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Simulation of Lake Evaporation With Application to Modeling Lake Level 
Variations of Harney-Malheur Lake, Oregon 
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A physically based eddy diffusion model for simulating the seasonal variation in lake temperature 
and evaporation is presented and validated. Because no lake-specific fitting of the parameters of the 
model is necessary, the model can be used to simulate evaporation in studies of climate change and 
lake hydrology in a variety of settings. The eddy diffusion model is used to simulate evaporation for 
input to a simple lake level model that is applied to reconstruct recent fluctuations in the level of 
Harney-Malheur Lake caused by climatic variations. 

INTRODUCTION 

The hydrologic balance of a lake represents a direct 
response to prevailing climatic conditions in unregulated 
lake basins. Evaporation is a primary path for water loss 
from most lakes; therefore in order to assess the relation 
between climatic variations and fluctuations in the size 

(level) of a lake a method for estimating evaporation rates 
that is sensitive to climatic variations is required. This 
requirement necessitates use of physically based models for 
estimating evaporation rates and precludes the use of empir- 
ically based methods of estimating evaporation (e.g., 
through correlations with pan evaporation). 

Evaporation occurs whenever there is a vapor pressure 
deficit between a lake surface and the overlying atmosphere 
and sufficient energy is available. The air is always at 
saturation at the interface between the air and the lake 

surface; the saturation vapor pressure at the interface is a 
function of the lake surface temperature. Accurate estimates 
of lake surface temperature therefore are prerequisite to 
accurate estimates of evaporation. 

In very shallow lakes the seasonal cycle of water temper- 
ature is in phase with the seasonal cycles of net radiative 
forcing and air temperature. Owing to these synchroneities, 
the surface temperature of shallow lakes can be estimated by 
a simple model of the surface energy balance (SEB), if the 
water column is always isothermal. In deeper lakes, how- 
ever, a significant amount of heat can be stored in the water 
during the heating period in the summer and released from 
the water during the cooling period in the fall. Storage of 
heat in such lakes is evident in the seasonal pattern of 
temperature stratification. The thermal inertia of the lake 
water causes lake heating to be out of phase with radiative 
forcing and air temperature and thus leads to high rates of 
evaporation in the fall. For this reason a model of the 
thermal structure and evaporation of a lake must account for 
the flux of heat into or out of storage over the seasonal cycle. 

The seasonal cycles of temperature and heat storage of a 
lake can be simulated by one-dimensional stratification mod- 
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els that account for the physics of the (vertical) processes 
that are most important in controlling lake heating, these 
include imbalance in the SEB, absorption of penetrating 
solar radiation, turbulent mixing, and convection. Stratifica- 
tion models are based on the mathematical equations of the 
vertical heat and momentum profiles [e.g., Niiler, 1975; 
Mellor and Durbin, 1975]. Two general classes of stratifica- 
tion models currently are in use: mixed layer or integral 
models and eddy diffusion or differential models. The under- 
lying theories of these two model classes have been dis- 
cussed and critiqued by many authors [e.g., Woods, 1977; 
Niiler and Kraus, 1977; Harleman, 1982; Kraus, 1988; 
Hearn, 1988; McCormick and Meadows, 1988; Henderson- 
Sellers and Davies, 1989]. Intermodel comparisons have 
been made to illustrate the strengths and weaknesses in the 
performance of different mixed-layer and eddy diffusion 
models [e.g., Martin, 1985; Gaspar et al., 1988; McCormick 
and Meadows, 1988]. 

In practice, no single class of model can be identified as 
being the best for all applications; rather, selection of a 
model is best guided by the intended use. Our goal was to 
develop a model to estimate evaporation for studies of 
climate change and lake level fluctuation at a variety of 
lakes. To meet this objective, an eddy diffusion model was 
selected. Models of this class have been used successfully to 
simulate thermal stratification in a variety of limnologic 
studies [e.g., Babajimopoulos and Papadopoulos, 1986; 
Kirk, 1988; Aldama et al., 1989] and have been shown to 
predict adequately both surface temperature and the sea- 
sonal storage of heat [e.g., Martin, 1985; Gaspar et al., 1988; 
McCormick and Meadows, 1988]. In addition to their pre- 
dictive capabilities, eddy diffusion models are numerically 
stable over long periods of integration, during which propa- 
gation of errors seriously could affect model results. The 
models are also relatively inexpensive to run for long-term 
simulations [Gaspar et al., 1988]. 

