8th Mar 2018

Dear GMD Editor & Reviewers,
Re. Revision of gmd-2017-257: A General Lake Model (GLM)

We thank you for the opportunity for our paper to be considered for publication in GMD, and are very
grateful for the comments received during the discussion phase of the paper. We have found the
comments very detailed and insightful and they have guided us to significantly improve this version of the
manuscript.

We have already provided specific replies back to each of the reviewer comments in the discussion forum
explaining our approach to the revision. A summary of the main issues identified were:

1. Numerous issues associated with mistakes in the notation and units of several equations, plus the
ambiguous use of some symbols;

2. Lack of context/justification for the adoption of some of approaches/equations in the model
description sub-sections (eg. surface mixing and inflows);

3. Along and potentially hard to navigate structure;
4, Issues with figure readability and axis labels;
5. Numerous typographical and minor editorial issues, plus some errors with reference citations and

the formatting consistency in the reference list;
6. Requirement for a DOI to be included for the code-base.

The obvious issues with mistakes in the notation and units initially noted by R1 led to the development of a
“preliminary revision” that was uploaded to the discussion forum (dated g Jan). This revision included
significant changes to Section 2 of the paper and primarily addresses Item 1 above, and many of the issues
relevant to Items 2-5 were resolved in this upload.

Here we upload a fully revised paper that further builds on these changes to address all the comments,
where possible. The major change relates to a re-worked introduction to better introduce the need for the
model and explain the structure of the paper. Further remaining notation/equation issues have also been
resolved and improved descriptions of selected algorithms has been added. Additional improvements to
several of the conceptual figures and simulation results have also been undertaken. Please refer to the
individual responses for specific details. A tracked-changes version is at the back of this document.

The comments have also led to significant code adjustments, and so the model version associated with this
version of the manuscript is updated on GitHub and is now v3.0. A DOI for the code is to be added if the

paper is accepted for publication.

We thank you again for the significant time and effort that have gone into the discussion and look forward
to your decision.

Kind Regards

Matthew Hipsey, on behalf of all co-authors.



Anonymous Referee #1

General comments

This article describes the scientific basis of a 1-dimensional hydrodynamic lake model that can be coupled
to ecosystem models. The model has already been applied to many systems in the scientific community,
and | think it is useful publish the model description in a scientific paper that can be referred to for future
applications of the model. That said, | stopped reviewing after equation 16, because there were simply too
many errors in the equations. | therefore propose to reject the current version of the manuscript and that
the authors carefully check all equations before resubmitting the manuscript to this or another journal,
depending on the decision of the editors.

REPLY: Thank you for taking the time to review the discussion paper and identify the errors - we sincerely
apologise that simple issues related to units and notation were not more thoroughly checked prior to
upload. Please note this revision does have some substantial changes to the paper including the notation,
text and (some) figures. We very much look forward to your comments and suggestions on this version.

Errors in equations up to eq. 16:

eg. 2 and 3: 1 think something is wrong with the indices. hz is located between hp-1 and hp. ap and Bb
describe the interpolation between hp and hp+1. Thus, the indices in eq. 2 should be ab-1 and Bb-1.

REPLY: You are correct; the code was looping from one step behind so we had incorrectly omitted the -1 in
the equation. It is now updated

eq 6: | think this equation is wrong. The right hand side is the total heat flux to the surface layer in W m'z.

This should be divided by zms| to get W m'3. Then, it should be divided by the water density p in kg m'3 to
get W/kg, and finally by cp to get °C/s for dTs/dt. Therefore, the multiplication term on the left hand side
should be zms| cp p, rather than cp/(AS zmsl).

REPLY: You are correct; it is now updated and in fact this section is now significantly revised. Table 1 now
also includes all the notation and relevant units.

eq 9b / Fig. 3: | could not reproduce the maximum of the Briegleb function at 80 degrees zenith angle.
Using equation 9c yielded a monotonically increasing function between 20 and 90 degrees (with a
minimum at about 20 degrees). Also the equation in the legend is wrong, it should be SZA = ©@7en*180/2m.

REPLY: You are correct; This was an error in creating the plot rather than the model itself, and Figure 3 has
been re-created and caption updated.

eq. 12: I think dsws (i.e. the shortwave radiation absorbed in the surface layer) should be replaced by ¢psw
(z=0) in the nominator. Otherwise, the euphotic depth increases with increasing radiation absorbed in the
surface layer, which does not make sense. Same in caption to Fig 4.

REPLY: The notation has been improved to prevent confusion; ¢sWSs is what is absorbed and ¢pswo is what

arrives at the top of the surface layer; The euphotic depth computation is now based on the fraction of
incoming light.

eg. 16: | think in equations 16¢c and 16d Tg should be replaced by absolute temperature (i.e., 273.15 °C
should be added to Tj3).

REPLY: You are correct; notation updated to have K and C unit options for temperature



Also units should always be provided, especially for empirical equations (e.g. e3 in eq. 16, and Ux, RH, and
diffusive radiation in eq. 9c).

REPLY: Units have been thoroughly checked and updated in the revised upload, plus the updated Table 1
summarises units for all variables/symbols to avoid confusion.

Besides that, a few other points | noticed up to page 11 (Page xx, Line yy is abbreviated as xx/yy)

In general, the paper is well written and easy to read, but there are quite a few long and complicated
sentences which | think should be simplified to facilitate reading (first two examples: 2/24-29, 3/12- 17).

REPLY: These examples have been re-written and the revised version has also been check for these issues
as best as we could identify.

3/10: This list of references seems to be somewhat inconsistent. Some of the references refer to model
development, some to model applications. It would be more logical to cite only model development

references.

REPLY: Point noted, these papers were reflecting the diversity of 1D models we are aware of, but agree
these should more specifically refer to development refs; introduction is updated.

