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ABSTRACT
Stratification and Mixing in Hypersaline Mono Lake (California)

by
Jose R. Romero

Application of a one-dimensional (ID) vertical mixing model to 

hypersaline (ca. 94 g I'1) Mono Lake during 1-yr reproduced mixed-layer 

dynamics well, but hypolimnetic heating was underestimated. One possible 

source of hypolimnetic heating is vertical mixing by methane bubble plumes 

rising from the sediments. Simulations with the inclusion of a bubble plume 

algorithm required an ebullition rate 300x greater than the maximum estimate 

to simulate observed hypolimnetic heating.

The influence of lake level and salinity changes on seasonal mixing was 

modeled with the ID model where the diffusivity was based on the Lake 

Number (LN). The simulation reproduced salinity dynamics for 2-yr of 

monomixis and 6-yr of meromixis. Assuming climate change causes less 

precipitation, the frequency and duration o f meromixis for 100, 87.5, and 75% 

of the freshwater inputs over a 50-yr period (1940-1990) was simulated with 

the assumption of no streamflow diversion. Simulations indicate the lake is 

susceptible to meromixis over a large lake level range for all scenarios during 

large runoff years.

The effect o f freshwater inputs on stratification, vertical mixing, and 

upward ammonia flux was evaluated during a 6-yr (1989-1994) monomicitic 

period. Five years had falling lake level and periods o f inverse salinity 

stratification with double diffusive salt fingering conditions during the last 

several months of thermal stratification. Bi-weekly to monthly summer (June- 

September) diffusivities estimates in the thermocline from the heat-flux
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gradient method ranged from 9.5x1 O'7 m2 s '1 during wet 1993 to 4.2x106 m2 s'1 

during a drought in 1989. Estimated seasonal and interannual differences in 

the upward ammonia flux can be partly explained by variations in freshwater 

inputs and wind forcing.

The ID model simulated mixed-layer dynamics adequately for 5-yr 

from 1989-1994. The destabilizing influence of inverse salinity stratification 

resulted in the inapplicability of the ID assumption during 1989. During the 

other 5-yr modeled diffusivities within the pycnocline were underestimated by 

10-20x. Three approaches were tested to increase mixing: 1) sub-daily wind 

speed input, 2) benthic boundary layer turbulence, and 3) the Ln as an index of 

mixing. The Ln parameterization yielded the best results and suggests 

boundary mixing along the margins and perhaps shear mixing in the interior 

during high wind forcing predominate as the major vertical transport 

mechanisms.
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INTRODUCTION

Saline lakes occur on every continent and have a total volume almost as 

large as that of the world’s freshwater lakes and rivers. Saline lakes are usually 

the only natural lakes in closed-basins and are particularly responsive to 

climatic variations as lake level and salinity are closely coupled with the water 

balance in these systems (Hammer 1986). Further, diversion of freshwater 

inputs for anthropogenic uses have resulted in diminished size and increased 

salinity in many saline lakes throughout the world (Micklin 1988, Cooper and 

Koch 1990, Galat 1990, Anati and Stiller 1991).

Variations in the size and salinity of saline lakes, whether 

anthropogenically or climatically induced, can cause changes in stratification. 

The stratification regime o f temperate endoheric saline lakes is commonly 

monomictic (one period o f complete mixing per year), but can be meromictic 

(incomplete mixing over the course of a year). Some lakes such as Mono 

(Jellison and Melack 1993) or Pyramid (Galat 1990) have undergone periods of 

temporary meromixis with persistent chemical stratification over a multi-year 

duration. Other lakes have undergone long-term meromixis such as the Dead 

Sea (Steinhom 1985), which was meromictic for more than 100 years, or Big 

Soda (Hutchinson 1957, Kimmel et al. 1978), which has been meromictic since 

1910-1920. Meromictic periods are characterized by decreased vertical 

transport rates (Jellison and Melack 1993) and the accumulation of nutrients 

below the persistent chemocline (Jellison et al. 1993, Cloem et al. 1985).

Saline lakes are also characterized by low algal and zooplankton 

species diversity relative to freshwater lakes, and often do not have fish.

Relative to freshwater lakes, saline lakes have simple trophic complexity which

1
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makes ecological modeling of these lacustrine systems attractive. Climatic or 

anthropogenic perturbations can cause interannual variations in seasonal 

salinity stratification which may lead to direct physical effects on ecosystem 

dynamics. In N-limited Pyramid Lake, a large influx of riverine freshwater 

associated with the 1982-1983 El Nino shifted the dominant algae to N-fixing 

cyanobacteria presumably as a consequence of a lower vertical N-flux because 

of salinity stratification (Galat et al. 1990). One approach to assess the effect 

of variations in freshwater inputs on saline lacustrine ecosystem response is to 

couple a model o f vertical mixing with an ecological model.

Two classes of vertical mixing models have been developed over the 

past 30 years, diffusion models and mixed-layer models (Harleman 1982). 

Diffusion models are based upon the one-dimensional (ID), non-linear heat 

transfer equation,

dT I d [  dT ,
a ~ mz)&\.A{z)̂  + K) a \

_i_au_
pc dz

where T  is temperature (°C), t is time (s), z is the depth below the water surface 

(m), A(z) is the cross-sectional area o f the lake at depth z  (m2), K  is the eddy 

diffusivity (m2 s '1), p  is the molecular diffusivity (m2 s'1), N  is the heat input 

from absorption of solar radiation (W m'2), p  is the density of the water 

(kg m'3), and c is the specific heat o f water (J kg'1 °C'1). The eddy diffusivity, 

K, is usually expressed under stratified conditions as a neutral eddy diffusivity, 

Kn, multiplied by a function of the gradient Richardson Number, R„ as:

K  = Ks f ( R , )

and

N 2 
(d u /d z) 2
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Difficulties have arisen in the analytical specification o f both Kn and f(R,) (.see 

Henderson-Sellers 1985).

The surface dynamics of mixed-layer models are based on the integral 

turbulent kinetic energy (TKE) model (Sherman et al. 1978). In the mixed- 

layer model, DYRESM (Imberger and Patterson 1981,1990), TKE is 

partitioned into four discrete processes: wind stirring at the surface, convective 

overturn from density instabilities, interfacial shear production at the base of 

the mixed-layer, and Kelvin-Helmoltz billowing at the base o f the mixed-layer. 

The available TKE is compared to the potential energy required to combine the 

mixed layer with layer immediately below it. Parameterization o f the available 

TKE is:

y r  CK . 2 , 3  3 U . x c s f  ■> “ 2 d s  u8 du]KE = —  (w. + n u . ) A t  + —
6 dh + 3 dh

5h

and for the required potential energy is:

CTPE = - — 
2

3 3 3 Apgh g S 2 d(Ap) gApS dS
(w. + tj u. ) +  + ■ 5h

p 0 24 p 0 dh 12 p 0 dh 

where u• and w* are the velocity scales for wind shear and penetrative 

convection (m s '1), u is the shear velocity of the mixed-layer (m s'1), Ap is the 

density jump between the mixed-layer with depth h and the layer below it with 

depth dh, po is the reference density (kg m'3), Sis the Kelvin-Hemoltz billow 

thickness scale (m), At is the time step (s), and g  is the acceleration due to 

gravity (m s'2) (Imberger and Patterson 1990). The efficiency of the individual 

mixing mechanisms (tj, C& Cr, and Cs) are fixed constants derived from 

laboratory and field studies. Mixing below the mixed-layer is described in the 

dissertation chapters.
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DYRESM has been applied to small reservoirs such as Wellington 

Reservoir (area = 16 km2, z max=30 m) in southern Australia (Imberger and 

Patterson 1981), moderate-sized (area = 360 km2, zaVg=100 m) Kootenay Lake 

in British Columbia (Patterson et al. 1984), and large-sized (width = 70 km, 

length=190 km, ZaVg=22 m) Lake Erie (Ivey and Patterson 1984). The model 

has also been applied to lakes with seasonal ice cover (Patterson and Hamblin

1988). The model’s validation over a wide range of lake sizes and latitudinal 

locations without calibration were important considerations in the decision to 

apply the model to Mono Lake.

This dissertation examines the vertical mixing dynamics of moderately- 

sized (ca. 150 km2), hypersaline Mono Lake. Chapters 1,2, and 4 present 

DYRESM simulations of Mono Lake. Chapter 3 describes the physical 

limnology of the lake from 1989-1994, a period of monomixis.

In some lakes, after the onset of thermal stratification, anoxic 

conditions develop in the hypolimnion and reduced solutes accumulate.

Several techniques have been developed to ameliorate poor water quality in the 

hypolimnion o f reservoirs and lakes including direct infusion of oxygen into 

the hypolimnion (Wuest et al. 1992), bubble plume destratification (Schladow 

1992,1993), and a number of mechanical mixing devices. Bubble plume 

algorithms in a stratified fluid (McDougall 1978) were incorporated into 

DYRESM (Asaeda and Imberger 1989) to develop a management tool which 

has been successfully used to increase the efficiency of bubble plume 

destratification systems in water storage reservoirs (Schladow 1992,1993).

4
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A DYRESM simulation of the 1992 Mono Lake stratification dynamics 

adequately simulated mixed-layer deepening, but underestimated hypolimnetic 

heating. Both biogenic and thermogenic methane bubble sources have been 

identified in Mono Lake (Oremland et al. 1987). Chapter 1 evaluates whether 

methane bubble plumes are a significant hypolimnetic heating mechanism in 

Mono Lake. Chapter 1, ‘Simulation of the effect of methane bubble plumes on 

vertical mixing in hypersaline Mono Lake”, is In Press in Aquatic Sciences.

With the extension of the Los Angeles Aqueduct into the Mono Basin 

in 1941, stream diversions resulted in falling lake level (14 m from 1947 to 

1982), decreased volume (5.4xl09 m3 to 2.6xl06 m3), and increased salinity 

(45 to 94 g I'1). The high salinity and decreased surface area made the lake 

susceptible to ectogenic meromixis during exceptionally large discharge years 

such as the 1982-83 El Nino (Jellison and Melack 1993). In Chapter 2, 

“Sensitivity of a large saline lake to variations in runoff”, long-term 

simulations were used to evaluate the likely stratification dynamics (i.e. 

meromictic or monomictic) from the past 50 years (1941-1990) of freshwater 

inputs, assuming no stream diversions and the 1992 lake level (1943 m above 

sea level) as an initial condition. Paleoclimatic reconstructions (Graumlich 

1993, Stine 1994) indicate the past 50 years were an exceptionally wet period, 

so additional scenarios with reductions in precipitation and stream discharge 

were evaluated. The incorporation of the Lake Number (Imberger and 

Patterson 1990) into the vertical diffusivity parameterization was necessary to 

model the observed deep mixing in the lake. Chapter 2 has been published in 

Limnology and Oceanography, volume 41 in a special climate change issue.

5
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Chapter 3, “Effect o f hydrologic variations on stratification and upward 

ammonia flux in hypersaline Mono Lake”, evaluates a 6 year (1989-1994) 

period of monomixis which complements earlier research on the 1983-1988 

meromictic period (Jellison and Melack 1993, Jellison et al. 1993). 

Temperature and conductivity profiles were measured with a conductivity- 

temperature-depth (CTD) profiler from 1991 to 1994 and had greater accuracy 

and resolution than methods employed from 1982 to 1990. Though the lake 

level fluctuated within a small range over the period (ca. 1.25 m), variations in 

stratification dynamics were substantial. Conditions for double diffusive salt 

fingering (Turner 1985) across the pycnocline are likely during years with 

falling lake level from August to November. Comparisons of vertical eddy 

diffusivities and upward ammonia fluxes between meromixis and monomixis 

are presented. Further, the Lake Number is shown to be an indicator of deep 

mixing.

Chapter 4, “Simulations of vertical mixing in a hypersaline lake”, 

presents a critical comparison between field and model estimates of mixed- 

layer and hypolimnetic properties, pycnocline indices, and eddy diffusivities 

within the pycnocline. Many vertical models have been developed to evaluate 

water quality management alternatives or serve as the physical basis of 

ecological models. However, verification of modeled vertical transport rates 

have not been presented in previous publications. Simulations with the Lake 

Number as an index of deep mixing yielded vertical diffusivities within the 

pycnocline similar to estimates from the heat flux gradient method (Jassby and 

Powell 1974).

6
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Further improvements to the mixing model are expected. On-going 

research is identifying deep mixing mechanisms which may result in the 

development o f improved vertical mixing parameterizations below the base of 

the mixed-layer. Climatic effects on the ecology of saline lakes, water resource 

strategies to manage salinity stratification, and investigations of the 

significance of physical mixing mechanisms are questions in which a vertical 

mixing model can provide insight.

7
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CHAPTER 1

Simulation of the Effect of Methane Bubble Plumes 

on Vertical Mixing in Mono Lake

Introduction

Recent research on bubble plumes has emphasized the potential of 

destratification systems (Patterson and Imberger 1989, Schladow 1993) and 

artificial oxygenation of the hypolimnion (Wiiest et al. 1992) to improve the 

quality o f inland waters. In destratification systems a continuous release of 

bubbles results in the entrainment of ambient water to form a combined bubble 

and water plume; this combined plume is called a bubble plume. The bubble 

plume rises through the water column entraining ambient water until a level is 

reached at which the air-water mixture is neutrally buoyant. The water then 

detrains from the bubble plume, falls to a level o f neutral buoyancy and 

horizontally intrudes. The mechanism transports denser fluid up the water 

column and, in reservoir destratification systems, is used to increase the 

potential energy of the reservoir so that the entire water column mixes 

periodically.

Natural bubble seeps occur in lakes with much lower gas flow rates 

than destratification systems. However, the contribution of natural bubble 

plumes to mixing dynamics in lakes has not been evaluated and there is some 

potential for these natural seeps to provide significant vertical transport in the 

hypolimnion. In this paper we evaluate the vertical mixing induced by 

methane bubble plumes in Mono Lake with a one-dimensional lake

11
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stratification model which includes an algorithm simulating the effect of 

bubble plumes.

Study Site

During 1992 Mono Lake (38°N, 119°W) covered 160 km2 with a mean 

depth of 17 m and surface elevation o f 1943 m (Fig. 1). The lake is 

hypersaline with a salinity of ca. 91 g L*1 with a chemical composition as 

reported in Jellison and Melack (1993). Mono Lake lies in a closed hydrologic 

basin where streamflow is primarily from the accumulation o f snowpack along 

the eastern escarpment of the Sierra Nevada during the winter and subsequent 

melt in the spring and early summer. The lake is usually monomictic (Mason 

1967, Melack 1983), but a 6 year meromictic episode occurred from 1983 to 

1988 as a result o f a large influx of freshwater accompanying an El Niiio- 

Southem Oscillation (Jellison and Melack 1993).

During 1986 Oremland et al. (1987) estimated the methane bubble 

ebullition rates at Mono Lake. Twelve thermogenic seeps were found with 

methane flow rates greater than 0.033 L s'1. Oremland et al. (1987) estimated a 

maximum of 20 seeps with flow-rates of 0.067 L s'1 resulting in an ebullition 

of 1.3 L s'1. Oremland et al. (1987) also estimated 600 to 1000 low flow seeps 

(8.3x10"4 to 1,7xl0 '3 L s'1) which result in a total low flow ebullition of 0.6 to

1.7 L s '1.

Lake and Bubble Plume Models

DYRESM (Imberger and Patterson 1981), a one-dimensional vertical 

mixing model, was used to simulate the mixing dynamics of Mono Lake. The 

model is based on a Lagrangian structure which models the lake as horizontal

12
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layers o f uniform properties (i.e. temperature and salinity). The layers move 

vertically, expanding and contracting in response to surface mass fluxes and 

mixing processes.

The model explicitly simulates fundamental mixing mechanisms in 

stratified lakes and reservoirs. Mixed-layer deepening is modeled as 

penetrative convection from surface cooling and evaporative concentration of 

salt at the surface, stirring by the wind, seiche induced shear at the pycnocline, 

and billowing at the pycnocline resulting from shear. DYRESM calculates the 

eddy diffusivity using Weinstock's (1981) formulation given by:

I* _  e
2  1 ; 1 r \  * 2  1N  + 0 .6k0 u

where s is the dissipation of turbulent kinetic energy, ko is the wave number of 

the energy bearing eddies, u is the root mean square velocity of the motion in 

the turbulent patch, N  is the buoyancy frequency, and a  is a constant whose 

value lies between 0.2 and 0.8. We used a value of 0.5. The model has been 

successfully applied to reservoirs (Imberger and Patterson 1981) and 

freshwater lakes (Patterson et al. 1984). Some modifications were required for 

its application to hypersaline Mono Lake (see below).

The algorithm describing the behavior of bubble plume aerators in the 

model is described by Schladow (1992), following an earlier version by 

Patterson and Imberger (1989). The algorithm is based on the assumption that 

the rising bubbles constitute a simple buoyant plume with a density equal to the 

air-water mixture (McDougall 1978). As the plume rises through the 

decreasing density of the ambient stratification, it entrains water, increasing the 

density of the air-water mixture, and causing the plume to slow until it reaches 

a height at which the mixture is neutrally buoyant, as observed in laboratory

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



experiments, and detrainment occurs (McDougall 1978, Asaeda and Imberger

1989). The detrained water no longer contains bubbles and is therefore locally 

heavy; it falls back through the water column until it reaches a level of equal 

density and is inserted horizontally. The level of the intrusion will be above 

that of the seep as the plume has entrained lighter water from above the seep. 

The bubble component of the plume continues to rise, and a new buoyant 

plume begins. The whole process of rise and ejection may be repeated several 

times, depending on the water depth, airflow rate, and density stratification.

The process may be modeled as a buoyant plume with the effects of the 

bubbles included. A bubble plume differs from usual sources of buoyancy in 

two ways. First, a continuous increase in buoyancy results from expansion of 

the bubbles as they rise through the water column. Secondly, the bubbles 

ascend faster than the surrounding water so that there is a slip at the bubble- 

water interface. The equations solved are the standard integral plume 

equations for conservation of mass, momentum, and buoyancy (List 1982), 

with the latter equation including the provision for bubble expansion, bubble 

slip, and a variable ambient density stratification (McDougall 1978). A 

4th-order Runge-Kutta scheme is used to solve the equations (Schladow 1992), 

with the initial conditions coming from the assumption that near the source 

stratification may be neglected (McDougall 1978).

As with all integral models, this model simplifies the true complexity of 

a bubble plume rising in a density stratified fluid. However, from the 

perspective o f predicting the changes in density that result, the key is the 

prediction o f the total entrainment flux, and the model has been shown to 

perform well in that regard when compared with experimental data (Schladow
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1992). The algorithm requires specification of the airflow rate, the number of 

seeps, and the depth o f the seeps.

The model simulates a continuous column of bubbles. The dynamics 

and entrainment efficiencies o f discontinuous bubble seeps are unknown. Here 

it is assumed that all seeps emit continuous bubble plumes.

Simulation Inputs

Temperature and conductivity profiles were obtained bi-weekly at three 

sampling locations (Fig. 1) from March through October 1992 and monthly 

during the remainder o f the year with a Sea-Bird Seacat SBE-19. Temperature 

measurements had a vertical resolution of 0.125 m and accuracy of 0.005°C, 

and conductivity measurements had a vertical resolution o f  1 m and accuracy 

of 0.1 mS cm*1 after data processing. Raw conductivity measurements were 

standardized to 25 °C. Conductivity at 25°C was assumed to act 

conservatively and was used as a measure of salinity. Measured temperature 

and conductivity profiles from the three stations were laterally averaged and 

used to initialize and verify the simulations.

The model requires a formulation of the density as a function of 

temperature and conductivity. For Mono Lake, the density equation is 

^=1204.41-0.21647’-0.003267a-4.265C2j5+0.03166C2j2 where p  is the density
<3

of Mono Lake water (kg m ), T is the water temperature (°C), and C25 is the 

conductivity at 25 °C (mS cm*') (Jellison and Melack 1993). The density 

equation is valid within the conductivity range of 77 to 92 mS cm*1 and 

temperature range of 0 to 25 °C.

Other parameters describing the properties of Mono Lake water are 

required by the model. A latent heat of evaporation of 2.477x106 J kg*1 for
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Mono Lake water was estimated from linear interpolation between the values 

of seawater (Gill 1982) and the Dead Sea (Steinhom 1991). A kinematic 

viscosity of 1.27x1 O'6 m2 s '1 and specific heat o f 3865 J kg*1 °C*1 were obtained 

from Mason (1967).

Hourly averaged measurements of shortwave and longwave radiation 

were recorded at a meteorological station located 7 km southwest of the lake. 

Ten minute averages of wind speed, relative humidity, and air temperature and 

total hourly rainfall (not shown) were measured at a meteorological station on 

the southern tip of Paoha Island in the center of the lake. Relevant 

meteorological measurements were standardized to 10 m and computed as 

daily averages with the exception o f average shortwave radiation data which 

was computed with a constant day length of 12 hours. These data are shown in 

figures 2A-C.

Photosynthetically available radiation (PAR) through the water column 

was measured with a submersible Li-Cor quantum sensor. Attenuation 

coefficients ranged from 0.35 to 1.1 m*1 in 1992. Daily values were estimated 

by interpolating between dates of field surveys (Fig. 2A). Attenuations at other 

wavelengths are reported in Jellison and Melack (1993). The surface 

reflectivity of incoming shortwave radiation is a function o f sun angle and 

surface roughness, but is usually taken as a constant for averaged data 

(Imberger and Patterson 1990). A constant surface reflectivity of 5% was used 

here. PAR was computed as 45% o f the incoming shortwave radiation and is 

very close to the findings of Jellison and Melack (1993).

Lake surface elevations were recorded weekly to monthly from staff 

gauges by the Los Angeles Department of Water and Power. Daily lake 

elevations were computed by linear interpolation between dates of measured
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lake surface elevations. A thirteen point moving average was applied to 

smooth the interpolated daily elevations (Fig. 2D). Total daily stream 

discharges into the lake from the five major creeks were provided by the Los 

Angeles Department o f Water and Power and Southern California Edison (Fig. 

2D). Stream gauges are approximately 5 km upstream from the lake and there 

is considerable uncertainty in the water loss estimates below the weirs to 

groundwater and evapotranspiration (Vorster 1985). Rather than estimating 

the groundwater and evaporation, the lake elevation was used as the major 

hydrological input. The amount of water required to raise the simulated lake 

level to the daily input elevation was added to the surface layer on a sub-daily 

time step. The 1992 Convict Creek temperatures (not shown) at the Sierra 

Nevada Aquatic Research Laboratory located 45 km from Mono Lake at an 

elevation of 2160 m served as stream temperature inputs. Simulations with 

±3 °C variations in stream temperature inputs indicated that stream temperature 

was not a sensitive input parameter during 1992.

For all simulations reported here the model is initialized with the 18 

January 1992 profile, and run for a period of 330 days until 12 December 1992, 

the final field survey of 1992. The model requires the daily data described 

above and runs independently of the subsequent profiles which are used only 

for validation.

1992 Mono Lake Seasonal Stratification

During 1992 Mono Lake was monomictic (Fig. 3). The onset of 

thermal stratification during late February and early March coincided with 

increased solar irradiance and high underwater attenuation (Fig. 2A). By the 

end of May the structure and gradient of the seasonal thermocline had setup
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and persisted through September (Fig. 3 A). The midpoint o f the thermocline 

deepened from approximately 10 m at the end of May to 16 m by October. The 

average hypolimnetic temperature increased from 2.5 (March) to 4.2 °C 

(September) (Fig. 3B).

During February and March low evaporation rates led to a steady lake 

level increase which resulted in the dilution of the mixed-layer as evident from 

the 90.0 mS cm‘l isopleth o f conductivity (Fig. 3C). From April to December 

the lake level decreased as evaporation from the lake surface exceeded 

hydrologic inputs. From April to July, a period of increasing evaporation rates, 

the lake level decreased slowly as high stream discharges (Fig. 2D) nearly 

balanced evaporation. By late April falling lake levels and increasing 

evaporation resulted in inverse chemical stratification where the average 

mixed-layer conductivity was greater than the average hypolimnetic 

conductivity. Peak stream discharges in May and June (Fig. 2D) resulted in the 

dilution of the upper 2 to 5 m (90.5 and 90.75 mS cm'1 isopleths of 

conductivity, Fig. 3C) with inverse chemical stratification below 5 m. During 

August through October high evaporation rates and low stream inputs resulted 

in a relatively rapid lake level decrease. By October 5, about a month prior to 

turnover, the mixed-layer conductivity was 1.5 mS cm'1 greater than the 

hypolimnion.

