Exhibit B: Work plan

Background and Objective: In discussions with the PD and the PAC, TxDOT desires to amend the original scope of work to include analysis of abstractions from rainfall.  The purpose is to develop a loss rate function to supplant the NRCS curve number approach.  Data from the database will be used to accomplish this task. Additional time and funding is requested for these tasks.

Task 6 – Literature Review of Abstractions.  
A number of approaches are available for estimating effective precipitation from rainfall.  The effective precipitation is the fraction of actual precipitation that appears as direct runoff (after base flow separation).  Typically the precipitation signal (the hyetograph) is separated into three parts, the initial abstraction, the losses, and the effective precipitation.  Initial abstraction is the fraction of rainfall that occurs before direct runoff.  

Operationally several methods are used to estimate the initial abstraction.  One method is to simply censor precipitation that occurs before direct runoff is observed.  A second method is to assume that the initial abstraction is some constant volume (Viessman, 1968).  The NRCS method assumes that the initial abstraction is some fraction of the maximum retention that varies with soil and land use (essentially a CN based method).  

Losses after initial abstraction are the fraction of precipitation that is stored in the watershed (depression, interception, soil storage) that does not appear in the direct runoff hydrograph.  Typically depression and interception storage are considered part of the initial abstraction, so the loss term essentially represents infiltration into the soil in the watershed.  Several methods to model the losses include: Constant fraction method, Phi-index, and infiltration capacity approaches (Horton’s curve, Green-Ampt model).

The constant fraction model assumes that some constant ratio of precipitation becomes runoff; the fraction is called a runoff coefficient.  At first glance it appears that it is a rational method is disguise, but the rational method does not consider storage and travel times.  Thus in the rational method, if one doubles the precipitation intensity, and halved the duration one would expect the peak discharge to remain unchanged, while in a unit hydrograph such changes should have a profound effect on the hydrograph.  

As a model, the method is simple to apply, essentially 
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where 
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The first equation states that the effective precipitation is a fraction of the raw precipitation, while the second states that the total effective precipitation volume should equal the total direct runoff volume.  The constant fraction method is the method employed to date in the instantaneous unit hydrograph (IUH) approach because it is easy to automate.

The -index is another empirical infiltration model used in hydrology. The method assumes that the infiltration capacity is a constant (in/hr). If we have corresponding observations of a rainfall hyetograph and a runoff hydrograph, the value of  can in many cases be easily guessed. Field studies have shown that the infiltration capacity is greatest at the start of a storm and that it decreases rapidly to a relatively constant rate. The recession time of the filtration capacity may be as short as 10 to 15 minutes. Therefore, it is not unreasonable to assume that the filtration capacity is constant over the entire storm duration. When the rainfall rate exceeds the capacity, the loss rate is assumed to equal the constant capacity, which is called the phi () index. When the rainfall is less than the value of , the infiltration rate is assumed to equal to the rainfall intensity.

Mathematically, the phi-index method for modeling losses is described by 

L(t)= I(t), for I(t) < 
L(t)=  ,for I(t)>
where 
L(t) is the loss rate; 
I(t) is storm rainfall intensity; 
t is time; 
 is a constant.
If measured rainfall-runoff data are available, the value of  can be estimated by separating base flow from the total runoff volume, computing the volume of direct runoff, and then finding the value of  that result in the volume of effective rainfall being equal to the volume of direct runoff. A statistical mean phi-index can then be computed as the average of storm event phi values. Despite apparent simplicity, the volume balance requirement (that is the requirement that total effective precipitation depth equal total runoff depth) usually necessitates an iterative solution.

Horton’s infiltration model relates infiltration rate to an initial rate and an asymptotic rate (McCuen, 1989).   The rate at any time after the infiltration process has commenced, fp(t) may be expressed as: 

fp(t) = fc + (fo – fc) e-βt        

where
fo = maximum infiltration rate at the beginning of a storm; 

fc = asymptotic rate; 

β = exponential decay parameter.

There have been many studies to attempt to relate measurable soil properties to the three parameters in the Hortonian model.  The USDA-ARS has equations that relate soil properties and growth indices to the parameters in the equation, as do other agencies.  Hortonian-type models and exponential decay loss models are, for all practical purposes, the same kind of loss model and can be used interchangeably (except for the physical meaning of the parameters).