In this paper we present an eddy diffusion model that was 

different lakes without lake-specific "tuning" of model pa- 
rameters. The model and model process equations are dis- 
cussed, as are results of a model validation study for three 

26O3 
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lakes with different morphologies and climatic settings. The 
eddy diffusion model was used to simulate evaporation for 
input to a simple water balance model that we applied to 
reconstruct recent, climatically caused lake level fluctua- 
tions of Harney-Malheur Lake. 

MODEL SPECIFICATION 

The governing equation for the one-dimensional model is 
written 

OT 1 0 A(z)[K + K(z, t)] • m m 
Ot A(z) Oz A(z) C• Oz 

(1) 

where T is water temperature (øC), t is time (day), z is depth 
from the surface (m), A(z) is lake area at depth z (m 2), Km is 
the molecular diffusion of water (m 2 d-I), K(z,t) is eddy 
diffusivity (m 2 d-I), Cw is the volumetric heat capacity of 
water (J m -3 øC-•), and ß is a heat source term (W m-2). 
The heat source term [Dake and Harleman, 1969] accounts 
for subsurface heating by the absorption of penetrating solar 
radiation, in accordance with Beer's law 

eb = (1 - 13) K*e -(•z) (2) 

where /3 is the proportion of shortwave radiation that is 
absorbed in the surface layer, • is the light extinction 
coefficient for water (m-I), and K* is the net shortwave 
radiation at the water surface (W m-2). Following Dake and 
Harleman [1969] and Ryan and Harleman [1971], we assume 
that 40% of the net shortwave radiation striking the lake 
surface is absorbed in the surface layer; the remaining 60% is 
absorbed at depth. The surface boundary condition couples 
(1) with the balance of heat energy at the lake surface: 

Into + K(Z, t)] OT/Oz = K* + L c•- Lu +-- Qe -4- Qh (3) 

where L} is net long-wave radiation from the atmosphere 
(W m-2), Lu is long-wave radiation from the lake surface (W 
m-2), Qe is the flux of latent heat (W m-2), and Qh is the flux 
of sensible heat (W m-2). 

The exchange of heat between the lake and the overlying 
atmosphere takes place in the top 0.6 m of water in the 
model. All components of the energy balance are absorbed 
in, or radiated from, this water surface layer. 

If a lake is sufficiently deep or turbid, little heat is 
transferred between the underlying lake sediments and the 
water. The bottom boundary condition for an insulated lake 
bottom is written 

OT 
--= 0 (4) [•rn + K(Z, t)] Oz 

The required initial conditions for (1) are provided by 
specifying the temperature profile of the lake at time zero, 
that is, To(z) for all z. 

Eddy Diffusion 

K(z) = (kw*z/Po)e(-k*z)(1 + 37Ri2) -• (5) 

where k is von Karman's constant (0.4), w* is the surface 
value of the friction velocity (m s-•), P0 is the neutral value 
of the turbulent Prandtl number (1.0), k* is a latitudinally 
dependent parameter of the Ekman profile, and Ri is the 
gradient Richardson number. The surface value of the fric- 
tion velocity is determined from 

w* = 1.2 x 10-3U2 (6) 

where U2 is the wind speed 2 m above the water surface (m 
s -•). The parameter k* is determined from 

k* = 6.6(sin •b) •/2 U•- •.84 (7) 

where qb is the latitude of the lake being modeled. The 
gradient Richardson number is parameterized by Hender- 
son-Sellers as 

- 1 + {1 + 40N2k2z2/[w*2 exp (-2k*z)]}•/2 
Ri = (8) 

20 

where the Brunt-Vaisala frequency N is specified as 

N = [-glp(Op/Oz)] •/2 (9) 

We approximate the density of fresh water p (kg m -3) as a 
function of temperature from the formula of Heggen [1983]: 

p = (1 - 1.9549 x 10-SITe- 2771•.68)103 (10) 

where Tk is the water temperature in degrees Kelvin. 

