





Chapter Three.  System of Equations





	Physically-based hydrologic models are designed to simulate water movements within both the hillslope and stream channel of a watershed.   They can provide information on real-time flow for specific watershed objects, which in turn may be important for basin water chemistry simulation or other purposes.  The structure of the physically-based hydrologic model developed for this study is represented in Figure 3-1 and consists of dozens of other functional models.







3.1. Input Distributing Model



�	Depending upon the availibility if data, the OWLS model provides two options to handling distributive watershed  input data:

	SIMPLE model option: Under this option, precipitation input, air temperature, soil characteristics (infiltration parameter, porosity and soil hydraulic conductivity) and vegetation characteristics (leaf area index, interception ratio, evapotranspiration ratio) will be considered as homogeneous over the watershed.

	COMPLEX model option: When distributed  watershed soil and vegetation characteristic data are available, the OWLS model is able to use this distributed data for its hydrologic simulation. Also, if a watershed has data from more than two meteorologic stations,  the COMPLEX model option will use the precipitation distribution model and air temperature distribution model to create distributed precipitation and air temperature.  Since many air temperature data are available in daily characteristic values (minimun, maximun and average), the OWLS model also includes an air temperature extension model (ATEM) to simulate the instantaneous air temperature. 

	Watershed evapotranspiration (ET) is essentially by the incoming solar radiation levels. The OWLS solar radiation model calculates solar radiation for each individual cell. Thus, different cells may receive different solar radiations depending upon the time of the day,  and the slopes and aspects of the cells. Details of these distribution models are as follows:





3.1.1. Precipitation Distributing Model
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	The precipitation distribution model will be utilized only when there are at least three rain gauge stations available in the watershed.  The model will perform linear space interpolation to distribute precipitation data from nearest three gauge stations to a cell (Figure 3-2).

	The mathematical equations to solve the interpolated precipitation at point (x, y) are:
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	where,	p1, p2, p3 are the precipitation of rain gauge 1, 2, and 3 located at (x1, y2), (x2, y2) and (x3, y3);  p is the precipitation of a cell which has a center at (x, y);



When a cell is located outside the triangular range of the gauges, the Linear Space Interpolation Model will perform linear extrapolation. The results from the extrapolation will then be identified for abnormal values. The method to determine the abnormal values is by comparing the estimated value to the normal data range (minimun to maximun) of all rain gauges.  In some cases, the result from extrapolation may be too high (over a certain percentage of the maximun value) or too low (negative).  The OWLS model will then adjust the high value into the value of the nearest gauge and the low value as zero precipitation.





3.1.2. Air Temperature Distribution Model



	Air temperature in mountainous terrain is more dependent upon elevation than horizontal location. For a watershed having more than one temperature gauge, the Air Temperature Distribution Model will perform an ambient lapse rate (averageed -0.650C/100m) calculation (for only one gauge available), vertical linear interpolation (for two gauges available), or  linear regression (for more than two gauges available) (Figure 3 - 3). 

	When more than two gauges available, the air temperature of a cell is calculated as:
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	where T(z) is the air temperature at elevation z;

			aT and bT are regression coefficients which are calculated as Equation 3 - 6 and  3 - 7;
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		where, n is the total number of air temperature gauges;

				Ti is the air temperature (oC) at gauge i;

				zi is the elevation (m) of the gauge i;





3.1.3. Solar Radiation Model



	The Solar Radiation Model consists of three portions: (a) Extraterrestial Solar Radiation; (b) Cloud Attenuation; and (c) Canopy Reduction (Lee, 1978; Black, 1956; Ross and Tooming, 1968 and Monteith, 1973):
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where, 

	Extraterrestial calculation adopts equations from Lee (1973), includes instantanuous solar constant, atmospheric effect and slope effect;

	Cloud reduction calculation adopts equation from Black (1956);

	Canopy reduction calculation adopts equation from a semi-empirical exponential formula proposed by Ross and Tooming (1968) which has been further theoretically proven by Monteith (1973);.

