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2 study years, and both methods indicated there was a simi-
lar decrease in evaporation from the first to the second year. 
Both methods produced negative sensible-heat fluxes during 
the same months, and there was a strong correlation between 
monthly Bowen ratios (R2 = 0.94). The correlation between 
monthly evaporation (R2 = 0.65), however, was not as strong. 
Monthly differences in evaporation were attributed primarily 
to heat storage estimate uncertainty.

Introduction 
Lake Mead is part of a system of dams and reservoirs that 

control the Colorado River and enable its efficient use. Water 
demand has steadily increased since the implementation of the 
Colorado River Compact of 1922 as the upper- and lower-
basin states have built the infrastructure needed to capture 
their full apportionment. From 2000 to 2010, the stage of Lake 
Mead fell about 40 m (131 ft), raising concerns among water 
managers about future water shortages. Inflow to Lake Powell 
(fig. 1), which can be used as a drought indicator, exceeded 
the long-term mean inflow only twice during this period 
(http://www.usbr.gov/uc/feature/drought.html). Future water 
shortages in the Colorado River system could result from 
decreased runoff caused by continuing short-term drought 
and/or long-term climate change. Accordingly, imbalances 
between the water supply and demand may develop. Increas-
ingly scarce water resources have underscored a need to 
improve water accounting and forecast accuracy.

The Bureau of Reclamation (Reclamation) Lower Colo-
rado Region is responsible for delivering water from the lower 
Colorado River to Arizona, California, Nevada, and Mexico. 
These responsibilities include (1) accounting for diversions, 
consumptive use, and return flows, and (2) projecting Lower 
Basin water availability. Management of the river system is 
informed by a hydrologic model called the 24-Month Study 
(24MS) (see http://www.usbr.gov/lc/region/g4000/24mo.pdf). 
Each month, the 24MS simulates water budgets and projects 
future reservoir conditions and potential dam operations 
for the next 24-month period. Simulated water budgets and 
projections are based on current and forecasted hydrologic 
conditions, and operational policies and guidelines. Increasing 
the accuracy of the 24MS model and improving projections 
are high priorities for Reclamation.

Abstract 
Evaporation from Lake Mead was measured using the 

eddy-covariance method for the 2-year period starting March 
2010 and ending February 2012. When corrected for energy 
imbalances, annual eddy-covariance evaporation was 2,074 
and 1,881 millimeters (81.65 and 74.07 inches), within the 
range of previous estimates. There was a 9-percent decrease 
in the evaporation rate and a 10-percent increase in the lake 
surface area during the second year of the study compared to 
the first. These offsetting factors resulted in a nearly identi-
cal 720 million cubic meters (584,000 acre feet) evaporation 
volume for both years. Monthly evaporation rates were best 
correlated with wind speed, vapor pressure difference, and 
atmospheric stability. Differences between individual monthly 
evaporation and mean monthly evaporation were as much as 
20 percent. Net radiation provided most of the energy avail-
able for evaporative processes; however, advected heat from 
the Colorado River was an important energy source during 
the second year of the study. Peak evaporation lagged peak 
net radiation by 2 months because a larger proportion of the 
net radiation that reaches the lake goes to heating up the water 
column during the spring and summer months. As most of this 
stored energy is released, higher evaporation rates are sus-
tained during fall months even though net radiation declines. 
The release of stored heat also fueled nighttime evaporation, 
which accounted for 37 percent of total evaporation. The 
annual energy-balance ratio was 0.90 on average and varied 
only 0.01 between the 2 years, thus implying that 90 percent 
of estimated available energy was accounted for by turbulent 
energy measured using the eddy-covariance method. More 
than 90 percent of the turbulent-flux source area represented 
the open-water surface, and 94 percent of 30-minute turbulent-
flux measurements originated from wind directions where 
the fetch ranged from 2,000 to 16,000 meters. Evaporation 
uncertainties were estimated to be 5 to 7 percent.

A secondary evaporation method, the Bowen ratio energy 
budget method, also was employed to measure evaporation 
from Lake Mead primarily as a validation of eddy-covariance 
evaporation measurements at annual timescales. There was 
good agreement between annual corrected eddy-covariance 
and Bowen ratio energy budget evaporation estimates, provid-
ing strong validation of these two largely independent meth-
ods. Annual Bowen ratio energy budget evaporation was 6 and 
8 percent greater than eddy-covariance evaporation for the 

http://www.usbr.gov/uc/feature/drought.html
http://www.usbr.gov/lc/region/g4000/24mo.pdf
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The U.S. Geological Survey (USGS) and Reclamation are 
cooperating on a multi-phase study to improve 24MS model 
projections by improving monthly estimates of evaporation 
from Lake Mead and other lower Colorado River Basin reser-
voirs. Monthly evaporation from Lake Mead is a water-budget 
term currently used in the model that is based on poorly-docu-
mented modifications to early efforts to measure and estimate 
evaporation (Harbeck and others, 1958). Phase 1 of the study 

(the subject of this report) adds a new method, eddy covari-
ance (EC), to the body of Lake Mead evaporation research. 
EC is a state-of-the-art method that has long been used for 
estimating evapotranspiration, but has not often been used to 
estimate lake evaporation. Phase 2 of the study will continue 
evaporation monitoring at Lake Mead for 4 additional years 
and begin 3 years of evaporation monitoring at another lower 
Colorado River Basin reservoir, Lake Mohave. 

Figure 1.  Location of Lake Mead, Nevada and Arizona. 
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Purpose and Scope
The purpose of this report is to present updated monthly 

evaporation estimates for Lake Mead using the EC method. 
This study covers the 2-year period March 2010 through 
February 2012, when EC equipment was deployed at the lake. 
The primary objective of this study was to provide accurate 
monthly evaporation rates, which are expected to improve the 
water budget and forecasting accuracy of Reclamation’s 24MS 
model. The relative influence of well-known drivers of open-
water evaporation and interannual (year-to-year) evaporation 
variability are investigated. A secondary objective of the study 
was to describe how the EC method compares to the Bowen 
ratio energy budget (BREB) method. The report discusses dif-
ferences between the methods and potential errors associated 
with each method over monthly and annual timescales. Daily 
EC evaporation and other micrometeorological data are given 
in an electronic spreadsheet that is included with this report.

Description of Study Area
The watershed area draining to Lake Mead is about 

435,000 km2 (168,000 mi2), or 5 percent of the United States 
(Thomas, 1954). It took 6 years for the Colorado River to fill 
Lake Mead following the 1935 completion of Hoover Dam 
(fig. 1). Located in the Mohave Desert, Lake Mead is the 
largest reservoir in the United States by volume, and second 
only to Lake Powell (formed by Glen Canyon Dam) in surface 
area (http://www.usbr.gov/pmts/eco_research/eco5.html). The 
reservoir is at full capacity when the water-level elevation is 
374.6 m (1,229 ft) above mean sea level. At full capacity, the 
total storage is 34,069 Mm3 (27,620 Kaf), and the surface area 
is 659.3 km2 (162,916 acres) (Tighi and Callejo, 2011). Lake 
Mead consists of a series of basins separated by narrower 
reaches. Boulder Basin (the most downstream basin nearest 
to Hoover Dam) and Virgin Basin (the next upstream basin) 
hold about 60 percent of the total storage in the lake (Thomas, 
1954). Lake depths are up to about 140 m (460 ft), and widths 
range from 200 m (656 ft) in the narrow canyons to 16 km (10 
mi) in the larger basin areas. Lake water generally is clear and 
small currents are related to lake circulation (Thomas, 1954). 
The average residence time has been estimated as 3.9 years 
(Westenburg and others, 2006) and 2.6 years (Turner and oth-
ers, 2012).

The Colorado River accounts for about 97 percent of 
inflows to Lake Mead (Westenburg and others, 2006; Turner 
and others, 2012). From 1935 through 2001 the computed 
average inflow was 13,400 Mm3/yr (10,860 Kaf/yr) (Ferrari, 
2008). During the 1999 through 2010 drought period aver-
age inflows were reduced to 10,100 Mm3/yr (8,190 Kaf/yr) 
(Turner and others, 2012). The remaining 3 percent of inflows 
are from the Las Vegas Wash, Muddy River, Virgin River, 
and ephemeral streams (Westenburg and others, 2006; Turner 
and others, 2012). Water released through Hoover Dam 
serves nearly 25 million downstream users and can generate 
2,079 megawatts of electricity (http://www.usbr.gov/projects/
Powerplant.jsp?fac_Name=Hoover+Powerplant).

The climate in the Lake Mead area is hot, arid, and 
windy. There are three historical National Weather Ser-
vice Cooperator sites (http://www.nws.noaa.gov/om/coop/; 
http://www.wrcc.dri.edu/summary/Climsmnv.html) with 
longer periods of record in the area—Callville Bay (period 
of record 1989–2011; http://www.wrcc.dri.edu/cgi-bin/
cliMAIN.pl?nv1371), Willow Beach (period of record 
1967–2007; http://www.wrcc.dri.edu/cgi-bin/cliMAIN.
pl?az9376), and Temple Bar (period of record 1987–2007; 
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?az8516). There is 
little variation between these sites in terms of temperature and 
precipitation amounts. The mean daily maximum temperature 
is 43 °C (110 °F) in July and 16 °C (61 °F) in December, and 
the mean daily minimum temperature is 27 °C (80 °F) in July 
and 3 °C (38 °F) in December. Period of record annual pre-
cipitation was 13.87 cm (5.46 in.) at Callville Bay, 14.12 cm 
(5.56 in.) at Willow Beach, and 14.27 cm (5.62 in.) at Temple 
Bar. The annual mean wind speed measured at EC stations for 
the first year of the study was 3.9 m/s (8.7 mi/hr), and for the 
second year was 3.6 m/s (8.1 mi/hr). These measured wind 
speeds are similar to the mean annual wind speed of 3.9 m/s 
recorded at the Las Vegas airport from 1984 to 2010 (National 
Weather Service, 2013).

Previous Studies
The earliest attempt to estimate evaporation from Lake 

Mead based on meteorological and limnological data was 
by Anderson and Pritchard (1951). Their work was part of 
a series of comprehensive surveys conducted by the USGS, 
Reclamation, the U.S. Navy Electronics Laboratory, and oth-
ers to evaluate sedimentation and salinity in 1948–49 (Smith 
and others, 1960). Lake temperature profiles were measured 
monthly at more than 60 locations. The BREB method was 
used to estimate an annual evaporation rate of 1,626 mm 
(64 in.). Their study highlighted a need to more fully develop 
the BREB method at a lake where evaporation was known. 
These same agencies then participated in a landmark study 
of lake evaporation at Lake Hefner, Oklahoma in 1950–51 
(U.S. Geological Survey, 1954). This location was chosen 
because, in contrast to Lake Mead, the water budget could be 
determined with sufficient accuracy (± 5 percent) to serve as 
a control for testing evaporation methods including energy 
budget and mass transfer. The study group subsequently 
moved back to Lake Mead in 1952–53 to conduct further 
research into methods and the equipment needed to measure 
evaporation accurately (Harbeck and others, 1958). The BREB 
method was chosen as the control to test mass-transfer equa-
tions against, even though the method was not expected to be 
as accurate as the water-budget control at Lake Hefner. The 
annual evaporation estimates for the BREB and mass-transfer 
methods were in such close agreement, partly because these 
methods were not completely independent as applied, that 
those investigators decided to combine them into an average 
annual evaporation rate of 2,172 mm (85.52 in.). The resulting 
average evaporation volume of 1,079 Mm3 (875 Kaf) is nearly 
three times Nevada’s annual allocation from the Colorado 

http://www.usbr.gov/pmts/eco_research/eco5.html
http://www.usbr.gov/projects/Powerplant.jsp?fac_Name=Hoover+Powerplant
http://www.usbr.gov/projects/Powerplant.jsp?fac_Name=Hoover+Powerplant
http://www.nws.noaa.gov/om/coop/
http://www.wrcc.dri.edu/summary/Climsmnv.html
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nv1371
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nv1371
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?az9376
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?az9376
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?az8516
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River of 370 Mm3 (300 Kaf). As a more practical way to esti-
mate monthly evaporation than these large-scale study efforts, 
a mass-transfer equation was devised whereby monthly evapo-
ration could be estimated with a combination of variables 
measured at Lake Mead and at the Las Vegas airport. This 
equation was used by Reclamation to estimate evaporation 
until 1994. The mean annual evaporation rate for the period 
1953–1994 was 1,930 mm (76 in.), but the mean for 1953–73 
was 2,032 mm (80 in.) and the mean for 1974–94 was 1,829 
mm (72 in.) (Westenburg and others, 2006, fig. 11). The lower 
annual evaporation rates during the latter period also were 
more variable, which may have resulted either from a series of 
programmatic modifications or faulty equipment. Westenburg 
and others (2006) established four floating platforms in differ-
ent basins in Lake Mead for varying lengths of time between 
1997 and 1999. Using the BREB method, they estimated an 
annual evaporation rate of 2,286 mm (90 in.). 

Methods of Study
Methods to estimate lake evaporation generally fall into 

three categories: aerodynamic methods, energy-balance 
methods, and methods that combine these two approaches 
(Allen and others, 1998; Finch and Hall, 2005; Rosenberry 
and others, 2007). The mass-transfer method is included in the 
first category. Eddy covariance (EC) is a micrometeorologi-
cal method that also falls into the first category; when EC is 
corrected for energy-balance closure it falls within the third 
category. The BREB method is in the second category. 

The selection of a method or methods to estimate evapo-
ration, each with its own strengths and weaknesses, is typi-
cally dictated by study objectives, the size and complexity 
of the study area, and costs. The primary objective of this 
study was to provide accurate monthly evaporation rates, 
which are expected to improve 24MS water budget and model 
output accuracy. The EC method was chosen as the primary 
method because it was thought to provide the most direct and 
least uncertain measure of monthly evaporation from Lake 
Mead. Furthermore, even though the focus of this report is 
on monthly estimates, one significant advantage of the EC 
method over other methods is the ability to accurately mea-
sure daily and sub-daily evaporation. Processes that control 
open-water evaporation become more evident at these shorter 
time steps (Blanken and others, 2003; Liu and others, 2009; 
Granger and Hedstrom, 2011). A secondary and indirect 
method, the BREB, also was employed. This widely-used lake 
evaporation method is relatively accurate at annual timescales; 
however, quantifying energy budgets at monthly timescales at 
Lake Mead is subject to relatively high uncertainty. Therefore, 
the BREB method is employed here primarily as an indepen-
dent validation of EC evaporation measurements at annual 
timescales. Both of these evaporation methods are described in 
this section. 

