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Abstract. The GeneralLake Model(GLM)isaone-
dimensionalopen-sourcecodedesignedtosimulatethehy-
drodynamicsoflakes,reservoirs,andwetlands.GLMwas
developedtosupportthescienceneedsoftheGlobalLake
EcologicalObservatoryNetwork(GLEON),anetworkofre-
searchersusingsensorstounderstandlakefunctioningand
addressquestionsabouthowlakesaroundtheworldrespond
toclimateandlandusechange.Thescaleanddiversityof
laketypes,locations,andsizes,andtheexpandingobser-
vationaldatasetscreatedtheneedforarobustcommunity
modeloflakedynamicswithsufficientflexibilitytoaccom-
modatearangeofscientificandmanagementquestionsrele-
vanttotheGLEONcommunity.Thispapersummarizesthe
scientificbasisandnumericalimplementationofthemodel
algorithms,includingdetailsofsub-modelsthatsimulatesur-
faceheatexchangeandicecoverdynamics,verticalmixing,
andinflow–outflowdynamics.Wedemonstratethesuitability
ofthemodelfordifferentlaketypesthatvarysubstantiallyin
theirmorphology,hydrology,andclimaticconditions.GLM
supportsadynamiccouplingwithbiogeochemicalandeco-
logicalmodellinglibrariesforintegratedsimulationsofwa-
terqualityandecosystemhealth,andoptionsforintegration
withotherenvironmentalmodelsareoutlined.Finally,we
discussutilitiesfortheanalysisofmodeloutputsandun-
certaintyassessments,modeloperationwithinadistributed

cloud-computingenvironment,andasatooltosupportthe
learningofnetworkparticipants.

1 Introduction

Lakesandotherstandingwaterssupportextensiveecosystem
servicessuchaswatersupply,floodmitigation,hydropower,
aestheticandculturalbenefits,andfisheriesandbiodiver-
sity(Muelleretal.,2016).Lakesareoftenconsideredto
be“sentinelsofchange”,providingawindowintothesus-
tainabilityofactivitiesintheircatchments(Williamsonet
al.,2009).Theyarealsoparticularlysusceptibletoimpacts
frominvasivespeciesandlandusedevelopment,whichof-
tenleadtowaterqualitydeteriorationandlossofecosystem
integrity.Recentestimateshavedemonstratedtheirsignifi-
canceintheEarthsystem,contributingtoheterogeneityin
landsurfacepropertiesandfeedbackstoregionalandglobal
climatethroughenergy,water,andbiogeochemicaltrans-
fers(Martynovetal.,2012;Coleetal.,2007).Forexam-
ple,Tranviketal.(2009)suggestthatcarbonburialinlakes
andreservoirsissubstantialonaglobalscale,oftheorderof
0.6Pgyr−1or4timestheoceanicburialrate.
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Giventhediversityoflakesamongcontinents,region-
specificpressures,andlocalmanagementapproaches,the
GlobalLakeEcologicalObservatoryNetwork(GLEON;
http://gleon.org,lastaccess:14January2019)wasiniti-
atedin2004asagrass-rootssciencecommunitywitha
visiontoobserve,understand,andpredictfreshwatersys-
temsataglobalscale(Hansonetal.,2016).Indoingso,
GLEONhasbeenasuccessfulexampleofcollaborativere-
searchwithinthehydrologicalandecologicalsciencedisci-
plines.GLEONaimstobringtogetherenvironmentalsensor
networks,numericalmodels,andinformationtechnologyto
exploreecosystemdynamicsacrossavastrangeofscales–
fromindividuallakesorreservoirs(Hamiltonetal.,2015)to
regional(Readetal.,2014;Klugetal.,2012)andglobalex-
tents(Rigosietal.,2015;O’Reillyetal.,2015).Ultimately,
itistheaimofthenetworktofacilitatediscoveryandsynthe-
sisandtoprovideanimprovedscientificbasisforsustainable
freshwaterresourcemanagement.
Environmentalmodellingformsacriticalcomponentof
observingsystemsasawaytomakesenseofthe“datadel-
uge”(Porteretal.,2012),allowinguserstobuildvirtualdo-
mainstosupportknowledgediscoveryatthesystemscale
(Ticehurstetal.,2007;Hipseyetal.,2015).Inlakeecosys-
tems,thetightcouplingbetweenphysicalprocessesandwa-
terqualityandecologicaldynamicshaslongbeenrecog-
nized.Modellershavecapitalizedonacomprehensiveun-
derstandingofphysicalprocesses(e.g.ImbergerandPatter-
son,1990;ImbodenandWüest,1995)tousehydrodynamic
modelsasanunderpinningbasisforcouplingtoecological
models.Suchmodelshavecontributedtoourunderstanding
oflakedynamics,includingapplicationsassociatedwithcli-
matechange(Winslowetal.,2017),eutrophicationdynam-
ics(Matzingeretal.,2007),harmfulalgalbloomdynamics
(Chungetal.,2014),andfisheries(Makler-Picketal.,2011).
Inrecentdecades,arangeofone-,two-,andthree-
dimensionalhydrodynamicmodelshasemergedforlake
simulation.Dependingonthedimensionality,thehorizontal
resolutionofthesemodelsmayvaryfrommetrestotensof
kilometreswithverticalresolutionsfromsub-metretosev-
eralmetres.Asinallmodellingdisciplines,identifyingthe
mostparsimoniousmodelstructureanddegreeofcomplex-
ityandresolutionischallenging,andusersinthelakemod-
ellingcommunityoftentendtorelyonheuristicrulesorprac-
ticalreasonsformodelchoice(Mooijetal.,2010).High-
resolutionmodelsaresuitedtostudyingeventsthatoccur
atthetimescaleofflowdynamics,butarenotalwaysdesir-
ableforecologicalstudiesoverlongertimescalesduetotheir
computationaldemandsandlevelofover-parameterization.
Ontheotherhand,simplemodelsmaybemoreagilefora
particularapplicationandmoresuitedtoparameteridentifi-
cationandscenario-testingworkflows.However,ithasbeen
thecasewithinGLEONthatsimplemodelsareoftenless
applicableacrossawidevarietyofdomains,makingthem
lessgeneralizable,whichisakeyrequirementofsynthesis
studiesacrossmanywaterbodies.Despitethefactthatthere

isarelativelylargediversityofmodelsandapproachesfor
aquaticecosystemsimulation(Janssenetal.,2015),itisgen-
erallyagreedthattoimprovescientificcollaborationwithin
thelimnologicalmodellingcommunity,thereisanincreas-
ingneedforflexible,open-sourcecommunitymodels(Trolle
etal.,2012). Whilstacknowledgingthatthereisnosingle
modelsuitableforallapplications,arangeofopen-source
communitymodelsandtoolscanenhancescientificcapabil-
itiesandfosterscientificcollaborationandcombinedefforts
(Readetal.,2016).Thereareexamplesofsuchinitiativesbe-
ingsuccessfulintheoceanography,hydrology,andclimate
modellingcommunities.
Withthisinmind,theGeneralLakeModel(GLM),aone-

dimensional(1-D)hydrodynamicmodelforenclosedaquatic
ecosystems,wasdeveloped.Thelakemodellingcommunity
hasoftenreliedon1-Dmodels,whichoriginatedtocap-
turelakewaterbalanceandthermalstratificationdynamics
(e.g.ImbergerandPatterson,1981;SalorantaandAndersen,
2007;Perroudetal.,2009;Stepanenkoetal.,2013).Theuse
of1-Dstructureisjustifiedacrossadiverserangeoflake
sizesgiventhedominantroleofseasonalchangesinverti-
calstratificationinlakedynamics,includingoxygen,nutri-
ent,andmetalcyclingandplanktondynamics(Hamiltonand
Schladow,1997;Galetal.,2009).Despiteadvancesincom-
putingpowerandmorereadilyavailable3-Dhydrodynamic
drivers,1-Dmodelscontinuetoremainattractiveastheyare
easilylinkedwithbiogeochemicalandecologicalmodelling
librariesforcomplexecosystemsimulations.Thisallows1-D
modelstobeusedtocapturethelong-termtrajectoryandre-
silienceoflakesandreservoirstoclimatechange,hydrologic
change,andlandusechange.Forexample,suchmodelshave
beenusedtostudylong-termchangestooxygen,nutrientcy-
cles,andthechangingriskofalgalblooms(e.g.Peetersetal.,
2007;Huetal.,2016;Snortheimetal.,2017).Furthermore,
thelowcomputationalrequirementsofthisapproachrelative
to3-Dmodelsismoresuitedtoparameteridentificationand
uncertaintyanalysis,makingitanattractivebalancebetween
processcomplexityandcomputationalintensity.
GLMemergedasanewopen-sourcecodein2012,with

thedesigngoalofbalancingthecomplexityofdimensional
representation,applicabilitytoawiderangeofstandingwa-
ters,andavailabilitytoabroadcommunity(e.g.GLEONhas
>700membersfromaround50countries).Thescopeand
capabilityofthemodelhavedevelopedrapidlywithappli-
cationtonumerouslakesandlaketypeswithintheGLEON
networkandbeyond(e.g.Readetal.,2014;Buecheetal.,
2017;Snortheimetal.,2017;Weberetal.,2017;Mencióet
al.,2017;Bruceetal.,2018).Itisuniqueinthatitssuitabil-
itynowrangesfromephemeralwetlandsandpondstodeep
lakes,fromnaturalsystemstoheavilymanagedman-made
reservoirs,andacrossclimaticregions.Giventhatindividual
applicationsrarelyengagethefullarrayoffeaturesorde-
scribethefulldetailsofthemodelstructure,theaimofthis
paperistopresentacompletedescriptionofGLM,including
thescientificbackground(Sect.2)andmodelcodeorganiza-
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tion(Sect.3).Theapproachtocouplingwithbiogeochemical
modelsisalsodiscussed(Sect.4),sinceamainobjectiveof
GLM’sdevelopmentistolinkitshydrodynamicsimulation
withwaterqualitymodelstoexploretheeffectsofstratifica-
tionandverticalmixingonbiogeochemicalcyclesandlake
ecology.Finally,anoverviewoftheuseofthemodelwithin
thecontextofGLEON-specificrequirementsformodelanal-
ysis,integration,andeducation(Sects.5–6)isdescribed.In
ordertobetterdefinethetypicallevelofmodelperformance
acrossthesediverselaketypes,acompanionpaperbyBruce
etal.(2018)hasundertakenasystematicassessmentofthe
model’serrorstructureagainst31lakes.

2 Modeloverview

2.1 Backgroundandlayerstructure

The1-DapproachadoptedbyGLMresolvesaverticalseries
oflayersthatcapturethevariationinwatercolumnproper-
ties.Usersmayconfigureanynumberofinflowsandout-
flows,andmoreadvancedoptionsexistforsimulatingas-
pectsofthewaterandheatbalance(Fig.1).Dependingon
thecontextofthesimulation,eitherdailyorhourlymete-
orologicaltimeseriesdataforsurfaceforcingarerequired,
anddailytimeseriesofvolumetricinflowandoutflowrates
canalsobesupplied.Themodelissuitableforoperationina
widerangeofclimateconditionsandisabletosimulateice
formation,aswellasaccommodatingarangeofatmospheric
forcingconditions.
AlthoughGLMisanewmodelcodewrittenintheC
programminglanguage,thecorelayerstructureandmixing
algorithmsarefoundedonprinciplesandexperiencefrom
modelplatformsincludingtheDYnamicREservoirSim-
ulation Model(DYRESM;ImbergerandPatterson,1981;
HamiltonandSchladow,1997)andtheDynamicLakeModel
(DLM;Chungetal.,2008).Othervariationshavebeenin-
troducedtoextendthisunderlyingapproachthroughappli-
cationstoavarietyoflakeandreservoirenvironments(e.g.
HockingandPatterson,1991;McCordandSchladow,1998;
Galetal.,2003;YeatesandImberger,2003).Thelayerstruc-
tureisnumberedfromthelakebottomtothesurfaceand
adoptstheflexibleLagrangianlayerschemefirstintroduced
byImbergeretal.(1978)andImbergerandPatterson(1981).
Theapproachdefineseachlayer,i,asa“controlvolume”
(Fig.1)thatcanchangethicknessbycontractingandex-
pandinginresponsetoinflows,outflows,mixingwithadja-
centlayers,andsurfacemassfluxes.Asthemodelsimulation
progresses,densitychangesduetosurfaceheating,vertical
mixing,andinflowsandoutflowsleadtodynamicchangesin
thelayerstructureassociatedwithlayersamalgamating,ex-
panding,contracting,orsplitting.Notationusedthroughout
themodeldescriptionisprovidedinTable1.
Aslayerschange,theirvolumeschangebasedonthesite-
specifichypsographiccurve,wherebytheoveralllakevol-

ume,Vmax,isdefinedas
Hmax
H0
A[H]dH,withtheelevation

(H)andarea(A)relationshipprovidedasaseriesofpoints
basedonbathymetricdata.Thiscomputationrequiresthe
usertoprovideanumber,NBSN,ofelevationswithcorre-
spondingareas.Thecumulativevolumeatanylakeelevation
isfirstestimatedas

Vb=Vb−1+ 0.5(Ab+Ab−1)(Hb−Hb−1), (1)

where2≤b≤NBSN.Usingtheserawhypsographicdata,
arefinedheight–area–volumerelationshipistheninter-
nallycomputedusingfinerheightincrements(e.g. Hmi∼
0.1m),givingNMORPH levelsthatareusedforsubsequent
calculations.Theareaandvolumeattheheightofeachin-
crement,Hmi,areinterpolatedfromthesuppliedinformation
as

Vmi=Vb
Hmi

Hb

αb

andAmi=Ab
Hmi

Hb

βb

, (2)

whereVmiandAmiarethevolumeandareaateachofthe
elevationsoftheinterpolateddepthvector,andVbandAb
refertothenearestblevelbelowHmisuchthatHb<Hmi.
Theinterpolationcoefficientsarecomputedas

αb=




log10

Vb+1
Vb

log10
Hb+1
Hb



andβb=




log10

Ab+1
Ab

log10
Hb+1
Hb



. (3)

Withinthislakedomain,themodelsolvesthewaterbal-
ancebyincludingseveraluser-configurablewaterfluxesthat
changethelayerstructure.Initially,thelayersareassumed
tobeofequalthickness,andtheinitialnumberoflay-
ers,NLEV[t=0],iscomputedbasedontheinitialwater
depth. Waterfluxesincludesurfacemassfluxes(evapora-
tion,rainfall,andsnowfall),inflows(surfaceinflows,sub-
mergedinflows,andlocalrun-offfromthesurroundingex-
posedlakebedarea),andoutflows(withdrawals,overflow,
andseepage).Surfacemassfluxesoperateonasub-daily
timestep, t,byimpactingthesurfacelayerthickness(de-
scribedinSect.2.2),wherebythedynamicsofinflowsand
outflowsmodifytheoveralllakewaterbalanceandlayer
structureonadailytimestep, td,byadding,merging,
orremovinglayers(describedinSect.2.7).Dependingon
whetherasurface(areal)massfluxorvolumetricmassflux
isbeingapplied,thelayervolumesareupdatedbyinterpo-
latingchangesinlayerheights,wherebyVi=f[hi]andiis
thelayernumber,orlayerheightsareupdatedbyinterpolat-
ingchangesinlayervolumes,wherebyhi=f[Vi].
Eachlayeralsocontainsheat,salt(S),andothercon-
stituents(C),whicharegenericallyreferredtoasscalars.
Thesearesubjecttomassconservationaslayerschange
thicknessoraremergedorsplit.Thespecificnumberof
otherconstituentsdependsontheconfigurationoftheasso-
ciatedwaterqualitymodel,buttypicallyincludesattributes
suchasoxygen,nutrients,andphytoplankton.Layerdensity
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The General Lake Model

Figure 1.Schematic of a GLM simulation domain, input information (blue text), and key simulated processes (black text).

is computed from the local salinity and temperature accord-
ing to TEOS-10 (http://teos-10.org, last access: 16 Decem-
ber 2018), wherebyρi=ρ[Ti,Si]. When density instabil-
ities occur between adjacent layers or when sufficient tur-
bulent kinetic energy becomes available to overcome sta-
ble density gradients, then layers merge, thereby account-
ing for the process of mixing (Sect. 2.6). For deeper sys-
tems, a stable vertical density gradient forms seasonally in
response to periods of high solar radiation creating warm,
buoyant water overlying cooler, denser water, separated by a
metalimnion region which includes the thermocline. Layer
volumes change due to depth-specific changes in mixing,
inflows, and outflows. Thickness limits, zminand zmax,
are enforced to adequately resolve the vertical density gra-
dient, generally with fine resolution occurring in the metal-
imnion and thicker cells where gradients are weak. The num-
ber of layers,NLEV[t], is adjusted throughout the simula-
tion to maintain homogenous properties within a layer. It has
been reported that numerical diffusion at the thermocline can
be restricted using this layer structure and mixing algorithm
(depending on the minimum and maximum layer thickness
limits set by the user), making it particularly suited to long-
term investigations and ideally requiring limited site-specific
calibration (Patterson et al., 1984; Hamilton and Schladow,
1997; Bruce et al., 2018).
Because this approach assumes layer properties are lat-
erally averaged, the model is suitable for investigations in
which resolving the horizontal variability is not a require-
ment of the study. This is often the case for ecologists and

biogeochemists studying central basins of natural lakes (e.g.
Gal et al., 2009), managers simulating drinking water reser-
voirs (e.g. Weber et al., 2017), mining pit lakes (e.g. Salmon
et al., 2017), or for analyses exploring the coupling between
lakes and regional climate (e.g. Stepanenko et al., 2013).
Further, whilst the model is able to resolve vertical strat-
ification, the approach is also able to be used to simulate
shallow lakes, wetlands, wastewater ponds, and other small
waterbodies that experience well-mixed conditions. In this
case, the layer resolution, with upper and lower layer bounds
specified by the user, will automatically be reduced, and the
mass of water, constituents, and energy will continue to be
conserved. The remainder of this section outlines the model
components and provides example outputs for five waterbod-
ies that experience a diverse hydrology.

2.2 Water balance

The general nature of the model to accommodate a wide di-
versity of lake types has necessitated flexibility in the config-
uration of water inputs and outputs (schematically depicted
in Fig. 1). The net water flux over the entire lake is summa-
rized as

dVS

dt
=AS

dhS

dt
+
NINF

I

Qinf0I−
NOUTF

O

QoutfO

−Qseepage−Qovfl, (4)

whereVSis the total lake volume,tis time, andASis the
lake surface area; the changes due to fluxes at the water sur-
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face,hS,areexpandeduponbelow,andtheremainingin-
flowandoutflowtermsaredescribedindetailinSect.7.For
practicalreasonstheequationisnumericallysolvedintwo
stageswithdifferenttimesstepsforthesurfacefluxchange
andallotherfluxes.Furthermore,inanygivenapplication,
notalltheinputsandoutputsarerelevantandusersmaycus-
tomizethewaterbalancecomponentsaccordingly;examples
demonstratinglakehydrologyfromwetlandstoreservoirsto
deeplakesarepresentedinFig.2.NotethatEq.(4)accounts
fortheliquidwaterbalance,andincoldclimatesthemodel
willalsotracktheamountofwaterallocatedintoanover-
lyingicelayer(Sect.2.4),whichinteractswiththesurface
waterbalanceasindicatednext.
Themassbalanceofthesurfacelayeriscomputedateach
modeltimestep( t;usuallyhourly)bymodifyingthesur-
facelayerheight,hS,accordingto

dhS

dt
=RF+SF+

QR

AS
−E−

d zice

dt
, (5)

whereEistheevaporationmassfluxcomputedfromthe
latentheatfluxφE,describedbelow(E=φE/λvρs;ms

−1),
RFisrainfall,andSFissnowfall(ms

−1).Dependingonthe
meteorologicalconditions,precipitationwilleitherbeadded
tothewatervolumeortothesurfaceoftheicecover(see
Sect.2.4),andRFandSFthereforeinfluencethewatersur-
faceheightdependingonthepresenceoficecoveraccording
to

RF=
fRRx/csecday if zice=0
fRRx/csecday if zice>0andTa>0
0, if zice>0andTa≤0

(6)

and

SF=
fSfSWESx/csecday if zice=0
0, if zice>0

. (7)

Here,fRandfSareuser-definedscalingfactorsthatmay
beappliedtoadjusttheinputdatavaluesRxandSx,respec-
tively.Thesurfaceheightofthewatercolumnisalsoim-
pactedbyiceformationormeltingoftheicelayersitting
onthelakesurfaceaccordingtod zice/dt,asdescribedin
Sect.2.4.
QRisanoptionaltermtoaccountforrun-offtothelake

fromtheexposedriparianbanks,whichmaybeimportantin
reservoirswithalargedrawdownrangeorwetlandswhere
periodicdryingofthelakemayoccur.Therun-offvolume
generatedisaveragedacrosstheareathattheactivelakesur-
facearea(As)isnotoccupying,andtheamountiscalculated
usingasimplemodelbasedonexceedanceofarainfallin-
tensitythreshold,RL(mday

−1),andrun-offcoefficient:

QR=max0,froRF−RL csecday (Amax−AS), (8)

wherefroistherun-offcoefficient,definedasthefraction
ofrainfallthatisconvertedtorun-offatthelake’sedge,and
Amaxisthemaximumpossibleareaofinundationofthelake
(theareaprovidedbytheuserastheNBSNvalue).

