point. Table 4.1 gives some typical values for available water-holding capacity.

Table 4-1 : Typical Values for Soil-water Parameters by Texture®

rﬁ'e'xture Class [Field Capacity Wilting Point Available Capacity
sand [o.12 0.04 0.08
Loany Sand 0.14 0.06 0.08
Sandy Loam 0.23 0.10 0.13
Loam 0.26 0.12 0,14
silt Loam 0.30 0.15 0.15
it 0.32 0.15 0.7
[sitty Clay Loam 0.34 0.19 0.15
[sitey Clay 0.36 0.21 0.15
llctay 0.36 0.21 0,15

*Values obtained from ASCE, 1990, Table 2.6, p.21.

For budgeting calculations, it is useful to know the tatal available water-holding capacity in a soil profile. This value is typically expressed in mm and can be obtained by integrating the available water-holding capacity over the effective depth of the soil layer. A one meter soil layer with a uniform available water-
holding capacity of 0.15 has a total available water-holding capacity of 150 mm. For the remainder of this paper, the term water-holding capacity means fotal available water-holding capacity in units of mm. The water-holding capacity is denoted with w* and the current level of moisture storage in the soil is denoted by
w [mm]. A large water-holding capacity implies a large annual evapotranspiration and small annual runoff relative to a small water-holding capacity under the same climatic conditions.

4.1.4 Estimating Actual Evapotranspiration

To estimate the actual evapotranspiration in the soil-water budget method many investigators have used a soil-moisture extraction function or coefficient of evapotranspiration f which relates the actual rate of evapotranspiration to the potential rate of evapotranspiration based on some function of the current soil
moisture content and the water-holding capacity.

= f*
E=f*PE 4y
Dyck, 1983, Table 1, {reprinted in Shuttleworth, 1993, Table 4.4.6) provides a summary of some moisture extraction functions used by different investigators, Mintz and VValker, 1993, Figure 5, also illustrates several moisture extraction functions. Many researchers agree that soils show the general pattern of behavior
that moisture is extracted from the soil at the potential rate until some critical moisture content is reached when evapotranspiration is nct longer controlled by meteorological conditions. Below this critical point, there is a decline in soil moisture extraction until the wilting point is reached. This type of behavior is

illustrated by Shuttleworth, 1993, Figure 4.4.3, p. 4.46 and Dingman, 1994, Figure 7-21. Shuttleworth, 1993, notes that the critical moisture content divided by the field capacity is typically between 0.5 and 0.8. The type of meisture extraction function just described is commonly applied to situations when daily climate
data-are used. A simpler function in which the ratio of evapotranspiration to potential evapotranspiration is proportional to the current moisture level, f = w/w*, has been applied when budgeting with monthly climate values and this function is used here,

There are drawbacks to using simple soil moisture extraction functions. Indices based on a function of soil moisture alone, do not account for the effects of vegetation. Mintz and Valker, 1993, cite field studies that show f may vary with potential evapotranspiration for a given soil wetness and f may also vary with leaf-
area index. In addition, the spatial variation of water-holding capacity is difficult te determine. A new and possibly better approach to determine the relationship between plant transpiration and potential evapotranspiration is to correlate f with satellite-derived indices of vegetation activity so that f will reftect plant
growth stage and the spatial vegetation patterns. Gutman and Rukhovetz (1996) investigate this possibility. Using their approach still requires an estimate of potential evapotranspiration to get actual evapotranspiration.

4.1.5 Budgeting soil moisture to yield surplus

Soil-water budget calculations are commonly made using monthly or daily rainfall totals because of the way data are recorded. Computing the water balance on a monthly basis involves the unrealistic assumption that rain falls at constant low intensity throughout the month, and consequently surplus estimates made
using monthly values are typically lower than those made using daily values. In dry locaticns, the mean potential evaporation for a given month may be higher than the mean precipitation and budgeting with monthly values may yield zero surplus, even though there is some observed runoff, For this reason, the use of
daily values is preferred over monthly values when feasible, yet daily budgeting still does not adequately describe storm runoff that occurs when the precipitation rate exceeds the infiltration capacity of the soil. One drawback to using daily data is that it is difficult to interpolate daily rainfall over space. For the
statewide study undertaken here, the use of daily data was deemed too cumbersome,

Equation 4.3 describes how soil moisture storage is computed,

Wy = Wi

+P=fi,PE

ifw<w'

Si = vij - w' and set wy = w* if wy > wt (4.3)

In Equation 4.3, w; is the current soil moisture, wq 4 is the soil moisture in the previous time step, P is precipitation, PE is potential evapotranspiration, S is the surplus in a given day, f is the soil-moisture extraction functicn and w* is the water-holding capacity. V/ith monthly data, computations are made on a quasi-
daily basis by assuming that precipitation and potential evapotranspiration for a given day are equal to their respective monthly values divided by the number of days in the current month. VWhen evaluating Equation 4.3, if w; drops below zero, then wj is set equal to 0.01; if w; > w*, then the surplus for that day is wi-w*
and w; is set equal to w*. The soil-moisture extraction function f =w/w" was used for this study.

4.1.6 Balancing Soil Moisture

If the initial soil moisture is unknown, which is typically the case, a balancing routine is used to force the net change in soil moisture from the beginning to the end of a specified balancing period (N time steps) to zerc. To do this, the initial soil moisture is set to the water-holding capacity and budget calculations are
made up to the time period (N+1). The initial soil moisture at time 1 (wy} is then set equal to the soil moisture at time N+1 (wy.4) and the budget is re-computed until the difference (wy - wy.1) is less than a specified tolerance.

