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Abstract

Lake Heat Flux Analyzer is a program used for calculating the surface energy fluxes in lakes
according to established literature methodologies. The program was developed in MATLAB
for the rapid analysis of high-frequency data from instrumented lake buoys in support of the
emerging field of aquatic sensor network science. To calculate the surface energy fluxes, the
program requires a number of input variables, such as air and water temperature, relative
humidity, wind speed, and short-wave radiation. Available outputs for Lake Heat Flux
Analyzer include the surface fluxes of momentum, sensible heat and latent heat and their
corresponding transfer coefficients, incoming and outgoing long-wave radiation. Lake Heat
Flux Analyzer is open source and can be used to process data from multiple lakes rapidly. It
provides a means of calculating the surface fluxes using a consistent method, thereby

facilitating global comparisons of high-frequency data from lake buoys.
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Software availability

Lake Heat Flux Analyzer is written in MATLAB and is free to download
(https://github.com/GLEON/HeatFluxAnalyzer). Users without access to MATLAB can use

the web interface (heatfluxanalyzer.gleon.org) which runs Lake Heat Flux Analyzer on a

remote server based on user input files and allows users to download results after completion.


http://heatfluxanalyzer.gleon.org/

1. Introduction

The dynamic coupling between lake and atmosphere depends on the transfer of momentum,
heat and material, at the air-water interface. The magnitude of these fluxes influences
physical processes within lakes which, in turn, have a major impact on lake ecology (George
and Taylor, 1995; Winder and Schindler, 2004). In order to understand the functioning of
lakes it is therefore imperative to have a detailed understanding of how different atmospheric
forcing can affect the system. This is particularly true in the context of climate change
(DeStasio et al. 1996; Desai et al. 2009) where interactions between the atmosphere and a
lake are one of the major causes of alterations to lake ecology and biogeochemical fluxes.

Along with the exchange of radiant energy, the water surface turbulent fluxes play an
integral part in the functioning of a lake. These fluxes, for example, produce sub-surface
currents (Strub and Powell, 1986), influence ice-cover break-up dates (Anderson et al. 1996),
and alter the strength and duration of thermal stratification. By influencing thermal
stratification and mixing, surface energy fluxes can affect light availability to phytoplankton
(Maclintyre, 1993), the metabolic cycles of primary producers (Staehr et al. 2010), and the
rate of gas exchange between the lake and the atmosphere (Maclintyre et al. 2010). Surface
energy fluxes are also often treated as upper boundary conditions for physical lake models
(e.g. Peeters et al. 2002) and can be used to estimate the overall heat budget of lakes (Wetzel
and Likens, 1991).

Direct measurements of turbulent fluxes at the water surface are expensive. A large
amount of research has therefore focussed on the derivation of appropriate methods to
estimate these fluxes from relatively well known and frequently measured variables (e.g.
Garratt, 1977; Large and Pond, 1982; Fairall et al. 1996). These bulk aerodynamic
parameterizations, however, require the use of transfer coefficients. Numerous bulk transfer

coefficient schemes exist, which vary in complexity and sophistication (Renfrew et al. 2002).



Simple approaches using constants or relationships with wind speed (e.g. Jones et al. 2005;
Mackay et al. 2011; Vachon and Prairie, 2013) are easy to apply but have limited accuracy,
while the technical complexity of the full calculations limits their usage.

Surface flux estimates are sensitive to the choice of algorithms used (Blanc, 1985;
Zeng et al. 1998) especially when they have been developed for a limited range of wind
speeds (e.g. Chang and Grossman, 1999). Despite recent efforts to develop these algorithms,
no single method is consistently used to calculate the surface fluxes in lakes, and studies
which compare different calculation approaches are uncommon. An additional source of
uncertainty in comparing surface flux estimates across lakes results from comparing data
measured at different heights above the water surface on different lakes. Standardization of
methodology and cross-lake comparisons can be facilitated with easy-to-use and freely
available software.

Recent advances in aquatic sensor technology have resulted in large numbers of
instrumented lakes that have enabled multiple cross-site collaboration (e.g. Read et al. 2012;
Solomon et al. 2013). Indeed, collaborative science in limnology on a global scale is fast
becoming the norm (Hanson 2007). In order to translate this present-day ‘flood’ of
environmental data into reproducible science, the use and creation of shared analytical tools
is critical (Porter et al. 2012). In the following, we introduce a program called “Lake Heat
Flux Analyzer” which can be used to calculate surface energy fluxes from lake buoy data
according to established methodologies available in the literature. We demonstrate the use of
this program by calculating the surface energy fluxes for three lake datasets from the Global

Lake Ecological Observatory Network (GLEON; http://www.gleon.org/).



