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ABSTRACT 

In order to improve current climate models, two issues have been recongnized to 

be significant: (1) properly representing the precipitation distribution within a GeM grid 

square, (2) evaluating and improving the existing land surface hydrologic schemes. This 

dissertation is devoted to these issues. 

Precipitation affects the climate system in a variety of ways and occurs over areas 

that are usually smaller than the GCM grid square. This complicates the modeling of land 

surface processes. There are, however, stable seasonal statistical patterns underlying the 

observed data for a GCM grid square. A stochastic scheme was therefore proposed for the 

assimilation of the statistical patterns (extracted from historical data) into the land surface 

scheme to enhance the simulation. The required high resolution precipitation data may be 

obtained from satellite imagery for global application. 

Systematic sensitivity analyses for the Biosphere-Atmosphere Transfer Scheme 

(BATS) was described in this dissertation. Two types of experiments were conducted to 

examine the BATS performance. The first type consisted of varying 'perturbation 

variables' and exploring corresponding variations in energy/water states and fluxes. The 

employed method stressed (1) long term and multiple measures of model behavior, (2) the 

dominant processes under certain conditions and the proper ranges for model parameters 

estimates. The second type experiments applied BATS to a GCM grid covering the Lower 

Colorado River Basin and examined the effect of intragrid variability on land surface 

hydrology. The results from different spatial resolutions are compared. BATS sensitivity 

to initialization, atmospheric forcings, land surface properties and the computational grid 

size are discussed. 
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CHAPTER ONE 

SCOPE OF THE RESEARCH 

1.1 Central Topic 

This dissertation consists of two papers; both are associated with a central topic: 

the land surface hydrological parameterization for General Circulation Models (GCM). 

For over a decade, much effort has been devoted to enhancing the usfulness of GCMs as 

tools for the study of potential global climate fluctuations. The development of advanced 

land surface hydrological parameterizations are intended to improve the representation of 

the interactions at the atmosphere-continental interface in the climate model. Deardorff 

(1978) was the first to introduce a land surface hydrologic model which included a layer of 

vegetation, and since then the land surface schemes have become increasingly more 

complex and realistic. Several advanced land surface schemes (Dickinson et al. ,1986; 

Sellers et al. 1986; Abramopoulos et al. 1988; Pitman 1988; Sato et al. 1989) are currently 

being employed to study a full range of present-day climate and surface hydrology 

conditions and to evaluate the impacts of potential climate change. 

The land surface includes many categories such as bare soil, soil with vegetation 

cover, sea ice, inland water, snow cover surface, and frozen soil. The advanced land 

suface schemes use separate numerical models to simulate the radiative and hydrological 

processes associated with each of these surface categories. Because of the large size of the 

GeM grid square(500x500 km2), the land surface scheme assumes that within a GCM 

grid square, different types of land cover can coexist in time-varying fractions. However, 

the location of each type of land cover is not recognized. After the fluxes are computed 

for each surface type, the results are combined in proportion to the fractional areas which 
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those surface types represent and fed back to the atmospheric model. It is generally agreed 

that the advanced land surface hydrological scheme greatly improves on the original 

simple bucket model and provides a comprehensive understanding of the Atmosphere

Earth climate system. However, in the land surface parameterizations as well as the global 

climate models, there still exist considerable uncertainties associated with the large amount 

of simplification, the coarse grid spacing and the lack of understanding of important 

physical phenomena such as cloud formation. Discrepencies have been found between 

simulation results and the observed data and also between the results from different 

models. These discrepencies have caused GCMs to be the subject of contraversy in 

scientific circles. In order to motivate and organize scientific research aimed at improving 

our quantitative understanding of climate, and our predictions of global and regional 

climate change, the World Climate Research Programme (WCRP) science committee has 

launched the Global Energy and Water Cycle Experiment (GEWEX) and the GEWEX 

Continental-Scale International Project (GCIP) (as the primary activity of the first phase of 

GEWEX). The scientic objectives for GCIP formulated in early 1990 are: 

(1) Determine the time/space variability of the hydrological and energy budgets 

over a continental scale. 

(2) Develop and validate macro scale hydrological models, related high-resolution 

atmospheric models, and coupled hydrologicaVatmospheric models. 

(3) Develop and validate information retrieval schemes incorporating existing and 

future satellite observations combined with enhanced ground-based observations. 

(4) Provide a capability to translate the effects of a future climate into impacts on 

water resources on a regional basis. 

This dissertation is related to the objectives of GCIP, especially to the land surface 

parameterization aspect, in two major ways. The first has to do with the proper 

representation of precipitation distribution at subgrid scale in global climate models~ the 

second is concerned with an evaluation of a current land surface hydrological scheme. In 
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the following sections, these two research topics, their contexts, related previous studies 

and the major contribution of this dissertation are briefly described. 

1.2 Topic #1: 'A stochastic precipitation disaggregation scheme for GeM 

application' 

Limited by the capacity of available super computer facilities, current GCMs have 

to use a horizontal spatial resolution of about 500 km to simulate the three-dimensional 

physics of the global atmosphere. Such large spatial scales present the significant challenge 

of how to aggregate and disaggregate atmospheric and hydrological processes between 

different scales so that small-scale heterogeneity can influence large scale processes. Stone 

and Risbey (1990) pointed out that a key element critical to the improvement of GCMs 

continues to be the development of reliable subgrid scale parameterizations. In particular, 

proper representation of temporal and spatial precipitation patterns at the scales relevant 

to climate models is crucial to simulating the interactions between the atmosphere and the 

Earth's surface. These spatial and temporal distribution patterns are in part of atmospheric 

origin and in part related to the interaction between the atmosphere and the characteristics 

of the underlying earth surface. Current land surface hydrologic schemes used in GCMs do 

not simulate these precipitation patterns at subgrid scales; this has been identified as a 

major source of error in the climate model (Shuttleworth, 1988; Shuttleworth and 

Dickinson, 1989; Dickinson, 1989; Pitman et al. 1990). 

It is a major thesis of this dissertation, that because of the many nonlinear features 

inherent to the land surface hydrologic system, it is unlikely that the subgrid land surface 

hydrology can be realistically parameterized without an adequate representation of 

precipitation heterogeneity. A few researchers (Warrilow, et al. 1986; Entekhabi and 

Eagleson, 1989) have suggested approaches to this problem which introduce distribution 
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functions to represent the intensity of subgrid preci.pitation. However, this study has 

explored that: 

(1) validity of the assumption that rainfall processes are homogeneous over the 

GCM grid square. 

(2) effects of seasonality scale and grid location on the subgrid distribution of 

rainfall. 

These results are prescribed and discussed in detail in the paper 'A stochastic 

precipitation disaggregation scheme for GeM application', which is included in the 

Appendex A. 

The new data assimilation methods that blend observational data into a numerical 

model to promote model accuracy are now becoming more popular. For example, the 

Four-Dimensional Data Assimilation (4DDA) technique has been incorporated into the 

operational Numerical Weather Prediction (NWP) model. In 4DDA, a dynamical model is 

integrated forward in time and periodically constrained by observations as they become 

available. Along the same lines, this paper shows that seasonal precipitation patterns 

within a GCM grid square can be statistically extracted from historical observation data 

and that these patterns, when used in combination with the 'Monte Carlo' storm generation 

techniques, provide a reasonable and practical approach to improving the representation of 

precipitation heterogeneity at subgrid scales. 

1.3 Topic #2: 'An evaluation of a land surface hydrologic submodel: the Biosphere

Atmosphere Transfer Scheme (BATS) 

The second aspect of this dissertation is an evaluation of an existing advanced land 

surface hydrological scheme. Experience in climate modeling over the last decade has 

demonstrated that climate simulation are quite sensitive to the land surface processes. It is 

therefore important to represent them realistically. Because current land surface 
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hydrological models are derived from traditional catchment-scale hydrology and 

micrometeorology, and the suitability of transfering small scale models to the macro scale 

(GeM grid scale) needs to be tested. Both the physical mechanisms and the parameter 

estimates need to be evaluated. Here, the Biospherie-Atmosphere Transfer Scheme 

(BATS) of Dickinson et al. (1986), which is one of the most complete land surface 

models, was used to conduct a systematic sensitivity study to explore the physical 

functions ofthe model. 

In previous sensitivity analyses of the BATS model, several different approaches 

had been used. Wilson et al. (1987a,b) tested the BATS sensitivity to different soil 

textures and vegetation properties under several typical classifications of climatology. 

They studied BATS in a stand-alone mode, and used prescribed atmospheric conditions to 

drive the model. Because the prescribed atmospheric forcing cannot be changed by the 

land surface response, their study essentially neglected the feedback from the surface to 

the atmospheric. This kind of sensitivity analysis focuses on testing the performance of the 

land surface model. The approach used by Wilson et al. (l987a,b) was to a) choose a 

factor to amplify or minimize a parameter's normal value, b) run the model under the 

perturbation conditions, and c) compare the consequent change in the diurnal cycle of land 

surface hydrology with the control runs (parameters with normal values). Recently, 

Henderson-Sellers (1993) applied a factorial method to rank the relative importance of 

multifactor influences in the BATS model. This method gives each selected parameter (23 

parameters in total) 2 extreme values (minimum and maximum), then performs a large 

number of simulations with different assignments for these parameter values (theoretically 

should be 223 simulations, but practically many combinations are unrealistic). In order to 

eliminate the effect of initialization, each simulation was run for two years, and three 

variables from the second year's results were used to measure the sensitivity extent. These 

measure variables were: (1) the total evapotranspiration accumulated throughout the 
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second year; (2) the total annual runoff during the second year, and (3) the minimum 

upper-layer soil temperature achieved at any time step during the second year. The results 

showed that when several parameters change simultaneously, some unexpected model 

responses might occur. Because of the statistical nature of the method, none of the 

dynamic responses of the model were examined through the sensitivity analysis. 

Sensitivity experiments using GCM coupled with BATS were conducted by 

Wilson et al (1987b), Dickinson and Henderson-Sellers (1988) and Henderson-Sellers et 

al. (1989). Because the current land surface schemes simplify the land surface hydrology, 

treating it as vertical one-dimensional processes, the influence of land surface hydrology at 

one location can only be propagated to the other places through the coupled three

dimensional atmospheric model. Therefore, experiments in which the GCM coupled with a 

land surface scheme are necessary to study the atmosphere-surface interactions and the 

propagation process in the climate system. However, current GeMs simulate regional 

climate poorly, and this makes it difficult to identify the source of error between the 

atmospheric component and the land surface component. Stand-alone sensitivity analysis 

is therefore necessary for the validation of current land surface schemes. 

In this paper 'An evaluation of a land surface hydrologic submodel: the Biosphere

Atmosphere Transfer Scheme (BATS)' (see Appendex 2), I present a new approach to 

explore the physical functions of the BATS model, especially with respect to several 

aspects which have not been emphasized in the previous studies. The characteristic of the 

approach is to visualize the relationship between the perturbation variable and the model 

responses .. The sensitivity analysis focuses on: (1) discovering the dominant processes 

operating under certain conditions and the proper ranges for the model parameter 

estimates, (2) reflecting the long-term behavior of the hydrologic system, especially the 



17 

seasonal aspects, and (3) testing the suitability of the representation of intragrid 

heterogeneity in the BATS model. The method and the major finding are described in the 

next section. 

CHAPTER TWO 

SUMMARY OF IMPORTANT FINDINGS 

The methods, results, and conclusions of my research are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

presented in the two papers. 

2.1 Summary of Paper #1: A Stochastic Precipitation Disaggregation Scheme for 

GCM Application 

In this paper, I used hourly precipitation data from dense gage networks 

(Earthinfo, 1989) to study the characteristics of the spatial distribution of hourly 

precipitation. The major contributions are, 

(1) An examination of the characteristics of the subgrid distribution of hourly 

rainfall. Through an examination of historical precipitation data at three actual GeM 

grids, my research refuted two widely used assumptions about precipitation spatial hetero

geneity at the scale of GeM grids. In particular: 

(a) The assumption that rainfall intensity is exponentially distributed may not hold 

at the GeM grid scale. 

(b) The assumption of homogeneity of rainfall processes within a GeM grid is also 

questionable. 
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Collier (1993) reported similar results using continential-scale radar data. 

