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ABSTRACT

Historically, evaporation from lakes and reservoirs in the Tru€kason basins has
been estimated using pan evaporation information, which is widely known tsigaifecant
uncertainty both in magnitude and timifRgservoir operations and development of new
storage and water accounting strategies require more aceuagieratiorestimatesThe
objective of this study was to estimate mean monthly and mean ar@topken water
evaporation from lakes and reservoirshe TruckeeCarson basinfom 2000to 2009 using
available lanebased weather data with a widely accepted approach that is relatively accurate
on both a seasonal and annual basis. The reservoitakasdvhereevaporatiorwas
estimatedn this report are StampedBoca, ProsseMartis, and Lahontan reservoirs; and
Lake Tahoe, Donner Lakand Independence Lakehe Complementary Relationship Lake
Evaporation (CRLE) modesn open water evaporatiorodel thataccounts for water
temperature, albedo, emissivity, and heat storage eftept®duceaealistic operational
estimates of monthly evaporatiaras usedBecause the CRLE iasensitive to differences
in temperature, humidity, andind speedrom land to water, it overcomes shortcomings of
otherestimationmethods requiring accurate over water humidity amal speedThe CRLE
modelinstead relies on the strength of the available energy approach, in which wind speed
and dewpoinarenot used direty. Application of the CRLE model required acquiringal
weather datée.g.,solar radiation, air temperature, and dewpdinm weather stationsear
the reservoirs and lakes of interddbxies for dewpointvere developedhere
measurements did nekist. Theseweathewariableswereinput to the CRLE model to
estimate monthly evaporation from 20@®009 at each water body. Mean monthly
evaporation during winter and spring periods adjgisted to account face cover usingce-
coverobservationsrbm satellite imagedNet evaporation, defined as the difference between
ice-cover adjusted evaporation and precipitation, was computed by estimating mean monthly
PRISM precipitation for eaclvater bodyValidation of CRLEestimated evaporation was
performedusing previous evaporati@stimatesn Nevada and Californi&esults of the
validation show that annual CRLE evaporation estimates are almost entirely within +10% of
independent evaporation estimates! generally capture the seasonaldrin evaporéon.
Validationhighlightedthe CRLE modd ability to predict annual and seasonal evaporation
using limited weather data. While the CRLE model does have limitations, it is the most
appropriate approachith the current data limitatiorisonly land base@eather data are
available at this timéAnnual and seasonal evaporation estimates from water bodies of
interestcould be improveavith the developnent ofa reservoir meteorological netwaik
collect data needed more complex and possibly more accuigtproaches.
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INTRODUCTION

Reservoir operations amtvelopment of new storage and water accoursirajegies
require estimates of evaporatidfistorically, evaporation frortakes andeservoirs has been
estimated using pan evaporation information, which is widely known to have significant
uncertainty both in magnitude atiching (Hounam, 1973Morton, 1979. Evaporationpans
can overestimate lake or reservoir evaporation by 25 to 100%n compared to water or
energy balance estimates of evaporafoohler et al., 1959; Sellers, 19%3eat storage in
reservoirs can alter both the rate andrgrof evaporationdepending on the volume,
geometry, clarity, and surrounding environment of the water deatyshallow water dies,
heat storage impact on seasonal evaporationner; however it can be significanfor deep
water bodiesFor examplerecent research has found that peak evaporatibakefTahoe
actuallyoccursfrom Septembeto November Trask, 2007, rather than in summer months
as pan evaporation estimates wosliggestSimilar resultsvere found by Allander et al.
(2009 for Walker Lake NevadaFurthermore, freezing conditions limit use of the pan
evaporation method to less thiaalf of the year in the Trucke@arsorbasins A much more
serious problem in estimating evaporation over lasgen water bodies is thack of
available waterbasecclimatological observation&ecause ofhesdimitations with pan
evaporation estimatea,methods desired thais robustyelies on commonly available
climatological observationss relatively insensitive to contrasts betwexgrenwater and
land environments, artlataccounts foheat storage