4/30: The text seems to imply that the requirement for site-specific calibration in other models is due to
numerical diffusion caused by the fixed grids. If that is the intention, this should be explained. If not, the
sentence should be modified.

REPLY: Sentence modified.

5/7: Incomplete sentence

REPLY: Section has been revised and reworded.

Figure 1: Shouldn't the local runoff, and the submerged inflows and groundwater seepage be written in
blue?

REPLY: Local runoff is computed by GLM (Eq 7 in updates manuscript). Submerged inflows and seepage
however has been updated to be blue in Figure 1 as they are specified.

eg. 1: From the text (layer volumes are determined ...), | would have expected an equation for the
individual layer volumes here, but this is the integrated volume from the bottom of the lake to the top of
each layer. This should be clarified in the text.

REPLY: Section has been revised and reworded to hopefully introduce the layer structure and notation
more clearly. The layer volume balance is not presented here due to the complexity of options and it is not
appropriate at this early stage of the paper; however, edits later on have aimed to make this more clear.
Notation now is V for cumulative volume to a point, and delV for layer volume.

6/3: technically, it is the same, but | think it would be clearer to write 2 < b < NBSN.

REPLY: Updated.
6/4: how are these finer depth increments determined?
REPLY: Now summarised in symbol table (Table 1).

6/9: Since the Unesco (1981) equation has been replaced by TEOS-10, | think it would make sense to use
the latter rather than the former in a new model. | also think it should be mentioned that the density effect



of salinity in these seawater equations is quite different from that in most lakes where carbonates are
usually the dominant species rather than NaCl.

REPLY: Thank-you for this suggestion. The revised code now has the TEOS option included, accessible via
the setting density_model =1. The UNESCO option is also included, and facility for users to add a custom
option.

6/24: heat balance of the surface layer 7/2-3: why is only rain but not snow multiplied with fR? Also, even
though this should be clear to the reader, it should probably be mentioned that S is in water equivalents.

REPLY: Updated.

eq 5: to be precise, this equation should be limited to a minimum of zero, as otherwise it will become
negative if the rainfall is too weak.

REPLY: Updated - this was the case in the code, but not properly summarised in the Eq.

Fig 2: Add some space between the 10 and the exponent in the y-axes labels of panels ¢ and d. Do all these
time series start on 1 January of a year?

REPLY: Lakes do have variable start times (for various reasons) which is why we didn't use exact date in the
x-axis. The individual lake simulations are documented on our GitHub site with explanations and we didn't
want to make it too confusing here with too many details.

eq. 9a: instead of subtracting /2 within the sine functions, it would be easier to use -cos.

REPLY: Apologies, there was a "-" sign wrong in this Eq so both should not have been - /2. In the new
manuscript (Eq 12a) we have the addition or subtraction of /2 is listed properly in order to allow us to
differentiate Sth vs Nth hemisphere sites.

eq. 9b: where does the factor 1.1 in the nominator of the first term come from? Maybe | overlooked
something, but | could not find it in Briegleb et al. (1989).

REPLY: Thankyou for noticing this detail - this inclusion of 1.1 has been picked up from the implementation
by Li et al (2006), who compared models and have this coefficient included.

However, for consistency, we have removed this from the Eq in the paper, and the code-base going
forward. We note however, that the change made only a modest difference to the function.

Li, J., Scinocca, J., Lazare, M., McFarlane, N., Von Salzen, K. and Solheim, L., 2006. Ocean surface albedo and
its impact on radiation balance in climate models. Journal of climate, 19(24), pp.6314-6333.

eg. 9c: | was not able to check this equation, as the source is in Japanese, but | did not get anything similar
to what is shown in Fig. 3 trying different values for RH, U and the diffusive radiation. Please check whether
the equation is correct, and specify the values used to produce Fig. 3. Furthermore, Yajima and Yamamoto
is dated 2014 here but 2015 in the reference list.

REPLY: Thankyou again for checking this - the equation implemented is based on the Equation 1c of this
publication, whereby y is cos(solar angle), the a and b coefficients were set by multi-variate regression, and
x1is RH(%), x2 is wind speed (m/s) and x3 (-) is a parameter referring to the amount of atmospheric diffuse
radiation.

We initially received the coefficients from the author (Yajima pers comm.) for our implementation, and
following your comment we have now updated the Figure 3, the citation date, and the equation. The
caption also now states the values of x, x2, x3 used in the graph. For your reference, R code for the
algorithm is below:



angled =1:89
angle = angled * pi/180

dr=6
ux=4
rh =80

yalbedo = max( 0.02, 0.001 * rh * (1-cos(angle))*0.33 - (0.001 * ux * (1-cos(angle))”(-0.57)) - (0.001 * dr *
(1-cos(angle))*(0.829)) )

Fig 4: y-axis of panel b is not depth, but elevation, y-axis of panel c is not labeled.

REPLY: You are correct; the y-axis should be height not depth. As part of the revised manuscript we have
uploaded we have undertaken a major review of notation used throughout so that depth (z), height (h) and
elevation (H) are used consistently.

All figures have been re-created and revised in the revision, to resolve these issues.

Also it seems that ABEN is calculated on a different time scale than the radiation in (c). Many low radiation

events are clearly visible in (b) but do not show up in (c). This probably makes sense, but the time scale
should be mentioned somewhere.

REPLY: Please note that in fact the ABEN is now being computed based on a percentage of light reduction
(1/10), rather than a specific light intensity.

The step changes in the panel (c) time-series are not due to time-scale of calculation, but rather to do with
changes in the layer thickness and structure.

11/11: It does not look like the equations were copied from Henderson-Sellers (1986), but rather from
either the original sources or from Flerchinger (2009)?