2. Materials and methods
2.1. Site description

High-frequency observations of water temperature and meteorological drivers were collected
from three lakes that range in surface area from 1.0 to 79.8 km2. The study sites include one
lake from the United Kingdom (Esthwaite Water), one lake from the United States of
America (Lake Mendota) and one lake from New Zealand (Rotorua). Each lake is exposed to
a temperate climate. They are seasonally stratified and none of the data series included
occasions when the lakes were ice covered.

Surface water temperature and meteorological measurements from each lake were
collected by several instruments and maintained by different organizations. Esthwaite Water
is part of the United Kingdom Lake Ecological Observatory Network (UKLEON) and is
maintained by the Centre for Ecology & Hydrology, United Kingdom. Air temperature and
relative humidity were measured at a height of 2.14 m above the lake surface and wind speed
was measured at a height of 2.85 m. The instrumented buoy on Lake Mendota is maintained
by the North Temperate Lakes — Long Term Ecological Research (NTL-LTER) program,
which includes lakes in northern and southern regions in the state of Wisconsin. Data were
collected every minute and fifteen-minute averages were then computed from the high-
frequency data. Air temperature, relative humidity and wind speed were measured at a height
of 2 m above the lake surface. For Lake Mendota, hourly estimates of incoming long-wave
radiation data were calculated from 15 minute values observed at the nearby, Madison
National Oceanic & Atmospheric Administration radiation monitoring site. The monitoring
buoy in Rotorua is maintained by the Lake Ecosystem Restoration New Zealand (LERNZ)
program which aims to restore indigenous biodiversity in New Zealand lakes. High-
resolution temperature and meteorological data from Rotorua were measured at fifteen-

minute intervals from July 2007 to July 2008. Air temperature, relative humidity and wind
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speed measurements were measured at a height of 1.5 m. Short-wave radiation was measured
on each of the three lakes. Unlike the other meteorological variables measured, short-wave
radiation does not vary with height above the lake surface, and thus is not height corrected in

the Lake Heat Flux Analyzer program.

2.2. Bulk parameterization of surface fluxes

The following section describes the algorithms used to estimate the surface energy fluxes
from lake buoy data. The calculated surface heat fluxes (W m) are: the reflected short-wave
radiation (Qs,), the sensible (Q) and latent (Q,) heat fluxes, the incoming long-wave (Q;;»)

and the outgoing long-wave radiation (Q;,,:), expressed in terms of the total surface heat flux

(Qtor) aS:

Qtot = Qsin + Quin — Qsr — Qe — On — Quours (1)
where Qg;,, is the flux of short-wave radiation incident on the lake surface. To calculate these
fluxes a variety of input variables are required: surface water temperature, air temperature,
relative humidity, wind speed, and short-wave radiation. In addition, the measurement height

of the sensors above the water surface is needed.

2.2.1. Incident and reflected short-wave radiation

The insolation (direct solar and diffuse sky radiation) reaching the lake surface is a large
variable term in the heat budget of a lake and can be measured directly, using relatively
inexpensive radiometers. Lake Heat Flux Analyzer does not compute short-wave radiation,
but instead takes it as an input parameter. The reflected short-wave radiation, however, is
rarely measured by instrumented lake buoys and must, therefore, be estimated from empirical
relationships, the most common of which is in terms of the albedo, ay,,, as Qg = g, Qqin-

Lake Heat Flux Analyzer calculates ay,, from Fresnel’s Equation as:



1[(sin?Z —R) (tan’Z —R)
aSW =5 02 + 2 (2)
2|(sin?Z+R) (tan’Z +R)
where R is the angle of refraction, calculated from Snell’s law as:
. —1(sin(Z
R = sin 1 (Sln( )/77); (3)

where n = 1.33 is the index of refraction (Kirk, 1994) and Z is the solar zenith angle

calculated as a function of latitude (¢), solar declination (&) and the hour angle (H):

o (0 (25) o (22) o s (255 s ()]
= COS Sin 360 Sin 360 CoS 360 CoS 360 Cos ,

180
é = 7(0.006918 —0.399912 cos(y) + 0.070257 siny — 0.006758 cos 2y

+ 0.000907 sin 2y — 0.002697 cos 3y + 0.00148 sin3y), (5)
y = 2n(DOY —1)/365,  (6)
H = (1/12)(thoon — ), (7)
where DOY is the day of year (e.g. Jan 10 = 10), t,,,, IS the local solar noon and t is local

solar time.

