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Abstract. The General Lake ModlgGLM) is a onedimensional opessource model code designed to simulate the
hydrodynamics of lakes, reservoirs and wetlands. GLM was developed to tsthmpacience needs of the Global Lake
Ecological Observatory Network (GLEON), a network aekd sensa and researchers attemptitg understand lake
functioningand address questions about how lakes around the worldrnveegponse to climate and lande change. The
scale and diversity of lake types, locations and sizesedl as the observational data within GLEON, credtedneed foa
robust community moal of lake dynamics with sufficient flexibilityfo accommodata range of scientific and management
needs of the GLEON community. This paper summarises the sadais and numerical implementation of the model
algorithms, including details of strhodds that simulate surface heat exchange anaddser dynamics, vertical mixing and
inflow/outflow dynamics. A summary of typical parameter valfsgdakes and reservoirs collated from a range of saugce
included. GLM supports a dynamic coupling with dgieochemical and ecological modelling libraries for integrated
simulations of water quality and ecosystem heatth. overview of approaches for integration with other models, and
utilities for the analysis of model outputs and for undertaking sengit@riti uncertainty assessmeigsalso provided.
Finally, we discuss application of the model witkirdistributed clougcomputing environmentand as a tool to support

learning of network participants
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1 Introduction

Lakes and other lentic (standing) watetgpport extensiveecosystem services such as water supply, flood mitigation,
hydropower, aesthetic and cultural benefés, well asfisheries and biodiversityMueller et al., 2016)Lakes are often
consideredo beGentinels of chang®, providing a winde into the sustainability cdctivities in their associateiver basirs
(Williamson et al., 2009)Theyare also particularlgusceptible to impacts from invasive species and landexsgopment,
which often lead to water quality deterioration andsl d ecosystem integrityRecent estimates have demonstrated their
significance in the earth system, contributing to fmfeneity in land surface properties and feedbacksgional and glodl
climate through energy, water and biogeochemical transfersyiMaret al, 2012, Cole et al2007). For example, Tranvik

et al (2009 suggested carbon burial in lakes and reservoirs is sulastantthe global scale, on the order of 0.6 PY pr

four times the oceanic burial rate.

Given the diversity of lakeamong continents, regiespecific pressures and local management approaches|abal Lake
Ecological Observatory Network (GLEON: gleon.org) wasiated in 2004 as a grassots science community with a
vision to observe, understand and predict fretbwsystems at a global scale (Hanson et al., 2016). In sojrigLEON has
been a leading example of collaborative research within the hydrol@gidadécological science disciplines. GLEON aims
to bring together environmental sensor networks, numentadels, and information technology to explore ecasyst
dynamics across a vast range of scaeem an individual lake or reservoir (Hamilton et, 2015) to regional (Read et al
2014; Klug et al.2012), and even global trends (Rigosi et al., 2@&Reilly et al., 2015). Ultimately, it is the aimtbg
network to facilitate primary discovery and synthesis to provide an img@regntific basis for sustainable freshwater

resource management.

Environmental modelling forms a critical componehtobserving systemsas a wayto make sense of th@lata delugé®
(Porter et al., 27, allowing users to build virtual domaitts support knowledge discovery at the systaale Ticehurst et

al., 2007 Hipsey et al., 2015). In lake ecosystems the tightpting between physical processasd water quality and
ecologicaldynamicshas long been recognised, amddels have capitalized on comprehensive understgrafiphysical
processes (e.g., Imberger anatterson, 199dmboden andVYest 1995)to usehydrodynamicmodels as an underpinning
basis for coupling tecological modelshat have contributed to ounderstanding of lake dynamics, including aspects such
as mixing regimes, eutrophication dynam(bsatzinger et al., 2007)harmful algal bloom dynamio€hung et al., 2014)
and fisheriegMakler-Pick et al., 2009)

In recent decades a range of 1, 2, amtin3ensionahydrodynamic models ls&@mergedor lake simulation across a diverse
range of timescales. Depending on the dimensionality, the horizoetolution of these models may vary from metres to

tens of kilometres, and the spatial resolution fromm@re to several metreAs in all mocklling disciplines, identifying
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the most parsimonious adel structure and degree of complexity and resolution is challengimjusers in the lake
modelling community often tend to rely on heuristiteruor practical reasons for model chofdooij et al., 2010. High-
resolutionmodels are suited &tudyingevents that occur at the tirseale of flow dynamicdyutarenotalways desirable for
ecological studies over longer time scatkeee to their computational demands and level of ma@ameterisationOn the
other hand, simple modetsay bemore agile for a particular applicatioand more suited to parameter identification and

scenario testing workflowdut are often less applicable across a wide variety of donmaikéng themessgeneralizable.

The lake modiding community has oftenetied on tdimensional (1D)models, which originated to capture lake water
balance and thermal stratification dynamiesg(, Imberger and Patterson, 19%eeters et al., 2007%Saloranta and
Andersen, 2007Perroud et al., 200%Kirillin et al., 2011 Stgpanko et al.2013. Their use is justified given the dominant
role of seasonal changes in vertical stratificationake Idynamics, including oxygen dynamics, nutrierdt aretal cycling
and plankton dynamics (Hamilton and Schladow, 198al et al., 200Q Despite advances in computing power and more
readily available 3D hydrodynamic drivers, they contino remain attractive as thayeeasilylinked with biogeochemical
and ecological modellingibraries for complex ecosystem simulatigralowing them ¢ be usedo capturethe long-term
trajectory and resiliencef lakes and reservoiia response to climate change, hydrologic change and landhasge;for
example changes to oxygen and nutrient cydesl theincreasing risk of algal bloom®.g., Hu et al., 2016; Snortheim et
al., 2017. Furthermore, their low computational requirementstiee to 3D models allow for their use in paramete
identification routines, making them an attractive balance betweeoegs complexity and computational intensit
Nonetheless, there has been a continuing prolitardti the diversity of lake mode[®100ij et al., 2010; Jasen et al.,
2015) with no clear packages that are suited tolttead range of geographic contexts, tisales, and science questions
andmanagerant issues being addressed by the network particidarasknowleding thatthere is nasingle model suitable
for all lake applications, a range ofensourcecommunity models and tools can enhance scientific capabilitiesostet f
scientific cdlaboration and combined efforts (Read et al., 20I6)improve scientific collaboratiowithin the limnological
modelling communityhowever there isan increasing need for a flexible, opgsurce community modéhat limnologists
can applyto their ownlakes(Trolle et al., 2012)as has been common in oceanography, hydrology andtelmwdelling

communities

In response to this neethe General Lake Model (GLM), a owémensional hydrodynamic model for enclosed aquatic
ecosystems was developed. Thedel emerged asnew code fronGLEON activities in 2012, and computes tlage water
and energy balandey adopting a variable layer structure, allowing for simulationesfical profiles of temperature, salinity
and densityand considering the potential effects of inflows antflows, surface heating and cooling, mixing and the effect
of ice cover on heating and mixing of the lake. GLM itself a hydrodynamic model, but has dynamic links to
biogeochemical modelsllowing for exploration oftratification and vertical mixing on the dynamicsbidgeochemical

cycles,water qualityattributes,and lake ecology. The scope and capability of the model has sinelpled rapidly with

3
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application to numerous lakes within the GLEON network aegold (e.g., Read et al., 2014; Bueche et al., 2017,
Snortheim et al., 2017; Weber et al., 2017; Mentiak,2017; Bruce et al., 20LGLM has been designed to be an epen
source community model suited to modelling studiesssceobroad spectrum of lakesservoirs and wetland# balances
complexity of dimensional representation, applicability to @emiange of standing waters, and availability to a broad
community (e.g., GLEON)Given thatindividual applications of the model are not able to desctileeftll array of features
and detailof the model structurehe aim of this paper is to present a comptietscriptionof GLM, including the scientific
background (Section 2), model code organizati®ection 3), approach to coupling with biogeochemicatliels (Section 4),
and to overview use of the model within the context of GLESpMcificrequirementfor model analysis, integration and
educationSection 56).

2 Model Overview
2.1 Background and layer structure

GLM adopts a 1Dapproachfor simulatinglake mixing processes by resolving a vertical seriesageis that describe the
variation in water column propertiedsers may configure any number of inflows and outfloarsd more advanced options
exist for simulating aspects tfe water and heat balanéepending on the context of the simulation, eithestydor hourly

meteorological timeseries data for surface forcing is required, and daitg-series of volumetric inflow and outflow rates
can also be supplied. The modekistable for operation in a wide range of climataditons and is able to simulate ice

formation, as well as accommodating a range of atmakiptoecing conditions.

Although GLM is anew model codevritten in the C programming language, the corerdayeicture and mixing algorithms
is founded on principles and experientem model platforms including the Dynamic Reservoir Satian Model
(DYRESM; Imberger and Patterson, 198iamilton and Schladow, 199and the Dynamic Lake Model (DLM; Chung et
al., 2008) Other variations have been introduced to extenduhderlying approach through applications to aetsrof lake
and reservoir environments, to which the reader is also reféergd Hocking & Patterson, 1991; McCord & Schladow,
1998; Gal et aJ 2003; Yeateand Imberger20@). Thelayer structure imumbered fronthe lake bottom to the surface, and
adoptstheflexible Lagrangianayer schemdirst introducedby Imberger et al. 978 and Imberger & Pattersqt981). The
approachdefineseachlayer asa Ocontrol volumeO that can change thickness by contracting andirexpn response to
inflows, outflows, mixing with adjacent layers, and surface nflases. Layer thicknesdimits are enforced to adequately
resolve the vertical density graditewith fine resolution occurring in thmetalimnionand thicker cells where mixing is
occurring asdepcted schematically in Figure. Unlike fixedgrid (Eulerian) design of most 1l@ke and ocean models,
where mixing algorithms are typically based on reieg vertical velocities, it has been reported thaterical diffusiorat
the thermoclinean be restrictedly this approach (depending time userdefined minimum(! .5 %@nd maimum (! ¢ %

layer thickness limitset by the usgr making it particularly suited to loAgrm investigations, and requiring limited site

4
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specific calibration (Patterson et al., 1984; Hamiltb Schladow, 1997Bruce et al., 2017 Layers each have anique
density computed based on the local salinity and temperamndewhen sufficient energy becomes available to overcome
density instabilities between adjacent layers, they will mergigerebyaccounting for the process of mixing. For deeper
systemsa stable vertical density gradient will form in response t@ogsrof high solar radiation creating warm, lelense
conditions near the surface with cooler conditions deeper iwadkes; separated by a metalimnioagion which includes the
thermocline The number of layerg )., ,-% is adjusted throughout the simulation to maintain homogenougrpiegwithin

a layer. Initially, the layers are assumed to be of equal thickreess the initial number of layersy., ,-./% . As the
model simulaton progresses, density changes due to surface heatmtical mixing, and inflows and outflows lead to

dynamic changes in the layer structuassociated witltayersamalgamating, expairdy, contracing or splitting.