OBJECTIVE

Currently evaporation estimates for lakes and resenitse TruckeeCarson
basinsare based on pan evaporation datee objective of this study wae estimatemean
monthlyand meanannualnetopenwater evaporation from lakes and reserviirhe
TruckeeCarson basingsing availabléand-basedveather datandawidely accepted
approach that is accurate on both seasonal and aimaatalesThe reservoirs and lakes
wherenetevaporation estimates are maul¢his reportare Stampegl Boca, Prosser, Martis,
and Lahontan reservojrandLake Tahoe, Donndrake, andindependence Lak@igure 1)

APPROACH

Most approaches for estimating open water evaporation are basedaerotihgamic
mass transfer methothe energy balance Bowen ra{eBBR), PriestleyTaylor (1972
available energyo r o n P B9A8wammbidiaiondnergymass transfemethodssuch as
those proposed by Harbed®©62), Kohler and Parmeld967), and Brutsart and Yeh
(1979. There are several limitations in teeccessfuapplication of thesenethodsvhen
overwaterweather data is not readily avdila. For examplepverwaterwind speegvapor
pressureand water surface temperature must be measureddoessful application of
aerodynamienass transfemethods In addition to theseequirementsheatadvection oboth
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Figure 1. Study area showing reservoirs and lakes for which evaporation estimates are
made.

into and out of the water body, heat storage, and net radiation must be estimated or measured
for successfuapplication of the EBBR approadkor operational purposgshere daily or

even hourly evaporation estimates are neededeétmynamienass trarfer approach

seensmost useful, as heat storage is not required, @etall, it requires the fewest input



dataof any of thes@vaporation estimatiomethods. However, none of these over water
measurements are currently available for Truckee or Carsanvegter bodiesThe
aerodynamic mass transfer approach has been compameertry balanceHarbeck, 1962
and eddy covariand@owen ratio @Allan and Tasumi, 20Q%stimates of evaporation with
much succes# simplified approach combinindpeseestimationrmethodsvas developetb
estimate open water evaporatfon practicalandoperational purpose$/prton, 1983. This
simplified approachcalled the complementarglationship (CR)is based on the comlad
energyand aerodynamiequations witha simple heat storage procedure.

TheCR approachrelies on feedbackbetween the ovgprassing air and the
evaporating surfacend between evaporatioB)(and potential evaporatioid). Simply
statedwhen there is ample water availalfleincreases and approaches HyeWhen water
is limiting and available energy is fairly constant in space, energygdhbéd have been used
by E is insteadused in the production of sensible heat flilne vapor pressure defitiien
increases due t@du@dE, thus elevatindg, due to hotteand drier airThe CR has been
extensively applied to estimate open waiend evapotranspiratiqieT), and tested against
energy and water balance estimates of open iatigiorton 1979; Morton 1983a; Morton
1986 ard ET (Morton, 1983b; Brutsaert and Stricker, 1979; Hobbins et al., 2001; Ozdogan
and Salvucci, 2004; Kahler and Brutsaert, 2006; Yang et al., 2006; Huntington et al), 2011
Results from these studiall supporta realisti¢ physical basis of the CR5¢ilagyi and
Jozsa, 2008; Huntington et al., 2Q1&nd many have shown that the CR performs well for
estimating reservoir and lalkesaporation using limited weather daéofton 1986; Sadek et
al., 1997; DosReis and Dias, 1998; Jones et al., 2001; Valetiomb, 2001