Water Budget

The water budget in this report was based on the March 
2011 and March 2012 24MS reports (http://www.usbr.gov/
lc/region/g4000/24mo/index.html) with some modifications. 
This project does not attempt to improve on the 24MS inputs 
specifically (except for the evaporation rate), but it was neces-
sary to estimate water-budget terms because there are links 
between the energy budget and the lake water budget. The 
equation used to compute the Lake Mead water budget is 

dS = P + SCR + Ss – So – E – B – Q (1)

where
	 dS	 is change in storage,
	 P	 is precipitation,
	 SCR	 is surface-water inflow from the Colorado River,
	 Ss	 is surface-water inflow from side channels (side 

inflow),
	 So	 is surface-water outflow,
	 E	 is evaporation,
	 B	 is bank storage, and
	 Q	 is direct withdrawal for the Southern Nevada Water 

Project (SNWP).
Units for the water budget in this report are in Mm3.

Releases from Glen Canyon Dam (SCR) and Hoover Dam 
(So), and SNWP withdrawals (Q) were taken directly from 
the 24MS reports. Other terms were estimated differently, as 
described below.

Change in storage for the current study was based on 
hourly stage and related volume (bathymetry) data provided 
by Reclamation. The bathymetry of Lake Mead was updated 
in 2011 based on an underwater bathymetric survey con-
ducted in 2001 and a Light Detection and Ranging (LiDAR) 
survey conducted in 2009 (Tighi and Callejo, 2011). The new 
bathymetric data show increased storage in Lake Mead of 
less than 1 percent over the previous bathymetric dataset due 
to compaction and a decrease in sediment loading from the 
completion of Glen Canyon Dam (Tighi and Callejo, 2011). 
The 24MS reports that cover the current study period used 
the older dataset to estimate volume and surface area through 
December 2011, and the updated dataset thereafter. For 
month-to-month consistency within the current study water 
budget, only the updated bathymetric data were used. 

Change in bank storage was calculated as 6.5 percent of 
the change in storage, using the same method as in the 24MS 
except that values presented here were slightly different 
because of our use of only the updated bathymetric dataset. 
Bank storage increases when the lake rises as some water from 
the lake flows into the banks and washes, becoming part of 
the groundwater flow system. By convention, changes in bank 
storage are considered negative relative to the lake when stage 
rises, similar to other loss terms in the water budget, and posi-
tive when stage falls.

http://www.usbr.gov/lc/region/g4000/24mo/index.html
http://www.usbr.gov/lc/region/g4000/24mo/index.html
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The evaporation rate from Lake Mead in the 24MS is con-
stant for a given month (Bureau of Reclamation, 2007, table 
A-20). The BREB evaporation values were used in this water 
budget because it is necessary for the water and energy-budget 
equations to be balanced; therefore, the same evaporation 
numbers must be used in both.

Side inflow is calculated as a residual to the water budget 
in both the 24MS and in this report, so that the water budget is 
balanced. This term, therefore, includes any errors or unmea-
sured flows in the water budget. Because other water-budget 
terms in this report vary from the 24MS, side inflows also are 
different; however, side inflows calculated for this study were 
only 2 percent higher than the original 24MS values for the 
2011 water year (October 2010 through September 2011).

To evaluate the assumption that side inflows represent all 
inflows to Lake Mead other than releases from Glen Canyon 
Dam, side inflows from the 24MS were compared to measured 
flows for water years 2010 and 2011 (October 2009 through 
September 2011). Flow in the Colorado River is measured at 
a site about 389 km (242 mi) downstream from Glen Canyon 
Dam (USGS gaging station 09404200, Colorado River above 
Diamond Creek near Peach Springs, AZ) and much closer to 
Lake Mead (http://wdr.water.usgs.gov/). Flows at this site were 
11 percent higher on average than releases from Glen Canyon 
Dam in water years 2010 and 2011, and slightly higher than 
24MS side inflows on average, which were 10 percent of 
releases. Other sites with routinely measured flows that reflect 
contributions to Lake Mead that are not explicitly accounted 
for in the 24MS are Virgin River above Lake Mead near 
Overton, NV (09415250), Las Vegas Wash below Lake Las 
Vegas near Boulder City, NV (09419800), and Diamond Creek 
near Peach Springs, AZ (09404208), along with a few other 
sites with much lower flows that are not included in this list. 
Combined flows from these three sites along with the Colo-
rado River above Diamond Creek were 15 percent higher on 
average than Glen Canyon Dam releases in water years 2010 
and 2011. In terms of computing an energy budget, the small 
difference between measured flows and flows estimated using 
the residual method (side inflows) is negligible; therefore, 
using the residual method is reasonable for computing avail-
able energy estimates and evaporation with the BREB method.

Precipitation (rain) was measured at the EC sites (data in 
appendix 1), but is not included explicitly in the 24MS, and is 
not considered further here because it is small relative to other 
water-budget terms. In the desert climate that surrounds Lake 
Mead annual precipitation averages less than 150 mm (6 in.), 
which was about 0.4 percent of the annual volume of water 
released from Glen Canyon Dam during the current study 
period and is an order of magnitude less than even the smaller 
water-budget terms.

Bowen Ratio Energy Budget

The BREB method estimates the energy used for evapo-
ration by quantifying energy gains and losses and change in 
stored energy (Anderson, 1954; Parkhurst and others, 1998). 
The energy-budget equation is

	 Qs – Qr + Qa – Qar – Qbs – Qe – Qh + Qw + Qv = Qx	 (2)

where
	 Qs	 is incoming solar radiation,
	 Qr	 is reflected solar radiation,
	 Qa	 is incoming longwave radiation,
	 Qar	 is reflected longwave radiation,
	 Qbs	 is emitted (backscattered) longwave radiation,
	 Qe	 is energy used for evaporation, or the latent-heat 

flux,
	 Qh	 is energy conducted from the lake to the atmosphere 

as sensible heat,
	 Qw	 is energy advected from the lake to the atmosphere 

by the evaporating water,
	 Qv	 is net energy advected into the lake, and
	 Qx	 is change in stored heat.
Heat exchange with bottom sediments is another energy term 
that is assumed to be negligible given the depth of Lake Mead 
and the minimal water temperature variation there below 
about 60 m (200 ft). The first five terms can be measured or 
estimated separately, or combined as net radiation, Qn. All Q 
terms are expressed in W/m2.

The evaporation rate, E, in m/s is 

	 E = Qe
λ ρw

	 (3)

where
	 λ	 is latent heat of vaporization, 2.45 x 106 J/kg at 

20 °C,
	 ρw	 is the density of water, 1,000 kg/m3 at 4 °C.
	 Qh	 is derived from the Bowen ratio, R, the ratio of Qh to 

Qe (Bowen, 1926) 

	 Qh = RQe	 (4)

	 Qw	 is calculated from

	 Qw = cwρw E(Te – Tb)	 (5)

where
	 cw	 is the specific heat of water, 4,186 J/kg °C at 15 °C,
	 Te	 is the temperature of evaporating water (assumed 

equal to the water-surface temperature), in °C, and
	 Tb	 is the base temperature, set to 0 °C. 

Inserting equations 3–5 into equation 2, and solving for E (in 
cm/d) gives

	 E = 8.64 × 106 ×
(Qn – Qx + Qv)

ρwλ[(1 + R) + Cw(To – Tb)] 	 (6)

The 8.64 x 106 multiplier is used to convert units from m/s to 
cm/d. 

http://wdr.water.usgs.gov/
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For this form of the energy budget (called the Bowen ratio 
energy-budget variant), R is calculated from the vapor pressure 
and temperature differences using the following equation:

	 R = 0.0648P (To – Ta)
(eo – ea) 	 (7)

where
	 P	 is average atmospheric pressure, set to 97.4 kPa for 

this study,
	 To	 is water-surface temperature, in °C,
	 Ta	 is air temperature, in °C,
	 eo	 is saturation vapor pressure at the water-surface 

temperature, in kPa, and
	 ea	 is vapor pressure of the air, in kPa, and 0.0648 is the 

psychrometric constant, defined as 0.665x10-3P, 
in kPa/°C (from equation 8 in Allen and others, 
1998).

Vapor pressures were calculated every 30 minutes or 
hourly from temperature and relative humidity data, then aver-
aged daily and monthly. A schematic of the major components 
of the Lake Mead energy budget is shown in figure 2.

The sensors necessary to measure all energy-budget terms 
except Qv were located in Boulder Basin on the Sentinel Island 
(SI) floating platform (table 1, figs. 3 and 4a). An automated 
variable-depth winch on the platform lowered a multiparam-
eter sonde to measure a water temperature profile every 6 
hours starting at midnight (Veley and Moran, 2012). The first 
water temperature measurement was at 1 m, and each succes-
sive measurement was 5 m deeper until just above the lake 
bottom. The total depth of the temperature profile during the 
study varied from 61 m, when the lake stage was at its low 
point, to 81 m at its high point. Water-surface temperature, net 
radiation, incoming solar radiation, air temperature, humidity, 

Figure 2.  Major energy-budget components of Lake Mead. 
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Table 1.  Instruments used to measure energy-budget components from the Sentinel Island platform, Lake Mead, Nevada and Arizona. 
Type of measurement Company name Instrument and model number Placement

Air temperature / humidity Vaisala HMP45C TRH probe 2.2 meters above water surface

Wind speed / direction R.M. Young 5106 wind monitor, marine 2.9 meters above water surface

Solar radiation LI-COR LI-200 2.8 meters above water surface

Net radiation Kipp & Zonen CNR-1, CNR-2 1 meter above water surface

Surface-water temperature Campbell Scientific 107 temperature sensor Water surface

Water temperature YSI 6600 multiparameter sonde 1 to 81 meters below water surface

Voltage Campbell Scientific CR10X, CR3000 Datalogger 1.5 meters above water surface
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wind speed, and wind direction were also measured from the 
SI platform during most of the study. Radiation sensors were 
oriented facing south to eliminate shading from other parts of 
the platform. Platform orientation was maintained by having 
two anchors, with lines adjusted periodically as the lake stage 
rose and fell to maintain tension. Some shifting of the platform 
orientation and level is inevitable, especially during strong 
winds, but was assumed to be less than 10 degrees in any 
direction and not to have affected the net radiation measure-
ments substantially.

Most periods of missing meteorological data were less 
than 2 hours in length. Missing temperature, relative humidity, 
wind speed, and net radiation data were filled with the aver-
ages of values recorded before and after data gaps for these 
short periods of missing record. In summer 2011, however, 
there were 50 days when about 20 percent of the readings 
were missing. For these periods, missing temperature, relative 

humidity, and wind speed were substituted as before, because 
this substitution method produced the lowest error. For net 
radiation, however, a relation between daily net radiation at 
the SI platform and daily average solar radiation from the 
Community Environmental Monitoring Program station at 
Boulder City (http://www.cemp.dri.edu/index.html) was used 
to fill gaps (coefficient of determination (R2) = 0.93). Net 
radiation was treated differently because of the non-linearity 
of this variable through the day caused by changes in cloud 
cover.

Net radiation (Qn) was measured by three radiometers over 
the course of the study. The primary sensor was a 2-compo-
nent (net short- and longwave radiation) radiometer (Model 
CNR2) located at the SI platform (figs. 3 and 4); however, for 
the first 81 days at the beginning of the study another CNR2 
that extended over the water a short distance from the first EC 
site (EC-1), was the only radiometer (fig. 5). Both CNR2s ran 

Figure 3.   Sentinel Island platform in Lake Mead, with radiometer (CNR2) extending from the platform to the south, and inset showing 
radiometer intercomparison (CNR1 in the background and CNR2s in foreground). 
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Figure 4.  Eddy-covariance (EC) and Sentinel Island platform sites in Boulder Basin, Lake Mead. A, Background image showing Lake 
Mead near full capacity, and B, High-resolution image from May 2010, showing rock outcrops with lake elevation at 334.14 meters 
(1,096.25 feet), which is about 40 meters (131 feet) below full capacity. 
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Figure 4.  Eddy-covariance (EC) and Sentinel Island platform sites in Boulder Basin, Lake Mead. A, Background image showing Lake 
Mead near full capacity, and B, High-resolution image from May 2010, showing rock outcrops with lake elevation at 334.14 meters 
(1,096.25 feet), which is about 40 meters (131 feet) below full capacity.—Continued 
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concurrently from May 20, 2010 to April 7, 2011 when the 
CNR2 at EC-1 was inundated because of the rising lake stage. 
A 4-component (incoming and outgoing short- and longwave 
radiation) radiometer (Model CNR1) of higher quality than 
the CNR2s was deployed to the SI platform from October 
12, 2011 to February 29, 2012 for use as a reference (figs. 3 
and 4). Net radiation measurements were adjusted to achieve 
consistency between sensors and station locations based on 
comparisons to readings from the CNR1. Net radiation data 
from the CNR2 at the SI platform was corrected downward 
based on a side-by-side comparison to the CNR1 (R2 = 0.99). 
Net radiation data from the CNR2 at the SI platform was 
biased high by about 13 W/m2 on average compared to the 
CNR1. For the 81 days when a CNR2 at EC-1 was the only 
net radiation sensor, data from that sensor were corrected 
based on the relation between it and the corrected values 
from the CNR2 at the SI platform over the 322 days when 
both sensors were simultaneously in operation. Net radiation 
measured by the CNR2 near EC-1 was about 2.5 percent lower 
than values from the CNR2 at the SI platform corrected to the 
CNR1 (R2 = 0.98), so values were corrected upward by that 
amount for consistency. Corrections made to the net radiation 
data are within the accuracy of the CNR2 sensors (less than 
10-percent uncertainty in daily total (Campbell Scientific, Inc., 
2010)), and similar in magnitude to differences described for 
these sensors by Blonquist and others (2009). 

Change in stored heat (Qx) was calculated from water-
temperature profiles at the SI platform. Temperatures to 76 m 
(or the maximum depth measured if greater than 76 m) were 
used to calculate change in stored heat. Below this depth, 
water temperature varies little (Veley and Moran, 2012). 
The temperature data were combined with lake stage and 
bathymetric data to obtain the change in stored heat using the 
following equation (modified from equation 93 in Anderson 
and Pritchard (1951), p. 101, and from Dave Stannard, U.S. 
Geological Survey, written commun., 2010):

Qx =
1

Ast
Cw ∑i =1(Ti – Tb)AiTHi + (Tc – Tb)AcTHc –t t t t tn

Cw ∑i =1(Ti    – Tb)Ai    THi + (Tc    – Tb)Ac    THc
t –1 t –1 t –1 t –1 t –1n 	 (8)

where
	 Qx	 is change in heat stored per unit surface area of 

water body, in W/m2,
	 Cw	 is volumetric specific heat of water, equal to 4.187 x 

106 J/m3 °C,
	 t	 is length of measurement period, in seconds,
	 TH	 is thickness of layer in which temperature change is 

measured, in m,
	 T	 is the average temperature of a layer, in °C,
	 Tb	 is the base temperature (assumed zero), in °C, and 
	 A	 is surface area of lake, in m2.
subscript i	 refers to the ith layer, 1 refers to the first (top) 

layer, n refers to the second from the bottom layer 
(constant thickness layer), and c refers to the 
bottom layer (variable thickness layer). 

superscript t	 refers to the end of the measurement period and t-1 
refers to the beginning of the measurement period.

