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Abstract 

Setup, testing, and application of a 2-dimensional longitudinal–vertical hydrothermal/transport model (the transport 
submodel of CE-QUAL-W2) was documented for Cayuga Lake, New York, where the Rossby radius is on the order of 
the lake’s width. The model was supported by long-term monitoring of meteorological and hydrologic drivers and 
calibrated and validated using in-lake temperature measurements made at multiple temporal and spatial scales over 16 
years. Measurements included (1) temperature profiles at multiple lake sites for 10 years, (2) near-surface temperatures 
at one end of the lake for 16 years, (3) high frequency temperature at multiple depths for 2 years, and (4) seasonal meas-
urements of a conservative passive tracer. Seiche activity imparted prominent signatures within these measurements. 
The model demonstrated excellent temporal stability, maintaining good performance in uninterrupted simulations over 
a period of 15 years. Performance was improved when modeling was supported by on-lake versus land-based meteoro-
logical measurements. The validated model was applied through numeric tracer experiments to evaluate various 
features of transport of interest to water quality issues for the lake, including (1) residence times of stream inputs within 
the entire lake and a smaller region defined bathymetrically as a shallow shelf, (2) transport and fate of negatively 
buoyant streams, and (3) the extent of transport from the hypolimnion to the epilimnion. This hydrothermal/transport 
model is appropriate to serve as the transport submodel for a forthcoming water quality model for this lake and for other 
high aspect (length to width) ratio lacustrine systems for which the internal Burger number is order one or greater. 

Key words: Burger number, calibration, lake, model, Rossby radius, seiche, thermal stratification, transport, 
2-dimensional, validation

Introduction

Temperature is a fundamental regulator of the physical 
character of water and thereby the ecology and quality of 
surface waters because it structures biological 
communities and affects the rates of biochemical 
processes (Wetzel 2001). Seasonal thermal stratification is 
ubiquitous in deep, temperate lakes and reservoirs and is 
an important regulator of transport processes (Imboden 
2004). The critical dependence of lake metabolism and 
related metrics of water quality on stratification and 

associated transport regimes has been widely acknowl-
edged (e.g., Lam and Schertzer 1987, Wetzel 2001, 
Imboden 2004). Water motion and features of stratifica-
tion in lakes and reservoirs depend on a number of factors, 
including basin morphometry, setting, hydrology, and 
meteorological conditions (Csanady 1973, Imboden 1990, 
2004, Imberger 1994). Internal seiches (successive oscil-
lations of stratified layers) are particularly prominent 
features of water motion in long, narrow (high aspect 
ratio) lakes (Hunkins and Fliegel 1973, Lemmin and 
Mortimer 1986), promoting turbulence and thus vertical 
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transport (Gloor et al. 1994, MacIntyre and Jellison 2001, 
Wüest and Lorke 2003). Substantial year-to-year 
variations in stratification and transport occur in response 
to natural variations in hydrologic and particularly mete-
orological drivers (Effler et al. 1986, Rueda and Cowen 
2005, Gelda and Effler 2007a, O’Donnell et al. 2010).

A number of mechanistic mathematical models, 
ranging from averaged or integrated forms of the Navier-
Stokes equations coupled to an equation of state and 
various scalar transport equations (e.g., Rueda and Cowen 
2005) to parameterized mass-conserving dynamic 
1-dimensional (1-D) box models (e.g., Imberger and 
Patterson 1981), have been developed to simulate the 
dynamics of the thermal stratification and transport 
regimes of lakes and reservoirs (e.g., Martin and 
McCutcheon 1999, Hodges et al. 2000, Boegman et al. 
2001). Moreover, tested mechanistic stratification/
transport models serve as the physical frameworks (e.g., 
transport submodel) for mass balance water quality 
models (Chapra 1997, Martin and McCutcheon 1999), 
quantifying the interplay between these physical attributes 
and features of water quality. The primary differences in 
these models are the number of spatial dimensions 
represented (Martin and McCutcheon 1999), including 
1-D (vertical layers; e.g., Imberger and Patterson 1981, 
Owens et al. 2013), 2-dimensional (2-D, vertical layers 
and longitudinal segments: e.g., Gelda and Effler 2007a; 
or depth-averaged and horizontally resolved: e.g., Cheng 
et al. 1993), and 3-dimensional (3-D; Hodges et al. 2000, 
Rueda and Cowen 2005) frameworks. Multiple, often sys-
tem-specific, factors influence the selection of an 
appropriate framework, including (1) the water quality 
modeling principle of parsimony (adopting a framework 
only as complex as necessary to address the issue; Chapra 
1997, Martin and McCutcheon 1999), (2) the temporal 
and spatial scales of interest, (3) observed spatial patterns 
in both physical and water quality characteristics, and (4) 
computational demands. Each of the dimensional alterna-
tives can have limitations based on these considerations.

Model testing for a broad range of drivers, and for an 
array of measured variables, is desired to establish 
robustness and credibility (Gelda and Effler 2007a, 
O’Donnell et al. 2010, 2011). Natural tracers, such as 
specific conductance (O’Donnell et al. 2011) and conserva-
tive ions (Martin and McCutcheon 1999), can support 
testing of the simulation of transport and fate of streams. 
Fixed-frequency collections of vertically detailed 
temperature profiles support testing of performance for the 
simulation of the features of the seasonal stratification 
regime. High frequency temperature measurements collected 
at multiple depths using thermistor chains resolve signatures 
of water motion to test model performance related to seiche 
activity (Horn et al. 1986, Lemmin and Mortimer 1986).

Many lakes and reservoirs have high aspect ratio (e.g., 
length ÷ width) configurations, where seiche activity is a 
prominent feature of transport, and differences in water 
quality are primarily a concern along the longitudinal 
rather than the lateral dimension (Martin and McCutcheon 
1999). A 2-D laterally averaged transport model with 
vertical layers and longitudinal segments may be an 
appropriate and parsimonious selection for many high 
aspect ratio lacustrine systems. The objectives of this 
study were to (1) demonstrate the robust testing of such a 
2-D hydrothermal/transport model for a high aspect ratio, 
deep lake (Cayuga Lake, NY); and (2) consider its appro-
priateness for this and other high aspect ratio systems. 
Model testing was based on comparisons of model 
predictions with measured (1) fixed-frequency vertical 
temperature profiles for 10 years, (2) signatures of oscilla-
tions in stratified layers and intrusions of hypolimnetic 
waters into surface layers (upwelling events) from high 
frequency temperature measurements for multiple years, 
and (3) signatures of tributary entry to both upper and 
stratified layers from a passive tracer. The validated model 
was applied to describe and quantify features of transport 
that have implications with respect to water quality 
modeling, including residence time of stream inputs, 
transport and fate of inflowing streams, and exchange 
between the hypolimnion and epilimnion.