2.2.2. Net long-wave radiation

The net long-wave heat flux (Q;,.;) across the air-water interface comprises two main
components: (i) incoming long-wave radiation (Q,;;,) and (ii) outgoing long-wave radiation
(Qiout)- The bulk formulae may be expressed as:

Qtoor = Quin — Qrouts 3)
where in the absence of direct measurements, we estimate these terms from frequently
measured variables. In Lake Heat Flux Analyzer, incoming long-wave radiation, Q;;,, IS

estimated following the methods of Crawford and Duchon (1999), as:

Quin = {clf + (1 —clf) (1.22 + 0.06 sin [(m +2) %D (7221{)1/7} O'TzK4’ 9)



where m is the numerical month (e.g. January = 1), T, is air temperature in Kelvin, e, is the
vapour pressure of the air (hPa) estimated based on the saturation vapour pressure of the air,
and ¢ = 5.67 x 1078 W m? K* is the Stefan-Boltzmann constant. The cloud cover fraction,
clf, is estimated as clf = 1 — s, where s is the ratio of the measured short-wave radiation
(i.e. Q) to the estimated clear-sky short-wave radiation. Clear-sky short-wave radiation is
estimated by Lake Heat Flux Analyzer following the methods of Meyers and Dale (1983) as
shown in detail within the user manual of this program (see p.19 of the online user manual).
However, as this calculation is based on the ratio of clear-sky and measured short-wave
radiation, incoming long-wave radiation cannot be calculated at night. In this program, we
estimate night-time incoming long-wave radiation based on the daytime averages of the cloud
cover fraction. Therefore, the night-time incoming long-wave radiation is calculated as a
function of air temperature, water vapour, and the daytime average cloud cover fraction. This
adds an additional source of uncertainty in these estimates, but in comparison to other
incoming long-wave formulae (e.g. Gill, 1982), which are daily averages, this method has
been shown to provide a more accurate representation of incoming long-wave radiation
(Crawford and Duchon, 1999).

Unlike the incoming long-wave radiation, which requires a number of input variables
in its calculation, the outgoing long-wave radiation, Q;,.:, IS much less complicated to
calculate. In Lake Heat Flux Analyzer, the outgoing long-wave radiation is estimated as a
function of water temperature as:

Qupne = € w0 Tox™, (10)
where g, = 0.972 (Davies et al. 1971) is the emissivity of water and T is the surface water

temperature in Kelvin.

2.2.3. Bulk algorithms for momentum, sensible and latent heat fluxes

10



The turbulent heat fluxes, sensible heat and latent heat, are parameterized by bulk heat
transfer algorithms that relate surface layer data to surface fluxes using formulae based on
scaling laws and empirical relationships. The program uses a similar method to calculate, t,
the air-water momentum flux (N m2). These procedures involve the calculation of roughness
lengths for momentum, heat and moisture (z,, zop, Z,q) and the corresponding transfer
coefficients (Cq,, Cp,, C,,) from observed wind speed (u), temperature (T) and humidity
(q) profiles, via an iterative routine that involves a friction velocity term, u,, (m s?), a
scaling temperature term, T, (K), and a scaling humidity term, g, (g kg). Using the above

terms, surface fluxes for momentum, sensible heat and latent heat can be calculated as:

T= Cdz Dy u; = pzu*azr (11)
Qn = popaChzuz(TO —T,) = —PzCpalsaTs, (12)
Qe = szvCezuz(QO = qz) = —PzLylaq., (13)

where p, = 100p/[R, (T, + 273.16)] is the density (kg m™) of the overlying air, p is the
surface air pressure (hPa) and R, = 287(1 + 0.608q,) is the gas constant for moist air (J kg
1°C™) ; u, is the wind speed (m s™) at height z,, (m) above the water surface; C,, = 1006 is
the specific heat of air at constant pressure (J kg °C™); T, is the surface water temperature
(°C); T, is air temperature (°C) at height z, (m) above the water surface; L, = 2.501 X

106 — 2370 x T, is the latent heat of vaporization (J kg ?); go = Aegqe/[p + (A — Degqel
is the specific humidity at saturation pressure (kg kg?), A (= 0.622) is the ratio of the
molecular weights for dry and moist air; e, is the saturated vapour pressure (hPa) calculated
as ey = 6.11exp[17.27T, /(237.3 + Ty)]; q, = Ae,/[p + (A — 1)e,] is the specific
humidity of the air (kg kg?) at height z, (m) above the water surface, e, = Rpe;/100, Ry, is
the relative humidity (%) and e, = 6.11 exp[17.27T, /(237.3 + T,)] is the saturated vapour
pressure (hPa) at z,. Here, C, , C,_ and C,_ are transfer coefficients for heights z,,, z; and z,
respectively.
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A variety of bulk flux algorithms is presently used in the literature (e.g. Zeng et al.
1998; Fairall et al. 2003; Verburg and Antenucci, 2010). While these algorithms all use
equations (11) to (13) to calculate the surface fluxes, they differ in the parameterization of the
transfer coefficients, the treatment of free convective conditions and surface layer gustiness.
Turbulent fluxes in the Lake Heat Flux Analyzer program were calculated following Zeng et
al. (1998), which has been shown to be one of the least problematic bulk aerodynamic
algorithms currently used by the scientific community (Brunke et al. 2003). This algorithm
applies Monin-Obukhov similarity theory to the atmospheric boundary layer and states that
wind, temperature and humidity profile gradients depend on unique functions of the stability

parameter, {, where { = zL,,”*:

_ kzy, 0u (14)
¢m(() - Ung E,

_ Kkz 0T (15)

_kzq0q (16)
d)e (Z) - q* aZ’

where L,, is the Monin-Obukhov length scale (m), x is the von Karman constant (= 0.41) and
¢m » ¢p and ¢, are the similarity functions that relate the fluxes of momentum, heat and
moisture to the mean profile gradients of wind, temperature, and humidity, respectively.
According to Brutsaert (1982), the Monin-Obukhov length scale is a measure of the ratio of
the reduction of potential energy caused by wind mixing and the growth of atmospheric
stratification due to surface fluxes and may be calculated following Monin and Obukhov
(1954) as:
—p Ui Ty (17)

xg (& 4061 (T, + 273.16)Qe)
Cpa L,

L, =
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where T, = (T, +273.16)(1 + 0.61q, ) is the virtual air temperature (K) and g =
9.780310[1 + 0.00530239 sin?¢ — 0.00000587sin?2¢ — (31.55 x 1078) xh] is the
gravitational acceleration (m s2) where ¢ is latitude (°) and h it altitude (m).

Following Zeng et al. (1998), the differential equations for ¢,,, ¢, and ¢, can be
integrated between the roughness length and measurement height, to obtain wind,
temperature and humidity gradients in the atmospheric boundary layer and the corresponding
scaling parameters used in calculating the turbulent surface fluxes. In addition, these are used
to estimate wind speed, air temperature and humidity at any reference height (e.g. 10 m)
above the lake surface (see user manual for full calculations). Using the Monin-Obukhov
similarity theory, the flux gradient relations for momentum (¢,,,({)) are:

d¢m() =5+ ¢ for { > 1 (very stable), (18)

dm(D) =1+ 5¢ for 0 < ¢ <1 (stable), (19)

o ()= (1—-160)" V4 for — 1.574 < ¢ < 0 (unstable), (20)
dm (D) = (0.76%3) (=Y for{ < —1.574 (very unstable), (21)

and for sensible heat and humidity, where ¢.({) = ¢,({), are:

$n(Q) = ¢({) = 5+¢ for ¢ > 1 (very stable), (22)
$r(Q) = ¢pe(Q) = 1+5¢ for 0 < ¢ <1 (stable), (23)
(D) = ¢.(0) = (1—-160)"1/2 for — 0.465 < { < 0 (unstable), (24)
Or()) = ¢() = 0.9x3(=0)~Y/3 for { < —0.465 (very unstable),  (25)

where to ensure continuous functions of ¢,,({), ¢, (¢) and ¢.({), we can match the relations
at ¢, = —1.574 for ¢,,(¢) and {;, = {, = —0.465 for ¢, ({) = ¢.({). The flux gradient
relations can then be integrated to yield profiles for wind, temperature and humidity, as well
as the corresponding scaling terms. The scaling terms can then be used to calculate the

surface fluxes for momentum, sensible heat and moisture as well as the corresponding
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transfer coefficients as C;, =u.,*/u,®, Cp, = —u., I./u,(Ty—T,) and C, =
—Usaq./Uz(qo — q2), respectively.

By correcting for measurement height and the stability of the atmospheric boundary,
we can also estimate the transfer coefficients at a standard height of 10 m as C;19 =
U.a”/U10%, Cpio = —UsgTe/U10(To — T10), aNd Co1p = —U.aq./U10(do — q10), respectively,
where u,, is the wind speed at 10 m, Ty, is air temperature at 10 m and q,, is the specific
humidity at 10 m calculated following Zeng et al (1998), as explained in detail in the online
user manual of this program. Once Q. is known, evaporation rates may be calculated as E =
Q./poL,, where py = 103 x (1 — 1.9549 x 107>|T, — 3.84|1%8) is the density (kg m=) of
the surface water (Henderson-Sellers, 1986). A more detailed description of the methods used

for calculating each output variable of this program is provided in the user manual.

