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Abstract We use a large-eddy simulation (LES) to study the airflow patterns associated
with a small inland lake surrounded by a forest of height one-tenth the radius of the lake. We
combine LES results with scalar dispersion simulations to model potential biases in eddy-
covariance measurements due to the heterogeneity of surface fluxes and vertical advection.
The lake-to-forest transition can induce a non-zero vertical velocity component, affecting the
interpretation of fluxmeasurements. Significant horizontal gradients ofmeanCO2 concentra-
tion are generated by the forest carbon sink and lake carbon source, which are transported by
local roughness-induced circulation. We simulate six hypothetical locations for flux towers
along a downwind gradient at various heights, and calculate at each location the effects of
both the average vertical advection and average turbulent-flux divergence of CO2. We com-
pare our model results with an analytical footprint model to find that the footprint predicted
by the analytical model is inaccurate due to the complexities of advection for our test case.
Similar small lakes surrounded by forests are likely affected by these phenomena as well.
We recommend specialized levelling of sonic anemometers to reduce the effects of non-zero
wind components. Flux towers over small water bodies should be constructed at a distance
0.5–0.67 times the diameter of the lake to provide ample separation from the areas affected
by the rotor effect of the upwind forest/lake transition and the updraft at the downwind edge.
Finally, we also suggest the filtering of wind directions based on the Higgins ratio.
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1 Introduction

The steady increase in emissions of greenhouse gases, such as methane and carbon dioxide,
since pre-industrial times (Forster et al. 2007) necessitates direct observation and under-
standing of the highly variable contributions to the atmospheric greenhouse gas budget from
anthropogenic and natural sources. One frequently overlooked source is inland lakes, partic-
ularly small lakes of radius within one order of magnitude of the height of the surrounding
terrain. Until recently, small lakes have largely been assumed to have a negligible impact
on greenhouse gas processes, primarily due to the low percentage of land area they occupy
(<3%) (Downing et al. 2006). As significant logistical hurdles inhibit traditional sampling
and measurement techniques in these ecosystems, this assumption is difficult to verify, so
that relatively little is known about how small lakes contribute to the carbon cycle globally
(MacIntyre et al. 2002). As recent advances in remote sensing technology have increased the
number of lakes that can be remotely detected (e.g. Feng et al. 2016), understanding the role
that small lakes play in the climate system will be possible. Improvements to the observation
systems of the gas exchange of lakes are critical for constraining their contributions to the
global CO2 and CH4 budgets (Cole et al. 2007; Tranvik et al. 2009; Bastviken et al. 2011).

Net ecosystem exchange from lakes to the atmosphere is inherently difficult to measure.
Common methodologies employed include floating non-steady-state chambers, or the use
of chemical equilibrium with dissolved gas concentration. The drawbacks of these methods
have been well documented, with the largest being the inability to account for ebullition,
and the low spatial representation of point measurements, particularly in cases where the
point-wise source strength may be heterogeneous (Sellers et al. 1995; Duchemin et al. 1999;
Striegl et al. 2001; Vesala et al. 2006). To overcome such obstacles, the eddy-covariance
technique is now being employed as an alternative methodology for the study of greenhouse
gas fluxes from lakes (Vesala et al. 2006; Eugster et al. 2011; Huotari et al. 2011; Schubert
et al. 2012; Mammarella et al. 2015; Podgrajsek et al. 2015).

The eddy-covariance technique has many advantages in comparison with previous
methodologies, including both the ability to sample continuously over long periods of time
and determine ecosystem-wide fluxes from a relatively large footprint area, in contrast to the
discrete point locations observed by other methods. Even instrumentation on relatively short
towers integrate fluxes over large areas (∼100-m fetch per 1m of tower height), thus signif-
icantly improving the spatial representativeness over discrete point methods. An expanded
spatio-temporal coverage provides a more complete picture of the flux contribution from
an entire ecosystem or portion of an ecosystem, such as a lake. However, the standard
eddy-covariance technique suffers a number of limitations in regions of complex terrain.
For example, under low turbulence conditions, inadequate mixing takes place, resulting in
the stratification of trace gases (Reichstein et al. 2005; Barr et al. 2013), which is typically
addressed through data filtering or storage calculations, thereby accounting for the build-up
of gases near the surface over time (Van Gorsel et al. 2009). A second stumbling block for
the eddy-covariance approach in complex terrain is the assumption that the vertical velocity
is zero, which, while adequate for relatively flat landscapes, is violated in complex terrain
where vertical advection is commonly encountered (Aubinet et al. 2010). Other complexi-
ties associated with complex terrain are well documented (Eugster et al. 2003; Vesala et al.
2006; Novick et al. 2014; Morin et al. 2017b). Furthermore, large horizontal roughness and
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temperature heterogeneity can lead to non-random distributions of large-scale eddies (Stoll
and Porté-Agel 2009; Chatziefstratiou et al. 2014; Eder et al. 2015). Similarly, it has also
been shown that land-surface transitions can lead to contributions to fluxes from horizontal
and vertical advection (Higgins et al. 2013) which cannot be directly measured from a single
location, thus requiring multiple observation heights and horizontally-distributed observa-
tions of the concentration and wind speed. This practice is still rare due to the expense and
difficulty involved in erecting an eddy-covariance tower in a lake.