REPLY: The placing of the citation to Henderson-Sellers incorrectly gave the impression this is where the full
expression was from. You are correct that that we have just chosen 4 based on original sources to
implement within the model. We have now cited Henderson-Sellers and Flerchinger as sources for further
description and information, rather than as a source for the algorithm set.



Anonymous Referee #2
General comments

1. This paper presents the formulation of a one-dimensional model of thermodynamics, mixing, and
evaporative and momentum fluxes from lake surfaces, which conceptually should be applicable to a wide
variety of lake morphologies. However, the manuscript achieves the paradox of simultaneously containing
too much information and not enough information. It goes into great detail with many equations. However,
in order to present this level of detail without losing the reader requires more care and at least some
additional details.

REPLY: We greatly appreciate the authors comments and insights. We acknowledge the paper is heavy with
information, and chose the journal Geoscientific Model Development for this submission as it does support
papers focusing on model description. Given the nature of the model it is our desire to have a
comprehensive description of the numerous sub-models and options that is peer-reviewed and citable,
and, as a result, it has led to a long paper compared to a traditional manuscript. As outlined in the below
comments, in this revised version we have endeavoured to improve the narrative and flow of the paper.

| have a few broad suggestions that | think might help.

2a. Before anything, you need to have a clear idea of who is in your audience. You could even have an
explicit statement of this very near the beginning, and direct users with a lower level of expertise toward a
simpler users’ guide.

REPLY: The paper is intended as a description of the model rather than a research paper. Whilst there have
been some unpublished manuals and incomplete documentation for the model during its initial
development, we felt this is unsatisfactory for a model that has had increasing uptake by lake scientists. In
our initial submission, we had stated the aim as:

"Given that individual applications of the model are not able to describe the full array of features and
details of the model structure, the aim of this paper is to present a complete description of GLM, including
the scientific background (Section 2), model code organization (Section 3), approach to coupling with
biogeochemical models (Section 4), and to overview use of the model within the context of GLEON specific
requirements for model analysis, integration and education (Section 5-6)."

Our audience is therefore to advanced users looking to understand the mechanics of the model, and/or
users publishing applications that need to cite the model methods and approaches adopted in their
individual simulations. We acknowledge some users will not dig into the detail and can following the "user"
material we have provided on the model website. We note that we have not provided many details about
how to run the model, but rather it was our intention for readers to be able to understand the science basis
and model structure.

The updated introduction, will hopefully make this intent more clear.

2b. This reviewer has a back- ground explicitly in meteorology, but significant exposure to lake dynamics as
well, albeit mostly regarding very large lakes. Depending on your intended audience, you might have
readers who will have difficulty with terms such as aliquot and even the intended understanding of “scalar
concentrations” as used on p. 27, lines 2-3.

REPLY: Thank-you for pointing these out. We have attempted to improve both these descriptions to
improve the clarity of this terminology.

3. To reduce the length of a single paper, one option is to break it into multiple papers. Another is to move
more of the detail to appendices. Since it is an online journal, there is probably not a large problem with



overall page length. Things as detailed as conversion of area as a function of depth to volume in a layer (eq.
1) seem like they could be skipped in the main text and relegated to an appendix.

REPLY: We appreciate the comment and agree with the general desire for shorter papers, and feel thatin a
model description paper such an argument could be made for several of the sub-model descriptions.
However, a key purpose of our paper was to describe the model from start to finish (as is done through
Section 2), and the layer structure and depth-area-volume relationship is key to the model approach.
Aspects such as solar radiation and atmospheric stability computation are optional modules in the code-
base and not directly related to what happens within the lake model, and so are included as appendices.
Nonetheless, in the preliminary revision we have made some changes to Section 2.1 (referred to specifically
in this comment) and feel the new wording of this section has a stronger narrative that hopefully connects
it with the subsequent sections.

4, It would be useful to have a brief introduction to each sub-section. This should start out by stating the
goal of that sub-section, i.e. what will be the final equation (or set of equations) derived in the section.
Then state what elements will combine to get that final equation(s). One particularly glaring issue is that
sub-section 2.5.2 ends with eq. 45, defining the variable f, but nowhere does it say how f relates to any
other part of the model. It seems to be something that one would multiply by the difference in
temperature (or another scalar) between layers) to get the exchange of that scalar between the two layers
in a single time step. Whether this is exactly correct or not, the statement is missing from the manuscript.

REPLY: The revised version has attempted to address this general comment by strengthening the narrative
in the sections from 2.1-2.7 (the main sub-model description sections). In reference to the comment about
the “f” function, the use of the term scalar (and symbol C) is now better introduced, placing this Eq in
context. We note that the f computed in this equation is required in the equation where concentrations are
updated based on the magnitude of diffusivity between layers (Eq 54 in the revision, and Eq 44 in the
original version).

5. A simple overall schematic would be good to have early on (Fig. 15 with less detail). This would make it
less abrupt when “water quality model AED2” is mentioned on p. 27 (I may have missed it, but | don’t think
it was mentioned before.

REPLY: In light of other comments (#8 of the general comments and #42 of the specific comments), we re-
drafted Figure 16 and improved clarity in the Fig 1 schematic, but in the ned chose not to make another
schematic figure early in the paper. Hopefully the improved text flow in Section 2 will make this more clear.

6. Even if only for your own reference as author, Table 1 needs to be expanded to include every variable
used in every equation! And in this expanded table, include every variant of each variable based on the use
of different subscripts, prime, and circumflex (“hat”). With this many equations, it is rather inevitable that
you also end up using the same symbol for different things (I noticed N in particular). Then, for each variant
of each variable, put additional columns for: description, units, spatial type (defined at surface only,
spatially continuous, or at discrete layers), and which equations it is used in. The reader needs to have all of
these carefully defined.

REPLY: The revision includes a fully updated Table 1, and addresses the issue of confusion of notation by
having a more consistent nomenclature scheme.