	I is the solar radiation (W/m2) received on the top of a hillslope surface (cell); for solar radiation recieved by the canopy, the last portion should be removed;

				I0 is the solar constant (W/m2)  calculated by Equation 3 - 10;

				Za is the zenith path transmissivity (or atmosphere turbidity);

				Z is the solar zenith (o) calculated from Equation 3 - 11 to 3 - 13;

				B is the solar incidence (o) calculated from Equation 3 - 14 to 3 - 16;

				C is the cloudiness measured as fraction of sky covered, in tenths;

			LAI is the leaf-area-index (m2/m2) for the surface vegetation;

	(  is the canopy reduction coefficient. Values of  ( range from 0.21 to 0.6 depending on the canopy structure and solar elevation. In the OWLS model, ( = 0.5.
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		here, 	Ia is the mean solar constant (=1367 W/m2);

				tj is the Julian day;
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		here,	La is the latitude (o) of the location;

				Sd is the solar declination (o) calculated by Equation 3 - 12;

				St is the solar hour angle (o) calculated by Equation 3 - 13;
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		here, 	Sc is the slope (o) of the cell;

				Saz is the solar azimuth (o), which is calculated as following:

				when solar hour ts < 12 (morning):
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					when solar hour ts >=12 (afternoon):
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3.1.4. Air Temperature Extension Model



	For many meteorological stations, mean, maximun and minimun air temperature are typically available.  The OWLS model includes an Air Temperature Extension Model (ATEM) to use such information to provide temperature estimates needed for short-term hydrologic processes.  The ATEM assumes that daily temperature changes are continuous and periodic, and utilizes a sine function to simulate this process (Figure 3 - 4). 

The following equation represents the model used to simulate temperature patterns over time:

��

Figure 3 - 4. Air Temperature Extension Model. 
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where, Tavg is the averaged daily air temperature;

		T(t) is the temperature at time t;

		b has different values under different time in a day:

			b = Tavg - Tmin at night time (usually take t < 6 or t > 18);

			b = Tmax - Tavg at day time (6 (  t ( 18);

		tmax is the average time when daily maximun air temperature is recorded.

	In order to maintain continuity, in the afternoon, Tmin should take that of next day and Tavg is determined over a 2-day period.





3.2. Equivalent Rectangle Simplification (ERS).





	The OWLS model uses an Equivalent-Rectangle-Simplification (ERS) method to establich a physical interrelation between cells for the routing of surface flows. Thus,  the model is capable of handling a variety of cell patterns within a basin. The ERS method is used to simplify the geometry of a cell, which is represented as a polygon with n edges and n nodes, into a rectangle which has the same soil and vegetation, same area, same slope, same center location, and same total length (or total width, or width-to-length ratio) as the cell (Figure 3 - 5). Each edge of a cell has a weighting, which is determined by the relative area of a given cell providing water to that edge (Figure 3 - 6). This weighting was used to determine the amount of water that could cross a particular edge (zero when none, -9 identifies an upper edge that is receiving water from an upslope cell).  By assuming that the physical performance of the cell can be approximated by that of its equivalent rectangle, hydrologic information can be calculated for the equivalent rectangle and then distributed to the edges by their relative weightings (e.g., discharge) or directly assigned to the edges (e.g., water depth).

	The terminology "equivalent" means both cells have the same area, same slope, same soil and vegetation condition, same soil depth, some center location, same aspect and both are planar,  so that they will have same amount of precipitation inputs, same solar radiation inputs, same infiltration rate, same surface water depth, same soil moisture content, same amount of flow generated from the surface, soil and macropore system. However, they can be different in shape and consequently the pattern of flow draining from each cell could be different.

	An equivalent rectangle for an irregular cell is constructed so that it satisfies the above conditions.  In order to implement a one-dimensional hydrologic calculation, the rectangle also needs to have two sides parallel to the aspect direction in addition to an upslope boundary and a downslope boundary. 
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	There are an infinite number of rectangles possible to satisfy the requirements, but of these there are three types of rectangles are probably the most reasonable choices for an "equivalent rectangle". These are:

	A. A rectangle having the length equal to the projected length of the cell on the slope direction.

	B. A rectangle having the width equal to the projected width of the cell on the contour direction.

	C. A rectangle having the same length:width ratio to the projected length:width ratio of the cell.

	Then which rectangle is the best approximation to the cell hydrologically?
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Figure 3 - 7. Equivalent Rectangle Simplification, Equal Length ERS.