An additional challenge relevant to small lakes is the lack of source homogeneity. Eddy-
covariance data obtained from heterogeneous terrain are difficult to interpret due to the
difference in source strengths between ecosystems (Morin et al. 2017b). Standard footprint
models are commonly used to address this problem by identifying and filtering periods
when the footprint lies outside of the source of interest (Knox et al. 2015). It is typically
assumed that eddy-covariance observations are representative of the actual ecosystem fluxes
so long as heterogeneous features, such as lake-land transitions, lie beyond the flux footprint
area. However, footprint models may not accurately predict the true locations of sources in
domains containing non-homogeneous topography and vegetation (Vesala et al. 2006), or as
we investigate here, a land-water discontinuity. Large differences in fluxes between adjacent
land-cover types can likewise introduce biases that are difficult to recognize and correct
(Eugster et al. 2003; Vesala et al. 2006).

Our objective here is to test the extent of the effects of turbulence induced by surface
heterogeneity on scalar fluxes from small lakes, and the bias generated by this effect relative
to different configurations of hypothetical eddy-covariance tower locations and heights. We
hypothesize that for small lakes, lake-scale circulations of the flow are generated by the
land-lake transition and the heterogeneity of the surface roughness and heat fluxes. Such
circulations distort the flux footprint away from the classical ellipse shape resulting from the
introduction of non-zero average vertical velocity, which are not accounted for in standard
footprint models. We also predict strong effects of proximity to the lake edge, even when the
land-lake transition is downwind. Finally, we predict that the lake-scale circulations generate
persistent updrafts/downdrafts, which may strongly affect flux measurements.

We use large-eddy simulation (LES) to test the potential sensitivity of eddy-covariance
measurements to specific features of the airflow pattern over and at the edge of a simplified
small lake. Understanding these effects is necessary for the use and interpretation of eddy-
covariance observations over lakes and will provide guidance as to the type of effects that
should be accounted for during experimental set-up and data processing for eddy-covariance
campaigns.

2 Materials and Methods

2.1 Description of Large-Eddy Simulations

We use the Regional Atmospheric Modeling System (RAMS)-based Forest LES (RAFLES;
Bohrer et al. 2008, 2009; Maurer et al. 2015) model with an explicitly-resolved canopy
component. The RAFLES model resolves the flow inside and above three-dimensionally
heterogeneous tree canopies after being initialized with profiles of horizontal wind speed,
air temperature, and humidity, and forced by the wind speed aloft, as well as heat and water
vapour fluxes at the surface. The model includes a multi-layer, three-dimensionally het-
erogeneous canopy, which allows the drag, volume restriction, and energy fluxes resulting
from vegetation. Vegetation is prescribed as a volumetric density of leaves and resulting
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aperture limitations from stems for each pixel within the canopy domain (Chatziefstratiou
et al. 2014). The simulation domain (typically on the order of 1 km3) and fine reso-
lution (typically in the range of 2 × 2 × 2 to 5 × 5 × 3; x × y × z m3) permit the
simulation of a fully-dynamic boundary layer, with a range of turbulence scales simu-
lated within the roughness sub-layer, both inside and above forest canopies (Bohrer et al.
2009).

Our domain here consists of a 400-m diameter circular lake embedded within a
horizontally-homogeneous forest of 20-m canopy height with a leaf area index (LAI) of
4 m2 m−2 to encompass 1600 × 1600 m2 in total land surface area. The albedo, vertical
leaf density distribution, light attenuation coefficient, stem density, and mean stem diameters
are based on the properties of the forest at the University of Michigan’s Biological Station
(UMBS; Gough et al. 2013; Matheny et al. 2014). The boundary conditions at the lateral
domain boundaries are periodic. This periodicity can affect the flow conditions resulting
from the repeated lake-forest transitions according to Dupont et al. (2011), who found transi-
tion effects extending to roughly 22 times the height of the transition. As the distance between
the periodic lakes is 60H , where H is the height of the canopy, our flow conditions have
likely fully normalized within this distance.

A reflective boundary condition with Rayleigh friction for the momentum terms is applied
to the topmost six grid layers to prevent amplification of boundary-induced numerical waves
throughout the domain. Free-slip boundary conditions for momentum, with dynamically
prescribed momentum loss due to surface friction, are applied at the bottom boundary. No-
flux boundary conditions are enforced at the bottomboundary for all other terms (temperature,
humidity, scalars), with a prescribed sink/source term at the surface layer, inclusive of the
bottom layer and all canopy layers. A sink equal to half the instantaneous concentration
of scalars is prescribed in the first two off-edge upwind vertical slabs of the model in the
spanwise-vertical plain to prevent recirculation of downwind scalars back into the upwind
region of the domain. The temperature, humidity and scalar concentrations are allowed to
evolve throughout the simulation after being forced by their prescribed fluxes at the surface.
The prescribed surface flux in each grid column is redistributed vertically within the canopy
sub-layers based on the leaf-area dependent light attenuation (Bohrer et al. 2009). The vertical
profile of leaf-area density was obtained from ground-based lidar observations made in the
UMBS forest (Hardiman et al. 2011). We assume a light attenuation coefficient of 0.7 and
the vertical redistribution of surface fluxes following the light attenuation from the canopy
top for a fixed Bowen ratio with height. Fluxes above the lake are prescribed at the bottom
atmospheric layer.