A 2 to 3 kg m*3 density difference between the mixed-layer and the 

hypolimnion persisted throughout much of the stratified period (Fig. 3D). 

During July temperature contributed 2.3 kg m'3 to the density difference across 

the pycnocline (15 to 7 °C) whereas inverse conductivity stratification reduced 

the density difference by 0.7 kg m*3. Autumn turnover occurred in mid- 

November from a combination o f cooling and unstable chemical stratification.
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Simulation without Bubble Plumes

Initially DYRESM was run with no methane gas release and simulated 

the seasonal mixed-layer thermal dynamics well (Fig. 4A). The onset o f 

thermal stratification during early to mid-March, mixed-layer deepening, and 

the timing of autumn turnover matched well with the field data. The lower 

boundary of the simulated thermocline deepened too slowly whereas field 

profiles indicate that the thermocline deepened at approximately the same rate 

as the mixed-layer. A small increase in the simulated hypolimnetic heat 

content was mainly from thermal diffusion of the warmer overlying 

metalimnion (Fig. 4B).

The seasonal mixed-layer conductance dynamics were not predicted 

adequately during the onset of stratification (Fig. 4C). The simulated dilution 

of the upper 10 m from February to April (89.75 and 90.0 mS cm*1 isopleths of 

conductivity) was caused by rising lake level (Fig. 2D). The 90.25 mS cm*1 

isopleth o f conductance mixed to 22 m during the first 20 days o f the 

simulation and remained at 22 m until just prior to autumn turnover. Mixed- 

layer conductivity increased from mid-April to autumn turnover which 

coincided with falling lake level. By May the conductivity of the mixed-layer 

was greater than the remainder of the water column which resulted in inverse 

chemical stratification. Sharpening o f the pycnocline in April and May 

resulted from mixed-layer deepening without concurrent deepening of the 

thermocline (Fig. 4D).

Potential Hypolimnetic Heat Sources

Estimates of the sediment and geothermal heat fluxes into the 

hypolimnion were made to assess the relative importance of these heat sources.
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In 1992 the heat content o f  the lower 25 m increased from 6.1xl09 MJ to 

9.6x109 MJ from late March to late August. During this 146 day period the 

measured heat content o f  the bottom 25 m increased linearly (r2 =0.98) at a 

rate of 2.5xl07 MJ d ay ' (0.34 MJ m'2 day'1) (Fig. 5).

Mono Lake is located in an active geothermal region. The possibility 

of geothermal hot springs at depth in the lake contributing to hypolimnetic 

heating is plausible. The heat content gain from deep geothermal springs was 

calculated as, Hspr=QpsprCpAT, where Hspr is the heat input from the springs 

(J day'1), Q is the total spring discharge rate (m3 day'1), pspr is the spring water 

density(»1000 kg m*3), Cp is the specific heat of the spring water 

(*4000 J kg'1 °C'1), and AT  is the temperature difference between the spring 

water temperature and the hypolimnion temperature (°C). For 50 °C and 

100 °C geothermal spring temperatures, flow rates o f wlxlO5 and «5xl04 m3 d'1 

would account for the measured heat increase. For the 100 °C temperature 

difference the amount of water required per day is impossibly high (!4 of the 

base stream flow rate). However, it is plausible that perhaps 1% of the heating 

may occur with this mechanism (i.e. «1000 m3 day*1 at 50 °C). Jellison and 

Melack (1993) estimated from 1985 to 1987 during meromixis that the 

geothermal heat contributed a maximum of 2-8% of the measured heat flux 

across the thermocline which corroborates the 1992 estimate here.

Heat transfer from the sediments is another potential mechanism of 

hypolimnetic heating. An upper estimate of the sediment heat flux can be 

made by assuming a constant input of heat from the sediments into the 

hypolimnion during stratification. Calculations of sediment heat transfer with 

the equation, Jsed~Hse/A sed, where Jsed is the heat flux from the sediments
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(J m'2 day*1), Hsea is daily heat requirement (J day*1), and Ased (7.5x107 m2 ) is 

the lake area below 25 m yields aJsed o f 3.3x10s J m*2 day*1. Likens and 

Johnson (1969) determined a sediment heat transfer rate o f 7.3x103 J m*2 day*1 

for two small Wisconsin Lakes. Assuming similar sediment heat transfer rates, 

this mechanism could provide a maximum of 2% of the heat flux into the 

hypolimnion. Jellison and Melack (1993) estimated the sediment heat flux to 

always be <5% of the observed heat flux below the thermocline. These 

estimates indicate the sediment and geothermal heat fluxes are minor sources 

of hypolimnetic heating in Mono Lake.

Simulations with Methane Bubble Plumes

The potential contribution of methane ebullition to the mixing 

dynamics of Mono Lake was modeled analogously to a bubble destratification 

system with all methane originating at one depth. Simulations of 20 and 1000 

seeps released at a depth of 5 m relative to the maximum depth were done. 

Total methane ebullition rates o f 1 (Mono Lake ebullition estimate), 3, 10, 33, 

100, 330, and 1000 L s*1 served as inputs to the model.

Figure 5 summarizes the heat content of the bottom 25 m of the lake 

throughout the simulated period for the field profiles, the simulation with no 

bubble plumes, and the simulations o f 330 and 1000 L s*1 methane ebullition 

rates with 20 bubble plumes. The rapid heat increase from October to 

November occurred at autumn turnover. The simulation with a methane 

ebullition rate of 330 L s*1 gave a result close to the observed rate of 

hypolimnetic heating (Fig.s 5 and 6B) but simulated autumn turnover a month 

to early (Fig. 6). The mixed-layer depth was several meters lower than the 

simulation with no bubbles.
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A methane ebullition rate approximately 300x greater than the Mono 

Lake methane estimate was required to simulate the observed 1992 seasonal 

hypolimnetic heating. Simulations with rates closer to the estimated rates 

(1 L s '1 and 3 L s'1) gave hypolimnetic heating rates almost indistinguishable 

from the case with no methane bubbles. This result confirms that methane 

bubbles do not contribute to hypolimnetic heating in Mono Lake.

The 330 day simulations often resulted in a sharp metalimnion- 

hypolimnion boundary that may have affected the simulated heat transfer of the 

bubble plume. Fourteen to thirty day simulations with initial field profiles 

throughout the stratified period which retained the more diffuse metalimnion- 

hypolimnion interface were also performed. The short term simulations agreed 

well with the results of the 330 day simulation and suggest that the structure at 

the interface does not significantly influence the results.

Discussion

In previous DYRESM applications the vertical density structure of 

Wellington Reservoir (Imberger and Patterson 1981) and Kootenay Lake 

(Patterson et al. 1984) were dominated by temperature and the hypolimnetic 

heat dynamics were dominated by inflow or outflow processes or a 

combination o f both. In Mono Lake both temperature and salinity strongly 

influence the vertical density structure. Furthermore, the stream inputs 

overflow on the surface of the lake and do not influence hypolimnetic mixing 

directly by plunging below the pycnocline. While DYRESM simulated the 

Mono Lake mixed-layer dynamics adequately, deficiencies of the model 

included prediction o f a sharp thermocline and a lack of hypolimnetic mixing 

relative to field profiles. A rate of methane ebullition lOOx greater than the
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rates measured in Mono Lake (1-3 L s*1) are required to simulate the observed 

hypolimnetic heating with a bubble plume algorithm (Fig. 5) and strongly 

supports that heat transfer from methane ebullition is insignificant.

Patterson et al. (1984) speculated for Kootenay Lake where a sharp 

pycnocline was also simulated that boundary mixing may broaden the 

pycnocline. The Weinstock (1981) vertical eddy diffusivity parameterization 

models turbulent patches within and below the pycnocline induced by wind- 

driven turbulent kinetic energy. Other processes may significantly increase 

diffusivities below the mixed-layer in Mono Lake. High wind speeds may 

cause upwelling and do generate large amplitude internal waves in Mono Lake 

{ca. > 4 m in the hypolimnion, ca. > 2 m in the metalimnion) (Romero and 

MacIntyre, unpub. data). Internal waves in Lake Alpnach, Switzerland, were 

shown to produce significant bottom currents and the generation of a well 

mixed benthic boundary layer (BBL) (Gloorer al. 1994). Imberger and Ivey 

(1993) show that the turbulent mixing in a BBL along a sloping boundary leads 

to an exchange flow between the boundary layer and the interior. We predict 

the mechanism o f exchange between the BBL and the interior of the 

hypolimnion will be important in Mono Lake with its gently sloping sides and 

larger sediment area to volume ratios relative to Lake Alpnach. Although 

Miinnich et al. (1992) found negligible mixing in the interior o f the 

hypolimnion due to horizontal velocity variations induced by internal wave 

displacements in Lake Alpnach, the mechanism may be important in Mono 

Lake where internal waves lead to larger hypolimnetic volume displacements 

on a percentage basis, resulting in higher velocities within the interior.

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The Lake Number, Ln, has been shown by Imberger and Patterson 

(1990) to be an indicator o f mixing below the base of the mixed-layer and is 

defined as:

where g  is the gravitational acceleration, S, is the lake stability, z, the height to 

the center of the metalimnion, zg is height to the center o f volume of the lake, 

u* is the shear velocity, and Ao is the lake surface area. For large Ln (» 1 ) ,  the 

bottom of pycnocline remains horizontal. For small Ln (<1), the entire 

pycnocline tilts with the generation of currents below the pycnocline which 

results in active hypolimnetic mixing. Figure 7 shows the calculated Ln for the 

field profiles and the simulation with no methane bubbles. There are occasions 

throughout the simulated stratified period where the Ln approaches 1 which 

suggests pycnocline tilting, the setup of internal waves, and the generation of 

hypolimnetic currents.
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Figure 1. Bathymetry o f Mono Lake with sampling stations (•) and the Paoha 

Island meteorological station (+ ). Dashed contour is 20 m depth.
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Figure 2. Simulation inputs - (A) incoming shortwave radiation (SW) and

attenuation (Atten) (B) air temperature (Air T) and long wave radiation 

(LW) (C) wind speed (Wind) and vapor pressure (VP) (D) discharge 

(Dis) and lake surface elevation (Elev).
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Figure 3. (A) Temperature (°C) (B) temperature from 15 to 30 m and 2 to 5 °C 

(C) conductivity at 25 °C (mS cm '1) (D) excess density 

[(p-1000) kg m'3] profiles.
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Figure 4. As fig. 3 for a DYRESM simulation without methane bubble 

plumes.
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Figure 5. Heat content o f  the bottom 25 m for field profiles (+ ) , simulation 

with no methane bubbles (solid line), simulation with 20 seeps at 

330 L s '1 (dashed line), and simulation with 20 seeps at 1000 L s '1 

(dashed-dotted line).
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Figure 6. As fig. 3 for a DYRESM simulation of 20 plumes with a total 

ebullition of 330 L s '1.
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Figure 7. Daily Lake Number, L ^  for field profiles ( + )  and simulation with 

no methane bubbles (solid line).
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CHAPTER 2

Sensitivity of Vertical Mixing in a Large Saline Lake 

to Variations in Runoff

Introduction

Meromixis is a condition of persistent chemical stratification with 

incomplete mixing over the course o f a year, and usually results in anoxia and 

the accumulation of nutrients in the monimolimnion (MacIntyre and Melack 

1982) and reduced vertical mixing (Jellison and Melack 1993a). Numerous 

saline lakes, worldwide, are known to be meromictic (Hammer 1986), and in 

the western United States there are several large (>100 km2), saline lakes 

including Mono, Pyramid, Abert, Salton, Walker, and Great Salt lakes, with 

Mono Lake (Jellison and Melack 1993a) and Great Salt Lake (Lin 1976) at 

least known to undergo a period of meromixis. Moreover, most saline lakes lie 

in hydrologically closed basins where the balance between inputs of freshwater 

and evaporation from the lake surface determines changes in size, salinity, and 

ultimately the stability of the water column. Consequently, mixing in saline 

lakes is likely to be responsive to climatic variations.

Clusters of extreme wet and dry years have been evident in recent years

for streams of the eastern slope o f the Sierra Nevada (Kattelmann 1992). Five

of the largest snowmelt floods (in terms of volume) since the 1920s occurred

from 1978 to 1986; five of the smallest floods occun-ed from 1987 to 1991.

These events support theories of some climatologists that extreme events are
41
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becoming more common in the western United States (Granger 1977, 

Michaelson et al. 1987).

Climatic variability along the Pacific coast o f North America on an 

interannual scale often is associated with mid- and high-latitude variations in 

the polar jetstream (Roden 1989). One to three times a decade, low-latitude 

disturbances, i.e. El Nifio-Southem Oscillation (ENSO), link to mid-latitude 

circulation and cause climatic anomalies such as warm and rainy  periods. 

These periods have caused changes in the mixing regime of Mono Lake 

(Jellison and Melack 1993a), as well as in subalpine Castle Lake of the Sierra 

Nevada (Jassby et al. 1990).

Evidence for climatic variability in the Sierra and western Great Basin 

also indicate century to decadal drought periods in the past. Stine (1994), 

studying relict tree stumps in or near Mono Lake, concluded that a severe 

drought of 200 years duration occurred prior to AD 1112 and another of 140 

years duration occurred before AD 1350, and suggested that the severe 

droughts were caused by a reorientation of the mid-latitude storm tracks. 

Temperature and precipitation in the southern Sierra based on tree-ring 

reconstruction (Graumlich 1993) corroborates Stine's 140-year drought prior to 

AD 1350, but not the 200-year drought prior to AD 1112.

The primary emphasis of this study is to determine the sensitivity o f the 

interannual vertical mixing dynamics of Mono Lake to variations in runoff for 

several climate change scenarios. The past 50 years o f stream discharge and 

precipitation for the period 1940 to 1990 served as the hydrological inputs to a
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model of vertical mixing. We assumed no diversion of incoming streams. The 

period 1940 to 1990 encompasses an anomalously wet period during the past 

1000 years (Graumlich 1993), so simulations with 12.5% and 25% reductions 

in runoff and precipitation were run to assess a drier climate. To assess the 

recent trend of higher interannual variability of streamflow (Kattelmann 1992) 

and precipitation (Michaelson et al. 1987, Granger 1977) on the frequency of 

meromixis, simulations were performed with 12.5% and 25% reductions in 

freshwater inputs in the moderately wet to dry years and with no reductions in 

eight of the largest runoff years. The same meteorological year was used for 

each year of the simulation so that interannual differences in the extent of 

vertical mixing resulted from variations in lake level, salinity, and freshwater 

inputs.

Simulations with the one-dimensional vertical mixing model,

DYRESM (Imberger and Patterson 1981), were used to assess the incidence of 

meromixis. During model verification, DYRESM did not predict the timing of 

turnover for one of two monomictic years. The Lake Number (Imberger and 

Patterson 1990), an index of mixing below the mixed-layer, was incorporated 

into the parameterization of the vertical diffusivity to increase the vertical 

transport in the thermocline and hypolimnion. The modified diffusivity 

parameterization modeled the timing of turnover for the two year monomictic 

verification period and a nine year period which included a six year meromictic 

period from 1983 to 1988. The model was then run with the fifty year 

hydrological inputs to assess the interannual vertical mixing dynamics.
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Study Site

Mono Lake lies in a hydrologically closed basin with an area of 1800 

km2 located on the western edge of the North American Great Basin just east 

of the Sierra Nevada, California (38°N, 119°W) (Fig. 1). At an elevation of 

1943 m above sea level Mono Lake has a 160 km2 surface area, a 17 m mean 

depth, a 45 m maximum depth, and salinity o f ca. 94 g L'1. The lake was 

monomictic when it was studied in the early 1960s (Mason 1967) and late 

1970s through early 1980s (Melack 1983). Diversion of freshwater inflow 

from Mono Lake began in 1941 with the extension of the Los Angeles 

Aqueduct into the Mono Basin. By 1982 the lake's surface elevation had 

dropped 14 m and the salinity had doubled. During 1982 and 1983, the lake's 

surface rose 2.6 m accompanying an ENSO event which resulted in the 

initiation of meromixis. Meromixis persisted until 1988 and was characterized 

by a marked decrease in vertical mixing (Jellison and Melack 1993a) and 

nutrient transport across the pycnocline (Jellison et al. 1993) which resulted in 

diminished algal productivity (Jellison and Melack 19936).

Most of the precipitation in the Mono Basin is derived from Pacific 

storms and orographic lifting over the Sierra Nevada (Houghton 1969). 

Approximately 75% of the annual precipitation onto the lake surface occurs 

between October and March (Vorster 1985). Most of the precipitation in the 

Mono Basin falls in the high elevations of the Sierra Nevada as snow (Patten et 

al. 1987). Stream discharge is the major hydrologic input into Mono Lake and 

is derived largely from snowmelt in the spring and summer (Patten et al. 1987).
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Model Application

Vertical Mixing Model

DYRESM (Imberger and Patterson 1981), a one-dimensional vertical 

mixing model, was used to simulate the vertical mixing dynamics of Mono 

Lake. DYRESM is based on a Lagrangian structure which models the lake as 

horizontal layers o f uniform properties (i.e. temperature and salinity). The 

layers move vertically, expanding and contracting in response to surface mass 

fluxes and mixing processes. The model explicitly simulates mixing 

mechanisms in stratified lakes and reservoirs. Processes causing deepening of 

the mixed-layer include penetrative convection from surface cooling and 

evaporative concentration o f salt at the surface, stirring by the wind, seiche 

induced shear at the pycnocline, and billowing at the pycnocline resulting from 

shear. Hypolimnetic transport is modeled as a diffusive process whose 

magnitude depends on the local density gradient and rate o f energy dissipation 

(Weinstock 1981). The model has been successfully applied to reservoirs 

(Imberger and Patterson 1981) and freshwater lakes (Patterson et al. 1984).

Physical Properties o f  Mono Lake Water

The equation for density of Mono Lake water, based on temperature 

and conductivity corrected to 25°C (Jellison and Melack 1993a), is valid for 

the range 74 (69.5 g kg '1) to 92 mS cm'1 (95 g kg'1). As the salinity range of 

the simulations reported here range from 40 to 95 g kg ' I, we modified the 

density equation to be a linear function of salinity (g kg'1). Salinity, as total
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dissolved solids (TDS), over the range of conductivities from 74 to 92 mS cm'1 

at 25°C is given by,

TDS (g L '1 )=( 1.421 xO j)-35.64 n=22, r2=0.978, SE=1.23 g L'1

(Jellison and Melack 1993a). A linear regression between specific gravity and 

salinity measurements from 55 to 270 g kg'' (r2=0.99, n=l 1 Los Angeles 

Department of Water and Power, LADWP, unpub. data) when combined with 

the temperature-density equation (Jellison and Melack 1993a) resulted in the 

density equation:

p  =993.6 + 0.927 S -2.164 x 1 O'1 7"-3.26 x 10'3 12 

where p  is density (kg m"3), T is temperature (°C), and S is salinity (g kg’1)- 

A latent heat of evaporation o f 2.477x106 J kg'1 for Mono Lake water 

was estimated from linear interpolation between the values of seawater 

(5=35 g kg '1) (Gill 1982) and the Dead Sea (5=275 g kg'1) (Steinhom 1991). A 

kinematic viscosity of 1.27xl0"6 m2 s '1 and specific heat of 3.865 J kg'1 “C '1 

were obtained from Mason (1967). Salinity-induced variations for these 

parameters are small (<10%) over the range considered here so that constant 

values were used in the simulations.

Verification Data and Simulation Inputs

Hourly averaged measurements of shortwave and longwave radiation 

were recorded at a meteorological station located 7 km southwest of the lake. 

Ten minute averages of readings made every second for wind speed, relative 

humidity, and air temperature were measured at a meteorological station on the
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southern tip of Paoha Island in the center o f the lake (Fig. 1). Relevant 

meteorological measurements were standardized to 10 m and computed as 

daily averages with the exception of radiation data which are required as daily 

totals in DYRESM. Examples o f these data are shown for January 1,1992 

through December 31,1993 in Figures 2A-C. Downwelling photosynthetically 

available radiation (PAR) was measured with a submersible Li-Cor quantum 

sensor. Attenuation coefficients ranged from 0.35 to 1.1 m*1. Daily values 

were estimated by interpolating between dates of field surveys (Fig. 2A). A 

surface reflectivity of 5% for incoming shortwave radiation was used in the 

simulations. PAR was computed as 45% of the incoming shortwave radiation. 

Attenuations at other wavelengths are reported in Jellison and Melack (1993a).

Lake surface elevations were recorded weekly to monthly from staff 

gauges by the LADWP (Fig. 2D and 3). Daily lake elevations were computed 

by interpolation between dates of measured surface elevations. Daily total 

discharge o f four major streams was measured by the LADWP (Fig. 2D). 

Stream gauges are approximately 5 km upstream from the lake and there is 

uncertainty in the amount of water loss between the weirs and the lake (Vorster 

1985). Rather than estimating these hydrologic terms, we used the volume of 

water derived from changes in lake level as the major hydrological input for the 

verification simulations. Temperatures of Convict Creek for 1992 (not shown), 

at the Sierra Nevada Aquatic Research Laboratory located 45 km from Mono 

Lake at an elevation of 2160 m, served as stream temperature inputs.
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Water temperature and conductivity profiles were obtained bi-weekly in 

1992 and 1993 from March to August at three sampling locations (Fig. 1) and 

monthly during the remainder o f the year with a Sea-Bird Seacat SBE-19. 

Temperature measurements had a vertical resolution o f 0.125 m and accuracy 

o f 0.005°C, and conductivity measurements had a vertical resolution of 1 m 

and accuracy of 0.25 mS cm 1 after data processing.

With a few exceptions, temperature profiles were measured at three 

stations (Fig. 1) biweekly from March to August and monthly during the 

remainder o f the year from 1982 to 1990. October through February were not 

sampled from 1982 to 1984 and station 30 was not sampled in 1982. Readings 

were taken every meter with a thermistor and Wheatstone bridge circuit 

readable to 0.01 °C. The conductivity of monthly samples at 5 depths (2, 8, 12, 

20, and 28 m) from two stations (6 and 11) collected with a van Dorn sampler 

were measured in the laboratory with a conductivity meter (Yellow Springs, 

Model 30) between 24 and 26 °C and standardized to 25 °C. An additional 2 

to 5 depths were sampled across major gradients dependent on the previous 

temperature and conductivity profiles. The accuracy of conductivity 

measurements was ± 1 mS cm '1. Conductivity was not measured in 1982.

1940 to 1990 Simulation Inputs

Total annual precipitation (Fig. 4A) and basin runoff (Fig. 4B) based on 

the water year (October 1 to September 30) had substantial interannual
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variability from 1940 to 1990. The average precipitation over the fifty year 

period was 28.0 cm yr'1 (S.D.=10.4 cm yr'1) and the average runoff 

150 Mm3 yr'1 (S.D.=49.2 Mm3 yr'1). Lake level fluctuations are predominately 

a function of runoff and evaporation, as the fifty year average of precipitation is 

approximately a fourth of the annual evaporation rate (ca. 1.0 m yr*1). Eight of 

the years with highest runoff (from highest to lowest: 1983,1969,1982, 1967, 

1986, 1952, 1941,1984) all had total annual discharge greater than 

206 Mm3 yr'1 and accounted for approximately 25% of the total discharge over 

the fifty year period. Significant multiple year drought events with annual total 

discharge less than 120 Mm3 yr'1 occurred from 1947 to 1950, 1953 to 1954, 

1959 to 1961, 1976 to 1977, and 1987 to 1990. The variability in runoff and 

precipitation was much greater for the last fifteen years (1976 to 1990) and 

corroborates Kattelmann’s (1992) finding of increased interannual runoff 

variability in the eastern Sierra for this period.

The Los Angeles Aqueduct Model (LAAMP) is a monthly water 

balance model of the Mono Lake basin. LAAMP utilizes the fifty year 

historical record of the monthly totals o f precipitation from a site 7 km 

southwest of the lake and Mono basin runoff from April 1,1940 to March 30, 

1990. LAAMP generated a fifty year sequence of monthly elevations (Fig. 4C) 

assuming no diversion of Mono Basin water. The quantity of ungauged and 

groundwater inflow into the lake is dependent on the monthly evaporation rate 

specified in LAAMP. Monthly total evaporation rates from the 1992 

DYRESM simulation were used in LAAMP to determine the ungauged
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streamflow and groundwater. The LAAMP stream discharge to the lake for the 

case with no diversions (Fig. 4D) and precipitation onto the lake surface were 

used as the hydrological inputs for the long-term simulations.