4.2 Potential Evapotranspiration

One aspect of the soil-water budget that involves significant uncertainty and ambiguity is estimating potential evapotranspiration. Just the concept of potential evapotranspiration is ambiguous by itself, as discussed in the next section. Two potential evapotranspiration estimates were considered for this study, gross
reservoir evaporation estimates from pan coefficients and estimates made using the Priestley-Taylor equation. As discussed later, the gross reservoir evaporation estimates are considered to be better than the Priestley-Taylor estimates for use in the soil-water budget calculations.

4.2.1 Potential evaporation vs. potential evapotranspiration
Thornthwaite, 1948, first used the concept of potential evapotranspiration as a meaningful measure of moisture demand to replace two common surrogates for moisture demand, temperature and pan evaporation. Potential evapotranspiration refers to the maximum rate of evapotranspiration from a large area

completely and uniformly covered with growing vegetation and with an unlimited moisture supply. There is a distinction between the term p P piration and p ial evaporation from a free water surface because factors such as stomatal impedance and plant growth stage influence evapotranspiration
but do not influence potential evaporation from free water surfaces,

Brutsaert, 1982, notes on pp. 214 and 221 the remarkable similarity in the literature among observations of water losses from short vegetated surfaces and free water surfaces. He poses a possible explanation that the stomatal impedance to water vapor diffusion in plants may be counterbalanced by larger roughness
values, Significant differences have been observed between potential evapotranspiration from tall vegetation and potential evaporation from free water surfaces. The commonly used value of 1.26 in the Priestley-Taylor equation was derived using observations over both open water and saturated land surfaces. For the
most part, the term potential evapotranspiration will be used in this paper and, as used, includes water loss directly from the soil and/or through plant transpiration.

An additional ambiguity in using the potential evapotranspiration concept is that potential evapotranspiration is often comp based on logical data obtained under non-petential conditions (Brutsaert, p. 214). In this study, temperature and net radiation measurements used for calculating potential
evapotranspiration in dry areas and for dry periods will be different than the values that would have been observed under potential conditions. The fact that the Priestley-Taylor method exhibits weak performance at arid sites is related to this ambiguity because the assumptions under which the expressions were derived
break down. This is particularly relevant to \West Texas and is the main reason why evaporation estimates derived from pan coefficients are considered more applicable for the type of computations being made in this study. A comparison of the two methods is described in Section 4.2.3.3.

Although not used directly in this study, a brief review of the widely used Penman equaticn serves as a good starting peint for discussing the estimation of potential evapotranspiration.
4.2.2 Penman combination method

Two requirements for evaporation to occur are an energy input and a mechanism for the transport of water vapor away from the saturated surface. in light of this, two traditional approaches to modeling evaporation are an energy budget approach and an aerodynamic approach. VVith the energy budget approach, the net
radiation available at the surface (shortwave radiation absorbed less longwave radiation emitted) must be partitioned between latent heat flux and sensible heat flux, assuming that ground heat flux is negligible. This partitioning is typically achieved using the Bowen ratio which is the ratio of sensible heat flux to latent
heat flux. Approximating the Bowen ratio typically requires measurements of temperature and humidity at two heights. The aerodynamic approach involves a vapor transport coefficient times the vapor pressure gradient between the saturated surface and an arbitrary measurement height. Determination ofthe vapor
transport coefficient requires measurements of wind speed, humidity, and temperature. Brutsaert, Chow et al., and Dingman, present equations for calculating the Bowen ratio and vapor transport coefficients. Vithout simplifying assumptions, energy budget and the aerodynamic methods require meteorological
measurements at two levels,

In 1948, Penman combined the energy budget and aerodynamic approaches. Penman'’s derivation eliminates the need for measuring water surface temperature; only the air temperature is required. The resulting equation is as follows:
¥
E=——2F8 +—&,
A+y Aty 4.4)
&

wvihere Ep = e and £y = Ku)e, —4) . Ry is net radiation [W m2], L, is latent heat of vaporization [J kg™'], p,, is density of water [kg m™3), K{u) is a mass transfer coefficient, e, is saturated vapor pressure at air temperature, and e is the actual vapor pressure.

The Penman equation is a weighted average of the rates of evaporation due to net radiation (£,) and turbulent mass transfer (E;). Provided that model assumptions are met and adequate input data are available, various forms of the Penman equation yield the most accurate estimates of evaporation from saturated
surfaces. The “Evapotranspiration and lrrigation V/ater Requirements Manual,” ASCE, 1990, offers a performance comparison of twenty popular methods for estimating potential evaporation. The top six rated methods in ASCE, 1990, are forms of the Penman equation (p.249).

4.2.3 Simpler Methods

Twao simpler methods that are much easier to apply than forms of the Penman equation were considered in this study, a pan coefficient approach and the Priestley-Taylor methed,

4.2.3.1 Pan coefficients

Evaporation pans are commonly used to estimate open water evaporation from nearby lakes and reservoirs. The rate of evaporation is estimated by measuring the change in water level with time. Lake evaporation is estimated by multiplying the pan evaporation by a pan coefficient. Typical values of the pan coefficient
range from 0.67 to 0.78 in Texas, so the measured evaporation from the pan is higher than that from the lake surface. Pan ceefficients vary with location and season. The development of gross reservoir evaporation estimates used in this study is described by TV/DB, 1995. As discussed in Section 4.2.1, open water
evaporation and potential evapotranspiration are often of similar magnitude, justifying the use of open water evaporation estimates in soil-water budget calculations.

