Limnology (2016) 17:273-289
DOI 10.1007/s10201-016-0481-z

CrossMark

@

RESEARCH PAPER

A multi-lake study of seasonal variation in lake surface
evaporation using MODIS satellite-derived surface temperature

R. C. Phillips"? - J. R. Saylor® - N. B. Kaye* - J. M. Gibert®

Received: 20 April 2015/ Accepted: 9 March 2016/ Published online: 16 April 2016

© The Japanese Society of Limnology 2016

Abstract Knowledge of the evaporative loss from lakes
and reservoirs is critical to water resources managers as
well as to the overall understanding of the water balance in
a given basin, geographical region, or continent. Existing
methods for ascertaining evaporation from lakes and
reservoirs include point measurements, water balance and
mass transfer calculations, and proxy measurements using
a pan. Point measurements using the eddy flux covariance
method can be accurate, but are resource intensive and
unsuited for determining spatial variation over a lake, or
for obtaining measurements over many lakes. Mass balance
methods cannot provide spatial variability and their accu-
racy depends on other portions of the water balance that
can be challenging to obtain, such as leakage. Similarly,
relatively recently deployed scintillation methods provide
only an average for a strip across a lake and are also
resource intensive and not suited for multi-lake studies.
Evaporation pan measurements can also be used, though
their accuracy is poor. Herein, we use a combination
of Moderate Resolution Imaging Spectroradiometer
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(MODIS) satellite measurements of water surface temper-
ature, measurements of wind speed, air temperature, and
relative humidity from local NWS stations, and a mass
transfer method, to demonstrate multi-lake evaporation
measurements. Specifically, the seasonal variation in
evaporation is obtained for the five major lakes in the
Savannah River Basin (in South Carolina, USA): Lakes
Jocassee, Keowee, Hartwell, Russell, and Thurmond. Since
this approach requires only an existing satellite resource
with global coverage and existing NWS stations, this
method can potentially be ported to any lake where there is
a nearby meteorology station. Hence, this method could be
used by both water resource managers and limnologists
alike. The possibility is discussed of extending this
approach beyond a single basin to encompass an entire
geographical region or continent.

Keywords Evaporation - Water resources - Modeling -
Remote sensing

Introduction

Evaporation is a major component of the water balance of a
lake, reservoir, or impoundment. This evaporative loss is of
particular interest to water resources managers who require
this information to effectively manage available resources
(McJannet et al. 2013a). There are many methods for
measuring surface evaporation from lakes and reservoirs,
as reviewed below. However, each method has its own
drawbacks, such as requiring significant on-site instru-
mentation, making only point (eddy co-variance) or line
(scintillometry) measurements over a heterogeneous sur-
face; not accurately representing the thermal behavior of
the lake (pan measurements); or not accurately quantifying
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the seasonal variation in evaporation (pan measurements).
Accurate estimation of evaporation over shorter time scales
(weeks or months) is becoming increasingly important as
water resources become more stressed and short-term
evaporation mitigation plans, such as the use of surfactant
mono-layers (La Mer 1962; Barnes 1968; Bower and
Saylor 2013; Saylor et al. 2000) are considered. In addition
to its relevance to the quantity of available water, evapo-
ration and other surface transport processes influence water
quality and lake temperature.

Seasonal evaporation trends of open water bodies are
often characterized by a bell curve with peak evaporation
occurring during the summer months (Finch and Calver
2008; Penman 1948; Gupta 2001; Winter et al. 2003).
However, many studies have shown shifts in seasonal
evaporation, due to lake thermal inertia, causing peak
evaporation to occur during fall and early winter months
(Farnsworth et al. 1982; Liu et al. 2011; Rimmer et al.
2009). Additionally, inter-annual variability in lake evap-
oration has shown a large dependence on wind speed
pulses and warm dry air fronts, as well as cold front
activities (Liu et al. 2011; Blanken et al. 2000, 2003).
Daily and seasonal variability in meteorological conditions
over water bodies can in turn cause seasonal variations and
shifts with respect to “typical” evaporation patterns.
Consequently, a method for measuring evaporation that can
provide higher temporal and spatial resolution in evapo-
ration over a prolonged period of time may provide a more
accurate estimate of lake evaporation.

Existing evaporation measurement methods

Perhaps due to its simplicity and convenience, one of the
most commonly used evaporation measurement methods
employed by water resource managers is pan evaporation
measurements (Linsley et al. 1982; Yu and Brutsaert 1967,
McJannet et al. 2013a) from registered National Weather
Service (NWS) Class A evaporation pans. In this method,
lake evaporation is obtained using a calculated pan coef-
ficient, defined as the ratio of lake evaporation to pan
evaporation (Brutsaert 1982; Gupta 2001),
Er
Kp = E, (1)

where K, is the pan coefficient, E; is the evaporation of a
water body, such as a lake or reservoir, and E, is the
evaporation measurement from the pan.

There are a number of problems with using pan
evaporation measurements. For example, pans have a
thermal inertia that is significantly smaller than for even
the smallest of ponds. As such, the time scale for thermal
change in a pan is of the order of hours compared to
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months for many lakes. Evaporation pan measurements
are often applied to lakes that are some distance away.
For example, the pan evaporation measurements used by
MclJannet et al. (2013a) for comparison with other evap-
oration measurements were based on a pan that was 54
km from the impoundment tested. As a result of these
problems, pan measurements often fail in several ways.
Accordingly, it is quite problematic to use pan evapora-
tion measurements for planning the use of short-term
water resource conservation measures such as water use
restrictions or evaporation suppression technologies
(La Mer 1962; Barnes 1968; Bower and Saylor 2013;
Saylor et al. 2000).

There are a number of other evaporation measurement
methods that do not suffer from the inaccuracies of the pan
method. These include water (Patra 2001) and energy
(Momii and Ito 2008; Stannard and Rosenberry 1991)
balance methods, scintillometry (McJannet et al. 2011,
2013a; Mclannet et al. 2013b), eddy co-variance probes
(Stannard and Rosenberry 1991), coupled mass, energy,
and constituent balances (Assouline 1993), and the mass
transfer method (or aerodynamic method) (Gupta 2001).
These are each briefly described below.

