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Introduction 

The temperature of water released from the upper storage reservoir during 

generation may influence to a large extent the hydrodynamics of Lake Elsinore 

during operation of LEAPS. Release of water cooler than the water column of 

Lake Elsinore will result in an underflow condition where the water will sink and 

migrate laterally along the bottom of the lake, potentially aerating (and/or 

resuspending) the bottom sediments. Conversely, higher temperature waters 

may result in overflow conditions (i.e., where warm waters spread over the 

surface of the lake) (Martin and McCutcheon, 1999). Release of water 

intermediate in temperature will result in horizontal flows somewhere in the 

thermocline, with turbulent kinetic energy input into this layer potentially 

hastening destratification. Understanding the temperature of the water released 

during generation will thus be important in predicting possible effects of LEAPS 

operation on the lake. Convective and evaporative heat loss, as well as back 

radiation, may substantially lower nighttime heat contents and temperatures of 

waters in both Lake Elsinore and the upper reservoir. These heat loss processes 

are expected to be more substantial for the upper storage reservoir, however, 

since its elevation is about 1600 feet above Lake Elsinore. That is, with an 

environmental lapse rate of 1.99 °C per 1000 feet, the DEIS (and references 

therein) suggest that the waters of the upper reservoir could be up to 3 °C cooler 

than the waters in Lake Elsinore, and thus result in an underflow condition. 

Depending upon the morphometry of the upper basin, the effectiveness of night-

time heat loss processes, and other factors, the actual temperature decline may 

be substantially less than 3 °C, however. Moreover, pumping of water to the 

upper reservoir will result in some frictional heating of the water due to turbination 

and flow. In a similar manner, the water returning to the lake during generation 
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will also be heated. Thus, the temperature of water returning to Lake Elsinore 

and, more importantly, where that water migrates as it seeks a buoyantly neutral 

position in the water column, is an important consideration. 

To better understand this issue, modified densiometric Froude and heat 

budget calculations were conducted for both Lake Elsinore and the upper storage 

reservoir. These calculations allow one to estimate the stratification potential of 

Lake Elsinore in response to flow through the system, and the extent of net 

heating or cooling as a result of elevational differences between the upper 

reservoir and Lake Elsinore, pumping and generation. With this information, 

seasonal estimates were made of the temperature difference between water 

released during generation and that of the receiving water body. Since the 

thermal structure of the water column will influence where the resulting jet of 

released water will insert, preliminary 1-D simulations of Lake Elsinore were also 

conducted using DYRESM. The model will not allow prediction of velocities nor 

provide any detailed spatial information, but will provide a preliminary 

assessment of the potential for LEAPS operation to alter stratification in the water 

column, and identify the depth within the water column where released water will 

mix. 

 

1. Stratification Potential 

The stratification potential of a water body is a function of heat and 

turbulent kinetic energy (TKE) inputs due to wind shear at the water surface, flow 

through the system, and convective mixing. As a closed basin lake under most 

circumstances, turbulent kinetic energy inputs to Lake Elsinore due to flow are 

negligible except during winter runoff events. Field measurements and other 

observational data (e.g., fish kills) indicate that the natural mixing processes due 

to wind and convective cooling are often insufficient to mix the lake and maintain 

adequate dissolved oxygen concentration in the water column. As a result, 20 

axial flow pumps fitted with 3 HP electric motors and 1.5 m impellers were 

assembled in 5 modules (docking stations) and installed in July 2004. The 

purpose of these axial flow pumps are to provide supplemental mixing energy to 
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the water column and help natural wind-forcing to mix warm, well-aerated water 

down toward the sediments. Inefficiencies due to excessive local turbulence and 

flow short-circuiting limited the effectiveness of the axial flow pumps in 

destratifying the lake, however (Anderson, 2005). Recent retrofits of draft tubes 

and deflectors have improved mixing capabilities, although stratification and 

anoxia have persisted near the sediments through much of the summer of 2006. 

Additional mixing energy inputs to the water column of Lake Elsinore will be 

provided when a diffused aeration system is installed later this fall 2006 and 

winter 2007. 

The operation of LEAPS will provide a substantial amount of turbulent 

kinetic energy input to the lake.  Previous calculations indicate that the 

generation phase alone will deliver a weekly-averaged TKE input of 2.35x10-4 

W/m2, a value that is 2.9x greater than the average energy input due to wind 

(8.05x10-5 W/m2). This additional TKE input due to flow is expected to weaken or 

perhaps even eliminate stratification in Lake Elsinore. 

The stratification potential of reservoirs (with flows) has been calculated 

using the modified densiometric Froude number (Norton et al., 1968).  The 

densiometric Froude number, Fd, is a function of the flow rate (Q, in m3/s), and 

reservoir morphometric parameters: 
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where g is the acceleration due to gravity (9.8 m/s2), L is the reservoir length, Dm 

is the mean depth (m), V is the reservoir volume (m3), and e is a scalar correction 

factor (1/m). Values of Fd >> 1/π indicate that well-mixed conditions will result 

from the flows through the system; that is, stratification potential is inversely 

correlated with the of the hydraulic residence time (tr=V/Q) of the reservoir (eq 1), 

so a long hydraulic residence time with little flow compared to the reservoir 

volume would correspond to a low Fd value (and a high stratification potential). 