The initial conditions are horizontally homogeneous, including the surface-level atmo-
spheric pressure, and vertical profiles of potential temperature, the water vapour mixing
ratio, and streamwise and spanwise horizontal velocity components. Subgrid-scale turbu-
lence kinetic energy and the vertical velocity are initialized to zero, and the initial CO2

concentration in all grid cells is set to 15.5µmol m−3 s−1 (385.8 ppm). We assume that the
initial conditions are horizontally uniform over the entire simulation domain, including both
the forest and lake, which is realistic at some height above the surface and considering that the
heterogeneous turbulent local conditions develop quickly in the roughness sub-layer during
the spin-up period. The horizontal wind speed is forced by adding a horizontally-uniform
vertical-momentum tendency to the streamwise velocity component, equal to the mean diver-
gence rate of the mean 30-min Reynolds-averaged streamwise velocity component from the
prescribed initial wind profile due to friction. This was only applied at high elevations (above
400 m), far from the roughness sub-layer. The initial conditions and surface sensible and
latent heat fluxes are based on characteristic noontime conditions for a sunny summer day
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as measured by eddy-covariance towers over Douglas Lake, and at the adjacent UMBS flux
tower (US-UMB) (Table1).

The simulations have a horizontal resolution of 5×5 m2 (dx and dy), and 2.5m vertically
(dz) near the surface. The vertical grid spacing remains at 2.5 m (dz = 0.5dx) up to 51m
above the lake surface, gradually increasing at a rate of 0.0628 m m−1 thereafter, until a
maximum spacing of 25 m (dz = 5dx) at a height of 417.5 m, at which point the spacing is
constant up to the top of the domain at 1542.5m. The vertical stretching of the grid reduces the
number of vertical layers to improve the simulation time, and occurs gradually to ensure the
vertical dimension is between 0.5 and 5 times the horizontal dimension. The finest resolution
is found in the roughness sub-layer to prevent numerical effects of turbulence anisotropy.
Identical grid-stretching schemes have been applied in many previous RAFLES simulation
projects without any noticeable skewness of the momentum and turbulence terms. Themodel
timestep is 0.05 s, and the model spin-up is 3 h, with the final 30min of the simulation used
for analysis (3.5 h total). Additional formulation and details of the simulation set-up and
numerical schemes are to be found in Bohrer et al. (2009) and Maurer et al. (2015).

2.2 Advection and Diffusion of Scalars (Virtual CO2)

To facilitate the dynamic simulation of species advection-diffusion, we developed an off-
line post processing that uses the formulation of the advection-diffusion (mass-conservation)
equations for non-reactive scalars from the RAFLES model (Bohrer et al. 2009), where the
formulation for the advection-diffusion of scalars was developed for RAMS and RAFLES
models (Walko and Tremback 2001; Bohrer 2007) with subgrid-scale advection of scalars
resolved using the Deardorff (1980) turbulent scheme. The fully-resolved fields of velocity,
air temperature, humidity, density and pressure from the RAFLES model data are subject
to post-processing rather than the original set-up of dynamic scalar advection-diffusion to
facilitate experiments with different rates of scalar emissions while using the same wind
fields. All equations are temporally integrated using a vectorized fourth-order Runge–Kutta
approach.We perform two experiments using the output of theRAFLES simulation described
in Sect. 2.1.

2.3 Simulation 1: Advection Using Realistic Fluxes

The goal of the first experiment tests to what extent advective flows of carbon are generated
within the lake domain in a realistic scenario of CO2 forest uptake and lake CO2 emissions.
This allows us to determine those areas of the lake featuring strong vertical advection that
violate the eddy-covariance assumptions and, thereby, deeming them unsuitable for obser-
vational towers.

Simulation 1 features a surface boundary condition of constant homogeneous CO2 emis-
sions from the surface of the lake prescribed at the lowest atmospheric grid layer above the
lake surface, whose strength is based on data from the lake tower. Grid cells within the forest
domain remove CO2 at a rate based on data from the forest tower at UMBS at height H . The
negative carbon flux (scalar sink term) is prescribed at the top three forest layers, with half
of the flux occurring in the central layer, corresponding to the layer of peak LAI, and 25% of
the flux in the layers above and below. In reality, there is a positive carbon flux from the soil
and uptake in the leaves. However, the precise vertical distribution of carbon sources/sinks
throughout the forest canopy is poorly understood, and inclusion in the model may lead to
numerical instabilities. Moreover, potentially large errors may result as the magnitudes of
both the respirational source and photosynthetic sink of carbon are much larger than the net
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flux measured at the above-canopy tower. All driving data are derived from average values
for a summer day at noontime as measured by the Douglas Lake eddy-covariance station
(US-UM3) (Table1) (Morin et al. 2017a) and from the UMBS forest station (US-UMB;
Gough et al. 2009, 2016).

2.3.1 Flux Calculations

Large-eddy simulations and post-processed model results are used to calculate the turbulent
and advective fluxes at each point throughout the domain as the temporal average of the
product between the vertical velocity perturbation and concentration perturbation at each
pointwithin the domain. Perturbations are calculated usingReynolds averaging over the entire
horizontal extent of each vertical grid layer every LES timestep [(for further details, see the
formulation and definition of themodel-domain flux calculation inMaurer et al. (2015)]. This
approach can only be used in the LES model where the full two-dimensional field is known.
Subgrid-scale components are modelled by linearly interpolating the concentration across
grid cells. Flux towers, where only a point measurement is available, must diverge from
the Reynolds-averaging formulation and substitute time for space using the perturbations
from the 30-min averaged time series rather than the spatial perturbation from the Reynolds-
averaged spatial fields. The vertical advective flux is calculated by multiplying the 30-min
mean vertical velocity by the 30-minmean local vertical gradient of CO2 concentration across
each grid point.