Convective Mixing 

A full-depth convective mixing scheme modified after 
Orlob and $elna [1970] and Ryan and Harleman [1971] is 
included in the model. This scheme enables simulation of 

deep convective mixing during the spring and fall and during 
periods of ice cover. The convective mixing scheme is based 
on the assumption that large temperature instabilities (i.e., 
warmer water underlying colder water) will not exist in 
freshwater lakes for any extended period of time. Tempera- 
ture instabilities are eliminated by iteratively mixing the 
excess heat into adjacent "layers" of the lake until the 
between-layer temperature difference is less than a small 
specified value. 

Simulation of Ice Cover 

Many lakes at higher elevations and latitudes develop ice 
cover during the winter. To continue temperature and evap- 
oration simulations on such lakes throughout the year, a 
simple algorithm for simulating ice cover is included in the 
model, and some model processes are changed. The assump- 
tions that underlie this algorithm are based in part on studies 
by Pivovarov [1973], Ragotzkie [1978], and Oke [1987]. The 
assumptions are (1) ice forms when the simulated water 
surface temperature is less than or equal to IøC and melts 
when the simulated surface temperature is greater than IøC, 
(2) the rate of ice formation or melting is an exponential 

To simulat e the d•si0n Of heat by eddie s, we USed the function of ice thickness, tha• is, the thlc•ker the ic e cove r the 
method of Henderson-Sellers [1985], which requires no slower the rate of formation, and the thinner the ice the 
lake-specific fitting of parameters. Henderson-Sellers param- faster the rate of melting, (3) the heat of fusion is added to, 
eterizes the eddy diffusion coefficient as or subtracted from, the surface energy balance as ice forms 
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or melts, (4) the mass transfer technique can be used to 
estimate evaporation (sublimation) without modifying the 
mass transfer coefficient, (5) diffusion of heat occurs only on 
the molecular level while ice is present, (6) while ice cover is 
present, convective mixing occurs in the water under the ice, 
and (7) while ice cover is present, surface absorption of the 
incoming solar radiation increases from 40 to 85%. 

We emphasize that the method for estimating ice in the 
eddy diffusion model is not intended to be a comprehensive 
model of lake ice; rather, it is intended to allow reasonable 
simulation of winter evaporation. This approach is sufficient 
for our purposes because relative errors in simulating winter 
evaporation are less critical to lake level prediction than are 
errors associated with high evaporation periods. 

Process Equations and Parameters Used 
in the Model 

Net shortwave radiation at the lake surface K* is deter- 

mined by 

K* = Kd(1 - As) (11) 

where Kd is incoming global shortwave radiation (W m -Z) 
and As is the shortwave albedo of the water surface. The 
albedo of the water surface is estimated as a time-dependent 
function of solar position and mean cloudiness after Pivo- 
varov [1973] and Henderson-Sellers [1986]: 

Asa = (atd/2H•r)F (12) 

where a is a parameter that depends both on cloud cover and 
the Julian day, t d is the number of seconds in a day, H is the 
haft-day length, and F is an integration factor. The parameter 
a is determined from 

a = 0.02 + 0.01(0.5 - C){1.0 - sin [½r(I- 81)/183]} (13) 

where C is the fraction of sky obscured by cloud (tenths), 
and I is the Julian day. The haft-day length is determined 
from 

cos H = -tan (0) tan (15) (14) 

where 0 is latitude, and • is the solar declination which is 
determined by [eke, 1987] 

• = -23.4 cos [360(1 + 10)/365] (15) 

The integration factor F is determined by 

F=2(b 2-c2) -la tan -I(B m) b 2- c 2 > 0 
(16) 