 Calculations were performed for Lake Elsinore at the minimum and 

maximum operational levels of 1240’ and 1247’, respectively, corresponding to 

volumes of 4.72x107 and 7.40x107 m3 (Table 1). The weekly averaged flow 
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associated with the generation cycle were used for these calculations and 

assumed about 80 h per week of flow at 2000 cfs (or 27 m3/s). The length was 

taken as the diameter of a circle with an area equivalent to that of Lake Elsinore 

at the 2 surface elevations (Table 1). The modified densiometric Froude number 

for the 1240’ case was thus calculated as 0.17, a value that is approximately 

equal to 1/π (or 0.32).  Slightly stronger or slightly more persistent stratification 

(i.e., a lower Fd value) is predicted at the higher lake surface elevation (Table 1). 

As a result, the lake is expected to be neither strongly stratified nor strongly 

mixed; rather weak or intermittent stratification would be expected based upon 

this flow regime.  

 

Table 1. Stratification potential of Lake Elsinore. 

Lake Elevation (ft) Length (m) Mean Depth (m) Volume (m3) Fd

1240 3856 4.04 4.72x107 0.17 

1247 4112 5.57 7.40x107 0.09 

 Calculation of the Froude number for the upper reservoir was also made 

using the following values: mean volume of 5.6x106 m3 (4,500 af ), average daily 

flow from pumping of 28.6 m3/s, length L of 640 m, and a mean depth of 

approximately 17 m. Substituting these parameter values into eq 1 yielded an Fd 

of 0.06, suggesting that the upper reservoir may be potentially somewhat more 

strongly stratified than Lake Elsinore, owing in part to its smaller size and greater 

mean depth. Including pumping and generating flows increased Fd to 0.14. 

 These calculations indicate that the flows generated during LEAPS 

operation are not, by themselves, sufficient to ensure well-mixed conditions in the 

lake. Hydrodynamic simulations that account for turbulent kinetic energy inputs to 

the water column from wind shear, flows and convective cooling are needed to 

fully predict effects on stratification and mixing in Lake Elsinore. Questions 

remain, however, about the temperature of water returning to the lake from the 

upper reservoir during generation. To address this issue, heat budgets were 

developed for Lake Elsinore and the upper storage reservoir for three time 

periods during the expected operational period of May – October. 
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2. Heat Budget Calculations 

 The net heat transfer to a lake (HN) is the sum of shortwave solar radiation 

(HSW) and long-wave radiation (HH) inputs, and heat losses from the water 

surface due to back-radiation (HB), evaporative cooling (HL) and sensible 

(convective) heat transfer (HS). That is: 

HN = HSW + HH – (HB + HL + HS)    (2) 

where heat flux is generally given in units of W/m2. 

 The flux of shortwave (visible and photosynthetically-available) solar 

radiation (HSW) can be calculated from the position of the sun relative to the lake 

surface after correction for atmospheric effects and is given as: 

HSW = HOat(1-Rs)Ca     (3) 

where HO is the theoretical solar energy flux (W/m2), at is a unitless factor that 

accounts for radiation scattering and absorption within the atmosphere, Rs 

defines the fraction of light reflected from the lake surface, and Ca is the fraction 

of shortwave solar radiation passing through the clouds (Martin and McCutcheon, 

1999). The theoretical solar energy flux (HO) can be calculated from: 
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where HSC is the solar constant (1390 W/m2), r is the relative distance between 

the sun and earth, θ is the latitude (°), δ is the declination, he is the solar hour 

angle at the end of the time period (radians), hb is the solar hour angle at the 

beginning of the time period (radians), and Γ is a correction factor for diurnal 

exposure (Martin and McCutcheon, 1999). 

 The longwave radiation from the atmosphere (HH) that results, in part, 

from atmospheric absorption of short-wave radiation, also provides a source of 

heat to the lake surface throughout the day and night, and is a function of the air 

temperature (Ta) and cloud cover (Cl): 

HH = α0(0.97)σ(Ta+273.16)6(1+0.17Cl)   (5) 

where α0 is a proportionality constant with a value of 0.937x10-5, and σ is the 

Stefan-Boltzmann constant (5.67x10-8 W/m2/K4) (Martin and McCutcheon, 1999). 
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 The water surface also releases energy in the form of blackbody radiation 

(HB): 

HB = εwσ(Ts+273.16)4     (6) 

where εw is the emissivity of the water surface, σ is the Stefan-Boltzmann 

constant as defined in eq 5, and TS is the water surface temperature (K). 