The concept of the GRvhich centers on feedbacks betwésmd and the neasurface
boundary layerprovides the basis for the Complementary Relationship Areal
Evapotranspiration model (CRABY6rton, 1983ph. Changes in lanthased measuremts of
temperature and humidity occur as an air mass passes from the land to the open water
environment. As the air passes from land to water, it becomes cooler and wetter.
Development othe CRAE modelledto a moe specific model for open waterwaporabn,
known as the Complementary Relationship Lake Evaporation (CRLE) nidebg,
1983a; Morton et al., 1985; Morton, 1986vhich accouns for watertemperaturealbedq
emissivity and heat storageffectsfor realisticoperationakstimates of monthlgvaporation

Mortond €1983 CRLE parameterization @&, and wet environment evaporati(i,)
was chosen, as it is less sensitive to uncertainties in dewpoint temperatapeandter
wind speedhan othemethods okstimatingg,, such as the Penmatb@8 equation.
Because the CRLE lssssensitive to differences in temperature, humidity, @mtl speed
betweernandandwater, it overcomes shortcomings of the mass transfer method and
combination approach, and instead relies on the strength of &stl¥Tiaylor available
energy approach, in which wind speed and dewoenot used directlyTerms in the
PriestlyTaylor equatior(Priestly and Taylor, 197Zor computingE,, on which the CRLE



approach is based, were calibrated to water budget essimbévaporation using lafihsed
air temperature, dew poitégmperature, and solar radiatithereforeit is well suited to be
applied when no ovewater weather datareavailable, such as in this studiinally,
Mortond €1983 CRLE parameterizatioof E, andE, has beenvell-testedand extensively
applied in operations and modeling of opeater evaporationorton, 1986; DosReis and
Dias, 1998; Sadek et al., 1997; Jones et al., 2001; V&letlomb et al., 2001

METHOD S

The mathematicdbrmulation of the CRLEnodelapproach is discussed at length in
Morton (19833: only a brief summery wilbe presentedelow. The CRLE approachsesa
numericalenergyaerodynami@pproach byterativelysolving the energy balance and vapor
transfer equadnsfor E, to obtainthe equilibriumsurfacetemperaturethe surface
temperaturat which the energy balance equation and the vapor transfer equation for a moist
surface(wet environmentyive the same resulthe details of this iterative solution are
describedn Morton (1983a, page 22 This wetenvironment equilibrium surface
temperatures then usedo compute the slope of the saturation vapor pressure icutire
PriestleyTaylor equationThe PriestleyTaylor equationis defined as

e, AR, -C)
(A+y)

wherea is the PriestleyTaylor coefficientof 1.26 derived from calibration over water and
owet 0 | a,nthesslopefofhe saturation vapor pressure cyngehe
psychometric constan®, is the net radiation, ar@d is the heat storagsuch thaR,-G is
available energyNotice that the Priestleyaylor equatiordoes not includa vapor pressure
deficit term(i.e., saturated vapor pressueg, minus actual vapor pressueg), makingit an
equilibrium, or wetenvironmentequation in which advection of energy (hot dry air) over
the water surface is negligibldowever,a>1 indicates that regional advection is accounted
for in the Priestleyraylor equationotherwise if evapordéion was strictly limited to the
available energy, them=1. Morton (1979 identified a few limitations to the direct
application of the Priestleyaylor equation to open water bodi€s) the sbpe of the vapor
pressure curv@\) is a function okurfacetemperaturesoawet-environmensurface
temperaturshould baisedto compute insteadof an arid, land-basedair tempeature (2) it
does not take into account the impact of surface temperature change on net longwave
radiation lossand(3) there is no direct method to accountlieat storagen this
formulation.To account for these limitatigiMorton (19833 modified the Priestleyraylor
equationas

A,(R,=G)

SRR )



whereR,, is the netadiatian for a water surface in which net longwave radiaiimss is
accounted forNlorton, 19833, calibration constants, andb, are13 w/nf and1.12,
respectivelyandAy, is the wetenvironment slopof the saturation vapor prese curve
computed with thevetenvironmensurfacetemperatur@btained from an iterative solution
asdescribed above.

