 CHAPTER 2

LITERATURE REVIEW
Hydrological studies are a search for an improved physical interpretation of phenomena and for the creation of mathematical instruments for the management and control of water resources (Marco Franchini 1991).
In the measurement of water resources specific objectives of various applied problems are:

(1) Evaluation of the maximum flood discharge to be used, e.g. in the design of urban sewerage systems or reclamation systems.

(2) Evaluation of flood waves, to aid both the design of appropriate defense systems and the control of flood waves, especially by means of real-time flood forecasting;

(3) Construction, starting from the knowledge of rainfall, of daily or sub-daily runoff, for long periods of time, in order to reconstruct the runoff hydrograph itself, with particular reference to those sections without measurements;

(4) Evaluation of the influence of the type of soil and sub-soil on the runoff formation dynamic, to analyze the consequences of anthropogenic defects (inhabited areas, deforestation, etc.);
The third aspect is the main purpose for this research, and the application of the study is expected to be used for those un-gaged watersheds, especially for the central Texas area.  
2.1. Runoff Prediction

Practical runoff prediction using hydrological concepts has been practiced for at least a century.  The approach is to determine the runoff hydrograph from a precipitation hyetograph for a specific watershed. The procedures used prior to the 1940’s were largely empirical ad-hoc models of the rainfall runoff process. It was recognized in the 1850’s that runoff was related to rainfall intensity, rainfall duration (i.e. the hyetograph), and to the time required for runoff to leave a watershed. Furthermore at that time it was also recognized that the watershed’s “time” characteristic was related to its slope, area, and shape.  J.C.I. Dooge, who established the basis for application of linear systems theory to hydrograph analysis, and was the first to establish the theoretical basis for unit hydrographs, credits this early understanding of runoff behavior and the subsequent development of the rational method to T.J. Mulvaney in 1851 (Dooge, 1959; 1973). To date, the focus of runoff prediction has been to determine how to relate morphological and topographic characteristics to watershed response.  It is as yet a largely unsolved problem (in the practical sense); yet good simple approximations are available.

One method that evolved is the “rational method” which, even though it is arguably empirical, is systematic.  In all versions of the method, the drainage area is analyzed using simple hydraulics principles and topological information (typically a time-area method) to determine a time of concentration that is defined as the time that a water particle falling on the most distant location of the watershed exits at the outlet.  Once this “duration” is established, a rainfall of this duration is applied at a specified intensity (intensity-duration-frequency analysis) and the peak discharge is obtained as the product of this intensity, the watershed area, and some weight that scales the rainfall intensity to the peak discharge. Equation 2.1 is a typical rational method equation.
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Details of finding the time of concentration, the weights, the use of time-area-methods, and intensity-frequency-duration curves are found in any modern hydrology textbook (e.g. McCuen, 1998). The “method” has been explored for non-uniform rainfall and other modification by many authors and is used extensively for relatively small watersheds, less than 200 acres. TxDOT uses this method for design where contribution drainage areas are less than 200 acres.

Figure 2.1 is the hydrologic method selection chart from the TxDOT design manual. The unit hydrograph methods are indicated in three of the four suggested design-analysis techniques. In our research the focus is on unregulated watersheds in the 200 acres to 20 square miles size. Areas larger than 20 square miles are currently analyzed by regional regression equations and larger gage streams by log-Pearson analysis of the annual maxima.
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Figure 2.1. Hydrologic Method Selection Chart (adapted from TxDOT Hydraulic Design Manual, 2003)
2.2. Unit Hydrographs
A unit hydrograph (UH) is the hydrograph of the direct runoff that results from a uniformly distributed rainfall producing one unit effective depth over the basin for a specified duration. 

A unit hydrograph can be determined in gaged basins by measuring the concurrent rainfall and runoff amounts for the storms. One of the fundamental principles in unit hydrograph theory is linearity; thus when a unit hydrograph is determined for a basin, and then the response to any other storm can be obtained by linear combinations of the unit hydrograph.
The unit hydrograph concept is credited to Sherman in 1932 (Sherman, 1932), although the concept was likely in use prior to that time. In his paper he illustrated a procedure to construct direct runoff hydrographs from a sequence of rainfall “units” by addition of ordinates of unit hydrographs lagged by the duration of the individual rainfall durations.  Upon close examination, one concludes that Sherman’s procedure is graphical convolution of responses to different input weights.  Subsequent efforts by many other authors codified these ideas, and UH theory today is essentially the application of linear-systems theory to the rainfall runoff process (Dooge, 1973; Chow, et al, 1988). 

