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Abstract 

A methodology for assessing regional-scale hydrologic vulnerability to climate variability which incorporates 
ecologic and economic factors is presented. A simple economic model of damages due to hydrologic drought and the 
decision to invest in “augmented” yield to mitigate these damages is coupled to a statistical-dynamical, soil-vegetation-
climate model of the annual water balance (Eagleson, 1978). The coupling is through the cumulative distribution 
function (CDF) of annual basin yield as estimated by the Eagleson model. Using Bayesian concepts for optimal 
decision-making under uncertainty, uncertainty in the yield CDF is propagated through the drought damage model to 
the hypothetical investment decision. 

 
Introduction 

The concept of “vulnerability” has increasingly been a matter for discussion in the climate impact 
assessment literature. Despite the volume of papers written, there has yet to emerge a consensus as to how to 
define and quantify vulnerability to climate change. Part of the difficulty is due to the many dimensions of 
the problem; the vulnerability of a given geographic region is not just a function of climatic variables but 
also of the ecological and socioeconomic systems dependent on the climate of the region. Quantifying 
climatic vulnerability must therefore truly be an interdisciplinary effort. In this paper, we present a 
methodology for assessing regional-scale hydrologic vulnerability to climate variability which incorporates 
ecologic and economic factors. A simple economic model of damages due to hydrologic drought and the 
decision to undertake an investment to mitigate these damages is coupled to a statistical-dynamical, soil-
vegetation-climate model of the annual water balance (Eagleson. 1978). The coupling is through the 
cumulative distribution function (CDF) of annual basin yield as estimated by the Eagleson model. 

Thoroughly quantifying the impact of climate change on the variability (not just the mean) of a 
hydroclimatic variable is essential because the frequencies of extreme events such as droughts are more 
dependent on the dispersion about the mean of the variable than the mean itself (Katz and Brown, 1992). 
Uncertainty is related to variability and equally as important. An irreducible amount of uncertainty about the 
water yield from a basin in each of the coming years may exist because the drivers of the water balance in the 
basin (most particularly climate) are stochastic processes - as best as we can understand them. However, an 
additional, presumably reducible amount of uncertainty arises from our lacking the knowledge or resources 
to model perfectly the “deterministic” physical and biological processes involved. While a portion of the 
former type of uncertainty is accounted for by the Eagleson model with a CDF of basin yield derived from a 
stochastic model of precipitation, it does not directly account for the latter form. However, with statistical-
dynamical models such as Eagleson’s, uncertainty in at least model parameters can be evaluated using a 
variety of techniques such as Monte Carlo simulation with relatively low computational effort. In the 
following analysis we use Latin hypercube sampling (Morgan and Henrion, 1990) to examine the sensitivity 
of the CDF of annual yield of an experimental watershed in Oklahoma to uncertainties in several of the 
climate and vegetation parameters. The uncertainty in the yield CDF is propagated through the damage 
model to the investment decision using Bayesian concepts for optimal decision-making under uncertainty 
(Winkler and Murphy, 1985; Morgan and Henrion, 1990; Benjamin and Cornell, 1970). 

 
The Water Balance Model and its Application to the Study Watershed 

The Eagleson model is a statistical-dynamical representation of the annual-average water budget in 
the vertical dimension of a homogeneous soil column. The model is “driven” by a stochastic model of 
precipitation which assumes that storms are composed of rectangular pulses which arrive by a Poisson 
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process and that individual storm depths follow a gamma probability distribution. The soil physics of 
infiltration and exfiltration are based on the Philip (1957) solution to the one-dimensional equation of 
concentration-dependent diffusion and the Brooks and Corey (1966) model of soil hydraulic properties. 
Extraction of soil moisture by plant roots is modeled as a homogeneously distributed sink and is calculated as 
a fraction of potential evapotranspiration. Percolation to and capillary rise from a groundwater table are 
assumed to be steady-state fluxes. All fluxes are linearly superimposed. A key assumption of the model is 
that of the “time compression” of soil moisture, which replaces the time variability of soil moisture with its 
long-term mean (Salvucci and Entekhabi, 1994). The advantage of these and several other assumptions is 
that they allow for an analytical solution to the annual water balance and the derivation of a functional 
relationship between annual precipitation and the other components of the water balance. 