A similar iterative approach for estimating the wet environrsarfacetemperature
and application of the modified Priesti&gpylor equation with,, has shown tanprove
evapotranspiration predictions when compared to regional scale water balanSzitkdsi(
and Jozsa, 200&ndeddy correlation evapotranspiration data collected in eastern Nevada
(Huntington et al., 2011 Constantd; andb, and constants required to compR{gwere
calibrated using watdvudget estimates of lake evaporaticoni Pyramid and Winnemucca
lakes NV, along withfive other lakes in the U.She heat storagterm(G) is solved for
using an approach outlined Morton (1983a, pages 962) and Morton 1986, pages 375
376), in which absorbed short wave solar radiatiBa(1-a), wherea is the water albedas
lagged byt months as a fractiomyheret is a fundion of salinity and lake deptiA
hypotheticallinear, heatstorage reservois used to lag absorbed shortwave solar radiation
sim | ar to the Mus k i(DogReisremdDias,d9p8rhemugctiomseandh o d
constantgor t and storage constakitoutlined by Morton 1986, weredeveloped by
calibrationbased on monthly watdralance estimates of evaporatioonfi nine lakes
including PyramicandWalkerlakes, NV.

APPLICATION

The gplicationand validatiorof the CRLE nodelrequiredweatherdata including
solar radiation, air temperature, and dewpautitich were acquirettom weather stations
nearthe reservoirs and lakes of inter€Bable 1) Figures 2 and 3illustrate the weather
stations usetb developnput datasets fothe CRLE modelDaily measurements gblar
radiation(Rs), air temperaturéT,), and dew point temperatu(€qe,) Were acquired and
checked for quality assurance and coraictiording to Allen1996 andASCE-EWRI
(2005. Table2 lists theweather statioand station variablassed foreach water bodyOnly
three stationsi Lake Tahoe Uiversity ofCalifornia-Davis Coast Guard pier (USCG),
Truckee AirportGlobal Summary of the Day (GSO@nd Fallon AGRIMETI measure
Taew thereforeTyewWasestimated gall other weather statismsedfor the CRLE model
input (Boca, Donnerindependenckake Natural Resource Conservation SeryidRCS
Snow Telemetry$NOTEL], Lahontan Dam).

Tgeewlis defined as the temperatucewhich a parcel of air must be cooled to become
saturated with water vapor. Daily,, commonlyapproache3 e, due to conditioning of the
near surface boundary layleom evaporation and transpiratiaespecially during early
morningwhenwind is calm and soil moisture is highhere is sasonality of thenean
monthlydifference betweeili, andTqew definedas thedewpoint depressiork(), as seen in
Table 3 and Figure.4or frostand dew(winter and spring periodsk,<0, while indrier



spring and summer perio#$>0. It is common in arid and semiarid regions to hayg of

2°C to 5C belowT» under relatively well watered conditionslien, 1996, ASCEEWRI

2005. In this report, mean monthly dewpoint depressi@s used t@stimaé humidity of

the near surface air massstdtions wher@ge, is Nnot measured, usin@ew= Tmin- Ko, Where
Tminis the daily minimum aitemperature®C), andK, is the mean monthly dew point
depression derived from Truckee GSOD station data (Figure 4, TabBlee3jnean monthly
dewpoint depression for the Truckee GSOD station ranges-#di€ to 3.3C, with a man
annual value of 0°€. Several recent studies show good skill in estimating evaporation and
transpiration when using generalized mean monthly dewpoint depression to estimate
humidity (Crago et al., 2010; Huntington and Allen, 2010

Table 1. Weatherstations and measured weather variables used for application of the

CRLE model.
Weather Station Latitude Longitude Measured Weather Variables
used for Application and
Validation of the CRLE Model