 Heat energy lost from the lake surface due to evaporation (HL) can be 

estimated from the density of water being evaporated, the latent heat of 

evaporation, and the rate of evaporation. That is, 

)7()TT
P
PC)(bua(LH da

a
bwwL βρ ++=  

where ρ is the density of water, LW is the latent heat of evaporation, a and b are 

empirical constants (2.81x10-9 and 0.14x10-9, respectively), uW is the wind speed 

(m/s), Cb is the Bowen coefficient (0.61 mb/°C), Pa is the atmospheric pressure at 

the lake surface elevation (mb), P is the pressure at sea level (1013 mb), Ta is 

the air temperature (°C), Td is the dewpoint temperature (°C), and β is a factor 

that is related to the difference between the lake surface temperature and the 

atmospheric dewpoint temperature (Martin and McCutcheon, 1999). 

 The final component of the heat budget is the sensible heat transfer (HS), 

i.e., the transport of heat due to convection and conduction. HS was calculated 

from the evaporative heat loss (HL): 
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where Ts is the lake surface temperature (oC), es is the saturation vapor pressure 

of air over water, calculated from the Magnus-Tetens equation, while ea is the 

vapor pressure of air calculated from the dewpoint temperature (Martin and 

McCutcheon., 1999). A large number of the parameters in eqs 2-8 were 

calculated from yet other mathematical relationships; readers are referred to 

Martin and McCutcheon (1999) for further details regarding these calculations. 

 These calculations were performed for 3 diurnal cycles reflecting late 

springtime temperature conditions when the lake is gaining heat (May), maximum 

summer temperature conditions (August) and typical fall meteorological 
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conditions and lake cooling (October). The meteorological records from the 

weather station deployed at the lake were reviewed for the above conditions and 

the following dates were chosen for this analysis: May 2, August 8, and October 

8, 2001. Air temperature (Ta), dewpoint temperature (Td) and wind speed (uw) 

were recorded at 30 min intervals; air temperature at the upper reservoir was 

lowered from that recorded at Lake Elsinore based on its proposed elevation and 

an environmental lapse rate of 1.99 °C/1000 ft. Lake monitoring records for this 

same time period yielded fairly uniform lake temperatures of 21.4, 27.2 and 20.0 

°C, respectively. These values were used for Ts in the calculations of the back-

radiation (HB) and sensible heat transfer (HS) (eqs 6 and 8). 

 

Lake Elsinore 

 The flux of shortwave radiation to the lake surface was reduced from 

theoretical values due to absorption and scattering in the atmosphere, with a 

maximum of 984 W/m2 in May, 965 W/m2 on August 8, and 728 W/m2 on October 

8, 2001 (Fig. 1). The diurnal profiles of HSW for May and August are similar in 

both maximal radiant energy flux and in the duration of daylight since they are 

approximately equidistant in time from the summer solstice on June 21. The 

lower peak HSW in October and shorter day length is a result of the longer relative 

distance between the sun and earth and the angle of declination (eqs 3 and 4).  
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Fig. 1. Calculated solar and net shortwave radiant energy flux: a) May 2, 2001; b) 
August 18, 2001, and c) October 8, 2001. 
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 While there is a regular and strong diel variation in HSW (Fig. 1), the other 

components of the heat budget of Lake Elsinore exhibited weaker and quite 

different diurnal trends (Fig. 2). Longwave radiation provided a large positive flux 

of heat to the lake surface throughout the day and night, with daytime flux values 

80-180 W/m2 higher than early morning values (Fig. 2, HH). Sensible heat (HS) 

was calculated to input in excess of 300 W/m2 during the afternoon in August 

although HS declined to low negative heat fluxes (out of the lake) during the 

nighttime (Fig 2, HS).  
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Fig. 2. Components of the heat budget for Lake Elsinore calculated using 
meteorological data for: a) May 2, 2001, b) August 8, 2001 and c) October 8, 2001. 

 

Evaporative heat flux removed large amounts of energy from the water 

column, especially during the afternoon in August when air temperatures were 

high and relative humidities low (eq 7). Evaporation was calculated to export up 

to 475 W/m2 between 2:30-3:30 pm on August 2nd, although high fluxes of heat 

off the surface of the lake were also calculated during the evening (-250 to -300 

W/m2). Such evaporative cooling at the surface can set up strong convective 

currents that may stir the lake quite effectively at night.   

Back-radiation from the lake surface (HB) was estimated using the 

average water column temperature for the surface temperature and that 

temperature was assumed to not vary over time. This is obviously a simplification 
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since the net effect from heat inputs from shortwave and longwave radiation and 

heat losses from evaporation, sensible heat transfer and back-radiation will result 

in changes in Ts. However, as seen in eq 6, black-body radiation is calculated 

based upon °K, so, e.g., a 4°C increase in Ts results in only a 5% increase in HB. 

Moreover, the average Ts value, while underpredicting HB during daytime 

heating, will overpredict HB during nighttime cooling, so the net daily contribution 

of HB to the heat budget is thought to be adequate for the purposes herein. 