Temperature profiles measured just after midnight (0000–
0060 hour) on the first day of the month were used to quantify 
the monthly change in stored heat. The average temperature 
of each layer (T) was computed as the average of the tempera-
tures measured at the top and the bottom of the layer. Layer 
thickness (TH) was 5 m except for the top and bottom layers; 
the top layer was 1-m thick and the bottom layer thickness 
varied based on the lake level. Layer area (A) was the average 
of the top and bottom layer areas, determined from lake stage 
and bathymetric data. The total stored heat for the lake at the 
beginning of each month was the sum of the heat contents of 
all the layers. Change in stored heat was then calculated as 
the difference between the total stored heat from one month 
to the next. Anderson and Pritchard (1951) determined that a 
single temperature profile was representative of all of Lake 
Mead for the purpose of quantifying Qx based on 12 surveys 
over a year at 60 locations distributed throughout the lake. 
They found that differences between temperature profiles in 
shallow and deep parts of the lake were not significant and 
that “energy storage for any standard layer and the monthly 
change in this storage are essentially uniform regardless of the 
depth of the water.” A Wilcoxon signed-rank statistical test of 
monthly stored heat calculated using temperature data from 
floating platforms at Sentinel Island, Temple Basin, and Virgin 
Basin (Veley and Moran, 2012) found no significant difference 
between the median monthly change in stored heat for paired 
values from any two of these locations (p = 0.64 to 0.93).

Net advected heat (Qv) to Lake Mead is the difference 
between inflowing and outflowing heat that enters and leaves 
the lake along with water gains and losses. Net advected heat 
was calculated using the following equation (Omar and El-
Bakry, 1981): 

	 Qv = At
∑i =1CwVi(Ti – Tb) – ∑o =1CwVo(To – Tb)n m

	 (9)

where
	 V	 is the volume of inflow or outflow during the period, 

in m3, subscript i refers to the ith of n inflows, 
subscript o refers to the oth of m outflows, and 
other terms are as previously defined. 

Advected heat is calculated using the lake water budget and 
mean monthly measurements or estimates of inflow and 
outflow temperatures. Inflows to Lake Mead were calculated 
based on 1) releases from Glen Canyon Dam, and 2) side 
inflows, which are approximated as the water-budget residu-
als. Precipitation is a small component of the Lake Mead 
water budget and is not considered in Qv. Outflows from Lake 
Mead were calculated based on 1) Hoover Dam releases, 2) 
SNWP withdrawals, and 3) changes in bank storage. Energy 
advected by evaporating water is accounted for separately 
as Qw (equations 2 and 5). The energy and water budgets are 
linked through the advected and stored heat terms, and those 
two budgets were solved iteratively until convergence was 
achieved (Saur and Anderson, 1956). Change in stored heat 
does not vary with each iteration, but advected heat does 
because the side inflow (residual) term is recalculated at each 
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iteration when new evaporation values are added. Conver-
gence of these two equations was rapid, occurring within a 
few iterations.

The farthest downstream measured water temperature 
between Glen Canyon Dam and Lake Mead was used to 
estimate inflow temperatures of both the Colorado River and 
side inflows when calculating Qv. Temperature of the Colo-
rado River in that section is measured at many locations by 
the Grand Canyon Monitoring and Research Center (Voichick 
and Wright, 2007; Wright and others, 2009). These measure-
ments use distance downstream from Lees Ferry as a refer-
ence system in river miles (RM); Lees Ferry is RM 0, which 
is about 15 river miles downstream from Glen Canyon Dam 
(http://www.gcmrc.gov/; Wright and others, 2009). During 
the period of record for the study, the farthest downstream 
measurements were at either RM 226 or RM 246 (fig. 1). 
The upstream end of the lake was at approximately RM 280 
using this reference system and the average lake stage dur-
ing the study. Accordingly, the temperature used for inflow 
was measured about 34 to 54 river miles upstream from the 
end of the lake, on average. On the basis of Grand Canyon 
Monitoring and Research Center data collected over 10 years, 
monthly mean water temperature increases downstream except 
in the winter, with the rate of increase varying seasonally 
and being highest in June (0.02 °C/km; Wright and others, 
2009). Wright and others (2009) developed a simple model to 
estimate temperature changes in the Grand Canyon based on a 
linear increase in temperature with distance downstream that 
reproduced measured monthly average temperatures within 
0.5 °C. Based on this model, temperatures at RM 280 could 
range from zero to 1.5 °C higher than the farthest downstream 
measured temperature, with the largest differences occurring 
between May and September. But Wright and others (2009) 
also note that the increase in temperature is lower than pre-
dicted in the fall in the lower part of this reach (closer to the 
lake). A sensitivity analysis of the effects of variations in flows 
and temperatures on Qv found that Qv was not particularly sen-
sitive to the difference between the farthest downstream mea-
sured temperature and inflow temperatures estimated using 
relations from Wright and others (2009). Therefore, tempera-
ture data from RM 226 or RM 246 (depending on availability) 
were used to compute Qv, and temperature changes in the river 
downstream from the last measurement point and their effects 
on Qv and lake evaporation were assumed negligible.

Temperature of the outflow from Hoover Dam is measured 
at the tailrace and was provided by Reclamation. Tempera-
tures of SNWP withdrawals were assumed to be equal to the 
monthly average lake-surface temperature. Temperatures of 
water going into and out of bank storage were assumed to 
be equal to the monthly average lake-surface temperature 
when the lake level was rising, and equal to the long-term 
(24-month) average lake-surface temperature (a surrogate for 
groundwater temperature) when the lake level was falling.

Eddy Covariance

Eddies are turbulent airflow caused by wind, surface 
roughness, and convective heat flow in the atmospheric 
surface layer (Swinbank, 1951; Brutsaert, 1982; Kaimal and 
Finnigan, 1994). Eddies transfer energy and mass between 
land and water surfaces and the atmosphere through a process 
referred to as turbulent exchange, or turbulent transport (Brut-
saert, 1982). The EC method provides the most direct measure 
of turbulent exchange currently available (Baldocchi, 2003; 
Foken, 2008; Stannard and others, 2013). Fluxes of water 
vapor and heat can be measured directly without the applica-
tion of empirical constants by finding the covariance between 
these scalars and vertical wind speed (Foken, 2008; Campbell 
Scientific, 2010c). Evaporation (positive latent-heat flux) 
occurs when water vapor in upward moving eddies is greater 
than in downward moving eddies. Likewise, sensible-heat flux 
is positive (from the surface to the atmosphere) when upward 
moving eddies are warmer than downward moving eddies. 

Latent-heat flux is the energy removed (in this study) from 
Lake Mead during the liquid-to-vapor phase change of water, 
and is the product of the latent heat of vaporization of water 
(λ) and water-vapor flux density. The latent heat of vaporiza-
tion, although slightly temperature dependent, is nearly a con-
stant. Water-vapor flux density is calculated as the covariance 
of instantaneous deviations from the time-averaged product of 
water-vapor density and vertical wind speed. EC latent-heat 
flux can be expressed mathematically as

	 Qec = λw' ρ'v 	 (10)

where
	 w	 is vertical component of wind speed, in m/s, and
	 ρv	 is water vapor density, in g/m3.

The prime symbols are deviations from mean values and the 
overbar denotes mean value. Deviations from mean values 
were measured 10 times per second, and mean values were 
computed over a 30-minute period. Qec is converted to evapo-
ration using equation 3. 

Sensible-heat flux is the movement of heat energy that results 
from a temperature difference between the surface and the 
atmosphere. The EC method computes sensible heat from 
temperature and vertical wind speed as

	 ρaCpw'T'aQhc = 	 (11)

where 
	 ρa	 is air density, in kg/m3,
	 Cp	 is specific heat of air, in J/kg °C, and
	 Ta	 is air temperature, in °C. 

The sum of latent- and sensible-heat fluxes is referred to as 
turbulent flux, or turbulent energy, in W/m2.

In addition to water vapor and heat, a turbulent flux of 
horizontal momentum also occurs from the atmosphere to 
the surface. Horizontal wind speed is zero at the surface 

http://www.gcmrc.gov/
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and increases with height above the surface. This transfer of 
momentum downward can be expressed as

	 ρa w'u'τ = – 	 (12)

where
	 u	 is horizontal wind speed, in m/s.

The downward gradient implies a flux of horizontal momen-
tum from the upper atmosphere to the surface, also recognized 
as a drag force exerted on the surface by the air (Stannard, 
2013). This concept is important for determining the source 
area of turbulent-flux measurements. 

Energy Balance of an Open-Water Body and the 
Energy “Imbalance” Problem

Equation 2 describes all of the known energy fluxes for 
an open-water body. Excluding the energy fluxes considered 
negligible for the current study, equation 2 can be rearranged 
to describe the Lake Mead energy balance as follows:

	 Qn – Qx + Qv = Qe + Qh	 (13)

Each of the energy fluxes in equation 13 is measured inde-
pendently for the EC method. The left side of the equation 
represents available energy, and the right side represents turbu-
lent energy. According to the first law of thermodynamics, the 
available energy is partitioned into either Qe or Qh. The ratio 
of turbulent to available energy, called the energy-balance 
ratio (EBR), is computed as follows: 

	 EBR = Qe + Qh
Qn – Qx + Qv

	 (14)

If all known energy fluxes appear in equation 2, and if all 
energy fluxes are measured accurately (within the limits of 
measurement accuracy), then the EBR would equal unity. 
This concept is commonly called energy-balance closure. The 
EBR is a commonly used metric to quantify energy-balance 
closure; notwithstanding, good energy-balance closure can 
result from offsetting erroneous measurements. In reality, the 
sum of EC turbulent energy is consistently less than the sum 
of available energy, with various explanations for the source 
of the discrepancy (Wilson and others, 2002; Foken, 2008; 
Foken and others, 2012; Leuning and others, 2012). Wilson 
and others (2002) studied the results of other investigators and 
report annual EBR values ranging from 0.39 to 1.69 for 50 
site-years of data at 22 EC sites, with an average value of 0.8, 
thus implying that on average 80 percent of available energy is 
accounted for by turbulent-energy measurements. This lack of 
energy-balance closure is quantifiable because the EC system 
measures latent- and sensible-heat energy independently.

Resolving the so-called “energy imbalance problem”, or 
balancing the latent- and sensible-heat energy against indepen-
dently-measured available energy, is an active area of research 
in the EC community. There currently is no consensus on 
whether closure should be forced, in other words, whether 

latent- and sensible-heat energy should be adjusted upward 
to fit the available energy. Leuning and others (2012) argue 
that 30-minute turbulent-flux measurements systematically 
underestimate the available energy at most EC sites because of 
phase lags caused by incorrect estimates of the energy storage 
in soils, air, and biomass below the measurement height. After 
correcting for these phase lags, they conclude the remaining 
imbalance may be explained by advective flux divergence 
that can move energy either toward or away from EC sen-
sors. These investigators also question the currently accepted 
practice of forcing the mean vertical wind speed measured by 
the sonic anemometer to zero (described in Data-Reduction 
Procedures), and suggest that a better method may be to 
maximize the covariance between the vertical wind speed and 
temperature/water vapor. Foken and others (2012) suggest that 
the lack of closure at many EC sites is not related to errors in 
the EC method, but instead is related to atmospheric condi-
tions that cannot be measured using the EC method. When 
airflow contacts significant landscape heterogeneities, large 
eddies are formed and a secondary atmospheric circulation 
pattern is developed; therefore, these secondary circulation 
patterns are not uniformly distributed over an area. Further-
more, these secondary circulation patterns are characterized 
by the transfer of energy from small to very large (greater than 
1 km) eddies. The time of passage of these very large eddies 
likely is too long for the typical 30-minute to 1-hour averaging 
periods to capture; however, longer averaging periods begin to 
violate the principles of stationarity. The resulting advective 
flux divergence is difficult to detect. These investigators also 
add that the scalar similarity, represented by the EC-measured 
Bowen ratio, may not be representative of advected fluxes. 
There is evidence to suggest that a large part of the unclosed 
energy budget is related to the sensible-heat flux; however, 
the authors go on to suggest that as a first approximation the 
energy budget may be closed according to the EC-measured 
Bowen ratio.

Site Locations
For this study, and in general, the ideal site placement for 

an EC station is one where the terrain surrounding the site is 
flat and homogeneous, and where the fetch for the surface-of-
interest is longer than the turbulent-flux source area. Fetch is 
defined in this study as the upwind distance from the measure-
ment point to the shore and the surface-of-interest is open 
water. The fetch needs to be long enough for airflow measured 
by EC sensors to equilibrate to the open-water evaporating 
surface (Rosenberry and others, 2007). Deploying EC sensors 
from a raft is impractical because the wave-induced raft move-
ment interferes with the EC measurements. One option was to 
locate multiple EC stations along the shore to ensure represen-
tative open-water measurements with wind originating from 
all possible directions (360 compass degrees). This option 
was rejected because the terrain surrounding Lake Mead is 
topographically complex—characterized by sparsely vegetated 
gently-to-moderately sloping alluvial fans, and steep, barren, 
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rocky cliffs (Westenburg and others, 2006). These features cre-
ate complex airflow regimes at the shore, which are problem-
atic for the EC method. A second option was made possible 
by the historically low lake stage during 2010. A series of 
small rock outcrops surrounded on all sides by the open-water 
surface became exposed and could be used to support EC 
sensors (fig. 4b). This option, which was selected, had the 
additional cost-effective advantage of requiring only a single 
EC station. As the lake stage rose 16.04 m between November 
2010 and January 2012, primarily because of an unusually wet 
winter (2010–2011) in the Rocky Mountains, the EC station 
(equipment array) was relocated to successively higher out-
crops (sites). Each of the four sites selected for this study had 
limitations in terms of fetch; however, all locations afforded 
wide angles where the fetch was between 2,000 and 16,000 m. 
Figure 4b is a high-resolution image showing a snapshot of the 
available fetch for each site during May 2010 when the lake 
elevation was 334.14 m (1,096.25 ft). Fetch varies with lake 
stage and wind direction, and can change abruptly with small 
changes in wind direction because of shoreline irregularities; 
as a result, the fetch estimates presented here are approximate. 
Table 2 and the following paragraphs summarize the details 
about each site location and its period of record. EC sites 1 
through 4 are numbered based on the chronological order in 
which they were occupied, with the first site (EC-1, fig. 4a and 
4b) having the longest record of just under 14 months.