4.2.3.2 Priestley-Taylor Method

in 1972, C.B, Priestley and R.J. Taylor showed that, under certain conditions, knowledge of net radiation and ground dryness may be sufficient to determine vapor and sensible heat fluxes at the Earth's surface. Vhen large land areas [on the order of hundreds of kilometers) become saturated, Priestley and Taylor
reasoned that net radiation is the dominant constraint on evaperation and analyzed numerous data sets over land and ocean to show that the advection or mass-transfer term in the Penman combination equation tends toward a constant fraction of the radiation term under "equilibrium” conditions. According to Brutsaert,

1982, Slatyer and Mcilroy, 1961, first defined the concept of equilibrium evaporation as a state that is reached when a moving air mass has been in contact with a saturated surface over a long fetch and approaches vapor saturation thus causing the advection {aerodynamic) term in the Penman equation to go to zero. Both
the Slatyer-Mcllroy and the Priestley-Tayler definitions consider the radiation term in the Penman equation to be a lower limit for the evaperation from a moist surface. The form of the evaporation equation developed by Priestley and Taylor is as follows, a constant () times Penman'’s radiation term.

A
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Equating this expression to the combination equation reveals that the advection term must be a constant fraction of the radiation term if « is a constant.
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Using micro-meteorological observations over ocean surfaces and over saturated land-surfaces following rainfall, Priestley and Taylor came up with a best-estimate of 1.26 for the parameter ¢, The fact that « is greater than one indicates that true advection-free conditions do not exist. Since 1972, several other
researchers have confirmed that . values in the range 1.26-1.28 are consistent with observations under similar conditions. Some researchers have found significantly lower values for the o coefficient, but these coefficients were found for different types of surfaces (i.e. tall vegetation or bare soil as opposed to grass and
open water). There have also been indications that the o coefficient may exhibit significant seasonal variation (Brutsaert, p. 221).

Priestley-Taylor estimates have shown good agreement with lysimeter measurements for both peak and seasonal evapotranspiration in humid climates; however, the Priestley-Taylor equation substantially underestimates both peak and seasonal evapotranspiration in arid climates. The advection of dry air to irrigated
crops is likely to be greater in arid climates because large saturated areas are rare, resulting in a more dominant role of the advection term. A higher w coefficient may be required in arid climates (ASCE, 1990). Based on arid sites studied in ASCE, 1990, a value of «=1.7-1.75 seems more appropriate for arid regions.
Shuttleworth, 1993, states that the Priestley-Taylor method is the “preferred radiation-based method for estimating reference crop evapotranspiration.” Shuttleworth, 1993, notes that errors using the Priestley-Taylor method are on the order of 15% or 0.75 mm/day, whichever is greater, and that estimates should only be
made for periods of ten days or longer,

4.2.3.3 Comparison of Pan and Priestley-Taylor Methods

Figure 4.4, Figure 4.5, and Figure 4.6 are maps of mean temperature, mean net radiation distribution, and mean potential evapotranspiration made using the Priestley-Taylor method. A comparison between Figure 4.4 which shows the mean annual Priestley-Taylor potential evapotranspiration and Figure 4.3 which
shows the gross reservoir evaporation is quite revealing. It is clear that the highest values of reservoir evaporation are in \West Texas with a decreasing trend moving eastward. The converse is true for the Priestley-Taylor estimates where the lowest values occur in \West Texas with an increasing trend towards East Texas.
The reason for the non-intuitive, low potential evapotranspiration estimates from the Priestley-Taylor method in \West Texas is that radiation and temperature data that were measured under non-potential conditions have been used. The Priestley-Taylor estimates are proportional to the net radiation (Figure 4.5) at the
earth's surface. In wetter areas of East Texas, there is more water on the land surface and in the atmosphere to absorb incoming solar radiation and this results in higher net radiation values, In addition, greater cloud cover and water vapor in the atmosphere trap a larger percentage of the longwave radiation emitted
from the earth. Spatial variation of surface albedo [fraction of incident shortwave radiation reflected) also contributes to this trend because drier, less vegetated areas in \/est Texas tend to have higher albedos. in addition to spatial trends caused by moisture variation, net radiation values increase from north to south
because of the earth’s shape and its tilt relative to the sun. The spatial patterns in Priestley-Taylor potential evaporation shown in Figure 4.6 reflect the spatial patterns of temperature and net radiation in Figures 4.4 and 4.5.

Because the net radiation at the earth's surface is directly related to the wetness of the area, it may be a better surrogate for actual evapotranspiration than potential evapotranspiration. In Section 5.3.2 a map of Bowen ratios for Texas is computed. As discussed in this Section, use of net radiation and temperature data,
along with a map of Bowen ratios may be an alternative approach to estimating evaporation that eliminates the use of the difficult potential evapotranspiration concept.

Figure 4-4: Mean Annual Temperature in Texas from Legates and Willmott Climatology
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Figure 4-5: Mean Annual Net Radiation Estimates from the ERBE Program
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Figure 4-6; Priestley-Taylor Potential Evaporation (mm/year)

In terms of absclute magnitude, the statewide average reservoir evaporation is much higher 1690 mm year™! than the Priestley-Taylor estimate 1120 mm year''; however, the values in East Texas are more comparable because the lowest reservoir evaporation estimates and highest Priestley-Taylor estimates both occur
here. Looking at the results of the next section, differences in the spatial and temporal distribution between the two potential evaporation estimates make a big difference in the resulting surplus.