One hundred year simulations were run for five hydrological scenarios 

(Table I). Precipitation and LAAMP runoff served as inputs for the first and 

second fifty years o f the simulation. The second fifty years of the simulation 

were done to evaluate the incidence of meromixis for an additional range of 

elevations. Case 1 had no reductions in freshwater inputs. A linear regression 

between annual precipitation and runoff (based on the water year) explained 

68% of the variance so we applied reductions to both precipitation and runoff 

in cases 2 to S. Cases 2 and 3 had constant reductions in precipitation and 

runoff inputs of 12.5% and 25% for all years, and simulated drier climates than 

the past fifty years. Cases 4 and 5 were the same as cases 2 and 3, except the 

eight years with the largest runoff had no reductions in freshwater inputs.

Cases 4 and 5 simulated a drier climate with higher interannual runoff 

variability than the period from 1940 to 1990.

We assume that freshwater inputs are the primary determinant of 

meromixis in Mono Lake so we used the 1992 daily meteorology and 

underwater extinction coefficients of PAR for every year o f the one hundred 

year simulations. The 1982 to 1990 verification simulation which includes a 

six year meromictic event supports this assumption and is discussed below.

We compared equilibrium lake level predictions (zeq, level at which 

inflow of water equals loss from evaporation) o f cases 2 and 3 to zeq
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predictions of two other Mono Lake water balance models (Table 2) as a 

verification of lake level modeling. Direct comparisons between ova zeq 

predictions and those o f the other two models cannot be made for several 

reasons. Our zeq predictions were based on a reduction of precipitation onto the 

lake surface whereas the other models did not. Secondly, results from the other 

two water balance models utilized synthetic streamflow inputs generated from 

a forty year runoff and precipitation record, whereas our predictions were based 

on the recent fifty year historical precipitation and runoff record. However, 

even with the differences in lake level modeling inputs, our zeq predictions as a 

function of runoff are bracketed by the Vorster (1985) model.

Model Verification

To test the applicability o f using DYRESM in a lake with combined 

thermal and salinity stratification, model verification was done with data from 

1992 and 1993, both monomictic years. These initial tests were done without 

modification of the mixing parameterizations in the published version of 

DYRESM (Imberger and Patterson 1990). As will be seen below, these 

parameterizations did not adequately predict the mixing dynamics o f 1993. In 

consequence, we made a simple modification to the vertical diffusivity 

parameterization by incorporating the Lake Number (Imberger and Patterson 

1990), a dimensionless index of mixing below the mixed-layer. Results from 

the two approaches follow.
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1992 and 1993 Field Profiles and Simulations

Mono Lake was monomictic during 1992 and 1993 (Figs. 5 A and 5B). 

The onset o f thermal stratification during late February to early March 

coincided with increases in solar irradiance and high underwater attenuation for 

both years (Fig. 2A). By the end of May, 1992, and June, 1993, the structure 

and gradient of the seasonal thermocline was established (Fig. 5A). From May 

to October, the mixed-layer deepened two times more rapidly in 1992 than in 

1993.

During February and March, 1992, a steady lake level increase 

{ca. 0.15 m) resulted in the dilution of the mixed-layer (92.5 g kg'1 isohaline, 

Fig. 5B). From April to December the lake level decreased as evaporation 

from the lake surface exceeded hydrologic inputs. By late April falling lake 

levels and increasing evaporation resulted in inverse chemical stratification; the 

average mixed-layer salinity was greater than the average hypolimnetic salinity. 

Autumn turnover in November, 1992, resulted from a combination of lake 

cooling and unstable chemical stratification.

From January to April, 1993 the lake level increased 0.4 m, the 

increases led to the establishment of a seasonal chemocline by March 

(Fig. 5B). The chemocline deepened to 15 m by May and persisted through the 

remainder of stratification. Two freshening periods above the seasonal 

chemocline were induced by high precipitation onto the lake surface and low 

evaporation rates (January to March) and high stream discharge (June to
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August). Strong winds in November and December (Fig. 2C) caused autumn 

turnover by December 5.

A 2 to 3 kg m'3 density difference between the mixed-layer and the 

hypolimnion persisted throughout much of the stratified period during 1992. 

During July, temperature contributed 2.3 kg m '3 to the density difference 

across the pycnocline (15 to 7 °C) whereas inverse salinity stratification 

reduced the density difference 0.7 kg m'3. During 1993, there was a 3 to 

6 kg m'3 density difference between the mixed-layer and the hypolimnion 

through the stratified period. During July, temperature contributed 2.5 kg m‘3 

and stable salinity stratification contributed 2 kg m'3 to the density difference 

between the mixed-layer and hypolimnion.

DYRESM simulated the 1992 and 1993 seasonal mixed-layer thermal 

dynamics well in several respects (Fig. 5C). The onset o f thermal 

stratification, mixed-layer deepening, and timing of autumn turnover matched 

the field data. However, the simulation of 1993 did not predict isothermal 

conditions by the end of the simulation and the thermocline was too sharp in 

both 1992 and 1993. Simulated diffusivities through the thermocline and 

hypolimnion were near the molecular diffusivities of heat and salt throughout 

the stratified period during both years.

Predictions o f the seasonal dynamics o f salinity within the mixed-layer 

were adequate in 1992 but not in 1993 (Fig. 5D). The simulated dilution of the 

upper 10 m from February to April, 1992 (93 g kg-1 isohaline) was caused by 

rising lake level (Fig. 2D). Mixed-layer salinity increased from mid-April to
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autumn. By May the salinity of the mixed-layer was greater than the remainder 

of the water column which resulted in inverse chemical stratification through 

turnover. The simulation o f  1993 incorrectly predicted the development o f a 

strong chemocline in spring which ultimately led to the prediction of 

meromixis. In consequence, the published version of the model could not be 

used to predict the onset and duration of meromixis, precisely the goal here.

Modifications to DYRESM to Improve Simulations o f Hypolimnetic Mixing

Insufficient mixing below the mixed-layer was modeled during the

setup of salinity stratification during February, 1993. We hypothesize that the

eddy diffusivity parameterization underestimates mixing below the mixed-layer

and advance a simple modification. DYRESM calculates the eddy diffusivity,

Kz, using Weinstock's (1981) formulation given by: 
v  e

:  ~  ^  x r ’’ a  s  i  2  2~N  + Q.6ka u

where s is the dissipation of turbulent kinetic energy, ko is the wave number of 

the energy bearing eddies, u is the root mean square velocity o f the motion in 

the turbulent patch, N  is the buoyancy frequency, and a  is a constant whose 

value lies between 0.2 and 0.8. We used a value of 0.5. The Weinstock (1981) 

vertical eddy diffusivity parameterization models turbulent patches within and 

below the pycnocline induced by wind-driven turbulent kinetic energy.

Other processes may significantly increase diffusivities below the 

mixed-layer in Mono Lake. High wind speeds may cause upwelling and do
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generate large amplitude internal waves in Mono Lake (car. > 5 m) (Romero 

and MacIntyre, unpub. data). Internal waves in Lake Alpanch, Switzerland, 

were shown to produce significant bottom currents and the generation of a well 

mixed benthic boundary layer (BBL) (Gloor et al. 1994). Imberger and Ivey 

(1993) show that the turbulent mixing in a BBL along a sloping boundary leads 

to an exchange flow between the boundary layer and the interior. We predict 

the mechanism of exchange between the BBL and the interior of the 

hypolimnion will be important in Mono Lake with its gently sloping sides and 

larger sediment area to volume ratios relative to Lake Alpanch. Although, 

Munnich et al. (1992) found negligible mixing in the interior of the 

hypolimnion due to horizontal velocity variations induced by internal wave 

displacements in Lake Alpanch, the mechanism may be important in Mono 

Lake where internal waves lead to larger hypolimnetic volume displacements 

on a percentage basis, resulting in higher velocities within the interior.

The Lake Number, Ln is an excellent indicator of mixing below the 

base of the mixed-layer and is defined as:

where g  is the gravitational acceleration, S, is the lake stability, z, the height to 

the center of the metalimnion, po is the reference density, zg is height to the 

center o f volume of the lake, H  is the lake depth, m» is the shear velocity, and 

A q is the lake surface area (Imberger and Patterson 1990). Ln  is a balance
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between the overturning moment which arises from wind acting over the lake’s 

surface counterbalanced by the restoring moment o f the density stratification. 

For large Ln ( » 1 ) ,  the bottom of the pycnocline remains horizontal. For small 

Ln (<1), the entire pycnocline tilts resulting in the generation of currents below 

the pycnocline and active hypolimnetic mixing.

We modeled the equation for K: by making a  a function of Ln’- 

a=Q.5aLNb where a and b are constants. With a power functional dependence 

on Ls, we assume that as Ln approaches 1 the dissipation of turbulent kinetic 

energy increases more rapidly. We ran several simulations using these 

parameterization and varying values of a and b. The best results for the 1992 

and 1993 simulation were obtained using a= 10 and b=-0.8. During simulations 

a minimum a  of 0.5 {Ln > 15) and maximum a  o f 5.0 {Ln < 1) were imposed.

The modified diffusivity parameterization resulted in an improved 

simulation o f the structure of both the thermocline and chemocline, 

hypolimnetic heat dynamics and timing of turnover for 1993 (Fig. 6).

Although there were some problems with the new simulations, such as a deeper 

mixed-layer and premature turnover in 1992, the revised model gave much 

better predictions of water column structure and turnover in 1993. We next 

tested its ability to predict meromixis.

Further Model Validation: 1982 to 1990 Field Profiles and Simulations

Further model verification for an additional nine year period, 1982 to 

1990, which includes a six year period of meromixis was performed with the
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modified diffusivity parameterization. Prior to 1983, Mono Lake had declining 

lake levels, increasing salinity, and a monomictic thermal regime. From the 

autumn o f 1982 to the summer of 1983, a large influx of freshwater from an 

abnormally high Sierran snowpack resulted in a 2.6 m lake elevation increase 

(Fig. 3). Freshwater dilution of the mixed-layer salinity during winter and 

spring of 1983 led to the onset o f meromixis (Fig. 7A). A salinity difference of 

approximately 10 g kg'1 between the mixolimnion and the monimolimnion was 

measured in the spring and summer of 1983. Evaporative concentration of the 

mixed-layer, reduced inflows, and mixed-layer entrainment reduced the salinity 

difference to about 4 g kg*1 by the 1985-6 winter. In 1986, another large influx 

of freshwater caused a lake level rise of 0.7 m (Fig. 3) and the establishment of 

a secondary chemocline above the original one. Chemical stratification 

weakened from 1986 to 1988 with the complete breakdown of meromixis 

occurring in November 1988 (Jellison and Melack 1993a).

The meromictic event of the 1980s was simulated to determine if 

DYRESM predicted the vertical mixing dynamics adequately with the 

modified difiusivity formulation determined from the 1992 to 1993 simulation. 

Meteorological data and PAR extinction coefficients from 1992 were used for 

each year of the simulation. The salinity dynamics, downward migration of the 

chemocline and termination of meromixis were predicted accurately (Fig. 7B). 

The simulation shows that multi-year meromictic events in Mono Lake are 

predominately a function of the freshwater inputs.
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Results

Lake levels, as will be seen below, strongly influence whether Mono 

Lake will become meromictic. Modeled lake level fluctuations (Fig. 8) were 

significantly different for each case. Case 1 inputs resulted in rapid long-term 

lake level increases of 10 m during the first fifty years, 5 m during the second 

fifty years and high lake levels by the end of the simulation. Cases 2 and 4 had 

long-term lake level increases of 5 and 6 m during the first fifty years and 2 and 

2.5 m during the second fifty years. Case 3 was at a zeq o f approximately 46 m 

throughout the simulation. Case 5 had lake level rises o f 3 and 0.5 m for the 

two fifty year periods. Except for case 3, all cases had smaller annual lake 

level increases during the second fifty years due to higher lake levels and larger 

surface areas. Cases 4 and 5 had significantly greater annual lake level 

increases for each o f the eight years with no reductions in freshwater inputs 

than did cases 2 and 3, respectively.

An example of output from a simulation is given for case 1 in figure 9, 

which is a plot of two week averages of the mixed-layer salinity and salinity at 

15 m relative to the maximum depth. The mixed-layer salinity was defined as 

the depth from the surface to a density gradient of 0.25 kg m‘3 m '1. Because 

the volume of water in the bottom 15 m is only 2.9% of the total volume when 

Zmax- 45 m and only 1.3% o f the total volume when Zmax=60 m, we assumed 

meromixis was terminated once the mixed-layer was within 15 m of the 

maximum depth. Two meromictic periods of approximately twenty years were 

predicted. Meromixis during simulation years 1 to 21 resulted from a large
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average lake level rise of 0.25 m yr'1 over the twenty year period. The initial 

lake level was well below zeq of case 1 (> 60 m) so that even moderate runoff 

years caused lake level increases which prolonged meromixis. The twenty-one 

year meromictic episode from years 38 to 58 was initiated by a rapid lake level 

increase o f 0.6 m yr'1 from years 38 to 43. Meromixis from years 1 to 20 was 

maintained by long-term lake level rise over the twenty year period, whereas 

for years 38 to 58 meromixis was maintained and prolonged by an abrupt lake 

level increase o f ca. 3 m from years 42 to 46. By year 92 the lake level was so 

high (zmar>58 m) that only a seven year period of meromixis resulted, one third 

the duration of the event initiated on year 38.

A summary of predicted meromictic periods o f all the cases is given in 

figure 10. The stability during meromictic years were classified as strong if the 

annual minimum difference between the mixed-layer salinity and salinity at 15 

m relative to the maximum depth was greater than 4 g kg'1. Meromictic events 

with annual minimum salinity differences between 2 and 4 g kg'1 were 

classified as moderately stable, and meromictic years with salinity differences 

less than 2 g kg'1 were classified as weakly stable.

Greater inputs of freshwater led to a greater frequency and duration of 

meromictic events. Whereas the case 1 simulation predicted twenty years of 

meromixis during the first twenty-one years, case 2 predicted only a six year 

event and no event was predicted for case 3. Cases 1, 2, and 3 all had multi­

year meromictic events for the cluster o f wet years (water years 1982, 1983, 

1984 and 1986) from years 42 to 47 and 92 to 96, but the period of meromixis
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became shorter as freshwater inputs decreased. As the lake level increased, the 

stability associated with the meromictic events lessened. For example, 

meromixis from years 92 to 97 in case 2 was not as strong as the event from 

years 42 to 47 at a lake level 3 m higher.

Comparison of case 4 with case 2 and case 5 with case 3 provide 

insight into the effects o f greater interannual variability o f freshwater inputs on 

persistence o f meromixis and the strength o f associated stability. For example, 

the stability o f meromixis was greater in years 1 to 8 and the meromixis period 

which began in year 42 persisted longer in case 4 than in case 2. Similarly, 

meromictic events were more frequent and lasted longer in case 5 than case 3.

Discussion

Exceptionally wet years consistently initiated meromixis. For instance, 

meromixis was initiated when inflows were high such as water year 1969 

(simulation years 29 and 79) and sequential large water years 1982 and 1983 

(simulation years 42,43, 92 and 93). Further, if  lake levels are well below the 

equilibrium lake level o f the regional climate, moderately wet years could 

initiate meromixis as in cases 1,2, and 4 on simulation year 1.

High lake levels decreased the stability and duration of meromixis. For 

example, cases 1,4, and 5 had approximately equivalent inputs o f freshwater 

from years 92 to 96 with lake levels on year 92 of 58 (case 1), 52.5 (case 4) and 

46 m (case 5). Case 1 predicted a shorter duration o f meromixis with lower 

stability than the other two cases. Smaller lake level rises and less dilution of
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the mixolimnion result from a constant input o f freshwater at higher lake levels 

than at lower lake levels. Further, high salinities at lower lake levels result in 

greater salinity differences between the mixolimnion and monimolimnion 

during the onset o f meromixis as the volume of the mixolimnion at low lake 

levels is less than the volume at higher lake levels.

A higher frequency and duration of meromixis was simulated when the 

eight wettest years had no reductions in freshwater inputs (cases 4 and 5 vs 

cases 2 and 3). These results suggest that if climate change results in a drier 

climate with high interannual hydrological variability (cases 4 and 5), the 

occurrence of meromixis in saline lakes will increase. For example, in a small 

saline lake in Victoria, Australia, meromixis was established when lake 

shrinkage and solute concentration during a prolonged drought was followed 

by flooding with freshwater during abnormally high rains (Timms 1972).

Generally, meromixis results in increased chemical stability (MacIntyre 

and Melack 1982) and significantly lower eddy diffusivities across the 

chemocline (Jellison and Melack, 1993a) relative to monomictic conditions. 

With the elimination o f seasonal holomixis, mixolimnetic nutrient 

concentrations are depleted and accumulate in the monimolimnion (MacIntyre 

and Melack 1982, Jellison et al. 1993). During the breakdown of meromixis a 

large nutrient pulse results as the nutrient-rich monimolimnetic water is mixed 

throughout the water column.

During meromixis, prolonged periods o f low mixolimnetic nutrient 

concentrations will likely lead to changes in algal biomass, primary
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productivity, and the composition of algal communities. In N-limited Pyramid 

Lake, during high runoff years the set up o f temporary winter chemical 

stratification or meromixis led to a N-Iimiting condition and N-fixing blue- 

green algae blooms (Galat et al. 1990). In Mono Lake, algal biomass in spring 

and autumn decreased following the onset of meromixis, and annual 

photosynthetic production was reduced compared to monomictic conditions 

(Jellison and Melack 19936). Annual production was greatest in 1988 

following the breakdown of meromixis. In summary, greater interannual 

variability in vertical mixing, mixolimnetic and monimolimnetic nutrient 

concentrations, algal biomass, and algal production is predicted with a higher 

incidence of meromixis.

Present regional hydrology models predict a more strongly seasonal 

streamflow hydrology regime with characteristics o f increased peak runoff, 

earlier snowmelt and lower base flows (Lettenmaier and Gan 1990, Cooley 

1990, Pupacko 1993). If winter peak discharge increases substantially as a 

result o f earlier and more rapid snowmelt, the likelihood o f the development of 

a stronger and earlier winter seasonal chemocline during monomictic years will 

increase.

An earlier onset of stratification will likely affect productivity at several 

trophic levels. In many temperate lakes, nutrient limitation increases and 

becomes pronounced following the onset o f seasonal thermal stratification as 

nutrients are exported across the thermocline via particle settling. In Lake 

Tahoe, differences in the spring mixing depth, and presumably its effect on
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nutrient fluxes, explain much o f the interannual variation in primary 

production (Goldman et al. 1989). Temporary winter chemical stratification 

resulted in N-limiting conditions and the occurrence o f N-fixing algal blooms 

in Pyramid Lake (Galat et al. 1990). Early onset o f thermal stratification in N- 

limited Mono Lake is also expected to shift the seasonal pattern o f nutrient 

availability and thus primary production. Temporal changes in primary 

production will affect Artemia, the only macrozooplankton in Mono Lake. 

Artemia are absent during the winter but following hatching of over-wintering 

cysts in March reach high densities and support large populations o f breeding 

and migratory birds throughout much of the remainder o f the year. Thus, 

several direct and indirect effects of temporal changes in stratification are 

expected.

Other climatic changes that directly affect the lake need to be 

investigated. Changes in the wind, temperature and vapor pressure regimes 

would effect evaporation rates and lake levels. Hostetler and Benson (1990) 

simulated evaporation and lake levels to investigate the paleoclimate of Lake 

Lahontan and found that increased cloud cover in conjunction with increased 

precipitation could account for the water budget of the Pleistocene lake. 

Mixed-layer deepening would be effected by changes in the wind regime as 

well. The use of lake-basin scale hydrological models coupled with regional 

climate models produced reasonably good predictions o f surface temperature 

and evaporation for Pyramid Lake (Hostetler and Giorgi 1993). Synthetic 

streamflow and climate changes derived from coupled hydrological and
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regional climate models for the Mono Basin should be incorporated as 

hydrological and meteorological inputs to the lake model to improve prediction 

of vertical mixing regimes for climate change scenarios.
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Table 1. Description of hydrology scenarios simulated during 100 year 
simulations.

Case Percentage of 
Historical Hydrology

Eight largest runoff 
years reduced

1 100 no

2 87.5 yes

3 75 yes

4 87.5 no

5 75 no
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Table 2. Equilibrium lake level predictions from LAAMP/DYRESM, Vorster 
(1985) and LADWP monthly water balance models. LADWP and Vorster 
model results from Patten et al. (1987). The LADWP and Vorster models used 
synthetic freshwater inputs generated from forty years of historical hydrology.

Model Average Yearly 
Runoff

(Mm3y r l)

Evaporation 
(m yr'1)

Equilibrium 
Lake Depth (m)

LAAMP/DYRESM
case 1 131.25 1.01 53
case 2 112.5 1.01 46-46.5

Vorster 122.0 1.07 52.5-53
91.5 1.07 45.5-46

LADWP 122.0 1.07 54
91.5 1.07 48.5-49
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Figure 1. Bathymetry of Mono Lake with sampling stations (#) and the Paoha 

Island meteorology station (+ ) . The direction relative to the lake is 

given for the near lake meteorology station.
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Figure 2. 1992 and 1993 daily simulation inputs - (A) incoming shortwave 

radiation (SW) and underwater attenuation coefficient based on PAR 

(Atten) (B) air temperature (Air T) and long wave radiation (LW) (C) 

wind speed (Wind) and vapor pressure (VP) (D) daily gauged discharge 

(Inflow) and maximum lake depth (Depth).
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Figure 3. Maximum lake depth from 1982 to 1990.
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Figure 4. Hydrology from 1940 to 1990 - (A) total annual precipitation (B) 

total annual stream discharge (C) monthly maximum lake depth (D) 

total monthly stream discharge.
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Figure 5. Profiles of (A) measured temperature (°C) (B) measured salinity 

(g kg*1) (C) modeled temperature (°C) (D) modeled salinity (g kg'1) 

from 1992 to 1993.
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Figure 6. Simulation for 1992 and 1993 with modified vertical difiusivity 

parameterization - (A) temperature (°C) (B) salinity (g kg'1).
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Figure 7. Salinity (g kg'1) profiles from 1982 to 1990 - (A) measured 

(B) modeled.
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Figure 8. Simulated lake levels for cases 1-5.
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Figure 9. Two week averages of mixed-layer salinity (thick) and salinity 15 m 

relative to the maximum depth (thin) for case 1.
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Figure 10. Summary of strong (black bars), moderate (dotted bars) and 

weak (clear bars) stability during meromictic years for cases 1-5.

A year without a bar is monomictic. A * indicates meromixis had not 

terminated by the end of the simulation.
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CHAPTER 3

Effect of Hydrologic Variations on Stratification and Upward Ammonia 

Flux in Hypersaline Mono Lake

Introduction

Saline lakes are generally located in semi-arid climates which are 

characterized by high seasonal and interannual variability in precipitation and 

stream inputs. In addition, stream discharge into many saline lakes is diverted 

for anthropogenic uses which have led to falling lake level and increased 

salinities. Examples include the Aral Sea (Micklin 1988), Dead Sea (Steinhom 

1985), Walker (Cooper and Koch 1990) and Mono (Jellison and Melack 

1993a). In saline lakes, hydrological variations, whether natural or 

anthropogenic, can strongly influence vertical mixing dynamics due to the 

linkage between salinity stratification and the water flux at the surface 

(evaporation, precipitation, and stream discharge).

In freshwater bodies variations in the quantity and quality of riverine 

inputs can affect the average vertical water structure. In relatively arid regions, 

riverine inflows into reservoirs can be significantly more saline than the lake 

water which can result in the build-up of a saline water mass at the base o f the 

dam (Imberger et al. 1978; Imberger 1982), a condition often alleviated by 

selective withdrawal (Imberger 1982) or a destratification technique such as 

bubble plumes (Schladow 1992, 1993). The effect of large riverine inflows 

during wet years into reservoirs and small lakes results in a lower retention 

time, increased advection, and a delay in the onset of thermal stratification. 

Thus, variations in stream discharge in freshwater bodies generally affect the
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thermal stratification dynamics with the caveat that in arid regions salinity 

stratification may be caused by saline riverine inputs.