Site EC-1 was established on the southeastern tip of a 
170-m long by 18- to 100-m wide southeast-to-northwest 
trending triangular-shaped rock outcrop. EC sensor height (z) 
was 3.18 m above the water surface on March 1, 2010, which 
was the beginning of the period of record. As the water level 
declined, and eventually rose again, z varied from 3.18 m to 
9.66 m. Fetch limitations at EC-1 included 1) wind coming 
from compass directions 275° through 345°, which includes 
the rock outcrop itself beginning at the EC station, 2) wind 
coming across a peninsula (the exposed northeastern tip of 
Saddle Island) extending from the mainland from 242° to 253° 
that limited fetch in that direction to 600 m, and 3) wind com-
ing from the mainland from 225° to 265° that limited fetch to 
1,300 m. The fetch from all other directions ranged from 2,000 
to 16,000 m (fig. 4b). 

Site EC-2 was located on a roughly oblong rock outcrop 
that varied from about 15-m wide by 30-m long when the lake 
stage was highest to 25-m wide by 50-m long when the stage 

was lowest. Sensor height above the water surface ranged 
from 4.52 to 9.24 m. Fetch at this site was limited to 800 m by 
the nearest mainland beginning at 305°, with fetch increasing 
to 2,000 m at 18° going clockwise. The small rock outcrops to 
the north and west are believed to have a negligible impact on 
EC flux measurements. The fetch from all other directions was 
between 2,000 and 14,000 m.

Site EC-3 was located on the same outcrop as EC-1. The 
difference was the outcrop was mostly inundated when this 
location was active except for a higher elevation section about 
150 m to the northwest of EC-1. This last section of exposed 
outcrop was about 20-m wide by 35-m long. Sensor height 
above the water surface ranged from 5.16 to 8.72 m. Fetch at 
this site was limited to 700 m between 231° and 251° by the 
same peninsula that limited fetch for EC-1, and by the main-
land to 1,300 to 1,900 m between 224° and 283°. The fetch 
from all other directions was between 2,000 and 16,000 m.

Site EC-4 was located on a roughly circular outcrop 30 m 
in diameter. Sensor height above the water surface ranged 
from 3.70 to 6.86 m. Fetch at this site was limited to 500 m 
by the north section of Saddle Island beginning at 189°, with 
fetch increasing to 1,000 m at 286° going clockwise. The fetch 
from all other directions was between 2,000 and 16,000 m.

Source Area and Atmospheric Stability
The source area contributing to the mean measured tur-

bulent fluxes is the area from which the measured variables 
(water vapor and heat) originate. Turbulent-flux measure-
ments can be conceptualized as weighted averages of the flux 
originating from a series of elemental surfaces that represent 
contributing areas upwind of the sensors. The cumulative nor-
malized contribution to the measured turbulent flux (cumula-
tive normalized flux, or CNF) increases with distance from the 
sensors (Schuepp and others, 1990). The relative contribution 
of turbulent flux (also called the footprint) is zero at the sensor 
location, increases rapidly to a maximum a relatively short 
distance upwind of the sensors, then decreases asymptotically 
with increasing distance from the sensors. The source area 
mathematically extends to infinity, but because no measured 
surface is infinite, 50-, 75-, and 90-percent source areas 
contributing to a point flux measurement are often considered 
(Rannik and others, 2012).

Table 2.  Location and general description of eddy-covariance sites, Lake Mead, Nevada and Arizona. 
[U.S. Geological Survey site identification: Unique identification number for site as stored in files and databases of the U.S. Geological Survey; UTM, Universal Transverse Mercator 
(zone 11)]

Site number
(see fig. 4)

U.S. Geological Survey
site identification North UTM East UTM Altitude, in meters Period of reported measurements

EC-1 360500114465601 3995454 699677 337.02 03/01/2010 to 05/24/2011

EC-2 360500114465601 3996845 700974 341.09 05/24/2011 to 08/25/2011

EC-3 360500114465601 3995555 699560 345.33 08/25/2011 to 11/23/2011

EC-4 360500114465601 3995677 698662 347.10 11/23/2011 to 02/29/2012
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In this study, an analytical model was used to quantify 
the CNF as a fraction of the turbulent flux originating within 
defined extents (Kormann and Meixner, 2001). Source area 
characteristics are dependent upon the sensor height (z) 
above the zero plane displacement (d), the surface rough-
ness (zo), and atmospheric surface layer (ASL) stability. The 
sensor height above the water surface at each site location 
was determined based on 1) a steel-tape measurement of the 
sensor height above the tripod base, 2) a differential Global 
Positioning System survey of the tripod base and water surface 
(vertical accuracy of 0.025 ± .010 m), and 3) the water-surface 
elevation reported hourly by Reclamation. The zero plane 
displacement, which is the height above a surface where 
semi-logarithmic wind-speed profiles extrapolate to near zero, 
is assumed to be zero because wind is not obstructed on the 
open-water surface. The roughness length (zo, in m), a measure 
of the friction effect of wind created by the surface roughness, 
was computed with the following equation (Brutsaert, 1982):

	 Zo =
z – d

exp (   )kU
u*

	 (15)

where
	 z	 is the sensor height above the water surface, in m,
	 d	 is zero-plane displacement (0.0), in m,
	 k	 is the von Karman constant (0.4), dimensionless,
	 U	 is mean wind speed at sensor height, in m/s, and
	 u*	 is friction velocity, in m/s.

Friction velocity is computed as 

	 u* =
τ
ρa√

	 (16)

where u* represents the effect of shear stress on the surface, 
and its magnitude depends on the nature of the surface and 
wind speed. Equation 15 is strictly valid only for neutral 
ASL stability, where u* describes a logarithmic wind profile 
and wind speeds increase with increasing height above the 
surface. The wind profile does depart slightly from logarithmic 
depending on ASL stability; however, for applications within 
10 m of the surface, the wind profile is assumed to be almost 
always logarithmic (Kaimal and Finnigan, 1994, p. 11). 

ASL stability can be generally categorized as stable, unsta-
ble, or neutral. Under stable conditions the air temperature 
increases with increasing height above the surface. Turbulence 
is almost entirely mechanical in origin and a capping inver-
sion acts as a lid dampening vertical motions and suppressing 
turbulent exchanges. Air flow is characterized by strong wind 

shear and smaller eddies. Conversely, for unstable conditions 
the air temperature decreases with increasing height above the 
surface. Turbulence is developed by both mechanical and con-
vective (buoyant) forces, which enhance turbulent exchange 
processes. Increasing the temperature gradient for either of 
these diabatic conditions increases the degree of stability/
instability. Neutral conditions exist when air parcels displaced 
up and down adiabatically maintain exactly the same density 
as the surrounding air and thus experience no net buoyancy 
forces (Kaimal and Finnigan, 1994). A parameter represent-
ing ASL stability (z/L, dimensionless) was estimated using the 
following equation (Monin and Obukhov, 1954; Kaimal and 
Finnigan, 1994):

	 = – k (z – d) gQh
Tv ρCp u*

z
L 3 	 (17)

where
	 L	 is the Monin-Obukhov length, in m,
	 g	 is the gravitational acceleration constant (9.81), in 

m/s2,
	 Qh	 is sensible-heat flux, in W/m2,
	 Tv	 is virtual air temperature (ambient temperature 

minus the impact of relative humidity, or the 
temperature at which dry air would have the same 
density as moist air at the same pressure), in °C, 
and

	 Cp	 is specific heat of air, in J/kg °C.

The source area is larger and z/L is positive during stable 
conditions, and the source area is smaller and z/L is negative 
for unstable conditions. The mean z was computed for each 
processing period (approximately monthly), and zo, z/L, and 
the CNF were computed for 50-, 500-, 1,000-, 2,000-, and 
3,000-m fetch distances at 2-hour intervals for the period of 
record.

Instrumentation
The EC method uses fast-response sensors to measure the 

rapid fluctuations in water-vapor density, wind-speed compo-
nents, and air temperature to compute latent- and sensible-heat 
fluxes. Two specialized sensors developed for EC measure-
ments by Campbell Scientific, Inc. were used—a krypton 
hygrometer (Model KH2O) measured the water-vapor density 
fluctuations, and a three-dimensional sonic anemometer 
(Model CSAT3) measured the wind vector and air tempera-
ture fluctuations (table 3). A krypton lamp in the KH20 sensor 

Table 3.  Instruments used to measure turbulent fluxes and precipitation at eddy-covariance sites, Lake Mead, Nevada and Arizona. 
[Placement: The intervals given are approximate] 

Type of measurement Company name Instrument and model number Placement

Evaporation Campbell Scientific CSAT3 3-D sonic anemometer
KH20 krypton hygrometer

2.4 meters above land surface;  
3.2 to 9.7 meters above water surface

Air temperature / humidity Vaisala HMP45C TRH probe 2.0 meters above land surface

Precipitation Novalynx 260-2510 rain and snow gauge 1 meter above land surface

Voltage Campbell Scientific CR3000 Datalogger 1 meter above land surface
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emits an ultraviolet radiation signal along an approximately 
1-cm path open to the atmosphere. The signal is attenuated 
according to Beer’s Law as water vapor is absorbed. A voltage 
output proportional to the attenuated signal is recorded and 
related to vapor density by a regression function developed 
by the manufacturer (Campbell Scientific, Inc., 2010b). The 
CSAT3 measured turbulent fluctuations of horizontal and 
vertical wind speed using three pairs of non-orthogonally ori-
ented transducers to transmit and receive an ultrasonic signal. 
The Doppler effect relates the flight time of the signal to wind 
speed. The speed of sound is also measured by the CSAT3 and 
used to estimate “sonic” air temperature (Campbell Scientific, 
Inc., 2010c). An electronic datalogger received output from 
these sensors at a frequency of 10 Hz (10 times per second). 
The centers of the KH2O and CSAT3 signal paths were sepa-
rated by 10 cm and both sensors were positioned vertically 
(fig. 5). The CSAT3 was oriented facing 180° for site EC-1, 
and 270° for sites EC-2, EC-3, and EC-4 (“facing” means 
away from the support structure). The height of the paired 
sensors ranged from 3.18 to 9.66 m above the water surface. 
The orientation and positioning of the sensors were selected 

during each installation to minimize airflow disruptions that 
could be caused by the support structure and other sensors. All 
instruments were calibrated by the manufacturer shortly before 
installation and recalibrated according to manufacturer guide-
lines. Each site was visited approximately monthly for routine 
site maintenance and data acquisition.

Precipitation data were collected at each EC site using 
a National Weather Service type standard 8-in. diameter 
volumetric rain gage (appendix 1). The 8-in. rain gage is 
considered the most accurate means of collecting precipita-
tion data and is the standard by which other rain gage designs 
are evaluated (Gordon, 2002). Water accumulated in the rain 
gage was measured and recorded during monthly site visits. 
Once measured, the water was discarded. Because of the very 
dry climate in the study area, a thin layer of mineral oil was 
added to the gage reservoir after each measurement to prevent 
evaporative losses of the collected precipitation between site 
visits. Gage-catch errors due to wind were not corrected. A 
gage-catch deficiency of about 10 percent can be expected 
during rainfall events where the average wind speed is 4 m/s 
(Larson and Peck, 1974).

Figure 5.  Eddy-covariance sensors at site EC-1 showing positioning. Corrected data from the radiometer were used for the first 81 
days of the study. 
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Data-Reduction Procedures
Several commonly used corrections must be applied to raw 

EC measurements to compensate for limitations both in the 
EC theory and equipment design. Raw 30-minute block-aver-
aged covariances (equations 10 and 11) are computed from 
sampled 10-Hz data after filtering spikes (Højstrup, 1993) and 
removing any lag between CSAT3 and KH2O signal outputs. 
To correct errors associated with small misalignments of the 
CSAT3, raw covariances are two-dimensionally rotated to 
align with the mean streamlines of airflow, which forces the 
mean vertical and crosswind velocities to zero (Kaimal and 
Finnigan, 1994). Frequency response corrections were applied 
that compensate for the inability of eddy sensors to measure 
contributions from the largest (greater than 1 km) and small-
est (less than 10 cm) eddies due to averaging time and sensor 
geometry such as path-length averaging and sensor separation 
(Moore, 1986). The contribution to non-zero average verti-
cal wind speed caused by variations in the density of rising 
and falling air is corrected following Webb and others (1980). 
The slight attenuation of the KH20 signal caused by oxygen 
in the 1-cm signal path, which is proportional to the sensible-
heat flux, is corrected as suggested by Tanner and Greene 
(1989). In addition, sensible-heat flux data are corrected for air 
density and sound-path deflection of sonic-derived tempera-
tures (Schotanus and others, 1983). All 10-Hz EC data were 
post-processed and corrections applied using EdiRe software 
(Clement, 1999). 

Poor-quality or unrepresentative 30-minute flux data were 
identified and removed by applying the following filters: (1) 
attenuation of the KH2O millivolt output signal caused by 
water accumulation during precipitation events, (2) greater 
than 10 percent of the 18,000 individual measurements by the 
CSAT3 that make up a 30-minute block average either filtered 
or missing, and (3) wind angle between 275° and 345° degrees 
at EC-1 where the fetch was insufficient because the island on 
which the station was located was large enough to contaminate 
the signal (turbulent-flux measurements were not representa-
tive of open water). About 22 percent of all 30-minute flux 
periods were filtered; of these, 15 percent were removed 
because of insufficient fetch at EC-1, 4 percent were removed 
because of rain events, and 3 percent were missing because the 
station at EC-3 was found toppled and was therefore inopera-
tive from November 1–23, 2011.

Once questionable data were identified and removed, the 
resulting gaps were filled using estimated values. The estima-
tion method depended on the gap length. Any gaps in latent- 
or sensible-heat-flux data occurring for less than 2 hours 
were filled by linear interpolation between values measured 
before and after the gap period. For gaps spanning 2 hours or 
more, the mean diurnal variation (MDV) method was applied. 
The MDV method replaces missing values with the average 
of measured values for the same half-hour period for the 7 
days before and after the gap (Falge and others, 2001). This 
gap-filling method was tested by randomly selecting, remov-
ing, and gap-filling 20 percent of valid latent-heat-flux values 

from June 8, 2011 to February 21, 2012 (excluding the period 
October 23, 2011 to November 30, 2011) and comparing the 
filled values with measured values. The overall difference 
between the measured and predicted values (bias) was less 
than 1 percent, and individual monthly biases were less than 
5 percent. Daily latent- and sensible-heat fluxes from Novem-
ber 1–23, 2011, when all turbulent flux data were missing, 
were estimated by 1) interpolating a monthly turbulent flux 
based on rates for adjacent months, 2) subtracting the total 
measured flux between November 24, 2011 and November 
30, 2011 from the interpolated monthly flux, and 3) dividing 
the remainder by the number of missing days to produce daily 
estimates for the gap period.

