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a b s t r a c t

Despite potential evaporation rates in excess of the local precipitation, dry climates often support saline
lakes through groundwater inputs of water and associated solutes. These groundwater-fed lakes are
important indicators of environmental change, in part because their shallow water levels and salinity
are very sensitive to weather and climatic variability. Some of this sensitivity arises from high rates of
open-water evaporation, which is a dominant but poorly quantified process for saline lakes. This study
used the Bowen ratio energy budget method to calculate open-water evaporation rates for Alkali Lake,
a saline lake in the Nebraska Sandhills region (central United States), where numerous groundwater-
fed lakes occupy the landscape. Evaporation rates were measured during the warm season (May –
October) over three consecutive years (2007–2009) to gain insights into the climatic and limnological fac-
tors driving evaporation, as well as the partitioning of energy balance components at seasonal and inter-
annual time scales. Results show a seasonal peak in evaporation rate in late June of 7.0 mm day�1 (on
average), with a maximum daily rate of 10.5 mm day�1 and a 3-year mean July-September (JAS) rate
of 5.1 mm day�1, which greatly exceeds the long-term JAS precipitation rate of 1.3 mm day�1. Seasonal
variability in lake evaporation closely follows that of net radiation and lake surface temperature, with
sensible heat flux and heat storage variations being relatively small, except in response to short-term,
synoptic events. Interannual changes in the surface energy balance were weak, by comparison, although
a 6-fold increase in mean lake level over the three years (0.05–0.30 m) led to greater heat storage within
the lake, an enhanced JAS lake-air temperature gradient, and greater sensible heat loss. These large vari-
ations in water level were also associated with large changes in absolute salinity (from 28 to 118 g kg�1),
with periods of high salinity characterized by reductions in mass transfer estimates of evaporation rate
by up to 20%, depending on atmospheric conditions and absolute salinity. Energy balance estimates of
evaporation, on the other hand, were found to be less sensitive to variations in salinity. These results pro-
vide regional insights for lakes in the Nebraska Sandhills region and implications for estimation of the
energy and water balance of saline lakes in similar arid and semi-arid landscapes.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Saline, groundwater-fed lakes are important indicators of envi-
ronmental change, in part because their size, water level, and salin-
ity are very sensitive to weather and climate (Williams, 2002). In
particular, open-water evaporation is typically a dominant compo-
nent of the water budget for saline lakes, often greatly exceeding
the average precipitation rate of the surrounding region (Winter,

1990, Winter et al., 2001). With little or no surface water outlet,
saline lakes can also undergo disproportionately large changes in
areal extent in response to small changes in precipitation, runoff,
or evaporation (Micklin, 1992; Sahagian, 2000; Steenburgh et al.,
2000). Langbein (1961) first hypothesized that the long-term bal-
ance of the salinity in a saline lake was mediated by its water level,
which in turn was mediated by the long-term balance between
water input and discharge by evaporation and often involved Aeo-
lian salt dust removal (e.g., Zlotnik et al., 2012). Long-term moni-
toring of saline lakes is therefore crucial to determine seasonal
patterns and to establish the relation among water levels, salinity,
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and evaporation rates. However, these intricate dynamics appear
to be specific to each lake (Rimmer et al., 1999; Abbo et al.,
2003), further substantiating the value of long-term observations.

Long-term observations in Lake Kinneret, a saline lake in the
Jordan River watershed in Israel, have demonstrated that lake level
plays an important role in the flux of solutes to the lake, especially
at periods of high lake level (Rimmer and Gal, 2003). These
researchers report a positive relation for both water and solute dis-
charges with lake level, likely as a result of groundwater dynamics
and high leaching of solutes during the rainy season. The influx of
solutes is also positively correlated with rainfall on an annual basis
(Rimmer and Gal, 2003). Similar observations, however, are rare
throughout other saline lakes in the world and are particularly rare
in the context of evaporation rates.

In North America, saline lakes play a prominent role in the land-
scape of the Great Plains region and, specifically, in the Nebraska
Sandhills (NSH), the largest vegetated dune field in the western
hemisphere and a critical recharge region for the High Plains and
Ogallala aquifers (Scanlon et al., 2012). The NSH contain nearly
2000 interdunal lakes across an area of about 58,000 km2 (Loope
et al., 1995). The generally east-sloping landscape of the Sandhills
includes a region of minimal slope in the west that contains shal-
low, endorheic or poorly draining, groundwater-fed lakes, many of
which are saline (Bleed and Flowerday, 1998). Open-water evapo-
ration is a dominant component of the energy and water balance of
lakes in the NSH, yet most of the relevant research in this region
has focused on evapotranspiration from dune areas (Billesbach
and Arkebauer, 2012). As such, lake evaporation remains one of
the most poorly quantified processes in climate and groundwater
models for the NSH and similar regions (Chen and Hu, 2004;
Evans et al., 2005; Radell and Rowe, 2008).

Understanding the role of evaporation in the energy, water, and
solute balance of saline lakes first requires quantification of the rel-
evant processes. Lake evaporation is commonly estimated using
eddy covariance, mass transfer, or energy balance techniques.
(For method comparison and review, see Drexler et al., 2004 and
Rosenberry et al., 2007.) Among them, eddy covariance is an accu-
rate, but intensive technique that is effective over a wide range of
lake sizes, including large, deep lakes whose heat storage term
would otherwise be difficult to quantify (Blanken et al., 2000,
2011). The Bowen ratio energy budget (BREB) method, on the other
hand, has proven reliable for estimating lake evaporation from
small lakes, so long as the heat storage term is properly quantified
(Lenters et al., 2005; Winter et al., 2003). In addition, mass transfer
techniques are often employed once one of the other two methods
has been applied long enough to develop reliable transfer coeffi-
cients (Tanny et al., 2008; Liu et al., 2012; McGloin et al., 2014).