In saline lakes, stream and precipitation inputs are always more dilute 

than the surface water and enter as surface overflows. Thus salinity 

stratification depends on the balance between freshwater inputs (precipitation 

and stream discharge) and evaporation. If freshwater inputs are greater than 

evaporation then the lake level rises, the mixed-layer salinity decreases, and 

stable salinity stratification results. Conversely, if freshwater inputs are less 

than evaporation, lake level decreases, mixed-layer salinity increases, and 

unstable salinity stratification results. Unlike most freshwater bodies, in saline 

lakes the vertical density structure undergoes large variations in water column 

stability depending on whether stable (rising lake level) or unstable (falling 

lake level) salinity stratification has developed over the thermally stratified 

period.

Several physical limnological investigations of saline lakes have 

documented the occurrence of ectogenic meromixis, a condition of persistent 

chemical stratification with incomplete mixing over the course of a year caused 

by large influxes of freshwater. The Dead Sea was meromictic for over a 100 

years until falling lake level from the onset of stream diversions in the 1960s 

led to nearly equivalent mixolimnetic and monimolimnetic salinities prior to 

complete turnover in 1979 (Steinhom 1985). Ectogenic meromixis in several 

North American Great Basin saline lakes such as Mono Lake (Jellison and 

Melack 1993a) resulted after exceptionally wet years which caused rapid large 

increases in lake level. The effect o f meromixis on the nitrogen budget 

(Jellison et al. 1993) and primary productivity (Jellison and Melack 19936) 

was documented for six years (1983-1988) of meromixis and the following two
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years of monomixis (e.g. one period o f complete mixing per year) in Mono 

Lake. However, with the exception o f the Dead Sea (Anati and Stiller 1991) 

few long-term studies have examined the physical limnology of saline lakes 

during periods of monomixis.

In this paper we describe the physical limnology of Mono Lake during 

six years of monomixis (1989-1994). Linkages between freshwater inputs 

(precipitation and runoff), evaporation, and seasonal stratification dynamics are 

described. Estimates of vertical diffusivities from the heat flux gradient 

method corrected for solar heating were calculated. The influence of 

hydrological inputs and wind forcing on the stratification and vertical transport 

dynamics are discussed. Ammonia is the primary form of nitrogen in N- 

limited Mono Lake (Jellison and Melack 19936). Diffusivities were used to 

estimate seasonal and interannual upward ammonia fluxes to evaluate the 

effect on algal nutrient supply.

Study Site

Mono Lake lies in a closed basin with an area of 1800 km2 located on 

the western edge of the North American Great Basin just east of the Sierra 

Nevada, California (38°N, 119°W) (Fig. 1). At an elevation of 1943 m above 

sea level Mono Lake has a 160 km2 surface area, a 17 m mean depth, a 45 m 

maximum depth, and salinity of ca. 94 g L '1.

The pH of Mono Lake is «10. Sodium is the major cation, and chloride 

and carbonate are the major anions; sulfate, borate, and silicate concentrations 

are also high (Jellison and Melack 1993a). Soluble reactive phosphorus was 

>300 (iM throughout the water column from 1989-1994. Mono Lake is
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N-limited and at the pH of 9.8, [NH3] = 5 x [N H ^; concentrations of nitrate 

and nitrite are less than 1 fiM (Jellison et al. 1993).

Most of the precipitation in the Mono Basin falls in the high elevations 

of the Sierra Nevada as snow (Patten et al. 1987). Stream discharge is the 

major hydrologic input to Mono Lake and is derived largely from snowmelt in 

the spring and summer. The five major streams that drain the high Sierran 

escarpment to the west of the lake are gauged.

The lake level declined 14 m (1956 to 1942 m surface elevation) from 

1947 to 1982 because of diversion o f freshwater inflow from the lake with the 

extension of the Los Angeles Aqueduct into the Mono Basin in 1941. The lake 

was monomictic when it was studied in the early 1960s (Mason 1967) and late 

1970s through early 1980s (Melack 1983). In 1982 a large influx of freshwater 

from an abnormally high SierTa snowpack resulted in a 2.6 m rise in lake 

surface (Fig. 2) and the onset o f 6 years of meromixis (Jellison and Melack 

1993a). Meromixis persisted until 1988 and was characterized by a marked 

decrease in vertical mixing (Jellison and Melack 1993a) and nutrient transport 

across the pycnocline (Jellison et al. 1993) which resulted in diminished algal 

productivity (Jellison and Melack 19936). A relatively stable lake level 

(ca. 1943 ± 0.5 m) occurred from 1990 to 1994. Another exceptionally wet 

year in 1995 led to a 1.0 m lake level rise and the onset o f meromixis.

Methods and Numerical Analysis

Meteorology and Hydrology

Hourly averages o f 1 s measurements of photosynthetically available 

radiation (PAR, 400 to 700 nm) from 1989 to 1994 were recorded at the Cain 

Ranch (CR) meteorological station 7 km southwest of the lake. Beginning in
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October, 1991, hourly averages of shortwave radiation (SW, 280 to 2800 nm) 

were recorded at CR and PAR at the Paoha Island (PI) meteorological station 

near the center o f the lake (Fig. 1). Daily averages of PAR measured at PI 

were 94.9% of those at CR (SE=47 pE m'2 s '1, r^O.93, n=l 104). CR PAR was 

used to estimate PAR over the lake from January, 1989 to September, 1991 and 

other PI PAR gaps. Daily average PAR was 45.5% of SW (SE=3.9 W m'2, 

r2=0.99, n=1095) assuming a conversion of 4.57 /dEinst = 1 joule (McCree 

1972).

Ten minute averages of 1 s measurements of wind speeds were 

recorded at PI (sensor height ca. 4 m above lake), and hourly wind speed 

averages were recorded at Lee Vining (LV) and Simis Ranch (SR) 

meteorological stations (sensor heights 10 m above ground) from 1991 to 1994 

(Fig. 1). Linear regressions between PI and the SR and LV daily average wind 

speeds from 1990 to 1993, fVSPaoha= \M W Ss,mls (SE=0.70 m s '1, r2=0.77, 

n=1415), WSpaoha= 1.06 WSue rmmg (SE=0.86 m s '1, ^=0.65, n=1513), were used 

to fill in gaps in the PI wind speed record. SR is located to the north of the 

lake and often records wind speeds which are predominantly from the 

southwest after crossing the south to north fetch o f the lake.

Ten minute averages of 1 s measurements o f air temperature and 

relative humidity were measured at PI from 1992 to 1994. Relative humidity, 

RH  (%), is defined as RH= r/rs x 100, where r and rs are the measured and 

saturated air mixing ratios. The mixing ratio, r, is defined as the ratio of the 

water vapor density in the air, p (kg m'3), to the density of dry air, po (kg m'3) 

and may be computed from the relationship,

0.62197/„e 

(P ~ L e )
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derived from the ideal gas law (e.g. PV=nRT) where p  is the atmospheric 

pressure (mbar), e is the vapor pressure (mbar), and f w is a correction factor for 

the departure of the mixture of air and water vapor from ideal gas laws 

(assumed equal to 1). The saturation vapor pressure, e ,  is a function of air 

temperature and was calculated with Lowe’s (1977) empirical relationship at 

sea level pressure (p=1013.5 mbar). The saturation mixing ratio, rs, can be 

computed with the above equation, and the mixing ratio, r, can then be 

computed from the relative humidity. Solving for e in the above equation 

yields, e = rp/(r+0.62l97) and direct computation of the vapor pressure can be 

made with p  equal to the Mono Lake surface pressure of 800 mbar at 1943 m. 

The approximation e-RH o  x e’x ceiev, where ce/ev is the elevation pressure 

correction (=0.79) and RHd is the daily average relative humidity, is a good 

approximation.

Hourly totals of precipitation were recorded continuously from 1988 to 

1994 at SR. Total daily CR precipitation was recorded prior to October, 1991. 

Average annual CR precipitation from 1940 to 1990 was 28 cm yr'1. Vorster 

(1985) estimated annual precipitation over the lake to be 20 cm yr'1 (based on 

isohyetal maps of the Mono Basin), about 73% of CR precipitation. 

Approximately 75% of the annual precipitation onto the lake surface occurs 

between October and March (Vorster 1985). SR precipitation was 64% of CR 

from October to March during 1988 to 1991 (SE = 0.55 cm month'1, ^=0.87, 

n=21). The 1989 to 1994 Mono Lake monthly precipitation totals were derived 

from Simis Ranch values by multiplying by 1.14 (73%/64%).

Lake surface elevations were recorded weekly to monthly from staff 

gauges. Daily lake surface elevations were computed by interpolation between 

measurements. The daily total discharge of the five major perennial streams in
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the Mono Basin were recorded at gauges approximately 5 to 7 km upstream of 

the lake.

Temperature, Conductivity, Salinity, and Density

The 1989 and 1990 temperature profiles were measured at 1 m depth 

intervals at stations 6, 11, and S30 (Fig. 1) with a thermistor (Yellow Springs 

Instr. 701) and Wheatstone bridge circuit (Cole-Parmer model 8502-25) with 

an accuracy o f 0.05 °C (Jellison and Melack 1993a). The 1989 and 1990 

conductivity profiles were collected at stations 6 and 11 (Fig. 1) at monthly 

intervals with a van Dom water sampler and were almost always sampled at 7 

depths (2, 8, 12, 16, and 20 m at both stations and 24 and 28 m at station 6 

only). Conductivity samples were filtered immediately through «1 pm pore 

size Gelman A/E glass-fiber filters and stored at 4 °C. Conductivity of samples 

were measured in the laboratory in a 1-cm cell (Lab-line) between 24 and 26 

°C and corrected to 25 °C. Replicate readings indicated a measurement 

uncertainty o f 0.4 mS cm*1 (Jellison and Melack 1993a).

Beginning in January, 1991, vertical profiles of temperature and 

conductivity at stations 6, 11, and S30 (Fig. 1) were made with a conductivity- 

temperature-depth profiler (CTD) (Sea-Bird Electronics, model Seacat SBE 

19). The CTD is a free-falling instrument which samples at 2 Hz. Addition of 

customized buoyancy to the CTD resulted in descent rates of ca. 0.25 m s*1 

yielding approximately a 0.13 m vertical resolution.

Monthly CTD profiles were made from September to February for all 

years and all o f  1991. Bi-weekly CTD profiles were made from March to 

August for 1992, 1993, and 1994 except for a gap in July, 1993. On most field 

dates, two CTD profiles were made at stations S30, 6, and 11.
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The nominal thermistor response time (ca. 0.5 s) is slower than the 

conductivity sensor response time (ca. 0.2 s) on the Seacat CTD. The 

mismatch in the temperature and conductivity response times and differences 

in the vertical placement of sensors on the CTD results in ‘spikes’ in the 

derived salinity (or conductivity corrected to a standard temperature) profile.

A 0.5 s low pass filter was applied to the conductivity profile to match the 

sensor response times (i.e. conductivity signal smoothed to 0.5 s response time 

of the thermistor).

The conductivity measured by a cell is a volume-weighted integral of 

the instantaneous and spatial distribution of conductivity in the sensitive 

volume of the cell and is governed by 1) the initial flushing o f the cell, 2) the 

thermal and haline boundary layers on the wall o f the cell, and 3) the heat 

stored in the wall o f the cell (Lueck 1990). The initial flushing of the cell 

should be constant for all profiles since the CTD is equipped with a pump 

which provides a constant flow. The second factor, the thermal and haline 

boundary layer mismatch within the cell, should be relatively unimportant 

because the pumped flow in the cell is fully turbulent (N. Larson, Sea-Bird, 

pers. comm.). The third factor, the thermal inertia o f the conductivity cell, 

requires correction. Lueck (1990) describes thermal inertia correction theory 

and Lueck and Picklo (1990) determined an algorithm to correct the effect of 

thermal inertia o f Sea-Bird conductivity cells which was applied to the CTD 

profiles here.

The conductivity and pressure sensors were assumed to measure 

instantaneously, whereas the temperature of a water parcel sampled by the 

CTD lags in time as a result of longer response time and a boundary layer time
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constant. The slower response temperature profiles were shifted back in time 

to match the conductivity and pressure profiles.

The relation to compute conductivity at 25 °C, C ^, was determined 

from CTD measurements o f Mono Lake water (C2s=86.6 mS cm*1) over a 

temperature range of 3 to 28 °C. CY? was computed as:

C25 = Cr (l+2.05x 10"2( 2 5 - T) + 352 x 10^ (2 5 - T)2 + 8 ix  1 0 ^ (2 5 -T)3) 

where C, is the conductivity (mS cm'1) at temperature i (°C) and T  is the 

temperature at which the raw conductivity measurement was made. Corrected 

conductivity was computed and plotted for a range of alignment time constants 

for each CTD profile (0.5 to 1.5 s). The alignment constant which minimized 

spiking in the corrected conductivity profile was chosen. The profile with the 

least spiking was used at each station. Most alignment times ranged from 0.7 

to 1.0 s with an average of 0.8 s.

The density of Mono Lake water, /*,. (kg m'3) as a function o f 

temperature, T (°C), and conductivity at 25 °C, CSj (mS cm'1), is given by,

p w - c [ + c 2T  + ci T 2 + c4C2S + c5C;5 + c6TC25 

where c/ = 1003.40, c? = 1.335xl0'2, c3 = -6.20xl0'3, c4 -  4.897x10'', cj = 

4.23x10'3, and c$ = -1.35x10'3 (R. Jellison unpub. data). After CTD 

processing, conductivity and density profiles had 1 m resolution and 

temperature profiles had 0.1 to 0.2 m resolution depending on the descent rate.

Total dissolved solids, TDS, (g I*1) was computed as:

TDS = 8.0629 + 0.3792 x C2S + x0.006322 x C252 

(R. Jellison unpub. data). The salinity, S  (g L'1), and TDS were assumed to be 

equivalent. The salinity in units of g kg*1 was derived by dividing S  in g L '1 by
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the local density. The linear expansion coefficients of heat, a=po'1dp/dT, and 

salt, J3=tod1 dp/3i, are -2.5x1 O'4 (“C '1) and 8.8X10*4 (g kg'1) '1, respectively.

Light, Ammonium, and Dissolved Oxygen

Attenuation of PAR in the water column was measured monthly at 

0.5 m intervals with a submersible quantum sensor at two stations (6 and 11) 

from 1989 to 1993 and at station 30 in 1994. Dissolved oxygen was measured 

at two stations (6 and 11) with a temperature-oxygen meter (YSI, model 58) 

and polarographic probe (YSI, model 5739). The oxygen electrode is 

calibrated against Miller titrations o f Mono Lake water (Walker et al. 1970).

Monthly vertical profiles of ammonia at 2, 8, 12, 16, and 20 m were 

made at stations 6 and 11 from 1989 to 1993 and at station 30 during 1994. At 

deeper station 6 (or station 30 in 1994) additional samples at 24 and 28 m were 

made. The samples were collected with an opaque Van Dom water sampler 

and immediately filtered through a 25-mm Gelman A/E glass-fiber filters (pore 

size, 1 pm). Ammonia concentrations were measured with the indophenol blue 

method (Strickland and Parsons 1972). The molar extinction coefficient in 

Mono Lake water is smaller than that for distilled-deionized water with 

indophenol blue method. Therefore, molar extinction coefficients were 

determined for a series of dilutions o f Mono Lake water and used to correct the 

reagent blank.

Numerical Procedures

Eddy diffusivities were calculated with flux-gradient heat method 

modified for solar heating (Jassby and Powell 1975),
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where K: is the coefficient o f vertical eddy diffiisivity at depth z, zm is the 

maximum depth of the lake, Az is the area at depth z, T  is temperature, p  is 

density, c is thermal capacity, and t is time. Temperature gradients were 

estimated as 2-m central differences. Depths, areas, and volumes were 

changed to correspond to changes in lake level. The heat integral was 

evaluated at 1 -m intervals with lakewide mean temperatures and area-capacity 

curves (Pelagos Corp. unpub. data). Computed eddy diffusivities were 

corrected for thermal molecular diffusivity (1.4x1 O'7 m2 s '1).

Internal waves and other water movements often necessitate sampling 

of multiple stations to reduce errors in lakewide mean temperature profiles in 

moderately sized lakes. Sampling was most often done during calm to low 

wind conditions horn early to midday, however thermocline profiles were 

vertically displaced up to 2 m relative to each other on a number of field days 

suggesting internal wave activity similar to the observations of Jellison and 

Melack (1993a).

Lakewide mean temperatures derived from sigmoidal temperature 

profiles taken from various stations are displaced relative to each other due to 

internal seiches, and the conventional mean will smear the vertical temperature 

gradient over the range o f isotherm displacement (Sweers 1968). Instead, the 

Sweer’s ‘inverse algorithm’, where depths of isotherms are averaged and used 

to construct a mean temperature profile, was used whenever the temperature 

was monotonically decreasing with depth (generally March to October). 

Temperatures derived from three stations (S30, 6, and 11) were used
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throughout the analysis. Lakewide average conductivity profiles from stations 

S30, 6, and 11 were computed as averages at a particular depth.

Errors in the estimates o f heat content arising from internal water 

movements are potentially much larger than those due to instrument error alone 

(cf. Stauffer 1992). Several field dates from June to August in 1993 and June 

to October 1994 had 8 to 10 stations sampled (Fig. 1). Two additional 

lakewide mean temperature profiles were derived with the Sweers algorithm 

from all the stations and the stations 4, 8 and 9 (Fig. 1). Jellison and Melack 

(1993a) found that the lakewide heat content error was reduced if a 3 profile 

Sweers temporally moving average was applied to the data. The averages were 

compiled with the Sweers algorithm in the same manner as with individual 

profiles of a field day.

Solar heating was estimated from hourly measurements of incident 

PAR at Paoha Island. PAR was converted to SW with the ratio 45.5% 

calculated from the two sensors at CR. Hourly albedoes assumed a flat 

foamless lake. Attenuation in the water column was divided into seven 

wavelength bands (see Jassby and Powell 1975), six with assumed constant 

attenuation coefficients (Jellison and Melack 1993a) and a temporally varying 

PAR attenuation coefficient. Generally, from May to August light attenuation 

was greater through the thermocline and hypolimnion than the mixed-layer. 

During these periods two attenuation coefficients (below and above upper 

boundary of seasonal thermocline) were computed from the light profiles.

PAR attenuation coefficients were linearly interpolated between sampling 

dates.

The upward flux o f ammonia through the thermocline was estimated 

using a Fickian diffusion equation during the heating season. If we assume that
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eddy diffusivities derived from the heat-flux gradient method corrected for 

thermal diffusivity (1.4 x 10'7 m2 s '1) approximate eddy diffusivities for 

ammonia, then

J s  -  K z A

where is the upward flux of ammonia in mol m'2 s '1, Kz is the eddy 

diffusivity for ammonia in m2 s '1, and cN/ck the ammonia gradient in mol m-4. 

Since the spatial resolution of ammonia measurements was coarse (ca. 4 m), 

the ammonia gradient was determined as the difference between adjacent 

measurements divided by the distance between samples. Eddy diffusivities 

used to determine the ammonia flux were calculated at the midpoint between 

ammonia samples at 4 m intervals. Lakewide average dissolved oxygen and 

ammonia profiles were constructed from the mean of measurements at stations 

6 and 11, except in 1994 when only station 30 was sampled.

Results

Hydrology

An evaporation rate of 93 to 95 cm yr'1 was estimated from measured 

daily averages of wind speed and vapor pressure; and sub-daily water surface 

temperatures predicted with the one-dimensional vertical mixing model 

DYRESM (Chapter 4). A mass transfer equation was used in the simulation 

where,

E = CE APr v.

where E  is evaporation (kg s '1), APv is the daily average vapor pressure (mbar), 

vw is the daily average wind speed (m s '1), Ce is the Stanton constant 

(=Z.f/(pc)), Le is the latent heat of evaporation («2.5xl06 J kg*1 in Mono Lake),
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p  is the density of the lake water at the air-water interface, and c is the specific 

heat of Mono Lake water (*3860 J kg'1 °C) (Brutsaert 1982). The saturation 

vapor pressure over saline lakes is lower than freshwater bodies and required a 

5% reduction for the salinity of Mono Lake (Salhotra et al. 1985). The lake 

level decrease from evaporation with constant temperature throughout the 

evaporation process, Z e, was calculated as: 

z  U + &)E 
5 '  P'

where y - p 1 (dp/cE) | T, S' is the new salinity (g kg'1), and pi is the new density 

(Steinhom 1991) which accounts for losses of volume from evaporation (E/pi) 

and volume shrinkage from increased salinity (yS'E/pi).

Annual evaporation estimates for Mono lake derived from water 

budget, energy budget, mass transfer, and pan evaporation studies range from 

95-200 cm yr'1 (Vorster 1985). The DYRESM estimate is at the lower range of 

most annual evaporation estimates (95-120 cm yr'1). During 1992 monthly 

evaporation ranged from 2.0 cm month'1 (January) to 14.8 cm month'1 

(August) (Table 1).

Annual precipitation totals were computed from November to October 

which roughly coincides with the beginning of holomixis and the high 

precipitation period. Total annual precipitation over Mono Lake ranged from 

26 cm (1993) to 8 cm (1989). Precipitation in 1990 and 1992 was 12-13 cm 

and in 1991 and 1994 annual precipitation was 17-19 cm. The 1993 total 

precipitation was the only year to exceed the 20 cm y r1 50-year average (1941- 

1990). Virtually no rain fell at Simis Ranch from April-October, 1989, which 

was the lowest rainfall period during the six years (Fig. 3). The highest 

precipitation occurred during the four month period o f December, 1992 to
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March, 1993 (4.2 to 6.2 cm month'1, total 21.6 cm). March, 1991 (6.3 cm) and 

May, 1994 (5.3 cm) were also exceptionally wet months.

Monthly stream discharge was divided by the average lake surface area 

at the beginning and end of each month, yielding potential lake level rise from 

stream inputs. Stream caused lake level increases are presented here to 

emphasize the influence o f discharge on lake level fluctuations. The highest 

yearly total discharge occurred during 1993 (100.4 cm yr'1) and was 

approximately equal to evaporation. The lowest yearly discharge occurred 

during 1989 (22.0 cm yr'1). Stream discharge of the remaining years ranged 

from 46.4 cm yr'1 (1991) to 66.2 cm yr'1 (1990). Low monthly stream 

discharge occurred from October to March each year and coincided with the 

period of snowpack accumulation in the Sierra Nevada (Fig. 3). The six year 

trend of increasing winter base flows from 1 cm month'1 in 1989 to 4 cm 

month'1 in 1994 reflected the end of a drought, decreases in groundwater 

recharge, and reductions in winter diversions. Peak discharge occurred 

between May and July each year. Four of the five highest monthly discharge 

totals occurred from May to July, 1993, equivalent to a 0.6 m lake level 

increase from stream discharge.

Lake levels fluctuated within a 1.25 m range during the 6 years (Fig. 3), 

an exceptionally stable period compared to the past 50 years (1970-1994 

shown in Fig. 2). Lake levels increased from December to March each year 

from a combination of low evaporation (Table 1) and maximum annual 

precipitation (Fig. 3). Larger winter lake level rises resulted from high winter 

precipitation in 1993 and high winter stream discharge in 1994. Falling lake 

level occurred by April or May from 1989 to 1992 as evaporation increased 

and freshwater inputs were low. Lake levels increased through August, 1993,
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from high stream discharge and then fell only 0.1 m by December as discharge 

nearly balanced evaporation. Lake levels increased through June, 1994, which 

coincided with peak discharge and then decreased rapidly with reductions in 

stream inputs, no summer precipitation, and high evaporation.

Temperature, Conductivity, and Density Stratification

The 1991 to 1994 conductivities corrected to 25 °C ranged from 88-92 

mS cm'1 (Fig. 4). Winter lake level rises (Fig. 3) during low evaporation 

resulted in dilution of the upper water column and weak stable salinity 

stratification for 1-2 months in 1991 (March) and 1992 (February-March). The 

1991 and 1992 conductivity dynamics were similar (Fig. 4), and only 1992 is 

discussed in detail. By May 27 inverse salinity stratification (e.g. mixed-layer 

salinity > hypolimnetic salinity) had developed with a 0.7 mS cm*1 

conductivity difference across a sharp unstable chemocline at 8-11 m. Even 

though the chemocline had deepened «5 m by July 21, evaporative 

concentration of the mixed-layer increased the conductivity difference across 

the chemocline by 0.5 mS cm*1 from a 0.15 m fall in lake level. The salinity 

had increased above the chemocline since the total mass of salt above 15 m 

remained constant (May 27 and July 21 conductivity profiles nearly equivalent 

below 15 m) but the volume decreased. By September 7, a 0.3 m lake level 

decrease since April 1 resulted in nearly a 1.5 mS cm'1 conductivity difference 

across the chemocline with a 0.2-0.5 mS cm '1 hypolimnetic conductivity 

increase. By November 11 just prior to turnover, the conductivity step across 

the chemocline had weakened to 0.7 mS cm '1 from entrainment of the less 

saline hypolimnion just prior to holomixis.
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Four consecutive months of high precipitation beginning in December, 

1992, led to a 0.5 m lake level increase and resulted in a stable chemocline at 

10-15 m with a gradient of 0.1 mS cm'1 m '1 on April 25, 1993 (Fig. 4).