Notethatmixingdynamics(i.e.themergingorsplittingof
layerstoenforcethelayerthicknesslimits)willimpactthe
thicknessofthesurfacemixedlayer,zSML,butnotchange
theoveralllakeheight.However,inadditiontotheterms
inEq.(5),hSismodifiedduetovolumechangesassociated
withriverinflows,withdrawals,seepage,oroverflows,which
aredescribedinsubsequentsections.

2.3 Surfaceenergybalance

Abalanceofshortwaveandlongwaveradiationfluxesand
sensibleandevaporativeheatfluxes(allWm−2)determines
thenetcoolingandheatingacrossthesurface.Thegeneral
heatbudgetequationfortheuppermostlayerisdescribedas

cwρszs
dTs

dt
=φSWS−φE+φH+φLWin−φLWout, (9)

wherecwisthespecificheatcapacityofwater,Tsisthesur-
facetemperature,andzsandρsarethedepthanddensity
ofthesurfacelayer(i=NLEV),respectively.Theright-hand
side(RHS)heatfluxtermsarenumericallycomputedateach
timestepandincludeseveraloptionsforcustomizingthein-
dividualsurfaceheatfluxcomponents,whichareexpanded
uponbelow.

2.3.1 Solarheatingandlightpenetration

Solarradiationisthekeydriveroflakethermodynamicsand
maybeinputbasedondailyorhourlymeasurementsfroma
nearbypyranometer.Ifdataarenotavailablethenusersmay
choosetohaveGLMcomputesurfaceirradiancefromathe-
oreticalapproximationbasedontheBirdClearSkyModel
(BCSM)(Bird,1984)modifiedforcloudcoverandlatitude.
Theoptionsforinputaresummarizedas

φSW0=





Option1:dailyinsolationdataprovided

(1−αSW)fSWφSWxf[d,t− t],

Option2:sub-dailyinsolationdataprovided

(1−αSW)fSWφSWx,

Option3:insolationcomputedfromtheBCSM

(1−αSW)fSWφ̂SW,

(10a–c)

whereφSW0isthesolarradiationfluxenteringthesurface
layer,φSWxistheincomingshortwaveradiationfluxsupplied
bytheuser,fSWisascalingfactorthatmaybeappliedand
adjustedaspartofthecalibrationprocess(forexample,to
capturetheeffectsofshading),andαSWisthealbedofor
shortwaveradiation.Ifdailydataaresupplied(option1),the
modelcontinuestorunatasub-dailytimestep,butapplies
thealgorithmoutlinedinHamiltonandSchladow(1997)to
distributethedailysolarenergyfluxoveradiurnalcycle
basedonthedayoftheyear,d,andtimeofday,t− t.For
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Figure 2.A 2-year times series of the simulated daily water balance for five example lakes(a–e)that range in size and hydrology. The water
balance components summarized are depicted schematically in the inset and partitioned into inputs and outputs. The daily net water flux is
computed from Eq. (4). For more information about each lake, the simulation configuration, and input data, refer to the “Data availability”
section.

option 3 the BCSM is used (Bird, 1984; Luo et al., 2010):

φ̂SW=
φ̂DB+φ̂AS

1−(αSWαSKY)
f[Cx], (11)

where the total irradiance,φ̂SW, is computed from direct
beamφ̂DBand atmospheric scatteringφ̂AScomponents (refer
to Appendix A for a detailed outline of the BCSM equations
and parameters). In GLM, the clear-sky value is then reduced
according to the cloud cover data provided by the user,Cx,
according to

f[Cx]=0.66182C
2
x−1.5236Cx+0.98475, (12)

which is based on a polynomial regression of cloud data
from Perth Airport, Australia, compared against nearby sen-

sor data (R2=0.952; see also a similar relationship by Luo
et al., 2010).
The albedo,αSW,is the reflected fraction of the incoming
radiation and depends on surface conditions, including the
presence of ice, waves, and the angle of incident radiation.
For open water conditions, users may configure the follow-
ing.

Geosci. Model Dev., 12, 473–523, 2019 www.geosci-model-dev.net/12/473/2019/
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Option1:dailyapproximationfromHamiltonand

Schladow(1997)

αSW=






αSWmean−δαSWsin
2π

365
d−
π

2
:northernhemisphere,Lat>0
αSWmean
:equator

αSWmean−δαSWsin
2π

365
d+
π

2
:southernhemisphere,Lat<0

(13a)

Option2:sub-dailyapproximationfromBriegleb

etal.(1986)

αSW=
1

100

2.6

cos[zen]
1.7+0.065

+15(cos[zen]−0.1)

(cos[zen]−0.5)(cos[zen]−1) (13b)

Option3:sub-dailyapproximationfromYajima

andYamamoto(2015)

αSW=max 0.02,0.001fRHRHx(1−cos[zen])
0.33

−0.001U10(1−cos[zen])
−0.57−0.001ς

(1−cos[zen])
0.829 (13c)

Option4:dailyapproximationfromGrischenkolook-up

tableinCogley(1979)

αSW=αSWG[Lat,d] (13d)

Here, zenisthesolarzenithangle(radians)asoutlinedin
AppendixA,RHxistherelativehumidity,ςisthepercentage
ofatmosphericdiffuseradiation,disthedayofyear,andU10
iswindspeed.Thesecond(oceanic)andthird(lacustrine)
optionsareincludedtoallowfordielandseasonalvariation
ofalbedofromapproximately0.01to0.4dependingonthe
sunangle(Fig.3).Option4maybebetterforhigher-latitude
sites;alsonotethatalbedoiscalculatedseparatelyduringice
coverconditionsusingacustomizedalgorithm,asoutlined
belowinSect.2.4.
Thedepthofpenetrationofshortwaveradiationintothe
lakeiswavelengthspecificanddependsonthewaterclar-
ityviathelightextinctioncoefficient,Kw(m

−1).Twoap-
proachesaresupportedinGLM.Thefirstoptionassumesthat
thephotosyntheticallyactiveradiation(PAR)fractionofthe
incominglightisthemostpenetrativeandfollowstheBeer–
Lambertlaw:

φPAR[z]=fPARφSW0exp[−Kwz], (14)

wherezisthedepthofanylayerfromthesurface.Kw
maybesetbytheuserasconstant,readinfromatimese-
riesfile,orlinkedwiththewaterqualitymodel(e.g.FABM

Figure3.Variationofalbedo(αSW)withsolarzenithangle(SZA
= zen180/π,degrees)foroptions2and3(Eq.13).Foroption3,
settingsofRHx=80%andU10=6ms

−1wereassumed.

orAED2;seeSect.4);inthelattercasetheextinctionco-
efficientwillchangeasafunctionofdepthandtimeac-
cordingtotheconcentrationofdissolvedandparticulate
constituents.ForthisoptionBeer’slawisonlyappliedfor
thephotosyntheticallyactivefraction,fPAR,whichissetas
45%oftheincidentlight.Theamountofradiationheat-
ingthesurfacelayer,φSWS,isthereforethephotosyntheti-
callyactivefractionthatisattenuatedacrosszs,plustheen-
tire(1−fPAR)fraction,φSWS=φSW0−φPAR[zs],whichim-
plicitlyassumesthatthenear-infraredandultravioletband-
widthsoftheincidentshortwaveradiationhavesignificantly
higherattenuationcoefficients(Kirk,1994).Thesecondop-
tionadoptsamorecompletelightabsorptionalgorithmthat
integratestheattenuatedlightintensityacrossthebandwidth
spectrum:

cwρi zi
dTi

dt
=
NSW

l=1

φSWil[zi]−
NSW

l=1

φSWi−1lzi−1, (15)

wherelisthebandwidthindexandφSWil[zi]istheradiation
fluxatthetopoftheithlayerforthelthbandwidthfraction.
Forthisoption,themodelbyCengelandOzisk(1984)is
adoptedtocomputethepenetrationofindividualbandwidth
fractions,whichmorecomprehensivelyresolvestheincident
anddiffuseradiationcomponentsofthelightclimate,taking
intoaccounttheangleofincidentlight,transmissionacross
thelightsurface(basedontheFresnelequations),andreflec-
tionoffthebottom.Theseprocessesarewavelengthspecific
andtheuserspecifiesthenumberofsimulatedbandwidths,
NSW,theirrespectiveabsorptioncoefficients,Kwl,andre-
flectivityoflightatthesediment,αsed.
Thelightreachingthebenthosisrelevantinsomeappli-
cationsasanindicatorofbenthicproductivityorasaproxy
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forthetypeofbenthichabitatthatmightemerge.Inaddition
tothelightprofiles,GLMthereforepredictsthebenthicarea
ofthelakeinwhichlightintensityexceedsauser-defined
fractionofthesurfaceirradiance,fBENcrit,(Fig.4):

ABEN=AS−A[hBEN], (16)

wherehBEN=hS−zBEN,zBENiscalculatedfromBeer’slaw,

zBEN=−
lnfBENcrit
Kw

, (17)

andthedailyaveragebenthicareaabovethethresholdisthen
reportedasapercentage(100×ABEN/As).

2.3.2 Longwaveradiation

Longwaveradiationcanbeprovidedasanetflux,anincom-
ingflux,or,iftherearenoradiationdatafromwhichlong-
waveradiationcanbecomputed,thenitmaybecalculated
bythemodelinternallyfromthecloudcoverfractionandair
temperature.Netlongwaveradiationisdescribedas

φLWnet=φLWin−φLWout, (18)

where

φLWout=εwσ(θs)
4; (19)

σistheStefan–Boltzmannconstantandεwtheemissivityof
thewatersurface,assumedtobe0.985.Ifthenetorincoming
longwavefluxisnotprovided,themodelwillcomputethe
incomingfluxfrom

φLWin=(1−αLW)ε
∗
aσ(θa)

4, (20)

whereαLWisthelongwavealbedo(0.03).Theemissivityof
theatmospherecanbecomputedconsideringemissivityfor
cloud-freeconditions(εa)basedonairtemperature(Ta)and
vapourpressureandextendedtoaccountforreflectionfrom
cloudssuchthatε∗a=f[Ta,ea,Cx](seeHenderson-Sellers,
1986;Flerchingeretal.,2009).Optionsadaptedfromarange
ofauthorsincludethefollowing:

ε∗a=




Option1:IdsoandJackson(1969)

(1+0.275Cx)1−0.261exp−0.000777T
2
a ,

Option2:Swinbank(1963)

1+0.17C2x 9.365×10−6(θa)
2,

Option3:Brutsaert(1975)

(1+0.275Cx)1.24(ea/θa)
1/7,

Option4:YajimaandYamamoto(2015)

1−C2.796x 1.24(ea/θa)
1/7+0.955C2.796x ,

(21a–d)

whereCxisthecloudcoverfraction(0–1)andeatheair
vapourpressurecalculatedfromrelativehumidity.Notethat
cloudcoveristypicallyreportedinoctals(0–8),andthusa
valueof1wouldcorrespondtoafractionof0.125.Somedata
mayalsoincludecloudtypeandtheirrespectiveheights.If
thisisthecase,goodcorrespondencehasbeenreportedby
averagingtheoctalvaluesforallcloudtypestogetanaver-
agecloudcover.
Iflongwaveradiationdatadonotexistandclouddata
arealsonotavailable,butsolarirradianceismeasured,then
GLMrad_modesetting3willinstructthemodeltocompare
themeasuredandtheoreticalclear-skysolarirradiance(esti-
matedbytheBCSM;Eq.11)toapproximatethecloudcover
fractionbyassumingthatφSWx/̂φSW=f[Cx].Notethatif
neithershortwaveorlongwaveradiationisprovided,thenthe
modelwillusetheBCSMtocomputeincomingsolarirradi-
ance,andcloudcoverwillbeassumedtobe0(notingthat
thisislikelytooverestimatedownwellingshortwaveradia-
tion).

2.3.3 Sensibleandlatentheattransfer

Themodelaccountsforthesurfacefluxesofsensibleheat
andlatentheatusingcommonlyadoptedbulkaerodynamic
formulae.Forsensibleheat,

φH=−ρacaCHU10(Ts−Ta), (22)

wherecaisthespecificheatcapacityofair,CH isthe
bulkaerodynamiccoefficientforsensibleheattransfer,Ta
theairtemperature,andTsthetemperatureofthewater
surfacelayer.Theairdensity(kgm−3)iscomputedfrom
ρa=0.348(1+r)/(1+1.61r)p/Ta,wherepisairpressure
(hPa)andristhewatervapourmixingratio,whichisused
tocomputethegasconstant.
Forlatentheat,

φE=−ρaCEλvU10
ω

p
(es[Ts]−ea[Ta]), (23)

whereCEisthebulkaerodynamiccoefficientforlatentheat
transfer,eatheairvapourpressure,esthesaturationvapour
pressure(hPa)atthesurfacelayertemperature(◦C),ωthe
ratioofthemolecularmassofwatertothemolecularmass
ofdryair(=0.622),andλvthelatentheatofvaporization.
Thevapourpressureiscalculatedbythelinearformulafrom
Tabata(1973):

es[Ts]=10
9.28603523−2322.37885Ts+273.15 (24)

and

ea[Ta]=(fRHRHx/100)es[Ta]. (25)

Thenetheatfluxesfortheexamplelakesareshownin
Fig.5.
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Figure4.ExamplelightdataoutputsfromaGLMapplicationtoWoodsLake,Australia,showing(a)theratioofbenthictosurfacelight,
100φPARBEN/φSW0(%),overlainonthelakemapbasedonthebathymetry,withtheareawherefBENcrit<0.2(i.e.lessthan20%ofsurface

irradiance)depictedingrey,(b)atimeseriesofthedepthvariationinlight(Wm−2),and(c)atimeseriesofABEN/As(as%)forvarious
fBENcrit.Notethatthe2-Dprojectionofthe1-Dlakemodelin(a)canassistinmanagingthelakeconditionbutassumesuniformityofKw.

Correctionfornon-neutralatmosphericstability

Forlongtimeintegrations(e.g.seasonal),thebulk-transfer
coefficientsformomentum,CD,sensibleheat,CH,andla-
tentheat,CE,canbeassumedapproximatelyconstantbe-
causeofthenegativefeedbackbetweensurfaceforcingand
thetemperatureresponseofthewaterbody(e.g.Struband
Powell,1987).Atfinertimescales(hourstoweeks),thether-
malinertiaofthewaterbodyistoogreat,sothetransferco-
efficientsshouldbespecifiedasafunctionofthedegreeof
atmosphericstratificationexperiencedintheinternalbound-
arylayerthatdevelopsoverthewater(Woolwayetal.,2017).
MoninandObukhov(1954)parameterizedthestratification
intheaircolumnusingthenowwell-knownstabilityparam-
eter,z/L,whichisusedtodefinecorrectionstothebulkaero-
dynamiccoefficientsCHandCEusingthenumericalscheme
presentedinAppendixB.Thecorrectionsmaybeoptionally
appliedwithinasimulation,andifenabled,thetransfercoef-
ficientsusedaboveareautomaticallyupdated.Toensurethat
thedataprovidedarefromwithintheinternalboundarylayer
overthelakesurface,usersshouldpreferablyprovidewind
speed,airtemperature,andrelativehumiditydatathathave
beencollectedoverthelakesurface(ataheightof2–10m,
dependingonlakesize),suppliedatapproximatelyhourly
resolution.

Windsheltering

Windshelteringmaybeimportantdependingonthelakesize
andshorelinecomplexityandisparameterizedaccordingto
severalmethodsbasedonthecontextofthesimulationand
dataavailable.Forexample,HipseyandSivapalan(2003)
presentedasimpleadjustmenttothebulk-transferequation
toaccountfortheeffectofwindshelteringinsmallreser-

voirsusingashelterindextoaccountforthelengthscale
associatedwiththeverticalobstaclerelativetothehorizon-
tallengthscaleassociatedwiththewaterbodyitself.Mark-
fortetal.(2010)estimatetheeffectofasimilarsheltering
lengthscaleontheoveralllakeareacalculatedbasedonsur-
roundingtopographyandcanopyheightsrelativetothewater
surface.Therefore,withinGLM,usersmayspecifythede-
greeofshelteringorfetchlimitationusingeitherconstantor
direction-specificoptionsforcomputingan“effective”area.

AE=





Option0:nosheltering(default)

AS,

Option1:YeatesandImberger(2003)

AStanh
AS

AWS
,

Option2:Markfortetal.(2010)

L2D
2
arccos

xWS
LD

−
xWS
2

L2D− xWS
2
,

Option3:user-definedshelterindex

fWS[wind]AS,

(26a–d)

Here,AWSisauser-definedcriticallakeareaforwindshel-
teringtodominate,xWSisauser-definedshelteringdistance,
andLDthelakediameter(LD=0.5(Lcrest+Wcrest)).Forop-
tion1,theshelteringfactorisheldconstantforthesimulation
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basedonthesizeofthelake,whereasoptions2and3require
userstoadditionallyinputwinddirectiondataandadirec-
tionfunction,fWS[wind],toallowforavariablesheltering
effectovertime.Inthecaseofoption2,thisfunctionscales
theshelteringdistance,xWS,asafunctionofwinddirection,
xWS=xWS(1−min(fWS[wind],1)),whereasinthecase
ofoption3thefunctionreadsinaneffectiveareascaling
fractiondirectlybasedonaprecalculatedshelterindex.
Theratiooftheeffectiveareatothetotalareaofthelake,
AE/AS,isthenusedtoscalethewindspeeddatainputby
theuser,Ux,asameansofcapturingtheaveragewindspeed
overtheentirelakesurfacesuchthatU10=fUUxAE/AS,
wherefUisawindspeedadjustmentfactorthatcanbeused
toassistcalibrationortocorrecttherawwindspeeddatato
thereferenceheightof10m.

Still-airlimit

Theaboveformulationsapplywhensufficientwindexiststo
createadefinedboundarylayeroverthesurfaceofthewater.
Asthewindtendstozero(the“still-airlimit”),Eqs.(22)–
(23)becomelessappropriateastheydonotaccountforfree
convectiondirectlyfromthewatersurface.Thisisarela-
tivelyimportantphenomenonforsmalllakes,coolingponds,
andwetlandssincetheytendtohavesmallfetchesthatlimit
theenergyinputfromwind.Thesewaterbodiesmayalso
havelargeareasshelteredfromthewindandwilldevelop
surfacetemperatureswarmerthantheatmosphereforcon-
siderableperiods.Therefore,userscanoptionallyaugment
Eqs.(22)–(23)withcalculationsforlowwindspeedcondi-
tionsbycalculatingtheevaporativeandsensibleheatflux
valuesforboththegivenU10andforanassumedU10=0.
Thechosenvalueforthesurfaceenergybalance(asapplied
inEq.9)isfoundbytakingthemaximumvalueofthetwo
calculations:

φ∗X=






Option1:no-shelteringarea

maxφX,φX0

Option2:still-airshelteredarea

maxφX,φX0 AE/AS+φX0(AS−AE)/AS

, (27)

whereφX0isthezero-windfluxforeithertheevaporativeor
sensibleheatflux(φE0andφH0,respectively)andφXiscal-
culatedfromEqs.(22)–(23).Thetwozero-wind-speedheat
fluxequationsarefromTVA(1972),butmodifiedtoreturn
energyfluxinSIunits(Wm−2).

φE0=ρsλvαe(ϑs−ϑa) (28a)

φH0=αh(Ts−Ta) (28b)

αe=0.137f0
Kair

caρs
g
|ρa−ρo|

ρaνaDa

1/3

(29a)

αh=0.137f0Kair g
|ρa−ρo|

ρaνaDa

1/3

(29b)

Here,ν=κe/p,withtheappropriatevapourpressureval-
ues,e,forbothsurfaceandambientatmosphericvalues.Kair
isthemolecularheatconductivityofair(Jm−1s−1C−1),νa
isthekinematicviscosityoftheair(m2s−1),ρoistheden-
sityofthesaturatedairatthewatersurfacetemperature,ρsis
thedensityofthesurfacewater,f0isadimensionlessrough-
nesscorrectioncoefficientforthelakesurface,andDaisthe
molecularheatdiffusivityofair(m2s−1).Notethattheim-
pactoflowwindspeedsonthedragcoefficientiscaptured
bythemodifiedCharnockrelation(Eqs.B2–B3),whichin-
cludesanadditionaltermforthesmoothflowtransition(see
alsoFig.A1).