F = (- b + c 2) -1/2 In {[ 1 + (-B) 1/2]/[1 - (-B) 1/2]} 

where 

b2-c2<0 

b = a + sin (0) sin (8) (17) 

c = cos (0) cos (/J) (18) 

B = [(b - c)/(b + c)] tan 2 (rrH/2td) (19) 

Long-wave radiation from the atmosphere is approxi- 
mated by the Stefan-Boltzmann law: 

La = e atr(Ta + 273) 4 (20) 

where E a is the emissivity of the atmosphere, •r is the 
Stefan-Boltzmann constant (W m -2 øK-4), and T a is the 
temperature of the air (øC). The emissivity of the atmosphere 
is determined as a function of cloud cover and air vapor 
pressure by the method of Henderson-Sellers [1986]: 

E a = 0.84 - (0.1 - 9.973 x 10-6ea)(1 - C) 

+ 3.491 x 10-Sea 1 - C -> 0.4 (21) 

E a = 0.87 - (0.175 - 29.92 x 10-6ea)(1 - C) 

+ 2.693 x 10-Sea 1 - C < 0.4 (22) 

where e a is air vapor pressure (kPa). At the lake surface, 
long-wave radiation from the atmosphere is determined by 

L•=(1 -A1)Ld (23) 

where A 1 • 0.3 is the longwave albedo of the lake surface. 
The long-wave radiation emitted from the lake surface also is 
determined by the Stefan-Boltzmann law: 

Lu = etr(Ts + 273) 4 (24) 

where e -- 0.97, and T s is the temperature of the lake 
surface. 

Evaporation is determined in the model by the mass 
transfer technique of Harbeck [1962]: 

E = NU2(eo- e a) (25) 

where E is evaporation (mm), N is the empirically deter- 
mined mass transfer coefficient (mm s m -1 kPa-1), and e0 is 
the saturation vapor pressure at the lake surface (kPa). The 
mass transfer coefficient is determined by 

N = 0.029A -ø'ø5 (26) 

where A is the surface area of the lake (km2). The saturation 
vapor pressure at the lake surface is estimated by the 
equation of Richards [1971]: 

e0 = 101.325 exp (13.3185tk- 1.9760t• 

- 0.6445/• - 0.1299/•) (27) 

where tk = 1 - [373.15/(Ts + 273)]. The ambient vapor 
pressure of the air is estimated by [eke, 1987] 

ea = ea*- •/(Ta - Tw) (28) 

* determined by (27), is the saturation vapor pres- where e a, 
sure of the air (kPa) at the wet bulb temperature, •, is the 
psychrometric constant (kPa øC-1), Ta is the dry bulb 
temperature of the air (øC), and T• is the wet bulb temper- 
ature of the air (øC). 

The flux of latent heat •e (W m -2) is determined by 

Qe-' pLeE (29) 

where p is the density of the evaporated water vapor (= 1 kg 
m-3), and L e is the latent heat of vaporization (MJ kg-1). 
The latent heat of vaporization is determined by the equation 
of Henderson-Sellers [1984]: 

Le(Ts) = 1.91846 X 106[(Ts + 273)/(Ts + 329.09)] 2 (30) 
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Fig. 1. Simulated (solid curve) and observed (pluses) surface 
temperature of Salton Sea, California (after Hostetler [1987]). Ob- 
served data from Hughes [ 1967]. 

The flux of sensible heat Qh is computed by a Bowen ratio 
approach 

Q• = RQe (31) 

where the Bowen ratio R is determined by 

R = •/(Ts- Ta)/(eo- ea) (32) 

Solution of the Heat Transport Equations 

An explicit finite difference technique, which employs a 
central difference approximation, is used to solve the heat 
transport equations (1)-(3). The nonlinear diffusion term in 
(1), that is, the first term on the fight-hand side, is evaluated 
by a linear approximation. The solution technique is imple- 
mented by evaluating the heat balance of 1-m "slices" of the 
lake [Orlob and Selna, 1970; Ryan and Harleman, 1971]. A 
maximum time step of 1 day is used in the computations; 
however, a variable time step approach is invoked whenever 
it is necessary to reduce the time step to meet the numerical 
stability criterion of the explicit method, i.e., 