2.4 Simulation 2: Virtual Tracer Test for Explicit Footprint Modelling

A heterogeneous terrain with multiple land-cover types may also lead to measurement bias
due to horizontal concentration gradients and advection from neighbouring land-cover types.
For example, the high uptake of CO2 by a forest results in a low CO2 concentration above
the forest. The horizontal velocity component advects CO2 from the lake towards the forest
below the tower height, and thus, a lake-based eddy-covariance tower may not account for
any advected fraction of CO2 flux that originated from the lake. We address this potentially
confounding influence through the use of a tracer-release experiment, which allows us to
explicitly determine the footprint of carbon flux observed by a virtual tower over the lake, and
examine how the tower location influences both, (1) the ratio of lake and forest contributions
to flux observations, and (2) the vertical flux divergence as a function of height over the lake
domain. We use the tracer experiment combined with a traditional analytical flux footprint
model to determine the extent to which the analytical footprint adequately estimates the true
origin of fluxes.

To simplify the interpretation of the results, simulation 2 is conductedwith a fixed, horizon-
tally homogeneous scalar flux, which eliminates the confounding effects of flux source/sink
heterogeneity, and allows us to isolate effects due to advection and turbulence patterns gen-
erated by roughness and heat-flux heterogeneities. We use nominally different virtual scalars
with the same properties for fluxes from each sub-region in the simulation domain to trace
the source-area composition of the explicitly-resolved footprint at each virtual tower location
in the simulation domain.

The domain for simulation 2 is divided into the five zones shown in Fig. 1d, which include
three concentric circles in the lake (Zrim , near shore; Zint , intermediate; and Zcent , lake
centre) and two quadrants of forest (Z f,up − Z f,dn , for the upwind and downwind sections
of the forested sub-domain, respectively). Each zone releases a unique tracer from each grid
cell at the surface layer within its domain. All scalars are emitted at an arbitrary source
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Fig. 1 Domain set-up for the RAFLES simulations: a vertical cross-section. Only a small portion of the
vertical domain is shown to better illustrate the set-up near the lake and canopy surfaces. The green lines show
the forest of height H = 20 m surrounding the inland lake (blue line). The direction of streamwise velocity
forcing is illustrated with an arrow; b the grid-cell vertical spacing and initial profile of virtual temperature.
The boundary layer extends to 20H , where the virtual temperature inverts. The dz ratio gradually increases
from 0.5 dx to 25dx; c set-up of CO2 flux forcing in it simulation 1: Bird’s-eye view of the lake. Realistic fluxes
are prescribed to the lake and forest to examine flux signatures and advection patterns; d domain configuration
for simulation 2. Different virtual scalars are released from each zone of the domain (Zcent Zint and Zrim
for the centre, intermediate, and rim sections of the lake and Z f,up and Z f,dn for the upwind and downwind
sections of the forest) to track the dispersion from different domain locations. Virtual tower locations, labelled
and referred hereafter as T 1 through T 6, ascending from west (upwind) to east (downwind) are chosen for
analysis. The dashed red lines indicate the two transects (centre and off-centre) where flux divergence patterns
are analyzed

strength of 1 scalar m−3 timestep−1. In the lake portions of the domain, the scalar is released
at the lowest grid cell to simulate the surface flux from the lake. In the forest, the scalar is
released from three layers representing the upper layers of the canopy with the same vertical
distribution as simulation 1. In this simulation, scalars leaving one side of the boundary are
not reinserted, so that the fate of scalars from each portion of the domain can be tracked
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to determine the implications of the turbulence induced by surface heterogeneity on scalar
transport and fluxes downwind of the sources.

2.4.1 Footprint Model

Simulation 2 was designed to evaluate the validity of a commonly-used footprint model
for situations of heterogeneous terrain, such as the lake simulated here. We use a footprint
model forced with the same meteorological conditions as the RAFLES model to trace the
probability that the fluxes observed at a virtual flux tower originated from any specific point
in the domain, and compare with the flux of scalars predicted by simulation 2 at each virtual
tower location. The footprint model is a multi-patch extension of the two-dimensional model
reported by Detto et al. (2006), which is based on the one-dimensional model reported by
Hsieh et al. (2000), and expanded, described, and used in Morin et al. (2014). The footprint
model takes wind speed, wind direction, roughness length, displacement height, boundary-
layer stability, and turbulence observations into account to trace the probability that a parcel of
air measured at a particular location representing the top of an observational tower originated
from any particular point in the simulated lake domain. We calculate the footprint from the
30-min averages of the same RAFLES model data and meteorological data used to drive the
advection-diffusion simulations at six virtual tower locations (see Sect. 2.5 and Fig. 1). The
model generated an ellipse-shaped footprint area for each 30-min average, defined such that
there is a 90% probability that the observed flux originated from that area. The infinite tail of
the probability distribution (accounting for the remaining 10%) is truncated, and the partial
contribution of each patch type within the footprint area is integrated to determine the final
footprint percentage of each land-cover type.