Dilution of the upper 5 m o f the lake by June 24 resulted from high snowmelt 

discharge (May-July). High autumn base flows (September-December) 

maintained salinity stratification through October 12 (Fig. 4). By the next 

sampling date (December 16) the lake was holomictic. The hypolimnetic 

conductivity remained at approximately 90.5 mS cm'1 from April-October.

During 1994 weak stable chemical stratification was sampled as late as 

May 25 (Fig. 4) as high stream discharge in May (12 cm) matched evaporative 

losses. Falling lake level after June 1 led to an unstable chemocline at 10 m 

(0.5 mS cm'1 conductivity difference) on July 22. An exceptionally large lake 

level drop in August (ca. 0.15 m) led to a 1.4 mS cm'1 conductivity decrease 

across the chemocline (12-14 m) only a month later on August 25. By October 

19 the chemocline had deepened to 17 m and the conductivity step across the 

chemocline had decreased to 1 mS cm'1 from hypolimnetic entrainment similar 

to 1992. The average hypolimnetic conductivity increased only slightly from 

May 25 to August 25, but increased 0.3 mS cm'1 the next two months 

indicative of a downward salt flux in September.

During the six year period mixed-layer temperatures were lowest in 

February (2-3 °C) and highest in July or August (> 20 °C). Hypolimnetic 

temperatures were lowest in February (2-3 °C) and increased 1-4 °C by 

September of each year. Representative temperature profiles from late April to 

mid-November from 1989 to 1994 (Fig. 5) reveal substantial differences in the 

thermal dynamics between years. The largest seasonal hypolimnetic 

temperature increase (4°C, May 4-September 12), earliest turnover date (late
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October/early November), and lowest thermocline temperature gradients 

during the six years characterized the 1989 thermal dynamics.

The 1990 and 1991 thermal dynamics were characterized by a 2-3 °C 

hypolimnetic temperature rise from early May to mid-October and almost 

equivalent downward seasonal thermocline migration with respect to time and 

depth from June to October. The early May, 1990, profile had the shallowest 

May mixed-layer depth (ca. 5 m) of the six years. The 1992 temperature 

dynamics were similar to 1990 and 1991 except the seasonal thermocline 

established at a lower depth in the spring with less thermocline deepening 

afterwards. The early May profile in 1991 had weak thermal stratification from 

high wind forcing throughout the spring. Vertical temperature profiles in 1993 

and 1994 were similar from May to October prior to turnover characterized by 

low rates of hypolimnetic heating (1-2°C).

The 1991-1994 density profiles reveal the interplay between significant 

differences in interannual conductivity dynamics (Fig. 4) and the repetitive low 

interannual variance in seasonal temperature dynamics (Fig. 5) on seasonal 

water column stability. Density throughout the water column over the 4 years 

varied from 1071-1078 kg m'3 from 1991-1994 (Fig. 6).

Only a 1 to 2 kg m'3 density difference was measured across the 

pycnocline in 1991 and 1992 during summer stratification. Falling lake level 

by early May during both years resulted in unstable chemical stratification and 

a gradual increase in the mixed-layer conductivity through the summer as 

discussed earlier. Even though temperature differences across the thermocline 

were greater than 10°C (5-15°C, density change of 3 kg m '3) from June to 

September, the density difference across the pycnocline was small (1 kg m'3 in 

September). Within the range of conductivities considered here, a 1 mS cm'1
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change in conductivity is equivalent to a 1.5 kg m'3 density change. By 

September 7, the mixed-layer was 1.3 mS cm '1 more saline than the 

hypolimnion (2 kg m'3 decrease across pycnocline) resulting in a 1 kg m'3 

density difference across the pycnocline.

A 2 kg m'3 density difference across the pycnocline on the April 25,

1993, profile (Fig. 6) was as large as any profile measured in 1992. Strong 

density stratification so early in the year resulted from a 1 kg m'3 increase 

across the pycnocline from stable salinity stratification. As late as October 12 

(Fig. 6) a 3 kg m'3 density difference was measured in 1993.

Moderately strong density stratification (> 2 kg m'3) at the end of May,

1994, (Fig. 6) had setup with weak stable salinity stratification. High mixed- 

layer temperatures (>20°C) in July increased the density difference to about 3 

kg m'3 on July 25 (Fig. 5). Even though the August 25 (Fig. 5) temperature 

profile was nearly equivalent to July 25, a 1 kg m‘3 decrease in density across 

the pycnocline resulted from an =1 mS cm'1 increase in mixed-layer 

conductivity.

Seasonal and interannual differences in the stability of the water 

column reflect differences in the timing and amount of freshwater inputs (Fig. 

7). Thermal stability was similar for all four years, but salinity stability 

differed between years and caused large variations in total stability. Maximum 

stability in 1993 was twice as great as 1991 and 1992, and a factor of 1.5 

greater than 1994. Total water column stability in 1991 and 1992 was similar. 

Greater stability from February to March in 1992 resulted from higher winter 

freshwater inputs (i.e. weak stable salinity stratification). In 1991, high March 

precipitation and high June stream discharge led to greater summer stability 

from less evaporative concentration of the mixed-layer. The large 1993 winter
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precipitation total led to total stability similar to the 1991 and 1992 maximums 

by March. Total stability in 1994 was intermediate between 1991-1992 and

1993.

During years with unstable salinity stratification, maximum stability did 

not always coincide with maximum thermal stability. For example, maximum 

stability in June, 1992 was nearly equivalent to August even though thermal 

stability was lower. The effect of inverse salinity stratification in August was 

sufficient to decrease total water column stability to similar values estimated 

during less thermally stratified June. In 1994, the stability maximum occurred 

during July, a month prior to maximum thermal stability. Maximum water 

column stability in 1993 coincided with maximum thermal stability as salinity 

stratification persisted throughout the year.

The 1989-1990 conductivity measurement accuracy was not sufficient 

to interpret the salinity and density dynamics as precisely as in 1991-1994. 

However, insights into the 1989-1990 salinity and density dynamics can be 

inferred if the 5 m (average of 2 and 8 m) and 26 m (average of 24 and 28 m) 

conductivity measurements and density estimates are compared to the 1991- 

1994 CTD measurements (Fig. 8).

The rapid lake level drop beginning in April, 1989 (ca. 10 cm month'1) 

caused a higher rate o f mixed-layer volume shrinkage and earlier onset of 

inverse salinity stratification (April) than the other years. Inverse conductivity 

stratification contributed to the weakest density steps across the pycnocline 

during summer stratification (estimated «1 kg m'3) o f all the years. Larger 

hypolimnetic temperature increases during stratification in 1989 coupled with 

the low inputs of freshwater support the inference o f higher vertical mixing
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rates across the pycnocline resulting from lower water column stability relative 

to the other years (Fig. 8).

The 1990 conductivity dynamics were likely to have been similar to 

those in 1994 if the hydrology of both years is considered. Both years had high 

October-June stream discharge (ca. 4-8 cm month'1) and similar lake levels. 

During both years the 5 and 26 m conductivity followed the same trend of 

prolonged weak stable salinity stratification through April followed by 

evaporative concentration of the mixed-layer during the summer. The 1990 

spring lake level rise and summer lake level decrease were less than 1994. 

Hence, it is likely the spring, 1990, salinity stratification was weaker than 1994 

(i.e. less freshwater dilution) but stronger in the summer (i.e. less evaporative 

concentration).

In summary, 1989 and 1993 represent the two extremes o f the effect of 

hydrology on stratification dynamics during monomixis in Mono Lake.

Salinity stratification throughout 1993 resulted from a positive water balance 

where freshwater inputs exceeded evaporation. Salinity stratification resulted 

in strong stability throughout stratification until turnover in late November to 

early December. During drought conditions in 1989, a large decrease in lake 

level resulted from low freshwater inputs. During thermal stratification, 

evaporative concentration of the mixed-layer resulted in inverse salinity 

stratification, weak density stratification, and a large downward heat flux. The 

other four years were intermediate cases between these two extremes. Stable 

salinity stratification in the spring persisted for a longer duration in 1990 and 

1994 than 1991 and 1992 from greater precipitation and stream discharge 

inputs. However, all these years had unstable salinity profiles by mid-summer.
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Double Diffusive Salt Fingering

Except for 1993, a negative water balance resulted in falling lake levels 

through the stratified period which led to inverse salinity stratification by June. 

These conditions are sufficient to promote double diffusive salt fingering. Salt 

fingering occurs when temperature stabilizes the water column and salinity is 

destabilizing, precisely the conditions measured over five of the six years in 

this study. Since the temperature stability has to be greater than the 

destabilizing influence of salinity in order for the density profile to be stable, 

the stability ratio, Rp, must be greater than 1 which is defined as, 

a  dTjdz 
Rp = ~ P cSjaz

where a  and p  are the coefficients of expansion o f heat and salt and cfT/dz and 

cS/dz the temperature and salinity gradients across the interface in question.

As Rp approaches 1 (neutral stability) the destabilizing effect of unstable 

salinity stratification results in a larger downward salt flux via salt fingering.

Initially, the potential of double diffusive salt fingering was evaluated 

from the temperature and salinity steps across the seasonal pycnocline 

following the methods of Anati and Stiller (1991) in their analysis of the Dead 

Sea. In Figure 9, the seasonal pycnocline temperature and salinity steps for 

1991, 1992, and 1994 from June/July to October/November are shown where 

dT/dz and c&/dz were computed over 3 m intervals. Stability ratios equal to 1 

and 2 over the range of temperature and salinity steps measured across the 

pycnocline are plotted to indicate periods when salt fingering is likely to be 

significant. From Figure 9, circumstantial evidence suggests that salt fingering 

occurred from at least August to holomixis for all three years.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Step-like structure in temperature and salinity have been reported in 

active regions o f double diffusive salt fingering in various oceans (Tait and 

Howe 1971, Lambert and Sturges 1977, Miller and Browning 1974). October 

temperature profiles from 1991 and 1994 reveal staircase structures below the 

thermocline which may indicate that salt fingering was occurring at the time of 

sampling (Fig. 10). The convective layers have length scales o f 2-3 m 

separated by interfaces with thickness of ca. 0.5 m and temperature steps of 

0.2-0.6 °C. Salinity steps (not shown) were estimated as 0.03-0.1 g kg'1. 

Staircase structures were sampled at a number of locations during the October 

sampling dates in 1991 and 1994 which suggests basin scale layering within 

the hypolimnion driven by salt fingering.

The salt finger phenomena is not evident in the October, 1992 profile. 

However, several isothermal regions in the profiles (25-27 m, 22 m) are 

suggestive of ‘relict’ or ‘fossil’ regions of prior salt fingering. With the onset 

of salt fingering, the downward salt flux broadened the interface until Rp 

increased and salt fingering ceased (or diminished). Selected August and 

September profiles also show a number of nearly isothermal regions 

throughout the hypolimnion which are suggestive of prior salt fingering (Fig. 

10). However, ‘fossil’ salt fingering signatures in these profiles are not basin 

scale and suggest spatial and temporal variability in this double diffusive 

phenomena during August-September. Perhaps the 1991 and 1994 October 

profiles maintained basin wide salt finger layering from rapid mixed-layer 

deepening driven by surface cooling which maintained a sharp inverse 

conductivity interface at the pycnocline on a basin wide scale. A number of 

profiles during 1989 and 1990 with 1 m resolution also indicate salt fingering
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occurred. The 1989 profiles suggest fingering may have occurred as early as 

May.

Estimates of heat and salt fluxes from salt fingering can be made from 

the following equations:

’  0FS

0.44
R'f  = — — — for \ 2 < R P<2 (McDougall and Taylor 1984)

Rf  = 0 56  for Rp >2  (Turner 1967)

019
Fs = 7 p P  1/3A54/3 (Boyd and Perkins 1987)

(R p  ~

where Rp is the stability ratio as defined earlier, Ft is the vertical temperature 

flux (°C m s '1), Fs is vertical salt flux (g of salt m s '1 kg'1 o f lake water), Rf' is 

the density flux ratio, Kr is the diffusivity of heat (1.4xl0*7 m2 s*1), and AS is 

the salinity step across the interface (see Imboden and Wtiest 1995). Salt 

finger eddy diffusivity estimates can be made with the equations,

jsS Fs
2

r Fri s ' _  t

2 "  cTldi

from several profiles which had salt fingering.

Fast response temperature and conductivity sensors are required to 

accurately estimate interface thickness, salinity steps, and temperature steps. 

Our CTD had low sampling frequency (2 Hz), slow response sensors (T«0.5 s, 

C«0.2 s), and coarse spatial resolution («0.125 m). Further, conductivity 

measurement accuracy was only about 0.05-0.1 mS cm'1 resulting in crude
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estimates. Kunze (1987) showed that the above flux equations based on 

stability theory are valid only if the interface is thin enough («30 cm) that 

individual fingers extend through it. For thicker interfaces salt finger fluxes 

are less than the estimates derived from the above empirical equations and 

depend on the interface thickness.

We estimated salinity and temperature steps from profiles in Figure 10 

assuming that the temperature and salinity steps were equivalent to the two 

isothermal (or isohaline) regions separating an interface. For example, in the 

September 21, 1994 profile, the two isothermal regions at 21.5 (4.7 °C) and 23- 

24 m (4.45 °C) were used to estimate the temperature step across the 

‘presumed’ interface at 22 m. In many cases, the inaccuracy of the 

conductivity measurements precluded direct determination of salinity steps. In 

these cases salinity steps were estimated that maintained a stable density 

profile. We also assumed that the interfaces were 0.3 m thick at the time of 

salt fingering so that the empirical equations are valid. With these assumptions 

the heat and salt flux calculations are considered maximum estimates.

Rp values ranged from 2 to 4, Fy ranged from lxlO'6 to lxlO '5 °C m s '1, 

and F s  ranged from lxlO'6 to lxlO*5 g m s '1 kg'1. The ratio of F t-'F s generally 

ranged from 1.5 to 2. The diffusivity of salt, K.s, (5x1 O'6 to 2x1 O'5 m2 s '1) was 

3-8X greater than the diffusivity of heat, K/ ,  ( lx l O'6 to 5xl0'6 m2 s '1).

Eddy Diffusivities

Only diffusivities at the thermocline are reported here since errors in 

heat content below the thermocline increased with depth. The relative error in 

lakewide heat content and diffusivity estimates below the maximum
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temperature gradient depth from field dates in 1993 and 1994 with 8-12 

stations sampled are summarized in Table 2. Even though the three profile 

moving average reduced errors, eddy diffusivities at the maximum temperature 

gradient without the moving average are reported here to more clearly elucidate 

the temporal linkages between vertical mixing and hydrology.

A number o f hypolimnetic heating and mixing mechanisms have been 

previously evaluated. Methane bubbles (Chapter 1), geothermal heat flux 

(Jellison et al. 1993, Chapter 1), and sediment heat flux (Jellison et al. 1993; 

Chapter 1) do not significantly contribute to the hypolimnetic heating or 

mixing. The significance of salt fingering is addressed in the discussion.

We hypothesize that thermocline tilting and internal waves could 

account for some o f the heat transfer across the thermocline through a sediment 

heat transfer mechanism as proposed by Dutton and Bryson (1964). Assume 

the seiche is such that the thermocline surface remains a plane, but tilts with 

respect to the horizontal. During half the seiche period the cold hypolimnetic 

water overlies the warm epilimnetic sediments at one end of the lake and 

epilimnetic water overlies cool hypolimnetic sediments. The heat content 

transferred from the warm epilimnetic sediments to the cool hypolimnetic 

water can be calculated as,

Q l A = kAT(2 PI x c z /2 

where Q is the heat content transferred during a seiche period P, A is sediment 

area, AT is the temperature difference between the epilimnetic sediments and 

the hypolimnetic water, k  is thermal conductivity, and a  is thermal diffusivity 

{a=kp/c, where p  is density and c is specific heat).
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The epilimnetic sediment temperature at depth z, T:s, was assumed to 

equal the temperature of the Sweers profile at z. Internal wave amplitudes of 

1-2 m during calmer periods and 2-3 m during windy days with periods varying 

from 8-24 hrs were measured with thermistor chains in 1995, a period of strong 

stratification during the onset of meromixis (Romero and MacIntyre, unpubl. 

data). We calculated the heat flux ‘around’ the thermocline with an assumed 

amplitude of 2 m for the entire season and a period of 24 hours for the 

metalimnion. We assumed that during the first half of the seiche period, half 

of the metalimnetic perimeter is on average in contact with sediments 1 m 

above. Over a frill internal wave period all of the sediments will on average be 

in contact with the sediment 1 m above the equilibrium depth for half the 

period. Hence, A T  equals the temperature difference between the sediment 

temperature 1 m above (i.e. the water temperature o f Sweers profile 1 m above) 

and the water temperature at the equilibrium depth. Sediment area, A, was 

estimated as the difference in areas between the equilibrium depth and 1 m 

above.

The mechanism accounted for <5% of the heat flux across the 

thermocline from March-May. Approximately 5-10% of the heat flux from 

July-September was attributed to the mechanism during 1990-1991 and 1993-

1994. The high heat flux across the thermocline in 1989 and 1992 decreased 

the relative importance of the mechanism. Eddy diffusivities reported here are 

only corrected for solar heating, but calculations o f  heat transfer across the 

thermocline via the mechanism proposed by Dutton and Bryson (1964) 

suggests further investigation.

Solar heating below the thermocline was low in the winter and early 

spring due to low seasonal insolation and high water turbidity with PAR
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extinction coefficients «1 m '1. With the onset of thermal stratification, water 

clarity increased (=0.3 m '1) from zooplankton grazing. A higher percent of 

incident PAR penetration below the thermocline resulted in significant solar 

heating from June-August for most years (i.e. >10%). Solar heating accounted 

for a smaller proportion of heating below the thermocline in 1992 (ca. 4%) 

because the mixed-layer depth was greater throughout the season. Solar 

heating accounted for an average of 19% of the 1982-1990 heat flux below the 

maximum temperature gradient (Jellison and Melack 1993a). The higher solar 

heating contribution in 1982-1990 was caused by a combination of relatively 

shallow mixed-layer depths and low heat content changes below the 

thermocline during the 6 year period of meromixis (1983-1988). Hence, the 

relative importance o f solar heating was greater during meromixis.

Minimum diffusivities generally occurred at or just below the 

thermocline and ranged from >1.0x10‘5 to 2.3x10'7 m2 s*1 at the thermocline 

from April-September over the six years (Fig. 11). Maximum seasonal 

diffusivities at the thermocline occurred during weaker stratification and 

shallow thermocline depths during the spring (April-May). Minimum seasonal 

diffusivities from July-September generally corresponded to the period of 

strong thermal stratification. An interannual comparison o f the seasonal trends 

in diffusivities can be partly explained by seasonal wind speed (Fig. 11), 

conductivity dynamics, and water column stability. The seasonal wind speed is 

the average of daily wind speeds over the central difference interval of the eddy 

diffusivity estimate.

The highest rates o f summer vertical mixing occurred during 1989 

(4.19x1 O'6 m2 s '1, SE=1.87xlO'6) from the rapid onset and persistence of 

inverse chemical stratification from drought conditions which resulted in the
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lowest water column stability of the six years (estimated a l  kg m'3 density 

difference across pycnocline). Low wind speeds from March-April, 1990 led 

to the development of strong thermal stratification by May, 1990. Low 

diffusivity estimates through mid-June (<3.0xl O'6 m2 s*1) were calculated 

though wind speeds were high in May. The low 1990 summer vertical mixing 

estimates (1.06xl0's m2 s '1, SE=9.27xlO*7 June-September) resulted primarily 

from a persistent sharp thermocline that deepened <2 m during June-July. 

June-July had high discharge (>7 cm month'1) which led to only a 5 cm drop in 

lake level and a low rate o f mixed-layer evaporative concentration. Hence, 

density stratification during June-July, 1990 was likely strong as inverse 

salinity stratification had not significantly decreased the density difference 

across the pycnocline. Similarly, in 1991 only a 5 cm lake level drop from the 

April annual maximum delayed significant evaporative concentration of the 

mixed-layer until August which resulted in a moderately low average summer 

diffusivity estimate (1.41 x 10'6 m2 s*1, SE=9.44x 10*7). The coarse temporal 

resolution of the 1991 profiles in March-April likely overestimated the average 

spring diffusivity (8.1 lxlO*6 m2 s '1, SE=1.77xlO'6) during a period of 

substantial thermocline deepening; however, wind speeds were high.

Low wind speeds in April-May, 1992 resulted in relatively low average 

spring vertical mixing estimates by mid-May (4.16x1 O'6 m2 s '1, SE =2.07x10*6). 

The early onset of unstable salinity profiles in April, 1992, led to weak 

stratification (June-September) with higher summer vertical mixing rates 

(1.67x1 O'6 m2 s'1, SE=7.90xl0'7) than 1991. The lowest diffusivity estimate 

over the six years was calculated in early August, 1992 which coincided with 

low wind speeds over the central difference time interval. During April-May, 

1993, wind speeds were high and resulted in relatively high spring vertical
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mixing estimates (5.65x1 O'6 m2 s '1, SE=2.45xlO'6) even though the lake was 

strongly stratified from stable salinity stratification. The 1993 average summer 

diffusivity (9.53xl0’7 m2 s’1, SE = 4.75xl0’7) across the thermocline from 

June-September was slightly lower than 1990 with a lower variance. An 

increase in the mid-August, 1993 diffusivity coincided with higher wind 

speeds. Compared to other years, the 1994 spring wind speeds were low and 

diffusivities were low in the spring (3.40x1 O'6 m2 s’1, SE=1.03xl0'6). The 

1994 average summer diffusivity (1.63xl0’6 m2 s’1, SE=6.54xlO'7) was nearly 

equivalent to 1992 even though average wind speeds over the central 

difference intervals were lower.

Mean diffusivities during the summer (June-September) were compared 

across years with /-tests because the Kolmogorov-Smimov test detected no 

departures from normality within individual summers. Mean summer 

thermocline diffusivity in 1989 was significantly (P<0.05) higher than all other 

years. The mean for 1993 was significantly lower than 1992 (P < 0.1) and 

1994 (P<0.05). No significant differences in mean summer diffusivities were 

detected between years 1990,1991, 1992, and 1994.

Eddy diffusivities at the thermocline during strong stratification 

(N~> 1.6x 1 O’ s ' , mainly from May-September) were compared to the Brunt- 

Vaisala frequency N, where N2 = (g p l)(8p 8 z l). The log-log regression of 

diffusivities on N2 was

Kz =4.0x10'8(A^2) '0 68, ^=0.27, n = 35.

If average wind speed over the central difference interval is added as an 

independent variable the log-log regression was 

=8.9*10' 9(WS)0S9( N 2)-°15, ^=0.44, n = 35.
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Dissolved Oxygen, Ammonia, and Upward Ammonia Flux

Except for 1989 the seasonal oxygen dynamics were similar each year 

with hypolimnetic anoxia within a month o f the onset of seasonal stratification 

and an entirely oxygenated water column during holomixis (Fig. 12). The 

winter 1989 dissolved oxygen remained near zero following the breakdown of 

6 years of meromixis when a large reservoir o f reduced solutes that 

accumulated during meromixis were mixed throughout the water column. 

Maximum seasonal mixed-layer dissolved oxygen (> 7 mg L '1) corresponded 

with cool spring temperatures and the spring algal bloom. Temperature 

increases and zooplankton accumulation resulted in low summer mixed-layer 

oxygen (<4 mg L '1). During the fall, dissolved oxygen increased as mixed- 

layer temperatures decreased and fall algal blooms occurred.

During winter holomixis, the highest ammonia values 45-50 pM were 

measured in the 1988-1989 winter after the breakdown of meromixis (Fig. 12). 

Ammonia was also high (25-30 pM) during the 1989-1990 holomictic period. 