(2) Development a stochastic approach to represent the precipitation 

distribution at GeM subgrid scale. The observation data at the intra-GCM grid scale 

showed that hourly precipitation at this scale is patchy, covering areas that are relatively 

small in relationship to the entire grid and were more likely to occur in some regions of the 

grid square than others. This inhomogeneity of precipitation results from the complex 

interaction between atmospheric conditions and land surface characteristics , such as the 

topographical features, surface properties, etc., and is therefore difficult to represent 

without a high resolution physical model. However, it was found that there existed 

seasonal statistical patterns underlying the observed data, and that although these patterns 

varied from grid to grid, they are generally constant from year to year within the same grid 

square. Therefore, a stochastic scheme was proposed for the assimilation of the statistical 

patterns (extracted from the historical data) into the land surface scheme so as to enhance 

the simulation of hydrological processes at the subgrid scale. The seasonal statistical 

patterns include: 

(a) the stochastic relationship between precipitation amount (hourly precipitation 

accumulated volume in the grid square) and fraction of grid square receiving 

rain, represented by a set of probability distribution functions (pdf), 

(b) the two-dimensional pdf (transformed from the seasonal precipitation contour 

map) used to locate the rainy patch within the grid square. 

After these pdfs are extracted, they are installed into a random number generator 

to control the distribution of the hourly precipitation. Every computational time step when 

the GCM predicts a total rainfall volume for a grid square, the random number generator 

determines how large the rainfall coverage area should be and where inside the grid square 

the rainfall should fall. The rainfall disaggregation scheme does not create or lose any 

rainfall, but distribute the total volume somewhere within the grid square, so that the mass 
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is conserved. Because this distribution of precipitation coverage and intensity is more 

realistic than the standard uniform distribution approach, the simulation of the consequent 

hydrological processes of interception, runoff and evapotranspiration can be improved. 

(3) Testing the proposed stochastic scheme with observation data within a 

real GeM grid square. This test showed that the proposed scheme was able to properly 

preserve precipitation spatial variability in comparison to the long-term historical patterns. 

For GeM land surface formulations that compute hydrological quantities over 

geographically distinct sub grid areas, this scheme provides precipitation coverage areas 

and locations. For GeMs which do not incorporate subarea division, the scheme can 

provide more realistic estimates of rainfall coverage areas and precipitation fractions for 

different surface types. 

The ultimate purpose of the proposed method is to represent precipitation more 

realistically, so that interception, soil moisture, runoff, and evapotranspiration can be 

simulated more realistically. An advantage of this scheme is that the high spatial resolution 

precipitation data required for parameterizing the statistical patterns can be obtained from 

satellite imagery. Also, the data need not be provided at regular time interval, or even at 

very fine time intervals, and the statistical process will tend to minimize the effects of data 

measurement errors. 

2.2 A Summary of Paper #2: An Evaluation of A land Surface Hydrological 

Submodel: the Biosphere-Atmosphere Transfer Scheme (BATS) 

In this paper, two types of sensitivity experiments were conducted. The first type 

consisted of varying 'perturbation variables' and examining corresponding variations in 

energy/water states and fluxes. The exact method, however, differed from previous 
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experiments of this type reported in the literature. The new method uses BATS in a stand

alone mode, and stresses (1) long term model behavior (over several years), (2) the 

seasonal response, (3) multiple measures of model behavior, and (4) model sensitivity 

over a range of values of the perturbation variables. The perturbation variables represent 

initial states, atmospheric forcings, and soil and vegetative characteristics. By slowly 

varying the perturbation variables over the range of possible values, one can gain greater 

insights into model dynamics. A large number of perturbation experiments were 

conducted using this approach and a typical mid-latitude climate. Results show that the 

method is efficient and capable of detecting seasonal effects. 

The second type of sensitivity experiment examined the effect of intragrid 

variability for GeM grid in the Southwest United States. This regular GCM grid was 

divided into 10 sub-areas based on the USGS hydrological unit and NOAA Climatological 

Data weather division systems. Historical meteorological data were used to specify the 

'average' weather conditions for each sub-area. These spatially distributed meteorological 

data were used to run BATS; BATS' simulated runoff was then compared to observed 

stream runoff for various sub-areas and the entire grid. This methodology may prove 

useful for the all-around validation of the BATS model in the data-rich Mississippi River 

basin. Validation of land surface models in this river basin has been proposed as a key 

objective of the international GEWEXlGCIP program (World Climate Research 

Programme, 1992). 

The major findings are: 

(1) Initial soil moisture states can influence water and energy fluxes and 

storage for several years. In sensitivity experiments, the total soil moisture initialization 

(10 m depth) persisted for more than 10 years. The initial soil moisture in the root zone 

(top 1 m) and in the upper soil layer (top 10 cm) persisted for less than 2 years. A total 
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soil moisture setting inappropriate to the weather conditions and evapotranspiration 

capacity may persist indefinately. However, BATS can automatically adjust the upper 

portion of the soil system so that the effects of initial values of upper soil moisture are 

reduced (or eleminated) after 3-5 years. 

(2) The temporal and spatial pattern of rainfall has a strong impact on the 

land surface hydrology. Many GCMs assume that rainfall is spatially uniform over the 

grid square. From the viewpoint of land surface hydrology, this results in rainfall that is of 

artificially low intensity, high frequency, and long duration. Consequently, the simulation 

of the land surface hydrology appears drier (higher interception, lower runoff ratio and 

less infiltration) than that under the realistic rainfall. In this paper, we used the method 

described in the first paper to incorporate intragrid variability of precipition into a BATS 

model of a GCM square. This method assimilated the rainstorm patterns extracted from 

the historical observation data into the BATS model and reduced the model bias caused by 

the assumption of uniform distribution. Use of distributed rainfall increased the runoff 

ratio in the Lower Colorado River Basin by15 % with respect to the lumpted calculated. 

(3) Calibration based on observational data may be necessary to ensure 

accurate simulation of specific cases. It has been demonstrated that the land surface 

hydrology has complex mechanisms, and the dominant process can alternate with 

atmospheric forcing as well as land surface characteristics. Also, some fluxes and states 

may remain at limiting values. Therefore, it may be necessary to correctly identifY the 

conditions and parameter setting under which certain processes are dominant or under 

which thresholds are important. 

(4) BATS is sensitive to computational spatial resolution. The grid averaged 

hydrologic responses were found to be sigificantly sensitive to the heterogeneities of 

atmospheric forcings and land surface features. In the simulation of the GCM grid in the 
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Southwestern United States, ignoring sub grid heterogeneity caused the soil to be 

artificially dry in summer and wet in winter and the snow accumulation to be too low. 

Simulation with high spatial resolution and incorporation of intragrid variability (such as 

the precipitation distribution) resulted in more realistic hydrologic expression. These 

results suggest that inclusion of intragrid variability within current GCM schemes may be 

necessary to obtain more realistic simulations of the water and energy fluxes, particularly 

in regions of rugged topography. 

(5) Validation of BATS runoff in a case study involving the Colorado River 

Basin indicated that 'runoff' may be sigificantly different for small watersheds and 

full GCM grid squares. The BATS simulated runoff in the Lower Colorado River Basin 

was close to the observed runoff from small watersheds, but nearly an order of magnitude 

higher than observed runoff for the entire grid square. This is mainly because the 

horizontal transmission losses characterize the runoff in this area. However, in this grid 

square, the ratio of runoff to precipitation is less than 4%, and any errors in simulated 

BATS runoff will not seriously affect calculations of water and energy balances in this 

area. Better runoff modeling would be more critical in areas with higher runoff ratios. 

(6) Insensitive variables may indicate ways to simplify the land surface 

scheme. Energy and water fluxes were found to be relatively insensitive to some 

perturbation variables (for example, the rainfall starting time within a day~ soil parameters: 

Scrat, Skfc; and vegetation parameters: Fseas, Fuw, XIaiO, RIaL). If further experiments 

with a coupled GCM / land surface model confirm the insensitivity of these variables, 

some model simplification may be achievable. 

(7) BATS exhibited a range of complex but plausible behaviors. This lends 

greater credence to the model structure and suggests that the values of soil and vegetation 

parameters are reasonable. The results of the sensitivity experiments, however, cannot be 
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considered a sufficient test of model accuracy~ further evaluation and validation IS 

suggested. 
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In the surface hydrologic parameterization of general circulation models (GeMs), 

it is commonly assumed that the precipitation processes are homogeneous over a GeM 

grid square and that the precipitation intensity is uniformly distributed. Based on evidence 

that the spatial distribution of precipitation within a GeM grid square is crucial for the 

land surface hydrology parameterization, a few researchers have explored the impacts of 

assuming that the precipitation is exponentially distributed. This paper explores the 

suitability of the aforementioned assumptions. First, a statistical analysis of historical 

precipitation data for three GeM grids in different regions of the USA is conducted. The 

analysis suggests that neither the uniform nor the exponential distribution assumption may 

be suitable at the GeM grid scale and, that instead, the spatial variability in precipitation is 

characterized by statistical patterns which are inhomogeneous. These patterns vary from 

grid to grid and are induced by the interaction between atmospheric conditions and 

various land surface characteristics, such as topographical features, surface properties, etc. 

Within the same grid square, however, the statistical patterns are generally constant from 

year to year. Based on this analysis, a computationally viable (i.e., usable with GeMs) 

stochastic precipitation disaggregation scheme which utilizes these stable statistical 

patterns is proposed. The method was used to generate spatially distributed hourly rainfall 

for a summer season in the southwestern region of the continental United States. Analysis 

of the results shows that the methodology preserves the seasonal characteristics of spatial 

variability in precipitation that is observed in the long-term historical data. 
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1. Introduction 

For over a decade, much effort has been devoted to enhancing the usefulness of 

General Circulation Models (GeMs) as tools for the study of potential global climatic 

fluctuations. Recent research has shown that the spatial variability of precipitation dis

tribution within a GCM grid square is crucial for land surface hydrology parameterization 

of a GCM. Using sensitivity analysis, Pitman et aI. (1990) showed that the assumption 

used to distribute rainfall within a grid square can determine whether the computed 

surface climatology is evaporation or runoff dominated, concluding that "If incorporation 

of these more complete land surface submodels is considered desirable, then the simulation 

of precipitation, including its subgrid scale variability, must be improved. II Johnson et aI. 

(1991) compared GCM simulation results with observed data and suggested that "errors in 

the runoff and evaporation can in large part be traced to errors in the precipitation 

generated by the model II • They reported that by implementing the new land surface 

hydrology parameterization ofEntekhabi and Eagleson (1989), which introduces subgrid 

scale spatial variability for precipitation and soil moisture, they greatly improved runoff 

generation and hence evaporation in the GISS-GCM maintained by NASA. 

The question of how to parameterize the heterogeneous hydrological processes 

occurring inside a GCM grid square is a topic of active research. Many state-of-the-art 

GCMs incorporate heterogeneous representations of the subgrid land surface properties 

through detailed land surface hydrological models such as BATS (Dickinson et aI., 1986) 

and SiB (Sellers et aI., 1986). Various surface types are assumed to coexist within a grid 

square, although not in geographically specified subregions. Fluxes are computed for each 

type, and the results are combined in proportion to the fractional area those surface types 

represent. However, the precipitation is typically assumed to be distributed uniformly 
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within the grid square, thereby ignoring the importance of the spatially distributed non

linear processes resulting from precipitation heterogeneity. 

Motivated by the desire to improve intragrid precipitation representations in order 

to apply GeM predictions of global climate change to the study of regional climate 

change, many researchers have explored the linkage of GeM grid scale precipitation 

predictions with mesoscale (regional and intragrid scale) precipitation distribution 

patterns. Dickinson et al. (1989) used a nested GeM-limited area model to study the 

precipitation pattern of the western U.S .. They used the GeM output to provide the 

horizontal boundary conditions needed for a local atmospheric model which has a similar 

formulation to the GCM, but runs within a limited area at much higher temporal and 

spatial resolutions (1.5 minutes; 60x60 km2
). The important findings of that study are that 

the intragrid topography and land surface properties strongly impact the distribution of 

precipitation at the mesoscale, and that the nested GCM-mesocale model provides a more 

realistic representation of precipitation than the original GeM. From the viewpoint of 

hydrology, realistic precipitation distributions are required for accurate modeling of land 

surface hydrology. However, the computational burden of running a mesoscale model, 

even for a limited area, can be 20 times as much as that required to run the associated 

GCM. At present, the limitations imposed by availability of computer resources inhibit the 

practical utilization of this otherwise promising approach. 

Several empirical approaches have also been used. Of course, the results of any 

empirical method are conditioned by the available data and rely on an implicit assumption 

that the statistical features extracted from the historical record will remain constant under 

changing conditions. Two approaches have been reported in the literature: the Principal 

Component Analysis method (PCA) and the Weather Class Classification method (WCC). 