System description

Cayuga Lake (42°41′30″N, 76°41′20″W) is the fourth 
easternmost of the 11 New York Finger Lakes (Fig. 1) and 
has the second largest surface area (172 km2) and volume 
(9.4 × 109 m3). The mean and maximum depths are 55 m 
and 133 m, respectively. This long and narrow system has 
an aspect ratio (length to width) of 22 (11, if maximum 
width is used) and is positioned along a north-northwest–
south-southeast axis that coincides with prominent wind 
directions (Fig. 1, see wind rose). Cayuga Lake has a 
warm monomictic stratification regime, stratifying 
strongly in summer through mid-fall, but only rarely 
developing complete ice cover (Oglesby 1978). Barotropic 
seiches (i.e., basin-scale standing waves on the water 
surface), baroclinic seiches (i.e., basin-scale standing 
waves within the metalimnion), internal waves (oscilla-
tions in and across stratified layers at a broad range of 
length and time scales), and upwelling events occur in the 
lake in response to wind energy inputs, promoted by its 
elongated shape and the prevailing wind directions (Effler 
et al. 2010). The potential for rotation (Coriolis accelera-
tion) modifying baroclinic motion is described by the 
Burger number (S; Antenucci and Imberger 2001, 
Antenucci 2005):
 S = Lf

 
 c 

 , (1)
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where c is the wave celerity in a non-rotating system, L is a 
length scale characterizing the lake width, and f is the 
Coriolis parameter. The value of S ranges from 0.4 to 1.9 
in Cayuga Lake, with maximum values in August and 
September and lower values in May and October when 
stratification is weaker. If the lake were well-mixed (i.e., a 
continuously stirred tank reactor [CSTR]; Rueda et al. 
2006), residence time (and flushing time) could be 
determined by dividing the lake volume by the total 
volumetric inflow rate (V/Q). Based on an annual average 
total volumetric inflow rate of 30.8 m3 s−1 (1987–2013 
average), the CSTR-based residence time estimate is 8.2 y.

Cayuga Lake is a phosphorus (P)-limited mesotrophic 
lake (Oglesby 1978, Effler et al. 2010). Nearly 40% of the 
total tributary inflow to the lake, as well as 3 point-source 
discharges, enter its southern end. Large quantities of 
sediment (Effler et al. 2010), P (Prestigiacomo et al. 2014), 
and dissolved color (Effler et al. 2015) are delivered to the 
southern end of the lake by the tributaries during runoff 
events. A shallow region, designated “the shelf,” with a 
maximum depth of 6 m extends 1.6 km from the southern 
end of the lake before a sharp drop-off in depth (Fig. 1). 
Conditions on the shelf have generally been considered 
degraded relative to the pelagic zone (Oglesby 1978, 
Effler et al. 2010, 2014). Monitoring since the late 1990s 
has established that 2 trophic state metrics, the concentra-
tion of total P and Secchi depth, are significantly higher 

and lower, respectively, on the shelf compared with 
pelagic waters, although chlorophyll a concentrations 
(widely adopted as a metric of phytoplankton biomass) 
did not follow a similar trend (Effler et al. 2010), at times 
being lower on the shelf. A mechanistic P-eutrophication 
model is to be developed for the entire lake to provide a 
quantitative framework to support management delibera-
tions, including the feasibility of improving conditions on 
the shelf relative to pelagic regions.

Dreissenid mussels invaded the lake in the mid-1990s, 
originally zebra mussels (Watkins et al. 2012). Quagga 
mussels subsequently became dominant, with substantial 
population densities throughout the water column, but par-
ticularly through metalimnetic depths (Watkins et al. 2012). 
A spatially intensive survey of population densities in 2013 
(Watkins and others, unpubl. data) found levels that 
matched or exceeded those observed for Lake Erie 
(MacIsaac et al. 1992) and Lake Michigan (Nalepa et al. 
2014), where substantial related impact on lake metabolism 
was reported. Such populations of this bivalve play 
potentially important roles for the P-eutrophication issue, 
as a sink for phytoplankton and a P recycling pathway 
(Boegman et al. 2008a, 2008b), mediated through filter 
feeding (Wong et al. 2014) and excretion (Bootsma and 
Liao 2014), respectively. The effects of mussel metabolism 
will likely be integrated into the forthcoming P-eutrophica-
tion model (e.g., Boegman et al. 2008b, Zhang et al. 2008).

Fig. 1. Cayuga Lake, location within New York, positions of inflows and outflows, and sites of hydrologic, meteorological, and lake monitoring. 
Enlarged map of shelf, and wind rose (data from site A; May–Oct 2013) included. Model grid of lake consisting of longitudinal sediments and 
vertical (1 m thick) layers.
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Methods

Model description

The 2-D hydrothermal/transport model adopted in this 
study, henceforth called W2/T, serves as the transport 
submodel of the water quality model CE-QUAL-W2. This 
dynamic model is based on the finite difference solution in 
the vertical and longitudinal dimensions of laterally and 
layer-averaged equations for momentum, mass, and heat 
conservation, governing 6 unknown fields: horizontal and 
vertical components of velocity, free surface position, 
hydrostatic pressure, water temperature, and density 
(Edinger and Buchak 1975, Chung and Gu 1998, Gu and 
Chung 1998, Cole and Wells 2013). Surface heat exchange 
was calculated using an explicit term-by-term process to 
represent the effects of evaporative heat loss, short- and 
long-wave radiation, convection, conduction, and back 
radiation (Cole and Wells 2013). The model provides a 
range of options for simulating vertical turbulent transport 
process. Both the mixing–length model with Richardson 
correction and the k-ε (turbulent kinetic energy/
dissipation) model alternatives were tested. The former 
was less computationally expensive and performed better; 
hence, it was used for all simulations reported herein.

W2/T represents the lake with a grid of longitudinal 
segments divided into vertical layers (Fig. 1). Cell 
boundaries are fixed in space. The geometry of the com-
putational grid is determined by the boundaries, the 
average cross-sectional (lateral) widths of the longitudinal 
segments, and thicknesses of the vertical layers. Meteoro-
logical inputs (drivers) for the model include wind speed 
and direction, air temperature (T), dew point T, and 
incident solar radiation. Values of the light attenuation 
coefficient for irradiance (Kd, m−1; downwelling), which 
quantifies the vertical limit of the penetration of solar 
energy in the water column, need to be specified. 
Volumetric inflow rate, inflow T (for heat budget and 
density/buoyancy), and volumetric outflow rate must also 
be specified. The model has 6 coefficients that may be 
adjusted in the calibration process (Table 1). 

Model specifications, development of inputs, and 
supporting data

Cayuga Lake was represented by 48 longitudinal segments 
and 132 layers of 1 m thickness (3720 total cells), 
consistent with the guidelines of Cole and Wells (2013). 
The average segment length was 375 m at the southern 
end that includes the shelf (10 segments). The average 
segment length for the remainder of the lake was 1355 m. 
Morphometric features of the grid were based on the 
bathymetric analysis of Vandebroek (2011). Inflows 

directly enter model segments for the 5 largest tributaries 
(together 60% of the total) and 4 point-source inputs (2 
municipal waste effluents and 2 cooling water operations 
with subsurface intakes; Fig. 1). The remaining 40% of 
tributary inflow associated with about 20 small streams 
(Haith et al. 2012) was input as “distributed” inflows 
(uniformly around the lake perimeter).