A few studies have used the BREB method in the NSH to esti-
mate terrestrial evapotranspiration (ET), which has been shown
to be much higher in wet, interdunal areas compared to upland
dune areas (Billesbach & Arkebauer, 2012; Healey et al., 2011).
These studies highlight the disproportionately higher water losses
that occur in wet portions of the otherwise dry Sandhills land-
scape. These previous studies provide some insight into the regio-
nal energy and water balance of the terrestrial landscape in the
NSH. To the best of our knowledge, however, no direct measure-
ments of open-water evaporation have been reported for the NSH
region, and limited understanding of such processes can be derived
from previous studies of the much drier surrounding landscape.

Our objective here is to quantify and analyze open-water evap-
oration rates for a typical saline lake in the NSH. Using the BREB
technique, we provide new insights into the climatic factors that
drive lake evaporation and energy balance partitioning at seasonal
and interannual time scales. Given the significant role that the NSH
region occupies for one of the most agriculturally productive
regions of the world, this information is necessary to constrain

the primary drivers of water and solute balances and to accurately
estimate evaporation and recharge rates across this region.

2. Methods

2.1. Site description

This study was conducted at Alkali Lake, a saline lake in the
western margin of the Sandhills (41.82� N, �102.60� W; Fig. 1).
Alkali Lake has a surface area of roughly 50 hectares that varies
widely seasonally and annually. Lake area, depth, and volume are
strongly controlled by temporal dynamics of the various water
budget components. Among them, evaporation and groundwater
in-seepage are dominant. According to existing classifications of
lakes with substantial groundwater components to the water bal-
ance, it is a groundwater discharge lake (Zlotnik et al., 2010), as
also clearly shown by geophysical techniques (Ong et al., 2010;
Befus et al., 2012). Average water depth at Alkali Lake is 0.2 m,
but ranges from 0.1 to 1.2 m. Overland flow entering the lake is
limited, given the high permeability of the sandy soils and dunes
that surround it. The lake water is dominated by sodium (Na)
and potassium (K) anions and has been found in a previous study
to have a pH of 10.4 and salinity ranging from 36.9 to 78.9 parts
per thousand (McCarraher, 1977). Lake chemistry in the western
Sandhills is largely influenced by evaporative concentration of
groundwater (Bleed and Flowerday, 1998).

2.2. Instrumentation and monitoring

A buoy constructed from the hull of a Hobie Bravo catamaran
sailboat (Hobie Cat Company, Oceanside, CA) was deployed near
the center of Alkali Lake in June 2007 and remained on the lake
for the duration of this study (2007–2009). Variables measured
on the buoy include downward and upward shortwave radiation
(pyranometer model CMP21, Kipp & Zonen, Delft, The Nether-
lands), downward and upward longwave radiation (pyrgeometer
model CGR4, Kipp & Zonen, Delft, The Netherlands), air tempera-
ture and relative humidity (model HMP45C, Vaisala, Helsinki, Fin-
land), electrical conductivity/salinity (multi-parameter sonde
model YSI 600R, Fondriest, Fairborn, OH), two estimates of bulk
surface water temperature (from the YSI 600R sonde and a HOBO
U22-001, Onset, Bourne, MA), surface water ‘‘skin” temperature
(model SI-111, Apogee, Logan, UT), barometric pressure (model
CS100, Campbell Sci., Logan, UT), wind speed and direction (model
05106, RM Young Company, Traverse City, MI), and rainfall (model
TE525MM, Texas Electronics, Dallas, TX).

All meteorological and YSI sonde variables at the buoy were
sampled every 10 s using a data logger (model CR1000, Campbell
Sci., Logan, UT), while bulk water temperature from the HOBO sen-
sor was sampled every 10 min. Additionally, two pressure trans-
ducers (HOBO U20 Titanium Water Level Data Logger, Onset,
Bourne, NA) were installed near the eastern and western ends of
the lake to measure water level and temperature at 20-min inter-
vals. An additional sonic-ranging water level gage was deployed on
the buoy on June 29, 2009 to provide supplementary measure-
ments of lake level (model SR50, Campbell Sci., Logan, UT). Loca-
tions of the instrumented buoy and pressure transducers are
shown in Fig. 1. Bulk water temperature at the buoy was smoothed
to hourly and 3-hourly (centered) running means in order to obtain
more robust estimates of the daily change in lake heat content. The
IRT-derived surface temperature measurements were used for any
calculations that required measurements of the lake ‘‘skin” tem-
perature (e.g., saturation vapor pressure and outgoing longwave
radiation) and were carefully quality controlled through system-
atic intercomparison with the four independent sources of bulk
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water temperature measurements. Aside from occasional data
gaps due to power failure or instrument malfunction, energy bal-
ance measurements were available for all three years during the
ice-free season (roughly May through October), with July-August-
September (JAS) being the primary 3-month study period, charac-
terized by largely gap-free data across all three years (2007–2009).
Winter periods were not analyzed in this study due to frequent
power failures, logistical constraints in accessing the site, and lack
of ice cover and ice thickness measurements.

In addition to the instrumentation (described above) that was
installed at Alkali Lake, environmental variables were also mea-
sured at a nearby station of the Automated Weather Data Network
(AWDN), operated by the High Plains Regional Climate Center.
Located �50 km north of Alkali Lake, near Alliance, Nebraska
(42.18 N, �102.92 W), the Alliance North weather station is the
closest site to Alkali Lake and has a 25-year data record with hourly
measurements of air temperature and humidity, wind speed and
direction, solar radiation, and precipitation. Data from this weather
station were used for general comparison purposes and for charac-
terizing the longer-term climate variability in the region. For direct
comparison with the Alkali Lake data, hourly observations from the
AWDN station were also averaged to daily and 3-month means
using JAS data from 2007 to 2009.

2.3. Energy balance and Bowen ratio measurements

The energy balance for a lake can be written as follows:

�Rnet þ �Qsed þ �Anet � ðLEþ �HÞ ¼ D�S; ð1Þ

where �Rnet is net radiation, �Qsed is sediment heat flux, �Anet is net heat
advection, L�E is the latent heat flux, �H is sensible heat flux, and D�S is
the rate of change in heat storage (Lenters et al., 2005); all compo-
nents are reported in Wm�2, and the overbars indicate daily aver-
ages. Total daily evaporation was calculated for periods when

complete BREB measurements were available (Jun 29, 2007 – Oct
14, 2007; May 12, 2008 – Oct 11, 2008; and Jun 28, 2009 – Nov 3,
2009). The common, gap-free time period that encompasses all
three years is June 29 to October 11 (105 days).