In this paper, the component of the water balance with which we are concerned is runoff. 
Unfortunately, a discussion of the strengths and weaknesses of the way in which the one-dimensional 
Eagleson model represents runoff processes is beyond the scope of the present paper. We are currently 
investigating methods of incorporating surface processes beyond the infiltration excess runoff already in the 
model (e.g., Salvucci and Entekhabi, 1995). As strong believers in problem- driven analysis, we feel that 
additional complexities brought to the model should be based on how the model is meant to be used. The 
economic and decision-analytic framework presented in this paper is one potential use of the Eagleson 
model. Improvements to the model can be measured against the extent to which they can help to assess 
vulnerabilities to climate change and variability and to maker better adaptation decisions in response to 
uncertainties about climate. One enhancement to the model which we have added and which clearly has 
shown merit is the division of the soil into two horizons: an upper zone, roughly corresponding to the root 
zone, which interacts dynamically with the atmosphere, and a lower zone in which steady-state percolation 
and capillary rise occur. Other than this addition to the model, the version we have used for this paper is 
identical to Eagleson’s original formulation. 

For the present study, we have applied the modified Eagleson model to the East Bitter Creek 
watershed, which is within a reach of the Washita River in central Oklahoma intensively studied by the 
USDA Agricultural Research Service (USDA-ARS, 1983) and others. The East Bitter Creek watershed is 92 
km2 in area and dominated by native mixed-grass rangeland with much smaller percentages of cultivated 
pasture, crops and timber. Runoff and precipitation were gauged by the ARS continuously at numerous 
points within the watershed from 1964 to 1977. Over this period, the average annual precipitation and 
instream runoff were respectively, 75.5 cm and 7.53 cm. 

The climate, soil and vegetation parameters of the water balance model and their values applied to 
the study watershed are listed in Table 1. Soil parameters were initially estimated from soil moisture 
retention and hydraulic conductivity data reported by Luxmoore and Sharma (1980) for a small, upland 
subcatchment in the watershed. These parameters were then adjusted over realistic and self-consistent ranges 
for the silt-loam soils that predominate in the watershed until the modeled mean annual total runoff and 
surface runoff were approximately equal to, respectively, the measured and estimated mean values. The 
annual average water balance estimated by the model after the fairly crude calibration of the soil parameters 
is shown in Table 2. 

As indicated in Table 2, an interesting feature of the model is its separate estimates of plant 
transpiration and bare soil evaporation. Transpiration is estimated in the model to occur at an areal and time-
averaged rate equal to a fraction, Mkv (canopy density x potential transpiration efficiency), of the potential 
rate of evapotranspiration. Eagleson has used the model to suggest that plants may adjust their value of M in 
response to soil-moisture stress in a way that maximizes long-term mean soil moisture (Eagleson, 1978; 
Eagleson, 1982; Eagleson and Tellers, 1982). Despite the simplicity of this “ecological optimality” 
assumption, it is a way of estimating at least the direction of vegetation response to the interannual variability 
of precipitation. We have been examining modifications to the vegetation component of the model, including 
ones that reduce transpiration rates during drought stress. 

The precipitation-water yield (P-Y) relationship estimated by the model for the parameterization in 
Table 1 is shown in Figure 1. Also shown in Figure 1 are the paired values of annual precipitation and yield 
measured over the period of record. It is quite evident from these data that the P-Y relationship is far from a 
true functional one. A variety of explanations are plausible for the amount of scatter about the monotonic 
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function estimated by the model. The most intriguing involve issues of modeling scale and resolution. Along 
these lines, we have begun developing a distributed-parameter, monthly version of the model. Initial work 
with the data from East Bitter Creek and its subwatersheds suggests that increasing temporal resolution is 
more important than increasing spatial resolution. 