Both methods need a continuous precipitation record at multiple stations located within 
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the region of interest. The peA method (Kim et aI., 1984~ Wilks, 1989) uses the leading 

principal components of the station precipitation deviation to construct a linear regression 

of the GeM precipitation deviation, then derives an inversion formulation to retrieve the 

precipitation fields from a given GeM precipitation. The wee method (Hay et aI., 1992~ 

Wilson et aI., 1990) first selects several GeM climatologies (wind vector, pressure, 

humidity, etc. but excluding precipitation itself) to construct the 'weather classes'~ then 

through the historical data, the method establishes the correlation between the precipita

tion amount at the station and the weather class. Usually, the relationship is represented 

as a classifier with weather class variables as inputs and the station rainfall amount as 

output. These methods, being computationally intensive and requiring data of high 

quality, are useful in the study of regional climate change but are not suitable for 

generating spatial distributions of GeM hourly precipitation. 

Recently, a simple approach to improve the precipitation representation in GeMs 

was proposed (Warrilow et aI., 1986~ Entekhabi et aI., 1989~ Famiglietti and Wood, 

1990). The representation is based on some standard assumptions: (I) precipitation 

processes are homogeneous over the GeM grid (spatial stationarity), (2) precipitation 

intensity within the rainfall area can be represented by an exponential distribution, the 

parameter of which can be computed as the ratio of the fractional coverage of rainfall 

(determined through calibration) to the mean rainfall rate (given by the GeM). However, 

while it seems physically reasonable that GeM precipitation estimates be allocated to only 

a fractional portion of the grid square in order to obtain realistic rainfall intensities, it does 

not seem reasonable that precipitation processes be assumed spatially homogenous or that 

the fractional coverage be constant. In this paper, the suitability of these two assumptions 

is examined in some detail through the analysis of historical data records. The historical 

data are used to develop a relationship between the rainfall volume per hour and its 
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fractional coverage area and location. This method is particularly relevant to land surface 

hydrology approaches that seek to resolve subgrid hydrological processes within GCM 

grid squares. 

2. Scope 

The approach presented in this paper recognizes that spatial heterogeneity is 

strongly scale-related. With this in mind, an analysis of observed precipitation variability 

within three actual GeM grid squares is presented. The analysis provides empirical 

determination of the essential features of variability of hourly precipitation within these 

GeM grid squares and at the scales of interest. Ten years of hourly precipitation data 

from more than 500 rain gauges within the three grid squares are examined; hourly data 

were used because GCMs typically generate precipitation at time steps of one hour or less. 

First, the two commonly employed assumptions of spatial variability of precipi

tation (mentioned in Section 1) are examined. These assumptions, which are based on 

small-scale observations, are applied to large-scale analyses without validation. This 

analysis is then extended to a study of the intragrid features of precipitation coverage frac

tion and location, from which statistical patterns characterizing the spatial variation of 

precipitation within a grid square are obtained. Based on this analysis, a stochastic 

procedure is proposed which utilizes grid-specific statistical precipitation distributions to 

disaggregate GeM precipitation within the grid square. 

3. Study area and data set 

The three GeM grid squares used by Johnson et al. (1991) were selected. The 

grid squares are located in the United States with a size of 8 x 10 degrees latitude-longi

tude (see Figure 1 for their locations). In this discussion, the three grids will be referred to 
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Figure 1 Location of the Three Selected GCM Grid Named "Southwest" (SW), 
"Southeast" (SE), and "Northcentral" (NC) 
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as "Southeast (SE)", "Southwest (SW)", and" Northcentral (NC)" according to their 

locations. 

The NCDC hourly precipitation data set (EarthInfo, 1989) was used for this study. 

This data set spans over 40 years (now updated annually) and covers the entire U.S. 

except Alaska. From this data set, all of the rain gages located within the study areas 

which have complete hourly records from January 1980 to October 1989 were selected. 

The gage locations are shown in Figure 2. 

The hourly precipitation data are distributed in a time-space plane as illustrated in 

Figure 3. The vertical axis represents time with an increment of one hour. At the grid 

scale of GCMs, each hour of rainfall is defined to be an independent precipitation "event", 

for the purposes of this study. If a storm has a duration of two hours, it is treated as two 

sequential rainfall events. The horizontal axis represents the rain gage ID number. The 

whole data set constitutes a matrix on the time-space plane. The non-zero elements in the 

matrix indicate precipitation intensity I(t,i) (mmlhr), where t represents time and i 

represents the gage number. A blank element indicates that no precipitation was recorded 

there. 

4. Examination of some commonly used assumptions 

First, the two standard assumptions used to represent precipitation within GCM 

grid squares are tested against the hourly precipitation data. Figure 4 presents histograms 

of mean precipitation intensity, Et[I(t,i)], in the three grid squares during the summer (JJA) 

and winter (DJF) seasons. These results are presented in a manner that facilitates 

comparison with the results of other investigators such as Johnson et al. (1991). The 

results suggest that the homogeneous assumption of precipitation is not satisfied in any of 

these cases. 



Figure 2 Rain Gage Locations for (a) Southwest (SW) Grid (119 Gages), 
(b) Southeast (SE) Grid (214 Gages), and (c) Northcentral 
(NC) Grid (241 Gages) 
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The assumption that precipitation intensity is exponentially distributed can be 

tested by examining the linearity of the histogram of precipitation intensity on a semi-log 

graph. Figure 5 shows that, in the range of high occurrence probability (low precipitation 

intensity), the slope changes significantly, suggesting that the exponential distribution 

assumption is also questionable. Collier (1993) also reported similar results using 

continental-scale radar data. 

According to this analysis of the data, the large-scale spatial variability of rainfall 

(e.g., at GeM grid scales) has characteristics different from those that have been found in 

small-scale observations. 

5. Statistics over precipitation events 

The intragrid spatial variability of precipitation is examined through the statistical 

features of precipitation events. We first divide the GeM grid square into polygons and 

let each measurement gage sit at the center of a polygon. If the measurement network is 

sufficiently dense, we can assume that when a gage records the presence of rainfall, I(t,i), 

the rainfall will uniformly cover the whole polygon area, Si' Under this assumption, the 

precipitation volume per hour, V, and its coverage area, S, can be represented as: 

where: 

Set) 
net) net) S. n(l) 

= LSi = AL~=ALWI 
i=1 1=1 A 1=1 

11(1) n(l) 

v(t) = L[I(t,i)S;] = AL[I(t ,i)W;] 
1=1 1=1 

net) = number of gages receiving precipitation at event t, 

A = the area of the grid square, 

(1) 

(2) 
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W; = Si = the areal correction weight for gage i. 
A 

We define two variables to characterize a precipitation event: 

nCt) S(t) 
N (t) = :L W; = -- = fractional coverage 

i=1 A 
(3) 

nCt) 

Z(t) = :L [I(t, OW;] = areal weighted mean intensity (4) 
i=1 

We can get: 

V(t) Z(t) 
--=--
S(t) N(t) 

(5) . 

Therefore, the relationship between V and S is similar to the relationship between Z and 

N. After the relationship between Z and N is extracted from the available data set, it will 

been used to determine S from the V predicted by a GeM. Because of the random feature 

of precipitation, Z and N have a stochastic relationship (function N(Z) is treated as a 

random process). This relationship can be determined through statistical analysis of the 

data set. Some examples of calculating N(t) and Z(t) are given in Figure 3. For any rainfall 

event, the pair of values (N(t),Z(t)) can be calculated. 

The approach is easily applied to precipitation data obtained by means of satellite 

remote sensing images. In this case, W; = So = const ,(So is the pixel size); N(t) becomes 
A 

the number of wet pixels times the constant, and Z(t) becomes the summation of rainfall 

intensities times the same constant. 

Notice that V and S are estimates of the actual precipitation volume and coverage 

area through the given data. As the spatial measurement resolution of the gage network 
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or the remotely sensed data becomes finer, the values of V and S will approach their actual 

values. 

To get the statistical relationship between Z and N, a large number of events (or 

samples) is required. Table 1 lists the number of hours, during different seasons, for which 

rainfall was measured at any location in each grid. 

The relation between N and the mean value of Z is presented in Figure 6. Each 

plot contains 11 lines in total: 10 lines indicate averages obtained from one year of data, 

and one line indicates the averages obtained from the entire 10-year data. Figure 6 shows 

that: 

(1) All the lines are close to each other, suggesting that the relationship extracted 

from the 10-year data can be a good approximation of each individual year's pattern. 

(2) Within a grid, the winter curve has larger ranges and smaller slopes than the 

summer curves. These differences indicate seasonal patterns in the precipitation processes: 

winter precipitation is characterized by larger coverage area and smaller intensity. 

(3) For different grids, the curves have similar shapes but different ranges and 

slopes. However, for both summer and winter, the slope of the SE grid curve is quite 

similar to that of the NC grid curve. 

The noteworthy characteristic of the curves presented in Figure 6 is that they are 

more or less linear at small coverage areas. This is consistent with small-scale radar 

studies of rainfall, in which it has been observed that the water volume of a rainfall is 

linearly related to the time integral of the wet areas detected by radar scanning (Lopez et 

aI., 1989; Kedem et aI., 1990). The similarity between these large- and small-scale results 

may be useful for further study. 

The occurrence frequency of precipitation events with different values of N is 

shown in Figure 7. Again, 10 lines indicate averages obtained from one year of data, and 



39 

NC, Summer, 80-89 NC, Winter, 80-89 

0.5 1 00 0.5 1 

SE, Summer, 80-89 SE, Winter, 80-89 
50 50 -.... .c -- 40 40 E 

E -30 ·30 -N - 20 0 
c 
ctS 10 Q) 

:2 

0.5 1 00 0.5 1 

SW, Summer, 80-89 SW, Winter, 80-89 
50 50 

40 40 

30 ·30 

20 20 

10 10 

0.5 1 00 0.5 1 
N N 

Figure 6 Relationship between Mean of Z anf N 



40 

another line indicates the averages obtained from the entire 10-year data. The data are 

characterized by a sharply and monotonically decreasing distribution. The possible 

reasons for this may be (1) most rainfall events occurring in the grid squares are areally 

small, and one hour is a relatively short period for the simultaneous occurrence of many 

small coverage rainfall events, and (2) the average distance between gages in the network 

is larger than the average diameter of a rainfall cell, so that a single rainfall can only be 

detected by a single gage, if at all. In either case, we conclude that the majority of 

precipitation events occur in a small fraction of the entire grid square. As shown in Table 

1, the total hours with rainfall in a season is also high because of the large area of the 

GCM grid square. Therefore, the actual intensities affecting the land surface may be 

significantly larger than the grid average intensity. If the rainfall distribution in the grid 

square is also highly heterogeneous, then the land surface hydrological responses may be 

quite different from the results using the uniform distribution assumption. 

In order to find the relationship between Z and N, we use a small interval to divide 

the range of Z into several subranges, then calculate the histograms of different N at each 

subrange. The idea is illustrated in Figure 8. These histograms are taken as approxima

tions of the corresponding probability distribution functions (pdf) of N for the specified Z 

subrange. A set of these histograms in the SW grid is illustrated in Figure 9. It appears 

that, as the precipitation volume increases, the peak frequency shifts to the right, reduces 

in magnitude, and increases in variance. With proper selection of the intervals, such sets 

of pdfs can provide an approximate representation of the random process N(Z). The 

histogram sets of the SE and NC grids are quite similar, as shown in Figure 10. The 

significance of this observation is that it indicates the possibility that the Z-N relationships 

could be classified into a limited number of types. 
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Table 1 Seasonal Precipitation Hours Recorded in the Three Selected Grid 

SWGRID SEGRID NC GRID 

Year Summer Winter Summer Winter Summer Winter 
Hr. Hr-. Hr. Hr. Hr. Hr. 

80 893 960 1,491 1,407 1,n8 1,588 

81 1,296 632 1,724 1,336 1,760 1,421 

82 1,197 1,028 1,826 1,601 1,753 1,597 

83 1,324 1,129 1,407 1,396 1,483 1,446 

84 1,530 874 1,668 1,473 1,597 1,598 

85 1,035 890 1,788 1,427 1,733 1,596 

86 1,378 810 1,725 1,370 1,708 1,244 

87 1,043 1,041 1,651 1,520 1,736 1,309 

88 1,423 687 1,551 1,205 1,409 1,347 

89 1,035 (479) 1,896 (980) 1,597 (930) 

Note: (1) Summer 2208 Hrs., Winter 2160 Hrs. in total. 

(2) Data of 1989 only to Sept. 
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To stochastically determine where the hourly precipitation volume wiII distribute 

inside the grid square, full knowledge of spatio-temporal correlation between the hourly 

precipitation values is necessary. Considering that: (1) the continuous hourly precipitation 

data necessary for such modeling are difficult to obtain for many global locations, and (2) 

such a scheme would result in a significantly higher computational burden, probably 

unacceptable for use with current GeMs, as a primary study, we use the contour map of 

monthly precipitation depth to distribute the hourly precipitation. Monthly precipitation 

distribution over the global continent has been recognized as a stable pattern and properly 

formulated with various data sources (Spanglers, 1984). The monthly precipitation map 

within a grid square is first normalized by the total precipitation volume, L D( X)dX , 

where D(X) is the two-dimensional depth function and X is the location vector. Then, the 

nonnalized function, DO( X) ~ f D( X) ,serves as the two-dimensional pdf for 
D(X)dX 

A 

locating precipitation within a grid square. Therefore our primary study assumes that 

precipitation is uncorrelated in time. Explicitly accounting for temporal correlations in 

distributing hourly precipitation is probably of importance for the calculation of runoff and 

other hydrological processes; we wiII address this issue in a future study. 