 As one can see from Figs. 1 and 2, there are simultaneous large inputs of 

heat and large losses. The overall effect is there is a large net heat flux out of the 

lake at night (on the order of -200 to -400 W/m2), and substantial net heating of 

the water column during the day (exceeding +600 W/m2) (Fig. 3). It is this large 

diel swing in heat flux that sets up daytime stratification and nighttime convective 

mixing. Integrating the areas under each of the curves provides the net daily heat 

flux; the calculated net instantaneous flux into the water column (i.e., positive net 

flux) that occurs during the day, due in large measure to shortwave solar 

radiation, almost balances the heat flux out (Table 2).  
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Fig. 3. Net radiant heat flux for Lake Elsinore calculated using meteorological data 
for: a) May 2, 2001, b) August 8, 2001 and c) October 8, 2001. 

 

All three of these time periods were calculated as having a small net daily 

heat flux (-44 to +42 W/m2) that can be used to estimate the change in 
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temperature over these one day periods based upon the specific heat of water, 

the lake surface area and volume (Table 2). For these calculations a lake 

elevation of 1240’ was assumed, with a corresponding surface area of 2886 

acres and a volume of 4.72x107 m3. These comparatively modest one-day 

changes in volume-averaged temperature (-0.23 to +0.21 °C) are consistent with 

measured volume-averaged water column temperature changes that have 

ranged from about -0.3 to +0.4 °C (Lawson and Anderson, 2005).  Of course 

much greater temperature increases occur during the day, often setting up strong 

diel stratification that extends down 1-2 m from the lake surface, although back-

radiation and evaporative heat losses remove much of this excess heat during 

the evening (Figs. 2 and 3).  

 
Table 2. Calculated net daily heat flux and average lake temperature 
changes. 
 Net Daily Heat Flux 

(W/m2) 
Lake Temperature  

Change (°C) 
May 2, 2001 18 0.09 

August 8, 2001 42 0.21 

October 8, 2001 -44 -0.23 

 

Upper Reservoir 

 Heat budget calculations were also performed for the upper storage 

reservoir. Inspection of eqs 3-8 indicates that only three of the components of the 

heat budget are explicitly sensitive to changes in elevation, through atmospheric 

pressure (Pa) or air temperature (Ta). It was assumed for this analysis that the 

shortwave radiation flux was unchanged from that of Lake Elsinore (Fig. 1) and, 

excluding air temperature, that the meteorological conditions (e.g., windspeed 

and dewpoint temperature) were also similar at the 2 sites. Moreover, water 

temperature (Ts) was also taken as that value used in the calculations for Lake 

Elsinore (thus HB is also the same between the 2 sites).  

 The elevational difference between the Lake Elsinore and the upper 

storage reservoir had a moderate effect on predicted heat fluxes. To more readily 

compare the two waterbodies, the difference in calculated heat flux, taken as the 
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heat flux to the upper reservoir minus that to Lake Elsinore, is presented in Fig. 

4. The upper reservoir was calculated to receive about 20-30 W/m2 less 

longwave radiation (HH) than Lake Elsinore, owing to the lower air temperature 

there (eq 5) (Fig. 4).  
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Fig. 4. Differences in individual heat flux values between the upper storage reservoir 
and Lake Elsinore calculated using meteorological data for: a) May 2, 2001, b) 
August 8, 2001 and c) October 8, 2001.
 

The upper reservoir was also calculated to lose sensible heat (Hs), 

specially during the afternoon (up to about -130 W/m2) relative to Lake Elsinore 

Fig. 4). Conversely, the upper storage reservoir is expected to liberate 

omewhat less heat energy through evaporation (HL) and thus gain energy 

elative to Lake Elsinore (about 15-25 W/m2). As previously noted, HSW and HB 

re assumed to be unchanged from the values calculated for Lake Elsinore. The 

et effect of this is a reduced daily average heat input per unit surface area to the 

pper reservoir relative to that of Lake Elsinore (Table 3). This reduced net heat 

lux into the upper reservoir is predicted to result in a lower average water 

emperature in the upper reservoir compared to that in Lake Elsinore in May and 

ugust, but a slightly higher temperature in October (Table 3). 

11



DRAFT: Lake Heating, Cooling and Stratification During LEAPS Operation 28 August 2006 
_____________________________________________________________________________ 
 
 

Table 3. Difference in net heat flux and average water column 
temperature of the upper storage reservoir relative to Lake Elsinore. 
Date  ∆ Hnet  (W/m2) ∆ Temperature (°C) 
May 2, 2001 -17 -0.11 

August 8, 2001 -39 -0.25 

October 8, 2001 -40 0.12 

 

 

 

 

 

 This rather surprising result stems from 2 additional factors that require 

consideration when comparing the upper storage reservoir and Lake Elsinore. 