At _< Az2/2[•:m + K(Z, t)] (33) 

where At and Az, respectively, are the computational incre- 
ments of time and depth. 

dz = (P - E) + [I/A(z)] (34) 

where dz is the change in lake surface elevation, P is the rate 
of precipitation over the lake, I is the rate of streamflow 
discharge into the lake, and A(z) is the surface area of the 
lake at elevation z. In our application, observed or estimated 
values of water input rates are used in (34), and evaporation 
rates are simulated by the eddy diffusion model. To simulate, 
for example, monthly change of lake level, daily rates of 
evaporation are summed and, after a month of simulation, a 
water balance is computed with monthly values of precipi- 
tation and discharge. The water balance yields an incremen- 
tal change in level for the month, which is used to adjust the 
lake elevation. A new lake surface area is determined from 

the lake depth/area data, and the simulation proceeds. 

MODEL VALIDATION 

Some form of testing must be undertaken to assess the 
validity of a model before it can be applied. The eddy 
diffusion model was validated with data from three lakes: 

Salton Sea, California (33ø15'N, surface area 930 km 2, 
maximum depth 12 m), Pretty Lake, Indiana (40ø34.5'N, 
surface area 0.75 km 2, maximum depth 24 m), and Pyramid 
Lake, Nevada, (41øN, surface area 430 km 2, maximum 
depth 100 m). 

Pretty Lake and Salton Sea 

For the Salton Sea and Pretty Lake simulations 
[Hostetler, 1987], model input data were obtained from 
evaporation field studies by Hughes [ 1967] and Ficke [ 1972], 
respectively. Daily data values were interpolated by cubic 
splines which were fitted to observed averages for periods 
that ranged from a few days to several weeks. The mass 
transfer coefficients determined by Hughes [ 1967] and Ficke 
[1972] were used for the simulations. Using these derived 
data sets, the modeled surface temperature of each lake was 
in good agreement with the measured temperatures (Figures 
1 and 2). Simulated evaporation rates also were in good 
agreement with reported values from each study (Figures 3 

Lake Level Model 

For simulation of lake level change in a closed lake basin 
(such as the Harney Basin), a simple water balance model 
can be used to equate changes in lake level to the sum of the 
water balance components 
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Fig. 2. Simulated (solid curve) and observed (pluses) surface 
temperature of Pretty Lake, Indiana (after Hostetler [1987]). Ob- 
served data from Ficke [ 1972]. 
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Fig. 3. Scatter Plot o• simuated and obscrv½d evaporation rates 
at Salton Sea (R 2 = 0.98, p < 0.01) (after Hostctlcr []987]). Total 
simulated evaporation for the Z-year period was )65.8 cm, total 
estimated evaporation was )67.0 cm. Observed data ½rom H,•h•½ 
[ 
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Fig. 6. Randomly selected simulated (solid curves) and ob- 
served (symbols) depth/temperature profiles recorded at different 
raft sites on Pyramid Lake: (a) February 19, 1988, (b) June 26, 1988, 
(c) August 8, 1988, (d) October 27, 1988 (from Hostetler and Benson 
[ 1990]). 

Fig. 4. Scatter plot of simulated and observed evaporation rates 
at Pretty Lake (R 2 = 0.86, p < 0.01) (after Hostetler [1987]). Total 
simulated evaporation for the 2-year period was 144.5 mm, total 
estimated evaporation was 146.5 mm. Observed data from Ficke 
[ 1972]. 

and 4). The larger scatter between reported and simulated 
•evaporation at Pretty Lake may in part be due to our errors 
in estimating values of air temperature and air vapor data 
from graphical displays of these data by Ficke [1972]. 