This section has presented an empirical analysis of the distribution of precipitation 

at scales relevant to description of intra-GCM grid variability. A significant observation is 

that the large-scale distribution of hourly rainfall is somewhat different than obtained at the 

small scale. In Section 6, a method for distributing precipitation within a GeM grid is 

proposed which takes into account the large-scale features of precipitation variability and 

the stochastic nature of precipitation. This method is intended to be suitable for land 

surface parameterization of GeM models. 
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6. Algorithm for disaggregation of GeM precipitation 

The following procedure is proposed for the disaggregation of GCM precipitation 

within a grid square. 

(1) Requirements 

First, we need to prepare two "look-up tables" from the data: 

Look-up Table 1 is a set of pdfs of N for different ranges of Z, similar to those 

shown in Figure 10. Remember that, if we re-scale Z and N, the same curves will 

represent the relationship of precipitation volume V and coverage area S. 

Look-up Table 2 contains the normalized precipitation depth map DO(x). This 

map will be used as the two-dimensional pdf for locating precipitation. For GeM 

applications, instead of the detailed map, we can divide the grid square into subareas and 

then calculate the probability values for each subarea. For the GeMs without a subarea 

division, each surface type will be assigned a probability value, instead of using its areal 

fraction. 

(2) Procedure 

For the GeM-generated precipitation volume V (grid aggregate) at a time step 

(say, one hour): 

Step 1: According to the value of V, find the pdf curve from look-up Table 1. 

Input the curve into a random number generator to determine the corresponding coverage 

area S and calculate the average intensity, V 
S 

Step 2: Implementing look-up Table 2, DO(x), into the random generator to 

determine on which subarea the precipitation will fall. If the precipitation coverage area 

(S) is larger than the selected subarea (S), the residual precipitation will be randomly 
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redistributed to another subarea. In this manner, the mass of precipitation is conserved 

(Le., all of the precipitation volume, V, will fall somewhere in the grid square). 

Extend the procedure to every grid and every time step. 

Figure 11 conceptualy illustrates the proposed method. 

Note that, with the GeM computational time steps extending over a season, a 

large number of precipitation events are involved. We can, therefore, expect that the 

hourly GeM precipitation distributed by the proposed program will maintain a realistic 

seasonal subgrid spatial distribution in terms of coverage area and location. 

7. Example 

The proposed method was tested using data from the SW grid square. Ten years 

of observed data were used to construct the look-up tables. Then, a single season of grid

aggregated hourly precipitation data (a time series ofZ(t)) was input into the scheme to be 

distributed back to the gages. The observed and the simulated precipitation distribution 

maps are shown in Figure 12a-b. To measure the rainfall coverage prediction of the 

scheme, the number of gages receiving rainfall for each rainfall event was examined. 

Simulated numbers (Figure 13; plus signs) agree with the original observed data (solid line 

on the background). It can be seen that the rainfall distribution patterns are preserved. 

It should be emphasized that the purpose of GeMs is to simulate long-term 

climate, not to forecast weather. While the GeM produces precipitation values for a time 

step, the precipitation amount needs to be distributed in some manner (e.g., uniformly, 

exponentially, or using the scheme proposed here) that preserves the statistical 

characteristics of the long period (monthly or longer). Our method is consistent with this 

philosophy. 



(a) Uniform Distribution Method: 
precipitation is equally applied over 
the entire grid (the outside large square) 
and with a uniform precipitation intensity 
at each 'point' (the small square). 

(b) Exponential Distribution Method: 
precipitation is equally applied over the 
entire grid and with the same exponential 
pdf of precipitation intensity at each 'point' 
(the small square). 

(3) The Proposed Method: 
precipitation is locally applied within the 
grid square and with a uniform pdf of 
precipitation intensity at the 'points' 
receiving the precipitation. 
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Figure 11 Conceptual Representation of Three Disaggregation Schemes for GCM 
Grid Precipitation for (a) Uniform Distribution Method, (b) Exponential 
Distribution Method, (c) the Proposed Method. Both (a) and (b) Assume 
Precipitation Processes Being Homogeneous 
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(a) 

Observed Spatial Distribution (SYV/SUMMER/80-89) 

-104 

Latitude Longitude 

(b) 

Simulated Spatial Distribution (SW/SUMMERl1988) 

-104 

Latitude Longitude 

Figure 12 Precipitation Spatial Distribution Test in SW Grid, Summer for 
(a) Pattern from Ten Years of Data, (b) Simulated Pattern: with Hourly 
Inputing the Summation of Precipitation Intensities Recorded in Summer 
1988 (1423 Rainfall Events in Tatol), the Scheme Distributes the Hourly 
Rainfall back to the 119 Gages inside the SW Grid Square 
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The proposed scheme focuses on spatial variability of rainfall and is based on the 

hypothesis that the fractional coverage of rainfall and the distribution of soil moisture 

patches within a GeM grid are important factors controlling the energy and mass partition 

at the land surface. The strengths of the proposed method are: (1) by representing the 

intragrid distributions of precipitation, the proposed method seeks to obtain a more 

accurate representation of the mechanism partitioning precipitation into soil moisture, 

evapotranspiration, and runoff, (2) the high spatial resolution precipitation data required 

can be obtained from satellite imagery, (3) the data need not be provided at regular time 

intervals, or even at very fine time intervals, and (4) the statistical process will tend to 

minimize the effects of data measurement errors. 

8. Summary and conclusions 

GeMs generate grid precipitation for a computational time step and require that 

the precipitation be distributed within the grid square according to some rule(s). Because 

precipitation is the key input to the land surface hydrological process, and because the 

mechanisms that transform precipitation into runoff, soil moisture, and evapotranspiration 

are highly non-linear, it is important that the assumptions underlying the rules are as 

realistic as possible. Our analysis of data at the intra-GeM grid scale shows that hourly 

precipitation at this scale is patchy, covering areas that are relatively small in relationship 

to the entire grid square and are more likely to occur in some regions of the grid square 

than others. This inhomogeneity of precipitation results from complex climatic and land 

surface factors, which are difficult to represent without a high resolution physical model. 

Through the examination of historical precipitation data at three actual GeM grid 

squares, we showed that two widely used assumptions about precipitation spatial hetero-
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geneity which are quite reasonable at small scales are not suitable for large-scale grids. In 

particular: 

(1) The assumption that rainfall intensity is exponentially distributed may not 

hold for GeM grid scale application. 

(2) The assumption of spatial stationarity of rainfall intensity distribution within 

a GeM grid is also questionable. 

Our statistical analysis of the observed data shows that obvious and stable patterns 

of spatial variability exist at the grid scale. The utilization of these statistical patterns for 

precipitation representation seems to provide a reasonable improvement over existing 

approaches. A scheme which utilizes the statistical features of observed data to establish 

the precipitation extent and location stochastically is proposed. Our simulation results, 

involving the generation of precipitation patterns for a given season, show that spatial 

variability is well-preserved in comparison to the long-term historical patterns. The 

analysis also revealed some similarity between the statistical patterns of different grids. For 

GeM land surface formulations that compute hydrological quantities over geographically 

distinct subgrid areas, this scheme provides precipitation coverage areas and locations. 

For GeMs which do not incorporate subarea division, the scheme can provide more 

realistic estimates of rainfall coverage areas and precipitation fractions for different surface 

types. 

The main limitation of the proposed scheme is that it requires precipitation data of 

sufficient spatial and temporal resolution. We anticipate that the required information will 

soon become available through remote sensing satellite observations; rainfall measurement 

from orbiting satellites has recently been an extremely active area of research (AMS, 

1990). Until such data become readily available, it is important that various schemes, such 
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as the one proposed in this paper, are developed and validated for those regions for which 

adequate historical precipitation data are available. 

Finally, the results presented here have ignored the potential importance of 

temporal correlation in distributing hourly precipitation. This issue will be investigated in a 

future study. 
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AN EVALUATION OF A LAND SURFACE HYDROLOGIC SUBMODEL: 

THE BIOSPHERE-ATMOSPHERE TRANSFER SCHEME (BATS) 

Abstract 

This paper applies a new approach to investigate the sensitivity of the BATS land 

surface scheme when used as a stand-alone model. The approach is based on plotting the 

response of certain 'sensitivity variables' as a continuous function of the perturbed 

variables and is intended to demonstrate the physical functions and the dynamics of the 

BATS model. The perturbation variables were selected to include the areas of 

initialization, atmospheric forcing, rainfall spatial and temporal patterns, soil and 

vegetation parameters, and computational grid size. 

1. Introduction 

Since Deardorff (1978) introduced a ground surface hydrologic model with 

inclusion of a layer of vegetation, the surface hydrologic submodel which provides the 

general circulation model (GeM) with time-varying boundary conditions on the 

atmosphere-continent interface has become increasingly complex and realistic. The 

Biosphere-Atmosphere Transfer Scheme (BATS) of Dickinson et al. (1986), as one of the 

earliest and most complete packages, has been widely used to simulate the present-day 

climate and surface hydrology and to study the impacts of global climate change. For 

example, Wilson et al. (1987a,b) used BATS to describe the characteristics of 

hydrological diurnal cycles for 4 surface types including the low-latitude evergreen forest 
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in summer; northern hemisphere high-latitude coniferous forest in spring, tundra in the 

spring with snow melting, and northern grasslands in winter with snow accumulating. 

Dickinson and Henderson-Sellers (1988) replaced the tropical forest with impoverished 

grassland to simulate the possible climate effects of tropical deforestation. Using a GCM 

coupled with BATS, Henderson-Sellers et al. (1989) studied the climate impacts of 

doubling C02 concentration in the atmosphere. It is generally agreed that the advanced 

land surface scheme is an improvement over the original bucket model and provides a 

useful tool for the study of climate change. However, the accuracy of the land surface 

scheme is controversial, especially since discrepancies are found between the simulated 

results and the observational data, and between the simulations from different models 

(Committee on Earth Science, 1989; Dickinson, 1989; Shuttleworth and Dickinson, 1989; 

Sellers, et al. 1989). In this paper, we consider that there are several critical aspects which 

may prevent a 'perfect' land surface model away from producing a satisfactory 

simulations: (1) uncertainty associated with the values selected for the model parameters, 

(2) poor representation of the atmospheric forcing, and (3) inadequate utilization of 

observational data for model validation. Therefore, in order to gain confidence in such a 

complex model, the validity of the physics represented by the model is as important as 

testing the model with independent observations. In this study, we designed a series of 

experiments to examine the performance of BATS under various conditions. 

In previous sensitivity analyses of the BATS model, several different approaches 

have been used to examine model behavior. Wilson et al. (1987a,b) tested the sensitivity of 

BATS to different soil textures and vegetation properties under several typical 

classifications of climatology. They employed BATS in a stand-alone mode and used 

prescribed atmospheric conditions to drive the model. Because the prescribed atmospheric 
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forcing cannot be changed by the land surface response, their study essentially neglected 

the feedback from the surface to the atmosphere. This kind of sensitivity analysis focuses 

on testing the performance of the land surface model. The approach used by Wilson et al. 

(1987a,b) was to a) choose a factor by which to amplify or minimize a parameter's normal 

value, b) then to run the model under the perturbed conditions, and c) to compare the 

resulting change in the 10-day integrations of the diurnal cycle of land surface hydrology 

with the control runs (parameters with normal values). Recently, Henderson-Sellers 

(1993) applied a factorial method to rank the relative importance of multifactor influences 

in the BATS model. The method gives each selected parameter (23 parameters in total) 2 

extreme values (minimum and maximum), then performs a large number of simulations 

with different assignments for these parameter values (Theoretically there should be 223 

simulations, but in practice many combinations are unrealistic.) In order to eliminate the 

effect of initialization, each simulation ran for two years, and three variables were used to 

measure the extent of sensitivity. These variables were: (1) the total evapotranspiration 

accumulated throughout the second year; (2) the total annual runoff during the second 

year, and (3) the minimum upper-layer soil temperature achieved at any time step during 

the second year. Because of the statistical nature of the method, dynamic aspects of model 

behavior cannot be assessed. 