First of all, the mean depth of the upper reservoir (approximately 12-25 m 

depending on time of day) (DEIS, 2006) is greater than Lake Elsinore (about 4.0-

5.6 m at 1240-1247’ surface elevation). Thus, for a given heat flux to the water 

surface, the corresponding volume-averaged temperature change will be higher 

for Lake Elsinore than for the deeper, upper storage reservoir (e.g., Fig. 5). Here 

the solutions to the full heat budget calculations for Lake Elsinore and the upper 

reservoir were used to develop plots of diel changes in the volume-weighted 

average temperature of the waterbodies. We can see that Lake Elsinore 

experienced much greater oscillations in volume-weighted average temperatures 

than the upper reservoir (Fig. 5) although differences in heat fluxes were 

comparatively small (Table 3).  
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Fig. 5. Predicted diel variations in average water column temperatures calculated 
using meteorological data for: a) May 2, 20001, b) August 8, 2001, and c) October 8, 
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 The net export of heat out of Lake Elsinore during the evening and early 

morning (Fig. 3) resulted in rather large declines in average temperature, on the 

order of 0.07 °C/h, followed by a correspondingly rapid increase in temperature 

due to daytime heating (Fig. 5, solid line). By contrast, the temperature changes 

in upper reservoir were lower, with heating and cooling at rates on the order of 

0.01-0.02 °C/h, and varying by only about 0.2 °C over the entire day (Fig. 5, 

dashed line). Again, this occurred despite only modest differences in net heat flux 

(Table 3), and resulted from a 4-6 fold difference in surface-to-volume ratios of 

the two lakes. 

 A 2nd factor further complicates analysis of the heat budget for the upper 

reservoir. That is, while the volume and mean depth of Lake Elsinore vary 

modestly during LEAPS operation, the volume of the upper reservoir varies much 

more substantially, e.g., declining by somewhere near 50% during power 

generation (DEIS, 2006). Moreover, the timing of the pumping and generation will 

affect the total heat inputs. Pumping from Lake Elsinore that commences during 

the early evening will be transporting warmer water into the upper reservoir when 

compared with water pumped later in the evening or early morning. During that 

time, the mean depth of the upper reservoir will be lower, thus any flux of heat off 

the surface of the reservoir will have a correspondingly greater impact on the 

volume-weighted average temperature.  Similarly, water released from the upper 

storage reservoir at the beginning of the generation cycle (i.e., morning) can be 

expected to be slightly cooler than that released toward the end of generation, 

since the afternoon represents maximal net heat flux into a smaller volume of 

water than earlier in the day. 

 These effects were accounted for in a simple way by a mixing model of 

the two waters; the net effect was a slight predicted cooling of water in the upper 

reservoir in May and August as a result of transient storage there (Table 3). The 

paradoxical predicted warmer conditions of the upper reservoir compared with 

Lake Elsinore in October arises from the rapid fall cooling of the water column(s); 

for both waterbodies, there is a net flux of heat out of the water column (-44 W/m2 

for Lake Elsinore) (Table 1) and –83 W/m2 for the upper reservoir, for a 
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difference of –40 W/m2 there (i.e., 40 W/m2 more heat lost from the upper 

reservoir) (Table 3). However, since the mean depth of Lake Elsinore is again 

only 15-25% of that of the upper reservoir, one would expect about 2x more heat 

lost per unit volume of Lake Elsinore than the upper storage reservoir. This is 

consistent with predicted temperature losses for this October day  (-0.23 °C and  

-0.11 °C for Lake Elsinore and the upper reservoir, respectively). 

 

Other Effects on Water Temperature 

 In addition to a change in the radiative heat budget when water is stored in 

the upper reservoir, two other factors can alter the temperature of water pumped 

and returned to Lake Elsinore. The first factor is frictional heating due to 

turbination and, to a lesser extent, flow through the penstocks during pumping 

and generation (Imboden, 1980). The second factor is possible heat transfer 

across the pipe to the surrounding geological material (soil and decomposed 

granite) (Tarbell and Associates, 2005). 

 In his study of a theoretical pump-storage powerplant, Imboden (1980) 

reported additional thermal energy inputs to water due to turbination of 0.75 J/g, 

corresponding to a temperature increase of 0.18 °C. In that analysis, Imboden 

(1980) assumed a powerplant with 74% efficiency. Of the 26% total energy loss 

of the combined pump/turbine storage cycle, much of this energy loss was 

energy dissipated into the water as heat. With the higher proposed efficiencies of 

LEAPS (83.3%), a smaller amount of heating of the water is expected. Scaling 

the results of Imboden (1980) to LEAPS implies about 0.48 J/g H2O will be input 

into water cycled through the system for a total temperature increase of 0.12 °C, 

or 0.06°C during the pumping phase and 0.06 °C during generation.  