A general expression for determining evaporation via
the water balance method is (Patra 2001):

E = (P + I +Igf) — (ng + ng) + AS (2)

where E is in units of depth per unit time, P is the rate of
precipitation over the lake surface, I is the surface inflow
per unit area, I, is the ground water inflow per unit area,
Oy is the surface water outflow per unit area, O, is the
ground water outflow per unit area, and AS is the rate of
change in storage per unit area. All the terms on the right-
hand-side require on-site instrumentation to quantify.
Furthermore, measurement of groundwater inflow/outflow
is difficult and can result in significant uncertainties in E as
obtained from Eq. (2) (Linsley et al. 1982).

An energy balance can be applied either at the lake
surface, or for the entire lake water mass. The surface
energy balance method (Henderson-Sellers 1986) is com-
monly expressed as (Brutsaert 1982):

e R,—H-G 3)

phy

where R, is the specific flux of net incoming radiation, H is
the specific flux of sensible heat into the atmosphere, and G
is the specific flux of heat transferred into the lake all of
which must be measured on site. The constant A, is the
latent heat of vaporization of water, and p is the density of
water. This method has many measurement uncertainties,
particularly with regard to G.

A full lake water heat balance is similar except that the
net heat flux from the lake surface into the water body is
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quantified in terms of a rate of change of heat content (Q7)
in the water (Stannard and Rosenberry 1991; Gianniou. and
Antonopoulos 2007). That is:

1 dQr
E—pTW(Rn—H—T). (4)

The thermal content of the water can be quantified by
measuring the temperature profile in the lake using, for
example, a vertical line of thermistors (Momii and Ito
2008; Verburg and Antenucci 2010).

The eddy co-variance method measures the vertical
turbulent flux of water vapor at some distance above the
lake. The measurement assumes that there is negligible
horizontal gradient in the horizontal moisture flux below
the probe. It may also be necessary to account for density
effects (Webb et al. 1980), which would require additional
meteorological data. This method effectively provides a
point measurement of evaporation.

Recently, scintillometers have been used to measure the
evaporation rate over lakes (McJannet et al. 2011, 2013a;
MclJannet. et al. 2013b; McGloin et al. 2014). A scintil-
lometer measures the change in refractive index of air
integrated over the length of a light or radio beam above
the lake surface. This information, combined with meteo-
rological data and a similarity model for the turbulent
fluctuations of temperature and humidity, allows for cal-
culation of the lake evaporation rate. The method is a line
measurement across the lake, and, in a sense, falls between
methods that obtain a single value for the entire lake, such
as the energy balance methods, and point measurements,
such as the eddy-flux method. As such, the method
accounts for some of the spatial variability in lake condi-
tions that have been observed in prior studies (Stannard and
Rosenberry 1991).

Lake evaporation can also be measured using a mass
transfer method, the approach used herein. In this method,
evaporation is parameterized in terms of a mass transfer
coefficient hp,. Specifically, the evaporation rate is quan-
tified as:

E=""(g g 5)
p

where g; is the saturated specific humidity of water vapor
at the temperature of the water surface, T; g, is the specific
humidity of water vapor at the ambient air temperature, 7,
(the saturated specific humidity at 7, multiplied by the
relative humidity, ¢). The mass transfer coefficient Ay, is
typically parameterized in terms of the wind speed i
(Brutsaert 1982; Sartori 2000; Gupta 2001; Penman 1948;
Kohler and Parmele 1967; Adams et al. 1990). Hence,
using Eq. (5) requires measurements of (75, Ty, i, ¢) typi-
cally requiring on-site instrumentation.

There have been multiple studies comparing the various
measurement approaches described above. A study com-
paring eddy co-variance and energy balance measurements
(Assouline and Mahrer 1993) found that the energy balance
method resulted in lower estimates of evaporation than the
eddy co-variance method early in the summer, but the
results were similar later in the summer. They also
observed times in which the evaporation estimates had
opposite sign, with the energy method indicating net con-
densation compared to net evaporation measured from the
eddy co-variance probe. A detailed study comparing scin-
tillometry, pan, and surface energy balance methods was
presented by McJannet et al. (2013a). Taking the scintil-
lometer as their baseline, they found that, over the
18-month period of the study, the raw pan data gave very
similar results to the baseline. However, once appropriate
pan coefficients were used, this method underestimated the
baseline evaporation. The surface energy method (Penman-
Monteith) provided similar evaporation estimates to the
baseline when all model terms were measured locally.
However, the method overestimated the baseline when
some terms were modeled or the weather data was col-
lected over land. Of relevance to the present study is that
discrepancy with the baseline found from using meteoro-
logic data from a local weather station was similar to that
of some model performance that used over-lake meteoro-
logic data.

Applied appropriately, each of the measurement and
estimation techniques described above can be used to
estimate lake evaporation, with each approach having
limitations due to cost, human resource requirements,
temporal resolution, and spatial resolution. The cheapest
approach discussed above, pan evaporation measurements,
can provide reasonable estimates of annual evaporation
(McJannet et al. 2013a). However, they have been shown
to mis-characterize the seasonal variation in evaporation
rate (Rimmer et al. 2009) due to the large difference in
thermal inertia between the pan and the lake. Energy and
mass balance methods suffer from an inability to provide
any spatial resolution, have limited temporal resolution,
and rely critically on the reliability of inflow and outflow
measurements. The eddy-flux covariance method and the
scintillometer methods provide greater temporal resolution,
though at greater instrumentation and human resource
costs, which limit the scale at which they can be used to,
most commonly, a single lake. These approaches also
typically rely on point measurements to characterize the
entire lake. This fails to account for lake surface hetero-
geneity, as observed by Stannard and Rosenberry (1991). A
final drawback of many of the approaches described is the
lack of historical data for many lakes and reservoirs that
could be used to establish long-term trends in evaporation
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rate. The historical record of lake evaporation exists only
for those lakes that have been chosen for study by scien-
tists, or which have been documented by water resource
managers. Historical data for a larger subset of the world’s
lakes would be useful in understanding historical year-to-
year trends and variability in evaporation rates in order to
better quantify the risk of water resource scarcity in the
future.