Longwave
Radiation

Solar
Radiation

[

Inflow
Boundary
Condition

i\

Outflow
Extractions

@M The General Lake Model

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

15

As layes change their volumes change based on the-sjiecific hypsographic curve, whereby the overall laglime is
defined asf 0(!)1!, ard the elevationK), and areaA) relationship must be provided as a series of poinsedan
bathymetric dataLayer volumes are determined by interpolating layer area at the appeopeight inthe lake basin,

5
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whereby0; . 2,! 9and3is the layemumber.This computation requires theser provides a numbénsg of depths with
correspondin@greas, and the volumes are estimated as:
73 .7 go: ; [Ogg: ;/<=,0 §>0gg: %! g>! g % 1)

where? @ A B (456 - Using the raw hyposgraphic data, a refined depdavolume relationship isnternally computed

using finer depth increments (e.g., ~ 0.1 m), giiRgerg levels that are used for subsequent calculations. The adea an

volume at the depth of eadaticrement]  is interpolated from the supplied information as:

T 7 g (l—J)NK and  04.0 g (I_J)q< (2)

rav v
where7,and0y are the volume and area at each of the elevations of the refinedveepih andr, refers to the earestb
level below!  such that gg. @ !,y The interpolation coefficients are computed as:
) s (“52) -
Ps . o and X . oo |-
ors(“HE) orsi(“HE)
The density in each layeris computed based on the temperatdreand salinity[ , at any given time according to the

UNESCO (1981) equation of state wheréhy \ (ZJ][»). Density calculations can also be customised as required

Becausethis approachassumes layeproperties ardaterally averaged, the modé suitable for investigations where
resolving the horizontal variability is not a requiremefthe study. This is often the case for ecologist$ l@ogeochensis
studying natural lakes (e.g3al et al., 200), managers simulating drinking water reservoirs (e.g.,aVeb al., 2017), or
mining pit lakes (e.g., Salmon et al., 2017), ordoalyses exploring the coupling between lakes agibnal climate (e.g.
Stepanenko et al., 20L3Further, whilst the miel is able to resolve vertical stratification, it magobe used to simulate
shallow lakes, wetlands, wastewater ponds and other sratdrbodies that experience wellxed conditions. In this case,
the layer resolution, with upper and lower layer sispecified by the user, will automatically simplify, and mass a

energy will continue to be conserved.

2.2 Water balance

The model solves the water balance of the lake doimaincluding several us@onfigurablewaterfluxes. The components
include suface mass fluxes (evaporation, rainfall and snowfall), wflqsurface inflows, submerged inflows alodal

runoff from the surrounding exposed lake bed area) and wstflwvithdrawals, overflow and seepagéhe dynamics of
inflows and outflows modifyhte overall lake water balance on a daily tistep, and may impact upon the layer structure by
adding, merging or removing layers (described in Sect. Bi@ddition, he mass balandbe surface layeis computed at

each modktime step(usually hourly) by modifyingthe surface layer heightcording to

11 g

1__-/\;[;2 e_; €e/0a (4)
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wherehsis the topheight of the surface layer (m)is the time(days),E is the evaporation mass flux computed from the heat
flux b (W m?) described belowR is rainfall andSis snowfall(m day'), and2: is a usemefinable scaling factor that may
be applied to increase or reduce the rainfall data (default =gl)s an optional term to account for runoff to the lake from
the expose banks, which may be important in reservoirs with a large drawdown, rangetlands where periodic drying of
the lake may occur. The runoff volume generated is aedragross the current lake ar8g)( and the amount is calculated
using a simple maal based on exceedance of a threshold rainfall intei&itym day™), and runoff coefficient:

g 2R(Z_>_))(0g >0, (5)
where2. is the runoff coefficient, defined as the fraction of rainfadittis converted to runoff at the lakeOs edgeQand

is the maximum possible area of inundation of the lake (as defined by ¢hpravéded by the user @55 area value).

Note mixing dynamics (i.e. the merging or splitting of lay¢o enforce the layer thickness limits), will imp#we thickness
of the surface mixed layezgy,, but not change the overall lake height. However, in additiongdettms in Eq. 4hs will
also bemodified as aesult of ice formation/melgndriver inflows, withdrawals, seepag® overflowsimpacting upon the

surface layer, whichre described isubsequent sections; these are in addition to the ale®egibed terms.

2.3 Surface energy balance

A balance of shortwave and longwave radiation flueesl sensible and evaporative heat fluxes deterthimeet cooling
and heating for GLM.The general heat budget equation is described as:

& 11%
[ b 5g, 2D b b g > by gy ©)
Oafa"Q 1

whereg, is the specific heat capacity of water (4186 3 k6™, Z is the surface temperature of the surface mixed layer and

faq is the depth of the surface mixed layer. The Rt flux terms, including several options for cuswng the

individual surface heat flux components, are expanded upon individwddiyw b

2.3.1Solar heating and light penetration

Solar radiation is the key driver of the lake thedymamics, however, data may not always be avail&bl®e a nearby
pyranoméer. Users may choose to either have GLM compute suifiezbance from a theoretical approximation based on
the Bird Clear Sky insolation model (BCSM) (Bird, 1984), modiffer cloud cover and latitude, or alternatively, hourly or
daily solar radiationntensity data may be specifigiirectly. If the BCSM is used, theﬁgg is calculated from (Bird, 1984;
Luo et al, 2010):

~ Dua ;b5

S — 0 7
bSQ 2> (P5g m&o)mz,pb ( )
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where the model computes total irradiarti:gg (W m®) from direct beant,, , and atmospheric scatteribg, components
(refer to Appendix A for a detailed outline of the BCSMiations and parameters). In GLM, the clear sky valuedsced
according to the cloud covet, according to:

2(p) . /< qg?rs mp > 2<=sugqmp ; /Vrwx= (8)
which is based on a polynomial regression of cloathdrom Perth Airport, Australia, compared agairesrby sensor data
(R*=0.952; see also Luet al, 2010).
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Figure 2: A two-year times-seriesof the simulated dailywater balance for fiveexamplelakes a-g that range in size and hydrology
The water balance components summarised amdepicted schemécally in the inset. For moreinformation about each lake and the
simulation configuration refer to the Data availability section.
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The albedo, agyy, is the reflected fraction of gy, with several computation options based on the angle of incident radiation,
selected via the radmode option in the model configuration file:
Option 1 : Daily approximation, Hamilton & Schladow (1997)
0.08 4+ 0.02 sin [z—nd - E] :northern hemisphere
365 2
Asyy = 0.08 :equator (%a)

. [2
0.08 — 0.02 sin [ﬁd - g] :southern hemisphere

Option 2 : Briegleb et al. (1986)

gy = ﬁ( 26 + 15[cos(®,e,) — 0.1][cos (P o) — 0.5][cos(P,er) — 1]) (9b)

1.1cos(Pzen)1-7+0.065
Option 3 : Yajima and Yamamoto (2014)
sy = 0.001 RH [cos(D,,,)]%3% — 0.001 U, [cos(P,,,,)]7%%7 — 0.001 g [cos(D ep,)]8%° (9¢)

5 where d is the day of the year, and ®,,, is the solar zenith angle (radians) as outlined in Appendix A, RH is the relative
humidity, ¢ is the atmospheric diffuse radiation, d is the day of year, and U, is wind speed. The second (oceanic) and third
(lacustrine) options allow for diel and seasonal variation of albedo from approximately 0.01 to 0.4 depending on the sun-

angle (Figure 3).

A —&— Briegleb et al. (1986) 04
- 035

—&— Yajima & Yamamoto (2014)

0\
|

- 03

0.25

0.2

Albedo

0.15

\ 0.1

0.05

9 8 70 60 50 40 30 20 10 0
SZA

10 Figure 3: Variation of albedo (agyy) with solar zenith angle (SZA = 21 ®,,,,/ 180, degrees) for radmode 2 and 3.

Shortwave radiation penetration into the lake and through the layers is modelled according to the Beer-Lambert Law:
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bsy () . (?>Psg )M 2 Mby - [>@-f] (10)
wherez is the depth of the layer from the surfagg, is a scaling factor that may be applied and adjusted as fotire o
calibration process, an, is the light extinction coefficient (). K,, may be set by the user as constant or linked to the
water quality model (e.g. FABM or AED2, see Sect 4yvhich case the extinction coefficient will changeaafinction of
depth and time according to the concentration of dissolved and particotetiéuents. BeerOs Law is only applied for the
photosynthetically active fraction (PAR) componéhj , which is set as 45% of the incident light. The amount of light
heating the surface laydrsg, , , is therefore the above photosynthetically averagetibn that is attenuated acrasgy, plus
the remaining? > 2gc )ritaction which accounts for near infrad and ultraviolet bandwidths of the incident shortvav

radiation with significantly higher attenuation coeféiots (Kirk, 1994).

In someapplicationsthe extent to which the benthos has a suitable light climate isaigdicator of benthic productivity,
and a proxy for the type of benthic habitat that might eméngaddition to the light profiles, GLM predicts the benthrea
of the bke where light itensity exceeds a user definealue (Figured), b4 ..., -

where! 45 . ! 5g, >4 , andf,g is calculated from BeerOs law:
¢ b ... | >? 12
4*6 - rrﬂ-[z bSQ . @ ( )

The dailyaverage benthic area above the threshold is reported limkéhesv ~ summary file as a percentadk -0 ,).

(a)

Depth (m)

70 T T T

) ﬁ“ifﬁi“

100 200 300 400 500 600 700
Simulation Days

Figure 4: Example light data outputs from aGLM application to Woods Lake, Australia, showing a) the ratio of benthic to surface
light,, ; .. /., ; (%), overlain on the lake map based on the bathymetry, g time-series of the depth variation in light (W ),
and c) a timeseries ofAgen/As (%).
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2.3.2 Longwave radiation

Longwave radiation can either be specified as net fincoming flux or, if there is no radiation ddtam which longwave
radiation can be computed, then it may be calculatedhe model internally based on the cloud cover ifsacand air
temperatureNet longwave radiation is described as:

by B )g. >b)g (13)

Va3
where
Dyg e - Yo~ elZa; sxu@=]A (14)

and!/ is the StefarBoltzman constardnd ", the emissivity of the water surfacassumed to b@.985 If the net or incoming
longwave flux is not provided, the model will compute the incoming flux from:

byy . . (?>Pyy Jmpindd; sxu2=]A (15)
whereP), is the longwave albedo (0.03), and the emissivity of the atneosps computed considering emissivity of cloud
free conditions §3), based on air temperatui®, and vapour pressure, extended to account for reflectiom dfouds, such

that3/§. 2 (Z]p) calculated from (HenderseBellers, 1986):
(?; 1< sx=p)(? > /<sq? ... Apg/</lixxx mZ |)mmmmmaptrammrkiiaEeaETMHEReqy )

(?; 1< 2xmp)rtvug=C?/ # [Z, ; sxu<=]")mmmnOvafrhBsk et eE/qu) (16a-d)
%m. ?; 1< sx:mmmlqws(«z‘?); mmmmmmmmmmmn@ptonBEmfimE@viermmmmmmmmmmm

mmr{(ﬁmrprﬁﬁin)m%w(«z‘?)) ; miy==mf? r]wmmmmmmmmn@%aﬁmﬁniﬁlittm&ﬁﬁiﬂﬂﬁmmmmmﬁmmm

where,C is the cloud cover fraction {D), e, the air vapour pressure calculated from relative humidity,cgmidns 14 are
chosen via theloudmode variable.Note that cloud coves typically reported in octals {8) with each value depicting a
fraction of 8. So a value of 1 would correspond to a foactf 0.125. Some data may also include cloud typk their
respective heights. If this is the case, good resale been reported by averaging the octal values fataltl types to get

an average value of cloud cover

If longwave radiation data does not exist and clou @& also not available, but solar irradiance is mesh then it is
possible to get GLM to compare the measured and theoretical (BGEIst) irradiance to approximate the cloud cover
fraction. This @tion utilises the above relation in Eq. 7 to com;ﬁg@, and clouds are approximated by assuming that
659 D45/659 ssc - 2,p%. Note that if neither shortwave or longwave radiation areigeay then the model will use the

BCSM to compute ineming solar irradiance and cloud cover will be assumed to be 0.