7. My high school chemistry teacher is the one who taught me how to use units in equations, and the
importance of doing so, hence the need for them in the big table above. Some examples of problems with
units in the equations that may indicate that the equation is simply wrong: In eq. 52, Q seems like it should
have units of m cubed per s, and h units of m, so the right-hand side does not have units of velocity.



REPLY: We apologise for this mistake - this equation (now Eq 62) has been corrected (and the code was
checked for consistency). The updated Table 1 now also has consistent units throughout, included for each
variable.

8. | approached this manuscript with the immediate question of what makes this model better and more
useful than the many others that are available. The introduction does a pretty good job of answering this,
but it may be good to give some examples of uses that are not satisfied by other models. This could be
introduced with a schematic of its components, options, and functions, at a lower level of detail than in
Figs. 15 and 16.

REPLY: Thanks for this suggestion. We do not feel in this paper we have the scope to do a full meta-analysis
of the features of all the other lake models and where they are inadequate relative to this effort. Given the
number of sub-modules and options, and very wide array of application contexts, it becomes difficult to
make judgments about what model options are required for specific lake types and we defer to users to
use the model in an appropriate way. We note that Figure 1 does currently aim to be a schematic for the
different model components, and functions, but agree this is currently not linked to applications or specific
lake types. However, we were worried about adding another Figure and hope the improved introduction
may help resolve this issue.

9. Anything that can be done to bring the reader’s intuition into play when introducing equations will
improve comprehension of the manuscript. Eq. 27 isn’t the most problematic one, but I'll use it as an
example. You might introduce it by saying something like: “Shortwave radiation is absorbed and attenuates
with different e-folding depths for snow, white ice, and blue ice, and these also depend on the light’s
wavelength. The overall effect is...”

REPLY: Thanks for this suggestion. Wording has been extensively updated across sections 2.1-2.6 to try to
improve the flow of the text and clarity of the descriptions.

10. Eq. 47 has me very mystified about how a standard definition of Richardson’s number translates into
this equation in terms of the angles of inflow geometry (part of the problem may be that | don’t feel like |
understand the meaning of the angle labeled alpha in Fig. 10; the illustration isn’t helping me). It also has
me asking “Richardson number at what location?” At the interface of the river water and ambient lake
water?

REPLY: We have cited the original source (Fischer et al 1979) of this equation and approach in the original
paper, however to improve the interpretability of this we have extended the sentence linking it to the
figure.

11. Several of the figures have characters that are so small as to be illegible.

REPLY: We have redrafted the schematic figures with larger symbol fonts.

12. What about modularity of the model? Can other schemes for pieces of the model be plugged in? The
details of how may be an appendix or even another paper or guide.

REPLY: The model is not written in an object-oriented fashion, however, custom schemes can be linked to
for key sub-module components (e.g do_mixing, do_deep_mixing etc) with some code-adjustments. A
comment on this will be added to the code structure section (Section 3).

Some particular examples of the general problems above are among the specific comments below.

Specific comments:



1. In nearly every review that | do, | refer to the rules of hyphens found at
http://www.grammarbook.com/punctuation/hyphens.asp particularly Rule 1 on that page. Your
manuscript is actually better than most, but here are the problems that | found: P. 2, line 23 should have
“system scale” (no hyphen). “Time-scale” is sort of borderline; | tend to use it without a hyphen when it
doesn’t modify another noun. P. 4, line 15 and some figure captions: “time series”. P. 13, lines 22 and 24:
“Wind sheltering”. P. 24, line 3: “user-specified”.

REPLY: Thankyou for this link and advice. These are updated now in the revision.

IM

2. P. 2, line 33: Change “spatial” to “vertical”, to contrast with horizontal from earlier in the sentence.

REPLY: This is updated in the revision
3. P. 3, line 10: Stepanenko is misspelled.
REPLY: This is updated in the revision

4. P. 3, lines 17-18: Do you have any comment on use in small vs. large lakes? Both in terms of area and
depth? There might also be considerations in terms of morphological complexity.

REPLY: We have now mentioned size when describing 1D models.

5. P. 3, lines 30-31 specifically mention temperature, salinity, and density. Later on, there is mention of the
broader category of “scalars”. Are you unnecessarily limiting yourself here? | am thinking of such things as
dissolved oxygen (mentioned later) and concentrations of nutrients and contaminants.

REPLY: The reference to scalars is now updated in the preliminary revision (now page 5 line 30) to be more
clear, and the option of coupling to a water quality model is mentioned (page 6 line 1)

6. P. 3, line 32: I think many readers will object to the use of “hydrodynamic” here, since it does not
explicitly represent advection of water. Continuity equations say that dynamics requires at least two
dimensions.

REPLY: We would argue that term hydrodynamic refers to the motion of water in general, rather than
specifically need to resolve advection in two dimensions. In addition to vertical mixing and transport of
water and its constituents, the model does parametrise horizontal advection of inflow water (Eq 62 in the
revision). Therefore, whilst the model is not resolving the Navier-Stokes equations, the model approach is
intended to capture the movement of water within the lake domain as it is filling, drying, and subject to
inflows and withdrawals.

7.P. 4, lines 31-32: “user-defined” and “set by the user” are redundant.
REPLY: Section 2.1 has been significantly revised in the revision upload and this problem is removed.

8. P. 5, line 8: This model doesn’t include it, but in reality, vertical advection of heat can be important along
with vertical mixing. Again this may depend on the size of the lake, but this factor should be acknowledged
here.

REPLY: Aside from mixing, the model captures to some degree the advection of heat and constituents in
the water as brought about by inflow or outflow dynamics. For example, new inflowing water would add a
layer and lift up layers above its insertion depth, which could be considered as vertical advection. Short
term advection associated with internal waves, or perhaps upwelling in large lakes, however is not
included.