USCG Tahoe Pier 39.180 -120.120 Rs, Ta Taew
Stampede RAWS 39.483 -120.075 Rs
Tahoe City COOP 39.168 -120.143 Ta
Boca COOP 39.389 -120.094 T,
Truckee Airport 39.310 -120.130 Ta Tdew
Independence NRCS Snotel 39.450 -120.300 Ta
Donner COOP 39.324 -120.233 Ta
Lahontan Dam COOP 39.469 -119.064 Ta
Fallon Agrimet 39.458 -118.774 Rs, Ta Tgew
Sutcliff USGS 39.950 -119.610 T,
Walker Lake USGS Bowen 38.745 -118.719 Rs, Ta Taew
Tahoe Buoy 1 39.153 -120.000 Ta Taew Wind
Tahoe Buoy 2 39.109 -120.011 Ta Taew Wind
Tahoe Buoy 3 39.110 -120.075 Ta Tgew Wind
Tahoe Buoy 4 39.155 -120.072 Ta Taew Tskin WiNnd

Due to the lack oRs measurements, a compilBddatasetgs from the Stampede
Remote AitomatedNeather Station€RAWS) station from 200@o 2003, and=s from the
USCG station from 200 2009) was used for each of the Truckeer basin water
bodies.TheUSCG measureBs was chosen over Stampede RAWS measRgdéicbm 2004
to 2009 due to very poor quality measurements at the Stampede RAWS istétiose
years
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Figure 2. Truckee Rivebasin water bodies and weather stations used for estimating open
water evaporation.
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Figure 3. Carson River basin water body and weather stations used for estimating open
water evaporation.



Table 2. Water bodies and respective weather station and weahables used for CRLE

modeling.
Water Body Solar Radiation Station Temperature Station Dewpoint Station (Tgey) for
(Ry) for Computing Air Computing Dewpoint
Temperature (T,) and depression (K)
Dewpoint Temperature
(Tdew)
Lake Tahoe  Stampede RAW$20002003/ Tahoe City COOP Truckee GSOD (206Q003) /
Lake Tahoe UC Davis Coast Lake Tahoe UC Davis Coast
Guard pier (20042009) Guard pier (20042009)
Boca Stampede RAWS (2062003 / Boca COOP TruckeeGSOD

Lake Tahoe UC Davis Coast
Guard pier (2004£2009)

Stampede Stampede RAWS (206R003/ Boca COOP Truckee GSOD
Lake Tahoe UC Davis Coast
Guard pier (2004£2009)

Prosser Stampede RAWS (2002003 / Boca COOP Truckee GSOD
Lake Tahoe UC Davis Coast
Guard pier (20042009)

Martis Stampede RAWS (2062003 /  Truckee GSOD Truckee GSOD
Lake Tahoe UC Davis Coast
Guard pier (2004£2009)

Independence Stampede RAWS (2062003 / Independence NRCS Truckee GSOD
Lake Tahoe UC Davis Coast Snotel
Guard pier (20042009)

Donner Stampede RAWS (2062003 /  Donner COOP Truckee GSOD
Lake Tahoe UC Davis Coast
Guard pier (2004£2009)

Lahontan Fallon AGRIMET (20062009) Lahontan Dam COOP Fallon AGRIMET

Dewpoint Depression (Ko)

1 2 3 4 5 6 7 8 9 10 11 12

Month
Figure 4. Mean monthly dewpoint depression from #reickee GSOD airport weather

station used for estimating dewpoint at water bodies absent of measurements.



Table 3. Numeric values of mean monthly dewpoint depression from the Truckee GSOD
airport weather station used for estimating dewpoint at water balisest of

measurements.
Month Mean Tpin (C) Mean Tgew (C) Mean Dewpoint
Depression, Tin-T gew (C)

1 -8.0 -5.9 2.1
2 -7.0 -5.5 -1.5
3 -4.8 -4.6 -0.1
4 2.7 -3.2 0.5
5 1.0 0.4 0.6
6 3.6 1.9 1.7
7 6.6 3.8 2.9
8 5.2 2.0 3.3
9 15 -0.4 1.9