11
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2.3.3Sensible and latent heat transfer

The model accounts for the surface fluxes of seadibht and latent heat usimpmmonly adopted bulk aerodynamic
formulae.For sensible heat:

bo. >\ gdpesS: (Za>Zg) (17)
wherec, is the specific heat capacity of air (1005 J'L™Y), Cy is the bulk aerodynamic coefficient for sensible hear
transfer £1.3x10%), T, the air temperaturg ) andTs the temperature of the surface laygZ) The air density is in kg i
and computed frorhg . /< uwrm,?m ; mi%-,?m ;q@B®6m--Z, where- is air pressur¢hPg andr is the mixing ratio, which

is usedto computehe gas constant.

For latent heat:
N
be . >\ gpe MDMSMG[Z] > «g[Z]) (18)

where Cg is the bulk aerodynamic coefficient for latent heat transfethe air vapour pressure; the saturation vapour
pressure (hPa) at the surface layer temperaf@e {lis the ratio of molecular weight of water to molecular weighaiof =

0.622)andbis the latent heat of vaporisatiofihe vapour pressure can be calculated by the following formulae:

«lZ)] . «- [squlsq (X<=Q%) 1< xr=r ] Option 1: TVA (1972)- MagnusTetens (1%)

«lZ)] . «- [q<‘?/VW (Q;T:I :?)] Option 2: AugustRocheMagnus (1%b)
(pepiy ROOB0m

«[Z] . ?/ 29/00Mx /m Option 3: Tabata (1973) Linear (19c)

U
«alZg] . ?‘T«a[Z&] (20)

Correction for nomeutral atmospheric stability-or longtime integrations (i.e., seasonal), the bulnsfer coefficients for

momentum,Cp, sensible heatCy, and latent heaiCg, can be assumed approximately constant because of théveeg
feedback between surface forcing and the temperaturenssmf the water body (e.g. Strub and Powell, 1987). At finer
timescales (hours to weeks), the thermal inertia of the watdy Istoo great and so the transfer coefficients must be
specified as a function of the degree of atmospheratifstation expeienced in the internal boundary layer that develops
over the water\/oolway et al. 201} Monin and Obukhov (1954) parameterised the stratiioaith the air column using
the now welknown stability parametez/L, which is used to define correctionsth@ bulk aerodynamic coefficien®; and

Cg, using the numerical scheme presented in Appendix B. Tireations may be applied as options in the model, and

12



10

15

20

25

Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2017-257
Manuscript under review for journal Geosci. Model Dev.

Discussion started: 20 November 2017

¢ Author(s) 2017. CC BY 4.0 License.

requires that the measurement of wind speed, air tenuperand relative humidity within the internal boundkayer over

the lake surface are supplied at an hourly resolution.

Still-air limit : The above formulations only apply when sufficienh@viexists to create a defined boundary layer dver t
surface of the water. As the wind tends to zere @@stitair limit®), Eqs. 187 are no longer appropriate as they do not
account for free convection directly from the water surface. Thia ielatively important phenomenon for small lakes,
cooling ponds and wetlands since they tend have small fetitaiielimit the buildup of wind speed. These water bodies are
often sheltered from the wind and will develop surface temperatvagser than the atmosphere for considerable periods.
Therefore, we optionally augment Egs.-1I6 with calculations under low imd-speed conditions by calculating the
evaporative and sensible heat flux values for both the dieand for an assumed, = 0. The chosen value is found by
taking the maximum value of the two calculations:
b4y . TEM,bG]bye, % (21)

whereb. is the zerewind flux, given below, and applies for both evegtive and sensible heat fluxes, dmgs is
calculated from Eqsl6-17. The two zeravind speed heat flux equations are taken fioviA (1972), but modified slightly

to return energy fluin Sl units (Wm):

b« .m\,mDn{B. >pg) (22)
bo . P (Z>2Zg)
~ A
U [ Ng >\ gl
/9| _ _ (23)
P_ . s<sru C?/ mliﬁ?—a[u \Ymb

A
N>\ Rl
/9| & , R
P, .s<sruC?/ mUr|i1.IlJ7\&Y p]

wherep . Nm«/ -, with the appropriate vapour pressure val@e$pr both surface and ambient atmospheric values. Here,
is the molecular heat conductivity of air (kd m* h* K™, #is the kinematic viscosity of the air (848 m? h], %, is the
density of the saturated air at the water surface temper&sethe density of the surface watéfis a roughness correction
coefficient for the lake surface (0.5) aads the molecular heat diffusivity of air (Z0 m* h%). Note that the impact of low
wind speeds on the drag coefficient is capturedhieynhodifed Charnock relation (Eq. A24), which includes an additional

term for the smooth flow transition (see also Figure.Al)

Wind sheltering Wind-sheltering maybe parameterised according to sevethlote based on the context of the simulation
and data availablédipseyet al (2003)presented a simple adjustment to the bulk transfer equation to acootim £ffect
of wind-sheltering in smlareservoirs. The method employs the use of a shelter ibgexccounting for the length scale

associated with the vertical obstacle relative to the horizontahesogle associated with the water body itself. Within

13
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Figure 5: A two-year timesseriesof the simulated daily heatfluxes for five example lakesa-g that were depicted in Figure 2The
heat balance components summarised are depicted scheinally in the inset, as described in Sect. 2.3.

GLM, users may specifyhe degree of sheltering or fetch limitation by optionally supplying the maibl the wind
direction, and a table linking direction and a wind scaling factoerAdttively, if the directiorspecific data is not available,
an effective winesheltering cofficient has been implemented that reduces the effestiviace area for heat and momentum

fluxes:
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0 R .
05 fCE€(O—?) mmmmmmmmmmimnn@EMmrmmAhEmnimomemmmmmn - (24a)
0. . !

ét ) 5 5
—aye (;a) > é—aw/ét > — 2! MMM NAEEVBARYTM tiEBmm (24b)
whereAc is the critical area. In GLM, the ratio of the effective area éottlial area of the lak& /05 is then used to scale

ms§ as a means of capturing the average wind speed over the entirerfake.su

2.4 Snow and ice dynamics

Thealgorithms for GLM ice and snow dynamics are based on preideunodelling studiedP@attersorandHamblin, 198;

Gu andStefan, 1993; Rogesst al.,1995; Vavruset al.,1996; Launiainerand Cheng, 1998Magee et a).2016. To solve
the heat transfergmation, the ice model uses a qusteiady assumption that the time scale for heat comatutitrough the
ice is short relative to the time scale of metdagical forcing (Pattersoand Hamblin, 1988; Rogerst al, 1995). The
steadystate conductiorequations, which allocate shortwave radiation into two compenentisible (A1=70%) and an
infra-red (A2=30%) spectral band, are used with a tom@aponent ice model that includes blue (oeblack ice) white ice

(or snow iceland snow (see Eq. 1 afiy. 5 of Roger®t al, 1995).Whiteice is generated in response to flooding, when the
mass of snow that can be supported byhltheyancy of thdce cover is exceeded (see Eq. 13 of Rogeral, 1995). By
assigning appropriate boundary conditions to the interfaces@rihg the quassteady state of heat transfer numerically,
the model computethe upward conductive heat flfibom the ice or snow cover to the atmosphére, The estimation ob.
involves the application of an empirical equation (Ashton, 1986gstimate snow conductivityK{ from its density
(Figure®b).

At the ice (or snow) surface, a heat flux balanamiployed to provide the condition for sace melting:

b.(Z);mbg; (Z) . /mmmmmnan@inhmmmmmmZ

1!
mmmmm@‘mmb\afmmmmmmrmnmmmmnmnmmz (25)

wherelL is the latent heat of fusion (see physical constants, Tbteis the height of the upper snow or ice layds, time,
$is the density of the snow or ice, determined from the seirfa@diumproperties;Ty is the temperature at the solid surface,
Tmis the mekwater temperature {Q) andé&.e(To) is the net incoming heat fluat the solid surface:

bg(Z).b gug >bygrj (Z)ib (Z);b «(Z);b e(Z) (26)

where & win and & wout are incoming and outgoing longwave radiatidh,and & are sensible and evaporative heat fluxes
between the solid boundary and the atmosphere&aiglthe heat flux due to rainfallThese heat fluxes are calculated as
abovewith modification for detanination of vapor pressure over ice or snow (Gii82) and the adtion of the rainfall
heat flux(Rogerset al, 1995). T, is determined using a bilinear iteration until surface heat flakredalanced (i.e%(To) =

-&et (To)) and Ty is stable £ 0.00C). In the presence of ice (or snow) cover, surtaceperaturel, > T,, indicates that
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energy is available for melting. The amount of energy forimgels calculated by setting, = T,, to determine the reduced

thicknes=of snow or ice (as shown in E2pH).

Accretion or ablation of ice is determined throubk heat flux at the ieeater interfaceq;, Solving for heat conduction

through ice yields:

G .G .>0.055 (2> .. ABE®, | gor~ >®- 1 4 >®g 150 ) >0 Bsg (2> ... AB®, ! agr~ >®l 1 4 >®g lgoi ) > 7 4! asr- (27)

Wherelisg is the shortwave radiation penetrating the surfiaefers tothe light attenuation coefficient of the ice and snow
components designated with subscrigtsvande for snow, blue ice and snow ice respectively, Amdfers to the thickness

of snow, white ice (snow ice) and blue i€t is @ volumetric heat flux for formation of snow ice, whichiieg in Eq. 14

of Rogerset al.(1995). Ice and snow light atteiation coefficientsn GLM are fixed to the same values as those given by
Rogerset al.(1995). Shortwave albedo fahe ice or snow surface is a function of surfasedium (snow or ice)surface
temperature and ioar snow thickness (see Table 2, Vavatisil., 1996).Values of albedo derived from these functions vary

from 0.08 to 0.6 for ice and from 0.08 to 0.7 for snow.