Pyramid Lake 

The data set used for the Pyramid Lake validation was 
taken from the first year of a 2-year (1987-1989) study of the 
meteorology and thermal evolution of Pyramid Lake, Ne- 
vada, conducted by the U.S. Geological Survey Arid Re- 
gions Climate Project. Daily average values of the meteoro- 
logic data for input to the model were computed from hourly 
observations. Simultaneous measurements of water temper- 
ature were taken, at rafts outfitted with thermistor strings, as 
a means of validating the thermal model simulations of the 
temperature profile. The mass transfer coefficient was com- 
puted from (25). Using the observed daily input data set, the 
model was able to simulate both short-term and seasonal 

variations of surface temperature (Figure 5). The model also 
simulated with good accuracy the seasonal cycle of thermal 
stratification of Pyramid Lake (Figure 6). The model- 
simulated evaporation rates for Pyramid Lake (Figure 7) 
compared well with long-term monthly and annual values 
reported by Harding [1965] and with annual values derived 
for Pyramid Lake by Milne [1987]. 

APPLICATION TO HARNEY-MALHEUR LAKE 

Harney and Malheur Lakes are situated in the hydrologi- 
cally closed Harney basin in the high desert of southeastern 
Oregon (Figure 8). Malheur Lake receives discharge from 
the $ilvies and Donner und Blitzen Rivers, and Harney Lake 
is supplied by Silver Creek. Together these streams drain a 
basin area of---8050 km2. 

Beginning in 1982, an increase in effective moisture 
throughout the Harney-Malheur basin (precipitation rates of 
135, 113, and 160% of the 43-year mean during 1981, 1982, 
and 1983, respectively) caused Harney-Malheur Lake to rise 
over 2 m and attain a depth of more than 4 m during 1984 and 
1985. In May 1986 the lake reached a depth of 4.4 m (surface 
elevation 1250.5 m), the maximum depth attained by the lake 
during the instrumented record. Because Harney-Malheur 
Lake occupies a closed basin with a high area to depth ratio, 
from 1980 to 1986 the surface area of the lake increased from 

300 to 657 km 2 (Figure 8). As a result of this dramatic 
increase in the surface area of the lake, public facilities and 
large areas of agricultural land were flooded. 

The modeling period was 2355 days long, beginning Feb- 
mary 1, 1980, and ending July 15, 1986. The meteorologic 
input data for the thermal model and the hydrological data 
for the lake level model either were obtained from observa- 

tions or were estimated. Monthly values of the meteorolog- 
ical data were fitted with cubic splines to derive daily input 
values. Less than 3 min of computation time on a microcom- 
puter were required for the simulation. 
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Fig. 5. Simulated (solid curve) and observed surface tempera- 
ture (symbols) recorded at different raft sites on Pyramid Lake, 
Nevada (from Hostetler and Benson [1990]). 
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Fig. 7. Simulated daily evaporation rate of Pyramid Lake; the 
annual total is 1311 mm (from Hostetler and Benson [1990]). 
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Environmental Remote Sensing Applications Laboratory [1986]. 
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Fig. 9. Daily meteorological data for the 1980-1986 simulation of 
the level of Harney-Malheur Lake. 

Meteorological Input Data 

The meteorological input data set is illustrated in Figure 9. 
Air temperature (wet and dry bulb), wind speed, and cloud 
data were obtained from National Oceanic and Atmospheric 
Administration (NOAA) climatological data for Bums (23 
km northwest of Malheur Lake). Several model input vari- 
ables were not observed by NOAA, and data for these 
variables were computed or estimated. Air vapor pressure 
was computed from observed values of dry and wet bulb air 
temperature in (27). Net shortwave radiation at the water 
surface was estimated by using (11)-(19). Global shortwave 
radiation was Observed at Bums, and the data were obtained 
from Solar Monitoring Laboratory [1987]. Long-wave radi- 
ation fro• the atmosphere was estimated using observed air 
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Fig. 10. Monthly hydrological data for the 1980-1986 simulation 
of the level of Harney-Malheur Lake. Flow-equivalent precipitation 
was computed using a lake area corresponding to mean elevation of 
1249 m. 