10 -2.3 2.7 0.4

11 -4.8 -4.0 -0.8

12 -7.3 -5.4 -1.9

As a required input parameter in the CRLE model, estimated mean annual (2000 to
2009) area weighted water depths for Prosser, Martis, Boca, and Staegmdeirsvere
computed using volumareastage relationships obtained from the U.S. Bureau of
Reclamation (USBR). The average depth of the water body specified in the CRLE model
assumes a wethixed water body. In the case of relatively shallow reservoirs and, ldke
assumption is likely valid, howevef the water body is very deep or not well mixed, for
example Lake Tahoe, an effective thermal mixing depth was assumed. The effective thermal
mixing depth was approximated to b@ b for Lake TahoeTilzer andGoldman, 1978;
Dillon and Powel, 1976 The estimated water bodgpth primarily impacts the timing of
monthly evaporation, therefgrihe seasonality of modeled evaporation rates were compared
to previous evaporation studies to ensure congruency. Fompéxahnask 2007 illustrated
that peak evaporation frohmke Tahoe occurs in September &wtober due to heat storage.
The estimated effective thermal mixing depth 0frbfor Lake Tahoe resulted in CRLE
modeled peak evaporation occurring during thisesgariod.

As another required input parameter in the CRLE modelage salinities for each
water body were estimated from web reviews. A summary of water body and respective area
weighted depths, salinities, altitude, and latitude used as input paraindtee CRLE model
is shown in Table Because the CRLE modeperates at monthly time steps all station data
wasaveraged to the month for each yddre following sections descrilveeatherstation
data used fo€RLE input foreach reservoiandlake, and describanyassumptions mader
application of the modified Priestljaylor equation

1C



Table 4. Summary of the water body and respective area weighted depths, salinities,
altitude, and latitude used as input parameters in the CRLE model.

Water Body Water Body Water Body Area Weighted Mean Total Dissolved
Latitude Altitude (m) Water Depth (m) Solids (mg/L)
Lake Tahoe 39.05 1,900 50 (assumed effective 60
thermal mixing depth)
Boca 39.40 1,720 8.5 60
Stampede 39.70 1,814 17.1 60
Prosser 39.38 1,751 9.4 60
Martis 39.32 1,776 4 60
Independence 39.44 2,118 14.6 60
Donner 39.32 1,823 30 60
Lahontan 39.46 1,264 7 300
Lake Tahoe

Weather station data used for Lake Tahoe CRLE model input inchRid&g and
TqewCollected at the Lake Tah@SCGstationfrom 2000to 2009. These data were complete
from 2004to 2009 however there veresignificant missinglgew measurements before this
period.Mean monthly dew point depressi@R,=Tmir-Tgew) derived from the Truckee Airport
GSOD station was used tompute monthlyl4e,, from 2000to 2003 asTgew= Tmin-Ko. USCG
Rs data from 200@0 2003 were alsmissing;therefore, these data were estimated fRam
measurements made at the Stampede RAWS station (Figure 2).

Boca

Weather station data used the Bocareservoir CRLE model input includéy
measurements from the Stampede RAWS and USCG staligingimn the Boca COOP
weather sition, and dew point depressidarived from the Truckee Airport GSOD station.
Monthly TgewWas then computed for Boca resenasil gew = Tmin-Ko.

Stampede

Weather station data used the Stampede reservoir CRLE model input includked
measurements from the Stampede RAWS and USCG staligingm the Boca COOP
weather station, and dew point depression derived from the Truckee Airport GSOD station.
TgewWas then computed for Stampede reservolrgas= Tmin-Ko.

Prosser

Weather station data used tbheProsser reservoir CRLE model inpotludedRs
measurements from the Stampede RAWS and USCG staliginsm theBocaweather
station,and dew point depression derived from the Truckee Airport GSOD stistanthly
TgewWas then computed for Prosser reservoif@gs= Tmin-Ko.
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Martis

Weather station data used tbeMartis reservoir CRLE model inpuicludedRs
measurements from the Stampede RAWS and USCG staimihig, andTge, from the
Truckee AirportGSODweather station.