The imbalance betweenp and the heat flux from the water to the igg, gives the rate of change of ice thickness at the
interfacewith water:

Uggio Ce>C-
1- ' \8Qi—$

(28)

where %, is the density of blue ice argy, is given by a finite difference approximation of the conductieat flux from
water to ice:
¢ .50 . = (29)
ef
whereK, is molecular conductivity andT is the temperature difference between the surface watethanottom of the
ice, which occurs across an assigned dégtA value for' zof 0.5 m is usual, based on the reasoning given in Ragers
al. (1995) and theypical verticalwater layemresolution of a model simulation (0.126L.5 m). Note that a wide variation in

techniques and values is used to determine the basal heat flux immediagglthltbe ice pacle(g, Harvey, 1990).

Figure 6 summarizes thalgorithmto update ice cover, snow cover and water depth. The wer eguations are applied
when watetemperature first drops below;C. The ice thickness is set to its minimum valu®.66 m, which is suggested
by Patterson and Hamblin (1988) and Vavaisal. (1996). The need for a minimum ice thickness relates grifynto
horizontal variability of ice cover during the formation and closure peribde ice cover equations are discontinued and
open water conditions are restored in the model when ttlermodynamic balance first produces ice thickness
<0.05m.
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Figure 6: Decision tree to update ice cover, snow cover and watgepth according to snow compaction, rainfall P) and snowfall
(S) on each day, and depth of snow eer (hs) and snow density &) for the previous day. Refer to Tablel for definitions of other
variables.

After the change in ice thickness due to heat exghas calculatedhe effects of snowfall, rainfall, and compaction of snow
are calculatedhrough appropriate choice of one of several options, di¥pgron the air temperature and whether ice or
snow isthe upper solid boundary (Figure Bensity of fresh snowfall is determined as the rafimeasured snowfall height

to waterequivalent heigt, with any values exceeding the assigned maxirouminimumsnow density defaults: $ max=

300 kg m®, $min= 50 kg m°) truncated to theppropriatdimit. The snow compaction model is based on the exponential
decay formula of McKay (1968), with Ieetion of snow compaction parameters based on air temper@ogerset al.,
1995) as well as on rainfall or snowfall. The approach of snow corpassied by Rogerst al.(1995) is to set the residual
snow density to its maximum value when there is fresiwfaib This method is found to produce increases in sdewnsity

that are too rapid when there is only light snowfall. As a re@UM usesa gradual approacithere the new snowfall and
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the existing snow is used to form a layer with a combined mass and average density. Example outputs are shown in Figure 7,

and see also Yao ct al. (2014).

04

0.3

Blue Ice (m)
02

0.1

0.4 0.0

—— Modeled (b)

L4 Observed

03

White Ice (m)

Snow (m)

1992 1994 1996 1998 2000
Year

Figure 7: Example of modelled and observed blue ice (a), white ice (b) and snow (c¢) thickness for Sparkling Lake, Wisconsin. Lines
are modelled thickness and points are average observed thicknesses.

2.5 Stratification and vertical mixing
2.5.1 Surface mixed layer

GLM works on the premise that the balance between the available energy, Erxz, and the energy required for mixing to occur,
Epg, provides for the surface mixed layer (SML) deepening rate dzgy,/dt. For an overview of the dynamics readers are
referred to early works on bulk mixed layer depth models by Kraus and Turner (1967) and Kim (1976), which were
subsequently extended by Imberger and Patterson (1981) as a basis for hydrodynamic model design. In this model, the

available kinetic energy is calculated due to contributions from wind stirring, shear production between layers, convective
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overturn, and KelvirHelmholtz (K-H) billowing. They may be combined and summarised Egge as (Hamilton and
Schladow, 1997):

None - 1<=p n (@R)MEf ;/<=p , (pgﬂ mf)mérh; /<=ng
ZRSI-ZH- RI—ClicS M g migccH$S

T " éf 5.

8 Qliag’ U liggl (30)
al —&crecRiiZj#R$ m
mn9GetRIiZj#R$

p[l't' ig LU  igUlig

whereUis the K-H billow length scale (described below), is the shear velocity at the interface of the mixed layerpand
pg » andps are mixing efficiency constantsor mixing to occur,he energymust be sufficiento lift up water at the bottom
of the mixed layer, denoted herethe layeri > ?, with thicknes! s9. , and accelerate it to thmixed layervelocity. This
also accounts for energy consumption associated wihgfoduction and expressed &sg:

e .. U0 1) UOe 10 |, (31)

A —no ) : o . &
Feo-Ml/<=po@h p o M ; —Um; ; — — | &f 50:
&77-O—cRj#RS \r SWRrliag = ?s\rliag

Q#ej#$S n9GnYR$ai"ej#R$

wherei sc is the thickness of the surface mixed layer. To numericadigive the above equations we sequentially compute
the different components of the above expressions in ligthmteofayer structure. Here GLM follows the algorithm outlined in
Imberger ad Patterson (1981) whereby cooling is computed so that layers are combinteccdneection, then stirring, and

then shear and 4 mixing are computed.

To compute mixing due to convective coolitige value foré 4 is calculated, whiclis the turbulentelocity scale associated
with convection. The model adopts the algorithm usddhberger and Patterson (1981), whereby the pielesnergy that is
released by mixed layer deepening is computed byingakt the moments of the different layers in the surfabed layer

(from layersK to N gy):

) 0 6 06U o - 6 06U (32)
e . : 3 Z [\ smé&img| >, sc) mz [\ sméimh
ORI Frm &on

where\ 5¢ is the mean density of the mixed layer including the combinest,le; is the density of th&™" layer,éi 5 is the
height difference between two consecutive layers within the 16bp.(, 5> . s9: ), »5 iS the mean height of layers to be
mixed (.5 ./<=0Mg ;. s0. O and, sc s the epilimnion (surface mixed layer) mid height, calculatethfrac, m.

/<:[mé’Eu O

The velocity scalé 4 is associated with wind stress and calculated according to the wind strength:
P4 p 8! (33)
wherep, is the drag coefficient for momentum. The model first habexk to see if the stirring energy can overcome the

energy required to mix the1 layer,i.e., mixing occurs if:

Pk ;P g mymefm {imic) smpo@h;p g MM )éf 50 (34)
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andUg . E—u is the reduced gravity between the mixed layerladdayer. If the condition is not met the energy is stored for
Ya

the next timestep.

Once stirring is completed, mixing due to velocitgar is applied. Velocity shear at the interfacapigrocimated from:

Y S (35)
lg. fa"Q,I R

wheret is characteristic time scale over which the shear has bematig, considered relative tg.e,; Whichis the time
beyond whictthere is nashear productiofi.e., i g . / if the time exceedte,). This cut-off time assumes use of only the
energy produced by shear at the interface during a period equit@alesif the basiscale seiche duratioff;, and modified

to account for damping

9:
~algc - Z #<? tl< =v [? > dy! <%> ?) ]) (36)

wherez, is the timescale of damping (see Spigel, 1978). The wave peasiapproximated based on the stratification as
Z:. &+ /sd, whereas, is the length of the basin at the thermocline arglthe internal wave speed. Once the velocity
is conmputed, the energy for mixing from velocity shear is compared to thatreedfoir lifting and accelerating the next layer

down, and layers are combined if there is sufficient energy:

q ' u ' swfsc) ’>s

= mmic) impo(@hip g MR )éf 5.

where the KH length scale it) . p i 5/U% andéU . smpgmimég/U% ; in this case the reduced gravity is computed

from the difference between the epilimnion and hypolonnandp,g is a measure of the billow mixing efficiency.

Once shear mixing is done, the model checks thdtamswensity interface to see if it is unstablesiear i(e., K-H billows
would be expected to form). This occurs if the geadlis less than the-K length scale. If KH mixing is required, layers

are further split and subject to mixing using an algoritiimilar to above.

2.5.2 Deep mixing

Mixing below the SML in lakes, in the deeper stratifiregions of the water column, is modelled usingharacteistic
vertical diffusivity,®; . ® ;;® « , where®. is the fixed molecular diffusivity of scalars. Thrégpolimnetic mixing
options are possibli@ GLM including: (i) no diffusivity (ii) a constantertical diffusivity ®, over the watedepthbelowthe
thermocline or (iii)a derivation by Weinstock (1981), which is described as being suitabledgmneedisplaying weak or

strong stratification, whereby diffusivity increaseshadiissipation and decreases with heightened stratditati
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Figure 8: A two-year timesseries of the simulated temperature profilesfor five example lakes,a-g that range in size and
hydrology. For more information about each lake and the simulation configurtion refer to the Data availability secton (refer also
to Fig. 2 and 5) Sparkling Lake (d) also indicates the simulated depth of ice.
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For the constant vertical diffusivity option, theefficient Py« is interpreted as a vertical diffusivitym!/s). For the
Weinstock (1981) model, the diffusivity is computeztording to:
®y. . Pons 3ié)n* -
(' /<amfpn. 14

where Py« is the mixing efficiency of hypolimnetic TKE (~0.8 in Weinstock981) andfiy,« is the turbulence

(38)

wavenumber:

Ao . o (39)
7méke 1/ |

andi 4. \/?q?sm@/ % m&'. The term( ! is theBrun®VSisSI§buoyancy frequencydefined as

Ué\ | [ UQ\ g >\ 4or) (40)
\éf )

("

Ve (i > 4o
Estimating the turbulent dissipation rate can bemlemard GLM adopts a simple approach as described in Fischer et al.

(1980) where a Onet dissipationO is approximated byimgsdissipation is in equilibrium with energy inpdtom external

drivers:
Yo Y Yone - gpek » " pewdg (41)
which isexpanded and calculated per unit volume as:
. 2 ymplemmEimg 2 (42)
7 m.rf.~\_)?/I =77 M Yo7 z#: Umémi(! jre >! 4)
JEf...meaAmE-, AFEEAEA (Ef...meaME« EmPreLeaseE"

The diffusivity is calculated according to Eq. 4t since the dissipation is assumed to concentrate close to thefleve
strongest stratification, the OmeanO diffusivity is fieadio decay exponentially with distance from thermocline:

mmmmmmmmmm/mmmmmmmmmgEhEEnET I mmmmmme - (43)

&, > jre >y >1 Q% mmmmmmm
é

®,

M@ R - )

whereg, is thevariancethe N distribution below! .. and scales with the depth over which mixing decays

Once the diffusivity is approximated (for either nebd or 2 in Eq. 43), the diffusion of any scalarpetween two layers is
numerically accounted for by the following mass transfer expressions:
- o

I (49

' ef . €F 0

_ . A>2%6f. ép
Pz.p > Z —
Ef . éf %

wherep is the weighted mean concentrationpofor the two layers, andp is the concentration difference between them.

213 related to the diffusivity according to:
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®-ﬁVM;®H é- (45)
o (Ef g Ef D

Theabove diffusion algorithm is run once up the water columncareg down the water column as a simple explicit method

2

for capturing diffusion to both the upper and lower layers.