Thirty-minute averaged, filtered, and gap-filled evaporation 
rates were summed into daily, monthly, and annual evapora-
tion rate estimates for the period of record (March 1, 2010 
through February 29, 2012). Thirty-minute evaporation rates 
and other micrometeorological data are archived in the USGS 
National Water Information System database, which can be 
accessed through the Nevada Water Science Center evapo-
transpiration web portal (http://nevada.usgs.gov/water/et/
index.htm). Daily evaporation and other micrometeorological 
data and plots are also compiled in an electronic spreadsheet 
distributed with this report (appendix 1).

Evaporation Results
Evaporation from Lake Mead is dependent mainly on 

energy coming from the sun which heats water at the surface 
until it converts to vapor. The rate of evaporation is controlled 
by energy at the free-water surface and the ease with which 
water vapor diffuses into the atmosphere (Finch and Hall, 
2005). The evaporation rate increases with increasing water 
temperature because water molecules at the free-water surface 
have greater kinetic energy with which to escape the intermo-
lecular bonds of other water molecules. The vapor pressure at 
the water surface (at saturation, eo) increases with increasing 
water temperature, and the evaporation rate increases with 
increasing eo and with increasing vapor pressure difference. 
The vapor pressure difference is the difference between the 
saturation vapor pressure at the free-water surface and the par-
tial vapor pressure at some reference height above the surface 
(ea; Petrucci, 1985). Because Lake Mead is surrounded by 
the arid Mohave Desert, and because the reservoir has a high 
shoreline to surface area ratio, the vapor pressure difference 
over the lake generally increases with increasing wind speed 
as dry air blowing overland reaches the lake. Even though 
Lake Mead is a large lake, from an evaporation perspective it 
is essentially a series of smaller interconnected lakes. Boulder 
Basin is probably characterized by a continuous boundary 
layer governed by upwind land-surface conditions (Granger 
and Hedstrom, 2011). Under these advective conditions, 
evaporation decreases with distance downwind of shore as 
the evaporating surface causes the air temperature to decrease 
and the humidity to increase until some equilibrium is reached 
(Weisman and Brutsaert, 1973; Finch and Hall, 2005).

http://www.geos.ed.ac.uk/abs/research/micromet/EdiRe/
http://nevada.usgs.gov/water/et/index.htm
http://nevada.usgs.gov/water/et/index.htm
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Net radiation at Lake Mead follows a typical sinusoidal, 
mid-latitude, northern hemisphere pattern with a peak in June 
and trough in December (fig. 6A). Net radiation is greater 
than at most land-based sites because the surface reflectiv-
ity of clear, open water is low. Except for weather-induced 
intermittent periods, the air temperature above the lake (Ta) 

generally is warmer than the surface-water temperature (To) 
during spring and summer, and cooler during fall and winter 
(fig. 6B). Accordingly, the vapor pressure of the atmosphere 
(ea) and the water surface (eo) both increase and decrease with 
increasing and decreasing temperature (fig. 6C). Turbulent 

Figure 6.  Daily A, Mean and maximum net radiation, B, Mean air and water-surface temperature, C, Mean atmospheric and water-
surface vapor pressure, and D, Mean wind speed, Lake Mead, March 2010 through February 2012. 
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mixing was sustained by a daily mean wind speed of 3.74 m/s, 
with a median and standard deviation of 3.27 and 1.76 m/s, 
respectively, for the period of record (fig. 6D). These and other 
daily micrometeorological data are presented in table 4 and 
appendix 1.

Water-temperature profiles to the lake bottom or to a depth 
where temperatures no longer vary are critical to creating an 
accurate energy budget. Lake Mead has a warm monomictic 

thermal regime (Wetzel, 1975); the lake does not freeze and 
temperatures stratify in the summer but not in the winter 
(fig. 7). Spring and summer temperature profiles for both 
years of the study were similar, but the lake was cooler in late 
fall and winter of the first year compared to the second. The 
slower rate of cooling during the second year can be explained 
by the greater volume and depth of the lake that year.

Figure 7.  Monthly water-temperature profiles at Sentinel Island platform, Lake Mead. 
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Figure 8.  Daily elevation and surface area, Lake Mead, March 2010 through February 2012. 
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Water Budget

The Lake Mead water budget was estimated to relate evap-
oration to other water-budget terms, and because the water 
and energy budgets are linked through the advected and stored 
heat terms. In the first year of this study (2010), the elevation 
of Lake Mead was at historically low levels. The lowest daily 
level (329.760 m or 1081.89 ft) since the reservoir was first 
filled occurred in November 2010 (fig. 8); levels below 330 m 
had not been seen since 1956. Fortunately, the lake level 
increased by the end of 2010 and continued to rise in 2011 
as a result of the significant snowpack in the upper Colorado 
River Basin during the 2010–2011 winter. Increased water 
levels in upper Basin reservoirs resulted in increased releases 
from Glen Canyon Dam into the lower Colorado River Basin 
in accordance with the 2007 interim operational guidelines 
(Bureau of Reclamation, 2007). There was a net stage decline 
of 2.265 m (7.43 ft) during the first year of this study (March 
1, 2010–February 28, 2011), and a net increase of 11.363 m 
(37.28 ft) during the second year (March 1, 2011–February 29, 
2012) (fig. 8). 

Total gains to the lake were the sum of releases from Glen 
Canyon Dam and side inflow, and total losses were the sum of 
Hoover Dam releases, evaporation, SNWP withdrawals, and 
bank storage. Releases from Glen Canyon and Hoover Dams 
dominate the Lake Mead water budget, accounting for greater 
than 90 percent of total gains or losses, respectively, during 
the current study (table 5, fig. 9A,B). Change in volume was 
the next largest term, with a net loss of 817 Mm3 the first year 
and a substantial gain of 4,373 Mm3 the second year (table 5, 
fig. 9B). The smaller water-budget terms, side inflow, evapora-
tion, and change in bank storage, account for the remaining 
gains and losses (fig. 9C). Monthly side inflows ranged from 
3.2 to 29.1 percent of Glen Canyon Dam releases, averaging 
9.6 percent for the period of record. Outflows averaged 91 

percent for releases from Hoover Dam, 5.9 percent for evapo-
ration, and 2.2 percent for withdrawals by SNWP. The change 
in bank storage (0.9 percent) was also an outflow because 
there was a net increase in lake stage during the current study.

The Lake Mead water budget is balanced because side 
inflow is calculated as a residual. Potential errors in the water 
budget are mostly due to errors in measurements or estimates 
of surface-water flows because these are the largest terms. 
Even small errors in the primary inflows and outflows are of 
the same magnitude as some water-budget terms, including 
evaporation and bank storage. Because of this, it is difficult to 
improve the accuracy of the Lake Mead water budget without 
using independent approaches. Bank storage is probably the 
least understood water-budget term. A substantial investment 
in drilling and other hydrogeologic research would likely be 
needed to better understand bank storage.

Bowen Ratio Energy Budget

Evaporation computed using the BREB method was 2,201 
and 2,039 mm (86.67 and 80.26 in.) for the first and second 
years of the study (March 2010–February 2011, and March 
2011–February 2012), respectively. Monthly energy-budget 
terms are shown in figure 10 and listed in table 4. Other than 
latent-heat flux (Qeb), which averaged 164 W/m2, net radia-
tion (Qn) was the largest energy-budget term on average 
(144 W/m2). July 2011 was cloudier (and cooler) than the 
same period in the previous year, with average Qn lower than 
the previous year by 6 W/m2. Change in stored heat (Qx) and 
advected heat (Qv) were both important energy fluxes during 
this study, with average absolute values of 79 and 23 W/m2, 
respectively. Qx is usually near zero over a year (if the lake 
level is relatively constant) because energy moves into and out 
of storage through the seasons, but for this study, Qx and Qv 
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were higher in the second year because of the large increase 
in lake volume. Monthly Qx ranged from -200 to 164 W/m2, a 
wider range than any other energy-budget term including Qeb 
(77 to 291 W/m2) and Qn (6 to 282 W/m2).

Deep lakes will have larger Qx than shallow lakes because 
the thicker water column can store more energy; therefore, 
lake depth has a substantial effect on seasonal evaporation 
patterns (Sacks and others, 1994; Blanken and others, 2003; 
Finch and Hall, 2005). Evaporation is usually correlated to net 
radiation, but this relation for deep lakes will be weaker than 
for shallow lakes because in deep lakes a larger proportion of 
the net radiation goes to heating up the deep water in the first 
half of the year when the lake is still cold, and therefore is not 
available to drive evaporation. The opposite is true in the fall 
for deep lakes; more energy comes out of deep storage in the 
second half of the year and evaporation stays high even though 
net radiation decreases. For example, net radiation at Lake 

Mead follows the solar pattern, with peaks in June and lows in 
December, but the peak in net radiation also coincides with the 
period when most energy goes into storage (when Qx is larg-
est). Because energy goes into storage rather than to evapo-
ration during spring and early summer months, evaporation 
peaks in July or August, later than net radiation. Qx at Lake 
Mead usually turns negative in September, and as that addi-
tional energy is released from storage, evaporation increases in 
the fall even though Qn decreases (fig. 10). 

The Bowen ratio calculated for the energy budget at Lake 
Mead is negative during 7 to 8 months of the year because the 
lake surface is colder than the air (table 4, fig. 6B), making 
the temperature difference negative in equation 7. Thus Qhb, 
energy conducted from the lake to the atmosphere (sensible-
heat flux), is also negative in those months, meaning the water 
“extracts” energy from the air. 

Table 5.  Monthly and annual water budget, Lake Mead, Nevada and Arizona, March 2010 through February 2012. 
[Monthly values in million cubic meters unless otherwise noted; EOM, end of month; ft, feet; SNWP, Southern Nevada Water Project]

Month and year
Lake Mead 
elevation at 

EOM, ft

Glen Canyon 
Dam release Side inflow Evaporation Hoover Dam 

release
SNWP

withdrawal
Change in bank 

storage1
Change in 

volume Total gain Total loss

Mar 2010 1,100.66 743 127 60 1,097 15 -19 -283 870 1,153

Apr 2010 1,098.00 743 170 50 1,151 23 -20 -292 912 1,204

May 2010 1,094.30 741 136 86 1,185 35 -26 -402 878 1,280

June 2010 1,089.30 741 33 70 1,242 33 -35 -536 775 1,311

July 2010 1,086.97 989 60 110 1,161 41 -16 -246 1,049 1,295

Aug 2010 1,086.91 989 156 88 1,023 41 0 -6 1,145 1,152

Sept 2010 1,083.81 592 86 60 935 28 -21 -324 678 1,002

Oct 2010 1,082.36 611 116 70 787 30 -10 -150 727 877

Nov 2010 1,081.94 998 33 69 987 22 -2 -43 1,032 1,075

Dec 2010 1,086.30 1,045 304 39 814 12 30 453 1,348 895

Jan 2011 1,091.73 1,230 88 29 666 10 37 576 1,318 742

Feb 2011 1,095.78 1,189 106 35 783 11 28 437 1,295 858

Mar 2011 1,096.39 1,274 90 35 1,241 19 4 66 1,365 1,299

Apr 2011 1,095.76 1,159 184 62 1,330 25 -5 -68 1,343 1,412

May 2011 1,097.90 1,444 152 82 1,235 31 16 233 1,596 1,363

June 2011 1,102.38 1,699 100 84 1,158 31 32 494 1,799 1,305

July 2011 1,107.07 1,829 63 65 1,235 32 35 527 1,893 1,366

Aug 2011 1,113.45 1,824 113 95 1,025 35 47 736 1,937 1,202

Sept 2011 1,116.04 1,137 101 64 826 22 21 305 1,238 933

Oct 2011 1,121.00 1,179 93 71 546 25 38 592 1,273 681

Nov 2011 1,125.82 1,356 43 63 696 16 38 586 1,399 812

Dec 2011 1,132.83 1,509 107 60 613 11 57 875 1,616 741

Jan 2012 1,134.18 1,051 68 46 879 11 11 171 1,119 948

Feb 2012 1,133.06 805 60 47 956 14 -9 -142 865 1,008

(March 2010–February 2011) 10,611 1,416 766 11,830 301 -53 -817 12,027 12,844

(March 2011–February 2012) 16,267 1,175 774 11,740 270 284 4,373 17,442 13,069

Period of record sum 26,878 2,591 1,540 23,571 571 231 3,557 29,470 25,913
1 Change in bank storage is positive when water flows into storage from the lake (when stage is rising). 
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Figure 9.  Monthly A, Water budget, B, Total gain, loss, and change in volume, and C, Side inflow, evaporation, SNWP withdrawal, and 
change in bank storage, Lake Mead, March 2010 through February 2012.
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Advected-heat flux (Qv) was more important during the 
second year of the study at Lake Mead than during the first 
because inflows exceeded outflows by over 4 billion m3 
that year (tables 4 and 5). The temperatures of the major 
inflows and outflows (Colorado River inflow and Hoover 
Dam releases) dominate Qv. Other water-budget gains and 
losses have much less influence on Qv because they are 
smaller volumes. Inflowing water from the Colorado River 
is warmer than outflowing water from Hoover Dam in the 
summer months, but is colder in the winter (fig. 11). Outflow 
temperatures were colder during the summer months of the 
second year because the Hoover Dam intakes are at a fixed 
elevation and were deeper in the lake that year because the 

lake level was higher. Temperatures downstream from Glen 
Canyon Dam were also substantially colder during the sum-
mer months of the second year of the study compared to the 
first (http://www.gcmrc.gov) because Lake Powell was also 
deeper that year; however, water still warmed to almost 18 °C 
before reaching Lake Mead in the summer of 2011, similar 
to temperatures the previous summer. From March through 
October, cold outflow from Glen Canyon Dam warms about 2 
to 8 °C as it flows through the Grand Canyon, but the amount 
of increase varies year to year (Voichick and Wright, 2007). 

In years when the lake level rises or falls substantially, 
advected heat can be an important term in the energy budget. 
During the early studies at Lake Mead before Glen Canyon 
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Figure 10.  Monthly net radiation, heat stored, and latent-heat, sensible-heat, and net advected-heat fluxes, Lake Mead, March 2010 
through February 2012. 