Sensitivity experiments using a GCM coupled with BATS were performed by 

Wilson et al. (1987b), Dickinson and Henderson-Sellers (1988) and Henderson-Sellers et 

al. (1989). Because current land surface schemes simplify the land surface hydrology as 

vertical one-dimensional processes, the influence of land surface hydrology at one location 

can only be propagated to the other places through the coupled three-dimensional 

atmospheric model. Therefore, only through experiments in which the GCM is coupled 

with the land surface scheme can we study the atmosphere-surface interaction and the 
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propagation process in the climate system. However, current GCMs simulate regional 

climate poorly, and this makes it difficult to identify whether the error originates in the 

atmospheric component or the land surface component. Stand-alone sensitivity analyses 

are therefore necessary for the validation of the land surface schemes. 

This paper employs a new approach to explore the physical functions of the BATS 

model, especially with respect to several aspects that have not been emphasized in the 

previous studies. The characteristic of the approach is to employ visual representations of 

the relationship between the perturbed variables and the model responses. Previous 

sensitivity analysis of the BATS model, either stand-alone or coupled with GCM, 

compared the control simulations with perturbed ones. Because the perturbed simulations 

were special and not necessarily realistic cases (such as let the entire soil be constantly 

saturated), they only provided 'snapshots' of the model behavior; the whole dynamic 

relationship between the model response and the perturbed variables was not visible. In 

this study, one or more physical variables are slowly altered through the range, and the 

model performance is represented by the response curves of a set of key physical 

variables, named 'sensitivity variables', so that the overall behavior of the model can be 

examined. The sensitivity analysis focuses on: (1) discovering the dominant process under 

certain conditions and the proper ranges for model parameter estimation, (2) reflecting the 

long-term behavior of the hydrology system, especially the seasonal aspects, and (3) 

testing the suitability of the representation of intra grid heterogeneity in the BATS model. 

In the next section, a brief introduction of the BATS model is provided. Section 3 

describes the methodology used in this stand-alone sensitivity analysis. Sections 4 to 8 are 

devoted to the discussion of model sensitivities to initialization, atmospheric forcing, soil 
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parameters, vegetation parameters, and computational grid size, respectively. Finally, the 

summary and conclusion are presented in Section 9. 

2. BATS Description 

BATS is a process-based model designed to provide a realistic representation of 

the land surface hydrology within a climate model. In BATS, the land surface includes: 

bare soil, soil with vegetation cover, sea ice, inland water, snow cover surface, and frozen 

soil. BATS uses separate model components to simulate the radiative and hydrological 

processes associated with each of these surfaces. In this study, only land with vegetation 

cover and no snow is considered. In Figure 1, the hydrometeorological components and 

their interaction in a simulation element (grid square) are represented schematically. 

Within a grid square, it is assumed that both the weather conditions and the soil 

background are the same everywhere. However, between the soil background and the 

atmosphere, there may exist 3 forms ofland cover: bare soil (no cover), vegetation canopy 

and snow. BATS recognizes only that each land cover occupies a time-variable fraction of 

the grid square; the location of this fraction is not specified. In BATS, the vegetation 

canopy consists of two phases: a 'big leaf phase enveloped by the canopy air phase. 

Although the canopy air phase has no thermal or moisture holding capacity, it has its own 

temperature, specific humidity, and wind speed which are different from those in the 

outside atmosphere. Any sensible or latent heat fluxes from the leaf phase or from the soil 

under the canopy can only be released through their interaction with the canopy air phase. 

The big leaf surface is further divided into wet and dry parts: the wet part is wrapped by a 

water film (intercepted rainfall or dew) that will evaporate; the dry part is covered with 

active stomata that will transpire. In summary, within a BATS calculation element, there 
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Figure 1 BATS Description 
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could be a maximum of 7 components: 3 layers of soil, a big leaf, atmosphere, canopy air, 

and snow cover. Each of them has 2 unknown state variables of temperature and moisture 

content (or specific humidity for the air phases). BATS introduces 2 conservation 

equations (water and energy) to solve these state variables. Three special treatments in the 

BATS are noteworthy: (1) the soil energy equations are in Force-Restore format for 

simplification, (2) the soil layers are embedded in each other and have a common top 

surface, rather than being mutually exclusive, and (3) the division of soil moisture layers is 

not identical with that of the soil thermal layers. From Figure 1, the conservation 

equations can be easily specified as, 
cis 

C-= 'LFiux. 
dt 

where C = the thermal or moisture capacity of the component, 

s = the state variable of temperature or moisture content, 

F1u.x = the thermal or moisture flux through the interface of the component. 

For conservation of mass, the fluxes include evapotranspiration, precipitation, and 

percolation~ for conservation of energy, the fluxes are latent heat, sensible heat, solar and 

infrared incidedent radiation, and radiative emission. All the flux terms are linked with the 

unknown state variables by physical laws, especially, the latent and sensible heat fluxes are 

determined from the gradient of moisture content or temperature at the interface and the 

resistance along the path way of the flux. The resistance is parameterized from the 

turbulence structure of the air flow above the interface and from the surface properties. 

The equation system is closed and is solved numerically. After the state variables are 

updated at each computational time step (usually 15-30 minutes), the fluxes from different 

components are aggregated and fed back to the atmospheric model. 
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3. Arrangement of the Stand-Alone Sensitivity Analysis for BATS 

In order to test the function of BATS, several physical variables were selected for 

one-at-a-time perturbation. These perturbation variables (Table 1) were selected not only 

from the model parameters but also from initial states and atmospheric forcings. To ensure 

that the model response comes from one perturbation variable and that the results from 

different experiments are comparable, a set of 'standard' values were assigned to these 

perturbation variables. When one variable was changed within a perturbation range, the 

other perturbation variables were fixed at their standard values. All standard values and 

perturbation ranges are described in Table 1. 

In Table 1, the standard values of the surface parameters were set to the medians 

of their ranges, so that when one parameter was varied through its range, the other values 

were realistic. The standard values approximately corresponded to deciduous broadleaf 

tree for vegetation and sandy loam for soil. Vegetation fractional coverage was chosen to 

be 0.5 for most of the experiments in order to test whether the soil effect or the vegetation 

effect tends to be dominant. 

The weather conditions used to drive the BATS model were specified. Standard 

values were selected to represent typical conditions in mid-latitudes: 

(1) Solar radiation at the top of the atmosphere was calculated from the solar 

constant, the time-dependent distance between the sun and the earth and the local 

latitude-longitude (latitude: 350 ); hence, the radiation rate had both annual and diurnal 

cycles. The formulae were adopted from the NCAR CCM2 (GCM). 

(2) Atmosphere temperature was assumed to have the same cycles as the solar 

radiation, except the diurnal cycle which had a 2-hour lag (the temperature peak of a day 

was at 2 p.m.). The annual average temperature, and the annual and diurnal fluctuation 
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Table 1. Perturbation Variables 

Perturbation Perameters Svmbol Standard VaJue Perturbation 

Atmospberic forcin!!: 
Rate of prccipiration falling as rain (mmls) Intcn: 0.001 mmls, Dura: 2 hrs Int:(0.25-2.S)x 0.0005 

Pr Occt.uJcnce Period: Dura: 8 hrs 
winter 4 days. Summer 2 days Oc::cum:nce Period: 
Annual Rainfall: 996 mm winter. 2 davs. summer: 1 dav 

Atmospberic temperature (kG) Annual Average: 296 Annual Avg: .293 - 303 
Ts Annual Fluctuation: 20 ~= 1 

Diurnal Fluctuation:: 6 
Atmospheric rc!aIive humidity Annual Average: 0.6 Annual Avg: 0.5 - 0.8 

Rhum Annual Flucruation: 0.1 ~=Q.03 

Diurnal Fluctuation:: 0.4 
Wind soecd (mls) v. 3 1-10 
Cloud attenuation factor C!d 0.7 0.4 - 0.85. ~ .. 0.05 
Soil texrure: 
Porosity pCln)l 0.45 0.3 - 0.66. ~ ::I 0.04 
Minimum soil suction (mm) Sue 200 20 - 200 . ~ ::I 20 
Saturated hvdraulic conductivity (mmls) Ks 8.9E-3 0.2 -0.0016. ~ = BATS 
Ratio of samr.ued thermal conductivity to S- 1.1 1.7 -0.8, ~::I -0.1 
that ofloam 
Exoonent"B" Bee 5.5 3.5 - 9.2. ~ .. BATS 
Water at 15 Bars soil potential Wilt I 0.3 0.1 - 0.55. ~ .. 0.05 
Ratio offield capacitv to sat. water coment SId'c 0.65 0.4 -0.85 . ~::I 0.05 
Soil Color: I 
Dry soil albedo (<O.7J.UI1) as I 0.16 0.08 - 0.26, A'" 0.02 

Dry soil albedo (>O.7J.UI1) (l1 0.32 0.16 -0.52, ~::I 0.04 

Satur.ncd. soil albedo (<0.7 J.UI1) ass 0.08 0.04 - 0.13, ~ ::I 0.01 

Saturated soil albedo (>0. 71Jlll) ClsJ 0.16 0.08 - 0.26, A ::I 0.02 

Vet!Ctation: 
Fractional vegetatiOD Cover (j( 0.5 0.02 - 0.9, ~ ::I 0.1 

Difference between max. crf and crf at 269K Fseas 0.3 0.1-0.55. ~::I 0.1 
Rougimcss length (m) Rcu~ 0.8 0.0024 - 1.8. ~ .. 0.2 
Depth of root zone (mm) Dr 1000 500 - 1400. A" 100 
Depth of the upper layer (mm) Du 100 60- 150. A" 10 
~epth of the total soil laver (mm) Dt 10000 5000-14000. ~ .. LOOO 
Fraction of water extracted bv upper layer Fuw 0.5 0.1-0.5. A" 0.05 
Vel!eranon albedo (<O.7wnl Al~ 0.08 0.02 - 0.2. A .. 0.02 
Vel!Cfation albedo (>O.7wnl I Albvgt I 0.28 0.18 -0.36. A =0.02 
Minimum stomata resistance (simI RsmizI 200 110-200.~" 10 
MaximumLAI XIii ~ 1.5 - 6.0. A ::I 0.5 
MinimumLAI XIaio 1 0.5 - 5.0. A .. 0.5 
Stem & dead matter index Sai 2. 0.4 - 4.0. A = 0.4 
Inverse SQuare root ofleaf dimension (min) Rbi 5 I 5.0 - 9.5. A ::I 0.5 
Light sensitivity factor (ml/wl) Fe 0.06 0.02 - 0.065. A::I 0.05 

Note: A .. value: uniform Inctement; A = BATS usmg the non unifonn sencs of the BATS. 
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ranges were prescribed with the typical values (Table 1). 

(3) Relative humidity was created from two sine functions representing annual and 

diurnal cycles. It was assumed that 6 a.m. in the morning and 6 p.m. in the afternoon 

possessed the maximum and minimum values. The annual average value, and the annual 

and diurnal fluctuation ranges were specified with the typical values (Table 1). The 

saturated specific humidity was calculated from atmospheric temperature and pressure 

using Tetens' formula. 

(4) The cloud effect, simplified as a constant factor of radiation attenuation, 

ranged from 0.4 to 0.85. In addition, during the time period of precipitation, the solar 

radiation was halved. 

(5) precipitation, wind, and air pressure were also specified (discussed later). 

In the sensitivity analysis, the model performance was evaluated by examining the 

behavior of 'sensitivity variables'. The sensitivity variables were the moisture and energy 

fluxes from soil and vegetation, and state variables of temperature and water content 

(Table 2). 

A time average is a necessary tool for the extraction of useful information from the 

huge volume of model output. In order to efficiently represent the model response in the 

annual cycle through long-term modeling, the water year calendar (from October 1 

through September 30) was used, and a water year was further divided into 2 'seasons': 

winter included the first 182 days from October 1 to March 31; summer included the 

remaining 183 days from April 1 to September 30. All of the sensitivity variables were 

averaged within these two seasons. Thus, these sensitivity experiments examine annual or 

seasonal behavior and not short-term behavior such as the diurnal cycle. 
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Table 2. Sensitivity Variables 

Sensitivity Parameters Symbol 
Water balance variables: (mmlday) 

Evapotranspiration rate (ET = LEv + LEs) ET 
Vegetation transpiration rate Tr 
Surface runoff Rs 
Subsurface runoff Rg 
Summation ofET, Rs and Rg S 
Energy balance variables: (W/M2) 

Absorbed solar radiation SWn 
Net infrared emission (E - F;, E= emission, Fj;= Infrareed incident) LWn 

Net radiation (SWn - LWn) Rn 
Latent heat flux from leaf to the canopy air LEv 
Sensible heat flux from leaf to the canopy air Hv 
Latent heat flux from soil to the atmosphere LEs 
Sensible heat flux from soil to the atmosphere Hs 
Heat flux into the soil G 
State Variables: 
Temperature ofleafphase (Ko) TI 
Temperature of upper layer soil (Ko) Tgl 
Water content in upper soil layer (%) Suw 
Water content in root zone Snv 
Water content in total soil layer Stw 



69 

4. Sensitivity to Initialization 

Previous work of Wilson et al. (1986a) and Henderson-Sellers (1993) indicated 

that the effects of initial state values could persist for a long time. Here, a set of 

experiments were conducted to examine this possibility. The selected perturbation 

variables included initial soil moisture contents in the 3 soil layers and soil temperatures in 

the surface and lower soil layers. Each experiment was run for 10 years, and the results 

from the first, third, fifth, and tenth years were plotted together to check the temporal 

trends. It was generally found that: 

(1) the effect of temperature initialization lasted only one year~ 

(2) the effect of upper soil moisture initalization lasted less than one year~ 

(3) the effect of the root zone soil moisture initialization lasted 1-2 years~ and 

(4) the total soil moisture initialization affected fluxes for up to five years, and affected the 

total soil moisture storage for more than 10 years. 