An ideal method for estimating evaporation would be
one that requires minimal or no instrumentation installa-
tion, provides some degree of spatial resolution over the
lake surface, and can take advantage of historical data to
provide past trends in evaporation. Herein, just such a
method is presented where MODIS data is used to obtain
spatially resolved lake surface temperature 7, and NWS
meteorological stations are used to get (&, Ty, ¢), which are
then used to obtain /A, from which E can be obtained from
Eq. (5). Because MODIS provides spatially resolved T,
spatial variation in FE is obtained. Also, due to archiving of
T, and (&, T,, ¢), evaporation trends extending into the past
are possible. Herein, this approach is applied to the five
major lakes of the Savannah River Basin using MODIS and
NWS data that date back over a decade. Though applied
only to five lakes, extension of the method to a much larger
number of lakes and over a much larger geographical area
requires only the processing of a greater amount of existing
data. The overall goal of the paper is to demonstrate the
feasibility of the approach, as well as to quantify the spatial
and temporal variation in lake evaporation along the
Savannah River basin.

Site description

The Savannah River Basin (SRB) originates in the Blue
Ridge Mountains of Georgia, North Carolina, and South
Carolina. The basin has a total drainage area of 27,400
km?2, of which 11,900 km? are in South Carolina, 15,100
km? are in Georgia, and 453 km? are in North Carolina
(US-EPA, Region 4, SESD 1999). The basin serves as a
major water source for more than 1.5 million people within
Georgia, South Carolina, and North Carolina (U. S. Army
Corps of Engineers 2013), as well as possessing a total
power generating capacity of approximately 10,661 MW
for residential and commercial use (HDR Engineering, Inc.
of the Carolinas 2014).

A significant part of the upper Savannah River is con-
trolled by the United States Army Corps of Engineers
(USACE), which operates three multipurpose reservoirs:
Lakes Hartwell, Russell, and Thurmond. Duke Energy
constructed three additional reservoirs above Lake Hart-
well as part of its Keowee-Toxaway project: Bad Creek

@ Springer

Reservoir (a small pumped storage reservoir located above
Lake Jocassee), Lake Jocassee, and Lake Keowee. Full
pool elevations of Bad Creek, Jocassee, Keowee, Hartwell,
Russell, and Thurmond are 704, 338, 244, 201, 145, and
101 m, respectively. A map of the basin and its main
reservoirs is presented in Fig. 1. The volume of Bad Creek
Reservoir and a few other small lakes are negligible,
compared to the remaining five lakes in the SRB, and only
those five lakes are considered in the remainder of this
work. Geometric data for these five lakes are presented in
Table 1.

Methods

The following is a description of the mass transfer methods
used herein, as well as how pan evaporation data was
collected to compare the mass transfer method results.

Mass transfer models

Three parameterizations for h, were selected for use in
applying Eq. (5) to obtain evaporation measurements.
These three were chosen after organizing the numerous
parameterizations into three general approaches: the tur-
bulent boundary layer (TBL) approach, the general aero-
dynamic (AERO) approach, and the heat transfer (HT)

0 3 60 120 Kilometers

T T Y Y |

Fig. 1 Map of the Savannah River Basin, including major lakes, and
nearby regional airport weather stations. North Carolina, South
Carolina, and Georgia counties are represented as dark grey, white,
and light grey, respectively. Data courtesy of the South Carolina
Department of Natural Resources (SCDNR) and the United States
Bureau of the Census (color figure online)
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Table 1 Geometric information on the five major lakes in the Savannah River Basin

Lake Surface area™ (km?) Mean depth® (m) Max depth® (m) Shoreline length® (km) Volume®® (Mm®)
Jocassee 30.6 48.1 994 121.0 1489
Keowee 75.0 16.0 90.5 482.8 1072
Hartwell 226.6 14.0 53.6 1548.2 3132
Russell 107.8 12.1 44.8 869.0 1262
Thurmond 283.3 11.3 43.3 1931.2 3072

4 Calculated at full pool elevation

° Data supplied by South Carolina Department of Health and Environmental Control (SCDHEC)

¢ Data supplied by USACE

approach. All three are relationships for &, as a function of
wind speed. The TBL approach uses a parameterization for
momentum transfer for a turbulent boundary layer, which
is modified so that it can be applied to mass transfer. The
AERO approach is a simplified version of the TBL method
in which the mass transfer coefficient is a constant multi-
plied by the wind speed. Finally, the HT approach uses a
parameterization for the heat transfer coefficient of a tur-
bulent flat plate boundary layer, after which a heat-mass
transfer analogy is used to develop a parameterization for
hp. One parameterization from each group was selected for
investigation here, each of which has been used in past
evaporation studies (Brutsaert 1975, 1982; Sartori 2000;
Gupta 2001; McMillan 1971; Sweers 1976; Ham 1999;
Penman 1948; Dalton 1802). These three parameterizations
are:

hn = p,iaCY/%/(13.65¢*% —13.5+ C;'*) TBL,  (6a)
hm = p,uC. AERO, (6b)
hym = P,C1(0.025 + 0.036C,i2) /(0.622h,,) HT. (6¢)

Here, p,, is the density of air, & is the mean wind speed, Cq4
is the drag coefficient in the ambient air (and is a function
of wind speed), C, is the water vapor transfer coefficient,
P, is the atmospheric pressure, C; and C, are wind speed
constants, A, is the latent heat of vaporization of water, and
Sc is the Schmidt number for water vapor in air:

where v is the kinematic viscosity of air, and D is the
diffusion coefficient of water vapor in air. The main
difference in each of these three approaches is the role of
wind speed. For the TBL method, %, is non-linear in
wind speed, due to the wind speed dependence of Cy,
while for the AERO method, Ay, is linear in wind speed,
and for the HT method, A, is linear in wind speed with a
constant zero offset. The terms TBL, AERO, and HT will

be used hereinafter to refer to Egs. (6a), (6b) and (6c),
respectively.