Independence

Weather station data used tbe Independece reservoir CRLE model inpuricluded
Rs measurements from the Stampede RAWS and USCG stalidginam theNRCS
Independence SNOTEL weather station, arghn monthlyew point depression derived
from the Truckee Airport GSOBXation.Monthly TgewWas th@ computed for Independence
reservoir a9 gew= Tmin-Ko.

Donner

Weather station data used theDonner Lake CRLE model inpuicludedRs
measurements from the Stampede RAWS and USCG stafignem the Donner Lake State
Park COOP weather station, ameéan monthlylew point depression derived from the
Truckee Airport GSODBtation.Monthly TgewWas then computed f@onner Lakeas Tgew =
Tmin'Ko-

Lahontan

Weather station data used the Lahontan reservoir CRLE model input included data
of Rs from the UEBR Fallon AGRIMET stationl, from the Lahontan Dam COOP weather
station, andneanmonthlydew point depression derived from the USBR Fallon AGRIMET
station(Figure 3) Monthly TgewWas then computed for Lahontan reservoif @% = Tmin-Ko.

RESULTS
Evaporation

Results othe CRLE modeled evaporatiowere averaged for each month to compute
2000to 2009 mean monthlgnd mean annualaporatiorratesfor each water body (Talde
2, 4, andb and Figures 2 and) 3While mean annual evaporation is very sanfor Truckee
Riverbasin water bodigeshe timing for each is quitdifferent. Figure5 illustrates mean
monthly evaporation for all water bodjeghere the impact aaterdepthor thermal mixing
depth on evaporatiaiming is clearly evidenfrom theshiftin peakevapaation compared to
the Boca paitlerived estimatd_ake Tahoe has the largest shifidwinter evaporation rate
duetoits large water volume and associated heat stohagentrastMartis reservoid s
monthlyevaporation distributiors similar tothe parderived estimatdue toits shallow
depth and limited heat storage potential.
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Table 5.

Mean monthly and mean annual evaporation rates (in/month) for each water body
from 2000 t02009.

Water Body Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann

Boca
Martis
Prosser
Stampede

15 09 12 19 33 48 66 72 65 56 39 28 461
09 09 17 28 47 62 76 73 59 43 25 15 463
15 1.0 12 18 33 48 66 72 65 56 40 28 461
1.7 11 1.2 18 31 45 63 70 65 57 42 31 461

Independence 1.8 1.0 11 1.7 30 45 64 7.2 6.7 58 42 3.1 46.6

Donner
Tahoe
Lahontan

2.1 1.2 1.2 16 28 41 59 68 66 59 45 34 460
34 21 16 15 21 31 47 58 60 60 51 47 460
1.3 09 14 24 42 58 79 81 68 55 35 22 500

The similarity in mean annual evaporation rate for each water body is primarily due
to the fact that the same monthly time serieRsofias used as input to the CRLEtwthe
exception of Lahontan reservowalletCoulomb et al(2001) conducted a sensitivity
analysis of the CRLE model and showed fRatasthe most sensitive input variahlehere
+ 10% error inRs, Ty, andTgewproduced evaporatieprediction errors of 6%, 2.0%, and
0.4% respectivelyTheyalso showed that CRLEas the least sensitive to input variable
uncertainties when compared to the energy balance and Penman methods for estimating
evaporationGiven the lack of measurétl and other input variables or near the water

bodies of

interest, using a consisterd goality controlledRs dataset for all water bodies

currently he best option for CRLE inpuit. should be noted that a unigRedataset was
developed for Lahontan reservoir basedthe FalloPAGRIMET station.

Figure 5.