	Figure 3 - 7 and 3 - 8 demonstrate an analysis of surface runoff routing for equivalent rectangles with type A (same length) and type B (same width) for several cell shapes  (triangle and prism shapes were selected for ease of analysis).  In both figures, an assumed rainfall event of 3 mm per time step with a duration of 3 time step has been applied at time steps 2, 3, and 4.  The cells of different shapes are assumed to be planar and no diffusion occurs during flow routing along the surface. For both figures, there are two group of cells, one is shorter in slope length and the other is longer, which will requires more then one calculation time step to route the generated flow out of a cell. Each group has three cells with pyramid, triangle and prism shape respectively, representing the cells with wider downslope boundary, wider upslope boundary and wider center body. All the cells are assumed to be 10 cm2  in area and are impermeable, each cell will expect to generate 3 cm3 of flow from each time step during the rainfall period. Taking into account the time consumed by flow routing, "hydrographs" were then be calculated using a spread-sheet.
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Figure 3 - 8. Equivalent Rectangle Simplification, Equal Width ERS.

	In Figure 3 - 7, all cells within a given group have the same length even though shapes are varied. For the group of cells with a shorter slope length, runoff responses are instaneous and all cells produce the same hydrograph. For the group of cells with relatively longer slopes, pyramid shaped cell tends to have a faster rising limb and slower falling limb; triangle shaped cell  have reversed a  runoff pattern; and prism shaped cell tends to smooth the hydrograph peak. Notice the duration of runoff for the different cell shapes are the same.  The Equivalent Rectangle, however, produces flow in a linear manner and represents the average situation for the group of cells.

	In Figure 3 - 8, all cells with different shapes have been constructed to have the same width. For the group of cells with shorter slope length, runoff responses are quick but varied.  Let us assume that the 

equivalent rectangle has a slope length such that one calculation time step is required to drain all its water.  Since other cells have different shapes, which consequently increases the length of the cells in order the have the same area, more then one calculation time step will be required to drain water from these cells.  As shown in the Figure 3 - 8, pyramid shaped cells can be reasonable equivalent by the rectangle, but hydrographs from cells with triangle and prism shapes will be delayed nearly-one-step relative to the rectangle.  For the group of cells with relative longer slopes, this advanced outflow phenomina of the rectangle becomes more obvious. In addition, flow from the rectangle tends to have a higher instantaneous peak than cells with any of the other shapes.

	For a type C rectangle, which has the same width-to-height ratio, we may expect outflow patterns to occur between those found for type A and B cells. Flow advancing and a higher peak of the rectangular shape may also be expected. Therefore, we can conclude that equivalent rectangle should have the same length as the slope length of the cell it attempts to approximate. Even so,  in the OWLS model, options for ERS characterizations are available among these three types so that they can be further evaluated.  The default ERS in the OWLS model is equal length.





3.3. Canopy Water Model

�



	In forested watersheds, the vegetation canopy (Figure 3 - 9) is the first layer of the terrestrial ecosystem interfacing with atmosphere. In terms of water balance, the canopy performs interception and evapotranspiration functions, which are basically acting vertically; the OWLS model does not consider any horizontal water/vapor transfer within the canopy. For different vegetation species or different time periods, the ability of vegetation to influence the interception and evapotranspiration are also varied. The OWLS model attempts to simulate many of these temporal variations.