2.4 Snowandicedynamics

Theextentoficeandsnowcovercansignificantlyimpactthe
lakewaterbalanceandmixingregimedependingonthepre-
vailingenvironmentalconditions.ThealgorithmsforGLM
iceandsnowdynamicsarebasedonpreviousicemodelling
studiesthatadoptathree-layerschemeforresolvingiceand
snowsplitintoblueice(orblackice),whiteice(orsnow
ice),andsnowlayers(PattersonandHamblin,1988;Gu
andStefan,1993;Rogersetal.,1995;Vavrusetal.,1996;
LauniainenandCheng,1998;Mageeetal.,2016).Blueice
isformedthroughdirectfreezingoflakewaterintoice,
whereaswhiteiceisgeneratedinresponsetoseepingoflake
waterontotheicesurfacewhenthemassofsnowthatcan
besupportedbythebuoyancyoftheicecoverisexceeded
(seebelow;Rogersetal.,1995).Thesnowlayerissubject
tocompactionandmeltingbasedonsurfacemeteorological
conditionsandtheicelayersareaffectedbythelakewater
temperatureatthelowerboundary.
Blueiceinitiallyformswhenthewateratthelakesurface

goesbelow0◦C.Oncefreshsnowdepositsonthesurface
itissubjecttodensification,whichdependsontheairtem-
peratureandamountofrainfall(Fig.6);thedensityoffresh
snowfallisdeterminedastheratioofmeasuredsnowfall
heighttowater-equivalentheight,withanyvaluesexceed-
ingtheassignedmaximumorminimumsnowdensity(de-
faults:ρs,max=300kgm

−3,ρs,min=50kgm
−3)truncated

totheappropriatelimit.Thesnowcompactionequationis
basedontheexponentialdecayformulaofMcKay(1968),
withtheselectionofsnowcompactionparametersbasedon
airtemperatureanddependingonwhetherrainfallorsnow-
fallisbeingadded. Whentheweightofsnowexceedsthe
buoyancyoftheicelayer,

zsnowρsnow>{zblue(ρw−ρblue)

+ zwhite(ρw−ρwhite)}, (30)

theicewillbeforceddownwardandlakewaterwillseep
intothesnowlayer,leadingtoformationofwhiteice.This
downwardmovementandwhiteiceformationislimitedto
thesnowamountmatchingthebuoyancydeficitoftheice
layer,andthelakeheightisreducedaccordingly.
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Figure 5.A 2-year times series of the simulated daily heat fluxes for the five example lakes(a–e)that were depicted in Fig. 2. The heat
balance components summarized are depicted schematically in the inset, as described in Sect. 2.3, and the “heat balance” line refers to the
LHS of Eq. (9).

To capture the changing thickness of the ice and snow lay-
ers due to melting or freezing, the model employs a quasi-
steady-state assumption to solve the heat transfer equation
through the layers by assuming that the timescale for heat
conduction is short relative to the timescale of changes in me-
teorological forcing (Patterson and Hamblin, 1988; Rogers et
al., 1995). By assigning appropriate boundary conditions at
the ice–atmosphere and ice–water interfaces, the model com-
putes the upward conductive heat flux through the ice and
snow cover to the atmosphere, termedφ0.
At the upper surface (which could be ice or snow), a heat
flux balance is employed to provide the condition for surface
melting:

φ0[T0]+φnet[T0]=0 T0<Tm, (31)

φnet[T0]=−ρice,snowλf
d zice,snow

dt
, (32)

whereλfis the latent heat of fusion, zice,snowis the height
of either the upper snow or ice layer,ρice,snowis the density
of the relevant snow or ice layer determined from the surface
medium properties,T0is the temperature at the solid surface,
andTmis the meltwater temperature (0

◦C).φnet[T0]is the
net incoming heat flux for non-penetrative radiation at the
solid surface:

φnet[T0]=φLWin−φLWout[T0]+φH[T0]

+φE[T0]+φR[T0], (33)

where the heat fluxes between the solid bound-
ary and the atmosphere are calculated as out-
lined previously, but with modification for the de-
termination of vapour pressure over ice or snow
(esice[T0]=es[T0]1+9.72×10

−3T0+4.2×10
−5T20;

Jeong, 2009) and the addition of the rainfall heat flux,φR,
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Δzsnow= 0

Δzsnow> 0

SF> 0

RF> 0; SF= 0

SF> 0

RF> 0; SF= 0

RF= 0; SF= 0

Δzsnow= SF Δt ; ρsnow= ρs-min

Δzsnow= SFΔt; ρsnow= ρw RF / SF

RF= RF

Δzsnow= RF Δt /fswe; ρsnow=ρs-max

RF= min[ RF ,  fsweSF Δt

fsnow= 0.166+0.834(1-e
-RF)

RF= min[RF, fsweSF Δt

fsnow= 0.088+0.912(1-e
-λsnow)

fsnow= 0.088

fsnow= 0.166

fsnow= 0.166+0.834(1-e
-λsnow); 

ρsnow* =ρsnow+ fsnow(ρs-max-ρsnow)
Δzsnow=Δzsnow(ρsnow/ρsnow*)

RF= RF

SF= RF/ (ρs-max/ρw)

Δzsnow=Δzsnow(ρsnow/ρs-max) + SFΔt

ρsnow=ρs-max

ρsnow* =ρsnow+ fsnow(ρs-max-ρsnow)

Δzsnow=Δzsnow(ρsnow*/ρsnow)

RF= 0; SF= 0

RF = 0

RF > 0

Ta> 0

Ta < 0

Ta > 0

Ta < 0

Ta> 0

Ta < 0

Ta> 0

Ta < 0

ρsnow* =ρsnow+ fsnow(ρs-max-ρs-old)

Δzsnow*=Δzsnow(ρsnow/ρsnow*)

ρsnow=(ρsnow*Δzsnow* +RFΔt)/(Δzsnow* + SFΔt)

Δzsnow=Δzsnow*+ SFΔt

Δzsnow= 0

Δzsnow> 0

SF> 0

RF> 0;SF= 0

SF> 0

RF> 0;SF= 0

RF= 0;SF= 0

Δzsnow=SFΔt ;ρsnow=ρs-min

Δzsnow=SFΔt; ρsnow=ρw RF / SF

RF= RF

Δzsnow=RFΔt /fsweff ;ρsnow=ρs-max

RF= min[RF, fsweff SF Δt

fsnowff = 0.166+0.834(1-e-RF)

RF= min[RF,fsweff SF Δt

fsnowff = 0.088+0.912(1-e-λsnow)

fsnowff = 0.088

fsnowff = 0.166

fsnowff = 0.166+0.834(1-e-λsnow); 
ρsnow*=ρsnow+fsnowff (ρs-max-ρsnow)
Δzsnow=Δzsnow(ρsnow/ρsnow*)

RF=RF

SF=RF/ (ρs-max/ρw)

Δzsnow=Δzsnow(ρsnow/ρs-max) + SFΔt

ρsnow=ρs-max

ρsnow*=ρsnow+fsnowff (ρs-max-ρsnow)

Δzsnow=Δzsnow(ρsnow*/ρsnow)

RF= 0;SF= 0

RFRR= 0

RF RR> 0

Ta> 0

Ta < 0

Ta>0

Ta< 0

Ta> 0

Ta < 0

Ta> 0

Ta < 0

ρsnow* =ρsnow+ fsnowff (ρs-max-ρs-old)

Δzsnow*=Δzsnow(ρsnow/ρsnow*)

ρsnow=(ρsnow*Δzsnow*+RFΔt)/(Δzsnow*+SFΔt)

Δzsnow=Δzsnow*+SFΔt

Δzblue

Δzwhite

Δzsnow

φf

φ0

φnet

φw

φSW
0

δwi

Ice on

Ice-covered

Snow & 
Ice-covered

Snowfall

Rainfall

Snowfall

Rainfall

No precipitation

Rainfall added to lake:

No change

Rainfall added to lake:

No precipitation
water

Snow
compaction

() () 

i

Figure 6. (a)Decision tree describing updates to the snow cover each time step according to the amount of incident rainfall (∗RF) and
snowfall (∗SF), air temperature (Ta), and snow compaction rules.(b)Schematic of ice and snow layers and heat fluxes. Refer to the text and
Table 1 for definitions of other variables. Here,∗RF=fRRx/csecdayand

∗SF=fSSx/csecdayif ice cover is present; otherwise they are set
to 0 and the model reverts to Eqs. (6)–(7).

(φR=
∗RFρwλfto capture the freezing effect ifT0<Tm

or simply as∗RFcwρw(Ta−T0)ifT0=Tm; Rogers et al.,
1995). To determine the flow of heat through the layers,
Rogers et al. (1995) derived the following.

φ0−φSW0 =Tm−T0

− fVISφSW0
1−e−Ks1 zsnow

KsnowKs1

+e−Ks1 zsnow
1−e−Kw1 zwhite

Kw1 zwhite
+e−Ks1 zsnow−Kw1 zwhite

1−e−Kb1 zblue

Kb1 zblue
− (1−fVIS)φSW0

1−e−Ks2 zsnow

KsnowKs2

+e−Ks2 zsnow
1−e−Kw2 zwhite

Kw2 zwhite

+e−Ks2 zsnow−Kw2 zwhite
1−e−Kb2 zblue

Kb2 zblue

+φsi zsnow −
φsi z

2
snow

2Ksnow
(34)

Here, = zsnow
Ksnow

+ zwhite
Kwhite

+ zblue
Kblue

,φSW0is the shortwave

radiation penetrating the ice–snow surface,Krefers to the

light attenuation coefficient of the ice and snow components
designated with subscripts s, w, and b for snow, white ice,
and blue ice, respectively, and the zterms refer to the thick-
ness of snow, white ice, and blue ice. This is rearranged and
solved forT0andφ0by using a bilinear iteration until surface
heat fluxes are balanced (i.e.φ0[T0]=−φnet[T0]) andT0is
stable (±0.001◦C). In the presence of ice (or snow) cover,
a surface temperatureT0>Tmindicates that energy is avail-
able for melting. The amount of energy for melting is calcu-
lated by settingT0=Tmto determine the reduced thickness
of snow or ice (as shown in Eq. 32). The estimation ofφ0
applies an empirical equation to estimate snow conductivity,
Ksnow, from its density (Ashton, 1986):

Ksnow=0.021+0.0042ρsnow+(2.2×10
−9ρ3snow). (35)

The heat flux in the ice at the ice–water interface is

φf=φ0−fVISφSW0(1−exp[−Ks1 zsnow−Kw1 zwhite

−Kb1 zblue])−(1−fVIS)φSW0(1−exp[−Ks2 zsnow

−Kw2 zwhite−Kb2 zblue])−φsi zsnow, (36)

whereφsiis a volumetric heat flux for the formation of white
ice, which is given in Eq. (14) of Rogers et al. (1995), and ice
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andsnowlightattenuationcoefficientsinGLMarealsofixed
tothesamevaluesasthosegivenbyRogersetal.(1995).
Shortwavealbedofortheiceorsnowsurface(requiredfor
Eq.10)isafunctionofsurfacemedium(seeTable1of
Vavrusetal.,1996)withvaluesvaryingfrom0.08to0.6for
iceandfrom0.08to0.7forsnow,dependingonthesurface
temperatureandthelayerthicknesses;anadditionalscaling
factorforthesnowalbedo,fα,isalsoimplementedtoaid
calibration.
Accretionorablationofblueiceoccursattheice–water
boundarybasedontheconductiveheatfluxfromwaterinto
theice,φw,asgivenbythefinite-differenceapproximation:

φw=−Kwater
T

δwi
, (37)

whereKwateristhemolecularconductivityofwater(assum-
ingthewaterisstagnantundertheice),and Tisthetem-
peraturedifferencebetweenthesurfacewaterofthelakeand
thebottomoftheblueicelayer,Tm−Ts.Thisoccursacross
anassignedlengthscale,δwi,forwhichavalueof0.1–0.5m
isusualbasedonthereasoninggiveninRogersetal.(1995)
andthetypicalverticalwaterlayerresolutionofamodel
simulation(0.125–1.5m).Notethatawidevariationintech-
niquesandvaluesisusedtodeterminethebasalheatflux
immediatelybeneaththeicepack(e.g.Harvey,1990),which
suggeststhatthismayneedcarefulconsiderationduringcal-
ibration.
Theimbalancebetweenφfmovingthroughtheblueice

layerandtheheatfluxfromthewaterintotheice,φw,gives
therateofchangeoficethicknessattheinterfacewithwater:

d zblue

dt
=
φf−φw

ρblueλf
. (38)

Theicethicknessissettoitsminimumvalueof0.05m,
whichissuggestedbyPattersonandHamblin(1988)and
Vavrusetal.(1996).Theneedforaminimumicethickness
relatesprimarilytohorizontalvariabilityoftheicecoverdur-
ingformationandclosure(ice-on)periods.Theicecover
equationsarediscontinuedandopenwaterconditionsarere-
storedinthemodelwhenthethermodynamicbalancefirst
producesicethickness<0.05m.Exampleoutputsareshown
inFig.7;seealsoYaoetal.(2014)forapreviousapplication.

2.5 Sedimentheating

Thewatercolumnthermalbudgetmayalsobeaffectedby
heatingorcoolingfromthesoil–sedimentbelow.Foreach
layer,therateoftemperaturechangedependsonthetemper-
aturegradientandtherelativeareaofthelayervolumein
contactwithbottomsediment:

cwρi Vi
dTi

dt
=Ksoil

Tzi−Ti

δzsoil
(Ai−Ai−1), (39)

whereKsoilisthesoil–sedimentthermalconductivityand
δzsoilisthelengthscaleassociatedwiththeheatflux.The

temperatureofthebottomsedimentvariesseasonallyand
alsodependingonitsdepthbelowthewatersurfacesuchthat

Tzi=Tzmean+δTzcos
2π

365
d−dTz , (40)

wherezisthesoil–sedimentzonethattheithlayeroverlays
(seeSect.4fordetails),Tzisthetemperatureofthiszone,
Tzmeanistheannualmeansedimentzonetemperature,δTzis
theseasonalamplitudeofthesedimenttemperaturevariation,
anddTzisthedayoftheyearwhenthesedimenttemperature
peaks.Bydefiningdifferentsedimentzones,themodelcan
thereforeallowforadifferentmeanandamplitudeoflittoral
waterscomparedtodeeperwaters.Adynamicsedimenttem-
peraturediffusionmodelisalsounderdevelopment,which
willbesuitablewhenempiricaldatafortheaboveparame-
tersinEq.(40)arenotavailable.

2.6 Stratificationandverticalmixing

Mixingprocessesinlakesarevariedanddependuponthe
degreeofmeteorologicalandhydrologicalforcing,thelake
morphometry,andthenatureofthermalstratificationexpe-
riencedbythelakeatthetimeofforcing.Numerousmod-
elsadoptaneddy-diffusivityapproachwherebymixingis
capturedusingtheadvection–dispersionequation(e.g.Ri-
leyandStefan,1988).GLMadoptsanenergybalanceap-
proachasusedinDYRESMwherebythemixingdynamics
arebasedonestimatingtheamountofturbulentenergyavail-
able,whichisseparatelycomputedforthesurfacemixed
layer(surfacemixing)andformixingbelowthethermocline
(deepmixing).

2.6.1 Surfacemixedlayer

Tocomputemixingoflayers,GLMworksonthepremise
thatthebalancebetweentheavailableenergy,ETKE,and
theenergyrequiredfor mixingtooccur,EPE,provides
thesurfacemixedlayer(SML)deepeningratedzSML/dt,
wherezSMListhedepthfromthesurfacetothebottom
ofthesurfacemixedlayer.Foranoverviewofthedynam-
ics,readersarereferredtoearlyworksonbulkmixedlayer
depthmodelsbyKrausandTurner(1967)andKim(1976),
whichweresubsequentlyextendedbyImbergerandPatter-
son(1981)andSpigeletal.(1986)asabasisforhydrody-
namicmodeldesign.Usingthisapproach,theavailableki-
neticenergyiscalculatedduetocontributionsfromwindstir-
ring,convectiveoverturn,shearproductionbetweenlayers,
andKelvin–Helmholtz(K–H)billowing.Overall,theturbu-
lentenergygeneratedformixingissummarizedas(Hamilton
andSchladow,1997)

ETKE=0.5CK(w
3
∗)t

convectiveoverturn

+0.5CK(CWu
3
∗)t

windstirring

(41)
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Figure7.Exampleofmodelledandobservedthicknessof(a)blueice, zblue,(b)whiteice, zwhite,and(c)snow, zsnow,forSparkling
Lake,Wisconsin.Pointsaretheaverageobservedthicknesses.

+0.5CS u
2
b+
u2b
6

dδKH

dzSML
+
ubδKH

3

dub

dzSML

shearproduction
K–Hproduction

zk−1,

whereδKHistheK–Hbillowlengthscale(describedbelow),
ubistheshearvelocityattheinterfaceofthemixedlayer,
andCK,CW,andCSaremixingefficiencyconstants.For
mixingtooccur,theenergymustbesufficienttoliftupwater
inthelayerbelowthebottomofthemixedlayer,denoted
hereasthelayerk−1withthickness zk−1,andaccelerate
ittothemixedlayervelocity,u∗.Thismustalsoaccountfor
energyconsumptionassociatedwithK–Hbillowing.Intotal,
theenergyrequiredtoentrainalayerintothemixedlayeris
expressedasEPE:

EPE=







0.5CT(w

3
∗+CWu

3
∗)
2/3

acceleration

+
ρ

ρo
gzSML

lifting

+
gδ2KH
24ρo

d(ρ)

dzSML
+
gδKH ρ

12ρo

dδKH

dzSML

K–Hconsumption







zk−1, (42)

whereCTisamixingefficiencyconstanttoaccountforun-
steadyturbulence.TonumericallyresolveEqs.(41)and(42)
themodelsequentiallycomputesthedifferentcomponents
oftheaboveexpressionswithrespecttothelayerstructure,
therebycheckingtheavailableenergyrelativetotherequired
amount(depictedschematicallyinFig.8).GLMfollowsthe
sequenceofthealgorithmpresentedindetailinImbergerand
Patterson(1981),wherebylayersarecombinedduetocon-
vectionandwindstirringfirst,andthentheresultantmixed
layerpropertiesareusedwhensubsequentlycomputingthe
extentofshearmixingandtheeffectofK–Hinstabilities.
Plotsindicatingtheroleofmixinginshapingthethermal
structureoftheexamplelakesareshowninFig.9.
Tocomputethemixingenergyavailableduetoconvec-
tion,inthefirststep,thevalueforw∗iscalculated,which
istheturbulentvelocityscaleassociatedwithconvection
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broughtaboutbycoolingattheair–waterinterface.The
modeladoptsthealgorithmusedinImbergerandPatter-
son(1981),wherebythepotentialenergythatwouldbere-
leasedbymixedlayerdeepeningiscomputedfromthefirst
momentoflayermassesintheepilimnion(surfacemixed
layer)aboutthelakebottomrelativetothewell-mixedcon-
dition.Thisisnumericallycomputedbysummingfromthe
bottom-mostlayeroftheepilimnion,k,uptoNLEV:

w3∗=
g

ρSML t

NLEV

i=k

(ρi zi)hi−hSML , (43)

whereρSMListhemeandensityofthemixedlayerincluding
thecombinedlayer,ρiisthedensityoftheithlayer, ziis
theheightdifferencebetweentwoconsecutivelayerswithin
theloop(zi=hi−hi−1),hiisthemeanheightoflayersto
bemixed(hi=0.5[hi+hi−1]),andhSMListheepilimnion
mid-heightcalculatedashSML=0.5(hS+hk−1),wherehS
istheheightofthesurfacewaterlevel.
Thevelocityscaleu∗ofthesurfacelayerisassociatedwith
windstressandcalculatedaccordingtothewindstrength:

u2∗=
ρa

ρSML
CDU

2
10, (44)

whereCDisthedragcoefficientformomentum.Themodel
firstcheckstoseeiftheenergyavailable(Eqs.43and44)can
overcometheenergyrequiredtomixthek−1layerintothe
surfacemixedlayer(Fig.8e);i.e.mixingofk−1occursif

CK w
3
∗+CWu

3
∗ t≥

gkzSML+CTw
3
∗+CWu

3
∗

2/3
zk−1, (45)

where gk=g
ρ
ρo

is the reduced gravity between
the mixedlayerandthek−1layercalculatedas
g(ρSML−ρk−1)/(0.5(ρSML+ρk−1)). If the mixing
conditionis met,thelayersarecombined,theenergy
requiredtocombinethelayerisremovedfromtheavailable
energy,kisadjusted,andtheloopcontinuestothenext
layer.Whenthemixingenergyissubstantialandthemixing
reachesthebottomlayer,themixingroutineends.Ifthe
conditioninEq.(45)isnotmet,thenanyresidualenergy
isstoredforthenexttimestep,andthemixingalgorithm
continuesasoutlinedbelow.
Oncestirringiscompleted,mixinggeneratedduetoveloc-
ityshearisthenaccountedfor.Parameterizingtheshearve-
locity,denotedub,inaone-dimensionalmodelcanbeprob-
lematic;however,theapproximationusedinImbergerand
Patterson(1981)isapplied:

ub=






u2∗ t

zSML
+ubold, t≤tb+δtshear

0, t>tb+δtshear

, (46)

whereuboldisfromtheprevioustimestepandzeroedbe-
tweenshear(wind)events.Therefore,thismodelyieldsa

simplelinearincreaseintheshearvelocityovertimefora
constantwindstress.Thisisconsideredrelativetoδtshear,
whichisthecut-offtimebeyondwhichitisassumedthat
nofurthershear-inducedmixingoccursforthatevent.This
cut-offtimeassumestheuseofonlytheenergyproducedby
shearattheinterfaceduringaperiodequivalenttohalfthe
basin-scaleseicheduration,δtiw,whichcanbemodifiedto
accountfordamping(Spigel,1978):

δtshear= (47)





1.59δtiw
δtdamp

δtiw
≥10

1+0.59 1−cosh
δtdamp

δtiw
−1

−1

δtiw
δtdamp

δtiw
<10,

whereδtdampisthetimescaleofdamping.Thewavepe-
riodisapproximatedbasedonthestratificationasδtiw=
LMETA/2c,whereLMETA isthelengthofthebasinatthe
thermoclinecalculatedfrom

√
Ak−1(4/π)(Lcrest/Wcrest),

wherebyanellipseshapeisassumedandcistheinternal
wavespeed,

c= |gEH|
δepiδhyp

δepi+δhyp
, (48)

whereδepiandδhyparecharacteristicverticallengthscales
associatedwiththeepilimnionandhypolimnion:

δepi=
Vepi

0.5(As+Ak−1)
;δhyp=

Vk−1

0.5Ak−1
, (49)

where VepiandVk−1aretheassociatedvolumes.
Thetimefordampingofinternalwavesinatwo-layersys-
temcanbeparameterizedbyestimatingthelengthscaleof
theoscillatingboundarylayer,throughwhichthewaveen-
ergydissipates,andtheperiodoftheinternalstandingwave
(seeSpigelandImberger,1980):

δtdamp=

√
νw

cdampδss

2δepi+δhyp

u2∗

c

2LMETA

δhyp

δepi
δepi+δhyp.(50)

OncethevelocityiscomputedfromEq.(46),theenergy
formixingfromvelocitysheariscomparedtothatrequired
forliftingandacceleratingthenextlayerdown,andlayers
arecombinedifthereissufficientenergy(Fig.6f),i.e.when

0.5CS
u2bzSML+ δKH

6
+
ubδKH ub

3

+ gkδKH
δKH zk−1

24zSML
−
δKH

12

≥ gkzSML+CTw
3
∗+CWu

3
∗

2/3
zk−1,(51)

wherethebillowlengthscaleisδKH=CKHu
2
b/gEH and

δKH=2CKHub ub/gEH;inthiscasethereducedgravity
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iscomputedfromthedifferencebetweenthebulkepilimnion
andhypolimnionwaters(Eq.49),andCKHisameasureof
thebillowmixingefficiency.
Onceenergyfromshearmixingisexhausted,themodel
checkstheresultantdensityinterfacetoseeifitremainsun-
stabletoshearsuchthatK–Hbillowswouldbeexpectedto
form,i.e.ifthemetalimnionthicknessislessthantheK–H
lengthscale,δKH.Ifthisconditionismet,asix-layersetis
createdaboutthethermoclinetorelaxthestratification,set
tohavealineardensityprofileoverδKH(Fig.8g),andthe
surfacelayerpropertiesareupdated.