Because fluxes were most sensitive to total soil moisture initialization, detailed 

results will therefore be presented only for perturbations of initial total soil moisture. 

Figure 2 shows how the 'sensitivity variables' vary as a function of initial total soil 

water content (Stw). Stw was graduatlly varied from 0.12 to 0.39 while other 

perturbation variables were given their standard values. The sensitivity variables plotted in 

figure 2 are the average summer values and the average winter values during the third 

year. Because all the variables are seasonally averaged, the adjective 'seasonal average' 

will be omitted hereafter. 

The top row of figure 2 represetnts the water balance components at the land 

surface: the precipitation intensity, Pr~ the subsurface and surface runoff, Rg and Rs~ the 

total evapotranspiration rate, ET, and the transpiration rate, Tr, which is a part ofET. The 



WINTER 
~4.5 ~..---.....----r---.--.-----.----.----.---. 
~ 4 ------s 
E ----ET 
E 3.5 ----Rs 
-- 3 --Rg 
~ 2.5 
c 2 _-:::..:::;..-.:::.;;..-..::;;..-..=;..:..= 
ctS 

"@ 1.5r- Pr 
co 
~ 1 u 
ID 1-------------------------0.5 
~ O~~~~~=s~~~ 

-

SUMMER 
4.5 ,--....--....-----r----.----.---r-----r-----..---, 

4 ----=:.-----_ ... -..::..---3.5 rF---~~.-c::.~----.,j 
3 

2.5 
2 

1.~ I- ______________________ _ 

0.5 
01--------------------

f¥ 280 LEs ---- Hs 280 
~ 240 ----- LEv -----. Hv 240r------------l 
--200 200 
~ 160 SWn 160 c r--------------~~ 

~ 120 LWn 120 co 801-------------------- 80 --------------------

e> 40 40 ~-== ~:~ ::::-~ ~~-=_-=..: :::-== -=: :-----=: :-----=: 
~ 0 --G- - ----- 0 ----
w -40 -40~~~~~~~~~~ 

20~~~~~~~~--~ 

T- 16 - - - - Tg1 - - - - -. TI 

~ 12 Ts 
~ 8 r-- - - - ~~ ~--= =---= =----= =----= 30 I=;-=====--.....~ __ :-""' _____ --= -=.._--= _--__ --i-

l- 4 
O~~~~~~~~--~ 

~0.6 
CJ)~ 0.5 - -- - Srw -- - --. Suw 

2:0.4 
CJ)~0.3 Stw 
3: 02 ------------- --- ----
::J • -----.;--------

CJ) 0.1 - -----
0.12 0.18 0.24 0.3 0.36 

Initial Stw 

0.6 r---.....-----.-------.------..--. 

0.5 
0.4 
0.3 - - - - - - - - - - - -=-:-;:.;-~:_:_::_-_t 
O 2 ---=---= =--~ . ---
°d.12 0.18 0.24 0.3 

Initial Stw 
0.36 

Figure 2. Sensitivity to Initial Total Soil Water 

70 



71 

Tr curves show no change with the varying initial Stw, indicating that it has been saturated 

(reached a maximum value). The S line represents (ET+Rs+Rg). According to the water 

balance, the changing rate of soil moisture content, ds is: 
dt 

ds 
dt = Pr- (ET+Rs+Rg), 

Therefore, the vertical distance between the S line and the Pr line represents the rate of 

change in soil water content. If the S line is above the Pr line, the soil is getting drier; if it 

is below the Pr line, the soil is getting wetter; the cross point may be defined as the 

equilibrium state. 

The second row of figure 2 pertains to the energy balance. The vertical distance 

between the absorbed solar (short wave) radiation, SWn and the net long-wave emission, 

LWn (LWn = E - Fir-l-, where E is the surface emission, and Fir-l- is the obsorbed 

downwelling long wave radiation) is the net radiation, Rn. At the bottom of the figure, 

there is a G line which represents the energy flux into the soil. Because G usually has small 

values, this solid line looks like a horizontal straight line at the zero level. There are 2 pairs 

of curves to represent the latent-sensible heat fluxes from the soil surface and from the leaf 

phase, respectively. The first pair represents the fluxes from the leaf phase: latent heat, 

LEv, and the sensible heat, Hv. The second pair is for the fluxes from the soil surface (bare 

soil plus the soil under the canopy): the latent heat flux, LEs, and sensible heat flux, Hs. 

Two features are noteworthy: (1) in each pair, the latent and the sensible heat fluxes have 

an inverse relation: if one flux increases, the other will decrease, and (2) by comparing the 

magnitude of the soil flux (LEs) and the vegetation flux (LEv), it is possible to evaluate 

whether vegetation or soil will be dominant in the evapotranspiration process. In these 

experiments, the vegetation cover was set to 50% in order to easily compare soil effects 

and vegetation effects on the evapotranspiration. As a check on the model, energy and 

water balances were computed; in all the experiments reported in this paper, the water 
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balance was accurate to within 2 percent and energy balance was accurate to within 5 

percent (at the seasonal average level). 

The graphs on the third row show three different temperatures: the atmospheric 

temperature, Ts; the leaf temperature, Tl; and the upper layer soil temperature, Tgl. The 

graphs on the bottom row represent the water contents in the 3 soil layers: the upper layer 

soil moisture, Suw; the root zone soil moisture, Srw, and the total layer soil moisture, Stw. 

Comparing the figures on the same row, different values for summer and winter 

indicates that this method of displaying BATS' output is capable of detecting seasonal 

trends. The slight difference of Stw curves (bottom row) indicated that during the winter, 

although the rainfall rate was only half of the summer's, the lower evapotranspiration rate 

increased winter Stw about 200 mm over the summer Stw. 

Figure 3 also illustrates the effects of initial soil moisture by plotting selected 

variables during the 1st, 3rd, 5th, and 10th years of the model run. Horizontal lines 

indicate that the effect of the initial conditions have been damped out; sloping lines 

indicate that the value of initial Stw is still having an effect. Results show that under 

annual rainfall of 996 mm, if the initial soil water content is set higher than equilibrium 

(about 0.21), water will leak rapidly out of the soil through high rates of subsurface 

runoff, Rg and evapotranspiration, ET in the first year. As the soil water content 

decreases, the rate of Rg is sharply reduced and no longer significant for the later years; 

further drying of the soil is dominated by soil evaporation, LEs, (ET = LEv + LEs, LEv is 

saturated, see Figure 2) in a very slow procedure. 

On the other hand, if the initial Stw is set lower than equilibrium, even after ten 

years the soil moisture will not increase over the initial level. This is because the 

evapotranspiration is in excesses of infiltration. Therefore, the initial setting of Stw is 

important. Fortunately, if the model runs for longer than 3 years, all response curves other 
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than Stw approach horizontal lines, which indicates that the upper soil system is reaching 

an equilibrium state. Hence, any errors in the specification of the initial root and upper soil 

moisture will have approximately negligible effect after 3 years. 

At first, we wondered why the ET curves of the first year were high even for 

initially dry soil. An additional experiment showed that it was because the initial root zone 

water was set high (standard value: 0.25), and the water in the root zone appeared to 

leave this layer much more easily by evapotranspiration than by percolation. 

5. Sensitivity to Atmospheric Forcing 

5.1 Precipitation 

Three experiments were designed to test the model sensitivity to precipitation. 

Rainstorms occur with a specified periodicity. Within each season, the duration, intensity, 

and frequency are constant, and the total seasonal rainfall amount is the product of 

intensity, duration and frequency. It is assumed that summer rainfall is twice as frequent as 

winter rainfall, but the intensity and duration are the same in both seasons. In the first 

experiment, the rainfall intensity was increased, which also increased annual rainfall. In 

the second experiment, the frequency of storms was doubled, the storm duration was 

quadrupled, and intensity was correspondingly reduced to 1/8 of the value of the first 

experiment to keep the total rainfall remaining the same. The third experiment used the 

same intensity, duration, and frequency as the first experiment, but storms started at a 

different time of day. 

In Figure 4 and Figure 5, the results of the first and second experiments are 
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presented side by side for easy comparison. Figure 4 represents the model response to 

increase of annual rainfall in winter season; while Figure 5 is for that of summer season. 

Because of the similarity, our analysis will be based mainly on the graphs in Figure 5. It is 

important to bear in mind that (1) in both the experiments, the rainfall intensity was 

graudually varied so that the annual precipitation amount increased from 123.3 mm to 

1233 mm, (2) in the second experiment, the rainfall intensities are only 1/8 of those in first 

experiment, because of the longer rainfall duration and higher frequency. 

From the graphs of water balance in Figure 5 for the first experiment (higher 

rainfall intensity, the left side of the figure), it can be seen that nearly all the additional 

rainfall goes into evapotranspiration ET, with only modest increases in surface runoff Rs. 

The transpiration rate Tr, however, remains constant for rainfall values above 500 mm/yr. 

Another useful result is that surface runoff Rs increases with increasing annual rainfall, 

and the runoff ratio (Rs + Rg) / Pr has the maximum value of 9.4%. The runoff ratio can 

be estimated from historical observation data (USGS Water Supply Paper, 1990); 

therefore, it can be used to check model performance. 

From the graphs of the energy balance (second row), it can be seen that, after the 

vegetation evapotranspiration rate, LEv, reaches its maximum value, the soil evaporation 

rate, LEs continues to rise in response to increasing rain. It is useful to define two modes 

to indicate whether soil or vegetation is dominant in the evaportranspiration process: (a) 

Dry Mode (annual rainfall < 800 mm1yr for the first experiment): in this mode, LEv> LEs, 

Hv < Hs, and Tgi > Ts, which means that soil absorbs the solar radiation and increases the 

temperature, until it could release energy back to the atmosphere through sensible heat 

flux and radiative emission to approach a balance. From the soil water curves, upper layer 

soil moisture (Suw) is at very dry level so that the soil albedo increases and the absorption 

of solar radiation (SWn) decreases. The net radiation, Rn in this mode is small. (b) Wet 
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Mode (annual rainfall >800 mm/yr for the higher rainfall intensity case): the situation shifts 

to the opposite. These curves demonstrate that the BATS provides a physical insight into 

the comprehensive nature ofthe land surface hydrology. 

Now we compare the above features with the results of the second experiment 

(lower rainfall intensity case, figures on the right side of Figure 5). The transpiration (Tr) 

is reduced in the lower intensity case. However, the LEv curve (energy balance) is higher 

than that of the higher intensity case, which means that the rainfall interception is 

increased, under the same annual rainfall rate, the infiltration rainfall is decreased, and the 

soil becomes drier. In the lower rainfall intensity case, the maximum ratio of runoff is 

reduced to 3.3%~ the SWn curve moves downward about 36 w/m2, mainly because the 

higher rainfall frequency and longer duration greatly enhanced the cloud attenuation. The 

transfer point (intersection of LEv and LEs curves) from the 'dry mode' to the 'wet mode' 

shifts toward much higher rainfall amount (1125 mm/yr). The model exhibits much 'drier' 

behavior than the high rainfall intensity case. 

Results of the third experiment are not shown because they indicated that shifting 

the daily time of rainfall occurance has little sensitivity at the seasonal level. This possible 

useful result needs to be confirmed by additional experiments which include atmospheric 

feedbacks. 

5.2 Clouds 

As mentioned in Section 2, clouds attenuate incident solar radiation. Figure 6 

illustrates the effect of the model's cloud factor. Clouds strongly affect Rn and thus 

moisture and energy fluxes. Changes in Hs and Hv are greater than LEs and LEv. The 

response is quite nearly linear. 
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5.3 Annual Average Value of the Atmospheric Temperature 

In Figure 7, the atmosphere temperature, Ts, is altered by 9 degrees (K0) but is 

kept above freezing, TI and Tgl follow the change of Ts. The major influence of Ts is 

increasing the downwelling sky radiation, hence reduce the long-wave emission from the 

land surface (LWn). The flux response is somewhat stronger in winter than in summer. 