2.3. Program structure

Lake Heat Flux Analyzer is structured in the same manner as Lake Analyzer (Read et al.
2011), which was developed for the GLEON, a grassroots organization centred on scientific
collaboration and analysis of high-frequency lake buoy data. Similar to Lake Analyzer, data
requirements (Table 1) for Lake Heat Flux Analyzer vary depending on the user-defined
output selections (Table 2). This allows the program to be flexible with respect to data
sources, instead of requiring all potential data files or functions for each program to be run.
This structure not only increases program speed but also allows users with data limitations to

use the program as some calculations require fewer inputs. For a more detailed description of

the general program structure, see the user manual provided at heatfluxanalyzer.gleon.org.

Table 1. Input parameters to the Lake Heat Flux Analyzer program. Specific data format
requirements are provided in the user manual.
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Input Units Description
wir °C Tab delimited text file of surface water temperature measurements.
.wnd mst Tab delimited text file of wind speed measurements.
airT °C Tab delimited text file of air temperature measurements.
.rh % Tab delimited text file of relative humidity measurements.
SW W m2 Tab delimited text file of short-wave radiation measurements.
Iwnet W m? Tab delimited text file of net long-wave radiation measurements.
dw W m? Tab delimited text file of incoming long-wave radiation measurements.
.par mmol m?s?  Tab delimited text file of photosynthetically active radiation measurements.
This file is only used when a .sw file is missing.
Zy m Height of wind measurement.
Z, m Height of relative humidity measurement.
Z; m Height of air temperature measurement.
Output resolution S Output resolution of results.
h m Altitude of lake.
) ° Latitude of lake (positive for Northern Hemisphere and negative for Southern
Hemisphere).
Max wind speed mst Maximum wind speed allowed.
Min wind speed mst Minimum wind speed allowed.

15



Table 2. Output variables from the Lake Heat Flux Analyzer program including a list of input files required for the corresponding outputs.

Output Units Description Surface water Wind speed  Air temperature  Relative Short-wave Additional
temperature (.wtr)  (.wnd) (.airT) humidity (.rh)  radiation (.sw) parameters
Usq ms? Air friction velocity 4 v 4 4 Zy, Z¢y Zg, alt
Usan ms? Air friction velocity (neutral) 4 Zy
Tio °C Air temperature at 10 m v v v v Zy, Zt, Zg, alt
E mmday?  Evaporation v v v v Zys Zgy Zg, alt
Quin W m2 Incoming long-wave radiation v v v @
Q. W m2 Latent heat flux v v v v Zy, Zt, Zg, alt
T N m2 Momentum flux v v 4 v Zy, Zt, Zg, alt
Ly, m Monin-Obukhov length scale v v v v Zy, Zt, Zg, alt
Qinet W m?2 Net long-wave radiation 4 v v v alt, ¢
Quout W m2 Outgoing long-wave radiation v
Qsr W m2 Reflected short-wave radiation v 1)
rhio % Relative humidity at 10 m v v v v Zy,s Zt, Zg, alt
Qn W m?2 Sensible heat flux v v v v Zy, Zp, Zq , alt
Cn - Transfer coefficient for heat v v v v Zy, Zt, Zg, alt
Chy - Transfer coefficient for heat (neutral) v Zy
Chio - Transfer coefficient for heat at 10 m v v v v Zy, Zy, Zg, alt
Chn1o - Transfer coefficient for heat at 10 m (neutral) v Zy
C, - Transfer coefficient for humidity v v v v Zy, Zt, Zgq, alt
Cen - Transfer coefficient for humidity (neutral) v Zy
Ce10 - Transfer coefficient for humidity at 10 m v v v v Zy, Zt, Zg, alt
Cento - Transfer coefficient for humidity at 10 m (neutral) v Zy, Zt, Zg, alt

16
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3. Results

The following section demonstrates applications of the Lake Heat Flux Analyzer program
using examples with some of the different time periods and average times available to the
user. Observed daily averaged incoming long-wave radiation measurements for Lake
Mendota compare well (r? = 0.74, p < 0.001) with those estimated by the Lake Heat Flux
Analyzer program (Fig. 1). For the time period shown, the seasonal patterns for the observed
and estimated incoming long-wave radiation were very similar, varying by less than 20 W m"
2 over the investigation period. Clear seasonal patterns were also evident for the outgoing
long-wave radiation, which on average was 56.2 W m greater than the estimated incoming

long-wave radiation throughout the year.

500

450+ 1

400 -

_2)

s0- /) L AL

Long—wave
radiation (W m

250+ I

200 1 1 1
100 150 200 250 300

Days since 01 Jan 2009

Figure 1. Daily-averaged calculated (black) and modelled (red) incoming and outgoing
(grey) long-wave radiation for Lake Mendota in 2009.