2.6.2 Deepmixing

Mixingbelowthethermoclineinlakes,inthedeeperhy-
polimnion,ismodelledusingacharacteristicverticaldiffu-
sivity,DZ=Dε+Dm,whereDmisaconstantmoleculardif-
fusivityforscalarsandDεistheturbulentdiffusivity.Three
hypolimneticmixingoptionsarepossibleinGLMincluding
(1)nodiffusivity,DZ=0,(2)aconstantverticaldiffusiv-
ityDZoverthewaterdepthbelowthesurfacemixedlayer,
or(3)aderivationbyWeinstock(1981)usedinDYRESM,
whichisdescribedasbeingsuitableforregionsdisplaying
weakorstrongstratification,wherebydiffusivityincreases
withdissipationanddecreaseswithheightenedstratification.
Fortheconstantverticaldiffusivityoption,thecoefficient
CHYPisinterpretedastheverticaldiffusivity(m

2s−1),i.e.
Dz=CHYP,andapplieduniformlybelowthesurfacemixed
layer.FortheWeinstock(1981)model,thediffusivityvaries
dependingonthestrengthofstratificationandtherateoftur-
bulentdissipationaccordingto

Dz=
CHYPεTKE

N2+0.6kTKE
2u∗2

, (52)

whereCHYPinthiscaseisthemixingefficiencyofhypolim-
neticTKE(∼0.8inWeinstock,1981),kTKEistheturbulence
wavenumberdefinedbelow,andu∗isdefinedasabove.The
stratificationstrengthiscomputedusingtheBrunt–Väisälä
(buoyancy)frequency,N2,definedforagivenlayerias

N2i=
g ρ

ρ z
≈
g(ρi−2−ρi+2)

ρref(hi+2−hi−2)
, (53)

whereρrefistheaverageofthelayerdensities.Thisiscom-
putedfromlayerthreeupwards,averagingoverthespanof
fivelayersuntiltheverticaldensitygradientexceedsaset
tolerance.N2variesfollowinganapproximatenormaldistri-
butionwithheight,centredattheheightatwhichthecentre
ofbuoyancyislocatedandcomputedeachtimestepfrom
thefirstmomentoftheverticalN2distribution.Addition-
ally,GLMestimatestheverticallengthscaleassociatedwith
1standarddeviationaboutthecentreoftheN2distribution,
denotedδzσ.
Thediffusivityincreasesinlinewiththeturbulentdissipa-

tionrate.Thiscanbecomplextoestimateinstratifiedlakes;

however,GLMadoptsasimpleapproachasdescribedinFis-
cheretal.(1979)inwhicha“netdissipation”isapproxi-
matedbyassumingthatdissipationisinequilibriumwith
energyinputsfromexternalforcing:

εTKE≈εTKE=εWIND+εINFLOW, (54)

whichisexpandedandcalculatedperunitmassas

εTKE=
1

VN2ρ
mCDρaU

3
10As

rateofworkingbywind

+ (55)

1

(VN2− VS)ρ

NINF

I

g(ρinsI−ρiinsI)QinfinsI((hS−zinfinsI)−hiinsI−1)

rateofworkdonebyinflows

,

whereρ=0.5ρ1+ρNLEV isthemeandensityofthewa-
tercolumn.Theworkdonebyinflowsiscomputedbased
ontheflowrateandconsidersthedepthtowhichtheinflow
plungesandthedifferenceindensitybetweentheinflowwa-
terandlayerintowhichitinserts,summedoverallconfig-
uredinflows(referSect.2.7).Thesesourcesarenormalized
overthemassofwatercontainedabovetheareaofmixing.
ThisisestimatedasVN2,thefractionalvolumeofthelake
thatiscontainedabovetheheightthatcorrespondsto1stan-
darddeviationbelowthecentreofbuoyancyandistherefore
thevolumeofthelakeoverwhich85%oftheN2variance
iscaptured.Theturbulencewavenumber,kTKE,isthenesti-
matedfrom

k2TKE=
cwnAs

VN2 zSML
, (56)

wherecwnisacoefficient.Sincethedissipationisassumed
toconcentrateclosetothelevelofstrongeststratification,
the“mean”diffusivitysuggestedbyEq.(52)ismodifiedto
decayexponentiallywithinthelayersastheyincreasetheir
distancefromthethermocline:

DZi= (57)

0 hi≥(hS−zSML)
CHYPεTKE

N2i+0.6kTKE
2u∗2

exp−
(hS−zSML−hi)

2

δzσ2
hi<(hS−zSML),

whereδzσisusedtoscalethedepthoverwhichthemixing
isassumedtodecaybelowthebottomofthemixedlayer,
hS−zSML.
Oncethediffusivityisapproximated(eitherusingacon-

stantvalueorEq.57),thediffusionofanyscalar,C(includ-
ingtemperature,salinity,andanywaterqualityattributes),
betweentwolayersisnumericallyaccountedforbythefol-
lowingmasstransferexpressions:

Ci+1=C−e
−fdif

zi C

(zi+1+ zi)
, (58a)

Ci=C+e
−fdif

zi+1 C

(zi+1+ zi)
, (58b)
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Figure8.Schematicdepictionoflayerchangesduringstratificationandmixing.Consecutivepanelsshowchangesfrom(a)theinitiallayer
andthermalprofile,to(b)heatingduetosolarradiation,to(c)evaporativecooling,whichcreates(d)convectivemixingfollowedby(e)a
windeventcausingstirringand(f)shearmixingacrossthethermocline.Ifthemetalimnionremainsunstabletoshearitmaybesubjectedto
mixingfromK–Hbillowing,whichopensupthethermoclineasdepictedinpanel(g).

whereCistheweightedmeanconcentrationofCforthetwo
layers,andCistheconcentrationdifferencebetweenthem.
Thesmoothingfunction,fdif,isrelatedtothediffusivityac-
cordingto

fdif=
DZi+1+DZi

(zi+1+ zi)
2
t, (59)

andtheabovediffusionalgorithmisrunonceupthewater
columnandoncedownthewatercolumnasasimpleexplicit
methodforcapturingdiffusionofmasstoboththeupperand
lowerlayers.Anexampleoftheeffectofhypolimneticmix-
ingonahypotheticalscalarconcentrationreleasedfromthe
sedimenttothewatercolumnlayersandaccumulatinginthe
hypolimnionisshowninFig.10.

2.7 Inflowsandoutflows

Asidefromthesurfacefluxesofwaterdescribedabove,the
waterbalanceofalakeiscontrolledbyinflowsandout-
flows.Inflowscanbespecifiedaslocalrun-offfromthesur-
rounding(dry)lakedomain(QRdescribedseparatelyabove;
Eq.8),riversenteringatthesurfaceofthelakethatwillbe
buoyantorplungedependingontheirmomentumanddensity
(Sect.2.7.1),orsubmergedinflows(includinggroundwater)
thatenteratdepth(Sect.2.7.2).Fouroptionsforoutflowsare
includedinGLM.Theseincludewithdrawalsfromaspec-
ifieddepth(Sect.2.7.3),adaptiveofftake(Sect.2.7.4),ver-
ticalgroundwaterseepage(Sect.2.7.5),andriveroutflow–
overflowfromthesurfaceofthelake(Sect.2.7.6).Anynum-
beroflakeinflowsandoutflowscanbespecified,and,ex-
ceptforthelocalrun-offterm,allareappliedatadailytime
step.Dependingonthespecificsettingsofeach,thesewater
fluxescanimpactthevolumeoftheindividuallayers, Vi,
andtheoveralllakevolume(Eq.4).Inflowshaveaprescribed
composition(temperature,salinity,andscalars),exceptlocal

run-off,whichisassumedtobeatairtemperaturewithzero
salinity.

2.7.1 Riverinflows

Aswaterfromaninflowingriverconnectswithalakeor
reservoirenvironment,itwillformapositivelyornegatively
buoyantintrusiondependingonthedensityoftheincoming
riverwaterinthecontextofthewatercolumnstratification.
Astheinflowprogressestowardsinsertion,itwillentrain
waterataratedependingontheturbulencecreatedbythe
inflowingwatermass(Fischeretal.,1979).Foreachcon-
figuredinflowtheentrainmentcoefficient,Einf,iscomputed
basedonthebottomdragbeingexperiencedbytheinflowing
water,CDinf,andthewaterstabilityusingtheapproximation
giveninImbergerandPatterson(1981)aswritteninAyalaet
al.(2014):

Einf=1.6
C
3/2
Dinf

Riinf
, (60)

wheretheinflowRichardsonnumber,Riinf,characterizesthe
stabilityofthewaterinthecontextoftheinflow.Imberger
andPatterson(1981)derivedasimpleestimateofRiinfbased
onthedragcoefficientbyassumingthevelocity(andFroude
number)istypicallysmallandconsideringthechannelge-
ometry,whichisadaptedinGLMas

Riinf=
CDinf1+0.21 CDinfsinαinf

sinαinftaninf
, (61)

whereαinfisthestreamhalf-angleassuminganapproximate
triangularcrosssection,and infistheangleoftheslopeof
theinflowthalwegrelativetohorizontalintheregionwhere
itmeetsthewaterbody(Fig.11).Therefore,usingEqs.(60)
and(61),asimpleapproximationofstreamgeometryand
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a

c

ed

b

Figure 9.A 2-year time series of the simulated temperature profiles for five example lakes(a–e)that range in size and hydrology. For more
information about each lake and the simulation configuration, refer to the “Data availability” section (refer also to Figs. 2 and 5). Sparkling
Lake(b)also indicates the simulated depth of ice on the RHS scale.

bottom roughness can be used to parameterize the character-
istic rate of entrainment as it enters the waterbody.
On entry, the inflow algorithm captures two phases: first,

the inflowing water crosses the layers of the lake until it
reaches a level of neutral buoyancy, and second, it then un-
dergoes insertion. In the first part of the algorithm, the daily
inflow parcel is tracked down the lakebed and its mixing with
layers is updated until it is deemed ready for insertion. The
initial estimate of the intrusion thickness,zinf0, is computed
as in Antenucci et al. (2005) and Ayala et al. (2014):

zinf0= 2
Riinf

ginf

Qinf0
tanαinf

2 1/5

, (62)

whereQinf0=finfQinfxis the inflow discharge entering the
domain based on the data provided as a boundary condition,
Qinfx, andginfis the reduced gravity of the inflow as it en-
ters.

ginf=g
(ρinf−ρs)

ρs
, (63)

Geosci. Model Dev., 12, 473–523, 2019 www.geosci-model-dev.net/12/473/2019/



M. R. Hipsey et al.: A General Lake Model (GLM 3.0) 491

a b c

Figure 10.Example simulations for Lake Kinneret showing the hypolimnetic concentration of a passive tracer (normalized units) released
from the sediment into the water layers at a constant rate for the case(a)without deep mixing,(b)with a constant vertical diffusivity,
Dz=2×10

−6m2s−1, and(c)with the depth-dependent vertical diffusivity formulation (Eq. 57). The thermal structure for this case is in
Fig. 9e.

Here, ρinfis the density of the inflow computed from
the supplied inflow properties of temperature and salin-
ity (Tinfx,Sinfx), andρsis the density of the surface layer.
If the inflowing water is deemed to be positively buoyant
(ρinf<ρs)or the model only has one layer (NLEV=1), then
the inflow water over the daily time step is added to the sur-
face layer volume (VNLEV=Qinf0 td), andhSis updated
accordingly. Otherwise, this inflow volume is treated as a
parcel which travels down through the lake layers, and its
properties are subsequently incremented over each time step,
j(currently daily), until it inserts. The thickness of an inflow
parcel increases over each increment due to entrainment, as-
suming

zinfj=1.2Einf xinfj+ zinfj−1, (64)

where zinfjis the inflow thickness and xinfjis the dis-
tance travelled by the inflowing water parcel over thejth
time step. The distance travelled is estimated based on the
change in the vertical height of the inflow,δzinf, and the an-
gle of the inflow river,φinf,asgivenby

xinfj=
δzinfj
sin inf

. (65)

The vertical excursion for the step is approximated as
the difference between its starting height and the bottom of
the nearest layer that it sits above,hij−1, such thatδzinfj=
hS−zinfj−1 −hij−1, wherezinfj−1is the depth of the inflow
from the surface at the start of the time step, and this is sub-
sequently updated fromzinfj=zinfj−1+ xinfjsin inf. The
average velocity of the inflow parcel is updated based on the
incoming flow rate from

uinfj=
Qinfj−1

zinfj
2
tanαinf

, (66)

where the denominator links the relationship between in-
flow height and channel width in order to define the cross-
sectional area of the flow. This velocity is used to estimate

the timescale of transport of the parcel (δtd= xinfj uinfj).
Following the conservation of mass, the flow is estimated
to increase according to Fischer et al. (1979) (see also An-
tenucci et al., 2005):

Qinfj=Qinfj−1

⎡

⎣
zinfj
zinfj−1

5/3

−1

⎤

⎦, (67)

whereby Qinfjis removed from the volume of the corre-
sponding layer,ij, and added to the previous time step inflow
Qinfj−1to capture the entrainment effect on the inflow for
the next increment. The properties associated with Qinfj
are assumed to match those of theijlayer and mixed into
the inflow parcel to update temperature, salinity, and density,
ρinfj. The inflow travel algorithm (Eqs. 62–67) increments
throughjuntil the density of the inflow first reaches its depth
of neutral buoyancy:ρinfj≤ρij. Once this condition is met,
the insertion depth is defined aszinfinsI, its density asρinfinsI,
and the second part of the algorithm then creates a new layer
of thickness dependent on the inflow’s volume at that time,
QinfinsIcsecday, which includes the successive layer additions
from entrainment; Eq. (67).
Since a new inflow parcel is created each day and the

user may configure multiple inflows,NINF, a complex set of
parcels being tracked via Eqs. (60)–(67), and a queue of new
layers to be inserted are created. Following the creation of a
new layer for an inflow parcel,NLEVis incremented and all
layer heights above the new layer are updated, paying atten-
tion to the lake hypsography. The new inflow layer is then
subject to the thickness limit criteria within the layer-limit-
checking routine and may amalgamate with adjacent layers
or be divided into thinner layers.
Aside from importing mass into the lake, river inflows also
contribute turbulent kinetic energy that may dissipate in the
hypolimnion, as discussed in Sect. 2.6.2 (e.g. see Eq. 55), and
they contribute to the scalar transport in the water column
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Figure 11.Schematic showing inflow insertion depth, entrainment,Einf, slope, inf, and bottom slope angle,αinf, of an inflowing river,I,
entering at a flow rate ofQinf0and an estimated starting thickness of zinf0.

by adding mass contained within the inserted inflow parcels
and contributing to mixing of properties via entrainment as
described above (Fig. 12a); see also Fenocchi et al. (2017).

2.7.2 Submerged inflows

Submerged inflows are inserted at the user-specified depth,
hinf, with zero entrainment by utilizing the second part of the
algorithm described in Sect. 2.7.1. Once the submerged in-
flow volume is added as a new layer it may then be mixed
with adjacent layers (above or below) depending on the den-
sity difference and layer thickness criteria (Fig. 12b). This
option can be used across one or more inflow elevations to
account for groundwater input to a lake or for capturing a
piped inflow, for example.

2.7.3 Withdrawals

Outflows from a specific depth can include outlets from a
dam wall offtake, other piped withdrawal, or removal of wa-
ter that may be lost due to groundwater recharge. For a strat-
ified water column, the water will be removed from the layer
corresponding to the specified withdrawal height,houtf, and
layers above or below depending on the strength of discharge
and stability of the water column. Accordingly, the model
assumes an algorithm in which the thickness of the with-
drawal envelope is dependent on the internal Froude (Fr)
and Grashof (Gr) numbers and the parameterR(see Fischer
et al., 1979; Imberger and Patterson, 1981):

Fr=
foutfQoutfx
NoutfWoutfL

2
outf

, (68)

Gr=
N2outfA

2
outf

D2outf
, (69)

R=FrGr1/3, (70)

whereWoutf,Loutf, andAoutfare the width, length, and area
of the lake at the outlet elevation, andD2outfis the vertical dif-
fusivity averaged over the layers corresponding to the with-
drawal thickness,δoutf(described below). To calculate the
width and length of the lake at the height of the outflow, it
is assumed, firstly, that the lake shape can be approximated
as an ellipse and, secondly, that the ratio of length to width at
the height of the outflow is the same as that at the lake crest.
The length of the lake at the outflow height,Loutf, and the
lake width,Woutf, are given by

Loutf= Aoutf
4

π

Lcrest

Wcrest
, (71)

Woutf=Loutf
Wcrest

Lcrest
, (72)

whereAoutfis the area of the lake at the outflow height,Lcrest
is the length, andWcrestthe width of the lake at the crest
height.
The thickness of the withdrawal layer is calculated de-

pending on the value ofR(Fischer et al., 1979) such that

δoutf=
2LoutfGr

−1/6 R≤1
2LoutfFr

1/2 R>1
. (73)

If stratification is apparent nearhoutf, either above or below
this elevation, then the thickness computed in Eq. (73) may
not be symmetric about the offtake level (Imberger and Pat-
terson, 1981); therefore the algorithm separately computes
the thickness of the withdrawal layer above and below, de-
notedδoutftopandδoutfbot, respectively. The Brunt–Väisälä fre-

quency is averaged over the relevant thickness,N2outf, and cal-
culated as

N2outf=
g

δoutf

ρoutf−ρi

ρoutf
, (74)
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(a) (b)

Figure 12.Example simulations with tracers demonstrating inflow insertion example for the case in which(a)the inflow was set as a surface
river inflow and subject to the insertion algorithm (Eqs. 60–67) prior to insertion, and(b)the inflow was set as a submerged inflow at a
specified height (hinf=5 m). Once entering the water column, the tracer,C, is subject to mixing during inflow entrainment in case(a)and
by surface and/or deep mixing once inserted for both cases(a)and(b). The colour scale represents an arbitrary inflow concentration which
entered with a value of 1.

whereρoutfis the density of the layer corresponding to the
height of the withdrawal,ioutf, andρiis the density of the
water column at the edge of the withdrawal layer, as deter-
mined below. The flow of water taken from each layer influ-
enced by the withdrawal,Qoutfi, either above or below the
layer of the outlet elevation requires identification of the up-
permost and lowermost layer indices influenced by the out-
flow, denoteditopandibot. Once the layer range is defined,
Qoutfiis computed for the layers betweenioutfanditopand
betweenioutfandibotby partitioning the total outflow us-
ing a function to calculate the proportion of water withdrawn
from any layer that fits the region of water drawn in a given
time (Qoutfi=ffoutfQoutfx,hi,hi−1,houtf,δoutfbot,δoutftop;
see Imberger and Patterson, 1981, Eq. 65). Given that users
configure any height for a withdrawal outlet and flow rates
of variable strength, the upper (houtf+δoutftop) and lower
(houtf−δoutfbot) elevation limits computed by the algorithm
are limited to the lake surface layer or bottom layer. Once
computed, the volumes are removed from the identified layer
set, and their height and volumes updated accordingly.Qoutfi
is constrained within the model to ensure no more than 90 %
of a layer can be removed in a single time step. Depending
on the fractional contribution from each of the layers from
which the water is withdrawn, the water taken will have the
associated weighted average of the relevant scalar concen-
trations (Toutf,Soutf,Coutf), which are reported in the outlet
file for the particular withdrawal. This routine is repeated for
each withdrawal considered, denotedO, and the model op-
tionally produces a summary file of the combined outflow
water and its properties.