9. Eq. 4 has issues with sign conventions, units, and possible missing terms depending on how one
understands it. It is E multiplied by lake area should be considered a volume flux. For practical purposes
these can be considered equivalent, but there would be another term for water density to convert between
mass flux and volume flux. Are the evaporation, snowfall, and rainfall defined as being specifically over the
area of the lake itself, or over the drainage basin? If over the lake, how is the Q term for runoff optional? |
have a hard time imagining many cases of lakes in which it is not a major term in the water balance. If these
variables are defined over the whole basin, is there an issue with agreement in timing between P —E and
runoff?

REPLY: Eq 4 and this section is now corrected in the revision, with units clarified in Table 1. The heat flux
conversion to volume is clarified in this version, accounting for density. The P, E and S terms are computed
over the active lake surface. The inflows from the drainage basin into the lake are set by the user as an
"inflow" (section 2.7). The local runoff term is not referring to runoff from the wider drainage basin where
the lake sits, but the local land within the lake area (Amax-As) that is not inundated with water. This could
be important in reservoirs where the volume is drawn down significantly from the maximum level set by
the user, or for ephemeral wetlands; in both these cases this area would generally not be considered as
part of the inflows from the wider drainage basin, and so Eq 7 (in the preliminary revision) allows for this
“dry lake-bed area” to contribute to the water balance.

10. P. 7, line 21: “However” is an interjection, not a conjunction. Here, it stands between two independent
clauses, so preceded with either a semicolon or period. Also p. 33, line 10 and p. 35, line 11.

REPLY: This is updated in the revision

11. Eq. 7 is a place where | started to distinctly feel the problem of definition of variables. | had to really
think through what had happened to the subscript S from eq. 6 and why the “hats” were there in eq. 7.

REPLY: This is updated in the revision; both the updated notation in Section 2 and Table 1 should prevent
this confusion.

12. Eq. 9a has a strange step function in space. Can you justify this not being a smooth function, but rather
one value for all of the northern hemisphere, another for the equator (an infinitesimal amount of space),
and another for the southern hemisphere?

REPLY: This function has been previously used by many authors for albedo and so is included - we
acknowledge this option is simple and hence Option 2 and 3 are provided in the model (Eq 12 in the

revision), with specific resolution of the solar angle.

13. P. 9, line 6: What makes the different formulas oceanic and lacustrine? Is there anything to help the
reader’s intuition for why these formulas should be different?

REPLY: We looked into this, and | think they are just different empirical approaches based on the indivdual
researchers choice.

14. Audience issue: P. 10, line 14 departs from the main conceptual theme to give a specific file name.
Detailed mathematical formulation and detailed user information don’t mix very well.

REPLY: We agree with this observation and have remove the user detail in Section 2.

15. Eqg. 14: Are you using a different temperature at the skin (interfacial layer) or bulk temperature a little
deeper? Specify how deep.

REPLY: The surface temperature used in the long-wave computation is from the upper-most model layer.
This is homogeneous over the depth of the surface layer (surface layer has a sub-script denoted "s"),



however we cannot specify the exact depth, as the model computes the surface layer thickness
dynamically, based on the density gradient, mixing intensity and layer limits.

16. P. 11, line 10: Air temperature at how high above the surface? Standard is 2 m, but there may be
adjustment needed if measurements are at a different height than that intended in the formulation.

REPLY: The air temperature used throughout the paper is now standardised to 10m and this is defined
specifically in Table 1. For users with data from a different height, that may use the f_U parameter to scale
the data appropriately.

17. Eq. 163: “Brutsaert” is misspelled.

REPLY: Updated in the revision

18. P. 11, line 13: The range of octals should be 0 to 8.
REPLY: Updated in the revision

19. P. 12, line 11: This should specify molecular weight of dry air, and it might be better to say mass rather
than weight.

REPLY: Updated in the revision
20. P. 13, lines 5 and 9: | think these should reference eqgs. 17-18 rather than 16-17.
REPLY: Updated in the revision

21. Eq. 23: The Latin v and Greek nu are somewhat difficult to distinguish here, and are even more difficult
to distinguish in the text following.

REPLY: Updated in the revision; the notation has been standardised, thereby removing this issue.

22.P. 13, lines 16-18: Thanks for explicitly using units here. Am | correct in understanding that molecular
heat conductivity is molecular heat diffusivity multiplied by heat capacity? | think it would be better not to
use heat conductivity, but use diffusivity and capacity.

REPLY: Note that units in the revision are updated in the text where appropriate, and Table 1 now includes
all units for all variables. You are correct that conductivity is related to diffusivity and heat capacity. The
notation adopted (now Eq 28) is based on the original description in TVA (1972)

23. P. 13, line 22: “may be” should be two words.

REPLY: Updated in the revision

24. P. 15, line 13: This use of “conductive heat flux from the ice or snow cover to the atmosphere”
particularly triggers my thought bias as a meteorologist. That bias prompts me to assume that this means
flux through the atmosphere’s interfacial layer, where molecular diffusion dominates. But | also wonder
whether it means heat conduction through the ice. These are not equal in general, and need to be
distinguished from each other.



REPLY: It does mean the upward conduction through the upper ice layer. For clarity this is depicted in the
schematic in Rogers et al (1995) that we had mentioned in the text, on which the model is heavily based
(Figure 5 in this source). As such, we chose not to reproduce the energy flux schematic in this manuscript,
and have updated the text, but can consider a sub-plot if deemed necessary.

25. Eq. 26: Why isn’t shortwave radiation here?

REPLY: This is the way the approach was reported in Rogers et al (1995) (Eq 7 in their paper) and we have
followed that; in this case at the surface interface it is assuming the non-pentrative heat flux is in balance
with the conduction of heat up to the surface. The conduction of heat up is based on the amount of light
that has penetrated (as computed in Eq 31 in the revised upload). We updated the text here to prevent
confusion and be more explicit that the net is referring to the non-penetrative component.