3.2.1. Interception



	Canopy interception includes rainfall interception and snowfall interception. For snowfall interception, the OWLS model uses equivalent water depth to represent the snowpack on the canopy instead of actual snow depth. From information about the vegetation’s leaf-area-index (LAI) for each species and for each month of a year, the interception capacity of a particular canopy for both rain or snow can be determined as a function of LAI:
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		where, Sr(t) is the canopy interception capacity (m) at time t;

				Sr0 is the maximum canopy interception capacity (m) of the vegetation in a year;

				LAI(t) is the leaf-area-index (m2/m2) of the vegetation at time t;

				LAI0 is the maximum LAI (m2/m2) for the vegetation in a year; 

				Kcanopy is the canopy density (m2/m2)  in the cell of concern.

Actual interception by the canopy during a simulation is determined by amount of precipitation and the deficit of the canopy water storage SCd(t)= (SC0 -SC(t-� EMBED Equation.2  ���t)),which is shown in Table 3 - 1.



Table 3 - 1.  Actual interception amount determined by precipitation and storage deficit

Actual Interception Amount� Sr(t) > SCd(t)�Sr(t) <= SCd(t)��Sr(t) > P(t)�MIN{P(t), Sd(t)}�P(t)��Sr(t) <= P(t)�SCd(t)�MAX{P(t), SCd(t)}��		* 	SCd = deficit of canopy water storage (m);

		   	SC = canopy water storage (m);





3.3.2. Evapotranspiration



	Evapotranspiration (ET) amounts from different landscape layers are based on the values of potential evapotranspiration  (ET0). In the OWLS program, ET0 is defined as the maximum water vapor flux volume (m) for a free water surface above the vegetation canopy.  ET0 is estimated using the equation derived by Jensen and Haise (1963):
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		where, aE and bE are empirical constants. Jensen & Haise picked aE=0.025 and bE = 0.078;

Sec(t) is the solar radiation (W/m2) received at the top of the canopy at time t, calculated from Equation 3 - 9 by excluding the canopy portion;

Cs is a constant of the latent heat of vaporization at 20oC (1.471x10-6 m3/W/hr), which converts solar radiation from W/m2 into unit of equivalent depth of evaporation (Christiansen, 1966);

				� EMBED Equation.2  ���t is the time step of calculation (hr).

Evapotranspiration (ET) from the vegetation canopy includes two portions: Water Evaporation (ETre) and Canopy Transpiration (ETrt).  ETre indicates the amount of water evorporated from water held on the surface of canopy leaves.  ETrt indicates the amount of water transpired through canopy leaves.   ETre and ETrt can be estimated by Equation 3 - 20a and 3 - 20b.
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	where, 

ETre(t) is the potential evaporation (m) from water on the leaf surface of a canopy at time t;

			ETrt(t) is the canopy potential transpiration (m) at time t;

ETr0 is the minimum canopy transpiration rate (m/hr) which represents the night-time canopy transpiration when no solar radiation occurs (ET0=0);

ET0(t) is the potential ET (m) at time t, calculated by Equation 3 - 20 under the condition of air temperature and solar radiation for the time and species of concern;

Cet is the vegetation ET ratio which represents the relation between potential ET and vegetation ET when canopy has maximum LAI and full coverage;

(t is the calculation time step (hr). 

	Equation 3 - 20a estimates the potential ETre instead of actual ET from the canopy.  However, the actual amount of ETre from a canopy is limited by the amount of water remaining in the canopy (Sc(t-� EMBED Equation.2  ���t)).  If ETre  is larger than Sc(t-� EMBED Equation.2  ���t), than all the water in the canopy will be evaporated, so the actual ETre = Sc(t-� EMBED Equation.2  ���t) and the amount of water remaining in the canopy is zero: Sc(t)=0.  Similary,  Equation 3 - 20b estimates the potential ETrt . The actual amount of ETrt  is limited by the supply of water from the soil (STst), which is a function of soil moisture condition:
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where,	STst is the soil water supply ability (m/hr) to canopy transpiration;

			ST0 is the rate of water supply from soil to canopy when soil is saturated;

			(r(i,t) is the volumetric relative soil moisture content;

				c is a parameter representing the curvature of the maximun offset to the linear line.