_ | ta) Deep Mixing 0 5 | (b) Deep Mixing 1

a
100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 [ 100 200 300 400 500 600 700
Simufation Days Simulation Days Simulation Days

Figure 9: Simulations for Lake Kinneret showing hyplimnetic concentration of a passive tracer released from théottom
sediment at a constant rate for the case a) without deep mixindp) constant vertical diffusivity, and c) calculated vertical
diffusivity (Eq. 38). For thermal structure of this case refe to Figure 8c.

2.6 Inflows and outflows

Inflows can be specified dgscal runoff from the surrounding (drygike domain Qr described aboveEq 5), rivers entering
at the surface of the lake that wille buoyant or plunge depending on their momentuch demsity (Sect 2.6.1) or

submerged inflows including groundwat&ect 2.6.2) Any number of inflows to the lake body can be speciéiad these
are applied dailyFour options for outflows are included in GLM, indlog withdrawalsfrom a specified dept(Sect 2.6.3)

adaptive offtaké€Sect 2.6.4), vertical groumdter seepagEsect 2.6.5).

2.6.1 River inflows

For river inflows, depending on the density of tliner water, the inflow wi form a positivelyor negativéy buoyant
intrusion that will enter the lake and insert at a depth of neutral bugyake the inflow inserts it will entramwater
depemling on the rate of mixingreated by th inflowing waterln GLM, as the inflow crosses layers it will entrain water
from each until it reaches a levelf neutral buoyancy and undergoes insertion. Therefore, when it reachewitef neutral
buoyancy a new layer of thickness dependent on the inflow volume at thafinchaling additions from entrainment) is
created. Following insertion, the inflow layer may then amatgamnwith adjacent layers depending on numerical criteria

within the model for combining or splitting layers.
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The rate of entrainment of the intrusidn,can be calculated in a number of ways. For simplicity, in Gh&rate habeen

adapted from the first approximation given in Fischer etl&i79)

A 2<q Pk (46)
3
wherep, , is the user specified drag coefficient for the inflowhe RichardsonOs number is adapted from Fischer et al.
(1979) as
P.(? /< 5?,/Dy. TH€EP,g,) (47)
- “FEPyge [ EB yge

where Py is the stream half angle afdsg, is the slope of the inflow at the poimthere it meets the water body
(Figure10).

Figure 10: Schematic showing inflow insertionheight, entrainment, E, slope,, & and half angle,Yg of an inflowing river
entering with a user prescribed flow 0fQo, and estimated starting height oh,.

As the inflow parcel travels through the layers, itftease in inflow thickness due entrainment is estimated as:

! # - ?<SA1'| , ' #9: (48)

where! 4is the inflow thickness} is the entrainment rate add is the distance travelled by the inflowing water, calculated
from the flow rate and inflow thicknesghe initial estimate othe intrusion height is computed from Imberger and Patterson
(1981) and Antenucat al (2005)
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where’ 4 is the irfflow dischargeprovided as a boundary conditiandU(is the reduced gravity dhe inflowgiven as:

a oy (ase >\ a) 50
U(#$é.u% (50)

where\ 44 is the density of the inflow andithe density of the surface layer. The distance travelled binfleev aliquot,
1-, is estimated as the distance travelled in the vertical and the slope of the inflow syeand given by:

. 1f
T 1D e

wherelf is the distance travelled in the vertical. The velocity of the inflow aliquot for thaisdagn catulated as:

(51)

R (52)
" fER

Following conservation of mass, the flow is psited to increase accordingRascher et al(1979, as inAntenucciet al

(2005):
N
\ # \ "o [<I #:t:> >?] (53)

The above entrainment and insertion algorithmejgeated for each inflow. Aside from importing mass ih leke, river
inflows also contribute turbulent kinetic energy to the hypolimnamdiscussed in th8ect 2.5.2(e.g, seeEq. 42), and

10 contribute to the scalar transport in the water coluRigu¢e 11a).

(b) Groundwater Inflow

(a) Surface Inflow

a 100 200 300 400 500 GO0 700 a 100 200 300 400 500 600 100
Simulation Days Simulation Days

Figure 11: Simulation showing inflow tracer insertion example forthe case where a) the inflow was set as a surface rivarflow,
15 and b) the inflow was set as a submerged inflow at a speeifi height (h=5m). After input the tracer is subject to mixing during
inflow entrainment and by surface and deep mixing once inserted.
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2.6.2 Submerged inflows

Submerged inflows are inserted at the tsgacified depth with zero entrainment. The submengiow volume is added
as anew layer which maythenbe mixed with adjacent layer@bove or beloyvdepending on the density difference, until
neutral buoyancy is attaindéigure 11b) This option can be used across one or more layeasdount for groundwater

inputs, or for capturing a piped inflow, for example.

2.6.3 Withdrawals

Outflows from a specific depth came accommodateidcluding outlets from a dam wabfftake, or other pigd withdrawal
or for removing water that may be lost dite groundwater discharg&or a stratified water columnhe water will be
removed from the layazorrespondindo the specifiedvithdrawaldepth,as well adayers above or below depending on the
strength of discharge and stability of the water coluseocordingly, the model assumes a lisénk algorithm wherethe
thickness of the withdrawal layer is dependent on the intenoaide § 1) andGrashof(* | ) numbes, andthe parameterR

(seeFischer et al., 1979mberger andPatterson, 1991

i ) Rije (54)
)! (Rie * Rie e
i (th'&& (55)
ije
)T*17 (56)

where + gjis , &je and Og;e are the width, length and area of the lake at the outlet elevatimr%ijé nignthe vertical
diffusion coefficientaveraged over the withdrawal laydhe Brunt VSisSISrequency averaged over the thickness of the

withdrawal layer ( ,;ijé , is calculated as:

Ulgrje >\ g

(It?ijé T (57)

\ Rije
wherelf is the thickness of the withdrawal layerg;e is the density of the lake at the height of withdrawal \anid the
density of the lake at thedge of the withdrawal layefhethickness of the withdrawal layésr then calculatedepending on
the value oR (Fischer et al. 1978%uch that
{sa&zijé * 19 mmmmmBnmemm (58)

* Rifg sagje ) 1'4 mmmumanmEmmmm
The proportion of fluid withdrawn froreach layer either above or below the layer of the outlet elevatamtésmined using
a curve that fits the region of fluid drawn in a given tifie. calculate the width and length of the lake at hie@ght of
outflow it is assumedirstly, that the lakeshapecan be approximateas an ellipse, and secongtiiat the ratio of length to
width at the height of the outflow is the same as #tdhe lake cresfThe length of the lake at the outflow heighgg. and

the lake width;+ e are giverby:
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4 Lerest (5%9a)

outf —
T Wcrest

Loutf = |A

Werest
Woutf = Lautf L

(59b)

crest
where Ay f is the area of the lake at the outflow height, Leyes; is the length and W, the width of the lake at the crest
height. Depending on the layer(s) the water is withdrawn from, the water taken will have the associated scalar

concentrations.

2.6.4 Adaptive offtake dynamics

For reservoir applications, a special outflow option has been implemented that extends the dynamics in Sect. 2.6.3 to
simulate an adaptive offtake or selective withdrawal. This approach is used for accommodating flexible reservoir withdrawal
regimes and their effects on the thermal structure within a reservoir. For this option, a target temperature is specified by the
user and GLM estimates the corresponding withdrawal height within a predefined (facility) range to meet this target
temperature during the runtime of the simulation, i.e., the withdrawal height adaptively follows the thermal stratification in
the reservoir. The target temperature can be defined as a constant temperature (e.g., 14 °C) or a time-series such as a
measured water temperature from an upstream river (via a *.csv file). The height of the adaptive offtake is printed out in a
* txt file and may be used for reservoir operation. In addition to the basic adaptive offtake function, GLM can also simulate
withdrawal mixing, i.e., water from the adaptive offtake is mixed with water from another predefined height (e.g., the bottom
outlet). For this option, the discharges at both locations need to be predefined by the user (via outflow *.csv file) and GLM
chooses the adaptive withdrawal from a height, where the water temperature is such that the resulting mixing temperature
meets the target temperature. This withdrawal mixing is a common strategy in reservoir operation where deep water

withdrawal and temperature control are required simultaneously.

An example of the adaptive offtake function with and without withdrawal mixing, assuming a constant water temperature 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 (Figure 12). In winter, when the water column is cooler than 14 °C, the model withdraws surface water. The adaptive
offtake functionality can be used in a stand-alone mode or coupled to the dissolved oxygen concentration (via the water
quality model AED2). In the latter case, the effect of the withdrawal regime on the oxygen dynamics in the hypolimnion can
be simulated (see Weber et al., 2017). In this setting, the simulated hypolimnetic dissolved oxygen concentration at a
specified height is checked against a critical threshold. If the hypolimnetic oxygen falls below the critical threshold, the
height of the adaptive offtake will be automatically switched to a defined height (usually deep outlets in order to get rid of

the oxygen-depleted water) to withdraw water from this layer, until the oxygen concentrations have recovered.

(a) (b)
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Figure 120 Adaptive offtake reservoir simulation; water temperaures of the adaptive offtake model assuming a corsit
temperature of 14 jC without @) and with (b) mixing with bottom outlet withdrawal. The black dashed Ine represents the range
of the variable withdrawal facility and the magenta lines the adptive offtake andsecondwithdrawal height.

2.6.5 Seepage

Seepage of water from the bottom layer is alsdfigarable within the model, for example, as might be required intizanee
simulation or for small reservoirs perched above théemwtable that experience leakage to the soil belBeepage is
configured to leave the lake at a constant rate:
1!,
T
10 wherehs is the depth of the bottomost layer at any time, ar@® is the seepage ratm(day’). * is constrained within the

> (60)

model to ensure no more th&f@®% of the layer can be reduced in any one tstep.Note that in shallowake or wetland
simulationsthe layer structure may simplify to a single lgyiarwhich case the surface and bottom layer are the sante

Egs. 4 and0 are effectively combined.