There were 2 sources of meteorological inputs 
(Table 2a). One monitoring station is located on a piling 
cluster within the southern shelf (site A, Fig. 1) and 
recorded measurements every 10 min from October 2011 
through 2013. The other is land-based site B, proximate to 
the shelf (Fig. 1), and recorded measurements hourly (1 
hour is the most common time step for W2/T inputs; Cole 
and Wells 2013). Site A measurements proved best as 
model drivers but were not available before October 2011; 
hence, we used simultaneous wind measurements from 
sites A and B to find the best fit linear transform for 
predicting site A velocities from site B velocities. A 
different set of best-fit coefficients were found for each 
45° wind velocity sector (for site B). The best-fit transform 
was used to predict site A velocities from site B velocities 
when site A measurements were not available.

Estimates of volumetric inflow were based on 
continuous gauge measurements (US Geological Survey) 
for 4 of the largest tributaries (~50% of the watershed). 
Inflows from ungauged streams were prorated according 
to watershed area. Area weighting of inflow was supported 
for Cayuga Lake by earlier success in modeling long-term 
trends for a conservative substance using this method 
(Effler et al. 1989).

Paired vertical profiles of irradiance (E), specific 
conductance (SC), and T were collected biweekly at 2 or 
more pelagic sites over the April–October interval of 
1998–2006 and 2013 (Table 2b). Values of Kd were 
determined from the E profiles according to Beer’s Law 
(Kirk 2011) and linearly interpolated to obtain daily 
estimates. Measurements of SC (a passive tracer) in the lake 
and the largest tributaries in 2013 provided a test of model 
representation of tributary inflow fate. A large and diverse 

Coefficient Value
longitudinal eddy viscosity 1 m2 s−1

longitudinal eddy diffusivity 1 m2 s−1

Chezy coefficient 70 m0.5 s−1

wind sheltering coefficient 1.0
fraction of incident solar radiation 
absorbed at the water surface

0.45

coefficient of bottom heat exchange 7.0 × 10−8 W m−2 s−1

Table 1. Two-dimensional hydrothermal/hydrodynamic model 
(W2/T) calibration coefficient values for Cayuga Lake, NY.
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dataset of lake T measurements (Table 2b) supported robust 
testing of the model’s performance with respect to both hy-
drothermal and transport characteristics. Spectral analyses 
of the thermistor chain observations at multiple depths were 
conducted (e.g., Lemmin and Mortimer 1986) to identify 
characteristic periods of internal waves. 

Execution, testing, performance evaluation, and 
model applications

Model calibration was conducted for 2013, the year with the 
most T measurements, using the (bi)weekly vertical T 
profiles from sites 1–9 (Table 2b). The set of model coeffi-
cients (Table 1) established in calibration were retained for 
validation, which employed T observations of all frequencies 
from all sites and years (Table 2). Simulations for the 
validation years were year-round and continuous for 
1998–2012 (i.e., there was no re-initialization of the model 
within individual years). The model’s ability to predict 
tributary inflow fate was tested using SC as a passive tracer. 
The initial model SC of the lake for early April of 2013 was 
established from measurements at site 3. Model stream inputs 
of SC over the subsequent April to early August interval were 
specified by stream measurements of SC to support 
prediction of lake vertical profiles of SC for early August.

Model performance with respect to T was evaluated 
both qualitatively and quantitatively. Prominent features 
of stratification (e.g., upwelling and internal seiche timing, 
vertical dimensions, and temperatures of layers), measured 
and modeled, were compared graphically. The quantita-
tive bases to evaluate model performance were the root 
mean square error (RMSE) and mean error (ME; observa-
tions − predictions) statistics. RMSE in particular has 
been used as a metric for a number of studies in which 
model testing targeted multiple years of observations of 
thermal stratification (Gelda et al. 1998, 2009, 2012, 
O’Donnell et al. 2010). 

The validated model was applied through numeric 
conservative tracer simulation experiments to describe 
and quantify various features of transport with implica-
tions for water quality modeling, including for the P-eu-
trophication issue. These experiments addressed (1) the 
residence times of the entire lake and the shelf, (2) the 
transport and fate of seasonally negatively buoyant 
streams, and (3) the extent of transport from the 
hypolimnion to the epilimnion. 

To characterize the residence time of stream inputs 
within the shelf, passive tracers were released instantane-
ously in the stream once per week for the January 1994–
October 2013 period (1033 experiments). The predicted 

(a) Meteorological data*
Location (see Fig. 1) Interval Frequency
A “piling cluster” 27 Oct 2011–31 Dec 2013 10 min (missing data filled-in 

with Ithaca Airport data)
+B Cornell University 1987–2013 hourly 

* air T, dewpoint T, wind speed, wind direction, and solar radiation; see Fig. 1 for locations
+ wind speed data were adjusted to the measurements at location A 

Table 2. Monitoring data, model drivers, lake signatures.

(b) Lake Data
Type Locationx Interval Comments
T (Sea-Bird SBE-39), E, and 
SC+; vertical profiles

sites 2, 3 and 
LSC intake

1998–2006 0.25 m vertical resolution, bi-weekly, 
Apr–Oct; accuracy ±0.002 °C

sites 1–9 2013 as above, but weekly at 3 sites
T; 2 m depth (YSI 6560) site 2 2013 frequency 1 h, Apr–Oct; accuracy 

±0.15 °C
T; near-surface (Stowaway, 
TBI32)

site A 1998–2012 frequency 10 min–1 h, Apr–Oct; 
accuracy ±0.002 °C

T; thermistor chain (every 
4.5–5 m in ~70 m of water) 
(Sea-Bird SBE-39)

LSC intake 2012, 2013 Apr–Oct, frequency 1 min, accuracy 
±0.002 °C

x see Fig. 1 for locations
+ T = temperature, E = irradiance, SC = specific conductance
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time series of the mass of the tracer remaining on the shelf 
(defined by the 6 m isobaths at its northern boundary) for 
each experiment was analyzed to determine the e-folding 
time (τe1) that corresponds to 37% of the original deployed 
mass remaining. The τe1 values were compared to V/Q for 
the shelf; these would be equivalent if the shelf was 
well-mixed and tributaries were its only input. Similar 
experiments were conducted to characterize residence 
time of stream water within the entire lake, but tracers 
were instead released every 4 weeks during 1994–2002 
(118 experiments). 

A numerical tracer experiment was conducted to 
determine the fate of negatively buoyant streams by 
releasing a conservative tracer in the streams at noon on 4 
October 2013 and tracking its fate on the shelf and 
lake-wide. In a second experiment, the signature of a 
plunged (metalimnetic maximum) turbid plume observed 
on 12 August 2013 at site 3 was used to initialize conserv-
ative tracer concentrations in the corresponding model 
segment. Tracer concentration was initialized at zero 
through the rest of the lake, and lake-wide concentrations 
were tracked functions of depth for the following week.

To determine the extent to which hypolimnetic constitu-
ents are transported to the epilimnion during the stratified 
period, conservative tracers were released (numeric 
simulation experiments) instantaneously at site 5 at 4 depths 
(17, 27, 40, and 60 m) on 4 days (7 May, 1 June, 1 July, and 
1 August 2012), totaling 16 releases. The concentration of 
each tracer within the 0–13 m depth range (a reasonable 
proxy for the epilimnion) was tracked for 3 months.