Based on the shallow depth of Alkali Lake and numerous obser-
vations, surface temperature was found to be similar to the volu-
metric lake-mean temperature. We also determined from the
water balance and groundwater temperatures that thermal advec-
tion term is likely to be much smaller than other components of
the energy budget of Alkali Lake, allowing one to assume Anet � 0
(Lenters et al., 2005). More specifically, since Alkali Lake is a
groundwater discharge lake, thermal advection comes mostly from
cold, groundwater seepage. Advection from groundwater influx
(AGI) can be calculated from AGI = qw cw FGI DTGI, where qw is the
density of water (1000 kg m�3), cw is the specific heat of water
(4186 J kg�1 �C�1), FGI is the groundwater influx (m s�1), and DTGI
is the difference in temperature between the lake water and
inflowing groundwater (Lenters et al., 2005). Average groundwater
temperatures near Alkali Lake are �12 �C, while summer lake tem-
peratures range from 10.0 �C to 28.3 �C. The lake water balance
reveals that groundwater in-seepage averages around 2.5 mm/day
into Alkali Lake. Using the maximum temperature difference
between lake water and groundwater (16.3 �C), this yields an aver-
age advective heat flux of only 1.8 Wm�2, which is considerably
smaller than the primary energy budget components (e.g., net radi-
ation). Large, daily values of thermal advection are possible but
rare, and previous assumptions of negligible advection in shallow
waters have also been shown to be valid (Parkhurst et al., 1998).

Neglecting the advection term, Eq. (1) is re-arranged for calcu-
lation of daily evaporation rates as follows:

LE ¼
�Rnet � D�Sþ �Qsed

1þ B
ð2Þ

where B is the Bowen ratio, or the ratio of sensible to latent heat
flux (dos Reis and Dias,1998):

Fig. 1. Locations of the main hydrogeologic features of the study area, the High Plains Aquifer, the Nebraska Sandhills, and Alkali Lake. Red circles indicate the location of the
water level sensors, while the diamond indicates the position of the instrumented buoy and water temperature/conductivity sensors. Modified from Ong (2010).
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B ¼
�H

LE
¼ c

UðTs � TaÞ
Uðes � eaÞ

ð3Þ

Here, c = cpa P/(0.622 Lv) is the psychrometric constant (kPa
�C1), where cpa is the specific heat of air (J kg�1 �C�1), P is atmo-
spheric pressure (kPa), and Lv is the latent heat of vaporization
(J kg�1). Other terms in Eq. (3) include wind speed (U, m s�1), air
temperature (Ta, �C), surface water temperature (Ts, �C), saturation
vapor pressure at the surface water temperature (es, kPa), and
atmospheric vapor pressure (ea, kPa).

Net radiation is calculated as follows:

�Rnet ¼ ð�Rswd � �RswuÞ þ ð�Rlwd � �RlwuÞ ð4Þ
where �Rswd, �Rswu, �Rlwd, and �Rlwu are downward (incoming) shortwave,
upward shortwave (i.e., reflected), downward (incoming) longwave,
and upward longwave radiation, respectively, all of which were
directly measured over the lake at the buoy location. Upward long-
wave radiation, which is comprised of both emitted and reflected
components, can also be calculated from �Rlwu ¼ erT4

s þ ð1� eÞ�Rlwd,
where e is the emissivity of water (0.97) and r is the Stefan-
Boltzman constant (5.67 � 10�8 Wm�2 K�4). The daily rate of
change in lake heat storage, D�S is calculated from the following
equation:

D�S � qwcw
�h
D�T
Dt

ð5Þ

where qw is the density of water, cw is the specific heat of water, �h is
the daily mean lake depth, D�T is the daily change in bulk water tem-
perature at the buoy (estimated from 3-h centered mean observa-
tions at 0:00h and 0:00h local time), and Dt = 86,400 s (i.e., one
day).

In previous studies, the BREB technique has typically been
applied at weekly or longer timescales, given the often large uncer-
tainty in the lake heat storage term (Lenters et al., 2005). However,
the very shallow depth of Alkali Lake (�0.3 m) allows us to imple-
ment the BREB technique at much shorter timescales, in part
because of the 3-h running mean bulk water temperatures that
are applied to help minimize uncertainty in the daily heat storage
term. A thorough error analysis was also conducted to fully assess
the level of uncertainty in the energy budget (see description
below).

2.4. Sediment heat flux model

Sediment heat flux is often neglected for deep lakes (dos Reis
and Dias, 1998; Oroud, 1997) or simplified to represent only the
average annual cycle (Lenters et al., 2005; Winter et al., 2003).
However, for shallow lakes in a strongly varying climate, the mag-
nitude of the sediment heat flux can be comparable to or larger
than the rate of heat storage in the water column. Thus, to quantify
its contribution to the lake energy balance, we explicitly modeled
sediment heat flux into and out of Alkali Lake using the one-
dimensional heat flux equation for lakebed sediments (Keshari
and Koo, 2007; Núñez et al., 2010; Smith, 2002):

@Tsed

@t
¼ as

@2Tsed

@z2
ð6Þ

where Tsed is sediment temperature, T is the 3-h running mean bulk
water temperature (at hourly timesteps, averaged across all three
sites on the lake), as is the thermal diffusivity of the lake sediments
(4.0 � 10�6 m2 s�1; based on in situ measurements using a Decagon
KD2 Pro), and z (m) is the depth of the sediment layer.