 Heat transfer between water in the pipe and the surrounding geological 

material is a 2nd possible means by which the temperature of the water may be 

alternately increased or decreased. It would be expected that there would be a 

net cooling of water during the summer, when Lake Elsinore would be warmer 

than subsurface weathered bedrock located some distance below the land 

surface. Conversely, there could be a net heating during the early spring and late 
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fall of the operational period, since surface waters will likely be cooler than the 

geological material. These effects are thought be very minimal however, since 

the very large diameter penstocks and the high flow rates through them would 

limit the amount of heat transferred across the pipe. Moreover, local equilibrium 

would be rapidly reached in the geological material adjacent to the penstocks. As 

a result, no significant heating or cooling is expected between water and the 

geological material during pumping or generation. This is consistent with the 

assumptions made for the Iowa Hill Pumped Storage project (Tarbell and 

Associates, 2005). 

While minimal heat transfer to/from the geological material is expected, 

turbination will heat the water by an estimated 0.12 °C. This amount of heating 

would effectively offset the net cooling estimated for the May time period from 

storage in the upper reservoir, while some net cooling would still be expected in 

August (Table 4). The temperature of water entering Lake Elsinore during 

generation during the fall is likely to be somewhat warmer than the receiving 

water column (Table 4). 

 

Table 4. Predicted changes in the average temperature of water in the upper storage 
reservoir due to storage and pumping/generation. 
 Predicted Change in Temperature (°C) due to: 

Date  Storage in  
Upper Reservoir 

Pumping + 
Generation 

Net Change in 
Temperature  (°C)  

May 2, 2001 -0.11 0.12 0.01 

August 8, 2001 -0.25 0.12 -0.13 

October 8, 2001 0.12 0.12 0.24 

 The release of cooler water into Lake Elsinore during the summer could 

possibly result in underflow condition, although it will be important that there is no 

entrained air to lower the density of the water and that turbulence is low. 

Conversely, an overflow condition is theoretically possible during the fall, 

although even minimal daytime surface heating would result in the much more 

likely interflow condition. In all these cases, however, the calculated temperature 

differences, and thus also densities and buoyancy differences, are small; as a 
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result, turbulence may limit well-defined underflow or interflow (or overflow) 

regimes from developing, especially when the lake is at the lower end of the 

operational depth range, however more detailed hydrodynamic calculations will 

be needed to assess this. As the 1st step toward these analyses, 1-D 

hydrodynamic modeling simulations were conducted using DYRESM (CWR, 

2006). 

 

3. DYRESM Simulations 

 DYRESM is a 1-D lake hydrodynamic model developed by the Centre for 

Water Research at the University of Western Australia (CWR, 2006). The model 

is currently used in 59 countries and is considered state-of-the-art for predicting 

the vertical distribution of temperature, salinity and density in lakes and 

reservoirs satisfying the 1-D approximation The model has benefited from 

continual updates since first developed in 1981 (Imberger and Patterson, 1981), 

including linkage to a water quality model (CAEDYM) that allows prediction of 

chlorophyll levels, nutrient concentrations, pH, dissolved oxygen (DO) 

concentrations, and other common water quality parameters (CWR, 2006). 

 DYRESM uses a Lagrangian layer scheme (i.e., varying layer 

thicknesses), as opposed to a fixed (Eulerian) grid approach, that improves 

accuracy of calculations for regions where strong temperature (and density) 

gradients exist (e.g., surface layers and thermoclines). The model requires 

meteorological, geographical and basin information to calculate net surface heat 

flux in a manner similar to that described in section 2 above. DYRESM also 

calculates turbulent kinetic energy (TKE) inputs that result from wind mixing, 

convective mixing and flows through the waterbody. The vertical distribution of 

heat is then calculated from the water column stability (the work needed to 

overcome net buoyant forces and mix warm less dense water into cooler more 

dense water) and the TKE available for mixing. When available TKE exceeds the 

potential energy required for mixing (stability), adjacent vertical layers are mixed 

and heat is transferred. This process is continued until the available TKE is used 

up and thus defines the thermal and density gradient present at that timestep. 
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 The model readily accepts subdaily meteorological inputs, although it 

suffers from one constraint that limits its suitability for application to LEAPS. 

Specifically, DYRESM accepts only daily flow data. Thus, it is not fully capable of 

simulating the complex subdaily pumping and generation flow regime of LEAPS. 

Correspondence with DYRESM developers at the CWR confirmed this limitation. 

They commented that they typically conduct 3-D hydrodynamic simulations for 

these more hydraulically complex systems. Since 3-D simulations using the 

USEPA’s EFDC model will be conducted as the next phase of this investigation, 

this preliminary analysis was restricted to simulating the heating, stratification 

and mixing using meteorological conditions present over a 7-day period in June, 

2001. This time interval was chosen to represent a period of net heating and 

potential development of stratification within the water column of Lake Elsinore. 

The lake depth was set at about 5 m, a value near the minimum operating lake 

level for LEAPS.  