2.7.4 Adaptive offtake dynamics

For reservoir applications, a special outflow option has been
implemented that extends the dynamics in Sect. 2.7.3 to sim-
ulate an adaptive offtake or selective withdrawal. This ap-

proach is used for accommodating flexible reservoir with-
drawal regimes and their effects on the thermal structure
within a reservoir. For this option, a target temperature is
specified by the user and GLM identifies the correspond-
ing withdrawal height within a predefined (facility) range to
meet this target temperature during the runtime of the simula-
tion; i.e. the withdrawal height adaptively follows the thermal
stratification in the reservoir. The target temperature can be
defined as a constant temperature or a time series (via a *.csv
file), such as a measured water temperature from an upstream
river that could be used to plan environmental releases from
the reservoir to the downstream river. The selected height
of the adaptive offtake is printed out in a *.txt file to assist
reservoir operation. In addition to the basic adaptive offtake
function, GLM can also simulate withdrawal mixing; i.e. wa-
ter from the adaptive offtake is mixed with water from an-
other predefined height (e.g. the bottom outlet). For this op-
tion, the discharges at both locations need to be predefined
by the user (via the standard outflow *.csv files) and GLM
chooses the adaptive withdrawal from a height at which the
water temperature is such that the resulting mixing tempera-
ture meets the target temperature. This withdrawal mixing is
a common strategy in reservoir operation in which deep wa-
ter withdrawal and temperature control are required simulta-
neously to prevent deleterious downstream impacts.
An example of the adaptive offtake function with and with-
out withdrawal mixing, assuming a constant water tempera-
ture of 14◦C for the outflow water, shows that GLM is able
to deliver a constant outflow temperature of 14◦C during
the stratified period (Fig. 13). In winter when the water col-
umn is cooler than 14◦C, the model withdraws surface water.
The adaptive offtake functionality can be used in a stand-
alone mode or also linked to the dissolved oxygen concen-
tration (when operated with the coupled water quality model
AED2; see Sect. 4). In the latter case, the effect of the with-
drawal regime on the oxygen dynamics in the hypolimnion
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canbesimulated(see Weberetal.,2017).Inthissetting,
thesimulatedhypolimneticdissolvedoxygenconcentration
ataspecifiedheightischeckedagainstauser-definedcritical
threshold.Ifthehypolimneticoxygenfallsbelowthecriti-
calthreshold,theheightoftheadaptiveofftakewillbeauto-
maticallyswitchedtoadefinedheight(usuallydeepoutlets
inordertoremovetheoxygen-depletedwater)towithdraw
waterfromthislayeruntiltheoxygenconcentrationshave
recovered.

2.7.5 Seepage

Seepageofwaterfromthelakecanalsobeconfiguredwithin
themodel,forexample,asmightberequiredinawetland
simulationorforsmallreservoirsperchedabovethewater
tablethatexperienceleakagetothesoilbelow.Theseepage
rate,Qseepage,canbeassumedconstantordependentonthe
overlyinglakehead:

Qseepage=





Option1:constantrate

−GAS/csecday,

Option2:Darcyfluxbasedonwaterheight

−
Kseep

δzsoil

AShS

csecday
,

, (75)

whereGistheseepagerate(mday−1),Kseepisthesedi-
menthydraulicconductivity(mday−1),andδzsoilisanas-
sumedsedimentthicknessoverwhichtheseepageisassumed
tooccur.Thewaterleavingthelakeistreatedasa“ver-
ticalwithdrawal”wherebythewaterexitsviathebottom-
mostlayer(s),andtheamount VG=Qseepage tdisgener-
allyalltakenfromthebottom-mostlayer(i=1);however,
itisconstrainedwithinthemodeltoensurenomorethan
90%ofthelayercanbereducedinanyonetimestep;where
VG>0.9Vi=1,theroutinesequentiallyloopsupthrough
theabovelayersuntilenoughlakevolumehasbeenidenti-
fiedtocovertheseepagedemand.Oncetheindividuallayer
volumesareincrementedduetotheseepageflux, VGi,the
heightsofalllayers(h1:hs)arerecomputedbasedonthe
hypsographiccurveusinghi=f[Vi]. Whereseepagere-
ducesthelakebelow0.05m,thelakebecomesdryandwill
continuetohavezerovolumeuntiltherearenewinputsfrom
rainorinflows(e.g.Fig.9a).

2.7.6 Overflows

Oncethelake volume exceedsthe maximum vol-
ume,theexcess waterisassumedtoleavethedo-
mainasanoverflow. Theflowrate, Qovfl,iscom-
putedbasedontheinterimvolume,V∗S,priortothe
endofthedailytimestep,whereV∗S=V

t
S+ hSAS+

t NINF
I Qinf0I−

NOUT
O QoutfO−Qseepage,and hSis

thecumulativechangeinthedailywaterlevelovertheday.
Userscanoptionallyalsospecifyacrestelevationwhichlies
belowtheelevationofmaximumlakevolumeandsupporta
ratingcurvelinkingtheheightofwaterabovethecrestlevel
withtheoverflowvolume:

Qweir=

0, V∗S≤Vcrest
2

3
CDweir 2gWweir h

∗
S−hcrest

3/2
, V∗S>Vcrest

, (76)

whereh∗Sistheinterimupdatetothewatersurfaceheight
priortotheoverflowcomputation,CDweirisacoefficientre-
latedtothedragoftheweir,Wweiristhewidthoftheweir
crest,andhcrestistheheightofthecrestlevel.Theoverflow
rateisthencomputedasthesumoftheflowovertheweir
crestandthevolumeofwaterexceedingthevolumeofthe
domain:

Qovfl=
Qweir, V∗S≤Vmax
Qweir+ V

∗
S−Vmax /td, V

∗
S>Vmax

. (77)

Ifnocrestisconfiguredbelowthemaximumlakeheight,
thenEq.(77)assumesQweir=0.

2.8 Waveheightandbottomstress

Resuspensionofsedimentfromthebedoflakesdependson
thestressescreatedbywatermovementacrossthelakebot-
tom. Wind-inducedresuspension,inparticular,issporadic
andoccursasthewavesatthewatersurfacecreateoscilla-
torycurrentsthatpropagatedowntothelakebedandexceed
acriticalthreshold.Thewaveclimatethatexistsonalake
canbecomplexanddependonthefetchoverwhichthewind
hasblown,thetimeperiodoverwhichthewindhasblown,
andcomplicatingfactorssuchaswindshelteringandvari-
ationsinbottomtopography.Thehorizontallyaveragedna-
tureofGLMmeansthatonlyasinglesetofwavecharac-
teristicsacrosstheentirelakesurfacecanbecomputedfora
giventimestepandtheseareassumedtobeatsteadystate.
NotethatGLMdoesnotpredictresuspensionandsediment
concentrationdirectly,butcomputesthebottomshearstress
forlateruseincoupledsedimentandwaterqualitymod-
ules.Sinceeachlayerhasacomponentthatisconsidered
tooverlaysediment(Sect.4),thestressexperiencedatthe
sediment–waterinterfaceisabletoapproximatedasafunc-
tionofdepthinrelationtothesurfacewaveclimate.The
modelcanthereforeidentifythedepthrangeandarealextent
towhichthereispotentialforbed-sedimentresuspensionto
occur,i.e.bycomputingtheareaofthelakeoverwhichthe
bedshearstressexceedssomecriticalvaluerequiredforre-
suspension.
Themodelestimatessurfacewaveconditionsusingasim-

ple,fetch-based,steady-statewavemodel(LaenenandLe-
Tourneau,1996;Ji,2008).Theaveragewavegeometry(wave
period,significantwaveheight,andwavelength)ispredicted
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Figure13.Adaptiveofftakereservoirsimulation;watertemperaturesoftheadaptiveofftakemodelassumingaconstanttargettemperature
of14◦C(a,b)withoutand(c,d)withmixingwiththebottomoutletwithdrawal.Theblackdashedline(a,c)representstheheightrangeof
thevariablewithdrawalfacility(AOF)andthemagentalinestheadaptiveofftakeandsecondwithdrawalheight(here:bottomoutlet).Inthe
scenariowiththesecondwithdrawalactivated(c),thebottomoutletwasperiodicallyopenedduringfloodingconditions.Panels(b)and(d)
indicatewheretheactualwithdrawaltemperature(DrawTemp,Toutf)wasabletomeetthetarget(TargetTemp).

basedonthewindspeedandfetchoverwhichthewavesde-
velop(Fig.14),wherebytheaveragefetchisapproximatedin
theone-dimensionalmodelformulationfromthelakearea,

F=2 As/π, (78)

andthewaveperiod,δtwave,iscalculatedfromfetchbased
on

δtwave=7.54
U10

g
tanh[ξ]tanh








0.0379 gF

U210

0.333

tanh[ξ]







, (79)

where

ξ=0.833
gzavg

U210

0.375

(80)

andzavg=hS/2istheaveragelakedepth.Thetypicalwave-
lengthisthenestimatedfrom

δxwave=
g(δtwave)

2

2π
tanh




2πzavg
g(δtwave)

2

2π



 (81)

andthesignificantwaveheightfrom

δzwave=0.283
U210
g
tanh[ζ]tanh








0.00565 gF

U210

0.5

tanh[ζ]







, (82)

where

ζ=0.53
gzavg

U210

0.75

. (83)

Basedonthesepropertiestheorbitalwavevelocityatthe
surfacecanbetranslateddownthedepthofthewatercolumn
suchthatintheithlayeritiscalculatedas(ShengandLick,
1979)

Uorbi=
πδzwave

δtwave sinh
2πzi−1
δxwave

. (84)

Foreachlayer,thetotalshearstressexperiencedatthe
lakebedportionofthatlayer(equivalentinareatoAi−Ai−1)
iscalculatedfrom

τi=
1

2
ρi fwiU

2
orbi
+fciU

2
mi
, (85)
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Figure14.Schematicofthewaveestimationapproachdepicting
thelakefetch,surfacewindspeed,waveheight,wavelength,and
bottomstresscreatedbytheorbitalvelocity.

whereUmisthemeanlayervelocity,whichforsimplicity
isassumedbasedonthevelocityestimatemadeduringthe
mixingcalculations(Eq.44)inthesurfacemixedlayersuch
that

Umi=
u∗, i≥k
0, i<k

. (86)

Thefrictionfactorsdependuponthecharacteristicpar-
ticlediameterofthelakebottomsediments,δss,andthe
fluidvelocity.Forthecurrent-inducedstress,wecompute

fci=0.24/log12zavg/2.5δsszi andforwaves(Kleinhans

andGrasmeijer,2006)

fwi=exp



−5.977+5.213
Uorbiδtwave

5πδsszi

−0.194


, (87)

whereδssziisspecificforeachlayeri,dependingonwhich
sedimentzoneitoverlays(seeSect.4).Thecurrent-and
wave-inducedstressesatthelakebottommanifestdifferently
withinthelake,asdemonstratedinFig.15forashallowlake.

3 Codeorganizationandmodeloperation

Asidefromthecorewaterbalanceandmixingfunctionality,
themodelfeaturesnumerousoptionsandextensionsinorder
tomakeitafastandeasy-to-usepackagesuitableforawide
rangeofcontemporaryapplications.Accommodatingthese
requirementshasledtothemodularcodestructureoutlined
inFig.16.ThemodeliswritteninC,withaFortran-based
interfacemoduletolinkwiththeFortran-basedwaterquality
modellinglibrariesdescribedinSect.4.Themodelcompiles
withGCC,GFortran,andcommercialcompilers,withsup-
portforWindows,OSX,andLinux.
Themodelmayalsobecompiledasalibrary,termed
libGLM,thatcanbecalledasaplug-intoothermodels
(e.g.seeSect.5.4).Whilstthemodelisnotobjectoriented,

usersmayeasilycustomizethespecificmodulesdescribedin
Sect.2byaddingorextendingoptionsforalternateschemes
orfunctions.
Tofacilitatetheuseofthemodelinteachingenvironments
andforuserswithlimitedtechnicalsupport,itmaybeoper-
atedwithoutanythird-partysoftware,astheinputfilescon-
sistof“namelist”(nml)textfilesforconfigurationandcsv
filesformeteorologicalandflowtimeseriesdata(Fig.17).
Theoutputsfrompredictionsarestoredintoastructured
NetCDFfile,whichcanbevisualizedinrealtimethrough
thesimpleinbuiltplottinglibrary(libplot)ormaybeopened
forpost-processinginMATLAB,R,oranyothertoolsup-
portingtheopenNetCDFformat(seeSect.5.1).Parameters
andconfigurationdetailsareinputthroughthemainglm.nml
textfile(Fig.17)anddefaultparametersandtheirassociated
descriptionsareoutlinedinTable1.

4 Dynamiccouplingwithbiogeochemicaland
ecologicalmodellibraries

Beyondmodellingtheverticaltemperaturedistribution,the
water,ice,andheatbalance,andthetransportandmixing
inalake,themodelhasbeendesignedtocouplewithbio-
geochemicalandecologicalmodellibraries.Currentlythe
modelisdistributedpre-linkedwiththeAED2simulationli-
brary(Hipseyetal.,2019c)andtheFrameworkforAquatic
BiogeochemicalModels(FABM;BruggemanandBolding,
2014).Throughconnectionwiththeselibraries,GLMcreates
asetCofscalarvariables,whereC∈C,whichresolvethe
verticalprofilesandmassbalanceofturbidity,oxygen,nutri-
ents,phytoplankton,zooplankton,pathogens,andotherwa-
terqualityvariablesofinterest.Documentationofthesemod-
elsisbeyondthescopeofthepresentpaper;however,two
featuresassociatedwiththecouplingarehighlightedhereas
relevanttomanagingphysical–ecologicalinteractions.
Firstly,themodelisdesignedtoallowforauser-defined
numberofsedimentzonesthatspanthedepthofthelake.
Usingthisapproach,thecurrentset-upallowsfordepth-
dependentsedimentproperties,bothforphysicalproperties
suchasroughnessorsedimentheatflux(asoutlinedinpre-
vioussections)andalsobiogeochemicalpropertiessuchas
sedimentnutrientfluxesandbenthicecologicalinteractions.
SincetheGLMlayerstructureisflexibleovertime(i.e.layer
heightsarenotfixed),anyinteractionsbetweenthewater
andsediment–benthosmustbemanagedateachtimestep.
Themodelsupportsthedisaggregationand/oraggregationof
layerpropertiesformappingindividualwaterlayerstoone
ormoresedimentzones(Fig.18).Theweightingsprovided
byeachlayertothesedimentarebasedontherelativedepth
overlapofalayerwiththedepthrangeofthesedimentzone,
withtheheightsofzoneboundariesdenotedhz.Thisap-
proachmakesthemodelsuitableforlong-termassessments
ofwetland,lake,andreservoirbiogeochemicalbudgets,asis
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Figure15.SimulationfromWoodsLake,Australia,showing(a)timeseriesofsurfacewaveproperties,(b)orbitalvelocity,Uorb(ms
−1),

(c)layermeanvelocities,Um(ms
−1),and(d)lakebedareapercentagewithineachofthefivedepictedshearstresscategories(basedonτi,

Nm−2).

requiredforC,N,andotherattributebalances(Stepanenko
etal.,2016).
Secondly,thewaterqualitymodulesfeedbacktoGLM
propertiesrelatedtothewaterand/orheatbalance.Feedback
optionsareincludedforexternallibrariestoprovidewater
densityadditionsandtomodifybottomfriction,fw,thelight
attenuationcoefficient,Kw,solarshading,fSW,andrainfall
interception,fR.

5 WorkflowtoolsforintegratingGLMwithsensor
dataandsupportingmodels

TheGLMhasbeendesignedtosupporttheintegrationof
largevolumesofdatacomingfrominstrumentedlakes,in-
cludingmanyGLEONsites.Thesedataconsistofhigh-
frequencyanddiscretetimeseriesobservationsofhydro-
logicfluxes,meteorology,temperature,andwaterquality
(e.g.Hamiltonetal.,2015).Tofacilitateresearchthatre-
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glm_model.c

   - init_model( ) : initialize model run; allocate; prime_wq()
   - IF ( non_avg ) : check for boundary condition averaging 

main
   - get command line arguments
   - run_model( ): initiate model run 

 do_model_nonavg( )   do_model( )

T F

   - end_model() : finalize simulation 

glm_flow.c

glm_main.c

glm_surface.c

 
do_inflows()
   submerged flows
   river flows
      insert_inflow()
do_outflows()
   do_single_outflow()
      seepage
      entrainment
do_overflow()
   do_single_outflow()

 
do_surface_
        thermodynamics()
   calculate_qsw()
      albedo
      solar
   heat fluxes
      atmos_stability()
   ice cover
      recalc_surface_salt()

glm_mixer.c
 
do_mixing()
   mixed_layer_
                  deepening()
     convective_overturn()
     wind_stirring() 
     shear_production()
     kevin_helmholtz()
      

glm_deep.c
 
do_dissipation()
do_deep_mixing()
   calculate_diffusion()
   check_layer_stability()
     
      

glm_stress.c
 
do_layer_stress()
   get_fetch() 
   shelter_index()
   wave_friction_factor()
   f_L() ; f_T() ; f_Hs()
     
      

glm_wqual.c
 
prime_wq()
   set function pointers
   for wqual library:
       - FABM
       - AED2
     
      

 aed2_init_glm()

    - read wq module

          configuration

    - define wq modules

    - link & check externals

    - allocate wq data 

    - define zones

 aed2_do_glm()

    - do vertical mobility

    - copy_to_zones()

    - do_light()
          update extinction 
          coefficients

    - calculate_fluxes()

    - solve wq ODE

    - copy_from_zones()

    - check_valid()

calculate_fluxes()

    - benthic fluxes from 

         each sediment zone

    - surface fluxes

    - pelagic fluxes

  

glm_init.c
 
init_glm()
   read config
   create_lake()
   wq_init_glm()
   initialise_lake()
   set_glm_zones()

   - enter sub-daily loop:

      read_subdaily_met

      do_surface_thermodynamics

      do_mixing

      check_layer_thickness

      check_layer_stability

      do_dissipation

      do_deep_mixing

      do_layer_stress

      do_water_quality

      write_output

glm_aed2.F90

aed2_write_glm

    - write wq variables

 do_subdaily_loop

 do_model

 run_model

do_model_nonavg

do_model_coupled

  

- enter daily loop:

   readdailydata 

       

      

    do_subdaily_loop

    do_flows

    check_layer_thickness

  

- enter daily loop:

  (readdailydata + 

        prevdatadata) /2

      

    do_subdaily_loop

    do_flows

    check_layer_thickness

  

- enter daily loop:

      

    do_subdaily_loop

    do_flows

    check_layer_thickness

Host model
calling 
libglm

      I
n
p
ut 
d
ail
y 
d
at
a

Figure 16.Overview of GLM code structure and programme flow. Modules are depicted as a box with the main routines and functions
summarized. Three entry points to the main model routines are possible depending on the desired treatment of the inflow and outflow
boundary condition data: do_model uses the flow boundary condition data over the present and previous day in order to get the midday value,
do_model_nonavg uses that from the present day only, and do_model_coupled passes in the present day flows from the host.
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Table1.SummaryofGLMnotationwithvaluesforconstants,suggested(default)valuesforparameters,andsupportinginformationand
references,whererelevant.

Symbol Description Units Value* Comments Reference

Indices

NBSN user-providednumberofbasinelevationpoints configurable setin&morphometry
NMORPH internallycomputednumberofverticalelevation–

heightincrementsforthehypsographiccurve
computed Hb=NBSN Hmi+10

NLEV numberoflayers variable activelayersvaryover
time

NINF numberofinflowsconfigured configurable setin&inflows
NOUTF numberofoutletsconfigured configurable setin&outflows
NSW numberofshortwaveradiationbandsconfigured configurable setin&light
NSZ numberofsedimentzonesconfigured configurable setin&sediment
b hypsographicdatapointindex index
mi internalhypsographiccurveincrement index
i indexofcomputationallayer index
ij indexofthelakelayeratanequivalentdepthtoinflow

parcelj
index

ibot indexoflowermostlayerimpactedbyagiven
withdrawal–outflow

index

itop indexoftheuppermostlayerimpactedbyagiven
withdrawal–outflow

index

ioutf indexofthelakelayeraligningwithawithdrawal–
outflowextractionpoint

index

S layerindexofthelayeratthesurfaceofthelake index
k layerindexofthelayeratthebottomofthesurface

mixedlayer(SML;epilimnion)
index

j indexofinflowparceltransportstep,priortoinsertion index
z indexofsedimentzone index
l indexoflightbandwidthfraction index
I inflowindex index
O outflowindex index

Time

t time s –
tb timewhenasheareventbegins s –
t timemarker,beginningoftheday s – usedtocomputethetime

withinaday
t sub-dailytimestepusedbythemodel s 3600 numerical time incre-

mentthemodeluses

td dailytimestep s 86400
TZ timezoneindicatedbynumberofhoursfromGMT h configurable setin&time
N t numberoftimestepstosimulate – configurable setin&time

csecday numberofsecondsperday sday−1 86400
d dayoftheyear – variable
δtd timescaleofinflowparceltransport s computed
δtwave periodofsurfacewaves s computed Eq.(79)
δtiw periodforinternalwaves s computed δtiw=LMETA/2c SpigelandIm-

berger(1980)
δtshear cut-offtimeforinternal-wave-inducedvelocityshear s computed Eq.(47)
δtdamp timescaleofinternalwavedamping s computed Eq.(50) SpigelandIm-

berger(1980)

Lakesetting(volumes,areas,andlengths)

Vmax maximumvolumeofthelake m3 computed onceexceeded,excess
waterispassedtoover-
flow

Vcrest volumeofthelakeatthecrestheight m3 computed volumecorrespondsto
height,hcrest

Vb lakevolumeatthehypsographicdatapointb m3 configurable Eq.(1)
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Table1.Continued.