Results

Calibration performance

Model simulations successfully reproduced temperature 
observations for the calibration year 2013 over the various 
temporal and spatial measurement scales (Fig. 2, 3a, 4b, 5, 
and 6). The predicted profiles successfully captured the 
temporal progression of stratification, including its onset, 

the temperatures of the layers, and the deepening of the 
epilimnion in early fall, as shown for the mid-lake site 5 
(Fig. 2), with average RMSE and ME of 0.64 and 0.32 °C, 
respectively (Table 3). The respective averages for all 9 
sites were 0.89 and 0.29 °C (Table 3). The seasonal near-
surface temperature pattern at site 2 was also successfully 
simulated, (Fig. 3a). The abrupt decreases in temperature 
values that occurred irregularly in 2013 (e.g., early July 
and September; Fig. 3a) are signatures of upwelling from 
seiche activity (Effler et al. 2010). The timing of these 
events and their magnitudes were well simulated.

Color contours of vertical temperature profile time 
histories from the thermistor chain data (Fig. 4a) reflect 
dynamics at time scales extending from days to seasons. 
The seasonal features are recurring, depicting the onset 
and development of strong stratification (maximum in July 
and August) and its subsequent waning in fall. The more 
compelling feature of this representation is the high 
frequency dynamics of the temperatures in the stratified 
layers (Fig. 4a), which are clear manifestations of seiche 
activity (Lemmin and Mortimer 1986, Imboden 2004). The 
influence of these oscillations extended to depths of ~60 m 
in multiple cases over the monitored interval. Model 
simulations performed well qualitatively, representing both 
the timing (phase) and magnitude of these dynamics, as 
reflected in the same contour format (Fig. 4b). 

Comparison of time series of observations with 
predictions of temperature at 2 stratified depths (Fig. 5a  
and b) provides a more rigorous test of the model’s 
performance in representing these oscillations. The model 
performed well in simulating the timing (phase) and 
magnitude of this seiche activity. The RMSEs for the June–
September interval of 2013 at metalimnetic depths of 17 m 
(Fig. 5a) and 27 m (Fig. 5b) were 1.8 and 1.0 °C, respec-
tively. The vertical distribution of the average RMSE values 
for the June–September interval of 2013 (Fig. 5c) demon-
strated a metalimnetic maximum, where strong temperature 
gradients prevailed, with progressive decreases through the 
hypolimnetic deployment depths that extended down to 
~60 m. The good performance of the model related to seiche 

Fig. 2. Performance of 2-D hydrothermal/transport model (W2/T) in predicting monthly temperature (T) profiles at site 5 in Cayuga Lake in 
2013; predictions are compared with observations. Performance statistics in Table 3.
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activity was also manifested in the power spectrum of 
temperature (e.g., Horn et al. 1986). The dominant periods of 
the model simulations for a depth of 17 m (5.3 and 3.3 d; 
Fig. 6b) closely matched those calculated from the thermistor 
observations (5.1 and 3.3 d; Fig. 6a). The dominant periods 
correspond to the mode 1 internal seiche predicted by 
Merian’s formula (with reduced gravity based on a 2-layer 
characterization of observed stratification; e.g., Mortimer 
1953) in early June and the first half of July, respectively.

Finally, the model simulated the modest decreases in 
SC observed in the upper waters at site 3, relative to 
spring turnover conditions (Fig. 7a and b), in response  
to seasonally lower levels in the southern tributaries  
(a dilution effect from elevated runoff; e.g., O’Donnell et 
al. 2011). These simulations are a valuable test of the 
general consistency of predicted tributary transport, 
mostly to the upper waters, for that interval. Plunging to 
the metalimnion occurs seasonally in fall and is subse-
quently considered.

Fig. 3. Performance of 2-D hydrothermal/transport model (W2/T) in 
predicting surface water temperature (T) measured at the southern end 
of Cayuga Lake for the May–October interval: (a) 2013, calibration; 
and (b) 2012, validation. Performance statistics in Table 3.

(a) observations 

 
(b) predictions 
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Fig. 4. Contours of vertical temperature (T) profile time series at 
LSC intake site, demonstrating short-term dynamics in T for the 
May–October interval of 2013: (a) thermistor chain observations, 
and (b) predictions of a 2-D hydrothermal/transport model (W2/T).

Fig. 5. Performance of 2-D hydrothermal/transport model (W2/T) in 
predicting temperature (T) dynamics at stratified depths in Cayuga 
Lake for the June–September interval of 2013: (a) depth of 17 m, 
and (b) depth of 27 m. Performance statistics in Table 3. Vertical 
profiles of the performance statistics of the root mean square error 
(RMSE) for thermistor deployment depths in 2012 and 2013 as (c).



394

DOI: 10.5268/IW-5.4.804

Rakesh K Gelda et al.

© International Society of Limnology 2015

(Fig. 5c, Table 3; see LSC In., Fig 1). The RMSE and ME 
for the near surface temperatures of the southern end of 
the lake for the May–October interval in 2012 (Fig. 3b) 
were 1.24 and 0.26 °C, respectively. 

Near-surface temperature at the southern end of the 
lake (site A) was reasonably predicted for the summer 
intervals for each of the other 14 years of thermistor 
deployment (Table 2b) over the 1998–2011 period 
(Table 4). The average RMSE for that period was 1.61 °C, 
and the range was 0.86–2.33 °C. Performance in 2012 
(Fig. 3b, Table 3), when on-lake meteorological measure-
ments were available, was particularly good. A total of 32 
upwelling events (defined as ≥5 °C decrease in T within a 
day at site A, a definition that identifies only upwelling 
events strong enough to surface far along the shelf) were 
identified for the summer intervals of the 15 years, ranging 
from 1 (2007) to 6 (2004) occurrences annually. The 
model successfully predicted >90% of these irregularly 
timed events. The error in the predicted minimum 

Validation performance

The model continued to perform well in validation testing 
(Tables 3–5), although some diminishment was noted 
prior to 2012, when only land-based meteorological meas-
urements were available (Fig. 1, Table 2a). The 
performance of predictions for the thermistor chain data 
of 2012 (Table 2b) was similar to that reported for 2013 

Fig. 6. Spectral analysis of temperature dynamics in Cayuga Lake at 
a depth of l7 m over the 1 June–mid-July interval of 2013, with 
dominant periods identified: (a) thermistor observations, and (b) 
predictions of a 2-D hydrothermal/transport model (W2/T).

Interval Site* RMSE ME
2013
Jun–Sep A 1.14 −0.03
Jan–Dec A 1.44 0.31
Apr–Oct 1 1.04 −0.08
Apr–Oct 2 0.89 0.15
Apr–Oct 3 0.84 0.16
Apr–Oct 4 0.63 0.29
Apr–Oct 5 0.64 0.32
Apr–Oct 6 0.55 0.13
Apr–Oct 7 0.76 0.25
Apr–Oct 8 1.31 0.80
Apr–Oct 9 1.38 1.01
Jun–Sep LSC In. 0.96+ 0.06+

Jun–Sep LSC In. 0.38–1.9++ −0.45–0.33++

2012
Jun–Sep A 0.96 0.53
Jan–Dec A 1.43 0.12
Jun–Sep LSC In. 0.94+ −0.36+
Jun–Sep LSC In. 0.18-2.0++ −0.67–0.12++

* site A: near-surface thermistor, sites 1–9: temperature 
profiles, LSC In.: thermistor string
+ average
++ range for depths

Table 3. Performance of the 2-D model W2/T in simulating 
temperature patterns in Cayuga Lake in 2013 (model calibration) 
and in 2012 (model validation) for near-surface waters, profiles at 
multiple sites, and thermistor chains.