4.3 Results

The results from the soil water balance are monthly estimates of evaporation, surplus, and soil meisture in each 0.5 grid cell covering the State. Figure 4.7 shows the mean annual surplus estimated from two separate calculations, the first using the Priestley-Taylor potential evapotranspiration method and the second
using the reservoir evaporation as potential evapotranspiration. Using the Priestley-Taylor potential evapotranspiration method yields an average of 85 mm year™ of surplus across the State while the use of the reservoir evaporation method yields 42 mm year! and the observed runoff (78.4 mm year™! from Section 5) is
somewhere between these two estimates. A major problem is that this soil-water balance model predicts zero runoff for much of the State even though it is known that some runoff occurs in these areas. The time distribution of precipitation, actual evaporation, soil moisture, and surplus for two cells are shown in Figure
4.8. In the cell on the left, the water-holding capacity (162.5 mm) is never reached, but for the cell on the right the water-holding capacity (31 mm) is exceeded during seven months out of the year and surplus is generated.
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Figure 4-7: Annual Surplus from Soil-water Balance
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Figure 4-8: Soil-water Balance Monthly Results for Two Cells

The effects of that the water-holding capacity estimate has on soil-water budget can be seen in Figures 4.9 and 4.10. Figure 4.9 shows the mean annual soil moisture [mm] and Figure 4.10 shows the mean annual soil moisture divided by the water holding capacity. The differences in Figure 4.9 and 4.10 occur where the
soil water-holding: capacity has a limiting effect on evaporation relative to surrounding cells.
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Figure 4-9: Mean Annual Soil Moisture (mm)
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Figure 4-10: Mean Annual Saturated Fraction of Soil-water Holding Capacity

4.4 Summary

The rudimentary soil-water balance approach used in this study provides a qualitative sense of how precipitation is partitioned between runoff, evaporation, and soil moisture storage. The surplus and soil moisture values computed with this model are interpreted better as indexes of relative wetness rather than absolute
estimates because none are calibrated against measured values. Use of a monthly time step, a simplified representation of soil and plant hydrology, the ambiguity in applying the potential evapotranspiration concept to dry areas, and the errors in estimating potential evapotranspiration are major limitations of this
model. The model time step cannot account for storm runoff, an important mechanism for runoff generation. The soil-water balance model is an incomplete hydrology model because it is very difficult to calibrate against observed values. Coupling a soil-water balance model with measured runoff is the only realistic way
to derive accurate runoff estimates. A simplified coupling of the soil-water balance model to a surface runoff model was achieved in a recent study to develop a GIS-based water planning tool for the Niger River Basin in \est Africa (Maldment et al., 1996; http: // www.ce.utexas.edu / prof / maidment / GiSHydro /
africa / africa.htm). This model was calibrated for monthly flows but not validated. A more detailed appreach to this type of study could be taken by implementing a continuous stream flow simulation model with daily time stepping {or less); however, implementing this type of model on a region the size of Texasis a
formidable task.
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6.0 CONCLUSIONS

Three water balance methods - an atmospheric water balance, a soil-water balance, and a surface water balance - have been used in an attempt to gain an improved understanding of the stocks of water in different components of the hydrologic cycle and the fluxes between these components. Long term average values

indicate that the air flowing over Texas carries 7800 mrm year ! of moisture, of which 720 mm year™! becores precipitation, from which 78 mm year™! becomes surface runoff, all of these quantities being spatially averaged over the State, The runoff estimate of 78 mm year™! comes from the surface water balance which
has the least uncertainty and highest spatial resoclution of the three methods. Comparing mean annual runoff estimates from the other two methods to this figure is one way to assess the accuracy of these methods.

Given adequate data, the atmospheric water balance is a promising method for estimating regional evaporation, runoff, and changes in basin storage; however, data used in this study were not at a high enough resolution to make accurate calculations for Texas. Estimates of mean annual divergence over the State were

miade using both observed rawinsonde data and the output data from a general circulation model. Both methods show that there is significant uncertainty associated with atmospheric water balance calculations at the scale of Texas, yielding runoff estimates of 1206 mm year'! and 379 mm year? which are about 15 times
and 5 times greater than the observed runoff respectively. A review of literature indicates that the magnitude of the errors found in these calculations are not unheard of, although results for some regions have proven much more accurate, particularly when the water balance is assessed over larger areas. Assuming that

monthly changes in atmospheric storage are negligible, estimates of monthly evaporation were made for 1992 using the relation {E =V AL ). The 1992 evaporation estimates based on the observed data are not physically realistic while the estimates generated using the general circulation model output show
reasonable monthly trends except in January, February, and March. Several sources of error were identified including the sparseness of observations, errors associated with taking the difference between two large numbers, and using monthly average flux values when a significant amount of mass transport can occur at
smaller time scales. The contributions of the first and third sources of error mentioned here may be reduced as better data sets become available and if more detailed calculations are maide.

The soil-water balance is a climatological approach which is instructive, but also contains substantial uncertainties. The main reasons for the uncertainties in the soil-water balance are a simplified representation of land surface hydrology, the use of monthly average rainfall data, and the fact that there is no calibration
with observed data of either soil moisture or runoff. Because of these assumptions, the soil-water balance model predicts zero runoff over large areas of the State where surface runoff actually does occur. The soil-water balance does provide gualitative information about the space and time variability of soil moisture and
evapotranspiration that are not revealed by the annual surface water balance, but a way to confirm these results has not been worked out.

Use of the soil-water balance requires an estimate of potential evapotranspiration. One approach taken to estimating potential evapotranspiration was to use the Priestley-Taylor method because a net radiation data set described by Darnell et al., 1995, was available. The other approach was to use gross reservoir
evaporation estimates (TV/DB, 1995) derived using pan coefficients. As expected, the Priestley-Taylor method was not appropriate for arid areas in VWest Texas and it is seen that net radiation may be a better surrogate for actual evapotranspiration rather than potential evapotranspiration.