Use of Eqgs. (6a)—(6¢c) to estimate evaporation from a
lake surface requires wind speed measurements taken at the
same level as the remaining variables. Wind speed
adjustments were made using power and logarithmic wind
profiles typically associated with each of the aforemen-
tioned mass transfer equations (Brutsaert 1975, 1982;
Sartori 2000; Gupta 2001; McMillan 1971; Sweers 1976).

To obtain evaporation using Eq. (5), measurements of
(Ts, Ta, ¢, ) are needed, and the means for doing this are
now described.

(Ta, §, )

The parameters T,, ¢, and & were all obtained from the
Automated Surface Observing System (ASOS) (Nadolski
1998), which provides hourly values of (7,, ¢, and &) from
measurements taken at regional airports. Three regional
airports within the SRB were selected to obtain (7,, ¢, and
ir): Oconee Country Regional Airport (ICAO:KCEU);
Anderson Regional Airport ICAO:KAND); and Augusta
Regional Airport (ICAO:KAGS). The locations of these
airports are presented in Fig. 1. Proximity to the lake was
used to determine which ASOS station to use for each lake.
Hence, KCEU was used for Lakes Jocassee and Keowee,
KAND was used for Lakes Hartwell and Russell, and
KAGS was used for Lake Thurmond.

Satellite measurements of 7

Water surface temperature 7y was obtained from the
MODIS sensor on NASA’s Terra and Aqua satellites. Daily
MODIS land surface temperature (LST) level 3, 1-km
nominal resolution data for Terra (MOD11A1, version 5)
and Aqua (MYDI11ALl, version 5) were obtained from the
NASA Earth Observing System Data and Information
System (EOSDIS) from July 2002 to December 2012. The
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Table 2 RMS error and bias
from studies of lake-based and

MODIS measurements of lake
surface temperatures

Study RMS error (K) Bias (K) Study location
Crosman and Horel (2009) 1.6 Great Salt Lake, UT, USA
Grim et al. (2013) 0.66 0.01 Great Salt Lake, UT, USA
Liu et al. (2015) 1.2-1.8 Lake Tahiu, China
Oesch et al. (2005) 1.25 —0.23 Lake Constance, Switzerland
Reinart and Reinhold (2008) 04 0.41 Lakes Vénern and Vittern,

Sweden

Xiao et al. (2013) 1.46 Qinghai Lake, China

MODI11A1l and MYDI11A1 LST products are generated
from MODIS bands 31 (11 pm) and 32 (12 um)(Wan
1999). The MODIS LST data is pre-processed to account
for atmospheric and surface emissivity effects. Also, a
cloud mask is incorporated for inland water estimates,
providing a surface temperature measurement when there
is a 66 % or greater confidence of clear-sky conditions
(Wan 1999; Crosman and Horel 2009), otherwise no tem-
perature is reported. It is noted that despite the name (Land
Surface Temperature), the LST product is able to provide
water surface temperature. Additionally, the LST from the
Aqua and Terra platforms can be intercompared without
correction (Wan et al. 2002, 2004; Wan 2008). Landsat
7-ETM imagery was used to develop a shoreline mask,
which was used to exclude any MODIS LST pixels-con-
taining land. The number of land-free pixels were 6, 1, 12,
3, and 19 for lakes Jocassee, Keowee, Hartwell, Russell,
and Thurmond, respectively.

On-site measurements of T, were not available for the
lakes studied in this work, and so validation of the MODIS
data used herein was not possible for the lakes studied.
However, validation studies of MODIS 7T, measurements of
lake surfaces have been performed by several authors, as
summarized in Table 2 which shows the RMS and bias
errors between the MODIS measurement and in situ mea-
surement for the lake studied, suggesting the reliability of
this approach. The significance of these bias and RMS
errors on the resulting evaporation measurements is further
discussed in the final section of this paper. It is also noted
that Schneider and Hook (2010) used ground validated
satellite data from the Great Lakes to study lake surface
temperature changes on a large number of uninstrumented
lakes, an approach that is, effectively, identical to that used
here.

Cloud contamination and miscellaneous satellite mal-
functions resulted in gaps in 75 measurements. To illustrate
this, the number of measurements obtained from Aqua and
Terra are presented in Fig. 2 for Lake Hartwell for each of
the 11 years analyzed in this work. Given a maximum of
four satellite measurements per day for the Aqua/Terra
combination, the overall data acquisition percentage was
54, 44, 61, 57, 66 %, for Lakes Jocassee, Keowee,
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Fig. 2 Available surface temperature measurements for Lake
Hartwell. Note that a maximum of 365 possible measurements are
attainable for each of the Aqua and Terra day or night overpasses

Hartwell, Russell, and Thurmond, respectively. The rela-
tively low data acquisition percentages present difficulty in
developing a continuous daily evaporation time series to
compare with pan measurements. To address this, a Fourier
method was used to fill in the missing surface temperature
measurements. Fourier analysis typically requires equally
spaced data that was not available here, and so the Har-
monic ANalysis of Time Series (HANTS) algorithm was
used, which is often employed in the reconstruction of
surface temperature data sets having such issues (Julien
et al. 2006; Xu et al. 2013). The algorithm is a hybrid of a
Fourier transform and a least squares curve fit.

The HANTS algorithm is controlled by five main
parameters: (1) Number of frequencies (NOF), which
describes how many terms to keep of the Fourier fit; (2) Hi/
Lo/None suppression flag, which indicates whether high or
low values, outliers, should be rejected during the curve
fitting procedure; (3) Invalid data threshold range, which
gives the range of valid data values; (4) Fit error tolerance
(FET), which expresses the absolute difference in data
values from the curve fit and the original data; and (5)
Degree of overdeterminedness (DOD), which designates
the minimum number of original data points for which the
curve fit can be completed. NOF, FET, and DOD were the
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most important parameters to estimate for controlling the
output of the HANTS algorithm. The remaining parameters
were relatively easy to determine. For this research, the
suppression flag was set to none, while the invalid data
threshold range was set to 0—100. This indicated that no
outliers would be rejected during the curve fit between the
range of 0-100 °C, which corresponds to the valid data
range of the MODIS LST data.