Fig. 7. Approximate predictions of the vertical distribution of 
specific conductance (SC) in the upper waters of Cayuga Lake at site 
3 on 6 August 2013: (a) SC and temperature (T) profiles observed at 
site 3 during spring turnover, and (b) observed T and SC profiles and 
predicted SC profile at site 3 on 6 August 2013.
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temperature of the upwelling event relative to the observa-
tions was ≤2 °C for 75% of the events. 

Vertical profiles of temperature at site 2, the LSC 
intake, and site 3 over the 1998–2006 meteorological 
monitoring sites (Table 2b) were also reasonably 
simulated (Table 5). The average RMSEs over these 9 
years for the 3 sites were 1.30, 1.87, and 1.65 °C, respec-
tively. This level of performance is somewhat diminished 
compared to the 2013 simulation (Table 3), which was 
supported by on-lake meteorological measurements. 
Substantial differences in epilimnetic temperatures were 
observed over the validation period, thereby offering a 
robust test of the model’s heat budget (e.g., average June 
values ranged from 12.6 °C in 2003 to 17.7 °C in 2012).

Improvements in model performance (Tables 4 and 5) 
were achieved for years in which only land-based meteor-
ological measurements were available (before 2012) by 
adjusting land-based measurements of wind velocity with 
a sector-based linear transform developed from paired 
on-lake and land-based observations. The improvement 
for the near-surface temperatures on the shelf was modest 
based on the RMSE (Table 4); however, the relative 
improvement based on ME was substantial, decreasing on 
average 83 and 65%, respectively, for these intervals 

(Table 4). Noteworthy improvements in performance were 
also observed in predictions of temperature profiles over 
the 1998–2006 period by adopting the adjustment 
(Table 5). The RMSE decreased on average by 15, 33, and 
23% for site 2, site 3, and site LSC Intake, respectively. 
The ME decreased (on absolute basis) by 58, 53, and 84% 
for these sites. 

Sensitivity analyses

Sensitivity analyses were conducted for a number of spec-
ifications made as part of model testing to identify 
potential sources of uncertainty or bias. Predictions of 
short-term variations of temperature in stratified layers 
(e.g., Fig. 5a) were insensitive to reasonable levels (±10%) 
of uncertainty in the Chezy (i.e., bottom shear stress; 
Table 1) coefficient (±3.8% change in RMSE). 
Summertime predictions of temperature were insensitive 
to the inclusion of the representation of the partial 
ice-cover (north and south ends) experienced by the lake 
in winter in some years (not considered in the tested 
model; no change in RMSE). Model predictions were also 
insensitive to the simplifying assumption of uniform dis-
tribution of the small ungauged stream inputs versus a 

Year

Near-surface Thermistor on Shelf
Jun–Sep Jan–Dec
Offsite Met. Data Adj. to Onsite 

Met. Data
Offsite Met. Data Adj. to Onsite 

Met. Data
RMSE Mean 

Error
RMSE Mean 

Error
RMSE Mean 

Error
RMSE Mean 

Error
1998 0.86 −0.59 0.63 −0.02 0.83 −0.45 0.62 −0.05
1999 1.55 −0.84 1.07 −0.17 1.76 −0.68 1.36 −0.19
2000 1.12 0.51 1.49 1.14 1.41 0.23 1.43 0.59
2001 1.31 −0.37 1.09 0.33 1.50 −0.19 1.18 0.18
2002 1.13 −0.44 1.17 0.34 2.03 −0.21 1.88 0.15
2003 2.13 −1.54 1.76 −0.98 2.01 −1.08 1.70 −0.76
2004 2.33 −1.85 1.95 −1.25 2.35 −1.37 2.03 −0.96
2005 2.06 −1.00 1.89 −0.06 2.02 −0.91 1.80 −0.33
2006 1.40 0.79 1.53 1.06 1.65 0.33 1.52 0.50
2007 1.58 −0.67 1.39 −0.11 1.58 −0.40 1.52 −0.17
2008 1.59 −0.67 1.28 −0.22 1.42 −0.10 1.26 −0.15
2009 1.30 −0.68 1.19 −0.38 1.38 −0.56 1.25 −0.41
2010 1.87 −1.14 1.67 −0.76 2.20 −0.39 2.02 −0.28
2011 2.27 −1.07 1.91 −0.47 1.93 −0.59 1.78 −0.33
Avg 1.61 −0.68 1.43 −0.11 1.72 −0.46 1.53 −0.16

Table 4. Performance of the 2-D model W2/T in simulating near-surface temperature for 2 intervals annually for the 1998–2011 period and the 
effect of adjustments for off-lake meteorological measurements.
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more spatially detailed specification (based on the 
watershed area of specific ungauged tributaries entering 
the shelf region; +0.5% change in RMSE).

The potential effect of the specification of the longitudi-
nal segmentation (Fig. 1) was evaluated by reconfiguring 
the model grid with more segments (69 instead of 48). The 
effects of the finer grid on predictions (e.g., compared with 
predictions of Fig. 5a) were negligible (−0.5% change in 
RMSE), supporting the appropriateness of the adopted grid. 
The sensitivity of model performance to on-lake versus 
land-based (A vs. B; Fig. 1) meteorological drivers was 
evaluated for 2013 by driving the model instead with the 
meteorological data from site B. Diminished model 
performance resulted from use of the site B data; for 
example, the RMSE for the profiles of site 1 increased from 
1.04 to 1.36 °C, while the RMSE increased for site 5 from 
0.64 to 1.01 °C. This level of deterioration is similar to that 
reported for the validation years (driven by land-based me-
teorological data) based on profiles (sites 2 and 3) 
compared to calibration performance for the conditions of 
2013 (Table 5). The similar performance of the model 
related to seiche activity in validation testing in 2012, when 
on-lake meteorological measurements were available, to 
that attained in calibration testing for 2013 (Fig. 5c) also 
supports the position that model performance is enhanced 
by the on-lake monitoring of meteorological drivers. 
Finally, the systematic improvement in model performance 
observed for years of land-based meteorological monitoring 
when the empirical adjustment for on-lake wind conditions 
was employed (Tables 4 and 5) establishes the benefit of 
the on-lake measurement of this key model driver. 