5.4 Annual Average Value of the Relative Humidity 

In Figure 8, the outstanding change is that LWn decreases linearly as Rhum 

increases, and when Rhum < 0.6, the various curves show linear changes; as Rhum > 0.6, 

strong responses occur. 

5.5 Wind Speed 

Increasing the wind speed from 1 mls to 10 mls resulted in linear increases in ET. 

The results are not shown here. 

6. Sensitivity to Soil Texture Parameters 

As shown in Table 1, the BATS model uses 7 parameters to describe the soil 

physical properties and 4 parameters to describe soil albedo. After conducting 11 

experiments to change these parameters through the perturbation ranges (from sand to 

clay), one by one, we found that 5 of the 7 texture parameters have nonlinear, monotonic 

(except for Bee) influence on the soil properties of heat and moisture transfer. Parameters 
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Scrat and Skfc do not influence any of the sensitivity variables; therefore, their response 

curves are removed from the comparison. We also found that if two or more parameters 

were changed simultaneously, comprehensive sensitivity performance could be explained 

by the synthesis of individual sensitivities, but not in a simple way. In this section, the 

sensitivity of saturated hydraulic conductivity, Ks, is discussed in detail. Corresponding 

results for other soil texture parameters will not be presented because they have a similar 

response. Instead, we will examine the comparative sensitivity of these parameters. The 

soil albedo parameters will be discussed in a later section together with the vegetation 

albedo parameters. 

Note that in Figure 9, the variation ofKs is not linear from 0.2 mm1s on the left to 

0.0008 mmls on the right, but is presented according to the series of soil types given by 

BATS (because the range crosses several orders of magnitude). It can be seen that soil 

evaporation rate, LEs is controlled by Ks; as Ks decreases, LEs also decreases, meanwhile, 

LEv slightly increases and soon reaches saturation, which results in the increase of soil 

water contents in the soil layers and more surface runoff production. The maximum runoff 

ratio could be as high as 16.4 % in clay soil (under the annual rainfall of996 mm). Also, in 

the graphs of energy balance, it can be seen that under constant weather conditions, a 

decrease of Ks is associated with a switch from 'wet mode' to 'dry mode'. An additional 

experiment illustrated that if annual rainfall was halved, the switch from 'wet mode' to 'dry 

mode' would occur in coarse soil (as opposed to fine soils for the full rainfall amount). 

In Figure 10, summer response curves for different soil texture parameters are 

plotted together to rank their relative sensitivities. The perturbation ranges are listed in 

Table 1, and the variation direction is from sand soil on the left to clay soil on the right. 

Several characteristics are notable: 

(1) soil texture parameters do not have direct effects on vegetation latent/sensible 
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heat fluxes (LEv and Hv), at least at the seasonal resolution. However, if parameter values 

are not adequate, unreasonable performance will occur in the land surface hydrology. In 

the figure, when the value of Wilt (dashed lines) is so high as to equal or exceed the 

porosity value (as shown in the figure, when Wilt> 0.45, poros = 0.45) both LEv and Hv 

will change dramatically; 

(2) soil hydraulic parameters have different sensitivity ranks for different sensitivity 

variables: Rs is most sensitive to Ks; Rg responds strongly to Bee; and Suw, Stw are most 

affected by poros, 

(3) parameters tend to have opposite effects on LEs and Hs. 

Figure 11 shows the response curves for altering Wilt and Ks simultaneously. A 

careful check shows that the trends of these curves are similar to the linear addition of the 

individual Wilt and Ks curves in Figure 10. 

7. Sensitivity to Vegetation Parameters 

7.1 Biophysical Parameters 

BATS uses 15 parameters (13 biophysical parameters and 2 albedo parameters) to 

classify 18 different kinds of vegetation/land-cover on the Earth's surface (Table 1). 

Among these 18 land covers, 10 are about various vegetation types. The deciduous 

broadleaf tree (type 5) was used to provide the 'standard' vegetation parameter values for 

the sensitivity analysis. 

The vegetation fractional coverage, OJ, is an important parameter, because it 

controls the relative significance between vegetation and soil in a grid square. In Figure 
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12, the model sensitivity is exhibited with OJ varying from 0.02 to 0.9. The most 

important result is that as LEv increases and LEs decreases, the model shifts from the 'wet 

mode' to the 'dry mode', at OJ= 0.5-0.6. However, in this case, because OJ changes the 

weights between soil and vegetation processes, both LEv and Hv increased while both 

LEs and Hs decreased. It is interesting to see that as OJ increases, the root zone dries, 

while the upper soil layer first becomes wetter, and then dries slightly. This nonlinear 

feature indicates that two opposing processes are acting in the upper soil layer: on the one 

side, the increase of vegetation coverage reduces the soil surface evaporation; on the other 

side, it increases Tr and reduces the root zone soil moisture. As Srw becomes drier, the 

percolation process of Suw to the deeper soil layers increases. Figure 13 is the same as 

Figure 12 except that annual rainfall has been halved, causing the 'dry mode' to appear at a 

lower OJ level. Also, under the low rainfall conditions Tr becomes saturated by the limited 

available water in the soil, whereas saturation does not occur for the high rainfall 

conditions. We are convinced that BATS can physically simulate the complexity of land 

surface hydrology. However, in order to let a simulation match a specific real case, 

calibration with observation data may be necessary to correctly identify the conditions 

under which certain processes are dominant or under which 'saturation' occurs. 

Sensitivity experiments were also conducted with the parameters related to 

vegetation structures (except the 2 albedo parameters and 3 parameters describing soil 

layer depths). The results (Table 3) show that 5 of them are sensitive and the response 

curves for the perturbations were close to linear. Therefore, the response ranges of the 

sensitivity variables were used as simple sensitivity measures. Some results are: 

(1) changing in Rough, Rsmin, Xlai, Sai, and Fe affects LEv directly, resulting in a 

re-adjustment of moisture and energy partitions among LEv, Hv, LEs, and Hs. Similar 

trends can be seen in the table through the increase (+) or decrease (-) symbols. Again, the 
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Table 3. Sensitivity to the Vegetation Biophysical Parameters 

Paramctcrs I ~ollgb I Rsmln 1 XIII I S •• 

Pc .. turbatiom I 0.0024 - 0.8 III I l1G-200 IIUIl I I.S -6.0 m2 I 0.4 -4.0 
A= 0.2 A = IQ A=0.5 A =0.'1 

ET (III III/day) I 3.76 - 3.S8 I 3.57-3.60 13.53 -3.69 I 3.57 - 3.61 

Tr I 1.27 -1.31 t 1 2.02 - 1.26 - 1 0.51-1.26 + 1 I.S3 - 1.04 

R, 10.15-0.14 1 0.12 -0.14 1 10.15-0.14 

Rg I 0.003 - 0.002 1 0.002 I 0.003 - O.OO~ 10.002 

S 1 0.20-0.14 10.12-0.16 1 0.11- 0.16 I 0.14 -0.17 

SWn (\V/m2) I 253 - 254 I 254 I 251- 254 1 255 -253 

LWn I 93 - 94 193 1 94 - 93 193 - 92 

Rn 1 160 -161 I 161 1157-161 fI61 

LEv I 43.7 - 47.6 + 1 66.6 - 44.5 - 1}9.3 - 44.5 + 1 51.1-39.4 

IIv 1 33.2 - 29.6 -'17.9-33.1 + '47.6 - 33.1 - , 2&.2 - 36.9 

LE, 1 61.2 - 55.9 :- I 36.7 - 59.6 t I 82.8 - 59.6 - I 52.3 - 6S.1 

lis I 17.5 -27.5 + 1 38.6 - 20.8 - I 2.1 - 20.8 + 1 26.8 - 15.7 

1'1 (Co) 1 28.2 - 28.5 1 28.1- 28.2 I 28.8 - 28.2 1 28.3 - 28.1 

Tel 1 28.1- 28.4 + 1 29.4 - 28.1 - 126.6-28.1 + 1 28.6 - 27.6 

SUl\" (%) 10.24 -0.2S + 1 0.25 - 0.24 - 1 0.21-0.24 t 1 0.2S - 0.23 

Srw I 0.17 -0.16 -10.14-0.16 + 10.20-0.16 - 1 0.15-0.17 

ShV 10.22 10.22 10.23 -0.22 - I 0.22 

I Fe 

I 0.02-0.00S 
A=0.05 
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inverse relationship between latent and sensible heat is evident: 

LEv has an opposite trend sign to LEs, 

LEv has an opposite trend sign to Hv; LEs has an opposite trend sign to Hs. 

(2) the soil moisture contents in different layers can respond to the perturbation of 

vegetation parameters. Suw and Srw are more sensitive than Stw, 

(3) SWn, LWn, Rs, and Rg are not sensitive to the vegetation structure parameters, 

(5) XIai is the most sensitive parameter, followed by Rsmin, Sai, Fe, and Rough. 

7.2 Albedo Parameters 

Albedo parameters of vegetation and soil have similar functions: they affect the net 

radiation intensity on the land surface, which in tum affects the energy partition of the land 

surface hydrological system. The perturbation experiments showed that when the albedo is 

altered along its full range, the net radiation changes proportionally, however, the effect 

on net radiation is relatively small (less than 12 %). Table 4 lists the results from the 

albedo experiments. 

8. Sensitivity to Grid Size 

This section describes a special experiment which was undertaken to test the 

sensitivity of the grid size used in BATS modeling. An 8x10 degrees latitude-longitude 

GCM grid in the western United States was chosen for the test. This grid square covers 

the Lower Colorado River Basin as shown in Figure 14. The average annual precipitation 

of 400 mm is unevenly distributed throughout the grid, which has complex, mountainous 
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Table 4. Sensitivity to the Albedo Parameters 

Albedo Winter Winter Winter Summer Summer Summer 
parameters SW., LWr Rn SWr LWr Rn 

Vegetation 
Albedo: 
Albvgs 152 - 144 90-89 62- 55 258 - 245 93 -92 165 - 153 
(0.02-0.2, .6=0.02) 

Albvgl 154 - 146 90- 89 64-57 261 - 248 94-92 168 - 156 
(0.18-0.36, .6= 0.02) 

Soil Colour: 

ass 156 - 144 90- 89 86- 55 264 - 244 93 - 92 171-152 
(0.04-0.13,.6= 0.01) 

Note: asl = 2 x ass; as = 2 x ass, al = 2 x as. 
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topography. Much of the grid is semi-arid while the extreme southwest comer is arid and 

the northeast quarter consists of high elevation mountains which receive considerable 

snow during the winter. During the summer, there is convective rainfall which particularly 

affects the south-central area. 

The model simulation was for the 1988 water year (October 1, 1987 - September 

30, 1988). Three types of simulations were performed. In the lumped simulation, 

rainfall, surface characteristics, and atmospheric forcing were uniform across the grid. In 

the distributed simulation, the grid was divided into 10 subareas on the basis of 

topography, climate, surface characteristics and river basins. Rainfall, land cover class, 

and atmospheric forcing varied from sub-area to sub-area but were uniform within the 

subarea. BATS simulations were conducted separately for each of the ten subareas. The 

third case was similar to the lumped case, except that it was recognized that when it 

rained, part of the grid received rain and part did not. Rainfall was assumed to be lumped 

within the wet area. Thus, rainfall intensities were higher than in the fully lumped 

simulation because the rain was concentrated into a fraction of the grid (usually less than 

10%). In each rainy hour, interception and runoff were calculated from the rainfall 

intensity in the "wet fraction"; any remaining excess was distributed uniformly across the 

entire grid. 

The sub-area division was based on the USGS Hydrological Unit classification 

system and the NOAA Climatological Data Division classification. USGS daily stream 

flow data and NOAA meteorological data (precipitation, air temperature, and pan 

evaporation) are available for each subarea. The vegetationlland cover classifications were 

adopted from the database of the NACAR CCM2 (GCM) (Bath, et al. 1992). 

Atmospheric forcing variables were specified on the basis of geographical and 

historical meteorological data: the diurnal and annual cycles for solar radiation at the top 
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of the atmosphere, air temperature, and relative humidity. The precipitation was specified 

from 1987-1988 data from the Earthinfo data set (Earthinfo, 1990) which has hourly data 

for 119 gages in the gtid. Observed precipitation for each hour of the year were 

distributed in three ways: (1) precipitation was uniformly distributed over the entire grid 

square (lumped), (2) the same hourly precipitation was distributed to each sub-area 

(distributed), and (3) the same hourly precipitation was uniformly distributed within the 

fraction of the grid which was assumed to be receiving rain (lumped within variable wet 

area). Estimation of the 'wet fraction' was based on Gao and Sorooshian's (1993) method 

for intragrid distribution of hourly grid-average rainfall. Their method is based on 

historical patterns of rainfall distribution (on a seasonal basis) extracted from 10 years of 

hourly precipitation data. 

