Description of Water Balance Model (WBM)
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The WBM simulates soil moisture variations, evapotranspiration, and runoff on single grid cells using biophysical data sets that include climatic drivers, vegetation, and soil properties.  The state variables are determined by interactions among time-varying precipitation, potential evaporation, and soil water content.  The original model has been described in detail in Vorosmarty et al. (1989; 1996) and Vorosmarty and Moore (1991).  The governing equations can be summarized as follows:
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where Ws is soil moisture (mm), g(Ws) is a unitless soil drying function (see below), Ep is the potential evaporation (mm/day), Pa is precipitation (mm/day) available for soil recharge plus snowmelt, Ms, Dws is the soil moisture deficit (mm/day) equal to the amount of water required within a time step to fill soil to its water holding capacity and simultaneously satisfy Ep, Es is the estimated actual evapotranspiration, and Xr and Xs are the rainfall and snowfall excess respectively available for runoff and recharge of runoff detention pools.  The unitless drying function is 
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where  is an empirical constant and Wc is the soil and vegetation-dependent available water capacity.  We set equal to 5.0 such that the drying curve would resemble that of Pierce (1958) when g(Ws) = Es/Ep is plotted as a function of Ws/Wc during periods of no precipitation.

Subsequent modifications to the WBM were instituted to reduce temporal aggregation bias arising from the use of climatic drivers available at monthly instead of daily time steps.  These modifications are based on a scaling procedure developed in Rastetter et al. (1992).  The resulting modification of the first line of (1) is
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where p is the probability that a day has a wetting event. The value of p is obtained from 
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where Prm is the monthly rain (mm/mo) and u, set at 0.005, provided a best fit to observed data over a broad geographic range that encompassed several ecozones including tropical and temperate rainforest, temperate deciduous and evergreen forest, grasslands, and desert.  The derivation of (7) assumes that there is an exponential distribution of rainfall amounts during these days that are rainy within a month.  The daily value of Pr is a function of Prm, p, and nd, the number of days in a month.  During periods of snowmelt recharge we add Ms directly to Prm in (7) which increases the probability of soil wetting.  We have assumed that the within-month variability in potential evaporation is  much less than for rainfall and snowmelt recharge and can be approximated by Ep = Epm/nd, where E pm is the computed potential evaporation (mm/mo).

When rainfall exceeds the soil moisture deficit the excess is used to augment a rainfall-derived detention pool and to generate runoff;
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where Dr is the rainfall runoff detention pool (mm) and Rr is the rainfall-derived runoff emerging from the grid cell.   and  are empirical constants, set at 0.167 day-1 and 0.5 respectively.

Snowpack accumulates when monthly temperature are below –1.0ºC.  As detailed in Vorosmarty et al. (1989), snowmelt is a prescribed function of temperature and elevation.  Snowmelt occurs at or above –1.0ºC.  For more details on the snowmelt functions, see Appendix B in Vorosmarty et al. (1998).

The expected monthly changes in the pools are calculated as the average daily change multiplied by nd, the number of days in each month.  Likewise, the associated water fluxes computed by the WBM are initially expressed as a daily average for the duration of each month.  These also are multiplied by nd to obtain corresponding monthly values.  The time varying changes in Ws, Dr and Ds are solved using a fifth- or sixth-order Runge-Kutta integration technique (International Mathematical and Statistical Libraries, Houston, TX).
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