For a seven-day period during summer at Esthwaite Water, the hourly averaged wind
speed varied from < 1 to 8 m s, Differences between measured wind speed at the lake

surface (2.85 m) and those estimated at a height of 10 m (i.e. estimated by Lake Heat Flux
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Analyzer) were variable throughout the study period (Fig. 2a). On day of year 301, for
example, the estimated wind speed at 10 m was approximately 40% greater than that
measured at the lake surface. During low-wind conditions the stability parameter (z,L,, %)
was negative (Fig. 2b), often reaching the lower threshold of -15 which is commonly used as
a cutoff during the computation of the stability parameter (e.g. Imberger and Patterson, 1990;
Maclintyre et al. 2002), and the drag coefficient was high (Fig. 2c). Furthermore, as the
stability parameter approached zero, the drag coefficients calculated at 10 m closely matched
those calculated at the measurement height. When the stability parameter approached zero
during high winds, the transfer coefficient was generally low. The need to calculate transfer
coefficients accurately at high-resolution is illustrated by the large changes evident in the
drag coefficient, varying by over an order of magnitude within the 24-hour period. When the
atmosphere was stable (z,,L,,~* > 0), C41, Was lower than Cq, and when the atmosphere was
unstable (z,L,,~* < 0), estimates of C,;, Were higher than Cq,. The momentum flux, 7, also
varied by an order of magnitude, closely following the change in wind speed, where a sharp

increase or decrease in wind speed was reflected in an increase or decrease in the momentum

flux (Fig. 2d).
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Figure 2. High-frequency (hourly) measurements for seven days during the stratified period
in Esthwaite Water of (a) wind speed measured at the sensor height (closed circles) and
calculated at a height of 10 m (open circles); (b) atmospheric stability parameter, z,L,, ',
bounded by £15; (c) transfer coefficient for momentum at the sensor height (closed circles)
and calculated at a height of 10 m (open circles); (d) shear stress (i.e. momentum flux) at the
water surface.

In Rotorua, an example 24-hour period during spring (Fig. 3) highlights the variability
in air temperature at high temporal resolution as well as the variability with height above the
water surface (Fig. 3a). When the atmospheric boundary layer was stable, which can be
determined by the difference between air and surface water temperatures (Croley, 1989;
Derecki, 1981), air temperature calculated at 10 m was marginally higher than that measured

at the sensor height. However, when the atmospheric boundary layer was unstable, air

temperature at the measurement height was greater than that at 10 m. As expected, the
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transfer coefficient for sensible heat at the measurement height was consistently higher than
that at 10 m (Fig. 3b) and the difference between the transfer coefficients at these heights was
greater when the atmosphere was unstable. Similar to the transfer coefficient for momentum,
the transfer coefficient for heat varied substantially over a 24-hour period. There was also a
large hourly variation in the sensible heat flux (Fig. 3c), including a change in the direction of
heat flux (i.e. heating/cooling), despite the minimal change in lake surface water temperature.
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Figure 3. High-frequency (hourly) measurements for a 24-hour period in Rotorua during
spring, showing (a) air temperature measured at the sensor height (closed circles), air
temperature estimated at height of 10 m (open circles) and water temperature (red); (b)
transfer coefficient for sensible heat estimated at the sensor height (closed circles) and

estimated at 10 m (open circles); (c) sensible heat flux.

Incoming short-wave radiation was a large contributor to the total daily surface heat

flux in Esthwaite Water during the stratified period (Fig. 4a), often being up to three times
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larger than the net long-wave radiation, which is generally a cooling term, and an order of
magnitude larger than the reflected short-wave radiation. Of the surface turbulent fluxes (Fig.
4b), the latent heat flux is the largest contributor to the total surface heat flux, being twice
that of the sensible heat flux for the selected period. Both latent and sensible heat fluxes are
generally cooling fluxes, but both can also provide heating. The latent heat flux, for example,

can provide heating during dew formation.

400
(a)

300 ' \ ol

=2

(Wm ")

200 -

|

. WJ\/J\,WMV
R e N e O N e e v S il it i Vs |

0
100 120 140 160 180 200

Heat flux

150

100 |

50t

(Wm )

Heat flux

0 ==

-5

0 . : : :
100 120 140 160 180 200
Days since 01 Jan 2009

Figure 4. Time series of calculated daily averages of (a) incoming (grey) and reflected (thin
black) short-wave radiation, and net long-wave radiation (thick line); (b) latent (black) and

sensible (grey) heat flux for Esthwaite Water in 2009.