Symbol Description Units Value* Comments Reference

Vmi interpolatedvolumeatinternalmorphometry
tableincrementmi

m3 computed Eq.(2)

Vi volumeofthelakeatthetopoftheithlayer m3 variable Vi=
i
j=1 Vj

VS volumeofthelakeatthetopofthesurfacelayer
(i=NLEV)

m3 variable Vhi=NLEV

V∗S interimcalculationofthevolumeofthelakeat
thetopofthesurfacelayer

m3 variable usedtoestimatelakevol-
umepriortooverflow
calculation

VN2 afractionalvolumeofthelakethatcontains
85%ofN2variance

m3 variable computedasthevolume
ofthelakeabovethe
heightwhichis1stan-
darddeviation(δzσ)be-
lowtheheightatthecen-
treofbuoyancy

Vi volumeoftheithlayer m3 variable Vhi−Vhi−1
Vepi volumeoftheepilimnion m3 variable Vepi=VS−Vk−1
Vk−1 volumeofthelayerbelowthesurfacemixed

layer–epilimnion
m3 variable Vhi=k−1

VG volumeofwaterlosttoseepage m3 variable VG=Qseepage td
Amax maximumpossibleareaofthelake m2 configurable Amax=Ab=NBSN
Ab lakeareaabovedatumatthehypsographicdata

pointb
m2 configurable setin&morphometry

Ami lakeareaatinternalmorphometrytableincre-
mentmi

m2 computed

Ai lakeareaoftheithlayer m2 variable

A[H] lakeareaatagivenheight–elevation m2 configurable area–elevation re-
lationship; set in
&morphometry

AS areaofthelakesurface m2 variable

ABEN lakebottom(benthic)areaexceedingthecritical
lightthresholdφBENcrit

m2 variable Eq.(16)

AE effectiveareaofthelakesurfaceexposedto
windstress

m2 computed Eq.(26)

AWS criticalareabelowwhichwindshelteringmay
occur

m2 107 setin&fetch Xenopoulos
and Schindler
(2001)

Aoutf areaofthelakeattheheightoftherelevantout-
flow

m2 computed

Ak−1 lakeareaatthetopofthemetalimnion m2 variable
H variablereferringtoelevation;heightaboveda-

tum
mabovedatum H=H0+h

Hmax maximumelevationofthelakeabovewhich
waterwilloverflow

mabovedatum configurable setin&morphometry

Hcrest elevationatthelakecrest mabovedatum configurable
H0 bottomelevationofthelake mabovedatum configurable
Hb elevationabovedatumatthehypsographicdata

pointb
mabovedatum configurable

Hmi elevationabovedatumatinternalmorphometry
tableincrementmi

mabovedatum computed

Hmi elevationincrementusedforthemodel’sinter-
nalhypsographiccurveinterpolationfunction

m 0.1

h height mabovelakebottom
hi heightatthetopoflayeri mabovelakebottom variable
hS heightofthetopsurfaceoftheuppermost(sur-

face)layer
mabovelakebottom variable Eq.(5)

h∗S interimsurfaceheightcomputedpriortoover-
flowcalculation

mabovelakebottom computed
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Table1.Continued.

Symbol Description Units Value* Comments Reference

hB heightofthetopsurfaceofthebottom-most
layer

mabovelakebottom variable

hBEN heightatwhichtheφBENcritisreached mabovelakebottom variable
hz heightoftheuppermostlimitofthesediment

zonez
mabovelakebottom configurable setin &sediment if

benthic_mode=2

hi heightofthemiddleoftheithlayer mabovelakebottom variable

hSML heightofthemiddleoftheepilimnion mabovelakebottom variable
houtf heightofaconfiguredoutflow mabovelakebottom configurable setin&outflow
hinf heightofasubmergedinflow mabovelakebottom configurable setin&inflow
hij−1 bottomofthenearestlayerthatinflowparcelj

sitsabove
mabovelakebottom variable

hiinsI−1
heightofthebottomofthelayerwhereanin-
flowparcelassociatedwiththeIthinflowin-
serted

mabovelakebottom variable

hcrest heightofthelakecrestwherewaterbeginsto
overflow

mabovelakebottom computed hcrest=Hcrest−H0

z depthfromthelakesurfaceorheightabovethe
lakesurface

mfromwatersurface

zavg averagedepthofthelake m variable
zBEN depthtothelakeatwhichcriticallightthreshold

isexceeded
mfromwatersurface variable Eq.(17)

zSML depthtothemetalimnionfromthesurface mfromwatersurface variable equivalent to vertical
thicknessofthesurface
mixedlayer(SML)

z/L Monin–Obukhovstabilityparameter – computed Eq.(B4)
zo watersurfaceroughnesslength m computed Eq.(B2)
zθ watersurfaceheatroughnesslength m computed
zq watersurfacemoistureroughnesslength m computed
zinfj depthofaninflowparcelduringitstransit m computed zinfj=zinfj−1+

xinfjsin inf
zinfinsI

depththataninflowparcelassociatedwithin-
flowIinserts

mfromwatersurface variable depthfromthesurfaceat
whichaninflowreaches
itslevelofneutralbuoy-
ancy

zi thicknessoftheithlayer m variable
zk−1 thicknessofthelayerbelowtheepilimnion m variable
zmin minimumlayerthickness m 0.5 shouldbeestimatedrela-

tivetolakedepth;
setin&glm_setup

Bruceet
al.(2018)
Buecheet
al.(2017)

zmax maximumlayerthickness m 1.5
zice combinedthicknessofthewhiteiceandblue

ice
m computed zwhite+ zblue

zice,snow thicknessoftoplayeroficecover,depending
oniceorsnowpresence

m computed Eq.(32)

zsnow thicknessofsnow m variable Eq.(32);Fig.6
zwhite thicknessofwhiteice m variable Eq.(32)
zblue thicknessofblueice m variable Eq.(38)
zinf0 thicknessofaninflowparcelbeforetransport

intothelake
m computed Eq.(62)

zinfj thicknessofinflowparcelj m variable Eq.(64)

δzσ verticallengthscaleof1standarddeviation
aboutthecentreoftheN2distribution

m computed

δzinfj verticaltransportlengthofinflowparcelj m variable δzinfj= hs−zinfj −

hij−1
δzwave significantwaveheightofsurfacewaves m computed Eq.(82)
δzsoil depthofsoillayer m 0.5 relevantsoildepthfor

computingsedimentheat
diffusionorwaterseep-
age
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Table1.Continued.

Symbol Description Units Value* Comments Reference

Othernotation(sortedalphabetically)

a Charnockconstant – 0.012 relatesroughnesslengthtowind
speed

aW constantrelating precipitable water
vapour,W,toTd

– 0.07–0.09 Luoet
al.(2010)

AM airmassfactor – computed Eq.(A7)
AMp airmassfactoratpressurep – computed Eq.(A7)
AOD500 aerosolopticaldepthat500nm – 0.033–0.10 setin&bird Luoet

al.(2010)
AOD380 aerosolopticaldepthat380nm – 0.038–0.15
bW constantrelating precipitable water

vapour,W,toTd

– 1.88–2.12 Luoet
al.(2010)

c internalwavespeed ms−1 computed Eq.(48)

ca specificheatcapacityofair Jkg−1◦C−1 1005

ci specificheatcapacityofice Jkg−1◦C−1 2050

cw specificheatcapacityofliquidwater Jkg−1◦C−1 4185.5
cdamp coefficientrelatedtodampingrateofin-

ternalwaves
– 104.1 Spigel(1978)

cwn coefficientrelatedtowavenumbercal-
culation

– 12.4

C setofscalarsbeingsimulated various variable variablenumberofscalarsmanaged
byGLM,whicharesubjecttomix-
ingandmassconservation

Ci concentrationofrelevantscalarinthe
ithlayer

various variable

C meanconcentrationoftwoormorelay-
ers

various computed

C differenceinconcentrationoftwolay-
ers

various computed

Cinf concentrationofrelevantscalarinthe
outflowingwater

various timeseriesinput

Coutf concentrationofrelevantscalarinthe
outflowingwater

various variable

CKH mixingefficiency–Kelvin–Helmholtz
billows

– 0.3 setin&mixing Shermanet
al.(1978)

CHYP mixingefficiency–hypolimneticturbu-
lence

– 0.5 applied differently based on
deep_mixingmodel(seetext),
setin&mixing

Weinstock
(1981);
general diffu-
sivitiesin
Jellison and
Melack(1993)

CT mixingefficiency–unsteadyturbulence
(acceleration)

– 0.51

setin&mixing

Shermanet
al.(1978)

CS mixingefficiency–shearproduction – 0.3 Spigelet
al.(1986)

CW mixingefficiency–windstirring – 0.23 YeatesandIm-
berger(2003)

CK mixingefficiency–convectiveoverturn – 0.2 Wu(1973)
CDinf stream-beddragofaninflowingriver – 0.016 setbasedoninflowbedroughness

in&inflow
CDweir dragassociatedwithweircrest – 0.62 setin&outflow
CD bulkaerodynamiccoefficientformo-

mentum
– 0.0013 seealsoAppendixB;

Eq.(B1)
Fischeret
al.(1979)

CE bulkaerodynamiccoefficientforlatent
heattransfer

– 0.0013 fromtheHicks(1972)collationof
oceanandlakedata;manystudies
sinceusesimilarvalues;internally
calculatedifatmosphericstability
correctionison

Bruceet
al.(2018)

CH bulkaerodynamiccoefficientforsensi-
bleheattransfer

– 0.0013 Buecheet
al.(2017)
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Table1.Continued.

Symbol Description Units Value* Comments Reference

CXN genericnotationforneutralvalueofbulk-
transfercoefficient

– selected X=HorE

CDN−10 valueofbulk-transfercoefficientformomen-
tumunderneutralatmosphericconditions,ref-
erencedto10mofheight

– computed seealsoAppendixB

CHEN valueofbulk-transfercoefficientforheat–
moistureunderneutralatmosphericconditions,
referencedto10mofheight

– 0.0013

Cx cloudcoverfraction – timeseriesinput
dTz dayoftheyearwhenthesoiltemperaturepeaks

forthezthzone
– 1–365

DZ effectiveverticaldiffusivityofscalarsinwater m2s−1 computed

Dε diffusivityofscalarsinwaterduetoturbulent
mixing

m2s−1 computed

Dm moleculardiffusivityforscalarsinwater m2s−1 1.25×10−9

Da molecularheatdiffusivityofair m2s−1 2.14×10−5 reportedas
0.077m2h−1

TVA(1972)

Doutf averageverticaldiffusivityofscalarsinlayers
spanningthewithdrawalthickness

m2s−1 computed valuesfromEq.(57)
averagedovertherele-
vantlayers

Imberger and
Patterson
(1981)

es saturationvapourpressure hPa computed Eq.(24) Tabata(1973)
ea atmosphericvapourpressure hPa computed Eq.(25)
e∗ humidityscale hPa computed

ETKE turbulentkineticenergyperunitmassavailable
formixing,integratedoverlayerdepth

m3s−2 computed Eq.(41) Imberger and
Patterson
(1981)

EPE potentialenergywithinthestratifiedwatercol-
umnintegratedoverlayerdepth

m3s−2 computed Eq.(42) Hamilton and
Schladow
(1997)

E evaporationmassflux ms−1 variable E=φE/λvρs
Einf inflowentrainment – computed Eq.(60)
EQT equationoftime – computed Eq.(A4)
F fetch m computed approximatedfromthe

squarerootofthelake
area,Eq.(78)

Fr internalFroudenumberofthelakesubjecttoa
waterwithdrawal

– computed Eq.(68)

fR,fS rainfall,snowfallscalingfactor – 1
usedtoadjustand/or
calibratemodeltome-
teorologicaldata

fSW solarradiationscalingfactor – 1
fU windspeedscalingfactor – 1
fAT airtemperaturescalingfactor – 1
fRH relativehumidityscalingfactor – 1
finf inflowratescalingfactor – 1 used to adjust flow

boundary condition
data

foutf outflowratescalingfactor – 1
fSWE snow-water-equivalentfraction mrain/msnow 0.1
fsnow snowcompactionconstant – computed Fig.(6)
fWS wind-shelteringscalingfactor – 1 functionusedtoscale

the wind-sheltering
lengthscale orlake
surfaceareabasedon
the direction ofthe
wind

fro run-offcoefficient mrun-off/mrain 0.2 dependsonlandslope
andsoiltype

fPAR fractionofglobalincomingradiationfluxwhich
isphotosyntheticallyactive

– 0.45 Jellison and
Melack(1993)

fVIS visiblebandwidthfraction – 0.3 Rogerset
al.(1995)

fBENcrit fractionofsurfaceirradianceatthebenthos,
whichisconsideredcriticalforproductivity

– 0.2 setin&light
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Table1.Continued.

Symbol Description Units Value* Comments Reference

fw frictionfactorusedforcurrentstresscalculation – computed Eq.(87) Kleinhans and
Grasmeijer
(2006)

fc frictionfactorusedforwavestresscalculation – computed
f0 roughnesscorrectioncoefficientforthelake

surface
– 0.5 TVA(1972)

fdif smoothingfactorusedfordiffusion – computed Eq.(59)
fα snowalbedoscalingfactor – 1.0 setin&snowice

g accelerationduetogravity ms−2 9.81

gk reducedgravitybetweenthemixedlayerand
thek−1layer

ms−2 computed

gEH reducedgravitybetweentheepilimnionandthe
hypolimnion

ms−2 computed

ginf reducedgravitybetweentheinflowingwater
andadjacentlakewater

ms−2 computed

G seepagerate mday−1 0
Gr Grashofnumberrelatedtoanoutflowextraction – computed Eq.(69) Imberger and

Patterson(1981)

kTKE turbulencewavenumber m−1 computed Eq.(56)

Kw lightextinctioncoefficient m−1 0.5 setin&lightorup-
datedviathelinkedwa-
terqualitymodel;
canbeestimatedfrom
Secchidepthdata

Kwl lightextinctioncoefficientofthelthbandwidth
fraction

m−1 configurable setin&light and
usediflight_model=2

Cengel and
Ozisk(1984)

Kw1 waveband1,whiteicelightextinction m−1 48.0
Rogers et
al. (1995),
Patterson and
Hamblin (1988)
Ashton (1986)
Yao et
al.(2014)

Kw2 waveband2,whiteicelightextinction m−1 20.0

Kb1 waveband1,blueicelightextinction m−1 1.5

Kb2 waveband2,blueicelightextinction m−1 20.0

Ks1 waveband1,snowlightextinction m−1 6

Ks2 waveband2,snowlightextinction m−1 20

Ksnow molecularheatconductivityofsnow Jm−1s−1◦C−1 computed dependent on snow
density according to
Eq.(35)

Kwhite molecularheatconductivityofwhiteice Jm−1s−1◦C−1 2.3

Kblue molecularheatconductivityofblueice Jm−1s−1◦C−1 2.0

Kwater molecularheatconductivityofwater Jm−1s−1◦C−1 0.57

Kair molecularheatconductivityofair Jm−1s−1◦C−1 2.8×10−3 reportedas
0.1kJm−1h−1K−1

TVA(1972)

Ksoil heatconductivityofsoil–sediment Jm−1s−1◦C−1 1.2 variesfrom0.25foror-
ganicsoilto2.9forin-
organicparticles

Kseep hydraulicconductivityofsoilbelowthelake mday−1 configurable setin&outflows
Lat latitude degrees,+forN configurable setin&morphometry
Long longitude degrees+forE configurable
LD equivalentcirculardiameterofthelake m computed
LMETA lengthofthelakeatthedepthofthethermocline

region(metalimnion)
m computed

Loutf lengthofthelakeattheheightoftherelevant
outflow

m computed

Lcrest lengthofthelakeattheuppermostheightofthe
domain

m configurable

m constantusedtocomputetherateatwhichwork
fromthewindisconverted

– 4.6×10−7

N2 thebuoyancyfrequency,ameasureofwatercol-
umnstratification

s−2 computed Eq.(53)
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Table1.Continued.

Symbol Description Units Value* Comments Reference

N2outf thebuoyancyfrequency,ameasureofwatercol-
umnstratification,aboutthelayersimpactedby
thewateroutflow

s−2 computed Eq.(74)

Oz ozoneconcentration atm–cm 0.279–0.324 setin&bird Luoet
al.(2010)

p airpressure hPa 1013 assumedconstantorsetin
&bird

Qinfx rateofasinglewaterinflowprovidedbythe
userasinputtothemodel

m3ss−1 timeseriesinput based onthe non_avg flag
in&glm_setup;thesupplied
valueatthecurrenttimestepor
theaverageofthecurrentand
pasttimestepisused,
dependingonwhetherthedaily
dataarereferencedfrommid-
dayormidnight

Qoutfx rateofasinglewateroutflowprovidedbythe
userasinputtothemodel

m3s−1 timeseriesinput

Qinf0 rateofasinglewaterinflowpriortotheinflow
enteringthelake

m3s−1 computed Qinf0=finfQinfx

Qinfj flowrateofinflowwaterparcelduringtransitat
thejthincrement

m3s−1 variable Eq.(67)usedtoincrementbe-
tweenjsteps

Qinfj rateofentrainedwaterforaninflowatthejth
increment

m3s−1 computed

QinfinsI
flowrateofinflowingwateratthepointofin-
sertionforinflowI

m3s−1 variable Fig.11

Qoutf rateofasinglewateroutflowexitingthelake m3s−1 computed Qoutf=foutfQoutfx
Qoutfi flowrateofwaterbeingextractedfromtheith

layer
m3s−1 computed Qoutf=

NLEV
i Qoutfi

Qovfl rateofoverflowingwaterleavingthelake m3s−1 computed Eq.(77)

Qweir flowrateofwaterdischargingoverthecrest,be-
foreflooding

m3s−1 computed Eq.(76)

Qseepage flowrateofwaterdischargingfromthelakebot-
tomviaseepage

m3s−1 computed Eq.(75)

QR boundaryrun-offintothelakesurfacelayer m3s−1 computed Eq.(8)
r watervapourmixingratio – computed ratioofwatermasstototalair

mass
R dimensionlessparameterdescribinga water

withdrawalflowregime
– computed Eq.(70)

Rx rainfallratesuppliedintheinputfile mday−1 timeseriesinput user-suppliedrainfallrate

RL rainfallintensitythresholdbeforerun-inoccurs mday−1 0.04 dependsonlandslopeandsoil
type

Rsnow criticalrainfallrateincidentonsnowthatcon-
trolsdensification

mday−1 configurable setin&snowice

RF rainfallrateenteringthewatercolumn ms−1 computed Eq.(6)
∗RF rainfallrateincidentontheice–snowlayer ms−1 computed ∗RF=fRRx/csecday
Riinf Richardsonnumberoftheinflowwater – computed Eq.(61)
RiB bulkRichardsonnumberoftheatmosphereover

thelake
– computed Eq.(A34)

RHx relativehumidity % timeseriesinput user-suppliedhumidity

Sx snowfallratesuppliedintheinputfile mday−1 timeseriesinput user-suppliedsnowfallrate

SF snowfallrateenteringthewatercolumn ms−1 computed Eq.(7)
∗SF snowfallrateincidentontheice–snowlayer ms−1 computed ∗SF=fSSx/csecday
Si salinityoftheithlayer ‰ variable

Sinfx salinityofwaterenteringinaninflow gm−3 timeseriesinput

Soutf salinityofoutflowingwater gm−3 variable
SZA solarzenithangle degrees variable SZA= zen180/π
Ts temperatureofthesurfacelayer ◦C variable Eq.(9)
Tx airtemperaturesuppliedbytheuser ◦C timeseriesinput user-suppliedairtemperature

www.geosci-model-dev.net/12/473/2019/ Geosci.ModelDev.,12,473–523,2019



506 M.R.Hipseyetal.:AGeneralLakeModel(GLM3.0)

Table1.Continued.