26.P. 16, lines 11 and 12: These are very wide ranges of albedo. Please describe the conditions under
which different parts of this range manifest.

REPLY: The variation is discussed in the Vavrus et al (1996) paper that we cited; we have added a brief
explanation about the variability to this sentence in the revision.

27. P. 18, line 10: The idea of energy required for mixing needs to be introduced more carefully. If you think
of the water column as continuous in space, mixing is also a continuum. But the concept here is based on
discrete layers, and this indicates how much energy is required to outright include a model layer in the
mixed layer.

REPLY: The approach to bulk mixed layer models is well established and as such we provided suggested
references for readers interested to gain a deeper understanding of the background: Kraus & Turner (1967)
and Kim (1976) and Imberger & Patterson (1981). The model approach we have adopted also has been the
subject of numerous prior publications that have thoroughly validated that the layer discretisation can
accurately capture the mixing continuum in monomictic and polymictic lakes.

28. Eq. 31: Csub T seems completely undefined.

REPLY: Updated in the revision via Table 1

29. P. 20, line 14: This cannot be reproduced unless your definition of “epilimnion” and “hypolimnion” are
precisely stated.

REPLY: Updated in the revision (now Eq 42.)

30. P. 20, line 20: Is K sub epsilon eddy diffusivity.

REPLY: Thankyou for noting this; the revision now includes an update to specify this.

31. Since the vertical axis in Fig. 8 has zero at the bottom, it appears to be height above the bottom, not
depth. It might be worth explaining that the varying top height of the color fill is due to varying overall

depth (assuming that this is correct).

REPLY: You are correct; in the revision we have been more careful in use and notation associated with
depth, height and elevation, and have updated the figures as suggested to use height instead of depth.

32.P. 22, line 13 and eq. 43: This seems to say that sigma should have units of inverse seconds squared,
which implies that the square-bracketed part of eq. 43 has units of (m/s) squared, but exponential
operations can only be performed on unitless numbers.



REPLY: Thankyou again for noting this inconsistency. Both the top and bottom of the fraction in this
equation (Eq 53 in the revision) are in the units of m”2, so the fraction for the exponential is dimensionless.
Text has been updated.

33. P. 24, line 5: Slope is usually defined as a ratio of rise divide by run, not an angle. | would say that the
slop is the tangent of the angle.

REPLY: You are correct, this sentence is updated.

34. The inset in Fig. 10 does not help me understand the meaning of the angle alpha, and it could use larger
lettering.

REPLY: We have made a modification to this figure to improve readability and detail.

35. Equation 52 seems messed up. Units-wise, it seems to make more sense if h squared is in the
denominator instead, but | also wonder why there is no dependence on width of inflow.

REPLY: We apologise for this error and it has been corrected in the revision (now Eq 62). The scheme does
not account for the width of the inflow explicitly, but it is approximated based on the water height and
channel angle (as depicted in the inset of Fig 10).

36. P. 26, line 16: In standard usage, dz represents an infinitesimal difference in z in continuous space, but
here it is used to indicate a finite distance in discretely sectioned space.

REPLY: This expression and associated notation has been revised (now Eq 69). The symbol delta is now
uniformly used to refer to a length-scale, as is the intent here.

37.P. 26, lines 16-17: It is difficult to understand the distinction between “height of withdrawal” and “edge
of the withdrawal layer”.

REPLY: This description has been further developed in the revision (now Page 30), to explicitly define how
the withdrawal thickness and the relevant layer edge is determined.

38. P. 26, line 19: Why say “fluid” rather than “water”?

REPLY: You are correct that water is more specific — we have replaced the use of fluid with water in the
revision.

39. A formatting problem put some labels that belong to Fig. 12 on p. 27, while the rest of the figure is on p.
28.

REPLY: This has now been rectified

40. P. 28, lines 10-11: Removing no more than half of a layer’s mass per time step seems like a reasonable
way to ensure numerical stability, but it would be good to re- mind the reader here of the layer merging
scheme that is likely to kick in. This merging and disaggregation scheme, also mentioned on p. 34, is never
really described well.

REPLY: Thankyou for this suggestion. We have revised both these sections to improve clarity of these
descriptions in the preliminary revision, including making both consistent by enforcing a 90% limit. The
merging and splitting scheme is introduced (page 6 line 7 of the revision), however we note the concern
this is not described fully, and have referred to it where relevant now, but probably should consider a new
sub-section.



41. P. 29, line 3 says “wind speed and fetch. . .calculated as”, while eq. 61 only shows the formula for fetch.
REPLY: The sentence introducing this Eq has been be re-worded to remove this ambiguity.

42. To help solve the problem of small print in Fig. 16, it may be useful to transfer some of the information
to a table instead.

REPLY: Thankyou, we have re-drafted this figure, to prevent the small fonts.

43. P. 34, line 19 has a placeholder for a citation. This is evidence of a poor final edit on the part of the
authors.

REPLY: Updated in the revision; apologies for this oversight.

44, P. 34, line 23: If you mention calibration, it would be well to describe this process more fully, in
particular which parameters you consider adjustable for purposes of calibration. Where p. 35, line 10
mentions “compare”, | wonder whether this might also imply calibration.

REPLY: The initial line referred to is an introductory statement with the intent that the text in Section 5.2
would describe the calibration process more fully. We have mentioned in this section the link to our
associated model validation paper (Bruce et al., 2018).

45, P. 48, line 12: “Anneville” misspelled?