To facilitate the surface water balance, 166 USGS gaging stations were selected for analysis, and a 500 m digital elevation model was used to delineate the drainage areas for each gage. A 5 km grid of mean annual precipitation and mean annual runoff values compiled for each gage (both time averaged from 1961-1950)
were used to derive a relationship between mean annual precipitation (mm) and the mean annual surface runoff {mmj. This relationship is given in Equation 5.2 and applies in areas without unusually large groundwater recharge, springflow, urbanization, or reserveir impoundment. Applying this relationship to the

precipitation grid, a grid of expected runoff was derived. While the precipitation in Texas ranges from about 200 mm year'! in Vest Texas to 1483 mm year ! in East Texas, the expected runoff varies from near 0 in \West Texas to 417 mm year | in the wettest parts of East Texas.

In locations where information about observed flows was used, the differences between expected runoff and observed runoff could be determined, and Figure 5. 14 is a map showing where deviations from expected runoff occur. On this map, areas where observed runoff is much higher than the expected runoff correspond t
watersheds where inter-watershed transfers are received or urbanization has caused high runoff coefficients, while the areas where observed runoff is much lower than expected correspond to watersheds from which recharge is transferred to other watersheds or the impacts of agriculture are significant. Adding the grid of
deviations from expected runoff to the grid of expected runoff yielded a grid of actual runoff for the State (Figure 5.15). Accumulated flow maps were also created, using these runoff maps and a 500 m digital elevation model to define the drainage network. Using various line colors and line thicknesses to represent
accumulated flow, these maps reveal statewide spatial trends such as the increased density of stream networks in East Texas, while also capturing localized phenomena such as large springflows. The runoff grids developed in this study have several potential uses. The grid of observed runoff may be useful in estimating non
point source pollution loads in a manner similar to that described by Saunders and Maidment, 1996, Use of the expected runoff erid or a similar grid may be helpful in assessing the amount of water available for human use. Accumulated flow maps may be useful in attributing digitized stream networks with flow data.

A grid of mean annual expected evaporation was estimated by subtracting the grid of expected runoff from the precipitation arid. The values of expected evaporation range from 200 mm year™! in West Texas to 1066 mm year | in East Texas. Using the evaporation grid, the net radiation grid, and a temperature grid, a ma
of mean annual Bowen ratios for the State was created. These Bowen ratio values vary from 4.6 in V/est Texas (sensible heating of air dominates evaporation in a dry area) to 0.24 in East Texas (latent heat absorbed by evaporation dominates over sensible heating of air in a wet area).

As spatial data sets from remote sensing continue to improve along with tools like a GIS for manipulating spatial data, hydrologists can think in terms of water maps both in the atmosphere and on the land surface rather than thinking just in terms of point measurements. VWorking with a GIS allows for the computation of
water balances on arbitrary control volumes and simplifies the use of complex spatial data. A large amount of data for the state of Texas has been compiled during this study, and his data will be useful to others in the future. A CD-ROM is available from the Center for Research in \Water Resources (CRV/R], University of
Texas at Austin, that contains the data and programs used to make the computations described in this report. A description of the contents of this CD-ROM is provided in the Appendix to this report. Data used to plot the figures presented in this report are included on this CD-ROM and these data files are indexed in Part C o
the Appendix.
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9.0 APPENDIX

A General Information
& he ota and sy s n sty re vt on o O8O fo the Gt o Asear i i Resuaces RV U ofTeras . A, Tk ahout the CO-A the a isting of figur
amd 3 dsciption of 3ll data files and programs,

& developed at different tinyes vary sig i in the qualicy of appthcation. #any of the programs will require some changss if they are t operats ca data sets other than thase for which they were criginally writisn. Progeanimers may
find entire programs or sections of programs useful, but oaly a few of the programs are written for the casual user 1o simply copy and run.

+ rgmlngmwmmm:ommmmimmmawﬂhmmamdo—muaumamsmmm' 3 a0 i il called “whotidie” which mxpladng procedires used to devmtop data sats and make calculations. Thera
also may. “whatid

4 The map pujection; lbers. P for the Texas 5 transforme to haviever, datum are negligfble when considering the scale of the data used fn tis study, Here are the
mlmmpmwm!nwsw

Projection albers
units meters
atum nads:

a 2 typieally used for national raags of tha United States, “national” in thesa cverages s s follovs:

B Key Sub-directories
e s a brisf description of i of sted in appendis D
ATOBAL: files uied to miake atmorpheric water balance calcutations,

AVEFILES: svornm scripts.
BASIN: data and i the process of velth attribastes used to deree expected unalf function (Section 5.3. 1),
VAP raw data of gooss and | for Texas 1 degree TVIDB; a coverage of 1 degree quars atiributed with anmal average aporation [see Figures 4.2, 4.3); ol ity conservation area, etc.;

stinatand maan nnal evaporation from aach reservols and each watersted.
LANDUSE: disectory i which  coverage of areas describen a5 “urbian or built uy” by the Andeson Level 1 anduse codes was creatsd.

PRECIP: gris of the mean RISM study: gr the medco por k ‘expactad, differsnce, and actual runoff grids and files ussd 1 created accumalated flaw
T inenshawn n igare 513 uwwe 20); maporation grid (Figure 5,21

RECHARGE: grid of recharge est o from o of North Texas and associated fles.

REFERENC: # ajor basins, USGS HUCS, enunty boundarfes, and cities used for spatial reference.

REPORT: contalins a copy of this report in both Microsoft Viord and HTWL fermat.