 

 

 
Despite the fact that the P-Y function of the lumped-parameter, annual version of the model is 

capable of explaining only some of the variance in annual runoff, it still may be useful to an economic 
analysis such as that carried out in the second part of this paper. The additional variance can be considered 
random noise which will be lost in the derived CDF of annual yield. The model also has an analytical form 
for the CDF of annual precipitation, making the derivation of the CDF of annual yield from the P-Y function 
possible. Figure 2 compares the fit of the precipitation model to the empirical distribution of both a 68-year 
regionalized precipitation record and the eight years (1967-1974) of breakpoint precipitation data from which 
the storm parameters were derived. Whether or not the model actually accounts for all of the interannual 
variability of precipitation, it is clearly at least a better estimate than a fit to the eight annual values would 
provide. The derived CDF of yield produced by transforming the precipitation CDF with the P-Y function of 
the water balance model is shown in Figure 2, along with the empirical distribution for the 14 years of 
measured runoff from East Bitter Creek. As with the 8-year precipitation record, the short runoff record 
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exaggerates the amount of variability. This is largely due to the one year of 115 cm of precipitation which 
both the longer precipitation record and the precipitation model indicate has about a 50-year return period. 

 
In addition to providing a better estimate of the interannual variability of yield than would a short 

historical record, the water balance model also has the advantage of being a physically-based model. As such 
it can be used to examine the sensitivity of the yield CDF to changes in the model parameters as might arise 
from climate or land-use changes. Figure 3 shows the sensitivity of the modeled yield CDF to changes in 
three of the climate parameters and one of the vegetation parameters. The magnitudes of these changes are 
based on the likely ranges of regional-scale climate changes and vegetation responses under a 2xCO2 global 
climate (Schaake, 1990; Allen, 1991). For example, kv might increase as a result of greater water use 
efficiency of vegetation due to higher levels of CO2. With regard to the climate parameters, it is worth noting 
that, although roughly the same percentage change in annual mean precipitation would result from the same 
percent change in the two storm parameters, very different shifts in the yield CDF occur. Specifically, 
surface runoff is much more sensitive to changes in mean storm depth/intensity than storm frequency. 

 
An Economic Model of Drought Damages and Adaptation Decision-Making 

Although the water balance model has obvious utility in quantifying the frequency of years of low 
basin yield and the sensitivity of this frequency to climate and vegetation changes, it still does not tell the 
whole story of hydrologic vulnerability. Vulnerability necessarily also has a socioeconomic dimension. 
Water in rivers has a derived demand. In other words, it is not the flows themselves that society values but 
the aesthetic pleasure, ecological integrity, electric power, irrigation water, transportation, recreation 
opportunities, etc., that they provide. To demonstrate how one might begin to use the hydrologic information 
produced by the water balance model to assess the vulnerability of these economic and environmental goods 
and services to climate variability, we hypothesize a highly simplified world wherein one or a set of these 
goods or services are not adversely impacted as long as the yield of the basin of interest in any given year is 
above a “critical threshold”. Below this threshold, damages are incurred which are an increasing function of 
the deficit below the threshold. Damages most typically would be measured in monetary terms, but in the 
otherworld of economics one is free to measure them in terms of, for example, fish killed or utils of lost 
enjoyment. Depending on the nature of the goods or services and associated damages, it could be argued that 
marginal damages increase, decrease or stay the same with the magnitude of the yield deficit. An exponential 
curve is a simple yet flexible equation which can be fit to any of the three types of marginal damage: D = 0, 
Y>Yc; D = a(Yc - Y)b, Y<Yc. The frequency of damages will increase with the critical threshold, Yc, and the 
magnitude with the coefficient, a, and the exponent, b. 

The probability of damages above a given value can be obtained from the CDF of damages which is 
derived with the damage function and the yield CDF. From the damages CDF, the expectation of annual 
damages can be calculated. For example, the expected annual damages are 8.2 for the base case yield CDF in 
Figure 3 and damage curve parameters: Yc = 8 cm, a=1, b=2. Figure 4 shows the sensitivity of these annual 
expected damages to the same climate and vegetation parameters that were varied in Figure 3. As expected 
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from the fact that runoff is most sensitive to mean storm depth/intensity, drought damages are also most 
sensitive to these paired parameters. 