2.7 Wave height and bottom stress

15 Wind-induced resugmsion of sediment from the bed of shallow lakes is spoiatticoccurs as the waves created at the
water surface create oscillatory currents that pyapa down to the lakbed. GLM does not predict resuspension and
sediment concentration directly, butneputes the bottom shear stress for later use by satlemel water quality modules.
Nonetheless, even without théxplicit formulation,the model can identify the areal extent and potential forseeliment
resuspension by computing the area of the laler avhich the bed shear stress exceeds some critical valueeckdoiir

20 resuspension to occur.
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To compute the stress at the lake bottom we estithatsurface wave conditions using a simple, fdétaked, steady state
wave model (Laenen angTourneau, 296; Ji 2008). The wave geometry (wave period, significant wave height arel w

length), is predicted based on the wind speed and fetch over which the desetop (Figurd3), calculated as:

) s %%/ (61)

Using this model, the wave periol,is calculated from fetch as:

QKIII 62)
Z.x<:w<%>-bz! (Unbz! %
where:
SLOR o<~
U./<ruu [le‘%'s] (63)
S

and! ;s is the average lake depth. Wave length is then estimated from:

Uzt byl s. Mis (64)
& . |—|-bz! —[£
S.
and wave height from:
5! I<ll=g= [g)_t] (65)
) —_)-pz! bzl | — ]
U, . /< sru (U) bz! (/)-bz! 2 ()
where
/i< =[] (66)
S|

Based on these properties the orbital wave velatitiepth (in the " layer) is calculated as:
.Uy

SRcs; -
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Figure 13: Schematic of the wave estimation approacHepicting the lake fetch, surface wind speed, wave height and wéaemegth,
and bottom stress created by the orbital velocity

The total shear stresstae lake bed is calculated as:
2
0. §m¥ [m2mge,' ; m2ms '] (68)

where§. is the mean velocity of the layer, computed during the mixihgutations (Eq. 33). The friction factors uBe(a

typical particle diameter). For the current stress we confputen /sw/é’loél('?sl&IS /s<:é) and for waves:

Qe<:7
~ &
2 . ...A{QZWXX 1 =<s?u (E) ] Option 1: Laenen and LeTourneau, 1996 (69)

N9e<:7
] Option 3: Kleinhans &Grasmeijer (2006)

=2 A 2 M

2 . I< [lls=" ...A%s.u(A{k
t OSl1 k

. T

2 Option 3: Le Roux (2007)

Figure ¥ demonstrates waveelated outputs from a shallow lake.
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Figure 14: Simulation from Woods Lake, Australia, showing a) timeseries of surface wave propertiegHs, L and T), b) orbital
velocity, Uqm, changes over time (m/s), and ¢) comparison with the mean velocityy, (m/s).

3 Code organization and model operation

Aside from the core water balance and mixing funetiiby, the model features numerous options andrskbas in order to
make it a fast and easy-use package suitable for a wide range of contemporary applicationesmAummating these
requirements had to the code structure outlined in Figd& The model is written in C, with a Fortrmased interface
module to link with Fortrafbased wter quality modelling libraries in Sect. #he model compiles with gcc, and gfortran,

and commercial compilersjith support for Windows, OS X and Linux.

To facilitate the use of the model in teaching emvinents and for users with limited technical suppttbie model may be
operatedwithout anythird party softwareas the input files consist of Onamelist@l ] text files for configuration and csv
files for meteorological and flow timseries datgFigure 16). The outputs from predictions are stor@do a structured
netcdf filg andthis can be visualised in retine through the simple inbuilt plotting librafiibplot), or may be opened for
postprocessing in MATLAB or Rgee Sect. 5)1Parameters and configuration details are input through theegima.nml

text file (Figure 16) andlefault parameters and their associated description are outlinedblie T.
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— glm_main.c
- main -
- get command line arguments |
L - run_model( ): initiate model run

—glm_model.c

- init_model( ) : initialise model run; allocate; prime_wq() ™
| - IF ( non_avg ) : check for BC averaging
|

| T I |

| do_model_nonavg( ) do_model()

- end_model() : finalise simulation

N~
v 4
- glm_init.c - — = — glm_wqual.c
init_glm() [ [ ;
rea%l config - enter daily loop: | -enter daily loop: | pr;z:?ﬁ:vg(iln pointers
xear:ﬁlalii% | readdailydata | (readdailydata + ‘ for wqual library:
rn?:i‘:t_aiis;_g\ake() | '7‘ prevdatadata) /2| z ;%BDl\él
set_glm_zones) | (* f_ : ‘
T—,—,%O,—?Ft—,’d,@’bﬂ—{‘%o—,:—,::‘ ~glm_aed2.F90 —
) o_tlows :
s g\m_ﬂow,c E L check_layer thickness /‘I \ check_layer_thickness J iedz_init_glm()
do_inflows() - read wqg module

submerged flows configuration

n%ﬁ;iﬁj\iﬁﬂow() Pa. clo_subdaily_loop ~ - define wg modules

do_outflows() - enter sub-daily loop: - link & check externalg
do_single_outflow() | \ - allocate wq data
Ziifa?g;ent read_subdaily_met ‘ - define zones
do_overflow() ‘ —— do_surface » |
do_single_outflow() do_mixing aedZ_do_.g m() .
\ . \ - do vertical mobility
check_layer thickness - copy_to_zones()
rg Im_surface.c ‘ check_layer stability ‘ - do ﬂéht?)
dO_SULfaCG_ o ) — do_dissipation deate extinction
calctulz;:’:‘zlsv)\’lr(‘)ammso ‘ [—— do_deep_mixing | coefficients
albedo do_layer._stress - caleulate_fluxes()
h sotfaﬂf ‘ do_water_quality | - solve wq ODE
eat fluxes - copy_from_zones()
atmos_stability() ‘ do_bubbler ‘ j
ice cover write_output - check_valid()
recalc_surface_salt() L A /
‘ z calculate_fluxes()
[F9im_mixer.c J - benthic fluxes from
do_mixing() <€— ¥ each sediment zone|
mixed_la)&er_ ‘ glm_deepc —— glm_stress.c  ——— - surface fluxes
corwectivzeoafir"lrzgr()) do_dissipation() do_layer_stress() - pelagic fluxes
wind stirring do_deep_mixing() get_fetch()
shear production calculate_diffusion() shelter_index() aed2_write_glm
kevin_helmholtz() check_layer_stability() }/vaer)e__‘]F‘r\_F(t:)lg?_i‘a;(:)tor() - write wq variables

5 Figure 15 GLM code structure and logic flow. Each module is depicted as a box with the main routes and functions
summarised.
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Model Configuration

Configuration Switches and
Parameters (gla.n=l)
GLM Setup Parameters (igin setup)

layer details; mixing parameters,
light attenuation coefficient

WQ Model Options (swg_setup)
waler quality fibrary selection; solution
options & benthic coupling mode
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Data pre- _ Time Period (stina).
processing & simulation period; time-step; time-zone
standardisation Qutput Options (soutput):
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operation of ‘Starting Condition (sinit_profiles)
weather & simulation period; fime-step; time-zone
catchment

Meteorological Forcing Options
models (smeteorology : &bird ; ksnowice).
sutface energy balance options &
parameters; Iocal runoff parameters

Inflow Forcing Options (s inflow)
number-and type of inflows; inflow files
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Madel Output
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Post-processing -
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and visualisations
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Excel libplot
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Uncertainty
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Figure 16: Flow diagram showing the input information required for operation of the model, and outputs and analysis pathways.

4 Dynamic coupling with biogeochemical and ecological adel libraries

5 Beyond modelling theertical temperature distributiothe water, ice and heat balan¢as well as the transport and mixing
in a lake, the model has been designed to couple with biogeochemicat@adical model libraries. Currently the model is
distributed prdinked with the AED2 simulation library (Hipsey et al.,, 2013) and th&ramework for Aquatic
Biogeochemical Models (FABM; Bruggeman and Bolding, £0Ihrough connection with these librarieSLM can
simulate the seasonal changes in vertical profilesrbfdity, oxygen, nutrients, phytoplankton, zooplanktpathogens and
10 other water quality variables of interest. Domntationof these models is beyond the scope of the present paper, howevet

two features are highlightdtererelevantto managing physicacological interactions.

Firstly, the model is designed to allow a udefined number of sediment zones that sipendepth of the lakdJsing this
approach, the current setup allows for degitipendent sediment properties, both for physical properties such as roughne:

15 or sediment heat flux, and also biogeochemical properties such asesedintrient fluxes and bethic ecological
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5.1R and MATLAB libraries for model setup and post-processing

The R and MATLAB scientific languages arenmmonly used in aquatic research, often as part ahaated modelling and
analysis workflows. GLM has a client library for both, ahése tools are shared freely online. The R package is called
Qyimtools O https://github.com/GLEON/gimtools and the  MATLAB library is called GLM®
(https://github.com/AquaticEcoDynamics/GLMm). Botlol® have utilities for model preand postprocessing. The pre
processing components can be used to format and modify data inputs and caoorfidilest and define options for how
GLM executes. Pogirocessing tools include visualizations of simulation results (as showre results figures above),

comparisons to field observations, and various evaluatiomsodgl performace.

5.2 Utilities for assessing model performance, parametdadentification and uncertainty analysis

In order to compare the performance of the model for varipéstyof lakes, numerous different metrics of model
performance are relevant. These incluepée measures like surface or bottom temperature, or icentissk however, it is
also possible to compare the modelOs performance in captgiregdrder metrics relevant to lake dynamics, including
Schmidt Stability, thermocline depth, ice on/offea(see also Bruce et al., 2017, for a detailed assessment obdBEs
accuracy across a wide diversity of lakes across the globe). pafiticular interest in the modelOs ability to interfadd wi
high frequency sensor data for calculation of key lakability metrics (Read et al.,, 2011), then contimuawavelet
transform comparisons are also possible (Kara et al., 28ll@Ning assessment of the tirseales over which the model is

able to capture the observed variability within the data.

As part d the modelling proces#, is common to adjust parametdosget the best fit with available field data and, as such,
the use of a Bayesian Hierarchical Framework in the ageatisystem modelling community has become increasingly
useful €.g.,Zhang andArhonditsis, 2009; Romarheim et al., 2018)any parameters described throughout Sect. 2 are
attempts at physically based descriptions where there is relalittieyariation (Bruce et al., 2017), thereby reducihg t
number of parameters that remain uncertain, however, for othersvéir@ation reflects imperfect formulation of some
processes that are not fully considered. TherefortirwMATLAB, support scripts for GLM to work with the Markov
Chain Monte Carlo (MCMC) code outlined in Haaeibal.(2006) can be used to provide improved parameter estsmaté
uncertainty assessment (Figure).1\8/rappers and examples for use of GLM within the operita#ework and PEST are
also being tested, giving users access to a wide range of untyeasgrssmerand data assimilation algorithmehe PEST
framework allows for calibration of complex model usinghy-parameterised regularisation with pijmints (Doherty,
2015) and sensitivity matrices derived from the calibration procassatso be utilisechilinear and noitinear uncertainty

analysis.
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Figure 18: Depiction of parameter uncertainty for a GLM simulation of Lake Kinneret, Israel, following calibration against
observations(green circles)via MCMC for a) epilimnion temperature, b) hypolimnion temperature, c) thermocline depth, and d)
Schmidt number. The black line indicates the mean likelihood of therediction, and the grey bands depict the 40, 60" and 8d"
percentile.

5.3 Operation in the cloud: GRAPLEr

Questions relevant to land use and climate chargdrarnng scientists to develop scenarios for hoke lacosystem services
might respond to changing exogenous drivers. An iapb approach to addressing these questions sgrtolate lake or
reservoir physicabiological interactions in response to changing hydrology, nutrient loads oonsletgy, and then infer
consequences from the emergent properties of the simulationasuchanges in water clarity, extent of anoxia, mixing
regime, or habitability to fishe@ipsey et al., 2015) Often, it takes years or even decades for lakes to ndsjodly to
changes in exogenous drivers, requiring simulations to redia@atebehavior over extended periods. While most desktop

computers can run a decadag, low-resolution simulation in less thameminute, highresolution simulations of the same
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extent may require minutes to hours of processor time. Whbestions demand hundreds, thousands or even millions of

simulations, the desktagpproach is no longer suitable.