te.mperature and cloud cover and computed air vapor pres- 
sure in (20)-(23). 
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Fig. 11. The simulated, daily energy balance components for the 
1980-1986 simulation of the level of Harney-Malheur Lake. 

burgh, 1971; Hubbard, 1975] indicates that net transfer of 
groundwater to Malheur Lake is minimal during normal or 
dry climatic conditions. The U.S. Army Corps of Engineers 
and the USGS in 1983 estimated groundwater inflow rates at 
Harney-Malheur Lake [U.S. Army Corps of Engineers, 
1987]; however, no extensive study of the groundwater 
hydrology was made during the period being modeled. The 
groundwater data for the lake level simulations (Figure 10) 
were based on the annual estimates reported by the U.S. 
Army Corps of Engineers [1987]. Monthly groundwater 
discharge data were derived by apportioning the estimated 
annual flows according to the monthly distributions of sur- 
face' water discharge. Prior to 1983, net groundwater flow 
was assumed to be zero. 

observed at 

data for th e Si!vies and Don, 

ß obtained from the U.S. Geolog- 
District office in Portland. The stream, 

along Silver Creek was removed by the USGS 
r to 19.80, so Silver Cre•k discharge data for the model- 

ing period were estimated by.•regression. The regression 
.eqUation ,was derived bY Correlating the 1970-1979 monthly 
:average: diSCharge record før Sfl.ver Creek with. the co rre- 
spOnding record for the Silvies River. Before the regression 
Was performed the raw data were seasonally standardized 
and lbg-transformed. 

Previous work [Leonard, 1970; Phillips and Van Den- 

Other Model .Input Data and Variables 

A light extinction coefficient value of 1.2 m -• was speci- 
fied to reflect the rather high levels of mineral turbidity in 
Harney-Malheur Lake. Basin depth/area data were obtained 
from data published by the U.S. Army Corps of Engineers 
[1987]. The mass transfer coefficient used in the model was 
computed by using (26). A new coefficient was computed 
after each monthly water balance to account for changes in 
the Surface area of the lake. 

Thermal Model Results 

The simulated components of the SEB are illustrated in 
Figure 11. From 1980 to 1983, monthly evaporation rates 
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Fig. 12. (a) Simulated monthly evaporation rates for the 
1980-1986 simulation of the level of Harney-Malheur Lake. (b) 
Simulated evaporation rate scaled to the basin water budget. Flow- 
equivalent evaporation was computed using.• lake area correspond- 
ing to mean elevation of 1249 m. (c) Simulated water surface 
temperature. The horizontal bars indicate the duration of simulated 
ice cover. 

decreased slightly (Figure 12a). Beginning in 1984, monthly 
evaporation rates increased and attained a maximum in 1986. 
This trend, in part, reflects the influence on evaporation of 
increasing heat storage within the lake. The increasing trend 
in evaporation also was due to periods of relatively higher 
wind speeds (Figure 9). During 1985 and 1986, evaporation 
rates were further enhanced by decreases in atmospheric 
vapor pressure (Figure 9). On an annual basis, from 1981 to 
1985, the simulated evaporation rates were 900, 879, 923, 
967, and 1026 mm, respectively, which is a net increase of 
--• 14% over the 5-year period. Total pan evaporation, mea- 
sured from April through October at Malheur Experimental 
Station, also increased --•12% during the same period [U.S. 
Army Corps of Engineers, 1987]. The relative magnitude of 
the simulated evaporation in the 6-year water balance of the 
lake is illustrated by comparing the volume-equivalent rate 
of evaporation (Figure 12b) to the hydrologic inputs (Figure 
10). A lake area corresponding to an elevation of 1249 m was 
used to scale the monthly evaporation to volume-equivalent 
rates. 

No observed data for lake surface temperature were 
available to compare with model-simulated temperatures 
(Figure 12c). An increase in the seasonality of lake surface 
temperature throughout the period was simulated by the 
model, primarily due to colder winter temperatures. The 
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Fig. 13. Simulated versus observed lake level variations for the 
1980-1986 simulation of the level of Harney-Malheur Lake. Obser- 
vations are from unpublished USGS data. 