If ETrt  is larger than STst(i, t), than  the actual ETrt (i, t)= STst(i, t), otherwise, the actual ETrt (i, t) will be the ETet  calculated from Equation 3 - 20b. 

	In addition to supply limitations, two conditions influence ET estimates in the OWLS program: (1) whenever there is a precipitation input, both ETre and ETrt  are set to be zero since ET is assumed to be not significant during rainfall; (2) when there is intercepted water on the surface of canopy leaves, the actual canopy transpiration is zero, or ETrt (i, t) = 0.

	Given the above conditions,  the equation of evapotranspiration from a canopy (ETr(i, t)) is represented as:
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3.3.3. Snowmelt



	The OWLS model can also consider the snowmelt process in the canopy.  The water equivalent of snow on the canopy is approximated by the interception model (Equation 3-18).  A simple modified degree-day model is employed to calculate snowmelt amounts:
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		where, Ms(t) is the snowmelt at time t (m/hr);

Df  is the degree-day snowmelt factor (m/oC/hr), which is in the range of 3.6 to 7.3 mm/oC/day from an Iowa watershed (Haan, 1982). By considering the effective day length is 12 hours, the degree-day factor can be converted to a degree-hour factor with a range of from 3x10-4 to  6x10-4 m/oC/hr; In the OWLS model, this parameter will be calibrated.

T(t) is the air temperature (oC) at time t;

				Tb is the base air temperature (oC) when the snow start to melt.

	After each flux of the canopy has been calculated, the Canopy Water Model undertakes a  water balance to calculate the net rainfall (Pn(T)):
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			where, P(t) is the precipitation (m) at time t.





3.4.  Surface Water Model



3.4.1. Infiltration



	In the OWLS model, infiltration includes two parts: (1) infiltration from surface to soil and (2) seepage from soil surface to soil macropore system.	Potential infiltration is calculated from a  modified Horton Model (Equation 3 - 25). The actual infiltration amount is then determined by comparing potential infiltration and the available surface water, whichever is smaller. 
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		here, 	f(i,t) is the potential infiltration rate (m/hr) at Horton time Th;

				fc (i) is the minimum infiltration rate (m/hr) when soil is saturated;

f0 (i) is the maximum infiltration rate (m/hr) when soil is in field capacity (no gravitational water); 

				k is the infiltration coefficient (1/hr);

Th(i,t) is a equivalent time which is a function of the soil relative moisture content:
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(r(i,t) is the soil relative moisture content, which is related to the soil volumetric moisture content (() as (r = ( / ps ,  ps is the porosity;

(  is a relational constant which can be obtained from soil experiment or calibrated in the model.

	Figure 3 - 10 shows the value of  (  and its effect to the relation between relative soil moisture content and the equivalent time in Horton's equation.

	Figure 3 - 11 shows the values of (  and its effect to the relation between the soil moisture and infiltration rate.

	Since there is lack of research on how moisture moves from a soil surface to the soil macropore system,  the OWLS model simply assumes the seepage from surface to soil macropore system to be a function of infiltration:
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			here, Csm is an empirical coefficient that needs to be calibrated in the model.



�

Figure 3 - 10. Relationship of soil moisture content and ( to equilvant time







�

Figure 3 - 11. Relationship of soil moisture content and ( to infiltration rate

�3.4.2. Evaporation from the soil surface



	In the OWLS model, evaporation from the soil surface (ETs) will be set at zero during periods of precipitation.	Similar to the ET calculation in the canopy, ETs consists of two portions: ET from water on the surface (ETsw) and ET from the soil surface (ETgs). Both portions are calculated from the potential evapotranspiration (ET0) with the consideration of canopy coverage and soil moisture condition:
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where, 

ET0(t, LAI) is the potential evaporation (m/hr) from free water under the canopy at time t calculated from Equation 3 - 9 by including the canopy portion;

Cgs is the soil evaporation ratio which represents the relation between potential ET and soil ET when a soil is saturated;





3.4.3. Surface Flow



	Water movement on a sloping surface can be mathematically described by the St. Venent  equations (Chow, 1988),  including the continuity equation (3 - 29) and momentum equation (3 - 30).
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	where, h is the depth of water on the surface (m);

			q is the unit-width discharge (m2/hr);

			r is the vertical net incoming flux (m/hr);

			l is the length of the slope (m); 

			t is the time (hr).