Figure 11.  Monthly average temperature of inflow to and outflow from Lake Mead, March 2010 through February 2012. 
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Dam was built, advected heat was larger than Qn during spring 
runoff months (Anderson and Pritchard, 1951; Harbeck and 
others, 1958). Even cold water from snowmelt contains heat 
that is added to the lake along with the water. The BREB 
method was tested at Lake Hefner in Oklahoma before it was 
used for the comprehensive Lake Mead studies (Harbeck and 
others, 1958). Compared to Lake Hefner, where net advected 
energy was near zero, in these early studies Lake Mead 
showed a net influx of 56 W/m2 in advected energy, which 
contributed to higher evaporation rates (Harbeck and oth-
ers, 1958). Because the majority of inflows to and outflows 
from Lake Mead are now controlled flows (dam releases), the 
variability of Qv has been reduced. During years when stage 
changes are relatively small because inflows and outflows are 
balanced, ignoring Qv will not cause significant error in the 
energy budget. However, when the lake level rises or falls sub-
stantially, ignoring Qv will produce energy-budget evaporation 
rates that are lower or higher than actual rates, respectively. 

Eddy Covariance

Pre-energy-balance-corrected EC evaporation from Lake 
Mead was 1,958 and 1,787 mm (77.09 and 70.37 in.) for the 
first and second years of the study (March 2010–February 
2011, and March 2011–February 2012), respectively (fig. 12). 
The annual evaporation rate decreased by 8.6 percent in the 
second year compared to the first, similar to the 7.4-percent 
decrease computed using the BREB method. The depth and 
low albedo of Lake Mead, and the large heat capacity of 
water, resulted in notable thermal loading and a seasonal lag 
in surface energy availability. During spring and summer, 
an increase in stored energy (+ Qx) reduced surface energy 
availability and limited turbulent energy exchange. During 

fall and winter, turbulent energy exchanges were greater than 
net radiation (fig. 10) because stored energy was released to 
the surface. Peak latent-heat flux (Qec) lagged peak Qn by 
about 2 months during both years (fig. 13), resulting in a weak 
correlation (R2 =0.17); however, there was a good correlation 
(R2 = 0.72) between monthly mean Qec and available energy 
(Qn – Qx + Qv). During spring and summer, the air tempera-
ture was warmer than the water-surface temperature (fig. 6B), 
resulting in net sensible heat transfer from the air to the water 
(- Qhc) and a negative Bowen ratio. During fall and winter, the 
water surface was warmer than the air, resulting in a sensible 
heat transfer to the atmosphere (+ Qhc) and a positive Bowen 
ratio. Stored energy also fueled nighttime (net shortwave 
radiation = 0) evaporation, ranging from 31 to 43 percent of 
total monthly evaporation and averaging 37 percent (fig. 12), 
similar to the 45 percent reported by Liu and others (2009). 
For any given month, evaporation varied from the mean 
monthly evaporation by as much as ±20 percent during the 
2-year study. The largest second year decreases in EC evapo-
ration occurred during July, August, and September. To better 
understand these interannual variations in monthly evaporation 
rates, analyses of well-known controls on open-water evapo-
ration and their relative influence on EC evaporation rates at 
Lake Mead are presented in the following sections. 

Source-Area and Fetch Analysis
The source area of turbulent-flux measurements was evalu-

ated for each site location to determine the degree to which 
upwind measurements represented the desirable open-water 
surface, and the degree to which measurements may have been 
“contaminated” by the desert surface surrounding the lake, 
particularly in limited-fetch (500 to 2,000 m) directions. The 

Figure 12.  Monthly evaporation, Lake Mead, March 2010 through February 2012. 

Night
Day

0

100

200

300

M
on

th
ly

 e
va

po
ra

tio
n,

 in
 m

ill
im

et
er

s

M
ar

 2
01

0

Ju
ne

 2
01

0

Se
pt

 2
01

0

De
c 

20
10

M
ar

 2
01

1

Ju
ne

 2
01

1

Se
pt

 2
01

1

De
c 

20
11

Ap
r 2

01
0

Ju
ly

 2
01

0

Oc
t 2

01
0

Ja
n 

20
11

Ap
r 2

01
1

Ju
ly

 2
01

1

Oc
t 2

01
1

Ja
n 

20
12

M
ay

 2
01

0

Au
g 

20
10

N
ov

 2
01

0

Fe
b 

20
11

M
ay

 2
01

1

Au
g 

20
11

N
ov

 2
01

1

Fe
b 

20
12



Evaporation Results    25

mean sensor height (z), median ASL stability parameter (z/L), 
median cumulative normalized flux (CNF), and the proportion 
of all 30-minute measurements originating from limited-fetch 
azimuths were computed for each processing period and site 
location (table 6). The proportion of limited-fetch 30-min-
ute measurements for all sites was 4.5 percent for EC-1, 5.9 
percent for EC-2, 5.2 percent for EC-3, and 15.2 percent for 
EC-4. The mean friction velocity (u*) and roughness length 
(zo) for the period of record was 0.27 m/s and 0.51 mm, 
respectively. 

The source areas for EC-3 and EC-4 (measurements from 
August 25, 2011 to March 1, 2012) were smaller than for EC-1 
and EC-2 (measurements from March 1, 2010 to August 25, 
2011). The size of the source areas was inconsequential when 
the wind was from 45° to 225° (62 percent of all 30-minute 
flux measurements) because the fetch was always substantial 
(6,000 to 16,000 m) from those directions at all sites except 
EC-4. Even though the fetch at EC-4 was limited to 500 to 
1,000 m to the southwest, the CNF represented greater than 
90 percent open water—similar to the period of record for all 
sites combined (table 6, fig. 4a). The lake was at its highest 
stage of the study when EC-4 was active and portions of the 
northeastern section of Saddle Island were underwater, along 
with the outcrop where EC-1 and EC-3 were located. The 
relatively small source area at EC-4 is attributed to a relatively 
low instrument height and unstable atmospheric conditions 
(- z/L) while the site was active. Similarly, the limited-
fetch (700 m and 1,300 to 1,900 m) weighted-average CNF 
exceeded 90 percent at EC-3. The CNF at EC-1 was similar 
to EC-2, but there was a period (May 20, 2010 to September 
16, 2010) when the CNF at EC-1 was larger than usual, with a 
weighted-average of only 77 percent at 2,000 m. However, an 
average of only 3.7 percent of 30-minute flux measurements 

were from the limited-fetch direction during this period, 
which corresponded with 1) stable to very stable atmospheric 
conditions (+ z/L), and 2) a declining lake stage and associ-
ated increase in the sensor height (z) above the lake surface 
(table 6). Despite these relatively stable conditions and larger 
footprint, monthly EC evaporation rates during this summer 
period were greater than at any other time during the study. 

Overall, 94 percent of 30-minute turbulent-flux measure-
ments originated from wind directions where the fetch ranged 
from 2,000 to 16,000 m. The CNF at 2,000 m for the period 
of record was 92 percent—well within the range considered 
representative of the surface-of-interest (Gockede and oth-
ers, 2008). Six percent of 30-minute turbulent-flux measure-
ments originated from limited-fetch directions where the CNF 
represented more than 80 percent open water, still within an 
acceptable representative range. Therefore, the turbulent-flux 
measurements in this study are considered adequate to repre-
sent open-water conditions. However, some small degree of 
influence on flux measurements by the desert surface cannot 
be ruled out.

Energy-Balance Closure and Trends
The energy-balance ratio (EBR) for EC fluxes measured in 

this study was 0.89 for the first year and 0.90 for the second 
year, considerably better than the average value reported by 
Wilson and others (2002) (see Energy Balance of an Open-
Water Body and the Energy “Imbalance” Problem). Monthly 
EBRs ranged from 0.59 to 1.29. Monthly energy-balance 
closure (EBC) values, the difference between available and 
turbulent energy, ranged from -43 to 62 W/m2 (table 7). When 
divided into two distinct groups that generally separated fall 
months from the rest of the year, the variable that correlated 

Figure 13.  Monthly net radiation, and latent- and sensible-heat fluxes, Lake Mead, March 2010 through February 2012. 
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best to monthly EBC values was available energy (fig. 14). 
Specifically, the first group was August through November 
2010, and September through December 2011 (R2 = 0.68), and 
the second group comprised the remaining months (R2 = 0.62). 
The mean EBR was 1.08 during the fall periods, indicating 
EC fluxes exceeded the available energy during a period when 
water temperatures in the upper profile were cooling and the 
rate of energy release from storage was greatest (table 7, figs. 
7 and 14). The EBR was consistently the lowest during spring 
and early summer months when thermal loading was increas-
ing to the annual maximum. This indicates that the magnitude 
of Qx may have been underestimated both when energy was 
going into storage (when the thermocline was rapidly develop-
ing and advancing), and when energy was being released from 
storage (when the epilimnion was rapidly cooling). The reason 
for this apparent underestimation is not clear. In general, 
the temporal pattern of EBC values closely follows monthly 

available energy, with a tendency toward greater imbalance 
during spring through early summer months and near-closure 
during late summer through early winter months (fig. 14). 
The consistently low EBR values during the spring and sum-
mer months also coincide with periods when the uncertainty 
in available energy estimates is highest (see Uncertainty 
Analysis).

Potential errors stemming from the use of four different EC 
site locations likely had only a minimal effect on the measured 
energy balance. Energy imbalances are expected to be greater 
if a significant proportion of measured turbulent fluxes origi-
nated from the desert surrounding the lake. Available energy 
at the desert surface is less than at the lake surface because 
the lighter-colored desert surface reflects a greater amount 
of incoming shortwave radiation back to the atmosphere. 
Monthly EBRs generally were lower during the spring and 
early summer when stable ASL conditions (+ z/L) prevail and 

Table 7.  Monthly and annual available energy and turbulent energy computed using the eddy-covariance method, Lake Mead, Nevada 
and Arizona, March 2010 through February 2012. 
[Daily mean values in watts per square meter unless otherwise noted; EBC, energy-balance closure; EBR, energy-balance ratio]

Month and year
Net

radiation 
(Qn)

Change in 
stored heat 

(Qx)

Advected
heat
(Qv)

EC latent- 
heat flux

(Qec)

EC sensible- 
heat flux

(Qhc)

Bowen
ratio

(unitless)

Available 
energy

(Qn-Qx+Qv)

EC turbulent 
energy

(Qec+Qhc)
EBC EBR

(unitless)

Mar 2010 140 1 -14 89 -15 -0.17 125 74 51 0.59

Apr 2010 190 79 -10 116 -28 -0.24 101 89 12 0.88

May 2010 242 58 -11 150 -34 -0.23 173 116 58 0.67

June 2010 275 124 -17 163 -52 -0.32 134 111 23 0.83

July 2010 266 50 6 212 -51 -0.24 223 161 62 0.72

Aug 2010 231 54 19 239 -40 -0.17 195 198 -3 1.02

Sept 2010 168 3 -15 205 -12 -0.06 150 193 -43 1.29

Oct 2010 85 -116 -9 175 17 0.10 193 192 1 0.99

Nov 2010 36 -200 -17 193 17 0.09 218 210 8 0.96

Dec 2010 11 -98 15 99 9 0.09 125 108 17 0.86

Jan 2011 37 -38 16 71 7 0.10 90 78 12 0.87

Feb 2011 79 -16 11 110 -1 0.00 106 109 -3 1.03

Mar 2011 127 56 0 80 -18 -0.23 71 62 9 0.87

Apr 2011 196 70 3 113 -24 -0.21 129 88 40 0.69

May 2011 247 103 23 143 -31 -0.21 167 112 54 0.67

June 2011 282 164 46 165 -42 -0.26 165 122 42 0.74

July 2011 230 157 57 163 -36 -0.22 129 127 3 0.98

Aug 2011 223 108 77 178 -30 -0.17 193 149 44 0.77

Sept 2011 147 39 41 164 -2 -0.01 149 162 -13 1.09

Oct 2011 87 -36 49 166 16 0.10 172 182 -10 1.06

Nov 2011 33 -98 39 158 29 0.18 170 187 -17 1.10

Dec 2011 6 -122 42 150 42 0.28 169 192 -22 1.13

Jan 2012 32 -81 0 94 10 0.11 113 104 8 0.92

Feb 2012 82 -35 -10 81 -1 -0.01 106 80 27 0.75

Mar 2010–Feb 2011 147 -8 -2 152 -15 -0.09 153 137 16 0.89

Mar 2011–Feb 2012 141 27 30 138 -7 -0.05 144 131 14 0.90

Period of record mean 144 9 14 145 -11 -0.07 149 134 15 0.90
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the source area is larger (tables 6 and 7). However, monthly 
EBRs were only weakly correlated with z/L (R2 = 0.28). Also, 
the monthly EBC values are greater than can be accounted for 
by the small amount of time when turbulent fluxes were poten-
tially contaminated by the desert surface. Furthermore, if the 
adjacent desert had a significant effect on the energy balance, 
then a higher Bowen ratio (due to less water vapor) would 
be evident. An evaluation of the Bowen ratio during stably 
stratified periods (when the source area is larger) and when 
the wind direction was from limited-fetch directions did not 
reveal a greater proportion of sensible- to latent-heat flux. This 
energy-balance analysis, including the consistent and very 
good annual EBRs, support the source-area analysis conclu-
sion that EC fluxes are representative of open water, and that 
any impact on flux measurements by the desert surface was 
minimal.

Considering the state of knowledge regarding the “energy 
imbalance problem”, the decision whether or not to force clo-
sure often is subjective. In this study measured EC fluxes were 
considered a probable minimum because measurements may 
have been affected by the adjacent desert. A probable maxi-
mum was computed by adjusting measured annual EC fluxes 
upward by 11.8 percent during the first year and 10.4 percent 
during the second year to achieve energy-balance closure 
while maintaining consistency with the EC-measured Bowen 
ratio. The annual EBR is considered more accurate than 
monthly EBRs in this study because estimating monthly Qx 
and Qv in a lake as large, complex, and dynamic as Lake Mead 
is subject to large uncertainties (see Uncertainty Analysis); 
therefore, monthly probable maximum adjustments are based 
on the annual EBR rather than individual monthly EBRs. 
Accordingly, the best (most probable) estimate of monthly and 
annual latent-heat (evaporative) flux in this study is the mean 
of the probable minimum and probable maximum estimates 

Figure 14.  Energy-balance closure (EBC), turbulent energy, available energy, and change in stored heat energy, Lake Mead, March 
2010 through February 2012.
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Table 8.  Monthly and annual minimum, maximum, and most 
probable (corrected) eddy-covariance (EC) evaporation, Lake 
Mead, Nevada and Arizona, March 2010 through February 2012. 
[Monthly and annual sum values in millimeters]

Month and year EC probable 
minimum

EC most
probable

(corrected)

EC probable 
maximum

Mar 2010 97 102 108
Apr 2010 123 130 137
May 2010 164 174 183
June 2010 174 184 195
July 2010 234 248 262
Aug 2010 263 279 294
Sept 2010 218 231 244
Oct 2010 191 203 214
Nov 2010 203 215 227
Dec 2010 107 114 120
Jan 2011 77 81 86
Feb 2011 107 114 120
Mar 2011 87 92 96
Apr 2011 119 125 131
May 2011 156 164 173
June 2011 175 184 194
July 2011 180 189 198
Aug 2011 197 207 218
Sept 2011 175 184 193
Oct 2011 181 191 200
Nov 2011 172 181 190
Dec 2011 162 171 179
Jan 2012 102 107 113
Feb 2012 82 86 91

Mar 2010–Feb 2011 1,958 2,074 2,190
Mar 2011–Feb 2012 1,787 1,881 1,975
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(table 8). The most probable estimate is referred to as “cor-
rected” for the rest of this report. Corrected EC evaporation 
was 2,074 mm (81.65 in.) for the first year and 1,881 mm 
(74.06 in.) for the second year. 