2.4.2 Virtual Tower Locations

In simulation 2, we perform domain-wide and lake-wide analyses to study the effects of
different phenomena that may bias flux observations. To quantitatively assess the impact
of the domain structure on virtual eddy-covariance measurements, we select a number of
locations within the simulation domain to be virtual towers (Fig. 1) based on an evenly
spaced transect along the lake in the primary wind direction. At each location, we consider
the simulated flux of each scalar at heights of 5, 20, and 40m corresponding to 0.25H, H , and
2H , respectively. We compare the composition of these fluxes to the predicted contribution
of each section and to the observed total scalar flux as evaluated by the traditional footprint
model (described in Sect. 2.4). In this simulation, 0.25H (5m) is located in the second vertical
grid layer and provides a conservative limit for the adequacy of tower locations. An analysis
of shorter virtual towers could not be performed at the lowest grid layer since the location of
the prescribed scalar flux is found within the same layer. While shorter towers are frequently
employed to constrain the extent of a tower’s footprint in practice, fluctuations in water level
often limit the minimum height above the water surface at which sensors and equipment
may be deployed without risking flood and splash damage. In general, heights of 2–5m is a
realistic range for real-world lake towers (Anderson et al. 1999; Vesala et al. 2006; Eugster
et al. 2011; Morin et al. 2017b).

We analyze the vertical flux divergence to assess advection as described in Higgins et al.
(2013) and Novick et al. (2014), which is an indicator of the horizontal advection to and
from a parcel of air causing an imbalance in fluxes between two nearby vertical points.
Eddy-covariance towers often quantify advection through the change of storage under the
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Fig. 2 Simulation 1: vertical cross-section of the domain through the centre of the lake parallel to the mean
horizontal wind direction. The mean wind speed and CO2 concentrations over the 30-min simulation are
shown. The image is stretched in the vertical direction and the vertical velocity component is exaggerated
relative to the horizontal to illustrate the non-zero mean vertical velocity component, as well as rotor and
ejection effects on scalar concentrations. The purple bold line at the bottom of the domain represents the
lake surface, and bold green lines represent the forest surrounding lake. Vertical red dotted lines indicate the
simulated tower locations with the large red dots showing the virtual tower heights

sensor location. We account for storage for the 30-min flux calculations to simulate what
could feasibly be accounted for using traditional eddy-covariance processing techniques. All
Reynolds-averaged fluxes accounted for the storage flux, where

S =
z0∑

i=1

dC

dt
dz (1)

where z0 is the ‘measurement’ height, C is the CO2 concentration, and S is the storage
under the tower. The flux divergence is calculated from the adjusted flux values by taking
the difference in fluxes between two adjacent horizontal planes. The uncertainty of flux
divergence is determined by taking the standard deviation of the flux divergence in the central
six grid cells in the y-direction at each point along the wind direction.

3 Results and Discussion

3.1 Simulation 1: Flux Analysis and Vertical Advection

From the realistic case (simulation 1), we calculate time-averaged wind-speed patterns
throughout the domain, CO2 concentrations, and fluxes for the 30-min simulation, repre-
senting typical summer noontime conditions (Fig. 2).

Notably, over much of the lake domain above 0.5H , and especially near the transitions
from forest to lake, the 30-min mean vertical velocity component is non-zero, which violates
the assumption that is central to the interpretation of eddy-covariance measurements (Novick
et al. 2014). A typical backward-facing step-induced rotor effect (Cassiani et al. 2008; Detto
et al. 2008; Chatziefstratiou et al. 2014) can be seen with wind gusts over the upwind edge
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Fig. 3 Simulation 1: total flux at each point over a vertical cross-sectional domain through the centre of the
lake, parallel to the mean horizontal wind direction. Fluxes have been normalized with respect to the forest-
flux strength. Dark green and purple bold lines represent the forest and lake, respectively, as in Fig. 2, and the
image is similarly stretched in the vertical direction. The vertical dotted purple lines indicate virtual-tower
locations with the large purple dots indicating the simulated heights. Data are normalized to the lake fluxes

of the forest and down into the open air above the lake, cycling upwind under the forest
canopy, and finally ejecting upwards above the forest (Fig. 2). A forward-facing step-induced
circulation can be observed at the downwind edge of the forest, with a persistent uplift zone
slightly downwind of the forest edge (Dupont and Brunet 2008a, b; Belcher et al. 2012;
Chatziefstratiou et al. 2014). Depending on the measurement elevation and location with
respect to the lake edge, these rotors generate horizontal advection of CO2 either to or from
the lake, and non-negligible vertical advection of CO2, which biases flux measurements that
both neglect horizontal advection and assume the mean vertical wind speed is zero.

Figures3 and 4 present the total and the vertical advective component of CO2 flux, respec-
tively. The strong positive and negative fluxes of CO2 observed near the lake-forest transitions
at all heights, from zero to 2H , are driven by local jets that evolve due to the forward- and
backward-facing step-type flow obstruction posed by the forest-lake transition. The upwards
jet at the downwind and rotor flow at the upwind sides of the lake are typical of sub-mesoscale
flow at a characteristic length scale of a few times the canopy height (Eder et al. 2015). A
complex interpretation of these phenomena would be required to account for their effects on
eddy-covariance measurements, since an analytical correction for such effects over a broad
range of canopy heights and surface-heat-flux gradients is currently lacking. The presence of
persistent updrafts and downdrafts, which are particularly problematic for the standard three-
dimensional coordinate rotation used to correct for an imperfectly levelled sonic anemometer,
result in the erroneous rotation of the coordinate system to counter the persistent downdraft
over the lake, and particularly, the updrafts and downdrafts near the forest-lake transition.
While several approaches for coordinate rotation in the processing of eddy-covariance data
exist, a persistent non-zero vertical velocity leads to a bias regardless of the approach
used. A three-dimensional rotation based on the 30-min averaged flow forcing the verti-
cal and crosswind components to zero (Lee et al. 2004; Su et al. 2008) lead to the largest
error.
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Fig. 4 Simulation 1: average vertical advective component of the vertical fluxes over the same cross-sectional
domain. Data are normalized to the forest-flux strength