Green & Ampt (1911) proposed the simplified picture of infiltration depicted in Figure ##.
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Figure 3.7.Variables in the Green-Ampt infiltration model. 
(Source: Applied Hydrology by Chow/Maidement/Mays 1988)

The wetting front is a sharp boundary dividing soil with moisture content i below from saturated soil with moisture content i above. The wetting from has penetrated to a depth L in time t since infiltration began. Water is ponded to a small depth h0 on the soil surface. The method computes total infiltration rate at the end of time t, with the following equation:



    L(t) = Kt + ψ Δθ ln{ 1 + L(t)/(ψ Δθ)}                   [3.6]

Where,


K = saturated hydraulic conductivity,


t = time,


L(t) = Total infiltration at the end of time t,


Ψ = Wetting front soil suction head, and


Δθ = increase in moisture content in time t.

Unlike the SCS curve-number method, this method gives the total amount of infiltration in the soil at the end of a particular storm event. Depending on this value and the total amount of precipitation, one can easily calculate the amount of runoff.

Polubarinova-Kochina (1962) presents a similar, yet slightly simpler equation that relates the soil hydraulic conductivity, the porosity, and an estimated suction pressure (which can be zero if the analyst wishes) that has the same form as the Green-Ampt equation, which interestingly enough which a change of variables also looks remarkably like a Hortonian model (suggesting that the asymptotic rate in Horton’s model is a soil property largely explained by the hydraulic conductivity, and the initial rate is a soil property related to soil suction).  In any case these kinds of models employ explainable physics into the loss process.

The most complex, but realistically solvable physics based approach is the solution of the Richards equation.  The principal impediment is that it requires knowledge of the soil-water characteristic curve, or a good estimate of that function (e.g. Brooks and Corey, or Van Gneucten model)

The Richards equation in a from that might be useful for infiltration modeling is 
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This non-linear diffusion equation is solved for the water content, this water content is then depth-integrated to determine the cumulative infiltration (precipitation loss), and the precipitation not lost is then the effective precipitation.  Charbeneau (2000) presents selected integrated solutions for specific soil-water characteristic functions.

Based on this literature review and discussion we can rank the models from simple to difficult.  Clearly the simplest approach is an initial abstraction and constant loss rate function, similar to the rational method’s runoff coefficient, as used by the Corps of Engineers in HEC-1 and now in HEC-HMS.  The most complex approach is solution of Richard’s Equation (a partial differential equation) for vertical infiltration (in one dimension) that is distributed in space and time.

The most complex approach is inappropriate for the kinds of modeling done for design activities in part because of the location specific data that does not exist.  The Green-Ampt and Hortonian  have promise as the required data may be contained in existing soil survey data conducted by the USDA.  Therefore, the literature review above will be extended to determine forms of loss-rate functions and applications of those functions in circumstances similar to those that TxDOT designers are faced with.

Task 7 – Analysis of Data.

The promising models at the current time are: initial abstraction constant rate; initial abstraction exponential-decay (i.e. Hortonian); or a Green-Ampt approximation.  The first two can be directly inferred from our existing and growing rainfall-runoff database, while the third will require us to use existing soils maps and develop and test estimation methods to obtain the infiltration model parameters.  We believe all approaches are valid and propose to divide the effort among the team all using the same underlying database.

Initial abstraction constant rate

Using paired rainfall-runoff observations perform baseflow separation, then use a optimization approach to infer a bounded initial abstraction and constant rate model that preserves total runoff volumes and minimizes the direct runoff prediction errors.  Each storm will likely produce a different result, thus the results will be aggregated by station, and then regionalized by statistical analysis.

Initial abstraction exponential decay

Using paired rainfall-runoff observations perform baseflow separation, then use a optimization approach to infer a bounded initial abstraction and constant rate model that preserves total runoff volumes and minimizes the direct runoff prediction errors.  Each storm will likely produce a different result, thus the results will be aggregated by station, and then regionalized by statistical analysis.

Infiltration modeling

Using soils maps that cover our gaged watersheds infer the hydraulic conductivity and surface porosity for the watershed (use a lumped approach).  From these estimates, use the simplified Green-Ampt (Polubarinova-Kochina version) infiltration model to determine effective precipitation from our observed precipitation events.  Using paired rainfall-runoff observations perform baseflow separation, and then analyze the prediction bias of using the infiltration model to determine effective precipitation. 

Comparison of results

Compare the results of these models to each-other and make recommendations as to utility of any particular model based on both application simplicity and prediction accuracy. 
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