Eq. (6) was solved numerically using an explicit finite difference
scheme with upper and lower boundary conditions. The upper
boundary condition is set by the hourly lake temperature forcing

(over the full annual cycle), while the lower boundary condition
assumes zero heat flux below 12 m, where temperature fluctua-
tions become minimal. In fact, most of the sediment temperature
variability was found to occur in the top 4 m of soil. The model
was initialized by running �13 years of spin-up, with the first
11 years forced by 2005 water temperature (i.e., 11 years in a
row for 2005, followed by 2006–2009). Water temperature was
estimated for the pre-observation period of 2005, 2006, and the
first half of 2007 using a regression against local air temperature
data (from June 2007 to November 2009). At the beginning of the
simulation, the entire sediment matrix was initialized at a temper-
ature of 11.64 �C, which is the average sediment temperature that
the model converged to during the 2005 spin-up period. Using a
thickness of 6 cm for each discrete lakebed layer and a constant
thermal conductivity of 1.2 Wm�1 K�1 (from in situ Decagon KD2
Pro measurements at various locations throughout the lake bed),
the model was found to be stable during the spin-up and 2007–
2009 observation periods.

The sediment heat flux into/out of the lake water column is
numerically equal to the vertically integrated hourly rate of heat
storage in the 12-m soil column:

Qsed ¼ qsedcsed
X @Tsed

@t
@z ð7Þ

Here, qsed is the soil density (kg m�3), csed is the specific heat of
the sediments (J kg�1 K�1), and qsed csed = 3.1 � 106 J m�3 K�1 is the
volumetric heat capacity. Similar to the thermal diffusivity and
conductivity, heat capacity was directly measured in the field using
a Decagon KD2 Pro.

2.5. Salinity effects

The effects of salinity in modifying the heat capacity of the lake
water and the water-air vapor pressure gradient were explicitly
accounted for in this study. The water activity, aw, is defined as
the ratio of the saturation vapor pressure of water over a saline
surface (es) to that of fresh water (e�s ) and is always less than 1
(Oroud, 2001; Salhotra, 1985):

aw ¼ eS
e�S

¼ cwXw ð8Þ

where cw is the activity coefficient of water and Xw is the mole frac-
tion of water containing solute, calculated from

Xw ¼ mw

mw þ
XN

i¼1

mi

ð9Þ

In Eq. (9), mw is the molality of water, mi is the molality of the
solute, and N is the number of constituent solutes. For dilute solu-
tions obeying Raoult’s Law, cw = 1 and aw � Xw (Garrels and Christ,
1965). The salinity-corrected saturation vapor pressure, es, which is
used in calculating the Bowen ratio and mass-transfer estimates of
latent heat flux, can then be calculated from:

eS ¼ awe�S ð10Þ
Periodic water samples from Alkali Lake were analyzed in

March 2009, March 2010, and October 2010 to assess the water
chemistry and corroborate the buoy-based measurements of elec-
trical conductivity (EC) and salinity. Water samples from neighbor-
ing lakes, wells, and streams were also collected to characterize the
local water chemistry, including a broad range of EC values and
water activity. Several empirical equations relating EC to water
activity, density, salinity, and absolute salinity were then devel-
oped (Ong, 2010) and are listed in Table 1. Together with the con-
tinuous EC measurements from the YSI sonde at Alkali Lake
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(deployed at a depth of 10–20 cm), these regressions were used to
calculate daily values of water density, specific heat, and aw as a
function of time. The sonde was deployed from May 2008 to
November 2009, covering two summers and a complete annual
cycle. An empirical relationship between water level and absolute
salinity was developed (Table 1; R2 = 0.89) to fill data gaps in 2007,
when sonde measurements were not available.

2.6. Mass transfer estimates of sensible and latent heat flux

The mass-transfer (MT) technique relates evaporation and sen-
sible heat flux to the processes affecting the removal of water
vapor and heat from the boundary layer above the air-water inter-
face at the surface of a lake (Lee and Swancar, 1997). In general,
higher wind speeds above the lake surface cause larger amounts
of water vapor and heat to be transported away from the lake, as
do increases in the lake-air vapor pressure gradient. Therefore,
evaporation is generally related to wind speed and the vertical
vapor pressure gradient, measured between the lake surface and
a fixed reference height (typically 2 m). Similarly, sensible heat flux
is typically proportional to wind speed and the lake-air tempera-
ture gradient.

MT-derived evaporation rates (EMT) and sensible heat flux (HMT)
can be calculated as follows:

LEMT ¼ NEUðes � eaÞ ð11Þ

�HMT ¼ NHUðTs � TaÞ ð12Þ

where NE is the transfer coefficient for latent heat flux, and NH is the
corresponding transfer coefficient for sensible heat flux. Best esti-
mates of NE and NH in each equation typically come from a calibra-
tion between MT estimates of LE and H and similar estimates using
the more accurate BREB technique (or eddy covariance measure-
ments). Lee and Swancar (1997), for example, used this approach
to determine a best-fit slope of NE = 0.0114 for a seepage lake in
Florida.

Some of the quantities in Eqs. (3), (11), and (12) involve cross
products of wind speed and other variables, and unless the covari-
ance among these variables is small, the cross products must be
calculated prior to averaging (Brutsaert, 1982; Jobson, 1972;
Kondo, 1972; Webb, 1960, 1964). This is particularly important
for the diurnal cycle, since diurnal covariances between wind
speed and air temperature, for example, can be substantial
(Jobson, 1972; Kondo, 1972; Webb, 1960, 1964). Similar to Hage
(1975), we explicitly account for covariances at diurnal (and
longer) timescales by calculating the cross-product quantities in
Equations (11) and (12) using hourly mean inputs, and then aver-
aging the products to longer timescales (e.g., daily and seasonal
means). Similarly, both the Bowen ratio (Eq. (3)) and shortwave
albedo were calculated as the ratio of the mean numerator and
mean denominator (rather than the mean of the ratio).