Lake Heat Flux Analyzer can calculate the surface fluxes for many lakes in a
consistent way, allowing a robust comparison among sites. For the three example lakes
shown here, the daily averaged total surface heat flux (Fig. 5) varied considerably. As
expected, Q;,; was predominantly positive (i.e. heat entering the lake) during the period
shown. All three lakes demonstrated a seasonal pattern in Q.,;, although Lake Mendota

experienced the greatest magnitude throughout the period shown. Daily averaged data are
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often not ideal for comparison. However, longer averages can also be obtained from the Lake
Heat Flux Analyzer program to illustrate better the difference among sites

800 : : . -

700 | ]
600 Ll
500 [ .‘ k]
400} ?? i Adh e ]

300 LA F“‘ﬂ

le (Wm )

200F M3t MY ¢ Uy S0 I
*

l()()- ¥ . ‘0.’ . -: Te g & ~|~ | 1]
& ® A S ¢ NIfr { ‘:’3“.‘4"

-100

Jun Jul Aug Sep Oct Nov

Figure 5. Time series of the calculated daily averages of total surface energy fluxes, Q;,;, for

Esthwaite Water (red), Lake Mendota (blue) and Rotorua (green).

Lake Heat Flux Analyzer can also be used to calculate evaporation rates. Monthly
averaged evaporation rates were lowest for Esthwaite Water and highest for Lake Mendota
during the specified months (Fig. 6). Seasonal patterns in the evaporation rates occur and
were largest in summer and smallest in winter for these lakes. For the Northern Hemisphere
lakes, evaporation rates for Lake Mendota were considerably higher than for Esthwaite
Water, on occasion being five times as large. For Rotorua, evaporation rates were lowest in

July, which corresponds to winter, and highest in November, corresponding to late spring.
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Figure 6. Calculated monthly-averaged evaporation rates for Esthwaite Water (red), Lake

Mendota (blue) and Rotorua (green).
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4. Discussion

Radiant and turbulent surface energy fluxes play an integral role in the functioning of lakes.
These surface fluxes not only drive physical processes within a lake, but also affect the
exchange of greenhouse gases. Quantifying these physical processes is therefore central to
understanding lake dynamics and their contribution to global biogeochemical cycles. In
recent years, the development of virtual networks of scientists has increased the ability to
share ideas, hypotheses, data and methods. This has particular advantages for lake science as
lakes are often characterized by high spatial and temporal variability (Kratz et al. 2003) and
coupled physical/biological processes (Hamilton and Schladow, 1997). Recent developments
in aquatic sensor technology have made it possible to monitor conditions in lakes remotely
from in situ platforms (Hamilton et al. 2014). Many such platforms have been deployed
worldwide and many lake stations are integrated into networks such as the GLEON and the
Networking Lake Observatories in Europe (NETLAKE; https://www.dKkit.ie/netlake). Many
of these lake stations measure the variables needed to calculate surface energy fluxes. The
software outlined here has been produced to exploit these data by creating a set of procedures
for calculating the surface energy fluxes from lakes. They have been collated into an open
source program called “Lake Heat Flux Analyzer” aimed at communities such as GLEON
and NETLAKE, which are centred on scientific collaboration to further the understanding
and management of lakes.

In the development of Lake Heat Flux Analyzer we aimed to overcome the difficulty
of comparing surface flux estimates from various sites by using a consistent calculation
procedure. In particular, we were motivated to understand how the individual terms of the
surface energy budget vary across a diverse range of lakes. Several studies have suggested a
number of factors that influence the turbulent surface fluxes in lakes, in particular, wind

speed and atmospheric stability (e.g. Verburg and Antenucci, 2010). Higher wind speeds, for
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example, increase wave height and therefore roughness length, which in turn acts to increase
the drag coefficient (Brutsaert, 1982). At low wind speeds, however, waves cease to be the
most important interface between the water and air, and other transfer mechanisms control
the value of the transfer coefficients (Chang and Grossman, 1999). As seen in Figure 2,
atmospheric stability can cause large variations in the transfer coefficients as the more stable
the atmosphere the more restricted is the mixing from higher levels towards the air-water
interface (Deardorff, 1968). As heat loss is enhanced when the atmospheric boundary layer is
unstable (Fig. 3), a condition which can persist for long periods (Rouse et al. 2003), the latent
and sensible heating terms can contribute substantially to the surface energy budget. Actual
estimates of the transfer coefficient vary enormously in the literature (Garratt, 1992), where
an order of magnitude increase between values in stable low wind speed conditions and those
in unstable high wind conditions are often reported. As shown here, estimates of transfer
coefficients can also vary at sub-daily timescales, owing to the difference in atmospheric
stability and wind speed.