REPLY: Updated in the revision



Anonymous Referee #3

General Comments

1. This paper describes the detailed functioning of the 1D physical lake model GLM 2.4 and its application
potential. The model incorporates a broad range of physical processes as surface heat exchange, snow and
ice dynamics, in- and outflow, submerged inflow and groundwater seepage and can be coupled with or
embedded into other models. The authors explain how GLM 2.4 has emerged as a response to the need of
standardized, yet flexible and computationally effective community lake model to interpret environmental
data from a broad range of lakes collected within the Global Lake Ecological Observatory Network (GLEON).
The model has been formulated as a new code in 2012, whereas layer structure, mixing algorithms and
physical formulae are based on earlier peer reviewed work. The authors state that the code is
computationally efficient and well suited for embedding in larger scale modelling frameworks. The authors
present also an overview of pre- and post-processing utilities as well as an innovative cloud computing
environment. Lastly, they elaborate on the educational use and gained experience in the classroom.

REPLY: Thankyou for this very accurate summary

2. | realized that this manuscript is for a major part equivalent to an earlier manual of GLM (V2 Manual,
October 2014, accessed on the 08.01.2017 from http://aed.see.uwa.edu.au/ research/models/GLM/Pages/
documentation.html). I think the authors should mention this.

REPLY: It is our intent that this paper replaces the online manual and we have removed the available PDF
cited above. The online manual was used as an interim resource to inform users until the model
development efforts had stabilised. Now this is the case, the revised version of the present paper includes
more detail and numerous improvements, extensions and fixes to errors and should become the key
reference. Aspects of that manual associated with model-use & setup that are not covered in this (science-
oriented) paper have been migrated to the website pages.

3a. The model in this paper represents with no doubt a tremendous effort in lake modelling and is of
interest for modelers in various fields of environmental research. The publication of this model is a step
towards better model documentation and contributes to the general scientific discussion and better lake
model development. As such it falls within the scope of this journal. The paper is well written and the
language is easily com- prehensible. Unfortunately, this manuscript has some structural problems and
there are quite a few mistakes in equations and figures. After dealing with these issues, the manuscript
should be good for publishing.
REPLY: Thank you for this recommendation. We have endeavoured to resolve the specific issues that you
and the other reviewers have identified in this revision.

3b. The main problem of this very long manuscript is that it is missing an instant overview of what is in
the paper and what not. Scanning through, the reader gets lost easily in the large chapter 2 ‘model
overview’ and might miss the subsequent chapters that elaborate more on the possibilities and significance
of this model for the scientific community.
REPLY: We acknowledge this view, which is similar to a comment #2 by R2, and have updated the
introduction significantly with the aim of providing a better “road-map” for the paper structure.

4, | think that this problem can be fixed with some changes in the introduction: 8A'c | suggest using
subtitles in the introduction. (In the introduction, the authors describe the importance of the study of lakes,
the importance of GLEON, the importance of lake models, the advantages of simple models, applications
and features of 1D models, the need for a flexible open-source model, how GLM 2.4 answers this need and
finally an overview of the paper) 3A” ¢ | suggest creating a new paragraph starting at p. 3 Line 19 ...
“Nonetheless, there ...”. The need of an open source and flexible community model that can be applied to
various lakes should be highlighted better. Another additional paragraph could explain how GLM 2.4
responds to this need. As | understand, GLM 2.4 is filling the gap because it provides a standard middle



complexity physics ‘shell’ (simple yet enough complex to be applied for various lakes) that can be
connected individually to or implemented into various other models (e.g. water quality or land- climate
models). | think this point could be emphasized. A" ¢ A figure could be helpful to draw attention to the
significance of this model in the scientific community. This could also be combined with schematic overview
of the model functioning (I agree with R2 that anything that gives an overview helps). 8A" ¢ The specific
limitations of GLM 2.4 (not of 1D models in general) should be mentioned in the introduction. Like this, the
reader may have a quick idea whether GLM is suitable for him/her. What are the key features of this model
that set it apart from other models? 3A” ¢ On p. 4 lines 5-9, the authors explain the aims of the paper and
in which of chapter 2-6 these aims are met. | think these lines are important and should be extended to a
paragraph by itself to make sure the reader is fully aware what to expect from the paper. In the same
paragraph, | would also expect some more information regarding what this paper is not about and mention
that a companion paper by Bruce et al. (2017) is assessing the model’s error structure against 31 GLEON
lakes.

REPLY: Thank you for this very useful suggestion and we have heavily modified the introduction in the
revision, thought stopped short at adding another figure as our attempt at such a figure didn't seem
worthy.

5. I think the authors did not carefully go through the complete manuscript. Many of the empirical
equations are missing the definition of units for used variables. On other occasions variables where poorly
described (see the examples listed below, as well as listed by R1 and R2). On several figures elevation and
not the labeled depth is shown on y axis. The references are not formatted coherently. Like R2, | am of the
opinion that many variable symbols are confusingly similar and that they should all be listed in a table. |
also agree with R2 that all the subchapters of chapter 2 should have a small introduction paragraph.
Further, | agree with the comments of R1 on the equations 1, 2, 3, 5, 9¢, 12, 16 and with the comments of
R2 on the equations 4, 7, 14, 26, 31, 52.

REPLY: Our sincere apologies that we didn’t identify these flaws in the original upload. In our responses to
R1 and R2 we have detailed many fixes to these issues, including a significantly revised nomenclature and
summary table with all variables and units. The revision addresses most of the issues, including updates to
the nomenclature and figures, and improved contextual information in the Section 2 sub-sections.

Specific comments

6. | think it is not very clear how the amalgamating, expanding, contracting or splitting and adding of
layers works. For example, in p. 23 L 21 it is not obvious what the mentioned ‘numerical criteria within the
model’ are. | would explain these in detail somewhere in the beginning of chapter 2.
REPLY: We have revised Section 2.1 to add clarity to the layer scheme, and as also noted to R2 (specific
comment #40), and also better descriptions in other module sections.