Ammonia was <10 pM during the last four holomictic periods which indicates 

the influence of meromixis on the ammonia dynamics had ended after two 

years of monomixis.

The 1989 epilimnetic ammonia concentrations decreased temporarily 

from April-June (<10 pM) during a period of high algal production, but then 

increased through the summer as the brine shrimp, Artemia, converted algal 

particulate nitrogen via grazing and excretion (Jellison et a l  1993). Ammonia 

concentrations increased to 30 pM by December. The 1990 ammonia 

dynamics were similar to 1989 with lower concentrations.

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The 1991-1994 ammonia dynamics were no longer influenced by the 

1983-1988 meromictic event and were similar to each other. December- 

February ammonia concentrations were nearly equivalent throughout the water 

column except in 1993 where the onset of seasonal salinity stratification in 

January resulted in an earlier accumulation o f ammonia. Mixed-layer 

ammonia concentrations decreased to <2 /zM at the onset of thermal 

stratification each year which coincided with the spring algal bloom. Mixed- 

layer ammonia concentrations increased to 6-15 /zM in May after the spring 

bloom. The 1991-1992 mixed-layer ammonia concentrations remained greater 

than 5 /zM from June-September whereas the 1993-1994 concentrations were 

less than 5 /zM. Hypolimnetic ammonia concentrations increased with the 

onset of strong stratification until August to October, depending on the year. 

Maximum hypolimnetic ammonia concentrations ranged from 35 /zM in 1991 

to 60 /zM in 1994 at 26 m (average of 24 and 28 m samples).

The ammonia flux from March-May (spring) and June-September 

(summer) ranged over a hundred fold through the six years (Fig. 13). During 

the spring and summer of 1989 high vertical mixing rates and large ammonia 

gradients resulted in the largest upward ammonia flux of the six years. Spring 

flux estimates were relatively large in 1992 and 1993 primarily from high eddy 

diffusivities. Even though the 1991 spring diffusivities were large, the 1991 

spring flux estimate was low from low ammonia gradients. High spring wind 

speeds delayed the onset of strong thermal stratification with a subsequent lag 

in the buildup of hypolimnetic ammonia. The lowest ammonia flux estimate 

occurred during the spring, 1994, primarily from low to negative ammonia 

gradients across the seasonal pycnocline.
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The largest summer flux estimates in 1990 and 1992 were primarily 

caused by large ammonia gradients. Higher 1990 ammonia concentrations 

relative to 1991 to 1994 suggest a lingering influence of the six year 

meromictic episode (1983-1988). The lowest summer flux estimate in 1993 

was primarily from low eddy diffusivity estimates. In summary, over the six 

years, ammonia fluxes varied from 10.3 mmol m'2 day'1 (1989) to 0.045 mmol 

m'2 day'1 (1994) in the spring and from 2.2 mmol m '2 day'1 (1989) to 0.12 

mmol m'2 day'1 (1993) in the summer.

Discussion

Ectogenic meromixis from 1982-1988 and the present event initiated in 

1995 appear to be rare events in Mono Lake. The low lake elevations and high 

salinities prior to the onset o f meromixis resulted in larger lake level increases 

and greater dilution of the near surface water column than at higher lake levels 

for equivalent freshwater inputs (Jellison and Melack 1993c). Simulations 

with a one-dimensional vertical mixing model with a range of hydrology 

scenarios derived from a fifty year hydrological record verified that low lake 

levels are more likely to result in ectogenic meromixis during anomalously wet 

years (Chapter 2).

Monomixis has been documented in Mono Lake in the mid-1960s 

(Mason 1967) and from 1976-1982 (Winkler 1977, Lenz 1982, Melack 1983). 

Consistently falling lake level since 1947 (ca. 0.4 m yr'1) implies that the lake 

has been monomictic over the past 50 years except for 1982-1988 and the 

ongoing meromictic events. The 1989-1994 period o f monomixis will likely 

represent the lowest ‘modem’ lake levels as the implementation of a new water 

policy for the Mono Basin will maintain the minimum lake level ca. 5 m higher
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than the average surface elevation over this study period. Hence, it is likely the 

1989-1994 period will have had the highest ‘modem’ salinities.

Even though Mono Lake’s surface elevation fluctuated over a small 

1.25 m range from 1989-1994, the bathymetry and high salinity of Mono Lake 

{ca. 94 g L'1) resulted in strong linkages between freshwater inputs (Fig. 3), 

salinity dynamics (Fig. 4), and seasonal vertical water column stability (Fig. 7). 

Suppose at a lake elevation of 1943 m the lake level decreases by 20 cm while 

the mixed-layer depth remains fixed at 1933 m (an initial 10 m mixed-layer 

depth). The mixed-layer volume would decrease 2.8% which would increase 

the salinity by 2.5 g L*1; a 15 m initial mixed-layer would decrease the mixed- 

layer volume by 1.7%. Hence, relatively small lake level fluctuations during 

the stratified period can cause large variations in the mixed-layer salinity and 

total water column stability. The conductivity difference between the mixed- 

layer {Cml) and hypolimnion (C//) ranged from unstable stratification 

(G//.-1.5=C//mS cm*1) to moderately stable stratification (Ca«.+0.7=

Ch mS cm"1) over the six years of monomixis. Salinity stratification varied the 

density difference across the pycnocline over a 3 kg m*3 range (-2.0 to 1.0 kg 

m*3) nearly equivalent to the 3-4 kg m*3 maximum density increase across the 

thermocline from temperature during strong thermal stratification from July to 

September. Variations in mixed-layer salinity dynamics were primarily a 

function of lake level fluctuations driven by the water flux at the surface.

Anati and Stiller (1991) provided evidence for salt fingering in the 

Dead Sea during the late summer and early winter. Conditions were similar to 

those observed in Mono Lake and calculations suggest salt fingering to be a 

likely phenomena. In Mono Lake, salt fingering appears to be variable in time 

and space throughout most o f the period when salt fingering is likely (August-
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September). However, in October and November, basin scale layers formed by

salt fingers are likely since mixed-layer deepening maintains a sharp thin

interface across the entire pycnocline. Diffusivity estimates (lxlO '6 to lxlO*5 
2 1m s * )  derived from simple assumptions indicate that salt fingering may be a 

significant hypolimnetic mixing mechanism from August to holomixis.

Salt fingering has been documented in various regions throughout the 

world’s oceans; examples include the northwestern Pacific (Miyake et al.

1995), the equatorial Pacific (Miller and Browning 1974), the northeastern 

Atlantic (Tait and Howe 1971), the Atlantic in the Sargasso Sea near Bermuda 

(Cooper and Stommel 1968), and the Caribbean Sea (Lambert and Sturges 

1977). Average temperature and salinity steps across salt finger interfaces are 

remarkably similar throughout the world’s oceans, 0.2-0.5 °C and 0.02-0.10 g 

kg*1. In Mono Lake, the range of estimated temperature and salinity steps was 

similar to oceanographic cases, 0.2-0.7 °C and 0.03-0.1 g kg*1. However, 

homogeneous convective layers between interfaces are >10 m thick in oceans, 

whereas in Mono Lake they are <5 m. Interface thickness in oceans are «5 m, 

much larger than the interface thickness observed in the 1991 and 1994 

October profiles in Mono Lake (»0.5-l m). Estimated salt finger effective 

diffusivities in oceans used gradients calculated over the interface thickness 

(Boyd and Perkins 1987, Miyake etal.  1995) with values o f AT/=l.l-1.7xlO*3 

m2 s*1 and K f  =4-7x10'3 m2 s*1 which are a factor of 1000 greater than the 

Mono Lake estimates. However, we assumed a 0.3 m interface thickness 

during presumed periods of active salt finger mixing when the empirical flux 

equations are valid. For 2-5 m thick interfaces that are typical o f ocean 

thermohaline staircases, Kunze (1987) showed that fluxes depend on interface
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thickness and are at least an order of magnitude smaller than the empirical flux 

equations used here. The ratio of oceanic saltrheat effective diffusivities is «3, 

slightly lower than the range we calculated for Mono Lake o f 3-8.

Monomictic average summer diffusivities at the thermocline excluding 

1991 calculated in the same manner as Jellison and Melack (1993a) with a 3 

point moving Sweers temporal average ranged from l . lx l  O-6 (1990,1993) to 

4.0x1 O'6 m2 s '1 (1989). During meromictic years with high stability (1982- 

1984, 1986-1987), average summer (June-September) diffusivities at the 

thermocline ranged from 2x1 O'7 to 7x1 O'7 m2 s '1 (Jellison and Melack 1993a). 

Conductivity differences between 2 and 28 m during meromixis varied from «5 

to >10 mS cm"1 and density differences were > 5 kg m"3, much greater than 

during monomixis.

Comparison of the 1991-1994 and the 1983-1990 estimates of the 

theoretical relationship between eddy diffusivity and Brunt-Vaisala frequency 

in the form, K: = a(N2)m, where a is a measure o f the general magnitude of 

turbulence and m depends on mode of turbulence generation, support the 

conclusions o f Jellison and Melack (1993a). Comparisons o f the general 

magnitude of turbulence, m, for the two periods was evaluated by setting 

m = -0.58 which resulted in a = 7.0xl0"8 (r2=0.27, n=35). Higher water column 

stability during meromixis resulted in a lower magnitude of turbulence from 

1983-1990 (o=4.9xl0"8) than 1991-1994. Both periods also indicate that the 

dominant mode of turbulence generation at the thermocline is from local shear 

since m lies closer to -0.5 (-0.58 (1983-1990), -0.68 (1991-1994)) than -1 when 

turbulence is generated by large-scale horizontal eddies cascading down to 

smaller eddies (Welander 1968).
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A significant linkage between salinity stratification and summer vertical 

mixing occurred only for drought conditions in 1989 and above average 

hydrological inputs in 1993. In 1989 a falling lake level throughout the year 

likely led to the early onset of unstable salinity stratification by May and the 

highest vertical mixing rates of the six years. Stable salinity stratification 

throughout 1993 resulted in significantly lower diffusivity estimates during the 

summer (June-September) than 1992 or 1994.

Not surprisingly, the explained variance increased with the addition of 

wind speed as an independent variable to the log-log regression of diffusivities 

on N2. Shear induced mixing below the mixed-layer of most lakes is generally 

small (Munnich et al. 1992), however, the bathymetry o f Mono Lake (large 

surface area to volume ratio) may result in significant shear-induced interior 

diapycnal mixing during periods of high winds and large amplitude internal 

waves. Further, internal waves can cause significant boundary mixing (Gloor 

et al. 1994). The vertical modal structure and amplitudes o f internal waves and 

lake bathymetry (e.g. surface to volume ratio) are the primary determinants of 

the importance of boundary mixing in a particular lake (Wiiest et al. 1994). As 

mentioned earlier in the evaluation of the Dutton and Bryson (1964) 

mechanism, internal waves of significant amplitude have been measured in 

Mono Lake. Further, the large surface to volume ratio suggests that boundary 

mixing is likely important in Mono Lake. Though the wind speed independent 

variable added to the Welander expression was an average over many days, it 

is a measure of high wind periods that may have caused significant internal 

wave activity.
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The lake number, L n, has been shown by Imberger and Patterson (1990) 

to be an indicator o f mixing below the base o f the mixed-layer and is defined 

as:

where g  is the gravitational acceleration, S, is the lake stability, z, the height to 

the center o f the metalimnion, zg is height to the center of volume of the lake, 

k. is the shear velocity, and Ao is the lake surface area. For large Ln  ( » 1 ) ,  the 

bottom of pycnocline remains horizontal. For small Ln (<1), the entire 

pycnocline tilts with the generation of currents below the pycnocline which 

results in active hypolimnetic mixing and/or upwelling.

Ln  from 1991 to 1994 calculated from daily average wind speeds (Fig. 

14A) were low (<5) during the majority of every winter and spring except in 

1993 (Fig. 14B). Further, several low Ln days resulted from high wind events 

during the period of strong thermal stratification in 1991, 1992, and 1994. In 

Figure 14C multi-day averages o f Ln indicate that the effect o f wind forcing 

can be significant. Though the 1991 total water column stability was lower 

than 1994 (Fig. 7), lower August wind speeds in 1991 resulted in higher Ln 

values.

The relation between Kz and the average Ln over the central difference 

interval used to calculate Kz (Fig. 14D) is,

Kz = 15 x 1(T51*"1'1 r^O.68, n=43,

excluding the spring, 1993 eddy diffusivity estimates. The relation derived 

here is similar to the relation used in Chapter 2 where eddy diffusivity was 

dependent on La/0 8. The spring, 1993 eddy diffusivity estimates indicate that
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enhanced mixing resulted during periods o f moderate Ln. Wind speeds during 

spring, 1993 were significantly higher than any other period during the four 

years and likely reflect the interaction between wind forcing, vertical water 

column density structure, and internal wave dynamics. Nearly linear 

stratification in the upper 10-15 m of density profiles during the winter and 

spring of 1993 was measured, unlike 1991, 1992, and 1994 which may have 

been a factor in the higher diffusivity estimates.

Comparison of the average annual upward ammonia flux during the 

thermally stratified period from 1983 to 1994 is given in Table 3. Except 

during 1983, average ammonia gradients were much larger during meromixis 

from the accumulation of ammonia in the monimolimnion. Eddy diffusivities 

from 1984 to 1987 were much lower than any monomictic years. However, 

only the 1986 ammonia flux estimate was substantially lower than any 

monomictic estimate. During meromixis large ammonia gradients relative to 

monomixis resulted in similar or greater flux estimates. Hence, the effect of 

lower rates o f vertical mixing during meromixis is compensated by larger 

ammonia gradients which result in similar upward ammonia fluxes as 

monomictic periods.

The response of nutrient availability in hyposaline, large, and deep 

Pyramid Lake, Nevada has been evaluated over a range of climatic conditions. 

‘Temporary’ meromixis in Pyramid Lake resulted in large algal blooms o f  N2- 

fixing blue-greens during periods of above average fluvial discharge from 

incomplete winter mixing (Galat and Verdin 1988). During the 1990-1992 

drought with low allochthonous nitrogen inputs into Pyramid Lake climatic 

variations were found to affect N availability by altering the timing of winter

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



deep mixing, varying the potential for upwelling, and varying the rate of spring 

wanning o f surface waters (Lebo et al. 1994).

In Mono Lake the linkage between the upward nutrient flux and 

hydrologic variations during small variations in lake levels (ca. 1.25 m range 

over 6 years, 0.5 m maximum seasonal increase) produced a similar range of 

summer nutrient conditions that Pyramid Lake underwent for much larger 

variations (i.e. record high fluvial discharge to drought conditions). For 

example, dry 1992 resulted in higher summer vertical mixing and relatively 

large ammonia fluxes from the early onset o f unstable salinity stratification, 

whereas during relatively wet 1993, persistent stable salinity stratification led 

to low summer ammonia fluxes across the thermocline. However, biological 

factors complicate the relation between vertical mixing and the upward 

ammonia flux. In 1994, low spring and low summer ammonia fluxes were 

estimated mainly from negative ammonia gradients in the pycnocline region 

throughout stratification. Negative ammonia gradients were likely caused by a 

large metalimnetic population of photosynthetic bacteria. Further, elevated 

ammonia concentrations after the breakdown o f meromictic events as in 1990 

can cause large upward fluxes even during low vertical mixing periods from 

large ammonia gradients.
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Table 1. Average monthly Mono Lake evaporation estimates from a one­
dimensional vertical mixing model, DYRESM, using the bulk aerodynamic 
formulae and daily values of wind speed, air temperature, and vapor pressure 
for the period 1992-1994.

Evaporation rate 
 Month__________(cm month'1)
January 2.0
February 2.1
March 3.3
April 7.5
May 10.5
June 13.3
July 14.4
August 14.8
September 11.1
October 6.8
November 5.6
December 3.7
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Table 2. Relative errors in heat content and eddy diffusivity (Kz) for profiles 
derived from the Sweers method (one sampling date and moving average of 
three sampling dates [3pt]) defined as /(A-B)-^A/ for the following three data 
sets: standard (stations 6,30 and 11), three (stations 4, 8 and 9), and all (all 
stations). Values are percent.

A B Heat 3pt Heat K, 3pt K,
Content Content

all standard 1.09 0.83 18.11 6.48
all three 2.78 1.2 22.39 14.15

standard three 2.8 1.53 29.90 21.45
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Table 3. Comparison of eddy diffusivity, ammonia gradient, and upward 
ammonia flux during meromixis (from Jellison et al. 1993) and monomixis.
Meromixis (1983-1988) Upward

Eddy Ammonia Ammonia
Diffusivity Gradient Flux

Period (m2 s'1) (mmol in'4) (mmol m*2 day'1)*
23 Mar-14 Sep 83 l.OxlO*6 2.8 0.3
5 Apr-20 Oct 84 8.4x1 O'7 24.4 1.8
22 Mar-23 Aug 85 2.3x10*7 67.5 1.4
14 Mar-14 Oct 86 1.0x1 O'9# 45.9 0.004
6 May- 14 Nov 87 1.0x1 O'8 113.2 0.1
22 Apr- 22 Oct 88 2.3x1 O'6 59.0 11.6
Monomixis (1989-1994) Upward

Eddy Ammonia Ammonia
Diffusivity Gradient Flux

Period (m2 s '1) (mmol nT4) (mmol m'2 day'1)7
19 Apr-18 Oct 89 8.5x1 O'6 6.9 5.2
9 Apr-7 Sep 90 1.7xl0*6 3.7 0.4
14 Apr-21 Aug 91 5.0x1 O'6 0.9 0.2
27 Mar-7 Sep 92 3.0x1 O'6 2.1 0.7
22 Mar-12 Oct 93 3.9x10'6 1.0 0.3
27 Mar-21 Sep 94 3.1xl0'6 0.6 0.1

Ammonia flux calculated from average eddy diffusivity and ammonia 
gradient over period.
# In 1986 no change in heat content was measured beneath the persistent 
chemocline, thus the estimated upward flux was based on the molecular 
diffusivity o f ammonia (lx l 0‘9 m2 s '1).

Average eddy diffusivity, K:, and ammonia gradient, SN/dz, shown over 
period, upward ammonia flux, Jm-i, calculated as:

t.SN I &
i=i

1 = 1

where t, is the time period between sampling dates.
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Figure 1. Mono Lake bathymetry with regular sampling stations (#), 

secondary sampling stations ( A ), and meteorology stations (+).
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Figure 2. Mono Lake surface elevation above sea level from January 1, 1970 

to December 31, 1995. Vertical arrow indicates onset o f meromixis in 

1995.
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Figure 3. January, 1989 to November, 1994 hydrology measurements.

Monthly totals of precipitation onto the lake surface derived from Simis 

Ranch measurements (upper panel). Total monthly stream discharge 

below diversion points of the five major streams in the Mono Basin 

(middle panel). Mono Lake surface elevation on the 1 st of the month 

(lower panel).
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Figure 4. Selected lake-wide average vertical profiles of conductivity corrected 

to 25°C from 1992, 1993, and 1994; and isopleths o f conductivity from 

1991-1994 with 0.3 mS cm '1 contour intervals.
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Figure 5. Selected lake-wide average vertical temperature (°C) profiles from 

1989-1994.
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Figure 6. As Fig. 4 for density-1000 (kg m*3). Isopycnal contour intervals 1 kg
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Figure 7. Total (•), thermal (□), and saline (0) stability of the water column 

from 1991 to 1994. Stability, 5,, defined as the energy required to mix 

the entire water column against the potential energy of its stratification 

and calculated as:

where z is the vertical coordinate from the bottom of the lake, A(z) is 

the area of the lake at height z, p(z) is the water density at z, H  is the 

water depth, and zg is height to the center of volume of the lake defined 

as,

]zA(z)dz

( z - z g)A(z)p(z)dz
0

2

Thermal stability computed with 90 mS cm'1 isohaline profiles and

saline stability computed with 15°C isothermal profiles.
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Fig. 8. Measurements at 5 (solid line) and 26 m (dotted line) of temperature 

(°C), conductivity at 25°C (mS cm'1), and density (kg m'3). 

Conductivity and density values for 1989 and 1990 are averages of 2 

and 8 m, and 24 and 28 m.
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Figure 9. Temperature and salinity vertical steps across the pycnocline with 

N~ = (g/p) (dp/dz) in s'2 x 10‘3. Steps calculated over 3 m intervals.
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Figure 10. Selected profiles from August-October from 1991,1992, and 1994. 

Asterisks indicate presumed ‘fossil’ isothermal regions from salt finger 

double diffusion.
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Figure 11. 1989-1994 K: estimates at the thermocline (maximum temperature 

gradient) (□ ) and average wind speed over the central difference 

interval (^)from  April to September.
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Figure 12. Isopleth plots of dissolved oxygen (upper panel, mg L '1) and 

ammonia (lower panel, /M ) and from 1989 to 1994.
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Figure 13. Spring (April-May) and summer (June-August) ammonia flux 

estimates.

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o
■o

(. Aepz.ui loiuiu) x n |j  em ouiuiv

164

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 14. (A) Average daily (dashed) and 31-point moving average (solid) 

wind speed. (B) Daily L?j estimated from daily average wind speeds 

and field profiles. (C) Ln computed from average wind speed over 

central difference interval (□ ) and 31-point moving average (solid). 

(D) Ln over central difference interval and Kz. Asterisks are three 

sampling dates in March-April, 1993 which have high K: estimates 

during moderate Ln periods. Regression curve (solid line) computed 

without the March-April, 1993 estimates.

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0)

■o
0)
oQ.
CO
■oc

0>
xi
E
3

0)
(0

o
XI
E
3

5
(0

CO
CM
E

1x10
1991 1992 w 1993 1994Year

8x10 -  

6x1 O'® L

^  4x10 -

2x10 -

5 10 15
Lake Number
166

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4

Simulations of Vertical Mixing in a Hypersaline Lake 

Introduction

Turbulent mixing influences the distribution of solutes and particles in 

lakes and must be incorporated into realistic ecosystem models. A number of 

one-dimensional (ID) vertical mixing models have been coupled to ecosystem 

models in lacustrine settings (Jewell 1995). Verification of such vertical 

mixing models is generally based on comparisons between field and simulated 

temperature profiles. Although vertical transport from the hypolimnion to 

epilimnion is often ecologically important, model validations that consider 

vertical mixing below the base o f the mixed-layer have not been reported 

previously.

Application of stratification models to hypersaline lakes requires a 

thorough verification of vertical mixing parameterizations. Most vertical 

mixing models have been applied to the upper water column of marine settings 

(Price et al. 1986) or freshwater lakes (Patterson et al. 1984) where salinity 

stratification does not cause significant variations of the vertical density 

structure. Validation of a vertical mixing model in saline versus freshwater 

lacustrine settings is recommended for three reasons.

Firstly, the seasonal and interannual salinity dynamics of hypersaline 

lakes undergo large variations caused by freshwater dilution and evaporative 

concentration at the surface. During wet years with large freshwater inputs, 

salinity stratification results in density differences across the seasonal 

pycnocline which may lead to meromixis (condition of persistent chemical
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stratification) (Jellison and Melack 1993, Chapter 1). If evaporation exceeds 

freshwater inputs over the course of a year, falling lake level and inverse 

salinity stratification occurs. Inverse salinity stratification results from mixed- 

layer volume shrinkage after the onset o f thermal stratification where mixed- 

layer salinity is greater than the hypolimnetic salinity (Chapter 1, Anati and 

Stiller 1990). Hence, a large range of density differences across the pycnocline 

occur as a function of the amount and timing of freshwater inputs into a saline 

lake.

Secondly, salinity is a conservative tracer of model performance 

whereas temperature is not. Heat input from radiation (Jassby and Powell 

1974) and sediment-water heat exchange (Likens and Johnson 1969, Benoit 

and Hemond 1996) can be significant sources or losses o f heat. Salinity 

changes throughout the metalimnion and hypolimnion are caused by turbulent 

mixing whereas solar insolation can be significant in metalimnetic heating.

Thirdly, vertical mixing below the mixed-layer in saline lakes is not 

influenced by inflow or outflow processes. Vertical transport arises solely 

from mechanisms such as shear-induced mixing (Munnich et al. 1992) and 

internal wave breaking in the interior of the lake, boundary mixing along the 

margins (Imberger and Ivey 1993, Gloor et al. 1993, Wiiest et al. 1994), 

upwelling (Imberger and Patterson 1990), and double diffusion (Turner 1985). 

Incorporation of parameterizations of the various mixing mechanisms into a 

vertical mixing model can identify major mixing mechanisms below the base 

of the mixed-layer.