Model applications

A broad distribution in the residence time (τe1) for the shelf 
was predicted (Fig. 8a) in response to variations in ambient 
drivers. The predicted mean τe1 for the shelf (Fig. 8a) was 
almost 3 times smaller than the V/Q (= 10.5 d) computed 
from tributary inflow alone. In contrast, the predicted  
distribution of lake-wide τe1 was narrow. Moreover, there 
was a distinct seasonality for the lake-wide τe1, with lower 
values for the interval when stratification prevail (Fig. 8b). 
The annual mean τe1 was 5.5 y, with a season range of  
the monthly means of 5.2 y (May) to 5.8 y (January). Even 
for releases in January, however, considered an interval  
of turnover (Oglesby 1978), the mean τe1 remained less 
than V/Q (= 8.2 y).

Predictions of the fate of a negatively buoyant stream 
corresponding to the conditions of 4 October 2013 are 
presented for several hours (Fig. 9a) and a few days (Fig. 
9b) after its entry. The model predicted an initial plunging 
into the metalimnion (i.e., as an interflow; Martin and 
McCutcheon 1999). Substantial mixing was predicted both 
vertically and longitudinally over the subsequent 3 days, 
promoted by an internal seiche event. Approximately 70% 
of the originally plunged tracer mass was transported 
upward into the epilimnion over that interval. The 
predicted fate of the plunged plume observed on 12 August 
2013 (Fig. 9c) was mostly upward transport into the 
epilimnion within several days (Fig. 9d), followed by a 
leveling-off in response to elimination of the concentration 
gradient. Only a small fraction (<10%) was predicted to be 
transported downward into the hypolimnion (Fig. 9d).

Year

Temperature Profiles (Apr–Oct)
site 2 site 3 LSC Intake
Offsite Met. 
Data

Adj. to Onsite 
Met. Data

Offsite Met. 
Data

Adj. to Onsite 
Met. Data

Offsite Met. 
Data

Adj. to Onsite 
Met. Data

RMSE ME RMSE ME RMSE ME RMSE ME RMSE ME RMSE ME
1998 0.99 −0.18 0.60 −0.04 2.06   0.55 1.14 −0.69  2 1.20 1.27   0.01
1999 1.36 −0.63 0.88 −0.34 1.88   0.46 1.12 −0.57 1.82 0.84 1.44 −0.02
2000 0.88 −0.14 1.07 0.23 1.71 0.80 1.23   0.17 1.14 0.36 1.15 −0.22
2001 1.92 −1.45 1.43 −1.11 1.62 −0.15 1.32 −0.89 1.65 0.11 1.37 −0.67
2002 1.24 −0.42 1.03 −0.22 2.43 1.49 1.14   0.26 1.84 1.29 1.11   0.46
2003 1.02 −0.24 1.01 −0.23    1.6 −0.19 1.36 −0.73 1.26 0.03 1.17 −0.46
2004 1.43 −0.07 1.18 −0.10 1.76 0.49 1.28 −0.15     1.7 0.62 1.40 −0.36
2005 1.29 −0.39 1.20 0.23 1.65 0.21 1.36 −0.44 1.34 0.18 1.22 −0.53
2006 1.58 −0.15 1.49 0.04 2.13 1.59 1.23   0.65 2.11 1.55 1.27   0.80
Avg 1.30 −0.41 1.10 −0.17 1.87 0.58 1.24 −0.27 1.65 0.69 1.27 −0.11

Table 5. Performance of the 2-D model W2/T in simulating temperature profiles at 3 sites annually for the 1998–2006 period and the effect of 
adjustments for off-lake meteorological measurements.
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Noteworthy net transport to the epilimnion over the 
following 2 month intervals from tracer additions to 
stratified layers was predicted to be limited to depths ≤40 
m (Fig. 10a–d), similar to the observed (Fig. 4a) and 
predicted (Fig. 4b) depths influenced by the seiche oscilla-
tions. The results of these analyses are presented as 
cumulative fractions (as %) of the tracer predicted to be 
transported into the upper 13 m depth. The short-term 
peaks in the overall increasing trajectories of the 
transported tracer reflect effects of seiche-driven oscilla-
tions. The greatest upward transport was observed in early 
May (Fig. 10a) when stratification was developing. The 
transport from the uppermost depth considered, 17 m 
(positioned within the metalimnion), was in all cases the 
greatest of the evaluated depths, with decreases at both 27 
and 40 m (Fig. 10a–d). Some delay was noted for the 
experiments that started in July (Fig. 10c) and August 
(Fig. 10d), indicating intervals of low vertical mixing.

Discussion

Performance

Performance results support both the robustness of W2/T 
from extensive testing and its successful performance for 
Cayuga Lake (Tables 3, 4, and 5). The model captured both 
the longer-term (seasonal and multiyear) dynamics of the 

thermal stratification regime (Fig. 2 and 4a) and the 
short-term oscillations of stratified layers associated with 
seiche activity (Fig. 5 and 6), particularly when on-lake 
wind measurements or adjustments of local land-based 
observations were made. The documented performance 
compares favorably with other efforts reported in the 
literature. The duration of successful simulations for pelagic 
waters, 11 years (1998–2006, 2012, 2013), ranks as one of 
the longest reported. Long-duration testing efforts were 
reported for several other New York systems, including 
Onondaga Lake, using a 1-D model (8 y: Owens 1998; later 
19 y: O’Donnell et al. 2010) and several reservoirs using 
W2/T (7 y: Gelda et al. 1998; 14 y: Gelda and Effler 2007a; 
13 y: Gelda et al. 2009; 22 y: Gelda et al. 2012). The 
average RMSE for the 3 sites on Cayuga Lake for the 10 
years of pelagic temperature profiles (1.18 °C; Table 3, with 
on-lake wind adjustments) compared favorably with the 
other long-term simulation efforts (0.5–1.9 °C).

Performance of W2/T as applied to Cayuga Lake (Fig. 6) 
was consistent with 2 earlier tests of the model with respect 
to the convergence of predicted and observed periods of 
internal waves (Gelda et al. 1998, Gelda and Effler 2007a). 
The RMSE values for the affected stratified layers reported 

Fig. 8. Application of validated 2-D hydrothermal/transport model 
(W2/T) to determine residence time of tributary input within the 
shelf and the entire lake. (a) Shelf’s e-folding time (time until 
fraction e−1 of the tracer mass remains), and (b) monthly mean and 
median e-folding times for the entire lake.

Fig. 9. Application of validated 2-D hydrothermal/transport model 
(W2/T) related to plunged inflows: (a) prediction of the entry of a 
negatively buoyant stream on 5 October 2013 as a plunging inflow, 
tracked as conservative tracer; (b) predicted distribution of the tracer 
3 days later demonstrating substantial upward and longitudinal 
transport over the intervening interval; (c) plunged inflow (interflow) 
signature, based on observations at site 3 on 12 August 2013, used as 
initial tracer pattern; and (d) predicted vertical fate of the interflow 
over the following week.
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here, also based on thermistor chain observations (Fig. 5c), 
represent a more rigorous test because they address both 
timing and magnitude. We found no previous W2/T or other 
2-D model contributions to the literature reporting internal 
wave simulation performance based on RMSE or other error 
statistics. Moreover, RMSE representations of performance 
with respect to longer-term thermal structure are often 
lacking because conditions at different depths are not 
considered. Our analysis revealed a strong dependence of 
RMSE on depth (Fig. 5c), with a positive dependence of 
RMSE on the magnitude of the temperature variations 
imparted by the seiche oscillations (greatest in the 
metalimnion and diminished in the hypolimnion).