A rotationmore commonly applied over non-flat terrain based on the planar-fit to long-term
three-dimensional wind directions as typically applied over non-flat terrain (Finnigan et al.
2003), also produces a bias. In this case, the correction attributes a non-zero vertical velocity
component to the complex topography, and thereby negates the vertical components of any
jet-like flow structures. Hence, this approach assumes sloping topography at the upwind and
downwind forest-lake transition zones. Note that our simulations may diverge from reality
with respect to the simplified spatial scheme used for the lake (circular) and forest fluxes
(horizontally homogeneous canopy sink at three top forest layers without direct soil source
at the forest floor). The presence of a large soil-respiration flux below the forest canopy and
a strong photosynthetic uptake by the leaves may lead to strong lateral advection in opposing
directions (towards the lake near the ground, and from the lake at higher elevations) in cases
where sub-canopy thermographic flows develop when the canopy air is decoupled from the
flow above the canopy (Froelich and Schmid 2006). This does not typically occur during
the daytime with moderate wind speeds, i.e. in conditions typical for the growing season
used here. However, under stable conditions at night and in winter, decoupled sub-canopy
flows may develop and further complicate the flux-source mixing between the lake and
forest. It is important to note that such conditions would primarily be present at times when
photosynthesis is very lowor absent (night,winter) and, thus,when both the lake and forest are
carbon sources (Froelich et al. 2005).We did not simulate such conditions in the present study.
In real-world eddy-covariance observations, measurements during stable conditions, and at
times when surface flows are decoupled from higher elevations, are typically discarded by
the friction-velocity threshold filter for turbulence mixing used for quality control in standard
eddy-covariance data processing (Vesala et al. 2012).

3.2 Simulation 2: Footprint Analysis and Flux Divergence of Scalars

We compare the relative-flux contribution from each section in simulation 2 to the footprint
model predictions. For a tower located at the centre of the lake (T 3) with a measurement
height equivalent to the canopy top (20m) (Fig. 6), the footprintmodel predicts that 43%of the
observed flux originates from the lake and 47% from the upwind forest area, not including
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an additional ≈10% from the far tail of the continuous infinite footprint distribution that
falls outside the simulation domain. Our LES results indicate a much stronger contribution
(93.9%) of the upwind forest (i.e. scalars originating from Z f,up) to the flux observations
at the centre of the lake, which results from the secondary circulation patterns driven by the
forest edge (Fig. 5).

We show the contribution of every flux source location for each virtual-tower location
(see Fig. 1) at heights of 5 m (0.25H—a typical height for lake flux towers), 20 m (H—
where we expect heterogeneity effects to be maximum), and 40 m (2H). The typical height
recommended for themeasurement of forest fluxes is 1.5–2H , depending on the displacement
height of the forest (Aubinet et al. 2012). As expected, the predictions of the footprint model
for tower locations near the upwind forest-lake transition (locations T 1 and T 2) are the least
representative of the ‘true’ flux footprint generated by simulation 2 (Fig. 6).

The implications of the rotor and vertical advection flows are evident through the fate of
scalars originating fromboth the lake and forest (Fig. 2),which, from the upwindportion of the
lake, are likely to be cycled downwards towards the lake surface andmay skewmeasurements
further downwind. Moreover, the influx of scalars from the forest reveals the potential for
upwind sources to skew measurements over the lake as they are swept downwards into the
air above the lake.

Agreement between the footprint model and LES-based explicit footprint calculation is
strongest in the downwind portion of the lake. In all downwind-of-centre cases (locations
T 4 − T 6), the sign of the zonal contributions is consistent between the footprint model and
the LESmodel. However, the magnitudes of the relative contributions from the forest and the
lake, as well as the different zones within the lake, are rarely similar. The apparent optimal
tower location of the subset analyzed is location T 4, which is located 300m downwind from
the lake edge, at three-quarters of the lake’s diameter and of a height of 1.5H . The 5-m
height (0.25H) at this tower location represents a ratio of 0.0167 between measurement
height z1, and the distance to the upwind transition DT , which meets the criterion suggested
by Higgins et al. (2013) of (z1/DT ) < 0.02 for minimizing the effects of advection. As
such, it is expected that a low measurement height at a distance far enough from the upwind
transition could increase the representativeness of eddy-covariance results for a lake of this
size, similar to Vesala et al. (2006). However, the presence of additional flux sources/sinks in
the ecosystem surrounding the lake complicates the interpretation of the measurements due
to the downward vertical advection of scalars from the overlying air and the complex upwind
and downwind lateral advection pathways away from the lake edges.