SBUBGET: progranis and data files used in caniputing the sell water balance (Chapter &),

SPRINGS: 3 covwiage of major syeings in T ¢ ko from TV/DE Koot v A 9% of attributes inchucding naie, maximum observid lon, and Uye year that this maclum o was observed has bewn comgilid for wach sgring,

sRLon eosph point F! ormatice such y L flows; 3 numbe of avenus cripts including scripes trom D-ROM, to mske andw

assist in compating nat porential infiow and nes measured inflow to each basin,

€. Listing of data used ta creste figures presented in this report

Thuiorie e oo s ol i b sl e T el b e e varies o 0 o S RO il o i i i O R S T DR i
creats the figures is also given. that the pa I Hhe pavject Tl munk b changed in prler $o successfuly open these projects on a system different than that on that begin with

- /atmobals atmobal. apr
|- 7atmobal / atmobal..

7 atmobial 1 3tebat. apr
istudget ol o |
[roapluvapapr |
Frriap tovapoapr

s(=i=] 2|

/syt /boweniae 2
s SYTE——— rmmm 0, sl el o s
s | Ee————— "M:'L:wrprv o A o 4.
P T Y lwrmm o,

- sbuigetssuee b~ susdgetrupie. bt
=) [ udget duaiget ape |- sbudets et
[-/sadget shphles txrund. sy Feld ‘ot

52 e g 7B Gemn . - Dasinatansh3e
BE Crtmdp
e F— ::m-;ml; el 30plus, - {stflow/ J0year,
5 resdtsd apr [ 7basins temehdcs, ~/referenc/majbixca, ~/stilow/oun
rareachh ot
- precip.ape [=/precipyallann, ~ asins, tamshdcs, - basins sk e
[ifigures.apr [recharge o
X Ao
o resisa apr - 7basins bamshdcs, = /stllow cutn, - referenc ] txbadp.
i Frsotoi

[ /preciip/ runtus, - referenc tabadpd, - referenc/ma) ma

-/ procip drun_tec, ~osinss ks, ~ refarenc/majbixcl

|-/ precipé stf_tx2, -/basins/ temsk2c, -/referenc/majbtxcd

- /et Tun_tec, - precipdlnn, tac, -1 preclpraf i
< preckdrun_ec - /springs syringsp, - roferenc) majbtaca

.21 [ :.’-mmmg ~Jreferenc/majbixcl,
B9 Bovenoaps T prectpy vaptss, - Jbasns) ko

5.23 [povwen.ape -7budget/buvion, - /basingl tamk3c

D. Duscription of files by directory.

TEXAS (MAIN DIRECTORY)

PROJEET FILES (" ap1):

HOTE: almast il project files assume that the pathnanse for files starts with * Mot of these project ing data from the CO-ROM if the path on which

den.apy : contaim Lajous for Figure 5.3 (RF1 Streams) of final report,
figures ape : containg recharge faurs for report and othes figures Lssd in peessntations but not In report.

Interp.ape : cantain layouss of nd actual runoff in the San
predip,apr contains layout for Figure 1.1,

rolts's s ape ; srveral varsons of ch o the spatiad ot o, These projécts atio luad sirwral ussful serps. Rsultsd.aps s project, for tw expicted runat function, Soe
section5.3.1,

rung.ape : peojact file used to map grids of results; displays the results of the runoff w for display; Used gures 5,13, 5,14, 5,15, and 5.21 i final report,

seflover.ape : project fite used t disphay maps of accumulated
runof, This project file contain Lajouts used to create Figures 5.15. 5.16,
and 5.17 i the finad report.

1ab1.apr: project used to creats Tabie 5.1 fn the final report.

TEXT OR DBASE FILES:

90f.2xt ¢ 182 of watershee grid-cods, paan rainfall, 3nd s runclf sabectid t Craated xpeted runaff function.

all.txt st of all 166 i valuss,

areachk it 1 reported by the 500 m DEM.

area. ot : contains grid-code, DEM area, fraction error betwreen D€ and LKGS areas.

chackfl x < croatad by chackfl.ave to campare flow at utiet points in actual runolf grid with cbserd flowr at USGS gaging it

roadme : general description of the Usta on this ROM.

texas.pe] ¢ e  the Systom.

molsture flux acss 3 ¥ by plotl
atmaobal, ave : computes the atmaspheric water balance for a region; required Inputs are qufile.txt and v, txt wehich are createst using refa.T and header.ave.
+/BealleyIrof. ; reformat faw data files of moisture flie at the boundary paints into 3 Format that can be (e into ArcView as Teat files,

FbEadieyrefg. ¢ roformat Faw et es of moiscure fluc A 2 dRRreS g1 points nto A FoeMAE ERSL €3 be FBXS 1 ATCYiew 35 Text files.

L: used 10
aalcien.ave : of thex and y the gments given segment tarke: 1565 =1l
enmvert. ot ; convert time series tabla of divergence valuss for calls fnto a time serfes of divergence values for the state: input table 15 (ivbead.trt and putput table Ts plysirp, 8.
drvargeve : coordinaes gpoints and evaluates Equation 3.7 output file fs divbead. tae,

header, ave : ereates a headr for quile. et and quile tt used by the atmobol. ave program.

plotflux.ave : plot flux vectors along the boundary of Texas; calls arrow.ave; an exercise using earller versians of atmobal.ave, plotfiux.ave, and. hom,
FRAJECT FILES:

atmobal.ape : projict k w dirwctory

dherge.apt w aatations: h divactory

OTHER TEXT OR DBASE FILES:

+/radiey mquod.bind : monthiy qu flux for Texas boundary points 3t 0 UTC.