Recent applications of more complex 3-D models to 
other lakes provide a basis for comparison of model 
performance, although the simulation durations were sub-
stantially shorter in most cases (Rueda and Cowen 2005, 
Laborde et al. 2010, Okely et al. 2010, Dorostkar 2012) 
than the 4 months addressed here with W2/T in both 2012 
and 2013 (e.g., Fig. 5). Performance of W2/T at Cayuga 
Lake in this regard approached that reported based on 
shorter-term applications of the Estuary Lake and Coastal 
Ocean Model (ELCOM; Hodges et al. 2000) to Valle de 
Bravo Reservoir, Mexico (overall average of 0.41 °C; 

Okely et al. 2010), and Lake Como, Italy (0.70–0.81 °C; 
Laborde et al. 2010), and applications of Si3D to Little 
Sodus Bay (overall average 0.63 °C; Rueda and Cowen 
2005). A more direct comparison with the performance of 
a 3-D model (MIT general circulation model) can be made 
for Cayuga Lake (Dorostkar and Boegman 2013), for 
which a detailed vertical profile of RMSE was also 
reported based on an 11 d simulation interval (Dorostkar 
2012). The performance of W2/T generally compared 
favorably; the RMSE values for W2/T and this 3-D model 
(Dorostkar 2012) were 1.8 and 2.7 °C for a depth of about 
18 m, and 0.5 and 0.4 °C at 50 m, respectively.

The third element of robust of testing of W2/T for 
Cayuga Lake was the successful simulation for 16 y of the 
summertime near-surface temperature dynamics for the 
southern end of the lake (Table 4) that included the 
irregular occurrences of upwelling events. We are unaware 
of similar long-term testing of a 2-D model for surface 
waters (here the shelf) featuring upwelling events.

Applicability and transferability

Other successful multiple year testings of W2/T have been 
reported in the peer-reviewed literature, primarily for high 
aspect ratio reservoirs (e.g., Gelda et al. 1998, 2009, 2012, 
Gelda and Effler 2007a). Boegman et al. (2001) reported 
what they described as the first successful testing of W2/T 
for a large natural lake, Lake Erie; however, even though 
Lake Erie’s aspect ratio is 6:1, substantial modification of 
W2/T’s “vertical mixing algorithm was required to 
suppress excessive low frequency wind forced oscilla-
tions” (Boegman et al. 2001, p. 868) to achieve validation. 
These modifications were in large part associated with the 
large width of that lake (>100 km), and the lateral 
transport induced by Coriolis likely played a roll 
(Boegman et al. 2001). The Cayuga Lake application 
reported here represents a second successful testing of 
W2/T for a natural lake that certainly qualifies for the 
“large” description compared to most inland lacustrine 
systems, although it is much smaller than Lake Erie. The 
major difference in these two W2/T applications is the 
high performance of W2/T for Cayuga Lake without mod-
ifications in the fundamental mixing algorithms, 
apparently attributable to its much narrower width 
(maximum of 5.3 km; Fig. 1). An objective threshold of 
width is not currently available, for which no modification 
of this model’s mixing algorithms is necessary, but 
Boegman et al. (2001) provided some valuable insight, 
identifying the internal Rossby radius of deformation 
associated with the onset of Coriolis influences as a likely 
relevant lateral length scale. Lake Erie is an order of 
magnitude or more wider than its internal Rossby radius, 
and Coriolis forces are dominant. 

Fig. 10. Application of validated 2-D hydrothermal/transport model 
(W2/T) to estimate vertical transport from multiple hypolimnetic 
depths to the epilimnion (defined as depths between 0 and 13 m, 
based on 2013 T measurements) with temporal progression of 
upward transport for tracer inputs starting in (a) early May, (b) 1 
June, (c) 1 July, and (d) 1 August.
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The Burger number (S) has been identified as the 
single critical parameter controlling the internal wave 
frequency response in a lake affected by the earth’s 
rotation (Antenucci and Imberger 2001). The Burger 
number can be considered as the ratio of the internal 
Rossby radius to the basin width. Rotation signatures 
(e.g., Kelvin waves) can be resolved for S < 1, although 
there is no sharp cutoff. Instead, gradual changes in the 
character of internal waves occur as S decreases in this 
range. Kelvin waves were reported in Kootenay Lake 
associated with weak cross-lake thermocline tilt (Hamblin 
and Carmack 1978), where S was ~1 (Antenucci 2005). 
Given the range of Burger numbers for Cayuga Lake 
(0.4–1.9), there may be intervals when internal waves are 
influenced by rotation. The earth’s rotation was found to 
be important in Lake Kinneret, which has a substantially 
“rounder” configuration, where S was ~0.7 (Antenucci 
and Imberger 2003). Such an influence apparently is not 
large enough to substantially degrade the performance of 
the 2-D model for Cayuga Lake (e.g., Tables 3, 4, and 5), 
a framework that cannot represent the effects of rotation. 

There are a large number of high aspect ratio lacustrine 
systems for which application of W2/T, without modifica-
tion, should be successful. For example, W2/T is likely 
appropriate for most of the other 10 New York Finger 
Lakes (Fig. 1). Applications for other lakes with Burger 
numbers shifted lower (but not much lower) than for 
Cayuga Lake are recommended to objectively identify a 
threshold for appropriate applications without modifica-
tion. Moreover, the model coefficient values (Table 1) for 
successful validation have not been found to differ greatly 
for the various narrow, high aspect ratio systems for which 
it has been tested (Gelda et al. 1998, 2009, 2012, 2013, 
Gelda and Effler 2007a). The primary differences have 
been for the longitudinal eddy diffusivity (range 1–10 
m2 s−1) and wind sheltering coefficients. The sheltering 
coefficient value has been qualitatively consistent with the 
surrounding topographies of the specific basins addressed 
(value decreases with greater sheltering).

Application of W2/T for Cayuga Lake

Two-dimensional W2/T is an appropriate and parsimoni-
ous choice as the transport submodel for water quality 
models for Cayuga Lake, including one focused on the 
P-eutrophication issue. A 1-D model (e.g., O’Donnell et al. 
2010) would not be an appropriate selection because of the 
established longitudinal differences in water quality, which 
is a management issue, and prominence of seiche activity 
in the transport regime of the lake (Effler et al. 2010). The 
longitudinal differences reported for water quality for the 
lake in part reflect the localized entry of a large fraction of 
external constituent loading at the south end (Effler et al. 

2010), a situation common to many reservoirs (Thornton et 
al. 1990). The wide time-scale capabilities of W2/T are 
consistent with the needs of water quality models. This 
framework represents the effects of both short-term 
hydrologic and wind events and seasonal dynamics in 
response to drivers, and it can be used, as demonstrated 
here (Table 4 and 5), to create multiyear (long-term) 
simulations. Elsewhere, W2/T has served as the transport 
submodel to predict (1) 2-D patterns of turbidity plumes 
formed from particle inputs delivered during rainfall/runoff 
events in water supply reservoirs (Gelda and Effler 2007b, 
Gelda et al. 2009, 2012, 2013), (2) transport and fate of 
spills of a toxic chemical along the axis of a water supply 
reservoir (Chung and Gu 1998), and (3) the seasonal 
dynamics and spatial patterns of phytoplankton growth in a 
eutrophic system in response to the dynamics and positions 
of nutrient loading (Doerr et al. 1998). The stability of 
W2/T to make credible longer-term (multiyear) simulations 
of the hydrothermal and transport regimes, together with 
long-term datasets of hydrologic and meteorological 
drivers, has enabled multiyear projections elsewhere 
(Gelda and Effler 2008). This approach is valuable to 
managers by providing a probabilistic context for 
predictions that reflect the often important effects of 
natural variations in these drivers (Gelda and Effler 2008).