While at z1/DT < 0.02 themagnitude of these contributions to the overall flux is relatively
small, their absolute effect depends on the relative magnitude of scalar fluxes in the lake and
surrounding ecosystem.Aswe nominally prescribe a uniformflux strength at all sources here,
the contribution of non-lake carbon to the flux observed at location T 4 at 5m above the lake
surface is roughly 30% (Fig. 6). However, observations show that noontime carbon uptake
rates from the surrounding forest at our site inMichigan are on the order of 10µmol m−2 s−1,
whereas the lake is a comparatively small source on the order of 1µmol m−2 s−1, further
skewing themeasurements at this location towards the contribution of the forest. The temporal
variability of the source/sink strength difference leads to increased uncertainty.

3.2.1 Vertical Flux Divergence

We use the vertical flux divergence of the scalars to analyze the implications of the domain
structure on fluxes. If a flux remains relatively constant across all heights at a potential
tower location, then the contribution of advection to the mass budget between two heights is
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Fig. 5 Simulation 2: top view of
30-min averaged scalar flux
originating from the lake.
Positive fluxes are towards the
atmosphere, while negative are
towards the ground. Arrows
indicate the mean horizontal
wind speed and direction. The
lake (radius rL ) area is shown by
the dashed circle in each figure.
Here, the three different heights
considered in our discussion are
shown: 5 m (0.25H , bottom), 20
m (H , middle), 40 m (2H , top)

minimized (Novick et al. 2014), thus indicating that themeasurements at those two heights are
an accurate reflection of vertical contributions to the turbulence flux. Similar to the previous
analysis, upwind tower locations (e.g. location T 2) show a strong height-dependent vertical
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Fig. 6 Simulation 2: relative flux contribution from different zones of the domain as predicted by the footprint
model (right bar of each colour, no hatching) and LES (left hatched bar of each colour) at various locations
and heights

flux divergence, indicating significant advective contributions to observed fluxes at those
locations (as shown for location T 2 in Fig. 7).

Locations further downwind from the lake-forest edge show smaller magnitudes of flux
divergence at lower heights (Fig. 7, locations T 4 and T 5). The simulated measurements from
the region between 0.5rL and 0.75rL downwind of the lake centre at both high (1.5− 2.5H)

and low heights (closer to the lake surface, 0.25− 1H ) show relatively low levels of vertical
flux divergence, indicating that measurements within this zone are not strongly biased by
advection. However, locations near the upwind and downwind edges of the lake at both low
and high elevations will be biased by advection. The flux divergence is consistently highest
at the canopy height.

The sum of the vertical flux divergence for every location in the lake is computed by
considering scalars that originated from the lake and the forest separately, and as a total
of the two (Fig. 8). We also consider “low tower” and “high tower” scenarios, whereby the
summed vertical flux divergence from 3m to 10m represents the sum of the flux divergence
in the vertical space surrounding the 0.25H tower height, and the summed vertical flux
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Fig. 7 Simulation 2: profiles of vertical flux divergence for scalars that originated from the lake surface and
from the forest for location T 2 (0.75 of the lake radius upwind of lake centre), location T 4 (0.5 of lake radius
downwind of centre), location T 5 (0.75 of lake radius downwind of centre) and location T 6 (downwind lake
edge). Fluxes have been normalized by the effective planar emissions set in simulation 2

Fig. 8 Simulation 2: top views of the lake area. The colour shows the sum of the flux divergence ranging from
3 to 10 m—representing the height of a low tower of 0.25H (left column) and from 5 to 40 m—representing
the high-tower height of 2H (right column) at each x − y location in the domain. Red dotted lines show the
horizontal transects analyzed using the summation of the flux-divergence approach (Fig. 9)

divergence from 5m to 40m represents the sum of flux divergence up to the 2H tower
height, for the low- and high-tower scenarios, respectively. The overall pattern of summed
fluxes is similar over the lake in each case, with regions of positive, negative, and close-
to-zero total flux divergence occurring in essentially the same places in each of the scalar
and height combinations. These results indicate that the geometry of the domain generates
the same zones of low flux divergence regardless of the origin of the scalar or the height
of measurement, suggesting that an optimal tower location is possible for measurements at
various heights. Our findings demonstrate that eddy-covariance stations should be placed off-
centre in the lake to maximize the distance between the forest-lake transition in the primary
wind direction and the tower. However, the transition in the opposite direction must also be
considered, as the influence of the boundary is likewise apparent for towers placed too close
to the forest.
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Fig. 9 Simulation 2. Sum of flux
divergence for a transect through
the centre-line of the lake (left
column) and a parallel transect
100m off-centre (right column)
for the high tower (top row) and
the low tower (bottom row). The
scalars originating from the lake
are shown, but the patterns are
representative of the forest for all
scalars considered together

A symmetric pattern of flux divergence developed across the lake area parallel to the
prevailing wind direction, which features a wedge-shaped area at the focal point in the lake’s
centre, and expands towards the downwind edge of the lake where total flux divergence
increases relative to the surrounding area (Fig. 8). This wedge is created by the upwards
advection observed in Fig. 3, and as the flux becomes large near the top of the canopy, this
induces a significant flux divergence.