2.7. Data Collection and QA/QC

2.7.1. Solar radiation
Unexpectedly high or low values of shortwave albedo were

occasionally noted in the buoy observations, which can occur as
a result of wind, tilting of the buoy, and/or temporary shading of
the pyranometer(s) by an obstruction. To correct for these errors,
hourly outliers were assigned theoretical maximum or minimum
albedo values (for both clear and cloudy conditions) based on a
functional relationship with sun angle determined from data col-
lected by Payne (1972). Roughly 16% of the daytime albedo values
were reset using this approach. A second screening of the data was
then performed using an on-site albedo/sun angle relationship
based on the (corrected) in situ data collected at Alkali Lake. This
resulted in an additional 14% of the daytime albedo values being
adjusted (i.e., 30% total), mostly during the morning and evening
hours, when sun angle is low. The overall effect of these corrections
on the daily mean net shortwave radiation was not found to be
large, primarily because incoming solar radiation is relatively weak
during the morning and evening hours.

2.7.2. Lake level
Periodic staff gage measurements were made at Alkali Lake to

assist in validating the automated lake level observations from
the two pressure transducers (and the buoy-based sonic ranging
sensor). Both pressure sensors showed similar daily variability to
each other (R2 = 0.9), but with a bias in one of the sensors that
developed in 2009. This bias was corrected (using regressions with
earlier time periods), and then the average water level from the
two pressure transducers was compared with daily mean measure-
ments from the sonic sensor during 2009. The two datasets were
found to agree very well (R2 = 0.98), with little bias during the
2009 period (RMSE = 1–2 cm). Additional comparison with a
salinity-inferred lake level curve showed similar seasonal and
interannual variability. The final, pressure-based lake level time
series was then adjusted upward by an absolute constant of 2 cm
to match the staff gauge measurements.

2.7.3. Latent and sensible heat fluxes
One of the challenges in using the BREB method is the occa-

sional occurrence of Bowen ratios near �1 (Eq. (2)), which can
yield unrealistically large estimates of evaporation (or condensa-
tion). Previous studies have suggested the use of fixed intervals
within which data are discarded, such as B < �0.75 or
�1.3 < B < �0.7 (Ortega-Farias et al., 1996; Unland et al., 1996).
This can result, however, in a significant loss of data (Gavilán and
Berengena, 2006; Ohmura, 1982; Unland et al., 1996). Others have
proposed defining intervals according to the vapor pressure gradi-
ent and temperature accuracy (Ohmur, 1982; Perez et al., 1999).
Another inherent difficulty with the BREB method is the poten-
tially large uncertainties that can arise in the heat storage term –
particularly in deep lakes, where short-term changes in lake tem-
perature (e.g., internal waves) may often be unrelated to the net
surface heat flux. Although Alkali Lake is a shallow, well-mixed
lake in a windy environment, occasional errors in the heat storage
term are certainly possible on short timescales. And in a few rare
instances, extremely low water levels were observed at Alkali Lake,
causing the lakebed to nearly dry up. This led to considerable
errors in the assumed ‘‘wet” surface temperature (e.g., dry sand
skin temperatures exceeding 40 �C), Bowen ratio, and some energy
budget components.

To address the above challenges in H and E error identification
and outlier removal, we used the daily-mean MT estimates of sen-
sible and latent heat flux (Eqs. (11) and (12)) to identify outliers in
the BREB-derived estimates of daily H and LE (Eqs. (2) and (3)). This
approach takes advantage of the fact that MT-based estimates of H

Table 1
Regression equations relating EC (x, in units of mS/cm) to activity of water, salinity,
absolute salinity, and density (y values). Regressions are based on 27 different water
samples. Also shown is an exponential regression equation relating lake level (z, in
cm) to absolute salinity (y, in g/kg).

Variable Regression equation R2

Activity of water, aw y = �0.00057617x + 1.000 0.99
Salinity (g/L) y = 1.255 x 0.99
Absolute salinity (g/kg) y = 1.186225 x 0.99
Density (kg/L) y = 0.000963916 x + 0.996993 0.99
Absolute salinity (g/kg) y = 119.47e�0.032672z 0.89
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and LE are not sensitive to errors in the heat storage term, nor
instances of B approaching �1. The process was iterative, in the
sense that egregious outliers were removed first (typically due to
B � �1), followed by a reassessment of the MT coefficients and
removal of additional anomalies. The latter step occurred through
a careful examination of the top/bottom 5% H and LE outliers
(40 days of data each), including a determination of which method
was in error (i.e., BREB or MT), based on values of B, the heat stor-
age term, and ambient meteorological and lake conditions. The
most appropriate method was then used for the final values of sen-
sible and latent heat flux (Table 2). In cases where the BREB-
derived values were replaced with MT estimates (21 instances
for LE; 39 instances for H), the energy budget was also adjusted
to balance (i.e., by calculating the rate of heat storage as a residual,
rather than using the measured DS).

Of the 40 days identified in the above QA/QC procedure, 19
instances were deemed to have indeterminate sources of error in
the latent heat flux estimates (i.e., neither the BREB nor MT
approach were objectively deemed ‘‘best”). In such instances, a
hybrid approach was used, which takes advantage of the fact that

the MT-derived sensible heat flux values have considerably less
uncertainty (RMSE = 3.3 W/m2) than the MT-derived latent heat
flux values (RMSE = 21.7 W/m2). In this approach, we simply
assume the MT-derived H to be correct and then calculate the
latent heat flux as a residual from the energy balance (using
observed heat storage rates). Subsequent ‘‘corrected” values of
the Bowen ratio were also calculated. In most (but not all)
instances where the hybrid approach was implemented, the final
value of LE was found to be intermediate between the BREB and
MT estimates.

3. Results and discussion

3.1. Climate variability

Summer-mean (JAS) climate data from the Alliance North sta-
tion are shown in Fig. 2 for the 25-year period 1989–2013. Mean
JAS air temperature ranges from 17.0 �C (1993) to 21.6 �C (1989),
with a long-term average of 19.7 �C. Relative humidity and wind

Table 2
Final regressions and mass-transfer equations for LE and H (y), determined from the mass transfer products of wind speed and vapor pressure/temperature gradients (x). The
independent variables (x) are in units of kPa for LE (i.e., vapor pressure gradient) and �C for H (i.e., temperature gradient).