—Boca Martis =——Prosser ——Stampede —Independence ——Donner Tahoe ——Lahontan ===USBR/Boca Pan

9

8

7

Mean Monthly Evaporation (in/month)

1 2 3 4 5 6 7 8 9 10 11 12
Month
Mean monthly evaporatiof2000 to 2009) for all water bodies, where the impact

of water or thermal mixing depth on the timing of evaporation is clearly evident
by the lag in evaporation compared to the Boca pan derived estimate.
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Winter and spring ice cover is common for many efwater bodies this report;
therefore an approach to estimate the period of ice cover for each water body was developed.
Derecki 1979 made manuabbservations of ice cover to adjust winter and spring
evaporation rateg his study usedbservations oice cover from satellite imageSver 140
Landsat hematicMapper (TM)images were analyzed winter, spring, and fafrom 1984
to 2009 to detedte coveron each water bodyr his archiveof images will be valuablfor
future evaporation work using sace temperature and energy balance approalthage
processingechniques were used to develop reflectance band combinati@hsn spatial
resolutionsuchthat icecoverwas easily detected from simple visual inspection of the inage
(Figure6). Giventhe complexity of identifyinghin or patchy iceyerses clearly visibland
consistentce cover, and the complewaturein the development of an automaiethge
classification procedure that accaosifior varying water body boundarigswas assumed tha
the entire water body was ice covereide wasclearlyvisible using the Landsat TM
reflectance band combination of%,and2 forred green,andblue channelsThis approach
is robust because ice or snow is displayed as aquavithiie ice-free op@ wateris
displayed as black-orexample Figureé6 illustrates ice cover over Boca and Prosser
reservoirs, but not Stampedegures 7 and8 illustrate four Landsat TM scenes acquired in
2007 (Januaryl9, March 24 April 9, May 11), where it is evidenrom the aqua blue
coloringthatsmall low elevation(Martis, Prosser, Boca) and high elevation (Independence
Lake) water bodies afee coveredFigure7). As springprogresses, tisewater bodies
become ice fre@igure8). Table6 summarizeshe percantageof Landsat TM imageper
monthwith ice coverfrom 1984to 2009 for each water body

Results indicate that Independence Lake has the longest period of ice cover, followed
by small and shallow water bodies, including Prosser, Martis, and Boca resekgo
expected, results indicate that Lake Tahoe and Lahontan reservoir are never ice covered. Ice
cover percentages in Table 6 were used to reduce respective CRLE modeled evaporation
rates at each water body by calculating a monthiriee fraction ad then multiplying that
fraction by mean monthly evaporation rate for each water body (Table 7, Figure 9). In
general, the iceover adjusted evaporation rates are consistent with what would be expected,
where evaporation rates from smaller water bodiesedtuced due to ice cover, while large
water bodies with less ice cover show smaller changes in evaporation rates. It should be
noted that Martis and Prosser reservoirs have 100% ice cover in January, resulting in zero
evaporation for this month. This ga@ation estimate may be biased low, reflecting potential
inaccuracy in the estimated mean monthly ice cover; however, without any other information
on the frequency of ice cover, or documented approach for adjusting evaporation due to ice
cover without wather or water temperature information, this remote sensing approach is
likely the best at this time.
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Stampede
Reservoir

Boca
- Reservair

Prosser
Reservoir

- ¢ 2 Miles
: P L e | a
Figure 6. Landsat TM image acquired on January, 19, 2007 illustrating ice cover over Boca
and Prosser reservoir. Band combinations of 5, 3, and@ wsed for red, green,
and blue channels to clearly identify snow cover and ice, seen as aqua blue.
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Stampede
Reservoir

Boca
Prosser Reservoir
Reservoir

R

Martis

Donner Reservoir

Lake

Figure 7. Two Landsat TM scenes acquired in winter (left) and spring (right) of 2007
(January 19 and March 24), where it is evident that water bodies of Martis,
Prosser, Boca, and Independence are ice covered durumayyaand
Independence Lake has ice cover in March.
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