A parametric study was conducted to estimate appropriate
values for NOF, FET, and DOD. During this study, the
HANTS algorithm was performed with variations of NOF,
FET, and DOD for each of the MODIS LST data sets. Coef-
ficients of determination were calculated using the HANTS
and MODIS derived LST values to ensure an accurate fit.
Visual inspection of each HANTS derived LST time series
was also conducted. After performing the study and analyzing
the HANTS derived LST data sets, appropriate values for
NOF, FET, and DOD were selected. The parameter values
selected for this work remained constant and did not vary by
lake. NOF values selected for the HANTS Algorithm were
225,200, 225, and 175 for Aqua day, Aqua night, Terra day,
and Terra night satellite data sets, respectively. FET and DOD
values selected for the HANTS algorithm were 5 and 6,
respectively, for each satellite overpass. The calculated
coefficient of determination for each lake MODIS LST data
set is presented in Table 3. The average coefficient of deter-
mination between the reconstructed time series and the data
was 0.94. A sample HANTS time series is plotted in Fig. 3
along with the original MODIS LST data for Lake Hartwell’s
Aqua daytime overpass.

The Terra and Aqua satellites have a sun-synchronous,
near-polar, circular orbit, with a revisit time of approxi-
mately 12 h and a 1-km nominal spatial resolution (0.928
km actual at Nadir). The Terra satellite has a local equatorial
crossing time of approximately 10:30 A.M. and 10:30 P.M.
in a descending and ascending mode, respectively, while the
Aqua satellite has a local equatorial crossing time of
approximately 1:30 A.M. and 1:30 P.M. in a descending and
ascending mode, respectively. The above overpass times are
nominal, and fluctuations do exist. Overpass times for Terra
and Aqua are presented in Fig. 4 over Lake Hartwell for the
entire period of the present study.

Table 3 Coefficients of determination for HANTS algorithm fit of
MODIS LST data

Lake Aqua day  Aqua night  Terra day  Terra night
Jocassee 0.94 0.92 0.93 0.92
Keowee 0.93 0.95 0.94 0.92
Hartwell 0.95 0.94 0.95 0.94
Russell 0.94 0.94 0.94 0.94
Thurmond  0.95 0.93 0.94 0.94
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Fig. 4 Data acquisition times for 7y measurements obtained from
Terra and Aqua satellites over Lake Hartwell. Values for the spatially
averaged T are indicated by color. Temperatures in color palette are
in °C (color figure online)

The value of T is also presented for each overpass,
indicated in color. Since the max-min variation in overpass
times was about two hours, and since measurements of
(T,, ¢, i) are reported by ASOS on only an hourly basis,
the nominal overpass times of 11 A.M., 1 P.M., 10 P.M,,
and 2 A.M. were used for Ty measurements. Hence,
evaporation measurements using the mass transfer method
were obtained using T values from the spatially averaged
LST data and the corresponding hourly T,, ¢, and & mea-
surements from the ASOS station closest to the corre-
sponding lake. The evaporation rates obtained by the TBL,
AERO, and HT methods were computed by scaling the
hourly net evaporative flux by the water density calculated
at T so that all methods report evaporation in units of
length per unit time. Finally, the four hourly evaporation
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rates obtained from each method were averaged to give a
daily estimate of reservoir evaporation.

There was some amount of missing ASOS data. How-
ever, no steps were taken to fill in values for (7, ¢, i).
Instead, the resulting gap in the evaporation rate time traces
was filled using an elliptical interpolation function,
allowing for a continuous daily evaporation rate time series
for each lake from July 2002 to December 2012.

Pan measurements

Pan evaporation measurements were compiled to compare
with the results of the mass transfer method described
above. Measured pan evaporation values must be multi-
plied by a calculated pan coefficient, Kp, to appropriately
estimate lake evaporation via the pan method [see Eq. (1)].
Pan coefficients for registered Class A pan evaporation
observations have been developed by government agen-
cies, researchers, and engineers. While it is understood that
a pan coefficient of 0.70 is a good overall standard estimate
(Finch and Calver 2008; Farnsworth et al. 1982; Boyd
1985), it has been found that pan coefficients can experi-
ence strong monthly variations (Finch and Calver 2008;
Farnsworth et al. 1982; Boyd 1985). Consequently, a set of
monthly pan coefficients was developed for use with the
pan method. Furthermore, due to geographical and geo-
metric differences between each or the major SRB lakes, it
was assumed that each lake would need its own set of
unique monthly pan coefficients. This approach is consis-
tent with current modeling practice by the USACE along
the SRB.

Several sets of pan evaporation measurements are
available throughout the Savannah River Basin. However,
pan data from the Class A pan located in Clemson, SC is
the only available data set with measurements dating back
to the development of the FWS grids (1956-1970), as well
as covering the period of record for this study. As a result,
these daily pan evaporation data measured in Clemson, SC
were used. These were obtained from National Oceanic and
Atmospheric Administration (NOAA)’s National Climatic
Data Center (NCDC).

A monthly pan coefficient was developed for each of the
lakes within the basin through the use of the FWS evapo-
ration estimates from NOAA'’s digitized evaporation maps
(Farnsworth et al. 1982) and the pan measurements
obtained from the Clemson Class A pan. Monthly averages
of daily FWS evaporation for each lake were calculated
from the NOAA map (FWSgiq(month)). These were
combined with monthly averages of the daily evaporation
rate measured by the Clemson, SC pan (Ep,,(month)),
using the same period of record to calculate monthly pan
coefficients for each lake using the equation:
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FWS,iq(month)

K th) =
p(month) Epan (month)

(8)
Application of Eq. (8) gave a set of monthly pan coeffi-
cients to describe evaporation from each of the major SRB
lakes using Clemson Class A pan observations. The
monthly pan coefficients are presented in Fig. 5a. The
corresponding daily pan evaporation rate is calculated by
multiplying the evaporation rate measured by the pan on a
particular day (Ep,,(day)) by the appropriate monthly pan
coefficient. That is,

Evaporation(day) = Kp(month)Evaporation,, (day).

pan(
©)

The daily pan data was converted into lake evaporation
rates for each lake using Eq. (9) and the coefficients shown
in Fig. 5a. Hereinafter, when referring to pan measure-
ments, it is the left-hand side of Eq. (9) that is being
referred to.