Regression Eq. R2 p-value RMSE

LE y = 32.9x + 19.8 0.87 <0.0001 21.7 W/m2

H y = 2.22x + 0.014 0.97 <0.0001 3.3 W/m2
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speed averaged 58% and 3.4 m s�1, respectively, during the 25-year
period. Summer-mean precipitation was highly variable, ranging
from 37 mm in 2012 to 221 mm in 1998, with a mean value of
120 mm. Given the range of variability in the 25-year record, none
of the three summers that are the focus of this study (2007–2009)
would be considered particularly anomalous compared to the
long-term mean. It is also worth noting that the JAS period is gen-
erally warmer, drier, and less windy than the annual average (data
not shown), and JAS precipitation can range from 21 to 61% of the
annual total (with a mean of 39%).

3.2. Lake energy balance and meteorological drivers

The range of daily values in the JAS Alkali Lake energy balance is
illustrated in Fig. 3, which shows histograms for the complete 276-
day period (JAS; 2007–2009). Latent heat fluxes range from near
zero to above 300Wm�2 (a 10.5 mm day�1 evaporation rate), with
mean and median values around 145Wm�2 (5.1 mm day�1). In
contrast, sensible heat fluxes are largely distributed around zero,
with a much smaller standard deviation (19 Wm�2) than LE
(49 Wm�2). The distribution of daily-mean net radiation values is
similar to that of evaporation, with a difference in mean values
of only 5 Wm�2. Maximum values of Rnet are somewhat lower than
LE, however, suggesting additional meteorological drivers of evap-
oration than Rnet alone. The total rate of heat storage in the lake
(water plus sediments) shows a relatively narrow distribution very

similar to that of sensible heat flux, with a mean value near zero.
Roughly 45% of the daily observations of S and H both fall within
a range of �10 to +10 Wm�2.

Histograms of daily mean air temperature, water-air tempera-
ture difference (DT), relative humidity, and wind speed from the
Alkali Lake buoy measurements (2007–2009) are shown in Fig. 4,
highlighting the large daily variability present in this region. Air
temperature averaged around 19.8 �C, which is nearly identical to
the long-term mean from the Alliance North station. Lake surface
temperatures were slightly warmer than air temperature, on aver-
age (mean DT = 0.8 �C), but with considerable day-to-day variabil-
ity (range of �6 to +6 �C; standard deviation of 2.0 �C). The
distribution of daily mean relative humidity reflects the dry cli-
mate of the region, with a mean value of 65% and only a few
instances during which the daily mean relative humidity exceeded
80%. Wind speed shows a somewhat skewed distribution, with a
median value of 3.6 m s�1 and a standard deviation of 1.5 m s�1.
Very few days had mean wind speeds below 2 m s�1, indicative
of the generally windy environment in the Nebraska Sandhills.

3.3. Seasonal variability in the Alkali lake energy balance

Bi-weekly intervals from May 12 to November 4 were used to
illustrate the overall seasonal variability in the Alkali Lake energy
balance (Fig. 5). Results are shown beyond the usual JAS period
to better capture seasonal variations during late spring and early
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autumn (although not all years had available data in May, June, and
October). Similar to the large distribution of daily values (Fig. 3),
both latent heat flux and net radiation show considerable seasonal
variability, with similar timing and magnitude (Fig. 5). LE and Rnet

both peak in late June (�200Wm�2) and gradually decrease to less
than 50Wm�2 by late October. This is consistent with nearby
studies of shallow wetlands (Burba et al., 1999; Parkhurst et al.,
1998), and largely a reflection of the energy available to evapora-
tion in mid-summer, particularly for shallow lakes (Brutsaert,
1982). Considerable day-to-day variability in LE and Rnet was
observed within most of the bi-weekly periods – particularly for
LE, which has many large daily values that are not similarly
reflected in Rnet. As noted previously (Fig. 3) this points to high
rates of evaporation that are supported not only by Rnet, but also
by the release of stored energy in the lake itself (Fig. 5d).

In contrast to LE, no clear seasonal cycle is seen in sensible heat
flux, and only a weak signal is evident in the heat storage rate (pos-
itive in May and June; slightly negative by September). Both char-
acteristics are indicative of the shallow nature of Alkali Lake, with
most of the seasonal cycle in S being associated with sediment heat
flux. Despite the weak seasonal cycles, both H and S show consid-
erably larger day-to-day variability (Fig. 5). Maximum and mini-
mum values of H are 66Wm�2 and �105Wm�2, respectively,
with an overall mean of 2 Wm�2. Daily heat storage rates also vary
greatly (particularly in the spring and fall), with a maximum of

170Wm�2 and a minimum of �124Wm�2. Summertime values
show a more limited range of variability.

A similar bi-weekly analysis of meteorological data and lake
temperature drivers is shown in Fig. 6 in order to more clearly
relate climatic drivers to lake heat fluxes (Fig. 5), as well as
cross-validate results of the BREB and mass transfer analyses.
Fig. 6 includes bi-weekly summaries of daily mean U(es � ea), U(Ts -
� Ta), (es � ea), and Ts, as well as wind speed and relative humidity.
(As noted previously, diurnal covariances are explicitly included in
the daily means of the various cross products.) As would be
expected from the MT relationship, the seasonal variability in LE
(Fig. 5) is roughly matched by similar variability in U(es � ea) and
even (es � ea) alone (Fig. 6), which also follows the seasonal pattern
in lake surface temperature. Much like sensible heat flux (Fig. 5),
on the other hand, very little seasonal variability is evident in U(Ts -
� Ta), due to Ts generally being very similar to Ta, on average.