Symbol Description Units Value* Comments Reference

Ta airtemperature ◦C computed Ta=fATTx
Td dewpointtemperature ◦C computed
Ti temperatureoftheithlayer ◦C variable
Tm meltwatertemperature ◦C 0
T0 temperatureatthesolid(ice–snow)surface ◦C variable
Tinfx temperatureofwaterenteringinaninflow ◦C timeseriesinput
Toutf temperatureofoutflowingwater ◦C variable
Tzi temperatureofthesedimentzonez,whichun-

derlieslayeri

◦C computed Eq.(40)

Tzmean annualmeantemperatureofthezthsediment
zone

◦C configurable setin&sediment;corre-
spondstothesedimenttem-
peratureatadepthofδzsoil

δTz seasonalamplitudeofthesoiltemperaturevari-
ation

◦C configurable setin&sediment

Taa aerosolabsorptanceofincominglightintheat-
mosphere

– computed Eq.(A17)

Taerosol lightscatteringduetoaerosolsintheatmo-
sphere

– computed Eq.(A16)

Tmix lightabsorptanceduetomixedgasesintheat-
mosphere

– computed Eq.(A11)

Tozone ozoneabsorptanceofincidentlightintheatmo-
sphere

– computed Eq.(A10)

Trayleigh Rayleighscatteringofincidentlightintheat-
mosphere

– computed Eq.(A9)

Twatvap absorptanceofincidentlightintheatmosphere
duetowatervapour

– computed Eq.(A14)

U10 windspeedabovethelakereferencedto10mof
height

ms−1 computed windspeedcorrectedtoref-
erenceheight

Ux windspeedabovethelakesurfaceprovidedby
theuser

ms−1 timeseriesinput user-suppliedsnowfallrate

Uorbi orbitalwavevelocityexperiencedatthebottom
oftheithlayer

ms−1 variable Eq.(84)

Umi meanlayervelocityoftheithlayer ms−1 variable Eq.(86)

uinfj averagevelocityofaninflowparcelbeing
tracked,priortoinsertion

ms−1 variable Eq.(66)

u∗ frictionvelocity ms−1 computed Eq.(44)

ub velocityshearatthebaseofthethermocline ms−1 variable Eq.(46)

ubold velocityshearatthethermoclineattheprevious
timestep

ms−1 variable resetbetweenshearevents

w3∗ turbulentvelocityscale withinthesurfaced
mixedlayerduetoconvectivecooling

m3s−3 computed Eq.(43) Imberger and
Patterson
(1981)

W totalprecipitablewatervapour atm–cm 1.1–2.2 Eq.(A13) Luoet
al.(2010)

Wm atmosphericwatermassfactorcomputedfor
calculatingwaterscattering

– computed Eq.(A12)

Wcrest widthofthelakeattheuppermostpoint m configurable setin&morphometry
Woutf widthofthelakeattheheightofanoutflow m computed Eq.(72)
xWS defaultshelteringdistancedefinedasthedis-

tancefromtheshorelineatwhichwindstress
isnolongeraffectedbysheltering

m configurable setin &fetch;approxi-
matedas50× theverti-
calheightofthesheltering
obstacle–landform

Markfortet
al.(2010)

xWS shelteringdistanceadjustedforchangesinwind
direction

m computed xWS=
xWS 1−min(fWS wind ,1)

δxwave wavelengthofsurfacewaves m computed Eq.(81)
xinfj lateraldistancetravelledbyaninflowparcelper

jincrement,priortoinsertion
m computed Eq.(65)
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Table1.Continued.

Symbol Description Units Value* Comments Reference

αinf angledescribingthewidthofaninflowriver
channel

degrees configurable user-suppliedin&inflow
basedonwidthanddepthof
therelevantriver

αh coefficientforsensibleheatfluxintostillair Jm−2s−1◦C−1 computed Eq.(29b) TVA(1972)

αe coefficientforevaporativefluxintostillair ms−1 computed Eq.(29a) TVA(1972)
αLW longwavealbedo – 0.03
αSW albedoofshortwaveradiationatthewatersur-

face
– computed Eq.(13)for water;uses

empiricalalgorithmforice
cover

αSWmean annualmeanalbedoofshortwaveradiation 0.08 activeifalbedo_mode=1in
&light

αSWG functiontocomputealbedoofshortwaveradi-
ationasafunctionoflatitudeanddaynumber

computed functionαSWG[d,Lat]is
calledifalbedo_mode=4in
&light

Table5in
Cogley(1979)

αSKY scatteredradiationwithinthesky – computed Eq.(A22) Bird(1984)
αsed reflectedfractionofradiationreachingthe

sediment
– configurable setin&sedimentandcan

varywithdepthifsediment
zonesareconfigured

αb interpolationcoefficientforvolume – computed Eq.(3)
βb interpolationcoefficientforarea – computed Eq.(3)
δwi lengthscaleassociatedwithconductionof

heatattheice–waterinterface
m 0.1 Rogerset

al.(1995)

δKH lengthscaleassociated withformationof
Kelvin–Helmholtzbillowsattheinterfaceof
two-layerstratification

m computed δKH=CKHu
2
b/gEH Imberger and

Patterson
(1981)

δepi lengthscaleassociatedwiththeepilimnion m computed Eq.(49)
δhyp lengthscaleassociatedwiththehypolimnion m computed Eq.(49)
δoutf lengthscaleassociatedwiththeverticalthick-

nessofthezoneofinfluenceofawithdrawal
m computed Eq.(73) Imberger and

Patterson
(1981)

δoutftop thicknessofwithdrawallayerabovethewith-
drawalheight

m computed

δoutfbot thicknessofwithdrawallayerbelowthewith-
drawalheight

m computed

δαSW seasonalamplitudeofalbedochange – 0.01–0.08 activeifalbedo_mode=1in
&light

Cogley(1979)

δss particlediameterofbottomsediment m 80×10−6

εTKE TKEdissipationfluxperunitmass m2s−3 – Eq.(54)

εTKE steady-state–equilibriumTKEdissipationflux
perunitmass

m2s−3 computed Eq.(55)

εWIND TKEdissipationfluxcreatedbypowerintro-
ducedbythewind

m2s−3 computed Eq.(55)

εINFLOW TKEdissipationfluxcausedbyinflowplung-
ingcreatingseiching

m2s−3 computed Eq.(55)

εw emissivityofthewatersurface – 0.985
εa emissivityoftheatmosphereundercloud-free

conditions
– computed ε∗a[Ta,ea,Cx=0]

ε∗a emissivityoftheatmosphereincludingcloud
effects

– computed Eq.(21);optionsarechosen
viathecloud_modevari-
ablein&meteorology

Henderson-
Sellers(1986)

factorforincidentradiationfromatmospheric
calculation

– computed Eq.(A18) Bird(1984)

φSWx shortwaveradiationfluxprovidedintheinput
file

Wm−2 timeseriesinput user-suppliedsolarradia-
tiondata

φSW0 shortwaveradiationfluxcrossingthewater
surface

Wm−2 computed Eq.(10)

φSWS shortwaveradiationfluxheatingthesurface
mixedlayer

Wm−2 computed

φSWil
radiationfluxatthetopoftheithlayerforthe
lthbandwidthclass

Wm−2 computed bandwidth-specificlightat-
tenuationiscomputedif
light_model=2in&light
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Table1.Continued.

Symbol Description Units Value* Comments Reference

φ̂SW totalincidentshortwaveradiationfluxcomputed
fromtheBCSMassumingclear-skyconditions

Wm−2 computed Eq.(11)andAppendixA Bird(1984)

φ̂DB directbeamradiationonahorizontalsurfaceat
groundlevelonaclearday

Wm−2 computed Eq.(A19)

φ̂AS radiation from atmospheric scattering hitting
groundlevelonaclearday

Wm−2 computed Eq.(A20)

φ̂ETR extraterrestrialradiationhittingthetopoftheatmo-
sphere

Wm−2 computed Eq.(A1)

φPAR downwellingphotosyntheticallyactiveradiationin-
tensitywithinthewatercolumn

Wm−2 computed Eq.(14) Kirk(1994)

φPARBEN lightincidentonthebottomofalayercorrespond-
ingtothebenthicarea

Wm−2 variable

φLWin longwaveradiationincidentheatfluxatthewater
surface

Wm−2 variable Eq.(20)

φLWout longwaveradiationoutgoingheatfluxfromthewa-
tersurface

Wm−2 variable Eq.(19)

φLWnet netlongwaveradiationfluxacrossthelakesurface Wm−2 computed Eq.(18)

φH sensibleheatfluxacrossthewatersurface Wm−2 computed Eq.(22)

φE latentheatflux Wm−2 computed Eq.(23)

φE0 latentheatfluxunderzero-windconditions Wm−2 computed Eq.(28a)

φH0 sensibleheatfluxunderzero-windconditions Wm−2 computed Eq.(28b)

φX genericidentifierforeitherofφEorφH Wm−2 computed

φX0 genericidentifierforeitherofφE0orφH0 Wm−2 computed

φ∗X maximumvalueofeitherφX0orφX Wm−2 selected Eq.(27)

φ0 upwardconductiveheatfluxthroughtheiceand
snowcovertotheatmosphere

Wm−2 computed Eq.(34)

φnet netincomingheatfluxattheice–atmosphereinter-
face

Wm−2 computed Eq.(33) Rogerset
al.(1995)

φR heatfluxduetorainfall Wm−2 computed Rogerset
al.(1995)

φf heatfluxintheblueiceneartheice–waterinterface Wm−2 computed Eq.(36)

φw heatfluxfromthewatertotheblueice Wm−2 computed Eq.(37)

φsi heatfluxperunitvolumeduetoformationofwhite
icebyflooding

Wm−3 computed Rogerset
al.(1995)

zen solarzenithangle radians variable Eq.(A6)

day dayangle radians computed Eq.(A2)

dec solardeclinationangle radians computed Eq.(A3)

hr hourangle radians computed Eq.(A5)

wind winddirection degrees timeseriesinput optionallyprovidedasa
boundaryconditionbased
on fetch_mode, set in
&fetch

inf angleofthelakebedslopeintheregionwherethe
inflowentersthelake

degrees configurable user-providedin&inflow

κ vonKarman’sconstant – 0.41

λv latentheatofevaporation Jkg−1 2.453×106

λf latentheatoffusion Jkg−1 3.340×105

λsnow coefficientcontrollingtherateofdensificationof
snowfollowingrainfall

– computed λsnow=
∗RFcsecday/Rsnow

adapted from
Rogerset
al.(1995)

dimensionlessvariableassociatedwithlightpene-
trationthroughicerequired

– computed forheatconductioncalcula-
tion

θV virtualtemperatureoftheatmosphericboundary
layerabovethelake

K computed

θa temperatureoftheatmosphericboundarylayer
abovethelake

K computed θa=fATTx+273.15

θs temperatureoftheatmosphereatthelakesurface K variable θs=Ts+273.15
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Table1.Continued.

Symbol Description Units Value* Comments Reference

θ∗ temperaturescale K computed

ρa airdensity kgm−3 computed computedasafunctionof
airtemperature,humidity,
andpressureinatm_density

TVA(1972)

ρo densityofsaturatedairatthewatersurfacetemper-
ature

kgm−3 computed

ρi densityoftheithlayer kgm−3 variable computefor eachlayer
basedontemperatureand
salinity using TEOS-10
or UNESCO (1981);
set density_model in
&glm_setup

TEOS-10:http:
//teos-10.org
(last ac-
cess: 14Jan-
uary2019)
UNESCO
(1981)

ρs densityofthesurfacewaterlayer(i=NLEV) kgm−3 variable

ρw referencewaterdensity kgm−3 1000

ρSML meandensityofthemixedlayer kgm−3 variable

ρref averageoflayerdensitiesoverwhichreducedgrav-
ityisbeingcomputed

kgm−3 computed

ρice,snow densityofthesnoworice kgm−3 selected

ρwhite densityofwhiteice kgm−3 890

ρblue densityofblueice kgm−3 917

ρsnow densityofsnow kgm−3 variable

ρs,min assignedminimumsnowdensity kgm−3 50 setin&snowice

ρs,max assignedmaximumsnowdensity kgm−3 300 setin&snowice

ρsnow∗ intermediatesnowdensityestimate kgm−3 computed seeFig.6

ρoutf densityofthelakelayercorrespondingtotheheight
ofwithdrawal,ioutf

kgm−3 computed

ρij densityofthelakelayer,i,whichisatanequivalent
depthtoinflowparcelj

kgm−3 computed

ρinf densityofinflowingwaterasitentersthelake kgm−3 computed

ρinfj densityofinflowingwaterparcelatthejthincre-
mentduringitstransit

kgm−3 computed

ρinfinsI
densityoftheinflowparcelassociatedwithinflow
Iwhenitinserted

kgm−3 computed

ρiinsI
densityofthelakelayer,i,forwhichtheinflowI
inserted

kgm−3 computed

σ Stefan–Boltzmannconstant Wm−2K−4 5.67×10−8

τi totalshearstressexperiencedatthelakebedportion
oflayeri

Nm−2 computed Eq.(85)

ϑs dimensionlessmoisturecontentofairatthewater
surface

– computed ϑs=κes/p TVA(1972)

ϑa dimensionlessmoisturecontentoftheairabovethe
lake

– computed ϑa=κea/p

νa kinematicviscosityofair m2s−1 1.52×10−5 reportedas
0.0548m2h−1

νw kinematicviscosityofwater m2s−1 1.14×10−6

ω ratioofmolecularweightofwatertomolecular
weightofair

– 0.622

ψM similarityfunctionformomentumintheairabove
thelake

– computed Eq.A30

ψE similarityfunctionformoistureintheairabovethe
lake

– computed

ψH similarityfunctionforheatintheairabovethelake – computed
ξ dimensionlessparameterusedforwaveperiodcal-

culation
– computed Eq.(80)

ζ dimensionlessparameterusedforwaveheightcal-
culation

– computed Eq.(83)

ς percentageofatmosphericdiffuseradiation % 6 YajimaandYa-
mamoto(2015)

*Eitheranumericvalueforfixedconstantsordescriptorsofthesourceofthevalueareprovided.Descriptorsincludeindex,computed,configurable(default),
variable,selected,ortimeseriesinput,withsupportinginformationinthecommentcolumn.
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Figure 17.Flow diagram showing the input information required for operation of the model, the outputs, and analysis pathways.

quires running the model using these data sources, we have
created GLM interfaces in the R and MATLAB analysis en-
vironments. These tools support user-friendly access to the
model and include routines that streamline the process of cal-
ibrating models or running various scenarios. In addition, for
assessment of lake dynamics in response to catchment or cli-
matic forcing, it is desirable to be able to connect GLM with
other model platforms associated with surface and ground-
water simulation and weather prediction (Read et al., 2016).

5.1 R and MATLAB libraries for model set-up and
post-processing

The R and MATLAB scientific languages are commonly
used in aquatic research, often as part of automated mod-
elling and analysis workflows. GLM has a client library for
both, and these tools are shared freely online. The R pack-
age is called “glmtools” and the MATLAB library is called
“GLMm”(available via the GLM website). Both tools have
utilities for model output pre- and post-processing. The pre-
processing components can be used to format and modify
data inputs and configuration files and define options for how
GLM executes. Post-processing tools include visualizations

of simulation results (as shown in the figures above), compar-
isons to field observations, and various evaluations of model
performance.

5.2 Utilities for assessing model performance,
parameter identification, and uncertainty analysis

In order to compare the performance of the model for various
types of lakes, numerous metrics of model performance are
relevant. These include simple measures like surface or bot-
tom temperature and ice thickness. It is also possible to as-
sess the model’s performance in capturing higher-order met-
rics relevant to lake dynamics, including Schmidt stability,
thermocline depth, and ice on–off dates (see also Bruce et
al., 2018, for a detailed assessment of the model’s accuracy
across a wide diversity of lakes across the globe). With par-
ticular interest in the model’s ability to interface with high-
frequency sensor data for the calculation of key lake stabil-
ity metrics (Read et al., 2011), continuous wavelet transform
comparisons are also possible (Kara et al., 2012), allowing
for the assessment of the timescales over which the model is
able to capture the observed variability within the data.
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Figure 18.Schematic of a lake model layer structure (indicated by layersi=1:7), in conjunction with five sediment “zones” (Z1–Z5)
activated when benthic_mode=2. The dynamically varying layer structure is remapped to the fixed sediment zone locations at each time step
in order for the sediment zone to receive the average overlying water properties and for the water to receive the appropriate information from
benthic–sediment variables.

As part of the modelling process, it is common to ad-
just parameters to get the best fit with available field data
and, as such, the use of a Bayesian hierarchical framework
in the aquatic ecosystem modelling community has become
increasingly useful (e.g. Zhang and Arhonditsis, 2009; Ro-
marheim et al., 2015). Many parameters described through-
out Sect. 2 are physically based descriptions in which there
is relatively little variation (Bruce et al., 2018), thereby re-
ducing the number of parameters that remain uncertain. For
others, however, their variation reflects the imperfect formu-
lation of some processes that are not completely described
numerically. Therefore, within MATLAB, support scripts for
GLM to work with the Markov chain Monte Carlo (MCMC)
code outlined in Haario et al. (2006) can be used to pro-
vide improved parameter estimates and uncertainty assess-
ment (Fig. 19; see also Huang et al., 2017). Example set-
ups for use of GLM within the PEST (Parameter Estimation
Tool) have also been developed, giving users access to a wide
range of assessment methodologies. The PEST framework
allows for the calibration of complex models using highly pa-
rameterized regularization with pilot points (Doherty, 2015).
Sensitivity matrices derived from the calibration process can
also be utilized in linear and non-linear uncertainty analysis.

5.3 Operation in the cloud: GRAPLEr

Questions relevant to land use and climate changes are driv-
ing scientists to develop numerous scenarios for how lake
ecosystems might respond to changing exogenous drivers.

An important approach to addressing these questions is to
simulate lake or reservoir physical–biological interactions in
response to changing hydrology, nutrient loads, or meteorol-
ogy and then infer consequences from the emergent proper-
ties of the simulation, such as changes in water clarity, extent
of anoxia, mixing regime, or habitability to fishes (Hipsey
et al., 2015). Often, it takes years or even decades for lakes
to respond fully to changes in exogenous drivers, requiring
simulations to recreate lake behaviour over extended peri-
ods. While most desktop computers can run a decade-long,
low-resolution simulation in less than 1 min, high-resolution
simulations of the same extent may require minutes to hours
of processor time. When questions demand hundreds, thou-
sands, or even millions of simulations, the desktop approach
is no longer suitable.
Through access to distributed computing resources, mod-
ellers can run thousands of GLM simulations in the time it
takes to run a few simulations on a desktop computer. Collab-
orations between computer scientists in the Pacific Rim Ap-
plications and Grid Middleware Assembly (PRAGMA) and
GLEON have led to the development of GRAPLEr (GLEON
Research and PRAGMA Lake Expedition in R), a software
written in R that enables modellers to distribute batches of
GLM simulations to pools of computers (Subratie et al.,
2017). Modellers use GRAPLEr in two ways: by submit-
ting a single simulation to the GRAPLEr Web service, along
with instructions for running that simulation under differ-
ent climate scenarios, or by configuring many simulations

www.geosci-model-dev.net/12/473/2019/ Geosci. Model Dev., 12, 473–523, 2019



512 M.R.Hipseyetal.:AGeneralLakeModel(GLM3.0)

Figure19.DepictionofparameteruncertaintyforaGLMsimu-
lationofLakeKinneret,Israel,followingcalibrationagainstob-
servations(greencircles)viaMCMCfor(a)epilimniontemper-
ature,(b)hypolimniontemperature,(c)thermoclinedepth,and
(d)Schmidtnumber.Theblacklineindicatesthe50thpercentile
likelihoodoftheprediction,andthegreybandsdepictthe40th,
60th,and80thpercentile.

ontheuser’sdesktopcomputerandthensubmittingthem
asabatchtothe Webservice.Thefirstapproachprovides
ahighdegreeofautomationthatiswellsuitedtotraining
andinstruction,andthesecondapproachhasthefullflexi-
bilityoftenneededforresearchprojects.Inallapproaches,
GRAPLErconvertsthesubmittedjobtoascriptthatisused
bytheschedulingprogrammeHTCondor(Thainetal.,2005)
todistributeandmanagejobsamongthecomputerpooland
ensurethatallsimulationsrunandreturnresults.AniPOP
overlaynetwork(Gangulyetal.,2006)allowsthecompute
servicestoincluderesourcesfrommultipleinstitutionsand
cloud-computingservices.
GRAPLEr’s Webservicefrontendshieldsthemodeller
fromthecomputeenvironment,greatlyreducingtheneedfor
modellerstounderstanddistributedcomputing;theythere-
foreonlyneedtoinstalltheRpackage,knowtheURLof
theGRAPLErWebservice,anddecidehowthesimulations
shouldbesetup.