The monthly average of the daily evaporation rates for
each SRB lake corresponding to the Clemson Class A pan
Period of Record (POR) are shown in Fig. 5b. Figure 5a
shows a large seasonal variation in K. However, the
overall average lake evaporation from each of the major
SRB lakes were approximately equal with little variation in
magnitude, which is a major downfall of using Class A pan
measurements to estimate lake evaporation. Since the pan
does not take into account the thermal behavior of the lake,
regional variations of lake evaporation are harder to
identify.

A daily evaporation rate time series was developed for
each of the major SRB lakes using the monthly derived pan
coefficients and the Clemson pan data. Some gaps occurred
in the daily lake evaporation estimates, due to missing
observations in the Clemson Class A pan, and these were
filled using a linear interpolation function.

Results

Results are presented for the temporal variation in evapo-
ration on both annual and monthly time scales and for the
spatial variation in evaporation across the lake surface.

Yearly evaporation rates

Continuous daily time series of evaporation for each of the
five major lakes in the SRB were calculated using the three
mass transfer methods described in the previous section,
and compared to pan evaporation measurements. Daily pan
evaporation was calculated using daily data from the
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Clemson pan and the monthly pan coefficients shown in
Fig. 5a. The ASOS and MODIS data were used to calculate
the daily TBL, AERO, and HT [Egs. (6a)-(6¢)] evapora-
tion totals. All four daily time series spanned the same
POR, namely July 2002 to December 2012. The daily time
series were used to calculate the annual total evaporation
for each lake and each method. These are plotted in Fig. 6
and show a broadly similar annual variation in evaporation
for each of the four evaporation data sets across all five
lakes. With the exception of Lake Thurmond, the pan
evaporation data shows the same qualitative year-to-year
trends, as do the mass transfer data sets. The pan data does,
however, exhibit less year-to-year variability than the mass
transfer data. The coefficient of variation (COV) for the
pan data was approximately 0.07 for each lake, while the
COV for the mass transfer methods ranged from 0.2 to
0.22. Averaged over the period of record, the annual total
pan evaporation falls within the range of values seen in the
mass transfer data except for Lakes Jocassee and Thur-
mond. This is shown in Fig. 7.

The yearly percentage difference between the mass
transfer methods (TBL, AERO, and HT) and the pan data
was calculated and averaged, for each lake. The data is
summarized in Table 4, along with the average for each
lake and each method. In general the pan measurement
showed higher levels of evaporation than the mass transfer
methods; ten of the 15 average percent differences were
negative. However, this data is slightly skewed by the
AERO method, which gave lower evaporation totals than
the pan for all five lakes.

The average percentage difference of all the methods
ranged from 416 % for Lake Keowee to —31 % for Lake
Thurmond. On average, the mass transfer methods reported

lower annual average evaporation compared to the pan
data. The only exception to this was Lake Keowee, for
which the mass transfer methods predicted 16 % higher
annual average evaporation. The satellite measurements of
surface temperature for Lake Keowee were noticeably
higher than for the other lakes, despite being at a slightly
higher elevation than all but one of the lakes measured.
This is likely, because the only MODIS pixel that was pure
lake water was located north of the Oconee Nuclear Sta-
tion, as can be seen in Fig. 8.

Water resources managers seeking to use the approach
presented herein, but wanting to have results that provide
similar yearly average totals to historical pan measure-
ments, should use the historical MODIS and ASOS data to
establish which mass transfer method best matches their
pan data. For the SRB, this would be either the TBL or HT
methods (see Table 4). Given the absence of absolute
ground truth and the known issues with pan measurements,
such a comparison should not be taken to indicate which
mass transfer method is the best in an absolute sense.

Monthly evaporation rates

One goal of this study was to investigate the seasonal
variation in lake evaporation in the SRB using two dif-
ferent methods for measuring evaporation. The four daily
time series (three for the mass transfer method and one for
the pan measurements) were used to calculate four monthly
averaged evaporation totals for each lake; these are pre-
sented in Fig. 9. The data clearly show a significantly
different seasonal behavior between the pan data and the
mass transfer methods. For all five lakes, the pan data
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shows a peak in early to mid summer, while the mass  peaks in evaporation, one in the spring and one in the fall.
transfer methods show a range of seasonal behaviors, none  The exception is Hartwell, which exhibits a single peak in
having a peak in the summer. Most of the lakes show two  the fall.
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Fig. 7 Long-term yearly average lake evaporation

Table 4 Average percentage difference in annual evaporation from
the pan data for each of the three mass transfer methods

TBL (%) AERO (%) HT (%) Mean (%)
Jocassee —14 -39 —19 —24
Keowee 32 -7.8 24 16
Hartwell 11 —23 0.3 -39
Russell 5.0 —-26 —6.7 -94
Thurmond —21 —45 —26 —31
Mean 2.5 —28 5.8

Spatial variability in lake surface evaporation

One benefit of the method described in this paper is that, for
large enough lakes, the MODIS data can be used to obtain
spatially resolved measurements of E for a lake. This can be
used to investigate spatial variations in evaporation, and of
course, the measurements can be averaged to provide the
surface averaged value of E. Spatial variations in T, obtained
from MODIS can be significant, as shown in Fig. 10, which
shows the mean lake to ambient air temperature difference
plotted against the standard deviation in the spatial distri-
bution of temperature over the surface of Lake Hartwell.
Plots are shown for each satellite overpass time, and show
that there are regularly spatial variations in lake surface
temperature of up to 2K. For the period of record, over one-
fifth of the satellite overpasses recorded a spatial standard
deviation (o) in lake surface temperature that is greater
than 50 % of the mean lake to ambient temperature differ-
ence (07T), indicating that there will be significant spatial
variation in 75, which will lead to similar spatial variations in
E. The spatial variation in surface temperature on each lake
in the SRB is illustrated in Fig. 8.