Wind speed and relative humidity both show less pronounced
but still notable seasonal patterns (Fig. 6e-f), with slightly calmer,
drier conditions in July and early August and windier, but more
humid conditions in spring and autumn. Similar to the results of
Lenters et al. (2005), the seasonal wind pattern reflects the influ-
ence of midlatitude weather systems, which tend to be more active
in spring and fall. It also suggests that lake evaporation rates in mid
summer are lower than they would be if wind speeds were more
constant throughout the year.
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3.4. Interannual variability in the lake energy balance

Interannual variability in the JAS energy balance of Alkali Lake
is shown in Fig. 7, along with related climatic parameters in
Fig. 8. Although it is clear that many of the interannual changes
in the mean energy balance are vastly outweighed by daily and
seasonal variations, a few exceptions can be noted. Lake level, for
example, increased markedly from 2007 to 2009 (Fig. 7e), and
the additional water storage in the lake is reflected in a much more
variable heat storage term in 2009 (Fig. 7d), with almost no change
in sediment heat flux (Fig. 7f). Higher lake levels in 2009 may also
be associated with changes in other temperature-dependent terms.
For example, JAS sensible heat fluxes in 2009 were �19Wm�2

higher than in 2007 (Fig. 7b; Table 3), which is much larger than
the uncertainty in the measurements themselves. This suggests
that the lake retained greater amounts of energy, creating a larger
temperature differential with the atmosphere and greater fluxes of
sensible heat. This is borne out by observations of U(Ts � Ta) and
(Ts � Ta), both of which were considerably larger in 2009 compared
to the previous two years (Fig. 8; Table 4). Additional years of
observations would be needed to fully assess the effects of lake
level variability on water temperature and the heat storage term,
since seasonal and (especially) daily variations in lake level are
generally too weak to adequately define a relationship.

Similar to the 19Wm�2 increase in sensible heat flux, LE
showed a decline of �14Wm�2 from 2007 to 2009 (Fig. 7a;
Table 3). Although this difference is within the bounds of uncer-
tainty in LE, it implies a potential compensatory relationship
between H and LE, as Rnet showed essentially no change from
2007 to 2009 (Fig. 7c; Table 3). In other words, the reduction in
evaporative cooling may have contributed to warmer lake surface
temperatures (relative to air) and an associated increase in sensible
heat flux.

3.5. Influence of salinity on mass transfer and energy balance results

Similar to lake level, the absolute salinity of Alkali Lake varied
widely over the 3-year period, ranging from 118.5 g kg�1 in August
of 2007 to 28.5 g kg�1 in July of 2009 (Fig. 9), corresponding with
large (but opposing) changes in lake level. Despite the large
changes in salinity, the effect on activity coefficient was found to
be relatively small, with most values being only 2–6% less than
the freshwater value of 1.0 (Fig. 9). Although this might suggest a
similarly negligible impact on the resulting lake evaporation esti-
mates, this turns out not to be the case in all instances. To illustrate
this, we further examined the effects of fluctuating salinity on the
mass transfer (Eq. (11)) and BREB-derived (Eq. (2)) estimates of
latent heat flux by recalculating LE assuming freshwater metrics,
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rather than the observed saline values. This included not only
changes in the activity coefficient (aw = 1 for fresh water), but also
changes in the density and specific heat of water. Fig. 10 shows
how variations in aw propagate from roughly 2–6% changes in
daily mean es to �0–20% changes in mass transfer estimates of

daily U(es � ea) and the associated latent heat flux (�0–
30Wm�2). These results indicate that small changes in aw can
occasionally translate into much larger changes in daily lake evap-
oration, such as on humid days when ea is close to es (i.e., resulting
in a larger percent change in es � ea than es alone).
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The effects of salinity on BREB-derived evaporation rates are
slightly more complicated, since salinity variations affect LE not
only through the Bowen ratio (via changes in aw), but also through
the water heat storage term (via changes in water density and
specific heat). Fig. 11 illustrates these changes and the effect on
BREB-derived LE values. Water heat storage rates change relatively
little, with a median value near zero and a range of roughly
+/�2Wm�2, or +/�5% (Fig. 11a-b). Changes in Bowen ratio, how-
ever, are more prominent, with a median change of �0, but a range
of roughly +/�20% (Fig. 11c-d). As with the mass transfer results,
some of these larger percent changes in B are due to changes in
es that lead to larger percent changes in es � ea. Although these
variations can get further amplified when calculating LE (e.g., when
B approaches �1), instances of this were not found to be common,
since B values for Alkali Lake are commonly near 0. Furthermore,
unlike the mass transfer results, BREB-derived values of LE are con-
strained by the amount of available energy, with B affecting the
partitioning between H and LE (i.e., not just the magnitude of LE
alone). As a result, the effect of salinity changes on BREB-derived
values of LE tend to be smaller than those of the mass transfer
method, and generally within about +/�5% (Fig. 11e-f). Further-
more, the salinity effects on BREB-derived LE have a mean bias of
�0, unlike the negative bias of 0–20% seen previously for the mass
transfer method (Fig. 10e-f). The results of this analysis indicate

that BREB-based estimates of lake evaporation are less sensitive
to the impact of salinity than mass transfer estimates and, there-
fore, are a more robust technique to use when absolute salinity
is poorly quantified or even unknown (e.g., assumed fresh water).
On the other hand, considerable caution must be exercised when
using even the BREB estimates of LE to calibrate a mass transfer
approach, since the latter is much more sensitive to the effects of
salinity and would, therefore, require accurate values of absolute
salinity to be appropriately calibrated.

4. Summary and conclusions

Alkali Lake is a characteristically shallow, saline lake in the
Sandhills region of western Nebraska. The Sandhills are located
in a warm, windy, semi-arid environment with numerous
groundwater-fed, endorheic or poorly draining lakes, making it
an excellent laboratory for field studies of open-water evaporation.
This study has examined the seasonal and interannual variability
in lake evaporation over a 3-year period using the Bowen ratio
energy balance method. Calculations of latent and sensible heat
flux using the mass transfer technique were also employed to aid
in the QA/QC process of the BREB-derived results. Data were col-
lected during the warm-season months of May – October, with
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the most complete, 3-year dataset comprised of the months of July,
August, and September (JAS). Daily mean evaporation rates at
Alkali Lake were found to reach their seasonal peak in late June
and early July, averaging around 7.0 mm day�1, with a maximum
daily mean evaporation rate of 10.5 mm day�1. The 3-year mean

evaporation rate at Alkali Lake for the 3-month JAS period was
found to be 5.1 mm day�1, which greatly exceeds the long-term
mean JAS precipitation rate of 1.3 mm day�1 measured at a nearby
long-term weather station. This implies an average net loss of
water from the lake of roughly 0.35 m over the course of the
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Table 3
Mean JAS values for each component of the energy balance, along with their estimated uncertainty (based on assumed instrument error). All units are in Wm�2.