5.4 Integrationwithcatchmentandclimatemodels

GLMsimulationsmaybecoupledwithcatchmentmodels,
suchastheSoil WaterAssessmentTool(SWAT)orsimi-
larcatchmentmodels,simplybyconvertingthecatchment
modeloutputintotheinflowfileformatviaconversionscripts
(e.g.Bucaketal.,2018).Similarly,scriptsexistforcoupling
GLMwiththeWeatherResearchForecasting(WRF)model
orsimilarclimatemodelsforthespecificationofthemeteo-
rologicalinputfilefromweatherpredictionsimulations(e.g.
Hansenetal.,2017).
Theabovecouplingapproachesrequirethemodelsto

beruninsequence.Forthesimulationoflake–wetland–
groundwatersystems,however,two-waycouplingisre-
quiredtoaccountfortheflowofwaterintoandoutofthe
lakethroughoutthesimulation.Fortheseapplications,the
interactionhasbeensimulatedusingGLMcoupledwith
the3-DgroundwaterflowmodelFEFLOW(https://www.
mikepoweredbydhi.com/products/feflow,lastaccess:16De-
cember2018).Forthiscase,theGLMcodeiscompiledas
adynamiclinklibrary(DLL),termedlibGLM,andloaded
intoFEFLOWasaplug-inmodule.Thecouplingbetween
GLMandFEFLOWisimplementedusingaone-steplagbe-
tweentherespectivesolutionsofthegroundwaterandlake
models.Thisapproachinmostsimulationsdoesnotintro-
ducesignificanterror;however,errorcanbeassessedand
reducedusingsmallertimesteplengths.TheGLMmod-
ulewasdesignedtoaccommodatesituationsofvariablelake
geometrybyusingadry-lake–wet-lakeapproach,whereby
dry-lakeareasaredefinedasthoseabovethecurrentlake
levelandwet-lakeareasasbelowthecurrentlakelevel.Dif-
ferentboundarytypesinFEFLOWareassignedtodry-lake
andwet-lakeareas(Fig.20).Thecalibrationofsuchcou-
pledmodelsisoftencomplexgiventhelargenumberofpa-
rametersandsensitivitieswhendifferentsourcesofinforma-
tionareutilized(forexample,flowandwaterlevelmeasure-
ments).TheFEFLOW–GLMcouplingstructureallowsfor
arelativelystraightforwardintegrationwithPESTbasedon
existingFEFLOWworkflows.

6 GLMasatoolforteachingenvironmentalscience
andecology

Environmentalmodellingisintegralforunderstandingcom-
plexecosystemresponsestoanthropogenicandnatural
driversandalsoprovidesavaluabletoolforengagingstu-
dentslearningenvironmentalscience(CareyandGougis,
2017).Previouspedagogicalstudieshavedemonstratedthat
engagingstudentsinmodellingprovidescognitivebenefits,
enablingthemtobuildnewscientificknowledgeandcon-
ceptualunderstanding(Stewartetal.,2005;Schwarzetal.,
2009).Forexample,modellingforcesstudentstoanalyse
patternsindata,createevidence-basedhypothesesforthose
patterns,maketheirhypothesesexplicit,anddeveloppredic-
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Figure20.ExampleofwaterlevelchangesduringaseasonalcyclefromLakeMuir,Australia.GLMwaterlevelisperiodicallycommunicated
tothe3-DFEFLOWgroundwatermodelviaaplug-incallinglibGLMandusedasaconstantheadboundaryconditionforallwetcellswithin
theFEFLOWmesh.

tionsoffutureconditions(Stewartetal.,2005).Asare-
sult,theU.S.NationalResearchCouncilhasrecentlyin-
tegratedmodellingintotheNextGenerationScienceStan-
dards,whichproviderecommendationsforprimaryandsec-
ondaryschoolsciencepedagogyintheUnitedStates(NRC,
2013).However,itremainsrareforundergraduateandgradu-
atesciencecoursestoincludethecomputer-basedmodelling
thatenvironmentalscientistsneedtomanagenaturalecosys-
tems.
AteachingmodulefortheuseofGLMwithinundergrad-
uateandgraduateclassroomshasbeendevelopedtoexplore
lakeresponsestoclimatechange(CareyandGougis,2017).
TheGLMmodule,calledthe“ClimateChangeEffectson
LakeTemperatures”,teachesstudentshowtosetupasimu-
lationforamodellakewithinR.Aftertheyareabletosuc-
cessfullyruntheirlakesimulations,theyforcethesimulation
withclimatescenariosoftheirowndesigntoexaminehow
lakesmaychangeinthefuture.Toimprovecomputational
efficiency,studentsalsolearnhowtosubmit,retrieve,and
analysehundredsofmodelsimulationsthroughdistributed
computingoverlaynetworksembeddedviatheGRAPLErin-
terface(Sect.5.3).Hence,studentsparticipatinginthemod-
ulelearncomputingandquantitativeskillsinadditiontoim-
provingtheirunderstandingofhowclimatechangeaffects
lakeecosystems.
InitialexperiencesteachingGLMaswellaspre-and
post-assessmentsindicatethatparticipationinthemodule
improvesstudents’understandingoflakeresponsestocli-
matechange(CareyandGougis,2017).BymodifyingGLM
boundaryconditiondataandexploringmodeloutput,stu-
dentsareabletobetterunderstandtheprocessesthatcontrol

lakeresponsestoalteredclimateandimprovetheirpredic-
tionsoffuturelakechange.Moreover,themoduleexposes
studentstocomputingandmodellingtoolsnotcommonly
experiencedinmostuniversityclassrooms,buildingcompe-
tencewithmanipulatingdatafiles,scripting,creatingfigures
andothervisualizations,andstatisticalandtimeseriesanal-
ysis;theseareallskillsthataretransferrabletomanyother
applications.

7 Conclusions

AspartofGLEONactivities,theemergenceofcomplex
questionsabouthowdifferentlaketypesacrosstheworldare
respondingtoclimatechangeandlandusechangehascre-
atedtheneedforarobust,accessiblecommunitycodesuit-
ableforadiverserangeoflaketypesandsimulationcon-
texts.Here,GLMispresentedasatoolthatmeetsmanyof
theneedsofnetworkparticipantswithsuitabilityforawide
arrayoflaketypesandsizes,whilstalsomeetingtheneed
foradistributedsimulationacrosstenstothousandsoflakes
asisrequiredforregional-andglobal-scaleassessments(e.g.
Kirillinetal.,2011).Recentexampleshaveincludedanap-
plicationofthemodelforassessinghowthediversityof
>2000lakesinalake-richlandscapeinWisconsinrespond
toclimate,includingprojectedwarming(Readetal.,2014;
Winslowetal.,2017).Givenitscomputationallyefficientna-
ture,itisenvisionedthatGLMcanbemadeavailableasali-
braryforusewithininlandsurfacemodels(e.g.theCommu-
nityLandModel,CLM),allowingforanimprovedrepresen-
tationoflakedynamicsinregionalhydrologicalorclimate
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assessments.Withfurtheradvancesinthedegreeofresolu-
tionandscopeofEarthsystemmodels,wefurtherenvisage
GLMasanoptionsuitabletobeembeddedwithinthesemod-
elstobetterallowforthesimulationoflakestratification,
air–waterinteractionofmomentumandheat,andalsobio-
geochemicallyrelevantvariablesassociatedwithcontempo-
raryquestionsaboutgreenhousegasemissionssuchasCO2,
CH4,andN2O.
Sincethemodelisone-dimensional,itassumesnohori-

zontalvariabilityinthesimulatedwaterlayersandusersmust
thereforeensurethattheirapplicationofthemodelissuited
tothissimplifyingassumption.Forstratifiedsystems,thepa-
rameterizationofmixingduetointernalwaveandinflowin-
trusiondynamicsisrelativelysimple,makingthemodelide-
allysuitedtolonger-terminvestigationsrangingfromweeks
todecades(dependingonthedomainsize)andforcoupling
withbiogeochemicalmodelstoexploretherolethatstrati-
ficationandverticalmixingplayinlakeecosystemdynam-
ics.However,themodelcanalsobeusedforshallowlakes,
ponds,andwetlandenvironmentsinwhichthewatercolumn
isrelativelywellmixed.Incasesinwhichtheassumptionof
one-dimensionalityisnotmetforaparticularlakeapplica-
tion,atwo-orthree-dimensionalmodelmaybepreferred.
Thispaperhasfocusedonadescriptionofthehydrody-

namicmodel,butwehighlightthefactthatthemodelis
aplatformforcouplingwithadvancedbiogeochemicaland
ecologicalsimulationlibrariesforwaterqualityprediction
andintegratedecosystemassessments.Aswithmostcoupled
hydrodynamic–ecologicalmodellingplatforms,GLMhan-
dlestheboundaryconditionsandtransportofvariablessim-
ulatedwithintheselibraries,includingtheeffectsofinflows,
verticalmixing,andevapo-concentration. Whilsttheinter-
facetotheselibrariesisstraightforward,theLagrangianap-
proachadoptedwithinGLMforsimulationofthewatercol-
umnnecessitatestheadoptionofsedimentzonesonastatic
gridthatisindependentfromthewatercolumnnumerical
grid.
Moreadvancedworkflowsforoperationofthemodel

withindistributedcomputingenvironmentsandwithdataas-
similationalgorithmsisanimportantapplicationwhenused
withinGLEONcapabilitiesrelatedtohigh-frequencydata
andtheirinterpretation.The1-Dnatureofthemodelmakes
theruntimesmodestandthereforethemodelsuitableforap-
plicationwithinmoreintensiveparameteridentificationand
uncertaintyassessmentprocedures.Thisisparticularlyrel-
evanttotheneedsofnetworkparticipantstoexpandmodel
configurationstofurtherincludebiogeochemicalandecolog-
icalstatevariables.Itisenvisionedthatcontinuedapplica-
tionofthemodelwillallowustoimproveparameteresti-
matesandranges,andthiswillultimatelysupportotherusers
ofthemodelinidentifyingparametervaluesandassigning
parameterpriordistributions.Sincemanyoftheusersthe
modelisintendedformaynothaveaccesstothenecessary
cyber-infrastructure,theuseofGLMwiththeopen-source
GRAPLErsoftwareintheRenvironmentprovidesaccessto

otherwiseunavailabledistributedcomputingresources.This
hasthepotentialtoallownon-expertmodellerswithinthe
sciencecommunitytoapplygoodmodellingpracticesbyau-
tomatingboundaryconditionandparametersensitivityas-
sessments,withtechnicalaspectsofsimulationmanagement
abstractedfromtheuser.
Finally,theroleofmodelsininformingandeducating

membersofthenetworkandthenextgenerationofhydro-
logicandecosystemmodellershasbeenidentifiedasacrit-
icalelementofsynthesisactivitiesandsupportingcross-
disciplinarycollaboration(Weathersetal.,2016).Initialuse
ofGLMwithintheclassroomhasshownthatteachingmod-
ulesintegratingGLMintoclassesimprovesstudents’under-
standingoflakeecosystems.

Codeavailability.TheGLMcodeisprovidedasopensourceun-
dertheGNUGPLv3licenceandversioncontrolledviatheGitHub
repository:https://github.com/AquaticEcoDynamics/(lastaccess:
14January2019)GLM(https://doi.org/10.5281/zenodo.2538486;
Hipseyetal.,2019a).

Dataavailability.The five examplelakes usedto demon-
stratethe modeloperationaredescribedalong with model
inputfiles(andtheassociatedhydrologicand meteorologi-
calforcingdata) withinthe GitHubrepository:https://github.
com/AquaticEcoDynamics/GLM_Examples(lastaccess:14Jan-
uary2019)(https://doi.org/10.5281/zenodo.2538489;Hipseyetal.,
2019b).
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AppendixA:Birdsolarradiationmodel

TheBirdClearSky Model(BCSM)wasdevelopedby
Bird(1984)topredictclear-skydirectbeam,hemispherical
diffuse,andtotalhemisphericalbroadbandsolarradiationon
ahorizontalsurface.Averagesolarradiationiscomputedat
themodeltimestep(e.g.hourly)basedon10user-specified
inputparameters(Table1).
Thesolarconstantinthemodelistakenas1367Wm−2,
whichiscorrectedduetotheellipticalnatureoftheEarth’s
orbitandconsequentchangeindistancetothesun.Thiscal-
culationgivesustheextraterrestrialradiation(̂φETR)atthe
topoftheatmosphere:

φ̂ETR=13671.00011+0.034221cos day+0.00128sin

day+0.000719cos day , (A1)

wherethedayangle, day,iscomputedusingd,theday
number:

day=2π
d−1

365
. (A2)

Thesolardeclination, dec(radians),iscomputedfrom

dec=

0.006918−0.399912cos day+0.070257
sin day−0.006758cos2 day

+0.000907sin2 day−0.002697cos3 day

+0.00148sin3 day.

(A3)

Wethensolvetheequationoftime:

EQT= (A4)

0.0000075+0.001868cos day−0.032077sin day

−0.014615cos2 day−0.040849sin2 day

×229.18.

Inordertocomputethehourangle, hriscalculatedwith
noonzeroandmorningpositiveas

hr=15(hr−12.5)+Long−15TZ+
EQT

4
, (A5)

whereTZisthetimezoneshiftfromGMT.Thezenithangle,

zen(radians),iscalculatedfrom

cos[zen]=cos[dec]cos[hr]cos[Lat]

+sin[dec]sin[Lat]. (A6)

For zen<90
◦,theairmassfactoriscalculatedas

AM= cos[zen]+
0.15

(93.885− zen)
1.25

−1

, (A7)

whichiscorrectedforatmosphericpressure,p(hPa):

AMp=
AMp

1013
. (A8)

AMpisthenusedtocalculatetheRayleighscatteringas

Trayleigh=exp −0.0903AM0.84p

+ 1+AMp−AM
1.01
p . (A9)

Theeffectofozonescatteringiscalculatedbycomputing
ozonemass,whichforpositiveairmassis

Tozone= 1− 0.1611(OzAM)(1+139.48(OzAM))−0.3035

−
0.002715(OzAM)

1+0.044(OzAM)+0.0003(OzAM)2
. (A10)

Thescatteringduetomixedgasesforpositiveairmassis
calculatedas

Tmix=exp−0.0127AMp
0.26. (A11)

Thenthewaterscatteringiscalculatedbycomputingawater
massfactor:

Wm=WAMp, (A12)

whereWistheprecipitablewatervapourwhichdefaultsto
1.1.Thiscanbeapproximatedfromdewpointtemperature,
Td,using

ln[W]=aWTd+bW, (A13)

whereregressioncoefficientsare0.09,0.07,0.07,and0.08
foraW,whilebW valuesof1.88,2.11,2.12,and2.01in
spring,summer,autumn,andwinterhavebeenassumed(Luo
etal.,2010).Then,thewaterscatteringeffectiscalculatedas

Twatvap= 1−
(2.4959Wm)

1+(79.034Wm)0.6828+6.385Wm
.(A14)

Thescatteringduetoaerosolsrequirestheaerosoloptical
depthat380and500nm,

TauA=0.2758AOD380+0.35AOD500, (A15)

andiscalculatedas

Taerosol= (A16)

exp(−TauA)0.873 1+TauA−TauA0.7088 AM0.9108.

Theabsorptanceofaerosolsisthencomputedfrom

Taa=1− 0.11−AM+AM
1.06 (1−Taerosol),(A17)

andwealsodefine

=
0.51−Trayleigh+0.84(1−Taerosol/Taa)

1−AM+AM1.02
, (A18)

wherethe0.84valueusedisactuallytheproportionofscat-
teredradiationreflectedinthesamedirectionasincoming
radiation.
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The direct beam (DB) radiation on a horizontal surface at
ground level on a clear day is given by

φ̂DB=0.9662̂φETRTrayleighTozoneTmixTwatvapTaerosolcos[zen],(A19)

and the atmospheric scattering (AS) component is

φ̂AS=0.79̂φETRTozoneTmixTwatvapTaacos[zen]. (A20)

The total irradiance hitting the surface (W m−2) is therefore

φ̂SW=
φ̂DB+φ̂AS

1−(αSWαSKY)
. (A21)

The albedo is computed for the sky as

αSKY=0.068+(1−0.84)1−
Taerosol

Taa
. (A22)

Appendix B: Non-neutral bulk-transfer coefficients

The iterative procedure used in this analysis to update-correct
the bulk-transfer coefficients based on atmospheric condi-
tions is conceptually similar to the methodology discussed in
detail in Launiainen and Vihma (1990). The first estimate for
the neutral drag coefficient,CDN, is specified as a function of
wind speed as it is commonly observed to increase withU10.
This is modelled by first estimating the value referenced to
10 m of height above the water from

CDN−10= (B1)
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

⎧
⎪⎨

⎪⎩

Option 1:Francey and Garratt(1978),Hicks(1972)

0.001 U10≤5
0.001(1+0.07(U10−5)) U10>5

Option 2:Babanin and Makin(2008)

1.92×10−7U310+0.00096,

and then computing the Charnock formula with the smooth
flow transition (e.g. Vickers et al., 2013):

zo=
au2∗
g
+0.11

νa

u∗
, (B2)

whereais the Charnock constant, and hereu∗is the approx-
imated friction velocity of the atmosphere near the surface

(CDN−10U
2
10) initially estimated using Eq. (B1). The drag

is recomputed using

CDN−10=

⎛

⎝ κ

ln10zo

⎞

⎠

2

, (B3)

whereκis the von Karman constant (Fig. B1). Note that the
neutral humidity–temperature coefficient,CHWN−10, is held
constant at the user-definedCHvalue and is assumed not to
vary with wind speed.

Figure B1.Scaling of the 10 m neutral drag coefficient with wind
speed,U10(Eqs. B1–B3).

Under non-neutral conditions in the atmospheric bound-
ary layer, the transfer coefficients vary due to stratifica-
tion in the air column, as was parameterized by Monin and
Obukhov (1954) using the now well-known stability param-
eterz/L, whereLis the Obukhov length defined as

L=
−ρau

3
∗θV

κg φH
ca
+0.61θaφEλv

, (B4)

whereθV=θa(1+0.61ea)is the virtual air temperature, and
φHandφEare the bulk fluxes. Paulson (1970) presented a
solution for the vertical profiles of wind speed, temperature,
and moisture in the developing boundary layer as a func-
tion of the Monin–Obukhov stability parameter; this is the
so-called flux–profile relationship:

Uz=
u∗

κ
ln
z

zo
−ψM

z

L
, (B5a)

θa−θs=
θ∗

κ
ln
z

zθ
−ψH

z

L
, (B5b)

ea−es=
e∗

κ
ln
z

zq
−ψE

z

L
, (B5c)

whereψM,ψH, andψEare the similarity functions for mo-
mentum, heat, and moisture, respectively, andzo,zθ, andzq
are their respective roughness lengths. For unstable condi-
tions (L<0), the stability functions are defined as (Paulson,
1970; Businger et al., 1971; Dyer, 1974)

ψM=2ln
1+x

2
+ln

1+x2

2
−2tan−1x+

π

2
, (B6a)

ψE=ψH=2ln
1+x2

2
, (B6b)

where

x= 1−16
z

L

1/4
. (B7)
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FigureB2.Relationshipbetweenatmosphericstability(bottomaxis–z/L,topaxis–RiB)andthebulk-transfercoefficientsrelativetotheir
neutralvalue(CX/CXN,whereXrepresentsD,H,orE)forseveralroughnessvalues(computedfromEq.B10).Thesolidlineindicatesthe
momentumcoefficientofvariation(CD/CDN)andthebrokenlineindicateshumidityandtemperaturecoefficient(CHE/CHEN)variation.

Duringstablestratification(L>0)theyareassumedtotake
aformmodifiedfromHicks(1976).

ψM=ψE=ψH= (B8)





−5
z

L
0<
z

L
<0.5

0.5
z

L

−2
−4.25

z

L

−1
−7ln

z

L
−0.852 0.5<

z

L
<10

ln
z

L
−0.76

z

L
−12.093

z

L
>10

SubstitutingEqs.(22)–(23)into(B5a,b,c)andignoringthe
similarityfunctionsleavesuswithneutraltransfercoeffi-
cientsasafunctionoftheroughnesslengths:

CXN=κ
2 ln

z

zo

−1

ln
z

zX

−1

, (B9)

wheretheNsubscriptdenotestheneutralvalueandXsig-
nifieseitherD,H,orEforthetransfercoefficientando,
θ,orqfortheroughnesslengthscale.Inclusionofthesta-
bilityfunctionsintothesubstitutionandsomemanipulation

(ImbergerandPatterson,1990;LaunianenandVihma,1990)
yieldsthetransfercoefficientsrelativetotheseneutralvalues.

CX

CXN
= 1+

CXN

κ2
ψMψX−

κψX
√
CDN

−
κψM

√
CDN

CXN
(B10)

Hicks(1975)andLaunianenandVihma(1990)suggestedan
iterativeproceduretosolveforthestability-correctedtrans-
fercoefficientusingEq.(B10)basedonsomeinitialestimate
oftheneutralvalues(asinputbytheuser).Thesurfaceflux
issubsequentlyestimatedaccordingtoEqs.(22)–(23)and
usedtoprovideaninitialestimateforL(Eq.B4).Thepar-
tiallycorrectedtransfercoefficientisthenrecalculatedand
sothecyclegoes.StrubandPowell(1987)andLauniainen
(1995)presentedanalternativebasedonestimationofthe
bulkRichardsonnumber,RiB,definedas

RiB=
gz

θV

θ+0.61θV e

U2z
(B11)
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andrelatedasafunctionofthestabilityparameter,z/L,ac-
cordingto

RiB=
z

L

κ
√
CDN/CHEN−ψH,E

κ/
√
CDN−ψM

2
, (B12)

whereitisspecifiedthatCHN=CEN=CHEN.FigureB2il-
lustratestherelationshipbetweenthedegreeofatmospheric
stratification(asdescribedbyboththebulkRichardsonnum-
berandthe Monin–Obukhovstabilityparameter)andthe
transfercoefficientsscaledbytheirneutralvalue.
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