The application of the DYnamic Reservoir Simulation Model 

(DYRESM), a one-dimensional (ID) vertical mixing model, to hypersaline (ca. 

94 g L*1), moderately deep (ca. 45 m) Mono Lake, California (Fig. 1) is
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presented. A six year database of hydrological, meteorological, and physical 

limnological measurements during a period o f monomixis (one period of 

complete mixing a year) were used as simulation inputs and verification data. 

Model validation includes comparisons between calculated and simulated eddy 

diffusivity estimates in the thermocline. Because the published version of the 

model underestimated vertical mixing below the base o f the mixed-layer, 

several parameterizations o f vertical mixing mechanisms were evaluated that 

increase metalimnetic and hypolimnetic transport.

Simulation Inputs and Model Description

DYRESM requires daily meteorological (longwave radiation, 

shortwave radiation, air temperature, air vapor pressure, and wind speed) and 

hydrological (stream discharge and precipitation) inputs. Additional inputs 

required by the model include the physical properties of Mono Lake water 

(kinematic viscosity, specific heat, and density) and a depth-area-volume table 

(Pelagos corp. unpub. data). A description of the simulation inputs and the 

vertical mixing model follow.

Fluxes o f  Momentum, Heat, and Water at the Air-water Interface

Four weather stations were used to compile daily meteorological data 

from January 1, 1989 to December 31, 1994. A six hour meteorological 

database was compiled from January 1, 1992 to December 31, 1994. The 

Paoha meteorological station is located at the southern tip o f Paoha Island (Fig. 

1). Three other stations around the perimeter of the lake (Cain Ranch, Lee 

Vining, Simis Ranch, Fig. 1) were used to fill gaps in the Paoha meteorology 

from March 15, 1990 to December 31, 1994. The January 1 ,1989-March 14,
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1990 meteorology was estimated entirely from the three lake perimeter 

stations.

Ten minute averages o f readings made every second for wind speed, 

relative humidity, and air temperature were measured on Paoha Island 

beginning in mid-March, 1990. Wind run, maximum and minimum air 

temperature, total daily precipitation, and cloud cover (i.e. cloudy, partly 

cloudy, clear) were recorded at Cain Ranch from 1989 through 1991. Hourly 

measurements at Simis Ranch of air temperature and wind speed and at Lee 

Vining of wind speed were used to estimate Paoha meteorology when required 

from 1989 through 1994. Simis Ranch precipitation was used as the 

precipitation input from 1989 through 1994. Precipitation measurements are 

described below in more detail. Table 1 summarizes the relationships used to 

estimate the Paoha meteorology from stations around the lake perimeter.

The vapor pressure was calculated from temperature and relative 

humidity measurements from the Paoha weather station. Relative humidity, 

RH(%), is defined as RH= r/rs x 100, where r and rs are the measured and 

saturated air mixing ratios. The mixing ratio, r, is defined as the ratio of the 

water vapor density in the air, p v (kg m'3), to the density o f dry air, pD (kg m'3) 

and may be computed from the relation,

0.62197/we

r  = ( I )

derived from the ideal gas law (e.g. PV=nRT) where p  is the atmospheric 

pressure (mbar), e is the vapor pressure (mbar), and f w is a correction factor for 

the departure of the mixture of air and water vapor from ideal gas laws 

(assumed equal to 1). The saturation vapor pressure, e \  is a function of air 

temperature and was calculated with Lowe’s (1977) empirical relationship at
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sea level pressure (p=1013.5 mbar). The saturation mixing ratio, rs, can be 

computed from (1), and the mixing ratio, r, can then be computed from the 

relative humidity. Solving for e in (1) yields, e = rp/(r+0.62197) and direct 

computation of the vapor pressure can be made with p  equal to the Mono Lake 

surface pressure of 800 mbar at 1943 m. The approximation e=RHo x e ' x  

Ceiev, where ce/ev is the elevation pressure correction (=0.79) and RHd is the 

daily average relative humidity, is a good approximation. Morton (1983) 

suggests average vapor pressure derived from relative humidity and 

temperature measurements be computed on a sub-daily time scale since 

saturation vapor pressure is a nonlinear function of temperature. Daily vapor 

pressure averages computed from 10-minute averages of relative humidity and 

air temperature were nearly equivalent to the approximation throughout the six 

years.

Daily and six hour averages of wind speed, air temperature, and vapor 

pressure are presented in Figures 2 and 3. The seasonality of the lower daily 

average wind speeds is caused by strong summer diurnal winds in the 

afternoon. Daily average air temperature ranges from -5 to 23°C, whereas six 

hour averages ranged from -10 to 30°C with a 5 to 10°C daily range. Since 

relative humidity from 1989 through July, 1991, was estimated from the air 

temperature (Table 1), the variability was lower. Daily fluctuations of six hour 

vapor pressures were ca. 1 mbar d '1.

Hourly averaged measurements of photosynthetically available 

radiation (PAR, 400-700 nm) were recorded at the Cain Ranch meteorological 

station located 7 km southwest of the lake from 1989 through 1994 and at 

Paoha from August, 1991, through 1994. Hourly averages of shortwave and 

incoming longwave radiation were measured at Cain Ranch from August, 1991
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through 1994. From January, 1989 through July, 1991, incoming longwave 

radiation, Lj, was estimated as,

L, = ^(1 + 0 .17^X 273.15+7,)6 (2)

where C is the percent cloud cover, ^ is  a constant equal to -5.18xl0‘13, and TA 

is the air temperature (°C) (TVA 1972). A constant ^equal to -4.7xl0‘13 

yielded longwave radiation estimates within the range of measured values, a 

lower emissivity o f the atmosphere was required for the high lake surface 

elevation relative to sea level (Fig. 3). Longwave radiation emitted from the 

lake surface, Lo, was calculated by the model as:

L0  = ecr{Ts + 273)4 (3)

where e is the surface emissivity (=0.97) and cr is the Stefan-Boltzmann 

constant.

Incoming shortwave radiation is absorbed by the water column and was 

computed by Beer’s Law as:

Q z = ^sQolLt^te n' (4)
1=1

where Qz is the amount of shortwave radiation absorbed at depth z, As is the 

shortwave albedo of the water surface, Qo is the incoming shortwave radiation, 

A, is the proportion of Qo in wavelength band /, and rj, is the attenuation

coefficient of wavelength band i. Table 1 gives the extinction coefficients for

wavelengths other than PAR. Incoming shortwave radiation from 1989 

through July, 1991, was estimated from Cain Ranch PAR measurements (Table

1). The incoming shortwave radiation, Qo, was corrected for albedo on an 

hourly basis assuming a flat foamless lake (see Jassby and Powell 1974). 

Calculated albedoes ranged from 4-14% from August, 1991, through 1994.
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Shortwave inputs into the model accounted for As. Underwater PAR was 

measured with a submersible Li-Cor quantum sensor. PAR attenuation 

coefficients from 1989 through 1994 ranged from 0.3 to 1.3 m '1. Daily values 

were estimated by interpolating between dates o f field surveys. The total 

longwave and shortwave radiation simulation inputs and the PAR attenuation 

coefficients are shown in Figure 4.

The surface fluxes of momentum, sensible heat, and latent heat were 

estimated with the bulk mass transfer approach with the formulas:

where the wind stress r, the sensible heat transfer H,  and the evaporative heat 

transfer £  are estimated from the average air temperature TA, sub-daily surface 

layer simulated temperature Ts, average vapor pressure o f the air eA, sub-daily 

saturation vapor pressure of the surface layer es, air density pA (0.96 kg m‘3, 

1943 m at 15°C), average wind speed at 10 m Ujo, and the specific heat of air 

CP (1005 J kg*1 °K); CD (1.3xl0*3), CH (1.9xl0*3), and C£ (1.9xl0*3) are the 

neutral momentum, sensible, and latent heat transfer coefficients referenced to 

10 m. The activity of water in the saline solution, %, is the ratio of the 

saturation vapor pressures of saline solution and freshwater both measured at 

the same temperature, and equals 0.95 for the range of salinities modeled here 

(Salhotra et al. 1985).

Wind speed measurements were standardized to a 10 m reference 

height, U/o, assuming a logarithmic profile, Uio=Uz/[1-Cd° '5 ln(10 /z) /k j,  

where Uz is the wind speed at the measurement height z and k  is the von

T — P a^-d^ \ o

H  — ~ P ACpCHU ]0{TS — Ta )

(5)

(6)

P a LC wU\o(.Zes e A) (7)
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Karman constant (=0.4) (Amorocho and DeVries 1980). Wind speed was 

measured approximately 4 m above the lake surface from 1990 to 1994, so that 

U)o=1.09 Uj . A constant air density was assumed throughout the simulations 

so that equations (5) to (7) simplify to: r  = 1.47x10* Uio. H  = -2.14 UJ0 (TA - 

Ts), and E = -3.5 U, 0 (0.95 eA - es).

Mono Lake Physical Properties - Measurement and Constants

The 1989 and 1990 temperature profiles were measured at 1 m depth 

intervals at stations 6, 11, and S30 (Fig. 1) with a thermistor (Yellow Springs 

Instr. 701) and Wheatstone bridge circuit (Cole-Parmer model 8502-25) with 

an accuracy of 0.05 °C (Jellison and Melack 1993). The 1989 and 1990 

conductivity profiles were collected at stations 6 and 11 (Fig. 1) at monthly 

intervals with a van Dom water sampler and were almost always sampled at 7 

depths (2, 8, 12, 16, and 20 m at both stations and 24 and 28 m at station 6 

only). Conductivity samples were filtered immediately through «1 pm pore 

size Gelman A/E glass-fiber filters and stored at 4 °C. Conductivity of samples 

were measured in the laboratory in a 1-cm cell (Lab-line) between 24 and 26 

°C and corrected to 25 °C. Replicate readings indicated a measurement 

uncertainty of 0.4 mS cm'1 (Jellison and Melack 1993) but are likely higher as 

discussed below.

Beginning in January, 1991, vertical profiles o f temperature and 

conductivity at stations 6, 11, and S30 (Fig. 1) were made with a conductivity- 

temperature-depth profiler (CTD) (Sea-Bird Electronics, model Seacat SBE 

19). The CTD is a free-falling instrument which samples at 2 Hz. Addition of 

customized buoyancy to the CTD resulted in descent rates o f 0.25-0.4 m s '1 

yielding a 0.125-0.2 m vertical resolution. Monthly CTD profiles were made

174

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



from September to February for all years and all of 1991. Bi-weekly CTD 

profiles were made from March to August for 1992,1993, and 1994 except for 

a gap in July, 1993. On most dates, two CTD profiles were made at each 

station.

The conductivity and pressure sensors were assumed to measure 

instantaneously, whereas the temperature of a water parcel sampled by the 

CTD lags as a result of the slow thermistor response time (0.5 s slower than 

conductivity). The mismatch in the temperature and conductivity response 

times results in ‘spikes’ in the derived salinity (or conductivity corrected to a 

standard temperature) profile. The slower response temperature profiles were 

shifted back in time to match the conductivity profiles. Corrected conductivity 

was computed and plotted for a range of time constants for each CTD profile 

(0.5 to 1.5 s). The time constant which minimized spiking in the corrected 

conductivity profile was chosen. The best profile (e.g. least spiking) of the two 

CTD casts made at each station was used. The average time constant was 

0.8 s.

Conductivity at 25 °C was computed as:

C2s = CH1 +2.05x10'2(25-7)+3.52x 10'4(25*r)2+8.5x10'6(25-r)3) (8)

where C, is the conductivity (mS cm'1) at temperature i (°C) and T  is the 

temperature at which the raw conductivity measurement was made (R. Jellison 

unpub. data). The density of Mono Lake water (MLW), /?*, (kg m '3) as a 

function of temperature, T  (°C), and conductivity at 25 °C, C25 (mS cm'1), is 

given by,

p w = + c2T + c2T 2 + c4C25 + csC25 + c6TC25 (9)
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where c, = 1003.40, c2 = 1.335xl0'2, c3 = -6.20xl0'3, c4 = 4.897x10'', c5 = 

4.23xl0*3, and c<s = 1.35xl0'3 (R. Jellison unpub. data).

Total dissolved solids, TDS, (g L '1) was computed as:

TDS = 8.0629 + 0.3792 x + x0.006322 x C252 (10)

(R. Jellison unpub. data). The salinity, S  (g L'1), and TDS were assumed to be 

equivalent. The salinity in units of g kg'1 was derived by dividing S  in g L'1 by 

the local density. The linear expansion coefficients o f heat, oc=pd1dp/dT, and 

salt, P=pdldp/cS, are -2.50x1 O'4 (°C'') and 8.75x1 O'4 (g kg'1)*1, respectively. 

Calculation of lake level fluctuations from precipitation, stream discharge, and 

evaporation are based on salinity units of g salt kg MLW*1 (see below). 

Conductivity is converted to TDS and then salinity (g kg'1) during the 

simulation with the above equations.

A MLW latent heat of evaporation of 2.45x106 J kg'1 was estimated 

from linear interpolation between values o f seawater and the Dead Sea 

(Steinhom 1991). A kinematic viscosity of 1.27x 10*6 m2 s'1 and specific heat 

of 3865 J kg'1 “C 1 were obtained from Mason (1967).

The January 15,1989, temperature profile and a isohaline profile served 

as the initial profile for simulations with daily meteorology and the January 18,

1992, CTD profile was the initial profile for the 6-hour simulations. The total 

salt content in the lake when converted with the TDS relationship is equivalent 

to 285 x 106 tons o f salt (SE = 3 x 106, n=64). The initial conductivity profile 

was determined from the total salt content on January 15,1989, for an initial 

elevation of 1943.25 m. The daily meteorological input simulation was run for 

2177 days until December 31, 1994. The six hour meteorological input 

simulation was run for 1079 days until December 31,1994. All other 

temperature and conductivity profiles are used for model validation only.
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Hydrology Inputs and Methods

Daily total discharge o f the five major streams was measured at gauges 

approximately 5 km upstream from the lake (Fig. 5). Temperatures of Convict 

Creek (not shown), at the Sierra Nevada Aquatic Research Laboratory located 

45 km from Mono Lake at an elevation of 2160 m, served as stream 

temperature inputs.

Hour totals of precipitation were measured at Simis Ranch from 1988 

to 1994 and at Cain Ranch prior to October, 1991. Vorster (1985) estimated 

annual precipitation to be 0.20 m y r 1 based on isohyetal maps of the Mono 

Basin, approximately 73% o f the Cain Ranch annual average precipitation. 

Simis Ranch monthly precipitation was 65% of Cain Ranch values from 

October to March during 1988 to 1991 (r2=86.9, n=21). The 1989 to 1994 

Mono Lake daily precipitation totals were derived from Simis Ranch values by 

multiplying by 1.14 (73%/64%) (Fig. 5). Lake surface elevations were 

recorded weekly to monthly from staff gauges recorded to the nearest 0.03 m.

The evaporation rate can be estimated as Zz = E /  p, where E  (kg 

freshwater m'2) is calculated from equation 7 with x  equal to zero and p  is the 

lake surface water density. However, in saline water bodies both the loss of 

volume due to evaporation and contraction o f the water body from salinity 

increases must be computed. The lake level decrease from evaporation with 

constant temperature throughout the evaporation process, Z e, was calculated 

as:

„  (1 + /3S')Ep. ( 11)

where /? is the linear expansion coefficient o f salt (g kg'1)*1, S' is the new 

salinity (g kg'1), and pf is the new density (Steinhom 1991). Equation (10)
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accounts for losses of volume from evaporation (E/pf) and volume shrinkage 

from increased salinity (fiS'Etpf). Similarly, the lake level increase from 

precipitation on the lake surface, Zp was computed with (10) except E  was 

replaced with the mass of precipitation, PM (kg m'2), where P ^p f  is the lake 

surface increase from precipitation and fiS'P/Jpt is the volume expansion from 

decreased salinity. The lake level increase from stream inputs, Zs, was 

computed as Zp, after dividing the volumetric input by the surface area.

The water balance of a terminal saline lake can be expressed as:

AZ = ZS +ZC + Z P - Z E + AZp (12)

where AZ is the change in lake level (m d '1), A2.p is the lake level fluctuation 

from density changes throughout the water column (m d'1), Zp is the 

precipitation onto the lake surface (m d '1), Zs is stream discharge into the lake 

(m d*1), Zq is the ungauged surface runoff and groundwater inputs (m d*1), and 

Zp is the lake level decrease from evaporation with constant temperature 

(m d '1). Lake level fluctuations caused by temperature changes in the surface 

layer, shortwave heating below the surface layer, and density changes from 

vertical mixing were computed for each sub-daily time step. The sum o f lake 

level fluctuations from density changes is the term AZP in (12).

Vertical Mixing Model

The DYnamic REservoir Simulation Model, DYRESM, a ID vertical 

mixing model, was used to simulate the six year period from 1989-1994. The 

surface fluxes o f the model have been described. Descriptions of the mixed- 

layer parameterizations are given elsewhere (Imberger and Patterson 1981, 

1990) and are briefly summarized here. Mixed-layer dynamics are based on an
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integral turbulent kinetic energy budget with four mechanisms: wind stirring, 

convective overturn, shear production, and Kelvin-Helmholtz billowing. The 

efficiency of the four mixing mechanisms are constants derived from theory, 

laboratory experiments, and field measurements (Sherman et al. 1978, 

Imberger and Patterson 1981) and are not calibrated.

The ID assumption presumes that water column variations within the 

vertical are much greater than in the horizontal, a condition that is satisfied in 

small to moderate water bodies (ca. <50 km2). However, in larger lakes and 

oceans, (ca. > 10,000 km2) significant persistent variations in the horizontal 

results in poor characterization of the entire water column with only one 

lakewide average vertical profile. In such cases the application of a ID model 

is of limited use. In moderately-sized Mono Lake (~150 km2), the seasonal 

dynamics have been characterized with lakewide averaged vertical profiles 

during monomixis (Chapter 1) and meromixis (Jellison and Melack 1993). 

However, modification of the vertical dififusivity parameterization was 

necessary and is discussed next.

Internal waves can cause mixing in the interior of the hypolimnion by 

breaking which is estimated in DYRESM as:

= °  (Weinst0<:k 1981) (13)

where Kz is the dififusivity (m2 s '1), a  is the efficiency (0.2-0.8), £is dissipation 

(W kg’1), w0 is the wave speed (m s'1), kg is the wavelength (m'1), and N(z) is 

the buoyancy frequency (s'1) at depth z defined as,

H ' - - %  < 1 4 >
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where p  is the water density, z is depth (positive downward), and g  is 

gravitational acceleration. If  the simulated stratification is strong at depth z 

(i.e. N2 »  w02ko2) then Kz=as/N(z)2. For the case of weak stratification at 

depth z (i.e. N2 «  wo2ko*) then Kz=a£/(Q.6 w02k02) where w0 is assumed to 

equal w«. The wave number, k0, is given by,

^0 =
'M A A * 3

(15)
.  v*K j

where is the surface area, VB is the upper lake volume which contains 85% 

of the total buoyancy frequency distribution, and ho is the depth of the mixed 

layer.

The internal dissipation, e, is modeled after Imberger (1982) as
f l 5 15 .

D P a 3£ = — ^ - — — a wu. (16)
Pit ' b P o

where aw is the efficiency (=0.24), u. is surface water friction velocity 

(-UiopVpw), and po is a reference density. If one assumes that the introduced 

energy can only be distributed throughout the lake by internal wave 

propagation, little energy will be dissipated in the hypolimnion so VB is used 

instead of the total volume. Further, the parameterization in DYRESM 

assumes that local dissipation will become weaker away from the region of 

severe stratification below z=H-hi. The dissipation is distributed vertically 

through the water column as,

B = e z>  H -h j  (17)

H - h ,  - z
rexp{-( 1----- )} z < H -  hj (18)

O’

where H  is the total depth, hi is the depth relative to the bottom of the center of 

area of the N2 distribution, and cris the variance of the first moment of the N2
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distribution (Imberger 1982). Hence, for a two layer stratification (i.e. a thin 

pycnocline), <xis small and the dissipation decreases rapidly with depth. 

Alternatively, if  a thick metalimnion is simulated, cris large and dissipation 

decreases moderately with depth.

Recent research indicates that the main source of turbulent kinetic 

energy in small to medium-sized lakes may be caused by shear at the interface 

of the well-mixed benthic boundary layer (Imboden and Wiiest 1995). A 

simple parameterization for the diffusivity of the bottom boundary layer is 

given by Wiiest et al. (1994) as:

Y dA u .J  So
( .9)

where K: is the vertical diffusivity (m2 s '1), y is the mixing efficiency (=0.2), A 

is the sediment area, V is the volume, u*B is the friction velocity of the 

sediment-boundary layer, SB is the thickness of the Prandtl layer, SM is the 

thickness of the well-mixed benthic boundary layer, and k  is the von Karman 

constant. Though SB, Sm, and u-B depend on internal wave dynamics and lake 

bottom characteristics such as bottom roughness and slope, estimates o f these 

parameters were used to evaluate the potential importance of this mechanism.

In particular, SB equal to 10 m, SM equal to 1 m, and u*B = C/mo s U]m 

= (1.5x1 O'3)0 5 0.1 m s '1 = 4x1 O'3 m s'1 were set as constants, then equation 19 

simplifies to:

y  dA
* z = ^ (  SxlO-7— ). (20)

A current velocity o f 0.1 m s '1 1 m above the sediment-water interface is 

considered an upper limit in lakes (Wiiest and Imboden 1995).
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The lake number, Ln, is an indicator of mixing below the base of the 

mixed layer and is defined as:

where g  is the gravitational acceleration, St is the lake stability, zt the height to 

the center of the metalimnion, zz is height to the center o f volume of the lake, 

u* is the shear velocity, and Ao is the lake surface area (Imberger and Robertson 

1991, Imberger and Patterson 1990). For large Ln ( » 1 ) ,  the bottom of 

pycnocline remains horizontal. For small Ln (<1), the entire pycnocline tilts 

with the generation of currents below the pycnocline which results in increased 

hypolimnetic mixing.

Greater metalimnetic and hypolimnetic mixing during low Ln periods 

was simulated by increasing the dissipation as:

where a and b are constants. If the Ln is small (i.e. tilting of the pycnocline 

with generation of internal waves and currents), an increase in mixing below 

the pycnocline is simulated.

Water and Heat Balance

The annual surface energy balance indicates that the meteorological 

approximations from 1989-1991 were similar to the 1992-1994 period (Table

2). Simulated lake surface temperatures compared well with observed data 

during the stratified period except minimum lake surface temperatures during

(21)

a
where Sln = a s  for Ln < 1 (22)

Simulation Results
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December-February were cooler (Fig. 6). Daily evaporation rates ranged from 

nearly 0 to 12 mm d '1 (Fig. 6). Monthly evaporation totals were greatest in 

July or August (0.13-0.16 m month’1) and lowest in January or February (0.02 

m month’1). The average annual evaporation rate over the six years was 0.93 m 

yr’1 (SE = 0.05 m yr'1). An annual evaporation of 0.95 m yr'1 from 1992 to 

1994 was simulated when all measurements were made on Paoha Island. 

Differences in annual evaporation rates (Table 3) reflected interannual 

differences in wind speed and vapor pressure. Other water balance 

components are given in Table 3.

The simulated lake level matched observations from 1989-1992 

reasonably well except small winter lake level rises (e.g. 0.02-0.07 m) were not 

predicted (Fig. 6). Ungauged runoff and groundwater are probably significant 

to the water balance of the lake during this period. During 1993 the predicted 

lake level was 0.12 m below observations. The 1994 precipitation total is 

misleading. If November-December, 1994 is excluded, the precipitation total 

is 0.14 m, a similar precipitation total to the other years. In 1993, a relatively 

wet year, we hypothesize that significant snow accumulation around the 

perimeter of the lake and subsequent spring melt caused the additional lake 

level increase. Less snow on the basin floor in the other years resulted in less 

ungauged runoff.

An evaporation coefficient of -3.3 instead of -3.5 resulted in an accurate 

simulation o f seasonal peak lake levels, but minimum seasonal lake levels were 

greater than observed. Surface temperatures were nearly equivalent for both 

simulations, and the annual evaporation for the lower evaporation coefficient 

was 0.90 m yr'1 over the 6-year period (SE = 0.05 m yr’1). The simulated
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stratification dynamics are presented for the lower evaporation rate which 

simulated the observed lake level fluctuations with greater accuracy.