 The meteorological conditions for this simulation period were taken from 

the CIMIS meteorological station #44 at UC Riverside (CIMIS, 2006) and are 

fairly representative of summer with strong daytime heating, low humidity and 

winds that increase in the afternoon (Fig. 6). This particular time period was also 

chosen based upon the greater afternoon windspeeds in the latter days of the 

simulation period; thus with comparable day-to-day shortwave energy inputs (Fig. 

6a) and broadly similar air temperatures (Fig. 6b), the amount of TKE inputs due 

to wind forcing would be expected to be higher later in the simulation period than 

during the 1st three days (Fig. 6c). Since wind shear scales as the square of 

windspeed and TKE input increases as the cube of windspeed (Martin and 

McCutcheon, 1999), about 5x more TKE is available to mix the water column in 

the afternoons on June 9-11 when compared with that potentially available on 

June 6-8.  

 The effect of the large daytime shortwave energy flux and high air 

temperatures is a strong heating of the surface of the Lake Elsinore (Fig. 7). This 

is particularly evident on June 7th and 8th, when the upper 20-30 cm reached 

predicted temperatures exceeding 35 °C (Fig. 7, 0 cfs).  This set up a strong diel 
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thermocline near the lake surface that was not mixed deeper into the water 

column until after nightfall through convective mixing (Fig. 7, 0 cfs) (note that 

windspeed often reaches a minimum value (<0.5 m/s) near midnight and remains 

low through the evening and into the morning, Fig. 6c). 
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Fig. 6. Meteorological conditions used in DYRESM 
simulation: a) shortwave energy, b) air temperature and c) 
windspeed. 
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 The effects of pumping and generation on the predicted temperature 

profiles are depicted in subsequent contour plots. For these simulations, the 

inlet/outlet was placed 2 m above the bottom of the lake and alternate pumping 

and generation cycles at flows of 2000 – 6000 cfs were applied each day, i.e., 

due to the restrictions of the model for handling flows on a daily basis, 1 day of 

pumping from Lake Elsinore was followed by 1 day of return flows via generation, 

and so on. Moreover, the model updated the predicted lake volume (and depth or 

height) once each day as well, resulting in a blocky depicted surface elevation 

change (Fig. 7), as opposed to the actual and more gradual oscillation in lake 

surface elevation. The effect of this pumping and numerical scheme was an 

artificial rapid displacement of the lake surface and associated temperature 

profile at the beginning and end of each day. Somewhat obscured is a more 

subtle shift in depth of mixing that varied with increased volumetric flow (Fig. 7). 

This effect can be seen somewhat more clearly from individual predicted 

temperature profiles under the various flow regimes (e.g., Fig. 8a). Predicted 

temperature profiles at 12:00 noon on June 10 were used for this comparison, 

although the same general effect was seen on other days and times as well. 

 Strong surface heating was present in the uppermost 30 cm or so, with 

temperatures increasing from about 27 °C to 31 °C near the surface; below this 

depth, only slight temperature reductions were present until about 3-3.5 m height 

above the sediments (Fig. 8).  A thermocline was present between 2.5 and 3.5 m 

above the bottom sediments. The depth of the thermocline and the temperature 

gradient there was affected by the rate of pumping however, with placement of 

the inlet/outlet 2 m above the sediments resulting in an upward displacement of 

the thermocline by up to about 40 cm (Fig. 8a). Thus, under these conditions, 

even flows about 2-3x greater than those expected during LEAPS operation did 

not destratify the water column over this simulation period.  
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Fig. 7. Predicted temperature profiles over time: simulation period June 6 – 12; 
inlet/outlet elevation 373.2 m above MSL (2 m off bottom) 
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  A second set of simulations for this same time period were also 

conducted, with the only difference being the depth of the simulated inlet/outlet 

elevation. For these simulations, the inlet/outlet elevation was set at 4 m above 

the sediments. Somewhat surprisingly, this higher discharge elevation also 

shifted the thermocline upward relative to the no pumping reference case (Fig. 

8b). A very slight cooling of the epilimnetic waters was also predicted.  
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Fig. 8. Predicted temperature profiles at noon on June 10th: a) inlet/outlet 2 m above 
bottom and b) inlet/outlet 4 m above bottom. 

  

Water column stabilities were calculated for these same profiles (Table 5). 

Flows of 2000 cfs at 2 m height above the bottom weakened the stability of the 

water column from 78.8 J/m2 (without pumping) to 66.2 J/m2, a reduction of about 

16% (Table 5). Increasing flow to 4000 cfs weakened the stability further, 

although the highest flow actually increased water column stability relative to that 

calculated at flows of 4000 cfs, but nonetheless was about 11% weaker than 

found in the no pumping case (Table 5). The reason for this appears to be the 

sharpening of the thermocline and change in the center of mass of the water 

column present at this time under this flow regime (Fig. 8). These same general 

trends were present when the inlet/outlet elevation was 4 m above the bottom, 

with the greatest reduction in thermal stability found at a flow rate of 4000 cfs, 
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followed by a modest increase in predicted thermal stability at 6000 cfs relative to 

that present at 4000 cfs daily flow (Table 5).  