Aerodynamic Relations and Atmospheric 
Stability

The turbulent exchanges of heat and water vapor over 
Lake Mead are affected by several key micrometeorological 
and limnological factors already discussed. However, much 
of the variability of turbulent exchanges can be explained by 
the variability in three quantities: 1) wind speed (U), 2) the 
vapor pressure difference between the water surface and the 
overlying atmosphere (eo- ea), and 3) the temperature dif-
ference between the water surface and the overlying atmo-
sphere (To - Ta). Daily mean Qec was correlated to wind speed 
(R2=0.47; fig. 15A), vapor pressure difference (R2 = 0.34; 
fig. 15B), and the product of wind speed and vapor pressure 
difference U(eo – ea), also known as the mass-transfer product 
(R2=0.77; fig. 15C) (Harbeck and others, 1958). Similarly, 
correlations were examined between daily mean Qhc and wind 
speed (R2 = 0.22; fig. 15D), temperature difference (To – Ta) 
(R2 = 0.73; fig. 15E), and the product of wind speed and tem-
perature difference U(To – Ta) (R2=0.86; fig. 15F). Daily Qec 
and the mass-transfer product, and Qhc and U(To – Ta) are well 
correlated; 86 percent of the variability in daily mean Qhc can 
be explained by U(To – Ta), and 77 percent of the variability in 
daily mean Qec can be explained by the mass-transfer prod-
uct. The relation between Qec and the mass-transfer product 
is improved slightly (R2 = 0.81) when monthly means are 
considered rather than daily means; furthermore, two distinct 
groupings become evident at a monthly timescale (fig. 16). For 
the 18 months when the mass-transfer product was less than 
6.3 kPa m/s, the correlation to Qec is excellent (R2 = 0.92). 
For the 6 months when the mass-transfer product was greater 
than 6.3 kPa m/s, the correlation to Qec also is quite good 
(R2 = 0.86). The 6 months that constitute the second group 
correspond to June, July, and August of both years. During 
these summer periods, the difference between Ta and To is 
most negative (fig. 6B). As the air temperature increases dur-
ing the summer, the water temperature also increases but not 
as steeply. Sensible-heat flux becomes increasingly negative 
(fig. 13), and the ASL becomes more stable as a result of the 
increased downward temperature difference (table 6). As the 
ASL became more stable (z/L >> 0), turbulent exchanges were 
increasingly suppressed. In other words, when the atmospheric 
surface layer was stably stratified and a downward temperature 
gradient was in place, vertical wind velocities were inhibited 
and turbulent mixing and exchanges were suppressed (Mahrt, 
1999; Granger and Hedstrom, 2011). Atmospheric stability 
and turbulent exchange suppression increased as the difference 
between To and Ta increased in the negative direction. Atmo-
spheric stability is inversely correlated to Qhc (R2 = -0.82) and 
To – Ta (R2 = -0.75). 

Downward temperature differences and atmospheric stabil-
ity were greatest during the summer months, whereas unstable 
conditions were dominant during winter. The upward transport 
of turbulent flux was enhanced during unstable atmospheric 
conditions by convective forces and high turbulence intensity, 
resulting in a shorter travel time/distance (Rannik and others, 
2012). For the 2-year period of this study, z/L is summarized 
by the following five general categories (Ramamurthy and 
Pardyjak, 2007), followed by the percent of the period of 
record those conditions occurred:

•	 Very stable (z/L > 1) 11 percent 
•	 Stable (1 < z/L < 0.2) 21 percent
•	 Near neutral (0.2 < z/L < -0.2) 48 percent
•	 Unstable (-0.2 < z/L < -1) 12 percent
•	 Very unstable (z/L < -1) 8 percent

In general, evaporation from Lake Mead occurred at a rate 
proportional to eo- ea. Dry air advection from the adjacent 
desert surface increased eo- ea, and the rate of this increase 
was dampened during periods when the ASL was most stable. 
These results are similar to those found in other recent lake 
studies by investigators using the EC method (Blanken and 
others, 2003; Liu and others, 2009; Granger and Hedstrom, 
2011).

Uncertainty Analysis

Uncertainty (δ) is the range of values within which the true 
value is believed to lie. An assessment of uncertainty gives an 
indication of measurement accuracy. Uncertainties in monthly 
and annual available energy and EC measurements are quanti-
fied in the following sections. 

Available Energy
The maximum probable uncertainty associated with avail-

able energy estimates (Qn – Qx + Qv) is estimated by combin-
ing the uncertainty for each component using standard error 
propagation techniques (Winter, 1981; Lee and Swancar, 
1997; Taylor, 1997). For Qn, measurements from two CNR2 
net radiometers were calibrated to a higher-standard CNR1 
4-component radiometer. The expected accuracy of the CNR1 
is stated by the manufacturer to be ±10 percent of daily totals 
(Campbell Scientific, Inc., 2011). Winter (1981) points out that 
because sensor errors are often random, accuracy improves 
over longer times. Blonquist and others (2009) compared sev-
eral radiometer makes and models for 33 days over a uniform 
turfgrass surface and concluded that the two CNR1s used in 
their study were 2.9 and 5.9 percent higher than their refer-
ence. These results are probably better than can be achieved at 
Lake Mead, however, because their radiometers were cleaned 
and re-leveled every 2 to 3 days. This level of attention is not 
possible for most field studies. Additionally, perfect level with 
respect to gravity was seldom realized at Lake Mead because 
the sensor was located on a floating platform that frequently 
oscillated because of wave motion. As a result, for both 
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Figure 15.  Relations between daily mean latent-heat flux (Qec) and A, Wind speed, B, Vapor pressure difference, and C, Mass-transfer 
product; and relations between daily mean sensible-heat flux (Qhc) and D, Wind speed, E, Temperature difference, and F, Wind speed-
temperature difference product, Lake Mead.  
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monthly and annual estimates, the uncertainty associated with 
Qn measurements (δQn) at Lake Mead was assumed to be ±10 
percent.

The uncertainty in Qx (δQx) takes into account the accu-
racy of lake stage and volume estimates (assumed to be ±5 
percent), but is largely influenced by and is proportional to the 
accuracy of the water temperature sensor (±0.15 °C) and the 
change in water-profile temperatures for each monthly period. 
The monthly mean δQx for the reporting period was ±15 per-
cent and ranged from ±10 to ±35 percent.

The uncertainty in Qv (δQv) is related to the accuracy of 
the incoming and outgoing water temperature sensors and the 
volume of the incoming and outgoing water. Only Colorado 
River flow is considered because it accounts for greater than 
90 percent of total gains or losses during the study. Incoming 
water temperatures are assumed to be less accurate (±0.5 °C) 
than the reported accuracies for the sensors (from 0.15 °C to 
0.32 °C) to account for seasonal variations in the change in 
water temperature between Lake Mead and the sensors located 
from 55 km (34 mi) to 87 km (54 mi) upstream. The accuracy 
of outgoing temperatures is based on the YSI 600R water-
quality sampling sonde (±0.15 °C) maintained by Reclama-
tion at Hoover Dam. The accuracy of incoming and outgoing 
volume measurements is assumed to be ±5 percent. Monthly 
mean δQv for the reporting period was ±9 percent and ranged 
from ±8 to ±11 percent.

Component uncertainties relative to monthly available 
energy uncertainty (δAE) are shown in figure 17A. The largest 
relative uncertainty in monthly δAE was δQn, which accounted 
for a high of 90 percent and a low of 3 percent of the total 
uncertainty in March 2010 and December 2011, respectively, 
with a mean for the reporting period of 48 percent. The 
next largest relative uncertainty was δQx, which averaged 

43 percent and ranged from 1 percent in March 2010 to 82 
percent in December 2010. Qv consistently had the smallest 
relative uncertainty, averaging 8 percent of monthly δAE and 
ranging from 0 percent to 24 percent.

The absolute monthly δAE averaged 20 W/m2 and ranged 
from 8 W/m2 in January 2011 to 35 W/m2 in June 2011 
(fig. 17B). The δAE during the second year was greater than 
the first year even though δQn, which mimics Qn, was less 
in the second. The rising stage and net inflow to the lake of 
relatively warm water increased δQx and δQv, which accounted 
for a larger proportion of δAE in the second year. When Qn 
was small during the fall and winter months, δAE was domi-
nated by δQx. Qx and δQx were smallest during months when 
the lake transitions between energy sink (+ Qx) and source 
(- Qx) (figs. 10 and 17C). δQx can increase abruptly relative to 
δAE following these transition periods, and is greatest when 
the lake is undergoing the greatest amount of heat storage or 
release.

Combining the components, the monthly mean δAE was 
±13 percent and ranged from ±6 to ±25 percent (fig. 17C). 
δAE averaged ±9 percent during the fall and winter months, 
corresponding generally with decreased energy availability 
and – Qx. During the spring and summer months δAE averaged 
±18 percent, corresponding to greater energy availability and 
+ Qx (fig. 17C, D). The relatively higher uncertainty during 
the spring and summer months can be explained by going 
back to equation 6, and noting that positive Qx has the effect 
of decreasing the available energy; the uncertainty is higher 
because the sum of component errors is divided by a relatively 
smaller total available energy. At an annual timescale, Qx and 
Qv account for 6.3 and 9.5 percent, respectively, of available 
energy (table 4); therefore, δQx and δQv are small relative to 
δQn (±10 percent). These computed uncertainties are consid-
ered a probable maximum.

Eddy Covariance
The complicated algorithm of the EC method does not 

allow for the determination of errors according to error propa-
gation law (Foken, 2008, p.122). Instead, the uncertainty of 
EC turbulent energy (δEC) was assessed in this study accord-
ing to the annual energy imbalance. As stated previously, 
1) the measured EC fluxes were assumed to be the probable 
minimum, 2) the probable maximum was computed by adjust-
ing measured annual EC fluxes upward by 11.8 percent for 
the first year and 10.4 percent for the second year to achieve 
energy-balance closure, and 3) the best (most probable) latent-
heat flux is the mean of the probable minimum and probable 
maximum estimates. Accordingly, the annual δEC is ±5.9 per-
cent for the first year and ±5.2 percent for the second year. The 
additional uncertainty added by the MDV gap-filling method 
was also assessed. As mentioned previously, a monthly bias of 
up to ±5 percent was introduced by this method, but the annual 
bias was negligible. On average, monthly gaps filled using the 
MDV method accounted for 24 percent of 30-minute flux peri-
ods during the first year (mostly because of insufficient fetch 

Figure 16.  Relations between monthly mean latent-heat flux and 
monthly mean mass-transfer product, Lake Mead.
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Figure 17.  Monthly available energy and maximum-probable uncertainty, Lake Mead, March 2010 through February 2012.
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at site EC-1), and 7 percent during the second year. Assum-
ing the maximum monthly bias of 5 percent, the maximum 
weighted-average (Lee and Swancar, 1997) monthly δEC was 
±7.1 percent for the first year (±5.9 percent based on energy-
balance closure + 1.2 percent for MDV gap-filling), and ±5.6 
percent for the second year (±5.2 percent based on energy-
balance closure + 0.35 percent for MDV gap-filling). Monthly 
and annual δEC estimates for this study are within the 5- to 
10-percent range reported by Foken (2008, p. 122).

The possibility of substantial error in Qec measurements 
by the single EC station used in this study because of a faulty 
sensor or calibration was investigated by comparison to a 
check station. A check station consisting of identical sensors 
was located 6 m from the primary station at site EC-1. Sen-
sor heights and orientations were identical. Both stations ran 
concurrently for 25 days (March 10, 2011 to April 5, 2011). 
The data post-processing programs were identical except for 
the calibration coefficients unique to each KH2O. The mean 
30-minute Qec for the comparison period was 77.30 W/m2 

at the primary station and 77.70 W/m2 at the check station, a 
difference of only 0.40 W/m2. The root mean square deviation 
of 14.0 W/m2 indicates a fair amount of scatter in the paired 
30-minute data, which is typical for these high-speed measure-
ments. These results indicate that the measurements made by 
the EC station in this study are repeatable with little error, 
which enhances confidence in the EC system and the sensors/
calibrations used for this study.

Comparison of Eddy-Covariance Evaporation 
with Bowen Ratio Energy Budget Evaporation

In general, there is a good relation between BREB and 
corrected EC evaporation (fig. 18). Annual BREB evaporation 
was 6 and 8 percent greater than corrected EC evaporation 
during the first and second years, respectively. Both methods 
indicate there was a 7- to 9-percent decrease in evaporation 
from the first year to the second. A single-tailed paired t-test 
was conducted on monthly evaporation rates to determine 
whether both methods are statistically different at the α = 0.05 
probability level. The data set is normally distributed. The null 
hypothesis is no significant difference between the means, and 
the alternative hypothesis is that the BREB mean is greater 
than the corrected EC mean. The test resulted in a t-statistic of 
1.68 (p = 0.05), indicating that it is inconclusive as to whether 
the null hypothesis can be rejected and the alternative hypoth-
esis accepted.

The relation between monthly evaporation rates for both 
methods is fairly good (R2 = 0.65). BREB evaporation fell 
within a 7-percent uncertainty range of corrected EC evapora-
tion for 9 of the 24 months (fig. 18). Neglecting uncertainty in 
the Bowen ratio computed for the BREB method, and assum-
ing BREB evaporation uncertainty is equal to δAE, the uncer-
tainty ranges for both methods overlapped for 16 of the 24 
months (not shown in figure). BREB evaporation ranged from 
24 percent less than to 61 percent more than EC evaporation, 
with a mean difference of 17.3 percent and a standard devia-
tion of 15.5 percent. BREB evaporation generally was greater 
than corrected EC evaporation during the spring months and 

Figure 18.  Monthly corrected eddy-covariance evaporation and uncertainty, and Bowen ratio energy-budget evaporation, Lake Mead, 
March 2010 through February 2012.
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less than EC evaporation during the fall months. This seasonal 
pattern follows the EBC pattern discussed previously because 
the BREB method is strongly dependent on available energy 
estimates. The most plausible explanation for this seasonal 
pattern is that the magnitude of Qx was underestimated both 
when energy was going into and being released from storage.