Through access to distributed computing resourcesietters can run thousands of GLM simulations intthne it takes to

run a few simulations on a desktop computer. Collalmrs between computer scientists in the Pacific Rpplications

and Grid Middleware Assembly (PRAGMA) and GLEON have lethtodevelopment of GRAPLEr (GLEON Research and
PRAGMA Lake Expedition in R), software, written in fRat enables modellers to distribute batchesldfiGimulations to
pools d computers (Subratie et al., 2017). Mddes use GRAPLEr in two ways: by submitting a single simulatiotih¢o
GRAPLEr Web service, along with instructions for rumpithat simulation under different climate scensrior by
configuring many simulationsn the userOs desktop computer, and then submitting them as a bataNeab Hesvice. The
first approach provides a high degree of automationishatll suited to training and instruction, and tleeand approach
has the full flexibility often needefdr research projects. In all approaches, GRAPLEr contleetsubmitted job to a script
that is used bHTCondor (Thain et al., 2005) to distribute and ngenobs among the computer pool and ensure that all
simulations run and return results. An iPORmtay network (Ganguly et al., 2006) allows the compute servicesltaec
resources from multiple institutions, as well as cl@edputing services. GRAPLErOs Web service feadt shields the
modeller from the compute environment, greatly redutimeneed for modellers to understand distributed computing; they
therefore only need to install the R package, know the URhefGRAPLEr Web service, and decide how the simulations

should be setup.

5.4 Integration with catchment and climate models

GLM simulations may be coupled with catchment models, such as the Sal Wesessment Tool (SWAT) or similar
catchment mode]ssimply by converting the catchment model output into the infldevfbrmat via conversion scripts.
Similarly, scripts exist for couplgn GLM with the Weather Research Forecasting (WRF) modelnatasiclimate models

for specification of the meteorological input file from whear prediction simulations.

The above coupling approaches require the modelsetoun in sequence, howeveor fthe simulation of lakewvetland
groundwater systemswo-way coupling is required to account for the flow oftarainto and out of the lake throughout the
simulation. For these applications, the interaction ba simulated using GLM coupled with the gBoundwater flow
model, FEFLOW (fttps://www.mikepoweredbydhi.com/products/feflowror this case the GLM code is compiled as a
Dynamic Link Library (DLL) and loaded into FEFLOW aphlug-in module.The coupling between GLM and FEFLOW is
implemented using anestep lag between the respective solutions of the greatedt and lake models. This approach, in
most simulations, does not introduce a significardrehowever, error can be assessed and reduceg sisialler time step

lengths. FEFLOW models can tlsmulated for flowonly, or including heat and/or solute transport. Depending on the
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6 GLM as a tool for teaching environmental science andcology

Environmental modelling is integral for understamdoomplex ecosystem responses to anthropogeniaatudal drivers,

and also provides a valuable tool for engaging students lgagnivironmental science (Carey and Gougis, 2017). Previous
pedagogical studies have demonstrated that engaging students in modelling progitége benefits, enabling them to
build new scientific knowledge and conceptual development (Stewart, 2085; Zohar and Dori 2011). For example,
modelling forces students to anadypatterns in data, create evidebased hypotheses for those patterns and make their
hypotheses explicit, and develop predictions of future conditions (Stetvait, €005). As a result, the U.S. National
Research Council has recently integrated maugllinto the Next Generation Science Standardshich provide
recommendations for primary and secondary school scipadagogy in the United StateNRC, 2013). However, it
remains rare for undergraduate and graduate science conrsetude the computebased modelling that environmental

scientists need to manage natural ecosystems.

A teaching module for the use of GLM within undergraiguand graduate classroohmss been developed to explore lake
responses to climate change (Carey and Gougis, 20h&) GLM module, called the OClimate Change Effectsake
TemperaturesO, teaches students how to set up latgm@or a model lake within R. After they arel@lto successfully run
their lake simulations, they force the simulation with climate scemariatheir own design to examine how lakes may
change in the future. To improve computational efficiency, stiscro learn how to submit, retrieve, and analyze hundreds
of model simulations through distributed computing overlay networks embeddedev@RAPLETr interface, described
above. Hence, students participating in the module learn corgparid quantitative skills in addition to improving their

understanding of how climate change is affecting lake ecosystems.

Initial experiences teaching GLM agll as pre and postassessments indicate that participation in the module improves
students® understanding of lake responses to climatgect@arey and Gougis, 2017). By modifying GLM bouyda
condition data and exploring model output, students are alidetter understand the processes that control lake responses ti
altered climate, and improve their predictions of future lake ahaki@reover, the module exposes students to computing
and modelling tools not commonly experienced in most urityectassrooms, building competence with manipulating data
files, scripting, creating figures and other visualizagio and statistical and time series analysis; alllsskhat are
transferrable for many other applications. Thus, following iprey studies (Scharz and White 2005, Schwarz et al. 2009),
we predict that increased experience with GLM niliig will not only build students® understanding of lake ecosystem

concepts but also their ability to interpret natural phenometh@eanerate new scientific knowledge.
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7 Conclusions

As part of GLEON activities, the emergence of compleesgions about how different lake types across thedware
responding to climate change and lars change has created the need for a rphosgssibleommunity code suitablier

a diverse range of lake types and simulation contexts. Here, Glgvesented as a tool that meets many of the needs of
network participants for their individual lake simulation requiremeintsaddition to being suitable for application in a
distribued way across tens to thousands of lakes for regionabkhal scale assessments. Recent examples include an
application of the model for assessing how the diversity2if00 lakes in lakeich landscape in Wisconsin respond to
meteorological conditionand projected warming (Read et, &014), and given its computationally efficient nature it is
envisioned to be made available as a library for use withianddurface models (e.g., the Community Land Model, CLM),
allowing improved representation of lake dynamics in regiogdtdiogical or climate assessments. With further advances
in the degree of resolution and scope of earth systemlsyade further envisage GLM a® optionsuitable to be embedded
within these models to better allow the simulatiaf lake stratification, aiwater interaction of momentum ameat and
alsobiogeochemically relevant variablassociated with contemporary questions about greenhouse gassismssisch as
CO,, CHy, and NO.

Since the model is orgimensional, itassumes no horizontal variability in the simulated water lagads users must
therefore ensure their application of the model is suited toaggamption. For stratified systems, the parameterization of
mixing due to internal wave and inflow intrusionndynics is relatively simplenaking the model ideally suited to longer
term investigations ranging from weeks to decades (depeidirtge domain size), and for coupling with biogeochemical
models to explore the role that stratification aedtical mixingplay on lake ecosystem dynamics. However, the model can
also be used for shallow lakes, ponds and wetland environrvbete the water column is relatively well mixed. In order to
better define the typical level of model performance across tigsese ke types, a companion paper by Bruce et al.
(2017), has undertaken a systematic assessment ofdatiel®s error structure against 31 lakes from across GLEON, t
which readers can refer to for further guidancec#éses where thassumption ofonedimensiondty is not met for a
particular lake application, then it is possible for users to appdyadr three dimensional models; potentially these can be

temporally nested within a longer term GLM simulation.

This paper has focused on description of the dgginamic model, but we highlight that the moidehplatformfor coupling
with advanced biogeochemical and ecological simuatibraries for water quality prediction and integpd ecosystem
assessments. As with most coupled hydrodynaoatogical modiing platforms, GLM handles the boundary conditions
and transport of variables simulated within these librarieduding the effects of inflows, vertical mixing, and evapo

concentration. Whilst the interface to these libraries is stifaighard, the Lgrangian approach adopted within GLM for
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simulation of the water column necessitates the adoptfosediment zones on a static grid that is indepdnidem the

water column numerical grid.

More advanced workflows for operation of the modéhim distibuted computing environments and with data assimilation
algorithms is an important application when used within GNEcapabilities related to high frequency data and its
interpretation The 1D nature of the model makes the-tiomes modest and therefordeet model is suitable for application
within more intensive parameter identification anttertainty assessment procedures. This is pantlgulalevant as the
needs for network participants to expand model configurations to furtherdéndiogeochemicahnd ecological state
variables. It is envisioned that continued application of the modekés laf GLEON will allow us to improve parameter
estimates and ranges, and this will ultimately support atbers of the model in identifying parametefues and assigning
parameter prior distributions. Since many of the users the modefeisded for may not have access to the necessary
cyberinfrastructure, the use of GLM with the ogsurce GRAPLEr software in the R environment providesess to
otherwise unavailable distributed computing resources. This has thetiglote allow norexpert modellers within the
science community to apply good modelling practices antomating boundary condition and parameter seitgiti

assessments, with technical aspeétsimulation management abstracted from the user.

Finally, the role of models in informing and edungtimembers of the network and the next generatidnydrologic and
ecosystem modellers has been identified as a critical element dfesimtactivities and supporting crafisciplinary
collaboration (Weathers et a2017). Initial use of GLM within the classroom has found that teaamiadulesintegrating

GLM into classes improves studentsO understandingvotlimate change is altering lakeosystems.

Code availability

The GLM code is provided as opeource under the GNU GPL3 license, and version céoatreia the GitHub repository:
https://github.com/AquaticEcoDynamics/GLM

Data availability

The five example lakes used to demonstragerhodel operation are described along with model input files (and assbci
hydrologic and meteorological forcing data) within the GitHub repository:

https://github.com/AquaticEcoDynamics/GLM/tree/master/Example§/2.4.
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Table 1. Summary of GLM physical parameters withrecommended values and references.