The areas near the edges of the lake are characterized by high divergence for both the
low- and high-tower scenarios (Fig. 9). However, just downwind of the centre of the lake
(around location T 4), the total flux divergence dips to near-zero values and remains virtually
constant until close to the downwind transition. As this pattern is evident in all scalar-height
combinations, this further supports the possibility that location T 4 may be a promising, if not
optimal, location for eddy-covariance measurements. Unexpectedly, the total flux divergence
of the off-centre transect remains fairly constant and near-zero for a substantial distance
across the lake (Fig. 9). However, the off-centre location is dependent on the wind direction
and, with shifting wind directions, is not a fixed location. Furthermore, as the results for
an off-centre transect would be more difficult to interpret for more realistic lake geometries
(i.e. non-circular), more comprehensive simulations are needed to generalize this finding. As
many lakes are oblong (e.g. Vesala et al. 2006) or non-circular, additional considerations of
more complex lake geometry merit future investigation for the determination of the optimal
tower location.

4 Conclusions

We performed a numerical study of a small circular lake surrounded by forest to exam-
ine potential biases to eddy-covariance measurements. Our RAFLES-based model analyses
of scalar dispersion demonstrated that such a lake poses significant challenges for eddy-
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covariance measurements, with results showing that lake-scale and canopy-scale secondary
circulations drive complex persistent patterns of horizontal and vertical advection of scalars
such as CO2, emitted by the lake and forest. These phenomena will generate biases in eddy-
covariance observations forwhich the current, standard analytical footprintmodels are unable
to take into account.

One effect of secondary circulations is the formation of persistent vertical jets and down-
drafts near the forest-lake transitions, which contribute to fluxes, but are neglected by standard
processing procedures of eddy-covariancemeasurements,which assume a zero vertical veloc-
ity component. The use of the standard three-dimensional axis rotation during the 30-min
averaged simulations presented here would result, for many 30-min periods, in a highly
biased flux measurement due to an erroneous rotation of the coordinate plane to an unrealis-
tically steep angle (Fig. 3). We recommend that three-dimensional axis rotations be excluded
in flux-processing procedures for these ecosystems. Rather, researchers can minimize the
need for this correction by careful, independent levelling of the sonic anemometer, which
is frequently difficult to achieve, particularly due to tower sway induced by wind and wave
action. However, advances in electronic gyroscopes and accelerometers should help improve
the accuracy of wind-independent coordinate levelling.

While the vertical flux divergence can be used as an indicator of the influence of horizontal
advection on total flux calculations, it remains impossible to differentiate the contributions of
lake versus forest fluxeswhenmeasuring at a single point in real-worldmeasurement systems.
We confirm that effects from advection are minimized by using a low ratio of measurement
height to distance to the upwind shore in agreement with Higgins et al. (2013). However, in
reality, the distance to the upwind edge of a lakemay varywith shiftingwind directions, which
will complicate interpretation. As such, actual flux towers may require additional filtering
procedures when treating lake flux data. Practical considerations assessed here include the
placement of the tower at an adequate distance downwind from the edge in the primary wind
direction, and the calculation of the height to distance from lake edge ratio. These values
should then be compared with the threshold set by Higgins et al. (2013), z1/DT < 0.02, for
each averaging interval. Observations from times with prevailing wind directions that fail this
criterion should be flagged as potentially biased and eliminated from the overall flux analysis.
The lake-radius to canopy-height ratio could be altered to generalize the results found here,
where we simulated a lake with a radius of ten times the canopy height. For example, wider
lakes will have a broader range of valid measurement locations. While smaller lakes possess
fewer valid locations, we find that so long as the Higgins et al. (2013) ratio is followed, flux
measurements are minimally affected by vertical advection.

While our study is limited to a specific lake/forest geometry with a homogenous canopy,
recent literature suggests that these results have broader implications. Forest inhomogeneities
add layers of complexity to the simulation not considered here, which, according to other
studies, introduce so-called enhanced gust zones consisting of non-uniform airflow patterns
over the canopy (Bohrer et al. 2009; Dupont and Brunet 2008a). Enhanced gust zones are
similar to the rotor effects demonstrated here in that they cause areas of high advection result-
ing from structural heterogeneity. Variations in the canopy structure have also been shown to
enhance flow penetration into the canopy itself, which may affectthe rotor effect immediately
downwind of the lake/forest transition (Boudreault et al. 2016) and, correspondingly, affect
the true flow of trace gases to the lake surface from the upwind canopy. However, due to the
relatively low levels of fluxes associated with the lake surface compared with those advected,
forest canopy effects are unlikely to significantly alter the results shown here. Furthermore,
the heterogeneity of the lake/forest transition is far more drastic and hasmuch stronger effects
than the structure of the canopy and so these transitions will dominate advective behaviour
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near the transition and over the lake surface. Similarly, the heterogeneous treatment of the
lake surface to account for near-shore plant communities or roughness as a function of the
wind speedwould alter the effects shown here. However, roughness heterogeneity is also very
unlikely to have significantly altered the advective patterns due to the order-of-magnitude
difference between those heterogeneities and the lake/forest transition.

Additional simulations could establish the effect of varying the size and shape of the
lake, but, again, these changes are unlikely to significantly alter the conclusions reached
here. Dupont and Brunet (2008b) showed the effects of a sharp linear transition to a forest
having similar updrafts to those shown here. Damschen et al. (2014) performed similar
simulations with square clearings and demonstrated large-scale circulations such as those
shown here. Recently, the analysis of Eder et al. (2015), using eddy-covariancemeasurements
in conjunction with LES, demonstrated comparable effects of secondary circulations in a
patch of forest surround by desert. The synthesis of these results demonstrates that, with
further evaluation, the recommendations generated by our scenario of a forest surrounding
a lake are broadly applicable to other heterogeneous land surfaces with sharp heat-flux and
roughness discontinuities.
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