		The OWLS model employs the Kinematic Wave form of the momentum equation:
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	where, Sf is the friction slope;

			So is the slope of the surface.

	The surface flow rate is calculated by Manning’s equation (Chow et al., 1988):
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	where, n is the Manning’s roughness of the slope surface.

	By substituting the kinematic wave momentum equation (3 - 30) into Manning’s equation (3 - 31) and rearranging, we obtain:
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Here,
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	There are many different numerical methods in solving the St. Venent equations.  In the OWLS model, the Nonlinear Kinematic Wave Scheme finite-difference method (Chow et al., 1988) is used  for surface flow routing. Thus, the difference equation for continuity equation (3 - 29) becomes:	
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	By substituting Equation 3 - 32 into Equation 3 - 34 and rearranging, the following equation is obtained:
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where, q(i, t) and q(up, t) represent the unit-width discharge (m2/s) from current cell and upper cell(s).

	Since calculations are from up-hill cells to down-hill cells (Figure 3 - 12), discharge(s) from up-hill cell(s) are calculated by:
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		here,  	Q(j, t) is the calculated discharge (m3/hr) from upper cell j;

				wi(j) is the weight of edge i  in cell j;

				m is the total numbers of upper cells;

				widtheq(i) is the equivalent rectangle width (m) of cell i;

h(i, t) and h(i, t-(t) are the surface water depth (m) for the cell from the current and last time calculations;

				(l is the length (m) of equivalent rectangle for cell i; 

r(i, t-(t) and r(i, t-(t) is the net vertical incoming flux (m/hr) for cell i from the current and last calculation:
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			here,	f(i, t) is the infiltration (m) at time t. 

		fsm(i, t) is the amount of water (m) flowing into soil macropore system at time t.

�

	Equation 3 - 35 is a non-linear equation, and cannot be solved directly.  However Newton’s method (Chow et al., 1988) can be applied iteratively to obtain a numerical solution. The known right-hand side of Equation 3 - 35 at each finite-difference cell is:
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		from which the residual error R(q(i,t)) is:
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		The first derivative of R(q(i,t)) is:
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		The object is to find q(i,t) that forces R(q(i,t)) equal to 0.

		Using Newton’s method with iterations k = 1, 2, ...
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			The convergence criterion for the iterative process is:
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		where ( is an error criterion. 

	In the OWLS program, the value of ( is defined by a user. The value of ( cannot be too large (>1.0) since it will cause the estimated value to be far from its TRUE solution even though a relatively large value of (  allows calculations to occur rapidly. Similarly, the value of  (  cannot be too small (<10-6) otherwise we may expect a costly computer running time associated with little improvement in accuracy. The determination of  (  is a trial-and-error process and the trade-off between speed and accuracy needs to be balanced. In the OWLS model, (  is set at 0.01 and the number of iterations limited to 100.

	In Equation 3 - 41, when k = 1, q(i,t)0 is the first calculated value of surface unit discharge. The OWLS model obtains this value from the following linear function:
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	The initial conditions for the surface flow discharge is defined as 0 in the OWLS model, which means there is no surface flow in the begining of a simulation. 	The boundary conditions for the surface flow is defined as q(t) = 0.





3.5.  Soil Water Model



	The vertical water movement into the soil is assumed to be instantaneous. Therefore, the infiltrated water instantly joins the subsurface water body and any evaporated water is also instantly removed from the subsurface water body.

�

	The horizontal water movement in the soil is the major concern of this section. In the OWLS program, a one-layer, variable-effective-depth soil is used to simulate subsurface flow (Figure 3 - 13).  The water content in the soil is not evenly distributed so that the depth of water in the soil changes with the soil moisture conditions. The simulation of subsurface flow utilizes the continuity equation (Equation 3 -  44) and Darcy’s Law (Equation 3 - 45):
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where, fg is the flux (m/hr) in the soil;

		D is the unsaturated soil hydraulic conductivity  (m/hr), which should be provided as a list of relational data between volumetric relative soil moisture and the conductivity value for each type of soil. Figure 3 - 14 is an example computed from the data from Jury (1990) and Todd (1980) for a hypothetical sandy soil.