The magnitude of the spatial variation in evaporation is
significant. Figure 11 shows histograms of the spatial COV
of evaporation on Lake Hartwell calculated using the
AERO method [Eq. (6b)]. Histograms are shown for each
overpass time. The greatest spatial variation is observed
during the night time overpasses; in particular, the early
morning AQUA overpass. The average Lake Hartwell
spatial COV for each overpass time and each mass transfer
method [Eqgs. (6a)—(6c)] are shown in Table 5. In all cases,
the COV is lower for the daytime overpasses, though for all
overpasses, the average COV is greater than 0.3. This
indicates substantial spatial variation and suggests that
point measurements of evaporation using, for example, an
eddy covariance probe, could result in errors in lake
evaporation measurements.

An area average is required to calculate the lake evap-
oration. Either the lake surface temperature can be aver-
aged and then Eqgs. (5) and (6a)-(6¢) used, or the
evaporation rate for each location can be calculated and
then averaged. As the evaporation rate is only a weakly
non-linear function of the temperature difference the
averaging order makes little difference. This is illustrated
in Fig. 12, which shows scatter plots of the spatially
averaged lake evaporation rate, E(X), versus the lake
evaporation rate calculated using the spatially averaged
surface temperature, E(7), for two mass transfer methods
applied to Lake Hartwell.

Discussion and conclusions

Three mass transfer methods were used for estimating lake
evaporation along the SRB using remotely sensed lake
surface temperature measurements. Daily, monthly, and
yearly evaporation from the major lakes in the SRB were
then obtained. Mass transfer based evaporation rates were
compared with pan evaporation rates. In general, the yearly
evaporation rates calculated using the mass transfer meth-
ods were lower than the pan measurements.

The percent difference between the mass transfer
methods and the pan data averaged over the POR ranged
from +16 to —31 %. However, for a specific year, they
ranged from 51 % (2006 TBL on Lake Keowee) to —55 %
(2004, AERO on lake Thurmond). These numbers are
similar in magnitude to previous studies that compared pan
data to other methods. For example, McJannet et al.
(2013a) found that the percent difference between their pan
data and a number of other measurements (eddy co-vari-
ance, scintillometer, and Penman) ranged from 25 to 61 %,
with the pan measurements being lower than those for all
the other methods. It should, however, be noted that the
period of record for McJannet et al. (2013a) was 18 months
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Fig. 8 Map of the Savannah
River Basin, showing sample
pixel temperatures for each of
the major lakes. The figure is
based on the MODIS sensor
from the AQUA daytime
overflight for 5 May 2005 (color
figure online)
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compared to 10 years for the present study; combined
together, the statistical significance of these observations is
increased.

From the daily lake evaporation rates, long-term
monthly average evaporation rates were developed and
presented. Mass transfer methods showed similar trends,
although different magnitudes. The seasonal trend of the
mass transfer methods each differed significantly from the
pan trend. The mass transfer data generally produced lower
rates of lake evaporation during the summer and higher
rates of fall and winter evaporation, when compared to the
pan data. This is likely due to the air temperature and
humidity dropping more rapidly in the fall than the lake
temperature. As the lake cools in the fall, there is signifi-
cant sensible and latent heat release into the atmosphere
prior to lake overturning.

The measured peak evaporation rate in the fall is con-
sistent with the long-term evaporation rate from Lake
Kinneret in Israel (Rimmer et al. 2009), which has very
similar average daily temperatures to the SRB throughout
the year, though Lake Kinneret is located in a dryer climate
compared to the SRB. Lake Kinnert is also similar in scale
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to lake Hartwell; its volume is 33 % larger than Hartwell,
the largest lake on the SRB. However, the lake is much less
sinuous and has a surface area that is 27 % smaller than
Lake Hartwell, such that the average depth of Kinneret is
60 % greater than Hartwell’s. The maximum depth in
Hartwell is 16 % greater than Kinneret.

The method proposed has many significant advantages
over current approaches to measuring lake evaporation rate.
Firstly, the approach requires no additional instrumentation,
provided there is a near-by meteorological station from
which to get wind speed, air temperature, and humidity. If
this meteorological station is part of the ASOS system, then
all of the required data can be downloaded from online data
repositories; (i, T,, ¢) from ASOS and T from EOSDIS. As
such, evaporation estimates can be made using a computer
with an internet connection. This is particularly important for
larger multi-use lakes, such as many of those on the SRB.
Secondly, the lake surface temperature measurements used
are averages of multiple measurements over the lake surface,
rather than being single point measurements. This is a
potentially significant improvement, as analysis of the spa-
tial variability of lake surface temperatures over SRB lakes
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showed that the standard deviation in spatial temperature
was typically 20-30 % of the lake surface-to-air temperature
difference. The number of MODIS pixels used to obtain 7 in

the present study was admittedly small (and for Lake Keo-
wee, only one land-free pixel was available). However, there
are obviously many lakes of much larger extent for which
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Fig. 10 Scatter plot of the temperature difference between the
ambient and lake spatially averaged surface temperature (67T) versus
the spatial standard deviation in the lake surface temperature (o) for
each satellite overpass time for lake Hartwell
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Fig. 11 Histograms for each overpass time of the coefficient of
variation in the spatial distribution of lake surface evaporation for
Lake Hartwell using the AERO method (all COV values greater than
one are shown as a single bar at COV = 1)

Table 5 Average evaporation spatial coefficient of variation for Lake
Hartwell

AQUA night TERRA day AQUA day TERRA night
AERO  0.50 0.31 0.33 0.40
TBL  0.50 0.31 0.35 0.41
HT 0.59 0.31 0.39 0.56
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Fig. 12 Scatter plot of the spatially averaged lake evaporation rate,
E(X), versus the lake evaporation rate calculated using the spatially
averaged surface temperature, E(7) for the AERO method (left) and
TBL method (right). The solid line represents exact agreement

this method would provide an even greater advantage over
current single point approaches to evaporation measurement.