In the 1970’s, Chow and others worked on development of linear systems theory applications to hydrologic modeling.  Chapter 7 in Chow, et al (1988) is an overview of that work.  The convolution integral,
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Where Q(t) = output time function,



I(() = input time function, 



u(t-) = impulse response function,


(t-() = time lag between time the impulse is applied, and


t = time.
In discrete time, the pulse response function is
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Where Un = unit response function (unit-graph; L2/T), and



Pm = effective precipitation (L) for period m.

The unit-graph, then, is a linear model that has some embedded assumptions:
(1) Effective rainfall has a constant intensity within the effective duration;

(2) Effective rainfall is uniformly distributed spatially;

(3) Time base of runoff (period of time that direct runoff exceeds zero) resulting from an effective rainfall of specific duration is constant;

(4) The ordinates of direct runoff of a constant base time are directly proportional to the total amount of direct runoff represented by each hydrograph; and

(5) For a particular watershed, the size of the direct runoff hydrograph for two effective rainfall pulses is in direct proportion to the relative size of the pulses.

In fact, these assumptions are often not true, particularly for small watersheds, which have a tendency to be non-linear in response.  However, the unit hydrograph approach is usually good enough to obtain engineering estimates for design purposes.  

Of importance to this research is the impulse-response function in Equation 2.2.  This function is the IUH, if one knows the response function (or the set of weights in the discrete model). Then one can predict the runoff hydrograph for any rainfall sequence (hyetograph) applied to the watershed (assuming the watershed behaves as a linear system).  

Historically the response functions have been treated as statistical distributions although researchers have linked simplified physics to the distributions (Nash, 1958; Leinhard, 1971).  Linking a series of reservoirs in a feed forward (cascade) fashion, Nash (1958) developed his IUH.  The Nash model, gamma-hydrograph, and Pearson Type III hydrograph are identical distributions (under certain circumstances).  Lienhard and Meyer (1967) showed that the gamma family of distributions can be explained using statistical-mechanical principles, establishing a rigorous physical basis for IUHs.   

The unit hydrograph procedure should be limited to watershed drainage areas that are less than about 2,000 square miles.  If storm patterns are thought to impact runoff hydrographs, then the watershed can be subdivided into smaller sub-watersheds and each of those subjected to a hydrograph analysis.  The development of the procedure has been documented many times. 

2.3. Synthetic Unit Hydrographs

As mentioned before, actual or observed unit hydrographs can not be determined for all the basins since there are not available rainfall and runoff data everywhere. Therefore for such basins unit hydrographs are determined synthetically, to be used in the design of hydraulic structures. 

Synthetic unit hydrographs are developed using two main concepts; 1) each watershed has a unique unit hydrograph, and 2) all unit hydrographs can be represented by a single family of curves or a single equation. 
Several methods have been developed for estimating synthetic unit hydrographs for locations where observations of input and response are lacking. Chow et al (1988) group synthetic unit hydrographs into three types: (1) those relating hydrograph characteristics (peak flow, time to peak, base time, etc.) to watershed characteristics (Snyder, 1938; Gray, 1961); (2) those based on conceptual models of watershed storage (Clark, 1943; Nash 1957); and (3) those based on a dimensionless unit hydrograph DUH (Soil Conservation Service 1972).Types (1) and (2) involve empirical coefficients whose validity is limited to a particular watershed or region. Type (3) is based on the expectation that, by selecting proper dimensionless ratios, all individual unit hydrographs can be transformed into one more-or-less universally applicable DUH.
A number of parameters are important in determining the shape of the unit hydrograph for a watershed. The discharge parameter which is mostly used is the peak discharge (Qp). Lag time (tL), time to peak (tp), time of concentration (tc) and base time (Tb) are often used as the time parameters. Watershed parameters of most concern, influencing the shape of the outflow hydrograph, include area (A in sq. mi.) and its shape, main stream length (L in ft), length to watershed centroid from the outlet (Lc in ft) and average slope of basin (y in %). 
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