		H is the water head (m) in the soil;

		h is the soil water table depth (m).
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Figure 3 - 14. Unsaturated hydraulic conductivity for a sandy soil



Thus, the unit width discharge (q)is determined by:
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where,	 ps is the porosity of the soil;  the change of water depth along the slope is assumed to be neglectible.

Sb is the bed-rock slope (o) of the soil which is:
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			here, 	d1 and d2 are the soil depth (m) at the upper and lower boundary of the cell;

					S0 is the slope (o) of the surface.

	The net side incoming flux r (m/hr) in the continuity Equation 3 - 29 for subsurface water is calculated 

as:
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			here, 	ETgs is the soil evaporation rate (m/hr) calculated by Equation 3-28b;

fgm is the flux of water (m/hr) moved from soil to macropore system, which is simplified as a function of soil water depth:
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					Cgm1 and Cgm2 are empirical parameters.

	The finite-difference equation for Equation 3 - 44 is:
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The cell equation for Equation 3 - 46 is:
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Substitute Equation 3 - 51 into the finite-difference equation of continuity Equation 3 - 50,  we obtain:
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Rearranging Equation 3 - 52 we obtain:
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Equation 3 - 53 can be further simplified as:
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	Calculated result from Equation 3 - 54 is the depth of water in the soil of a cell, it will then used to compute the soil relative moisture content ((r):

			� EMBED Equation.2  ���																	3 - 55

		ps is the porosity (%) of the soil;

		d(i) is the depth of the soil (m) for the cell i;

	When a soil is saturated, calculated value of (r will larger than 1.0.  In this case, the OWLS model will calculate the extra amount of water as the ex-filtration of water from the soil to the surface of the cell.  As a result, the soil water depth will be adjusted so that the relative soil moisture content become 100%, or equals to ps(d(i).  The flow from the soil will be calculated using Equation 3 - 51.





3.6.  Macropore Water Model



�

	The OWLS program use a pipe-bundle model developed from the energy and continuity equations to simulate the movement of water in the soil macropore system (Figure 3 - 15). The energy equation (Gupta, 1989) for macropore pipe flow is:

				� EMBED Equation.2  ���												3 - 56

	where, z1 and z2 are the elevation (m) of the ends of a macropore pipe (1 is upper, 2 is lower);

			h1 and h2 are the water pressure head (m) on the two ends;

			v1 and v2 are the velocity (m/hr) at the end of the pipe;

			g is the gravitational constant (=1.27x108 m/hr2);

hf is the friction loss inside the pipe, which can be determined by the Darcy-Weisbach equation (Gupta, 1989):

				� EMBED Equation.2  ���																		3 - 57

here,	Cf is the friction factor ranged from 0.04 to 0.07 for turbulent flow in a rough pipe (dimemsionless) from the results of Nikuradse's experiment (Gupta, 1989). But for soil macropore pipe system, this value is will be calibrated in the OWLS model;

		l is the length of the macropore pipe and is assumed to be the equivalent length (m) of the cell;

					v is the averaged velocity (m/hr) of flow in the pipe;

					d is the diameter (m) of the pipe.