Boegman et al. (2008a, 2008b) documented the critical 
role W2/T played in a water quality (P-eutrophication) 
model for Lake Erie in representing the influence of 
dreissenid mussels. The metabolic effects of grazing and 
excretion by these benthic organisms were demonstrated 
to be substantially attenuated much of the time relative to 
the upper-bound values reported from well-mixed 
laboratory experiments (Boegman et al. 2008a, 2008b). 
This attenuation was attributed to the formation of a con-
centration boundary layer of thickness ~1 m during 
intervals of low ambient mixing. The simulation of the 
dynamics of ambient mixing in Lake Erie with W2/T 
served to specify the attendant dynamics of this 
attenuating effect and the associated mussel fluxes in the 
overall water quality model (Boegman et al. 2008a, 
2008b). This approach, implemented through W2/T, will 
be valuable in representing the effects of the dense mussel 
populations of Cayuga Lake (Watkins et al. 2012) in a 
forthcoming water quality model for the lake.

Three-dimensional models are necessary where 
detailed lateral (as well as vertical and longitudinal) 
resolution is required. Lateral differences in certain water 
quality metrics (e.g., turbidity) occur irregularly on the 
shelf (Effler et al. 2010), and ongoing development of a 
3-D model will support investigation of this transient 
lateral heterogeneity and provide further validity tests of 
the W2/T 2-D framework for certain applications, 
including shelf residence time and fate of negatively 
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buoyant inflows. Lateral heterogeneity, however, does not 
persist at the temporal and spatial scales of interest 
associated with Cayuga Lake’s P-eutrophication issues. A 
3-D transport submodel is not a parsimonious choice for a 
water quality model for this lake. Moreover, continuous 
simulations for multiple (e.g., ≥10 y) years with a 3-D 
transport submodel have yet to be reported.

The applications of W2/T to Cayuga Lake reported 
here are valuable in the context of describing the interplay 
between transport processes and certain features of water 
quality. Residence time has been described as a first-order 
representation of the transport regime of lacustrine 
systems and a key regulating parameter of a system’s bio-
geochemical behavior (Rueda et al. 2006). The low 
predicted mean residence time for the shelf (τe1 = 3.7 d; 
Fig. 8a), relative to the completely mixed assumption 
estimate (V/Q = 10.5 d, which accommodated only the 
tributary inflow to this portion of the lake) established that 
exchange with the greater lake basin, driven by mixing 
processes (e.g., seiche activity), contributes importantly to 
flushing of the shelf. Accordingly, natural variations in 
meteorological conditions, particularly wind, and 
hydrologic conditions contribute to the predicted 
variability in τe1 (Fig. 8a). The relatively low residence 
time (e.g., high flushing rate; d−1) is an important factor in 
the lack of localized high phytoplankton biomass concen-
trations on the shelf, despite higher nutrient concentra-
tions (Effler et al. 2010). The flushing rate is substantial 
(Effler et al. 2010) relative to net phytoplankton growth 
rates (Chapra 1997, Reynolds 2006). The e-folding 
residence time of tributary inputs within the entire lake 
based on the tracer analysis (5.5 y; Fig. 8b) was substan-
tially shorter than the completely mixed lake assumption 
value (V/Q = 8.2 y). While the annual stratification regime 
(~6 months) is one factor contributing seasonally to 
incomplete mixing (Fig. 8b), other features, such as 
intervals of limited vertical mixing during non-stratified 
periods, also may diminish the effective residence time 
compared with the completely mixed case. Regardless of 
these differences, the residence time of this lake is 
relatively long, indicating the important role lake 
metabolism versus watershed inputs can be expected to 
play in regulating biogeochemical signatures within most 
of the lake (Rueda et al. 2006). 

Plunging of negatively buoyant tributaries to metalim-
netic depths, particularly on a seasonal basis, has been 
reported widely (Romero and Imberger 2003, Effler et al. 
2009) and occurs in more lacustrine systems than 
currently recognized. For example, the negative buoyancy 
of the stream, based on temperature observations for the 
date in early October 2013, occurs widely in north 
temperate climates (e.g., Gelda and Effler 2007b, Gelda et 
al. 2009, 2013, O’Donnell et al. 2011) when streams cool 

more rapidly than the epilimnion (Martin and McCutcheon 
1999). The occurrence of plunging in Cayuga Lake 
seasonally was manifested in both observations and W2/T 
simulations (Fig. 9). Despite the effects of ambient mixing 
in redistributing these interflows (Fig. 9), these transport 
processes, including the initial plunging, can be important 
in a water quality context. For example, the routing of 
enriched inflows to stratified depths diminishes the 
effective loading from these sources to the productive 
upper waters (Romero and Imberger 2003, Effler et al. 
2009). The magnitude of this effect depends on the rates 
of loss or transformation of the constituent of interest 
within the interflow layer relative to the rate of upward 
transport to the epilimnion (Owens et al. 2013). W2/T has 
been reported to perform well in predicting the timing and 
2-D patterns associated with the plunging phenomenon 
elsewhere (Gelda and Effler 2007b, Gelda et al. 2009, 
2013, O’Donnell et al. 2011), supporting the representa-
tiveness of the predictions of the transport and fate of 
negatively buoyant inflows and associated interflow 
plumes presented here for Cayuga Lake. 

Upward vertical transport to productive epilimnia from 
enriched hypolimnia has been recognized by the water 
quality modeling community as a potentially critical 
recycling pathway in many cases (Chapra 1997). The 
results of the vertical transport analyses for a conservative 
tracer conducted with W2/T (Fig. 10a–d) provided 
insights relative to the transport of solutes. Upward 
transport of solutes from the deepest portions of the 
hypolimnion during summer stratification was predicted 
to be minor for this deep lake but was substantial for met-
alimnetic depths.

The factors that contribute to making W2/T an 
appropriate transport submodel for a water quality model 
for Cayuga Lake include (1) the basin morphology and 
associated transport characteristics, (2) longitudinal 
differences in water quality metrics imparted from 
localized inputs, and (3) the demonstrated performance of 
W2/T in representing transport in this lake across multiple 
time scales. These lake characteristics and concerns for 
representation of spatial patterns are broadly occurring, 
making W2/T an appropriate transport submodel for many 
water quality modeling initiatives. Its successful 
application in supporting the representation of the effects 
of dreissenids mussel metabolism (Boegman et al. 2008a, 
2008b) makes it a particularly attractive choice in North 
America where these invaders are having major effects 
(Nalepa and Schlosser 2014).
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