Lake Level Modeling Results, 1980-1986 

Our simulated lake level variations (Figure 13) agreed well 
with observed lake level data that were available from the 

U.S. Army Corps of Engineers [ 1987] and the USGS office in 
Portland. (The interruption in the observed lake level record 
was caused by repeated relocations of the USGS stage 
recorder as the lake rose.) Moreover, the model was able to 
simulate accurately lake level fluctuations that occurred 
before, during, and after the climatically caused rising trend 
that began in 1982. 

Alternative Simulations of Lake Level 

To demonstrate further the potential advantage of the 
eddy diffusion model for simulating evaporation, we carded 
out two supplemental calculations of the 1980-1986 lake 
level fluctuations with the lake level model. For these 

alternative experiments the hydrologic inputs from the pre- 
vious lake level simulation were used, but instead of simu- 
lating evaporation rates we substituted conventional esti- 
mates of evaporation selected from published values. 

In the first experiment, monthly evaporation rates were 
derived by multiplying the pan evaporation rates reported by 
the U.S. Army Corps of Engineers [1987] by an uncorrected 
pan coefficient of 0.69. The value of the pan coefficient is the 
average value used in the U.S. Army Corps of Engineers' 
[1987] study of Harney-Malheur Lake. With the derived 
evaporation rates the seasonal fluctuations of lake level were 
preserved throughout the period, but the simulated rise of 
the lake consistently was higher than that observed (Figure 
14, time series A), indicating that, for the period being 
modeled, evaporation rates were underestimated by this 
approach. Bettersagreement between observed and com- 
puted lake levels could be obtained by adjusting the pan 
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simulated depth/temperature profiles are not presented. Fig. 14. Simulation of lake level using two different fixed evap- 
Brief periods of weak stratification were simulated by the oration rates. Time series A was generated by using observed pan 

evaporation and a pan coefficient of 0.69 [Army Corps of Engineers, 
model; however, because the lake is so shallow, simulated 1987]. Time series B was generated by apportioning an annual 
wind mixing and solar heating suppressed the formation of a evaporation rate of 1016 mm [Linsley et al., 1982] into monthly 
persistent thermocline. values. 
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coefficient on a monthly basis in a retrospective fashion, but 
without data to support either increasing or decreasing the 
coefficient such adjustments would be arbitrary. 

In the second experiment an annual evaporation rate of 
1016 mm was obtained from a contour map of lake evapora- 
tion presented by Linsley et al. [1982]. The annual rate was 
apportioned into monthly values according to the monthly 
distribution of the observed pan evaporation data that were 
used in the first alternative experiment. With these derived 
evaporation rates the seasonal fluctuations of lake level 
again were preserved, but the simulated rise of the lake 
consistently was lower than the observed levels (Figure 14, 
time series B). This result indicates that, for the time period 
being modeled, the map data overestimated evaporation at 
Harney-Malheur Lake. 

CONCLUDING REMARKS 

The observed fluctuations in lake level were accurately 
reproduced by the lake level model before, during, and after 
the climate variation that took place throughout the Harney 
basin. We attribute the accuracy of the simulation in part to 
the ability of the eddy diffusion model to correctly simulate 
evaporation variations controlled by climate. Our results 
indicate that although the ultimate magnitude of the lake 
level rise was controlled, in part, by evaporation, the rising 
trend was predominantly caused by greater water inputs to 
the lake and not to a slowing of evaporation rates. To the 
contrary, simulated evaporation increased along with pre- 
cipitation and streamflow discharge in the basin during the 
study period. 

The eddy diffusion model presented in this paper provides 
a physically based method for obtaining estimates of tem- 
perature and evaporation for a variety of lakes. The rela- 
tively simple model, which requires a small set of input data, 
can be used for studies of evaporation with no lake-specific 
tuning of model parameters. Because the model is sensitive 
to the climatic input variables, it also provides a tool for 
investigating the response of lake level to climate change. 
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