	The continuity equation for the macropore pipe system is:

				� EMBED Equation.2  ���																	3 - 58

	where, A is the total area (m2) of active macropore pipes, which is:

				� EMBED Equation.2  ���																			3 - 59

				a is the cross-section area (m2) of a macropore pipe:

				� EMBED Equation.2  ���																		3 - 60

				Nw is the numbers of macropore pipes filled with water, which is:

				� EMBED Equation.2  ���																	3 - 61

				Nm is the total numbers of macropore pipes in the soil;

				Vmw is the volume (m3) of water in the macropore system;

				Vm is the total volume (m3) of the macropore pipe:

				� EMBED Equation.2  ���																		3 - 62

				Q is the discharge (m3/hr) from the macropore pipes of the cell;

				R is the unit-length net incoming flux (m2/hr) to macropore system:
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	fsm and fgm are flow (m3/hr) from surface and soil to the macropore system. fsm is proportional to the infiltration rate;  fgm is calculated by:

				� EMBED Equation.2  ���													3 - 64

	where, Cgm is the coefficient (1/hr) for soil to macropore flow;

			Dw is the water depth (m) in the soil column.

	By assuming the water depth is the same in both ends of the macropore pipe, the energy equation (3 - 56) becomes:

				� EMBED Equation.2  ���														3 - 65

	The differential equation for the continuity equation (3 - 58) is

			� EMBED Equation.2  ���	

																										3 - 66

	Where, Q(i,t) can be described by the energy equation (3 - 65) in the differential form as:

			� EMBED Equation.2  ���						3 - 67

	Therefore, Equation 3 - 66 can be expressed as:



			� EMBED Equation.2  ���						3 - 68

	which is a nonlinear differential equation. Using Newton’s method, assume

			� EMBED Equation.2  ���					3 - 69

	and the residual function:

			� EMBED Equation.2  ���								3 - 70

	The first devirative of E is

			� EMBED Equation.2  ���					3 - 71

	The object is to find A(i,t) that forces E(A(i,t)) equal to 0.  Using Newton’s method with iterations k = 1, 2, ...

			� EMBED Equation.2  ���												3 - 72

	The covergence criterion for the iterative process is

			� EMBED Equation.2  ���																				3 - 73

	where  (  is an error criterion.



	Boundary condition handling:

	Where a cell is located by a ridge,  the boundary condition is: Q(up, t) = 0. Thus, Equation 3 - 68 becomes:
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3.7.  Stream Water Model
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Figure 3 - 16. Stream water model

	A stream network in the OWLS model is represented by a tree data structure, where the "root" of the tree is the stream outlet and the branches are the stream tributaries. The OWLS model applies a 1-D streamflow model to simulate the streamflow routing processes (Figure 3 - 16). The model uses the Kinematic Wave Method, and, similar to the surface flow routing, stream water movement is governed by the St. Venent’s equations:

		Continuity Equation: 	� EMBED Equation.2  ���												3 - 75

		Momentum Equation: 	� EMBED Equation.2  ���															3 - 76

		where, 

			A is the streamflow cross-section area (m2) as a function of segment water level;

			S0 is the slope (o) of the stream segment.

			Q is the stream discharge (m3/hr), which can be solved by Manning’s equation:

				� EMBED Equation.2  ���							3 - 77

				or in the other form of:

				� EMBED Equation.2  ���																			3 - 78

			where,

				� EMBED Equation.2  ���																	3 - 79

				� EMBED Equation.2  ���																				3 - 80

				Sf is the friction slope;

			R is the hydraulic radius (m2/m), which is a function of streamflow water level;

Is is the regional net incoming flow to the stream segment per unit length (m3/hr/m) and is determined by:

				� EMBED Equation.2  ���													3 - 81

	Rs1 and Rs2 are the incoming flows (m3/hr) from the cell on each side of the channel (see Figure 3 - 16).

The finite-difference equation for continuity equation is:

			� EMBED Equation.2  ���	

																										3 - 82

	Substitute Equation 3 - 78 into 3 - 82 and rearrange, we have a nonlinear difference equation:

		� EMBED Equation.2  ���		3 - 83

Equation 3 - 83 can be solved using Newton’s iterative method as indicated for the surface flow model (Equation 3 - 40 to 43).
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Figure 3 - 1.  OWLS' physically-based hydrological model structure.
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Figure 3 - 3.  Air temperature distribution model.
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Figure 3 - 9. Canopy water model structure.
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Figure 3 - 12. Inter-cell relations.
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Figure 3 - 13. Soil water model.
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Figure 3 - 15. Macropore flow model.