Monthly Bowen ratios for the BREB method can be 
subject to large errors because they are calculated as the ratio 
of differences between absolute measurements of tempera-
ture and vapor pressure (equation 7); however, Bowen ratios 
derived from both methods for the current study were very 
similar (R2 = 0.94). The seasonal pattern of negative (down-
ward temperature gradient and negative sensible-heat flux) and 
positive (upward temperature gradient and positive sensible-
heat flux) values from both methods also were similar (tables 4 
and 7). There was an excellent correlation (R2= 0.99) during 
months when the Bowen ratio was negative (March through 
September of both years and February 2012), and only a fair 
correlation (R2= 0.46) during the remaining fall and winter 
months. Accordingly, the Bowen ratio uncertainty (δBR) aver-
aged ±2 percent during the spring and summer months when 
δAE was greatest and ±26 percent during the fall and winter 
months when δAE was least. A 26-percent difference in the 
Bowen ratio during these months results in about a 3-percent 
difference in evaporation rates. This comparison of monthly 
Bowen ratios indicates the differences account for only a small 
portion of the differences in monthly evaporation rates, and 
that differences in monthly evaporation rates primarily are 
attributable to available energy estimates.

Sensible heat generally is small relative to other energy 
fluxes at Lake Mead. EC sensible heat (Qhc) accounted for 
-8 percent and BREB sensible heat (Qhb) accounted for -10 
percent of turbulent energy. The negative sign means there 
was a net downward flux of sensible-heat energy to the lake, 
meaning sensible heat added to the available energy. Monthly 
sensible-heat values for both methods are well correlated 
(R2 = 0.94). Both methods produced negative sensible-heat 
flux during the same months, providing a strong validation of 
these two largely independent methods.

In this study, and in general, the fluxes determined with 
the BREB method are greater than those determined with 
the EC method. Foken (2008, p. 126) argues that the crucial 
disadvantage of the BREB method is, because of the apparent 
unclosed energy balance, the residual is either added to the 
available energy, or distributed according to the Bowen ratio 
to the latent- and sensible-heat flux. Therefore, the accuracy 
of latent- and sensible-heat fluxes may be limited because 
the method relies on fulfilling the energy-budget equation. 
Another disadvantage of the BREB method for estimating 
monthly values at Lake Mead is the relatively high δAE (up 
to ±25 percent) during some months. Foken (2008, p. 128) 
reports errors in the BREB method that range from 10 to 30 
percent.

Figure 19.  Monthly corrected eddy-covariance evaporation and uncertainty, and 24-Month Study (24MS) evaporation, Lake Mead, 
March 2010 through February 2012. 
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Evaporation from Lake Mead

The volume of water evaporated from Lake Mead was 
computed monthly as a product of the corrected EC evapora-
tion rate and the mean lake surface area. There was a 9.3-per-
cent decrease in corrected EC evaporation and a 9.9-percent 
increase in the lake surface area (fig. 8) during the second 
year compared to the first. Because of these offsetting fac-
tors, the annual evaporation volume was nearly identical. 
Annual evaporation was 720 Mm3 (584 Kaf) in the first year 
and 719 Mm3 (583 Kaf) in the second. Evaporation during the 
summer months of the first year was the greatest for the period 
of record of this study because of relatively high winds and 
greater vapor pressure differences (figs. 6D and 16). Evapora-
tion during the winter months of the second year was greater 
than the first primarily because of 1) increased lake surface 
area (fig. 8), and 2) increased energy released from storage 
because of an increase in advected heat (table 4 and fig. 10).

Evaporation rates estimated for this study were compared 
with evaporation-rate coefficients used for the 24MS (fig. 19). 
The 24MS uses a standard set of monthly evaporation-rate 
coefficients that do not vary from year to year. 24MS evapo-
ration-rate coefficients were obtained from Reclamation (D. 
Bunk, written commun., 2013). Corrected EC evaporation 
rates for this study were 2,074 mm (81.65 in.) in the first year 
and 1,881 mm (74.06 in.) in the second, and for the 24MS was 
1,981 mm (78.00 in.) for both years. 24MS evaporation fell 
within a 7-percent uncertainty range of corrected EC evapora-
tion for 7 of the 24 months (fig. 19). 24MS monthly evapora-
tion ranged from 35 percent more than to 28 percent less than 
corrected EC evaporation, with a mean difference of 14.5 per-
cent and a standard deviation of 9.3 percent. Annually, 24MS 
evaporation was 4.5 percent less than and 5.3 percent more 
than corrected EC evaporation for the first and second years, 
respectively. The temporal trend in the 24MS evaporation rela-
tive to the corrected EC evaporation indicates the effects of 
heat storage were underestimated, particularly during the fall 
months when energy was released from the lake.

The overall accuracy of evaporation estimates from Lake 
Mead documented by this report is limited by the accuracy of 
1) lake surface area estimates, 2) evaporation rate estimates, 
and 3) the assumption that evaporation in Boulder Basin 
adequately represents the entire lake. The accuracy of the 
lake surface area reported by Reclamation was not evaluated 
for this study. Considering the very good EC energy-balance 
closure and agreement with the BREB method, the accu-
racy of monthly evaporation rates presented in this report is 
considered excellent. The combined source area from the four 
EC site locations used during the course of this study rep-
resents about 25 percent of Boulder Basin; therefore, mea-
sured evaporation rates are believed to represent the average 
micrometeorological and hydrodynamic conditions of Boulder 

Basin. As with most scientific endeavors, the findings of this 
study rely on those of previous investigations. Based on the 
conclusions of a number of prior studies, the potential error 
resulting from the assumption that evaporation from Boulder 
Basin adequately represents the entire lake is not expected to 
substantially alter the estimates presented in this report.

Harbeck and others (1958) concluded that, for cost effec-
tiveness, operational estimates of evaporation from Lake Mead 
are obtainable with data collected in Boulder Basin. The areal 
variation in water temperature is minimal based on observa-
tions of water-temperature profiles in Boulder Basin, Virgin 
Basin, Overton Arm, and Temple Bar (Harbeck and others 
1958). Similarly, Anderson and Pritchard (1951) concluded 
that a single water-temperature-profile measurement in Boul-
der Basin reasonably represents the entire lake. These conclu-
sions are supported by analyses of water-temperature profiles 
contained within this report and additional data reported in 
Veley and Moran (2012). Based on a less than 2-percent dif-
ference in net incoming radiation from the four stations in the 
Lake Mead area used by Harbeck and others (1958), there is 
“no basis to conclude that there is a significant areal variation 
in radiation”. A maximum deviation in the Bowen ratio of 
0.079 between these four sites indicates a maximum variation 
in evaporation of 8 percent.

Westenburg and others (2006) evaluated the spatial varia-
tion in monthly evaporation at three open-water sites and one 
partially wind-sheltered site using the BREB method, and con-
cluded that the spatial variation in evaporation was minimal 
for open-water areas of Lake Mead. The excellent correlation 
between the three open-water sites (Sentinel Island, Virgin 
Basin, and Overton Arm) and the three-site mean (R2 ranging 
from 0.96 to 0.98), with no clear bias for any site, indicates 
that evaporation rates are similar in the three primary open-
water areas of the lake (fig. 1). Monthly evaporation at the 
wind-sheltered site (Water Barge Cove) generally was about 
10 percent less than evaporation at the open-water stations, 
with the greatest differences during months when rates were 
less than 16.5 cm; however, these wind-sheltered coves are 
estimated to account for less than 5 percent of the lake.

The spatial variations in evaporation reported by both 
Westenburg and others (2006) and Harbeck and others (1958) 
are within the 5- to 10-percent uncertainty range for the EC 
method reported by Foken (2008, p. 122). To re-evaluate the 
spatial variability of evaporation from Lake Mead, it would 
be necessary to deploy three or four additional monitoring 
stations which, because of the size of the lake, would involve 
substantial effort. Even though evaporation is a huge and 
uncontrollable loss, it is a relatively small water-budget com-
ponent, and the costs for an effort of this magnitude probably 
exceed the benefit of minor expected improvements necessary 
for operational estimates of evaporation.
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Summary and Conclusions
The U.S. Geological Survey and the Bureau of Reclama-

tion (Reclamation) are cooperating on a multi-phase study 
to improve monthly estimates of evaporation from Lake 
Mead and other lower Colorado River Basin reservoirs. The 
first phase of this study is the subject of this report. Sensors 
necessary to measure evaporation using two largely indepen-
dent methods were deployed on Lake Mead for the 2-year 
period from March 2010 through February 2012. The eddy-
covariance method was chosen as the primary evaporation 
method because latent-heat fluxes (the energy used in the 
evaporation process) could be measured directly. A second 
and more indirect method, the Bowen ratio energy budget, 
was chosen to validate annual eddy-covariance evaporation 
because this widely-used lake evaporation method is fairly 
accurate at annual timescales. Eddy-covariance sensors were 
located on a series of rock outcrops that were exposed by the 
historically low lake elevation that occurred during the study, 
and most of the sensors necessary to measure energy-budget 
terms were located on a floating platform in Boulder Basin.

The lowest daily lake elevation since the reservoir was 
first filled (329.760 m or 1,081.89 ft) occurred in Novem-
ber 2010. There was a net decline in lake elevation of 
2.265 m (7.43 ft) during the first year of this study and a 
net increase of 11.363 m (37.28 ft) during the second year. 
Flow in the Colorado River dominates the Lake Mead 
water budget, accounting for greater than 90 percent of total 
gains or losses during the study. Change in volume was 
the next largest term, with a net loss of 817 Mm3 the first 
year and a substantial gain of 4,373 Mm3 the second year. 
The smaller water-budget terms, side inflow, evaporation, 
Southern Nevada Water Project withdrawals, and change in 
bank storage, account for the remaining gains and losses.

When corrected for energy imbalances, eddy-covariance 
evaporation rates were 2,074 mm and 1,881 mm (81.65 and 
74.07 in.) for the first and second years of the study, respec-
tively. Monthly evaporation rates were best correlated to wind 
speed, vapor pressure difference, and atmospheric stabil-
ity. Net radiation provided most of the energy available for 
evaporative processes; however, change in stored heat has 
the largest range of values, and advected heat was an impor-
tant energy source during the second year. The depth of Lake 
Mead resulted in notable thermal loading and seasonal lag in 
surface energy availability. Peak evaporation lagged peak net 
radiation by about 2 months. During spring and summer, the 
air temperature was warmer than the water surface, resulting 
in negative sensible-heat fluxes and negative Bowen ratios; 
during fall and winter, the water surface was warmer than 
the air, resulting in positive sensible-heat fluxes and Bowen 
ratios. Most of the second year decreases in EC evaporation 
compared to the first year occurred during the summer when 
cloudier and less windy conditions prevailed, which led to a 
decrease in available energy and vapor pressure differences.

Annual eddy-covariance evaporation was within the range 
of previous estimates for Lake Mead. The energy-balance 
ratio was 90 percent on average and varied only 1 percent 

between the 2 years, indicating that 90 percent of estimated 
available energy was accounted for by turbulent energy. A 
probable minimum and maximum evaporative flux range was 
computed based on this energy imbalance. Monthly and annual 
eddy-covariance evaporation uncertainty ranged from 5.2 to 7.1 
percent. More than 90 percent of the turbulent-flux source area 
represented open-water surfaces, and 94 percent of 30-minute 
averaged turbulent-flux measurements originated from wind 
directions where the fetch ranged from 2,000 to 16,000 m. 

There was a good relation between annual corrected 
eddy-covariance and Bowen ratio energy-budget evaporation 
estimates, providing a strong validation of these two largely 
independent methods. Annual Bowen ratio energy-budget evap-
oration estimates were 6 and 8 percent greater than eddy-cova-
riance estimates. Both methods produced negative Bowen ratios 
and sensible-heat fluxes during the same months, even though 
these terms are computed differently by each method. Both 
methods indicate there was a 7- to 9-percent decrease in evapo-
ration from the first year to the second. There was a strong 
correlation between sensible-heat fluxes and Bowen ratios (both 
with R2 = 0.94) derived from the two methods. The correlation 
between monthly evaporation rates (R2 = 0.65), however, was 
not as strong. The monthly variability between the two methods 
was attributed primarily to errors in heat storage estimates.

The volume of water evaporated from Lake Mead was 
computed as the product of the evaporation rate and the 
lake surface area. There was a 9.3-percent decrease in the 
evaporation rate and a 9.9-percent increase in lake sur-
face area during the second year compared to the first. 
Because of these offsetting factors, the annual evapora-
tion volume for the 2 years was nearly identical—720 
Mm3 (584 Kaf) and 719 Mm3 (583 Kaf), respectively.

Evaporation rates estimated for this study were compared 
with evaporation-rate coefficients used for the 24-Month 
Study. The 24-Month Study is an operational planning tool 
used by Reclamation to project future Colorado River reser-
voir volumes and potential dam operations based on current 
and forecasted hydrologic conditions, and operational poli-
cies and guidelines. The 24-Month Study monthly evapora-
tion ranged from 35 percent more than to 28 percent less than 
corrected eddy-covariance evaporation, with a mean differ-
ence of 14.5 percent and a standard deviation of 9.3 percent. 
Annually, 24-Month Study evaporation was 4.5 percent less 
than and 5.3 percent more than corrected eddy-covariance 
evaporation for the first and second years, respectively. The 
temporal trend in the 24-Month Study evaporation relative 
to the corrected eddy-covariance evaporation indicates the 
effects of heat storage were underestimated, particularly dur-
ing the fall months when energy is released from the lake.

The evaporation estimated for this study is believed to 
be representative of Boulder Basin. Previous studies have 
concluded that evaporation from Boulder Basin is reason-
ably representative of Lake Mead. The evaporation estimates 
documented by this report and Reclamation’s commitment to 
long-term evaporation monitoring will result in an improvement 
to this water-budget term, which will improve Reclamation’s 
ability to accurately account and forecast water availability.
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Appendix 1. Evaporation data for Lake 
Mead, Nevada and Arizona, March 
2010 through February 2012

The spreadsheet distributed as part of this report is in 
Microsoft® Excel 2010 format. Column headers are described 
within the spreadsheet. Selected daily data are presented in 
native units. Eddy covariance latent- and sensible-heat flux 
data are not corrected for energy imbalances at daily or sub-
daily time steps. Appendix 1 daily data are available for down-
load at , http://dx.doi.org/10.3133/sir20135229. Sub-daily 
(30-minute) data are available for download at http://nevada.
usgs.gov/water/et/index.htm.

http://nevada.usgs.gov/water/et/index.htm
http://nevada.usgs.gov/water/et/index.htm
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