" : e fle for points 3t 0 UTC
bradiey mqu1 2. b = monthly qu fl0x For Texas boundary polats at 12 (TC
oeed  monthly v fl for paints at 12 UTC

ged s o 2% aurc

L Abradieyf mav00.grd : monthy qv flux for 22 degree grid at 0 UTC
e 12 ure
Abeadiey ohqvI2.grd : macahly gy flux for 22 degree grid 3t 12 UTC

fbwadieyinters.co : control file for the script convert.uats spacifies input and cutput file names, key fieids, ete,

quiile.txt. ; cantain i wach ¥ segment In kg nv/s.
qugeid e, il f i each 2 dgoe geid point in kgimrs,
provided by y
bt 3 results of ‘the barder of Texas; Fields: year, month, influx {mm/month], outflux {mm i month), netfiux jmm/ monsh), and theoughflux {mmm/month), €1, €2, . . .etc {menfmonth)
dibrad.oet ; autput rionths; units are b/ ma 5: Whis file input 1 the progean comert.utl,
Pl y ol for Texas: the field labeled Tl contal estimates in units of kg2 s, If the at 3 s obtained,
coveRaGES:
 the boundary segments in tiigeo.Un.
coverage sl s ki AT gegraphic coordinates -- used for flux integration calculations. Attributes includé 1" ', and " which are the corresponding length of thess segments on the Clarke 1866 ollpsoid In msters: the point coverage of segmint

A boundary txrsline ¢ generalized border of Texas in an Albérs peojection with parameters used for national mags,
#beadleytatmtzet ¢ polygon coverage - intersection of generalized Texas borter (txrgline) and 2 degree cells (bradpit).

cadet : po 2 dogeve Figwo 3.1 repart; profestion is for national
b adleygpints : poin. Girerangt o 2 degee by 2 dengr grid points s for divergence calculations (Equation 2.7},
badley i gointsp - projecten version of gpodnts,
txbidpp  polygon coverage of Texas boundary; peojection is albavs with parammeters used for national mags.

AVEFILES

PROGRANS!

r_aren,ave : script used t detsrmine the incremental dralinage area of sach basin delineated according to the UGS,

kit ave : ack fislds t the attribute table of the deli thess flelds,

checkfl,aw : compare flow at outlet points in actual runalt §Fd with flow at gaging stations to mnthod worked, Gutput file Lt
ehichineg,ave ¢ seript Used U chack: problents with negative reported flow values in the pint coverage J0pis.

comauniz.ave : create new fietds in tamshdcy with different units for flow, average rati, br dralnage area, etc.

oty ave : phot %,y charts oo selected coluns in an INFO tabile. Usar is promptex) o enter fileds for plotting.

uory.ave . make a query n rosuds” apr. oht changes in

vttt ave < vrite a toxt Hle for spacified felds I an atiribote tabie.

BASINS
PROGRANS:
emproc.aml : describes DE processing, including 30 sscond dats from Mexicn DEM calls,

burndes, i : descrption of stream b pr “Texas onty - prior 1o Including -~ many af and these have been dsisted.
calefir.am  adkds up ol of the values in the flurgrid created by netflucd, aml,

‘petcoon ave :script used to write  file containing the points of cnordinates clcked by the user: used to help identify the cutlets of major basing.

Inflow.ave : seript used about net inflow i wirite the reswlts 9 an INFO file; linked to & button and used interactively,

majbas.am : AL used to delingate majar basins,
makeout il § AL used 0 generate outlst grid from text file far 166 basins.

netflusd,amd : program usért 1o calculats the net flus of ol acuss this bonder of Texas given a iwaceumulation grd, a lawcirection grid, and a gri of the Texas borver,
2.t ¢ 8 vt csordinates of cutleds used to dolingste 166 watershes: craatsd with selout.aml

ointflaw.ave  seript used t writs the octflow from selects points 10.3 table; finked 1o & button and used interactively.

plotcosi.ave : script used T plot measured flow v, potential low,

selout. i, sedutm. aml : AW that allow the user 2 point coverags and a fink grid,

OTHER TEXT OR DBASE FILES:

Keyatt.txt : text fle doscribing the hey attributes of the final coverage of 166 delineatsd watersheds.

COVERAGES :

archasnz ; major watersheds in Texas; tahen from a CO-ROM created by Smith, 1998, and possibly re-projacted.
majbase 5 coverages of major basing devived from 15" data (ot cliped with the Stato boundary).

mafouts : pabnit coverags of outlets 1 the major basing.

autpotcz : coverage of 166 outlets with potential flaw a8 attributes

rhiclip: EPas River Reach Fle 1 [j71) cosstal fine topology not bult (8/9/98).
rfickipn : EPa’s River Reach File 1 (RFT) coverage i jection.

FHiguife, 1¥iguAf2 : pelygon coverages used to eliminate coastal peolygoms from the RF1 caverage priar to stream bur-in.

sk, tnskac : polygon coverages of mask of taxas border far which all elevation valiss ars greater than 0; Tumsk3e has many fslands clipped oz,

ixmskgeo : mask of Texas borer in geographic courdinates; from the sanve data source as trmskzc.

tuhigeo ; delineated watershed boundaries in geographic cooninates,

tittc : dolineatid straans at 3 1000 el thrashold.

staca : delineated streams 3t 3000 cell thesshold.

tstacut  delineated sreams 3t 3 3000 cell thrasheld clipped by the border of Tecas.

s © of this coverage are used to selact basins for the “expectad” runoff curve: attributes of this coerage are described in the text file keyatt.tit,
thigeo : timshdcd I geographic cocedinates