 

 
Quantification of the frequency and magnitude of damages from drought still misses an additional 

aspect of vulnerability to climate change. Vulnerability is also a function of the ability of a society or an 
ecosystem to respond to climate change by adapting to the new climate in a way that mitigates damages. To 
examine this aspect of hydrologic vulnerability, we again turn to simplified economics. We suppose that it is 
possible through some type of investment to reduce the critical threshold, Yc, of the damage function. The 
amount by which the threshold is reduced is termed the augmented yield, Ya. The value of the parameters a 
and b of the damage function are assumed unaltered by the value of Ya. Damages are now a function of the 
Yield CDF shifted by Ya: D=0, Y>Yc-Ya; D = a(Yc-Ya-Y)b, Y<Yc-Ya. The concept of augmented yield probably 
makes most sense for an investment consisting of the construction of a reservoir which is capable of 
providing a safe yield equal to Ya. It also might make sense, though, for a project which protects or improves 
the habitat of an endangered species of fish susceptible to low flows. The shape of the function of annualized 
costs depends on the specific nature of the investment(s) considered. We again use a flexible exponential 
function to model the investment cost curve: C = cYa

d. As good economic optimizers, and ignoring any 
tendency to risk aversion, we would choose to invest in a level of Ya=Ya

* which minimizes the annual 
expected loss (equal to the annualized cost of the investment plus the annual expected damages given the 
reduced critical threshold). The optimal investment which minimizes expected loss is typically referred to as 
Bayes’ Decision. For example sake, we use the water balance model parameters in Table 1 and economic 
parameters: Yc = 8, a = 1, b = 2, c = 3, d = 1. The resulting value of Ya

* = 0.4 cm corresponds to an expected 
annual loss of 8.1 (in comparison to the annual expected damages of 8.2 for no investment). For the given set 
of model parameters, one thus could conclude that the water resource system of the basin is for-the-most-part 
adapted as best as possible to the current climate. 

Ideally, one could use the above economic model coupled to the regional-scale version of the water 
balance model to decide how to adapt to a potentially new climate. A few complexities should be added such 
as consideration of the likelihood and effects of multi-year droughts and the transience of climate change. 
One might argue that a fatal flaw of such an effort is that regional-scale estimates of climate change are at 
present highly uncertain, and therefore one would be at a loss to select values for the climate parameters. One 
of the advantages, though, of the water balance model is the relative ease with which uncertainty can be 
treated. Bayesian decision theory in fact recommends that uncertainty be included in the analysis. In order to 
investigate the importance of climate uncertainty for our hypothetical adaptation decision we ran the 
hydrological model 625 times, sampling each time by the Latin hypercube method from probability 
distributions of the four vegetation and climate parameters varied in Figures 3 and 4. In the absence of any 
sophisticated expert elicitation or uncertainty analysis of climate model output, uniform probability 
distributions were used for each of the four parameters, with ranges identical to those in Figure 3. With the 
assumption that the resulting 625 CDFs of annual yield were all equally as likely (i.e., the input parameters 
are independent), we used the economic model to find the value, Yaiu

* = 1.5 cm, the augmented yield which 



Reprinted from the Proceedings of the North American Water and Environment Congress, Edited by Chenchayya T Bathala, F ASCE, Anaheim, CA 
1996 

  2162 

minimizes expected loss (equal to 11.1) given uncertainties in the parameters of the water balance model. 
This value can be compared to Ya

* = 0.4 cm, which was selected when uncertainty in the model parameters 
was ignored. Given the assumed uncertainties, investment in Ya

* would result in annual expected losses of 
22.8, more than twice the amount associated with Yaiu

*. Thus there is the potential for large benefits in 
including uncertainty in the analysis. 
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