LE H Rnet S (water) S (total) Qsed

2007 155.9 �7.7 152.1 0.1 3.9 3.8
2008 144.6 �0.3 148.2 0.0 3.9 3.9
2009 141.7 11.2 151.6 �3.8 �1.3 2.5
Uncertainty ±21.6 ±3.4 ±25.7 ±10.0 ±10.2 ±2.0

Table 4
Mean JAS values of lake and atmospheric variables for each year, along with the estimated uncertainty (based on assumed instrument error).

Ts � Ta (�C) es � ea (kPa) U(es � ea) (kPa m s�1) U(Ts � Ta) (�C m s�1) U (m s�1) RH (%) Lake level (m)

2007 �0.5 0.93 3.9 �3.4 3.9 63.5 0.06
2008 0.5 0.95 4.0 �0.1 4.0 65.5 0.10
2009 2.4 1.12 4.0 5.3 3.7 67.1 0.30
Uncertainty ±0.7 ±0.4 ±3.4 ±4.3 ±0.5 ±5.0 ±0.03
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92-day JAS period, which is more than the typical drop in lake level
observed during that time of year, implying compensatory inputs
from groundwater.

Seasonal variations in evaporation at Alkali Lake were found to
be considerably larger than interannual variations, with the
seasonal variability in LE closely matching that of net radiation

Fig. 9. July-September daily mean lake level, absolute salinity, and activity coefficient (aw) for Alkali Lake during the period 2007–2009.
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(e.g., peaking in late June, with considerable decline into autumn).
This is consistent with studies of shallow freshwater wetlands in
the region (Burba et al., 1999; Parkhurst et al., 1998) and is also
a common finding of wetlands in general (Brutsaert, 1982). Season-
ality in other meteorological variables is also evident at Alkali Lake,
with the mass transfer product of wind speed and vapor pressure
gradient closely matching that of evaporation. This shows the
potential merit for using the less costly and time-consuming mass
transfer method in estimating seasonal evaporation rates at Alkali
Lake in future studies, so long as salinity is appropriately
accounted for in the vapor pressure gradient. Alkali Lake also dis-
played other characteristics similar to those generally observed
in shallow lakes, such as relatively low mean values of sensible
heat flux and rates of heat storage in the water and sediments, as
well as limited seasonal variability in both terms (relative to net
radiation and latent heat flux). Despite the overall weak contribu-
tions from sensible heat flux and internal heat storage (on aver-
age), however, it is important to note that occasionally large
daily mean values (100–150Wm�2) were found to occur in both
of these components in association with synoptic weather variabil-
ity. Thus, although seasonal variations in net radiation largely
determine the mean seasonal cycle of latent heat flux, transient
weather events introduce significant contributions from sensible

heat flux and the storage / release of heat from the lake water
and sediments.

Although Alkali Lake exhibits a fairly pronounced seasonal cycle
in evaporation, the large daily variability that was observed sug-
gests that no two years are identical, in terms of their overall, sea-
sonal pattern. Similar conclusions have been reached in other
multi-year lake evaporation studies, where it has been noted that
large intraseasonal variation can cause daily conditions during
individual years to be very different from the long-term average
(Parkhurst et al., 1998, Lenters et al., 2005). It should also be noted
that although large variations in lake level and salinity at Alkali
Lake translated into relatively small variations in the activity coef-
ficient of water, properly accounting for the role of salinity resulted
in a moderate reduction in evaporation rates (up to 10–20%) when
calculated via the mass transfer technique. BREB-derived estimates
of evaporation, on the other hand, were found to be less sensitive
to the role of salinity (+/�5%) due to energy balance constraints
and contributions from changes in the density and specific heat
of saline water.

Interannual variability in the JAS latent heat flux and evapora-
tion rate at Alkali Lake is small, with mean differences between
years being less than 15 Wm�2 (0.5 mm day�1), which is well
within the estimated uncertainty of 22 Wm�2 in the BREB method.
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Similar conclusions were reached for net radiation, but not sensible
heat flux and the associated lake-air temperature gradient, both of
which showed increases from 2007 to 2009 that exceeded the
measurement uncertainty (Table 3). This was accompanied by pro-
gressively larger variations in heat storage rate from 2007 to 2009,
and we attribute all of these latter effects to the overall increase in
lake level observed over the three-year period. In other words, the
transition of Alkali Lake from a 5-cm ‘‘pond” in 2007 to a 30-cm
deep ‘‘lake” in 2009 resulted in greater internal storage of heat,
an increasing lag between variations in air and water temperature,
and – as a result – generally higher water temperatures than air
temperature, with correspondingly higher sensible heat fluxes.
The latter effects are reminiscent of deeper lakes, but they have
been observed at the smaller scale of Alkali Lake, despite what
might otherwise be considered inconsequential changes in water
level. Additional years of analysis would be helpful for further elu-
cidating the influence of large changes in water level on the lake
energy balance.

The results of this study have important implications for the
estimation and understanding of the warm-season water balance
of saline lakes in arid and semi-arid regions. The high evaporation
rates at Alkali Lake substantially exceed the local precipitation rate,
implying an important role from groundwater in contributing
water and solutes. Given the significance of the Nebraska Sandhills
region as an important recharge zone for the supply of irrigation
and drinking water in one of the most agriculturally productive
regions of the world, the information provided in this study is
timely and relevant. We anticipate that the results presented here
will help to characterize the primary drivers of the energy, water,
and solute balance of saline lakes and wetlands across the
Nebraska Sandhills and similar regions of the world, thereby con-
tributing to improved estimates of evaporation and recharge rates
for aquifers in semi-arid landscapes.
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