Since the pioneering work of Birge (1916), many studies have analyzed heat fluxes
from lakes from around the world, including temperate lakes (Hutchinson and Edmondson,
1957), tropical lakes (Lewis, 1973), and subarctic lakes (Edmundson and Mazumder, 2002).
A majority of the research, however, has been conducted on relatively long time scales,
concentrating on the seasonal and intra-seasonal variation in the surface heating terms (e.g.
Lenters et al. 2005), although some studies at higher temporal resolution do exist (e.g.
Frempong, 1983; Maclintyre et al. 2002). For the lakes studied here, the surface energy fluxes
varied considerably at both diel and seasonal time scales. In Esthwaite Water, for example,
the exchange of radiant energy was dominated by short-wave radiation, being a larger
contributor to the total surface heat flux than net long-wave radiation as well as the turbulent

fluxes of latent and sensible heat. Program outputs demonstrated the variability in surface
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heating/cooling within and among the three example lakes. The most evident difference
among the lakes was in the evaporative heat flux, where during the same months, evaporation
rates for Lake Mendota were more than double those of Esthwaite Water.

For a given lake we have confirmed that the transfer coefficients for momentum and
sensible heat can vary substantially from the measurement height to a reference height of 10
m. Failing to consider the substantial difference in the estimated transfer coefficient based on
wind speed measurements at different heights can lead to erroneous conclusions about the
turbulent surface fluxes. We recommend that comparisons of transfer coefficients among
sites should, therefore, be based on values corrected to 10 m and this program allows this
correction to be made.

The methods outlined here have been used to generate a set of tools for calculating the
surface energy fluxes from instrumented lake buoy data, which can be applied to lakes from
around the world in a standardized way. The surface energy fluxes can be calculated rapidly
by the Lake Heat Flux Analyzer program and provide a much-needed tool for the expanding
global network of instrumented lakes. The limnological community has already benefitted
from data analysis tools such as wavelet analysis (Torrence and Compo, 1998) and Lake
Analyzer (Read et al. 2011) that have been used in global scale research (e.g. Winder and
Cloern, 2010; Read et al. 2012). Similarly, Lake Heat Flux Analyzer can be used for global
scale research by calculating the surface fluxes using the same method, which is essential for
cross-site collaboration.

The algorithms presented were created for the rapid calculation of the surface energy
fluxes from instrumented lake buoy data. The accuracy of the results, however, will depend
upon the quality of the input data. The program does not include quality control procedures
and assumes that instrument calibration has been performed. The algorithms also assume that

the input data is measured on the lake, particularly wind speed, which will vary from that
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measured on land (Markfort et al. 2010) and will have a substantial influence on the turbulent
surface fluxes. A wind-sheltering coefficient is often applied to land-based wind
measurements in numerical models to account for the difference in roughness lengths
between land and open water (Brutsaert, 1982). If a sheltering coefficient is used prior to
running Lake Heat Flux Analyzer, the results should be interpreted with caution.

Future demands for more accurate modelling approaches will require a more detailed
simulation of surface fluxes. For example, Lake Heat Flux Analyzer may be used by
analytical and numerical models to include additional processes, such as gas fluxes, and may
also provide a rapid means to improve the fit of numerical models (Hamilton et al. 2014).
Furthermore, the parameterizations currently used to estimate transfer coefficients are derived
from the ocean and therefore may not cover all of the difficulties associated with lakes of
varying size (Vachon and Prairie, 2013). Small lakes, for example, are often characterized by
low wind speeds, potentially extreme stabilities, waves that have not attained equilibrium
with forcing conditions and sufficiently shallow depths to compromise wave shape (Wiest
and Lorke, 2003). The transfer coefficients have been described to be influenced by wave-
age, where younger waves are considered more effective at transferring momentum at the air-
water interface, with wave-age itself being implicitly related to wind speed and fetch (e.g.
Donelan et al. 1993). Only when the wave-state reaches equilibrium with the atmosphere is
the efficiency of transfer reduced to open ocean values. By using the transfer coefficients
calculated from the open ocean, even when taking atmospheric stability and wind speed into
account, limnologists are in danger of severely underestimating the turbulent fluxes across
the air-water interface. In the future we should derive new transfer coefficients for lakes
which may account for variation caused by, for example, sheltering and fetch-limitation of

wind. With this in mind, we have written the numerical code in an easily accessible manner,
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so that when new approaches are developed, they can be easily incorporated into the

program.
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5. Conclusions

We present a program called “Lake Heat Flux Analyzer” for calculating the surface energy
fluxes using high-frequency data from instrumented lake buoys. The algorithms account for
site specific features such as wind, temperature and humidity measurement height. The
program was developed in MATLAB but can also be used via the online interface which only
requires the input files for analysis. The program provides a powerful tool for comparative
analysis of surface fluxes based on algorithms developed for individual components of the
heat flux. The availability of this program will facilitate inter-lake analysis and lends itself to

comparative studies of heat fluxes in lakes across the globe.
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