The results from the third case (lumped rain within variable wet area) were similar 

to the results from the first case (fully uniform rain). the runoff ratio, however, was 

increased by 15% in the third case (Table 7), because of higher rainfall intensity and lower 

interception. Greater contrast was found between the first (lumped) and second 

(distributed) cases (Figure 15). Figure 15 shows daily values of some of the sensitivity 

variables. For the distributed case, the results shown are for the area-weighted average of 

the sub-areas. Results indicate: 

(1) In winter (the first 182 days, Oct. 1 to March 31), the low temperature and 

snow-dominant precipitation in the northeast section of the grid was quite different from 

the relatively dry and warm weather in the other areas. Only when these different areas are 

separately simulated, were realistic results obtained for the snow distribution. The low 

snow cover resulting from the lumped simulation also resulted in higher winter soil 

moisture contents (Sm, Suw) and higher runoff ratio than was obtained in the distributed 

case. In summer (the last 183 days), the rainfall was concentrated in the south-central 



DISTRIBUTED 

-C\I . 

.E 400 
~ 300 
c· 

~ 200 
i. 100 

100 200 300 
E10~--~--~----~~ 
E ......... 
~ 

Q) 

~ 5 o 
3: o 
~ O~~~~~----~~ 

100 200 300 
~30~--~--~----~~ 
o ......... 
3: 
~ 

~20 
en 
i 
en10~--~--~----~~ 

100 200 300 
~1.5'-----~--~----~--' 
co 

"'C 

E 1 
E ......... 
r¥0.5 
+ en a: 0 u..a.Il.ll......U.llWl&lbl.~....n....u.Io....a...t~t!..:Y.:!..:.I.llll.I 

100 200 300 
_3 
~ 
~ 2 

S1 w 
.....J 

o~--~--~----~~ 
100 200 300 

Day of Water Year 

LUMPED 

100 200 300 
10~--~--~----~~ 

5 

O~~~~Ll~--~--~~ 
100 200 300 

1 

0.5 

100 200 300 

o~~~~~----~~ 

100 200 300 
3 

100 200 300 
Day of Water Year 

Figure 15. Sensitivity to the Grid Size 

97 



98 

area. The distributed simulation therefore produced more runoff than the lumped 

simulation. Recently, Dickinson et al. (1989) applied a nested model to the western 

United States (a local high resolution model nested within a GCM) and found that the 

precipitation simulation was greatly improved by the high spatial resolution of the local 

model. 

(2) In the lumped calculation, each local precipitation will cover the whole grid 

area, whereas only one or several subareas will receive precipitation in the distributed 

calculation. Because BATS usually halves the solar radiation (due to cloud attenuation) 

during the rainfall, the solar radiation and the average precipitation intensity are greatly 

reduced in the lumped case. This has a strong impact on the consequent hydrological 

process of evapotranspiration as mentioned in Section 5. 

Simulated runoffwas compared to observed values. For a given river system, the 

water balance can be expressed as: 
d -LSi = Fup-Fdown+R 
dt 1 

where SI = water storage oflake or reservoir in the system, 

Fup = inflow to the specified system, 

Fdown = outflow, 

R = effective net runoff from the source area. 

Here the left-hand terms as well as Fup and Fdown are given by the USGS stream flow data 

(USGS Water Resources Data, 1988); therefore, the effective net runoff for the area of 

interest can be calculated as a residual from the observed quantities. 

The observed water balance was computed for both the entire grid square and for 

smaller river basins within the grid square. Table 5 gives values and results for the entire 

grid square: inflow, outflow, change in reservoir storage (the Colorado River is highly 
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regulated), and the calculated value of runoff. Table 6 gives calculated values of effective 

net runoff for smaller river basins in the grid square. The watersheds of these rivers are 

shown in figure 14; together they cover most of the grid square. The runoff per unit area 

is much higher for the small watersheds (area average of 12.2 mm/yr) than for the entire 

grid (1.63 mm/yr). The difference between these values is nearly an order of magnitude 

and could be due to transmission losses (leaky rivers), evaporation, and consumptive uses 

such as irrigation and domestic use. It should be noted that the lower portion of the 

Colorado watershed is a semi-arid region where local runoff is low, transmission losses 

can be large, and human demands on water resources are very great. The Colorado river 

may be something of a special case, but it is clear that in this region, "runoff' is scale 

dependent. Fortunately, in the Colorado grid square, the ratio of runoff to precipitation is 

less than 4% (USGS Water Supply Paper, 1990); any errors in simulated BATS runoff 

will not seriously affect calculations of water and energy balances in this area. 

The BATS simulated runoff (Rs + Rg) is very close to the observed runoff from 

small watersheds, but nearly an order of magnitude higher than observed runoff for the 

entire grid square (Table 7). This raises the interesting issue of whether it is more 

appropriate for BATS to calculate local water balances, or regional/continental water 

balances. Calculation of regional or continental water balances might, in some instances, 

require BATS to include consideration of lateral processes, scale effects and, perhaps, 

anthropogenic effects. Some of these processes are clearly important in the Colorado 

river grid. 
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Table 5. Runoff Estimated from the Whole Lower Colorado River Basin 

USGS STATION No. STATION DESCRIPTION VOLUME 
(km3/yr) 

Inflow 
916350 Colorado River minus Gunnison River inflow 2.634 
931500 Green River at Green River 4.093 
932810 San Rafael River at San Rafael 0.0904 
941970 Las Vegas Wash near Henderson 0.1288 

Outflow 
942949 Colorado River above Imperial Dam 8.557 
942415 Colorado River Aqueduct near Park Dam 1.488 

Lake stora~e chan~e 
937990 Lake Powell -0.439 
942100 Lake Mead -1.937 
942250 Lake Mohave +0.086 
942750 Lake Havasu +0.006 

Lateral inflow 0.815 
Area Average Runoff: 1.63 mm/yr 
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Table 6. Runoff Estimated from the Sub-Catchments in the Lower Colorado River Basin 

USGS STATION STATION DESCRIPTION LOCAL RUNOFF 
No. (km3/yr) 

915250 Gunnison River Basin near Grand Junction 1.696 
918000 Dolores River near Cisco 0.457 
937950 San Juan River near Bluff 1.432 
940200 Little Colorado River Basin 0.223 
942600 Bill William River below Alame Dam 0.006 
941500 Virgin River at Littlefield 0.235 
938200 Paria River at Lee Feny 0.019 
933350 Dirty Devil River near Hanksville 0.080 
949850 Salt River near Roosevelt Lake 0.790 
950850 Verde River above Horseshoe Dam 0.564 
947100 San Pedro River at Charleston 0.037 
944850 Gila River at Head of Stafford near Solomon 0.528 

Area Average Runoff: 12.2 mm1yr 
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Table 7. Runoff Calculated with Different Approaches 

RUNOFF ESTIMATION APPROACHS RUNOFF 
(mm1yr) 

Stream runoff estimated by the whole Lower Colorado Basin 1.63 
Stream runoff estimated by 12 sub-catchments 12.2 
Runoff calculated by BATS (lumped) 11.4 
Runoff calculated by BATS (distributed) 12.7 
Runoff calculated by BATS (lumped within variable wet area) 13.1 
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9. Summary and Conclusions 

In this paper, two types of sensitivity experiments were conducted. The first type 

consisted of varying 'perturbation variables' and examining corresponding variations in 

energy and water states and fluxes. The exact method, however, differed from previous 

experiments of this type. The new method uses BATS in a stand-alone mode, and stresses 

(1) long term model behavior (over several years), (2) the seasonal response, (3) multiple 

measures of model behavior, and (4) model sensitivity over a range of values of the 

perturbation variables. The perturbation variables represent initial states, atmospheric 

forcings, and soil and vegetative characteristics. By slowly varying the perturbation 

variables over the range of possible values, one can gain greater insights into model 

dynamics. A large number of perturbation experiments were conducted using this 

approach and a typical mid-latitude climate. Results show that the method is efficient and 

capable of detecting seasonal effects. 

The second type of sensitivity experiment examined the effect of intragrid 

variability for GCM grid in the Southwest United States. This regular GCM grid was 

divided into 10 sub-areas based on the USGS hydrological unit and NOAA Climatological 

Data weather division systems. Historical meteorological data were used to specify the 

'average' weather conditions for each sub-area. These spatially distributed meteorological 

data were used to run BATS~ BATS' simulated runoff was then compared to observed 

stream runoff for various sub-areas and the entire grid. This methodology may prove 

useful for the all-around validation of the BATS model in the data-rich Mississippi River 

basin. Validation of land surface models in this river basin has been proposed as a key 

objective of the international GEWEXlGCIP program (World Climate Research 

Programme, 1992). 
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The major findings are: 

(1) Initial soil moisture states can influence water and energy fluxes and 

storage for several years. In sensitivity experiments, the total soil moisture initialization 

(10m depth) persisted for more than 10 years. The initial soil moisture in the root zone 

(top 1 m) and in the upper soil layer (top 10 cm) persisted for less than 2 years. A total 

soil moisture setting inappropriate to the weather conditions and evapotranspiration 

capacity may persist indefinately. However, BATS can automatically adjust the upper 

portion of the soil system so that the effects of initial values of upper soil moisture may 

persist for 3-5 years or less. 

(2) The temporal and spatial pattern of rainfall has a strong impact on the 

land surface hydrology. Many GeMs assume that rainfall is spatially uniform over the 

grid square. From the viewpoint of land surface hydrology, this results in rainfall that is of 

artificially low intensity, high frequency, and long duration. Consequently, the simulation 

of the land surface hydrology appears drier (higher interception, lower runoff ratio and 

less infiltration) than that under the realistic rainfall. In this paper, we used the method 

described in the first paper to incorporate intragrid variability of precipition into a BATS 

model of a GCM square. This method assimilated the rainstorm patterns extracted from 

the historical observation data into the BATS model and reduced the model bias caused by 

the assumption of uniform distribution. Use of distributed rainfall increased the runoff 

ratio in the Lower Colorado River Basin by 15%. 

(3) Calibration based on observational data may be necessary to ensure 

accurate simulation of specific cases. It has been demonstrated that the land surface 

hydrology has complex mechanisms, and the dominant process can alternate with 

atmospheric forcing as well as land surface characteristics. Also, some fluxes and states 

may remain at limiting values. Therefore, it may be necessary to correctly identify the 
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conditions and parameter setting under which certain processes are dominant or under 

which thresholds are important. 

(4) BATS is sensitive to computational spatial resolution. The grid averaged 

hydrologic responses were found to be sigificantly sensitive to the heterogeneities of 

atmospheric forcings and land surface features. In the simulation of the GeM grid in the 

Southwestern United States, ignoring sub grid heterogeneity caused the soil to be 

artificially dry in summer and wet in winter and the snow accumulation to be too low. 

Simulation with high spatial resolution and incorporation of intragrid variability (such as 

the precipitation distribution) resulted in more realistic hydrologic expression. These 

results suggest that inclusion of intragrid variability within current GCM schemes may be 

necessary to obtain more realistic simulations of the water and energy fluxes, particularly 

in regions of rugged topography. 

(5) Validation of BATS runoff in a case study involving the Colorado River 

Basin indicated that 'runoff' may be sigificantly different for small watersheds and 

full GCM grid squares. The BATS simulated runoff in the Lower Colorado River Basin 

was close to the observed runoff from small watersheds, but nearly an order of magnitude 

higher than observed runoff for the entire grid square. This is mainly because the 

horizontal transmission losses characteriz the runoff in this area. Fortunately, in this grid 

square, the ratio of runoff to precipitation is less than 4%, and any errors in simulated 

BATS runoff will not seriously affect calculations of water and energy balances in this 

area. Better runoff modeling would be more critical in areas with higher runoff ratios. 

(6) Insensitive variables may indicate ways to simplify the land surface 

scheme. Energy and water fluxes were found to be relatively insensitive to some 

perturbation variables (for example, the rainfall starting time within a day; soil parameters: 

Scrat, Skfc; and vegetation parameters: Fseas, Fuw, XIaiO, RIai.). If further experiments 
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with a coupled GCM I land surface model confirm the insensitivity of these variables, 

some model simplification may be achievable. 

(7) BATS exhibited a range of complex but plausible behaviors. This lends 

greater credence to the model structure and suggests that the values of soil and vegetation 

parameters are reasonable. The results of the sensitivity experiments, however, cannot be 

considered a sufficient test of model accuracy; further evaluation and validation is 

suggested. 
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