GRIDS:

dernat : peortion of the LS. 500 1 DEM that covers Texas and aress draining 1o Texas, in national Albers projection; obtained from Lsden: stating point for delineation {see bumdes.an).
e : filled and projected 500 m DEM for Texas (see burndes.aml for areation details).

dexnT2mta ; filled version of the combined Mexico and Texas DEM.

oo  dom2eni0 svsanmplis ta 3 arger ool sizm t aake It fastor To ciphay fn ArcVimc.,

atchgant : zevos incloding. [ vproc.aml for cassoning). A few cell In ditchgm were s w e cormect dicectian (ses Saction 5.2.3 for prablem description and the
whatidid fil in this diectory for solution details).

majouts 13 major basins delineated basod cn user salected outlet points.
majous gl of outlet peints for major basins.
e ; i geograph vateris

vtz i, cutdh, outzng : vext file, coverage, and grid of 166 outlet pols.
streamg ; g son Gf el with a coll size ar mapectent comdstenst with e DEM (s8e burndess, anl for creation detalls).

XTI © gridoed streans for Twcas and Mexico with 3 1000 coll thoedhold.
0STam © gridoed strenns for Tewas and Mexlco with 1000 sl threshold.
‘oxstam  gridded streams at 900 cali threshold.

txlakin ; stream Hinks from txstim and cxmfd,

exfimod  flemcroction from medified version of ditchgmt.

txfanind : flowaceumelation geid feom tumfdmod.

‘omsh  basins delinested from outing using Tamidmad.

EVap.
PROGRAAS:

alfredo2.ave : script used to reformat gross reservol evaporation data; creates INFO file 1deggevp,

ap-ave:: from each major basin n Teras.

vapavg. v < 3ck Mot of Ann_imean” a0d “Ana71" L the INFQ file “evyedrs. "ANN_MAI" 5 Uk JVorag P auer 19611950 dnuk S0AT1" i the Awage anaal FE fron 1971 - 1990, * THE UNITS ARE ACTUALLY MA/MONTH SO FOR ANNUAL TOTAL. taudiphy by 12.7 Th tom valiss e thir 30 for thass quars that
ol have the 71-30 period of record,

rate.ave ; estimate sanual gross evaporation from each reservoit in reserts and add a field ("ee_rate} containing this information to the reservoirs coverage
Fixguad.ami  repalr prabilems with polygan IS in first column of 1 degred quack,

genlfrs: hat they can i IO 15409, OUTpUE: EVIpI.Tat

manavg.ave : reate {monavg,dat) that average

plotres.ave : script that can be used to plat time series data.
quadk.f : FORTRAN pragram sed ta wite generate fils (quads. gen) for 1 dogree quads.

shdrap.ave :

Siftf : FORTRAN program usad to create a file with the correct auadrangle fndex 1Ds t mntch Alfrec's Gata: input: Joliid.txt: outpus folnbdn. tat. ** Arc/Inf WonT assign carmect user 108 5o | manuatly chariged then (Ve sean this eror before when genérating square cels) and addsd a column called tuad- 45 nesdad
Yoy ShorkFORYRAN peogtam SHITHL -5 peogsam (93 Joima-0r ad crasen ok 1)

yoar.ave : you o ha. year the reservoir was inpounded - simpifies the ‘imp_dato” field in daniinfz.dat,

VAP VELAVE | COMputes the welghued average svaporation in each year and adds 3 iy field called “anaual” to the INFO table evapalt,
OTHER TEXT OR DBASE FILES:
Tdeggevpdb ; dBase file contalning gross reservolr evaporation estimates an a 1 degree grid.

ali_4090.dnl 5 raw data file with net reservlr evaparation from Alfredo.

danning. i = g teservc attribe 0 the camorage ressp; thoss attfbutes havs been Joined Lo réserp 3nd ress0.
sapalf.ut: e year, and 12 nacathy estimates [,

4chG0. 0T, @V, 1, VphSD. it EVpbaD. - taxt sither conservation or polygon area for reservoirs mpaundad before 1560 or before 1990, For sxaniple, svebso. it estimats for ressrvoirs 1960
based on corsarvation are,

84090 : gross evaporation estimates for I inches, month from 1920 o 1990 while other from 197 w0 1990,

Joindd.e, folnidn. o - et files with b g f 1 degree quadrangles.

quadgt.gen : generate file for a paint coverage at the conter of sach 1 degree quadrangle,
aquadin.gen : gonarate file for 1 degree quad polygans.

IO FILES:

‘wyears : contalns qUC-1d, styear and endear, annual ean evapacation / 12 (1961-1990) -“ann_méan. " and bandal mean evaparation / 12 (1971-1990); this lnformation i joined to quads and quadsp.
@vapalf  INFO table that contalns reformatted gross reservalr evapiration data.

daminf2.dat - INFO file contsining dam atiributes.

monmap.dat : 30 yoar manthly averages of gross evaporation: 12 valuws for each quad.

COVERAGES:

quads + 1 degree quads In gaographic spa index number and center paint,

auadp 1 degres quat in TS5 Albses with these attributes:

stywar = start ywar when estimate: are avaitable

/B = 601 AT When BB 318 FaaLLE
ann_smean = 30 year mean (i month)

a7« 20 year mean (mav/eonth)

anntot = annual 309ar {or 20 ywar when 30 joar not avallable] misan
vapoeation (men,yoar)

quadptp: projected point coverage of the centers o | degree quads.

— i Albers
o400 5 arage af 1990, fiokd “poly_eva” containg [P ryoar] based fiedd “cons_evpr poar) based
LANDUSE

s £ landuse coverage from Smith, 1995, CD-ROM.

Tty : pokygons i Sl with LT = 1 furban Linaduse typss).
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