Field Observations

During the six year period mixed-layer temperatures were lowest in 

February (2-3 °C) and highest in July or August (> 20 °C) (Fig. 7A). 

Hypolimnetic temperatures were lowest in February (2-3 °C) and increased 1-4 

°C by September of each year. The largest seasonal hypolimnetic temperature 

increase (4°C, May 4-September 12), earliest turnover date (late October/early 

November), and lowest thermocline temperature gradients during the six years 

characterized the 1989 thermal dynamics. The 1990 and 1991 thermal 

dynamics were characterized by a 2-3°C hypolimnetic temperature rise from 

early May to mid-October. The 1992 temperature dynamics were similar to 

1990 and 1991 except the seasonal thermocline established at a lower depth in 

the spring with less thermocline deepening afterwards. Vertical temperature 

profiles in 1993 and 1994 were similar from May to October prior to turnover 

characterized by low rates o f hypolimnetic heating (1-2°C).

Years 1989 and 1993 represent the two extremes o f hydrological effects 

on salinity stratification dynamics during monomixis in Mono Lake (Fig. 7B). 

Stable salinity stratification throughout 1993 resulted from a positive water 

balance where freshwater inputs exceeded evaporation (Table 3). Stable 

salinity stratification resulted in strong stability throughout stratification until 

turnover in late November to early December. During drought conditions in 

1989, a decrease in lake level resulted from low freshwater inputs. During 

thermal stratification, evaporative concentration of the mixed-layer resulted in 

unstable salinity stratification, weak density stratification, and a large
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downward heat flux. The other four years were intermediate cases between 

these two extremes. Stable salinity stratification in the spring persisted for a 

longer duration in 1990 and 1994 than 1991 and 1992 from greater 

precipitation and stream discharge inputs. However, all these years had 

unstable salinity profiles by mid-summer.

Published Version Simulation

The simulation with the published version of DYRESM (Imberger and 

Patterson 1981) predicted the mixed-layer thermal dynamics adequately for 

1990-1992 and 1994 (Fig. 7C). In 1989 turnover was simulated several 

months early and in 1993 the mixed-layer depth was underestimated. The 

simulated salinity dynamics (Fig. 7D) from 1991-1992 match reasonably well 

with field profiles, but the 1993 dynamics incorrectly predicted the onset of 

meromixis.

If the 5 and 25 m water properties are used as indices of mixed-layer 

and hypolimnetic dynamics, comparisons between simulation and field profiles 

elucidate several problems with the simulation. The mixed-layer temperature 

was predicted accurately for all six years (Fig. 8A). Even the August to 

October 1989 mixed-layer temperatures were predicted accurately, though 

turnover was simulated several months early and the mixed-layer depths were 

greater than field profiles. After the onset of thermal stratification, modeled 

hypolimnetic temperatures remained constant except in 1989. The 5 m 

conductivity dynamics from 1991 to 1992 were predicted adequately (Fig. 8B). 

Mixed-layer dilution during rising lake level from January to March, 1993 was 

predicted accurately, however, the simulation predicted too much dilution after 

April. Hypolimnetic conductivity dynamics after the onset o f thermal
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stratification from 1990 to 1992, and salinity stratification in January, 1993, 

remained constant whereas field profiles varied as a function o f mixed-layer 

concentrations (Fig. 8C). Mixed-layer density dynamics were predicted 

accurately for 1991-1992, but excessive stream discharge dilution resulted in 

the prediction o f a 2-4 kg m'3 less dense mixed-layer than field profiles from 

May, 1993 to September, 1994 (Fig. 8D). The predicted onset of meromixis in 

1993 and 1994 resulted in a 1-3 kg m'3 denser hypolimnion (Fig. 8E) which 

further increased the density difference across the pycnocline relative to field 

profiles.

The model results indicate that the mixed-layer parameterizations are 

valid. However, the simulation results (i.e. constant hypolimnetic water 

properties) suggests problems with the eddy diffusivity formulation. A 

reasonable match between the 1990 to 1992 depth of the maximum 

temperature gradient for field profiles and simulated depths of the center of the 

daily buoyancy frequency distribution were modeled (Fig. 9A). Further, 

buoyancy frequency estimates were simulated reasonably well during 1991 and 

1992 (Fig. 9B). Simulated dissipation rates ranged from 3xl0'8 to <1 x 10'10 

W kg*1 (Fig. 9C). Lakewide average dissipation estimates on a daily time scale 

are not available to compare with simulation values. Dissipation rates derived 

from microstructure measurements are within the range reported for the interior 

of Lake Alpanach (surface area=5 km2, maximum depth=34 m, maximum N2 

=2.5x1 O'3 s'2) over a period of nine days by Wiiest et al. (1994). Since 

dissipation and N  are the primary inputs for diffusivity calculations during the 

thermally stratified period (N2 »  wo2 ko in eq. 12) some insight can be 

inferred by comparing the field and model eddy diffusivities. The modeled
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vertical diffusion coefficient was underestimated by at least a factor of 10 

throughout most o f the thermally stratified period (Fig. 9D).

Simulation with Increased Dissipation

A simulation with the dissipation increased by a factor o f 15 throughout 

the simulation did not effect mixed-layer dynamics significantly (Fig. 10), yet 

improved the simulation of hypolimnetic temperature, conductivity, and 

density dynamics (Fig. 11). The modeled buoyancy frequency and eddy 

diffusion coefficients matched field estimates well (Fig. 12).

The simulation suggests model dissipation estimates are too low. 

However, if the dissipation is increased by a factor o f 15 during the 1983 to 

1988 meromictic period, meromixis is predicted for only a 3 year period (1983 

to 1985) (not shown). Hence, mixing mechanisms which occurred during 

monomixis but not meromixis must account for the discrepancy. Mixing 

mechanisms associated with internal waves are hypothesized to account for 

differences in the magnitude of metalimnetic and hypolimnetic vertical mixing 

between the two periods. Stability during meromixis was much stronger and 

likely suppressed internal wave amplitudes in the thermocline from wind 

forcing relative to monomictic years.

The comparison between the model results and field data suggest the 

most significant mixing mechanism(s) below the mixed-layer are not 

parameterized in the model. Alternatively, calculation of interior dissipation 

rates from daily average wind speeds may underestimate values, and sub-daily 

inputs (wind speeds in particular) are required. Both approaches are discussed 

next.
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Benthic Boundary Layer Simulations

Benthic boundary layer mixing has previously been hypothesized to be 

an important mixing mechanism in Mono Lake (Chapters 1,2, and 3). 

Maximum current speeds 1 m above the sediments in lakes are ca. 0.1 m s'1 

(Wiiest and Imboden 1995). Dissipation rates for a range of current speeds 

based on equation 20 and the Mono Lake bathymetry are illustrated in Figure 

13. Dissipation estimates increase with depth below the surface since dAJdW 

increases in equations 19 and 20 (i.e. there is a greater sediment area to volume 

ratio with increased depth so benthic boundary layer turbulence affects a 

greater volume with depth). Dissipation rates for the 0.1 m s'1 current speed at 

1 m above the sediments sustained over the entire simulation still resulted in 

meromixis in 1993 (Fig. 14B). Hence, shear-induced mixing along the well- 

mixed benthic boundary layer is likely not the single primary mechanism of 

metalimnetic transport.

Published Version Simulation with Six Hour Inputs

A simulation with six hour meteorological inputs was performed to 

evaluate whether higher wind speeds resulted in an improved simulation of 

hypolimnetic dynamics. Excessive mixed-layer deepening during the setup of 

spring stratification was modeled (Fig. 14C and 14D). Mixed-layer 

parameterizations in DYRESM assume that a fixed proportion of the wind 

energy is used for mixed-layer deepening. A closure hypothesis in the diurnal 

version of DYRESM retains the average mixed-layer turbulent kinetic energy 

as an explicit variable (Spigel et al. 1986) and is likely required with six hour 

inputs in Mono Lake. More importantly, simulated dissipation rates below the 

mixed-layer were not significantly increased with the six hour wind speeds as

188

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



isotherms and isopleths of conductivity remained horizontal during the 

stratified period in 1993 and 1994.

Simulations with Dependence on Ln

Simulations o f lake stability with the published model version and a 

factor of 15 increase in dissipation matched field estimates in 1991 and 1992, 

but overestimated stability in 1993 (Fig. 15 A). Stability was overestimated in 

1993 from strong stable salinity stratification (> 1 mS cm '1) whereas weak 

salinity stratification (0.5 mS cm'1) was measured. The simulation with 

increased dissipation nearly resulted in holomixis by January, 1994, so that 

stability nearly matched field estimates through the remainder of the year.

Ln estimates from 1991 to 1994 (Fig. 15B) were much lower than the 

published version simulation in 1993 and 1994 (Fig. 15C) from overestimates 

in lake stability (Fig. 15A). The simulation with increased dissipation (Fig. 

15D) agreed well with Ln estimates except from December 1993 to February 

1994, when lakewide stability was again overestimated. The onset of inverse 

chemical stratification in early 1989 lead to weak stability (Fig. 15A) and low 

Lfj (Fig. 15 C and D) during both simulations. The ID assumption is not valid 

in 1989 (i.e. Z/v < 3 during the entire year) and one can expect significant 

horizontal variations throughout the year from moderate to high wind forcing. 

Only during the summer of 1993 was the Ln greater than 10 for a significant 

period.

In Chapter 3, vertical diffusivities were approximately proportional to 

the Ln 1. We assume that the maximum deflection of the metalimnion from 

1990 to 1994 was just below the lake surface with no upwelling (i.e. no 

intersection of thermocline isotherms with the lake’s surface for Ln less than
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1). Utilization o f equation 22 with b equal to -1 assumes that increased mixing 

during pycnocline tilting is caused by shear in the interior and boundary mixing 

along the margins proportional to Lh’x.

Simulations with the a constant equal to 20 (Fig. 16A and 16B) and 30 

(Fig. 16C and 16D) in equation 22 compare well with field profiles (Fig. 7A 

and 7B). Holomixis from 1990 to 1992 and 1994 is predicted several weeks to 

a month early. Inverse salinity stratification across the pycnocline from 

September to October likely causes double diffusive salt fingering (Chapter 1). 

The enhanced downward double diffusive salt flux may increase the simulated 

total stability long enough to prolong stratification.

Simulated hypolimnetic water properties with a equal to 20 tracked 

field measurements reasonably well (Fig. 17). The largest inconsistency 

between the field and model profiles is the amount of dilution of the mixed- 

layer in 1993. In particular, vertical mixing during the high spring wind 

forcing period (Fig. 2) appears to be reasonably well simulated, but discharge 

from summer snowmelt caused too much mixed-layer dilution. Mixed-layer 

depths were underestimated in 1993 (Fig. 18A) so that excessive dilution was 

caused by underestimates in mixed-layer volumes.

Buoyancy frequency was simulated reasonably well except during the 

summer of 1993 (Fig. 18B). Eddy diffusivities matched well with field 

estimates except in the summer of 1993 and to a lesser degree the summer of 

1994 which were underestimated (Fig. 18D).

Discussion

Previous applications of DYRESM to Mono Lake utilized the lake 

elevation as the primary hydrological input. The amount of freshwater added
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was equivalent to the volume needed to raise the lake surface to the daily input 

elevation (Chapter 1). Groundwater and ungauged runoff were estimated as 

the difference between the daily volume needed to simulate the measured lake 

surface level and the volume of freshwater inputs (Chapter 2). The simulations 

here indicate that unmeasured freshwater inputs are a minor component of the 

water balance for years with below average hydrological inputs (1989-1992, 

1994). The annual evaporation rate of 0.93-0.95 m yr'1 was less than values 

derived from water balance models of Mono Lake (1.06 m - Vorster (1985);

1.02 m - Los Angeles Department of Water and Power, unpub.).

In lakes o f sufficient depth to undergo seasonal thermal stratification, it 

has been presumed that accurate simulations of temperature dynamics are 

needed to adequately estimate surface temperatures and evaporation rates 

(Morton 1983, Hostetler and Bartlein 1990). However, simulations presented 

here poorly reproduced the vertical temperature distribution in 1989, yet lake 

surface temperatures matched field measurements. Comparisons of modeled 

surface temperatures and evaporation rates of 1989 were nearly equivalent 

even though thermal dynamics varied significantly. Similarly, the mixed-layer 

was shallower relative to field profiles in 1993, yet lake surface temperatures 

were modeled accurately. The heat budget on a daily time scale is self­

regulating. If the simulated mixed-layer depth is too shallow, more heating 

during the day results in greater heat loss during the night. Alternatively, when 

mixed-layer depth is too deep, less heat is lost during the night. Sensitivity of 

modeled evaporation rates and surface temperatures to the mass transfer 

coefficient was greater than the vertical temperature distribution.

Most lacustrine ID vertical mixing model applications have been made 

in freshwater lakes (Patterson et al. 1984). Model validation generally consists

191

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of comparisons between measured and modeled temperature profiles to assess 

the quality of the simulation. Salinity dynamics in freshwater lakes generally 

are strongly influenced by inflow dynamics (Patterson et al. 1984).

Application of DYRESM to an Australian reservoir with saline riverine inputs 

during the wet season adequately predicted salinity stratification at the bottom 

of the reservoir (Imberger 1982). However, the Australian reservoir case was 

not a test of vertical transport across the pycnocline from mechanisms other 

than inflow and outflow dynamics. Salinity stratification was caused by 

gravitational differences between the lake water and inflowing streams.

Application of DYRESM to hypersaline Mono Lake indicates the 

mixing parameterizations adequately modeled mixed-layer dynamics during 

stratification. However, the simulation with the published version of 

DYRESM underestimated vertical transport by a factor of 10 to 100 with an 

eddy diffusivity formulation which accounted only for mixing within the 

interior of the lake through internal wave breaking. The effect of methane 

bubble plumes in the lake with a ebullition rate of ca. 1.0 m3 s '1 was simulated 

and made a negligible contribution to hypolimnetic heating (Chapter 1).

Saline lakes are ideal systems to evaluate the validity of mixing 

parameterizations below the base of the mixed-layer since freshwater inputs 

occur at the surface and do not influence the hypolimnion directly.

Temperature and salinity changes below the base of the mixed-layer can only 

occur from turbulent mixing processes within and below the pycnocline. 

Internal waves are initiated by wind forcing which causes deflections in the 

pycnocline and the generation of internal waves. Two types of boundary 

mixing can occur, internal wave breaking on the shallow sloping sides o f  the 

lake (Imberger and Ivey 1993) and shear-induced mixing along the interface of
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the benthic boundary layer (Gloor et al. 1994). Internal waves also cause 

horizontal velocity fluctuations at the base o f the pycnocline which could lead 

to enhanced shear mixing within the interior o f the lake (Miinnich et al. 1992).

Boundary mixing from internal wave breaking along the margins o f 

Mono Lake may be important along the southern portion of the lake in the 

region of relatively steep slopes (K. Flynn and S. MacIntyre per s. comm.). The 

northern and eastern sectors of the lake are characterized by shallow bottom 

slopes where internal waves likely cause metalimnetic isotherms to travel long 

distances along the sediment interface. For example, suppose the metalimnion 

is centered at 10 m below the surface, an internal wave with a 2 m amplitude 

could result in a ca. 1 km distance traversed along the bottom. Hence, the 

development o f a well-mixed benthic boundary layer and resultant shear 

mixing along the margins are expected. In similarly-sized Lake Kinnert 

(A= 168 km2, Zavg=24 m), the development o f a well-mixed benthic boundary 

layer has been documented which indicates cross-isopycnal mixing from 

internal seiche activity (Ostrovsky et al. 1996) in a region with similar slopes 

as the eastern and northern sectors of Mono Lake.

An increase in the vertical diflusivity within the interior of Mono Lake 

may result from the generation of currents and shear along the interface o f the 

hypolimnion and metalimnion. The gradient Richardson number is defined as 

Ri=N2 (du/dz)'2 where du/di is the horizontal velocity gradient. For Ri between 

2 and 3, Peters et al. (1988) found diapycnal diflusivity to be approximately 

lxlO'6 m2 s '1 in the Pacific equatorial undercurrent, the characteristic Mono 

Lake value. Typical maximum N2 varied from 0.001 to 0.01 s'2 from 1991- 

1994 and would require ‘sustained’ horizontal velocity gradients of 0.01 s*1 for 

weak stratification to 0.1 s '1 for strong stratification to yield the characteristic
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Mono Lake diffusivity. One must conclude that internal diffusivity from 

seiche induced horizontal velocity fluctuations may be important during weak 

stratification in the spring (N2 ~ 0.001 s'2) but is not likely during strong 

stratification in the summer and fall (N2 ~ 0.01 s '1).

When the Ln is used as an indicator of the occurrence of these 

metalimnetic and hypolimnetic mixing mechanisms improved simulations 

resulted (also see Chapter 2). Though the Ln may predict when these 

mechanisms are significant, differences in density structure and wind forcing 

on a sub-daily time scale are likely important parameters that determine the 

subtleties in the magnitude of mixing. Imberger and Robertson (1991) 

successfully applied the Ln as an indicator of deep turbulent mixing in a small 

(3 km2), shallow (zovg=5.6 m, zmax=20 m) Australian reservoir and reproduced 

changes in deep dissolved oxygen and other redox related parameters. As 

boundary mixing along the margins and internal shear within the interior are 

dependent upon lake bathymetry, the shortcoming to the the Ln as an indicator 

o f deep mixing concerns calibration for different lake morphologies. 

Development o f  the Ln as an index o f deep mixing in lakes is recommended 

since two- and three-dimensional circulation models are substantially more 

difficult to validate and require significantly more computational effort.

Accurate vertical mixing across the pycnocline must be validated for a 

stratification model prior to realistic seasonal ecological modeling in lacustrine 

settings. The published version of DYRESM would have underestimated the 

upward flux of the limiting algal growth nutrient (i.e. ammonia) in Mono Lake 

over the monomictic period. The Ln parameterization for mixing below the 

base of the mixed-layer can be used to model the upward flux of ammonia 

during years with a small to moderate negative water balance such as 1990-
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1992 and 1994. Drought years with large water balance deficits such as 1989 

do not conform to the ID assumption during the thermally stratified period. 

Incorporation of double diffusive salt fingering parameterizations (Kunze 

1987) may improve simulations of drought years with an increase in the 

downward salt flux.
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Table 1. Relations used to fill gaps in the meteorology. PI = Paoha Island, 
CR = Cain Ranch, SR = Simis Ranch, LV = Lee Vining._______________

Wind Speed P I= l.0 8 S R
PI = 1.06 LV

Air Temperature PI = 0.93 SR + 0.72 
PI = 0.91 LV + 1.10

RH = -1.51 AirT + 67.6

PI = 0.95 CR

SW = 0.455 PAR

r=0.77, n = 1415 
r2=0.65,n= 1513

r2=0.99, n = 1605 
r= 0 .9 8 ,n =  1571

^=0.61, n = 1200

^=0.93, n = 1104

^=0.99, n = 1095

Relative Humidity 

PAR 

SW

Shortwave Attenuation Coefficients 
Wavelength Attenuation 

(nm) Coefficient (m~l) 
280-400 1.5
400-700 see Figure 3 
700-800 1.1
800-900 3.4
> 900 26.0

% of Shortwave
4 (Jellison and Melack 1993)

45
13 (Jassby and Powell 1975)
9 (Jassby and Powell 1975)

29 (Jassby and Powell 1975)
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Table 2. Annual surface heat balance (MJ m'2 yr*1) during the six year
simulation.

Year SW LW Black
Body

Sensible Latent Inflow

1989 68.41 97.63 -131.93 -5.25 -26.52 0.15
1990 68.60 100.71 -136.38 -7.14 -27.68 0.31
1991 69.29 95.45 -134.87 -5.44 -24.49 0.26
1992 69.71 96.34 -135.90 -5.08 -25.95 0.30
1993 74.12 94.43 -135.27 -6.59 -28.37 0.61
1994 72.19 94.57 -134.78 -5.06 -27.31 0.27

Average 70.39 96.52 -134.86 -5.76 -26.72 0.32
SE 2.28 2.37 1.56 0.88 1.39 0.15
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Table 3. Annual depth water balance (m yr'1) during the six year simulation.
Year Stream Rain Evap Density Annual
1989 0.293 0.070 -0.923 0.013 -0.546
1990 0.614 0.129 -0.963 0.003 -0.217
1991 0.484 0.175 -0.852 0.005 -0.189
1992 0.575 0.163 -0.903 0.001 -0.164
1993 1.051 0.233 -0.987 -0.002 0.294
1994 0.591 0.238 -0.950 0.002 -0.118

Average 0.601 0.168 -0.930 0.004 -0.157
SE 0.250 0.064 0.048 0.005 0.269
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Figure 1. Mono Lake bathymetry with locations of sampling stations (#),

meteorology stations (+), Lee Vining Creek confluence (■), and Rush 

Creek confluence (+ ) .
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Figure 2. Daily averages of wind speed, air temperature, and vapor pressure

for the period 1989-1994.
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Figure 3. Six hour averages of wind speed, air temperature, and vapor pressure

for the period 1992-1994.
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Figure 4. Longwave and shortwave radiation daily totals and underwater PAR 

attenuation for the period 1989-1994.
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Figure 5. Daily totals of stream discharge and precipitation for the period 

1989-1994.
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Figure 6. Measured (•) and simulated surface temperature, simulated daily 

evaporation, and measured (•) and simulated lake levels. Evaporation 

mass transfer coefficients equal to 3.5 (thick line) and 3.3 (thin line) 

are shown in lake level panel.
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Figure 7. Field (A) temperature (°C) and (B) conductivity at 25 °C (mS cm '1) 

profiles and simulation (C) temperature (°C) and (D) conductivity at 25 

°C (mS cm '1) profiles with isotherm intervals o f 3°C and intervals of 

conductivity isopleths of 0.5 mS cm '1.
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Figure 8. Comparison between field measurements at 5 m (■) and 25 m (#) 

with simulated (A) 5 m (thin) and 25 m (thick) temperatures, (B) 5 m 

conductivity, (C) 25 m conductivity, (D) 5 m density, and (E) 25 m 

density.
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Figure 9. (A) Depth of field profile maximum temperature gradient (#) and 

simulated depth of the center of the vertical N2 distribution (solid line). 

(B) Comparison of field (#) and simulated (solid line) N2 at depths 

shown in panel (A). (C) Dissipation estimates from simulation at 

depths shown in panel (A). (D) Comparison of field (# ) and simulated 

(solid line) vertical diffusivities, K:, at depths shown in panel (A).

Field K: estimates calculated from field temperature profiles with the 

heat flux gradient method corrected for solar heating (Jassby and 

Powell 1974, see Chapter 3).
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Figure 10. As fig. 7 for simulation with dissipation increased by a factor of 15

throughout the simulation.
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Figure 11. As fig. 8 for simulation with dissipation increased by a factor of 15

throughout the simulation.
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Figure 12. As fig. 9 for simulation with dissipation increased by a factor of 15

throughout the simulation.
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Figure 13. Dissipation estimates from benthic boundary layer turbulence

(equation 18) for 0.1 (solid line), 0.05 (dash line), 0.01 (dash-dot line), 

and 0.05 (dash-dot-dot line) m s '1 current velocities 1 m above the 

sediments.
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Figure 14. As fig. 7 for benthic boundary mixing simulation with 0.1 m s '1

over the entire duration o f the simulation (Panels A and B). Simulation 

with six hour meteorological inputs (Panels C and D).
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Figure 15. (A) Stability, St, defined as the energy required to mix the entire 

water column against the potential energy of its stratification and 

calculated as,

S, = \ z - z g)A(z)p(z)dz
0

where z  is the vertical coordinate from the bottom of the lake, A(z) is 

the area o f the lake at height z, p(z) is the water density at z, H  is the 

water depth, and zg is height to the center of volume of the lake defined 

as,

fjzA(z)dz

for field profiles (#), published version simulation (thick line), and 

simulation with a factor of 15 increase in dissipation (thin line).

Lm calculations from (B) field profiles, (C) simulation with published 

version, and (D) simulation with Ls  dependence.
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Figure 16. As fig. 7 of the simulations with the diffusivity as a function of Ln

with the constant a equal to 20 (Panels A and B) and 30 (Panels C and

D) and constant b equal to -1.
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Figure 17. As fig. 8 of the simulation with the diffusivity as a function of LN

and constants a equal to 20 and b equal to -1.
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Figure 18. As fig. 9 of the simulation with the diffusivity as a function ofZ,,v

and constants a equal to 20 and b equal to -1.
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