 
Table 5. Stabilities calculated from predicted 
temperature profiles shown in Fig. 8. 
Flow (cfs) Stability (J/m2) 
I/O at 2 m  
   0 78.8 
   2000 66.2 
   4000 61.8 
   6000 70.2 
I/O at 4 m  
   0 78.8 
   2000 73.0 
   4000 63.7 
   6000 67.0 

 

 

 

 
 
 
 
 
 
 
 
 
Summary 

 A series of calculations were undertaken to better understand the potential 

of LEAPS operation to influence stratification and mixing in Lake Elsinore. The 

modified densiometric Froude numbers calculated at the lower and upper 

operational lake levels (0.17 and 0.09, respectively) indicate that the TKE inputs 

from flows through Lake Elsinore as a result of LEAPS operation are not, by 

themselves, sufficient to ensure well-mixed conditions in the lake. Rather, the 

magnitude of these values indicates that a weakly stratified or intermittently 

mixed water column will be in place. 

 Because of the potential for changes in water temperature as a result of 

storage in the upper reservoir, as well as a result of frictional heating due to 

pumping and generation, daily heat budgets were developed for Lake Elsinore 

and the upper storage reservoir for dates within the expected operational season 

during the spring, summer and fall. Shortwave energy flux dominated the heat 

input during the daytime, with heat flux exceeding 700 W/m2 during the mid-day, 

although longwave heat flux from the atmosphere contributed 300-500 W/m2 

throughout the daytime and evening. Sensible heat inputs were also significant 

during the daytime, especially in the summer and fall, while evaporative heat loss 

and back-radiation each served to remove up to 400 W/m2 from the water 
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surface. The net effect was a modest flux of heat energy into the water column in 

May and August that was predicted to increase the volume-averaged 

temperature of the water column by 0.09 – 0.21 °C, while a net flux of heat 

energy out of the lake (-44 W/m2) was calculated to lower the volume-averaged 

temperature of Lake Elsinore in October by 0.23 °C. 

 Heat budgets for water in the upper storage reservoir differed from those 

calculated for Lake Elsinore; with cooler air temperatures at the higher elevation, 

water in the upper storage reservoir lost heat (-17 to -40 W/m2) relative to waters 

stored in Lake Elsinore, resulting in a volume-averaged temperature change of    

-0.11 to -0.25 °C in May and August, but a modest increase in temperature 

relative to Lake Elsinore estimated for October (+0.12 °C). This increase in 

temperature resulted from differences in the surface to volume ratios of Lake 

Elsinore and the upper storage reservoir, and the timing of pumping and 

generation. That is, a larger net flux of heat from the surface of the (deeper) 

upper storage resulted in a smaller decrease in volume-averaged temperature 

relative to the lower net flux of heat from the shallower Lake Elsinore. 

 The daily pumping and subsequent generation cycle was estimated to 

increase the temperature of the water returned to Lake Elsinore by a total of 

+0.12 °C that, when added to the change in temperature as a result of storage in 

the upper reservoir, yielded a net change in temperature of +0.01 °C in May,       

-0.13 °C in August and +0.24 °C in October. Thus neither substantial heating nor 

cooling of water is expected as a result of LEAPS operation. 

 While the modified densiometric Froude numbers suggested that weakly 

or intermittently stratified conditions would be expected based upon flows 

through Lake Elsinore, these calculations ignore the effects of wind-forcing and 

convective cooling on stratification and mixing. As a result, 1-D hydrodynamic 

simulations were conducted using DYRESM. Although some limitations were 

present in how flows were handled in the model, DYRESM simulation results 

using meteorological conditions from June 6-12, 2001 indicated that daily flows of 

2000 – 6000 cfs did not substantially alter the stratification in Lake Elsinore 

predicted at that time as a result of meteorological forcing.  Daily pumping and 
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generation at 2000 cfs weakened thermal stability by 7-16% depending upon 

depth of the inlet/outlet structure. Flows of 4000 cfs weakened stability further 

although flows of 6000 cfs increased slightly the predicted thermal stability 

relative to results from the 4000 cfs simulations. 

 Taken together, these results suggest that operation of LEAPS will not, at 

least under the conditions evaluated herein, impart sufficient turbulent kinetic 

energy to strongly alter the thermal stratification and mixing in Lake Elsinore. It 

also appears that the net effect of pumping, storage in the upper reservoir and 

subsequent generation will be to minimally alter the temperature of water 

released back to the lake, although some small day-to-day changes in 

temperature of plus or minus a few tenths of a degree Celsius are predicted. 

Comprehensive 3-D hydrodynamic simulations using the USEPA’s EFDC model 

will more fully characterize the short term and longer term effects of LEAPS 

operation on stratification and mixing, including the lateral and vertical distribution 

of flows, flow velocities, bottom shear and potential for sediment resuspension. 
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