Symbol

glm.nml ID

Description

Default

Reference

Comments

Model Structure

: : - ! Bruce et al.
[ . ’ .
L min_layer_thick Minimum layer thickness m 0.5 (2017 Standardised for muttake
comparison
| g max_layer_thick Maximum layer thickness m 15 Bueche etal. | Should be estimated relativ
(2019 to lake depth.
Lake Properties
Should be measured, e.
Extinction coefficient for PAR 1 - mean of simulation period
®- Kw radiation m 02 Lake specific Can be estimated fron
Secchi depth.
- ) . Xenopoulos and
0; critical_area Cr't'csar:;i:nbe:ﬁg ‘Ag::'gzrwmd m? 10’ Schindler
9 may (2001)
Surface Thermodynamics
Bulk aerodynamicoefficient for Fischer et al.
ch - 0.0013
Pc sensible heat transfer ) (1979) From Hicks' (1972) collation|
ce Bulk aerodynamic coefficient for ) 0.0013 Bruce et al. of ocean and lake data;
P+ latent heat transfer : (2017) many studies since use
similar values.
d Bulk aerodynamic coefficient for 0.0013 Bueche et al. Internally_ _calculated_ If
Pc c transfer of momentum - : (2017 atmos stability correctiois
on.
: 1
D) - Latent heat of evaporation J kg 2.453x16 Standard Not adjustable in glm.nm
3/& - Emissivity of the water surface - 0.985 Standard Water only, no ice
Ice or snow
; - 2 -4
é StefanBoltzmann constant W m*K 5.67x10° Constant Not adjustable in glm.nml
Mixing Parameters
. Mixing efficiency - convective Yeates & Selected from a range givel
coef_mix_conv - 0.2 Imberger
Pn - = overturn ’ (ZOOg) in Spigel et al. (1986)
coef_wind_stir Mixing efficiency - wind stirring - 0.23 Spigel et al. From Wu(197
pg (1986)
. Mixing efficiency - shear R Sherman et al. Best fit of experiments
Ps coef_mix_shear production 03 (1978) reviewed
Bruce et al.
P coef_mix_turb Mixing efficiency - unstgady R 051 (2017)
¢} turbulence (acceleration)
Bueche et al.
(20179
. Mixing efficiency - Kelvin- Sherman eal. N N
Pnc coef_mix_KH Helmholtz turbulent billows - 0.3 (1978) a good rule of thumb...
. Mixing efficiency of hypolimnetic R Weinstock General diffusivities in
Pcor coef_mix_hyp turbulence 05 (1981 Jellison and Melack (1993)
Inflows & Outflows
Pk strmbd_drag streambed_drag - 0.016 Set based t;);elnflow stream
Site specific
* seepage_rate Seepage rate m day" 0
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Symbol glm.nml ID Description Default Reference Comments
Snow & Ice
®. } Waveband '1, §now ice light mit 48.0
: extinction
Waveband 2snow ice light 4
®; . extinction m 200
@, } Waveband'l, plue ice light mit 15
: extinction
Waveband 2, blue ice light 1
® . extinction m 20.0
®,. - Waveband 1, snow light extinction m* 6
®y - Waveband 2, snow light extinction m* 20
éH - Distance of hear transfer, ice wate m 0.039
i . B Rogers et al.
3
\q #i- - Density, snow ice kg m 890 (1995),
. ) 3
\ qi- - Density, blue ice kg m 917 Patterson and
Hamblin (1988)
\ asr™ - Density, snow kg m® Variable
Ashton (1986
- Heat capacity, ice kJ kgt °Cc? 2.1 ( )
4 pacity g
Yao et al.,
O - Heatcapacity, ice kJ kg °C* 4.2 (2014)
- Compaction coefficient - Variable
® p
® - Thermal conductivity, snow ice W mtec? 2.0
®. - Thermal conductivity, blue ice W mtec? 2.3
® - Thermal conductivity, snow W mtec? Variable
® - Thermal conductivity, sediment W mtec? 1.2
® - Thermal conductivity, water W mtec? 0.57
F=2) - Latent heat of fusion kJ kg* 0334
Bottom Stress
a - Typical particle diameter m
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Appendix A: Bird solar radiation model

The Bird Clear Sky Model (BCSM) was developed by (Bird, 1984ptedict cleairsky direct beam, hemispherical diffuse,
and total hemispherical broadband solar radiation on a horizaunfalce. Average solar radiation is computed at the model

time-step (e.g.hourly) based on ten usepecified input parameters (Table Al).

Table Al: Parameters required for the BCSM model.

Example values

Variable Description
(e.g., Luo et al, 2010)
Lat Latitude @egrees# for N) -31.77
Long Longitude(degrees- for E) 116.03
TZ Time Zone indicated by number of hours from GMT +7.5
AP Atmospheric Pressure (millibars) 1013
Oz Ozone Conc. (atram) 0.279-0.324
w Total Precipitable Water Vapour (atom) 11-2.2
034... Aerosol Optical Depth at 500 nm 0.033D0.1
034,. Aerosol Optical Depth at 380 nm 0.038D0.15
Psg Surface albedo 0.2

The solar constant in the model is taken as 1367 3WTiis is corrected due to the elliptical nature of the eartfsand
consequent change in distance to the sun. Thisilesilon gives us the Extrerrestrial Radiationt(:og), at the top of the
atmosphere:

buoe - 2ugxiRH/?2? /< fuwss? ™e{e 1o 4) /< 2sT (s g 4) 1< MIXV ™0 04)) (AT

where the day angle,; 4, is computed usingl, the day number:

' <1uc>q: ) (A2)

&4 S
The solar declination, ;_y (radians), is computed from:
-z

I<Hqur > I<uvw?2s iy (o 1g4) 5 1< IXIS=x W3Z(s 1g 4) > I</lgx=r ™y (s(- i 4)) :
I<IIIX  y3A(se g 4) > I<llsqux @y (u(- i 4)) 1< [1?2wr rsz(u(- @ 4))

(A3)

.m
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We then solvehe equation of time:
I<iliix= ;1< [I?rqr 'y (e &4)>/</us/xx ry|32( &4)]

nNZ
>/</?wq?=my (s ( C &4)) > [</wirwv rsz w4

Cssv<er

in order to compute the hour anglg, , calculatedvith noon zero and morning positias:

- . A\Z
* e - ?2=(> ?s<3; &"zU> ?=rdbm ;( W )

where TZ is the timeone shift from GMT. The zenith angke,_g (radians), is calculated from:

™MeTe og) - ™Moo 1z )™eTe i )™eTeeP) ; "HE(e 17 ) +8(eeP)

Whene _gis less than 90 the air mass factor talculated as:

(Vusr= >e o'

63 . [dyC wo;
which is corrected for atmospheric presspréhPa),

07, .

07 m-
?/?u

AMp is then used to calculate the Rayleigh Scattering as:

ZogaQ-#s md(@=<zl e 8 )" (= I g9IC gM*M)]

The effect of ozone scattering is calculated by agting ozone mass, which for positive air mass is:

ZRiRs-- [?> (I<2q22r8f 07 )it ; 2uvaurifa7 )™ )

. [<l/sx?= rBfa7)
2 /< wwriBfra7 ) ; /< /lflu nBfa7 )t

The scattering du mixed gases for positive air mass is calculated as:
Ly .mdo<t e T9]

Then the water scattering is calculated by gettimegwater mass:
+y . +07,

where W is the precipitable water vapour. This caafggoximated frondlew point temperature, eg.:

agE+ .bmz ;A

where a and b are regression coefficients which baea taken as 0.09, 0.07, 0.07 and 0.08 for valfiaswhile b is 1.88,

2.11, 2.12 and 2.01 in spring, summer, autumn and winter (Luo et al., 2010).

Then the water scattering effect is calculated as:
(swv=vm ¥ )
?; (xvduwm § )3t g<ur=m

Z_&j—c
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The scattering due to aerosols requires the Ae@ptital Depth at 380 nm and 500 nm:

ZPi0 . m/sx=r @3a,. ;/<u=@3a..

and the scattering due to aerosols is then calculated as: B ”
Zg cRaRQ € (90&il YTOO Ogil 90&il TTO0)4g TSMTO
—CRal

We also define:
Zeg - 2> [/<?9> 07 ; 07 I )rR > Zg_crard)]

and:
1<(?> Zegaous) 1< TW(? > Zg,)
?>07 ; 07 =<t

(A15)

(A16)

(A17)

(A18)

where the 0.84 value used is actually the propoxfostattered radiation reflected in the same tima@s incoming

radiation.

The direct beam radiation on a horizontal surfaagatind level on a clear day is given by,

Dia - /< vaQs Mise MGagssMbirs ME MEjize MZRarBUY (¢ 1)

bis . /< xvmiye MA&s Zoe MEjige MNUy (> 1 o)
The total irradiance hitting the surface is therefo m?):
6 Dia ;b 15
%7 2> (Psg MB,)
The albedo is computed for the sky as:

Psno - /< /gr ; (?>/<rw) (? > @3

&

56

(A19)

(A20)

(A21)

(A22)






Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2017-257
Manuscript under review for journal Geosci. Model Dev.

Discussion started: 20 November 2017

¢ Author(s) 2017. CC BY 4.0 License.

Under nonneutral conditions in the atmospheric boundary layer, the transferaieef§i vary due to stratification seen in
the air column, as was parameterised by Monin and Obuit@®d4) using the now weknown stability parameteg/L,
wherelL is theObukhov length defined as:

>\ o k<, (A26)
/U <A

where<, . <(?;/< q?¢) is the virtual temperature and H and E are the bulk fluxeailsBn (1970) presented a solution

e

5 for the vertical profiles of wind speed, temperature andstuie in the developing boundary layer as a functibthe

Monin-Obukhov stability parameter; the-salled fluxprofile relationships:

5, IFA[a€(:_R> > = (fgg] (A27a)
TS %[aéz(ff_) "o (21)] (A27b)
NN s

where (', (1 and( g are the similarity functions for momentum, heat and moigtespectively, and,, zy andz, are their

(A27c)

respective roughness lengths. For unstable condifict®), the stability functions are defined as (Paulson 181@jngeret

al., 1971; Dyer, 1974):
24 ?._|t .
=c.s é’1€<" );é€< ’ >>sfqg%_.;_ (A28a)
s S S
7._|t
- . =o.s a€< ) (A28D)
S

L [?> 2 (;):/A] (A29)

10 where

During stable stratificatiorL&0) they take the form:
T T
>= (= nImmTITmImITmITMTEI@TRETTmm. (A30
(a) mmmmmmmmmmmmm il (A30)

. =g /<:C:E) > ws= C;)g: > X CZE) > /<r=s mmmmmngrér@fM/C@

é€(£g > /<xq (fgi) > ?s<vu mmmmmmmmmmr&gm’?rﬁmmmmmrr

ot

Substituting equations (1-{)18) into A27) and ignoring the similarity functions leaveswish neutral transfer coefficients

15 as a function of the roughness lengths:
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oo )] )

whereN denotes the neutral value akdignifies eitheD, H or E for the transfer coefficient amg ) or g for the roughness
length scale. Inclusion of the stability functions into the substittimhsome manipulation (Imberger and Patterson, 1990;
Launianen and Vihma, 1990) yields the transfer ¢oieffits relativeo these neutral values:

A= n=
5. @<:C:@> @ C\/pk6)

A Pks Pes

Pa (A32)

P@s'

Hicks (1975) and Launianen and Vihma (1990) suggesteiterative procedure to solve for the stabitibyrected transfer
coefficient using (A32) based on some initial estimate of thatral value. The surface flux is subsequently estimated
according tg17-18) and used to provide an initial estimatelfdequation A26). The partially corrected transfer coefficient
is then recalculated and so the cycle goes. Strub and PAa®@M)(and Launiainen (1995), presented an alternative loased
estimation of the bulk Richardson numbieiz, defined as:

g (éA; < q?m, eS> (A33)

! Sk

and related as a function of the stability paramet&r,according to:
i(%/pGgﬁ > =gg ) (A34)
- - —
(/P > =c]
where it is specified tha€yy = Cwn = Chwne Figure A2 illustrates the relationship between the degree afsatmeric
stratification (as described by both the bulk Richandsoember and the Moni@®bukhov stability parameter) and the transfer

3

coefficients scaled by their neutral value.
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Figure A2: Relationship between atmospheric stability (bottom axi®z/L, top axisBRig) and the bulk-transfer coefficients relative
to their neutral value (Cx/Cxy Where X representsD, H or W) for several roughness values (computed from Eq. A32) h€ solid line
indicates the momentum coefficient variation Cp/Cpy) and the broken line indicates humidity and temperaturecoefficient

5 (Cuyw/Chwn) variation.
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