The present study used the MODIS sensors on the
AQUA and TERRA satellites, though other satellite-based
measurements are available. Table 6 presents a list of
current satellite-based sensors. All the satellites listed make
two measurements per day, and, with the exception of the
Suomi NPP satellite, have a spatial resolution of approxi-
mately 1 km. Improved spatial resolution could be gained
through the use of the Suomi NPP measurements (0.75 km
resolution), though this gain is offset by significantly
reduced thermal resolution and a much shorter period of
record. A detailed land-based study would be required to
establish the minimum spatial resolution required to fully
quantify the spatial variability of lake surface evaporation.
An additional benefit of using a higher spatial resolution
would be an increase in the number of water-only pixels
available for each lake. This is particularly true for smaller
lakes, or long narrow lakes with multiple small inlets, such
as those on the SRB (see Fig. 8).

The method described herein enables long-term studies
of lake evaporation to be conducted, as the repository of
lake surface temperatures from the MODIS sensors dates
back to June 2002. Further, given the global coverage of the
Terra and Aqua satellites, the method described could be
used to do basin, regional, and ultimately global scale
analysis of historical evaporation trends that could be used
as part of a water availability risk analysis. Of especial use
to limnologists, this method could be used to develop
statistics of evaporation over numerous lakes. Water
resources managers can also use this approach for shorter
evaporation calculations. Because the method described
results in a physically realistic seasonal trend in
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Table 6 Available satellite-based surface temperature measurements

Satellite Sensor Spatial resolution (km) Temporal resolution (h) Thermal resolution (K) Period of record
AQUA MODIS 1 12 1 1999-present
TERRA MODIS 1 12 1 2002-present
Suomi NPP VIIRS 0.75 12 2.4 2011-present
NOAA AVHRR 1.1 12 1.6-2.3 1978-present

evaporation, it could be used for short-term water avail-
ability calculations during droughts. This method, therefore,
is of important utility to both limnological scientists and
water resource managers.

One drawback of this work is that ground truth mea-
surements for lake surface temperature were not available for
the present study. However, there are numerous published
studies that have compared MODIS measurements of lake
surface temperatures with on-lake measurements. These
studies report both the RMS error between the land and
satellite measurements, as well as the bias. The results of
these studies are summarized in Table 2 and show that the
average RMS error reported is 1.2K with an average bias of
0.1-0.2K. The bias values reported are very small compared
to typical air-to-lake surface temperature differences, and, as
such, will only introduce significant error in the evaporation
measurement on days with very small temperature differ-
ences, and, therefore, low evaporation rates. Moreover, low
evaporation days, while common, do not contribute signifi-
cantly to long-term evaporation totals. This is illustrated in
Fig. 13, which shows a normalized histogram of the daily
evaporation totals, calculated for Lake Hartwell using the
AERO method, with the cumulative distribution function for
the total evaporation over the period of record. While half the
days over the period of record had less than 2 mm of daily
evaporation, they only contributed about one-quarter of the
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Fig. 13 Normalized histogram of the distribution of daily evapora-
tion totals (based on the entire period of record) for Lake Hartwell
using the AERO method (bars) and the cumulative distribution
function for the total evaporation over the period of record

total evaporation. As such, any small bias error will not
significantly influence evaporation totals over longer periods
of, say, a month or greater.

The RMS errors reported in the literature are signifi-
cantly larger than the bias errors and may, therefore, have a
greater impact on individual evaporation measurements.
However, as the evaporation rate is only a weakly non-
linear function of the lake surface to ambient air temper-
ature difference (see Fig. 12), random errors in individual
measurements will average out to only a small systematic
error over time. A standard error analysis was conducted
for the mass transfer models that incorporated the mea-
surement uncertainty in wind speed, air temperature, rela-
tive humidity, and MODIS RMS error. This estimated
uncertainty for an individual measurement was 71 %.
Averaged over the approximately 1200 measurements for
each month over the 10-year period of record results in an
uncertainty in the monthly average of approximately 2 %.
This error analysis will likely overestimate the uncertainty,
as the percentage uncertainty will be lower on high evap-
oration rate days, which contribute the most to monthly and
yearly evaporation totals (see Fig. 13).

As noted earlier, the pixel size is nominally 1 km on a
side. As a result, a statistical analysis of lakes would nec-
essarily exclude any lakes smaller than this size. This
would also rule out larger lakes that are highly sinuous.
The method also requires that there is a meteorological
station close to the lake. This is usually the case in densely
populated areas, though more remote lakes may not meet
this criteria. The use of meteorological station data that is
not on the lake or on the lake shore also introduces some
error into the calculations. This error is difficult to quantify.
However, as a reference point, McJannet et al. (2013a)
found that using data from a weather station data located
3.4 km from the test lake led to an evaporation estimate
that was 14 % larger than that based on shoreline mea-
surements, but only 8 % larger than that based on over-
water measurements. Finally, the method presented here
used a range of coefficients and parameters that are typical
of those reported in the literature. As such, they are generic
values as opposed to site specific. Many of these parame-
ters vary considerably in the literature, and, as such, the
method would benefit from lake specific calibrated
parameter sets.
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Future research would enable further development of
this method. For example, the application of the method
described to a more instrumented lake could be used to
investigate the impact of using remote data on the
resulting evaporation measurements. Measuring the
meteorological conditions on the lake shore or lake
surface could be used to quantify the potential error
associated with using remote weather station data.
Likewise, local measurement of lake surface temperature
could be used to assess the quality of the MODIS data.
These measurements could also be used to validate the
use of the HANTS algorithm for filling in missing
MODIS data. Comparison with on-lake measurements of
evaporation using, for example, an eddy co-variance
probe or scintillometer would also better parameterize
the remotely sensed evaporation measurements against
more direct local measurements. In fact, given the
availability of historical data going back to June 2002,
this approach could be compared with previously pub-
lished evaporation studies.
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