7.p.6 eq2andeq 3: It seems odd that the interpolation of values between levels b-1 and b are
depending on b-1, b and b+1 and not only on b-1 and b.
REPLY: This error is fixed in the revision

8. p. 10 Line 5-8: $SWS is defined only in text form and not as an equation, yet it is used in equation 6.
There is the danger that $SW defined in eq 10 will be confused with $SWS. | suggest mentioning early on in
this subchapter how you approach calculating $SWS.

REPLY: This notation for energy fluxes has been significantly improved and checked in the new revision; the
extended Table 1 now makes the symbol definitions and units clear, and the text is updated accordingly.

9. p. 12 eq 17: formula only for forced convection? Wind speed at what height? What are the units? |
would introduce first the concepts of sensible heat (free and forced con- vection) and latent heat
(evaporation and condensation) before showing the equations.

REPLY: As per point #8 above, the notation for heat transfers has been significantly updated in the revised
version. This makes explicit the reference height. As per the above suggestions for an opening paragraph in



the sub-sections, we have re-worded the opening and other parts of this sub-section to better introduce
free and forced convection.

10. p. 18 L10: An intro with possible conceptual options to reproduce a surface mixed layer would be
good. | would like to know how the chosen approach of a bulk mixed layer depth compares to other
approaches in other models (e.g. k-epsilon turbulence closure with Fickian diffusion) and what the
consequences of this approach are.

REPLY: We have not delved into a critical assessment of the model approach in this sub-section. We
acknowledge your interest in the approach relative to alternatives but at 24000 words already we decided
a review and critical assessment was not appropriate here, and the paper should focus on description. We
have published a companion paper that compares the model performance in capturing stratification (Bruce
et al, 2018) and others have done 1D model inter-comparisons.

11. p. 22 L 15 and eq 44 and eq 45: | think an explanation of the concept behind this numerical scheme is
necessary
REPLY: We have provided some additional explanation to this description for this diffusion algorithm in the
revised version.

12. p. 24. Figure 10: This figure is not enough self-explanatory to me.
REPLY: A revised version of this figure has now been included, better depicting the interaction of the inflow
"parcels" with the lake layer structure, and using the updated notation (consistent with Table 1).

13. p. 28 eq 60: Shouldn’t G not just be another term in eq 4 for all cases?
REPLY:
You are correct that the change in the thickness of the bottom layer then also leads to a downward vertical
shift in the elevation of all the layers above (equivalent to advection, as also discussed with R2 specific
comment #8). The wording of the seepage section is now updated. As this step occurs separately to the
surface dynamics routine we had not included a term for this in Eq 4, and instead included a sentence
describing this effect :

" However, in addition to the terms in Eq. 4, hg is modified due to volume changes associated with river
inflows, withdrawals, seepage or overflows, which are described in subsequent sections."

14a. p. 40 lines 21-24: move this sentence to the intro
REPLY: In light of the proposed changes to the introduction discussed in comment #4, we have updated
accordingly.

14b. p. 40 L 24 - 26: This needs to be better explained.
REPLY: We have removed this

List of Corrections

15. p. 1 lines 31-32. Consider splitting sentence as it contains different ideas.
REPLY: Thank you for the suggestion, we have revise the abstract.

16. p. 2. Line 1: write only ‘standing’ as this word is comprehensible and you don’t use lentic in the rest of
the text.
REPLY: Thank you for the suggestion, we have made this change.

17. p. 5 Line 17. Write the definite instead of the indefinite integral or otherwise phrase it in a sentence.
REPLY: We have updated the integral to be between SH_0S and SH_maxs.

18. p.6 eq 1: could be simplified
REPLY: Thank you for the suggestion, we have made this change.

19. p.6. Line 11-18: Should this go in the introduction?
REPLY: This section has been updated

20. p. 9 eq 9b: Contrary to R1, | managed to get the peak at 80°SZA. The equation seems to be the same
as used in fig 3.



REPLY: Fig 3 is updated and checked - problem with the bracket location!
21. p. 9 eq 9c: Specify units, also see comments of R1.
REPLY: This is updated in the revised version and also see the reply to R1.

22.p.9.L6: Uxis wind speed at which height?
REPLY: Within the revised vresion, all meteorological variables are now referenced to 10m, SU_10S. This is
computed from the user input data (SU_x$) as SU_10=f_UU_xS. The updated equation in the preliminary
revision (now Eq 12c) however still needs correcting from SU_xS$ to SU_10S.

23. p.9 figure 3: Specify the values of relative humidity, wind speed and atmospheric diffusive radiation
used for eq 9c. | agree with R1 that the label is wrong, but | think it should be SZA = 360° ®zen/(2mn) = 180°
dzen/nt
REPLY: This figure is updated in the revision, and we have extended the caption to specify the values.

24.p. 11 eq 16 a-d: Use either only °C or only K in equations, now they are mixed. | found eq 16 c in
Henderson-Sellers (1986) but strangely | couldn’t find this equation in Brutseart (1975).
REPLY: The notation is now updated so as to distinguish between them (STS and S\theta$, respectively).

25. p. 12 L 12: no units specified for latent heat of vaporization
REPLY: Table 1 in the revision has been updated to have unit descriptions of ALL variables.

26.p.13L9andL 13: 1 guess the authors meant eq 17 -18 and not eq 16-177?
REPLY: Yes, corrected in the revision.

27. p. 16 L 6: ‘penetrating the surface’, which surface?
REPLY: This is referring to the ice/snow surface, now corrected in the revision.

28. p. 20 eq 35: What is u0?
REPLY: Following our updates to the notation in this revision, it is now Su_b_oldS; it is the layer velocity at
the previous time-step. We have added to Table 1 as it has been overlooked.

29. p. 22 eq 39: Please explain the variables in this equation.
REPLY: Apologies for this oversight and confusing notation. The revision includes the description of
S\tildaVs$ further down (and in Table 1), however we have moved this first description up to this point. The
symbol for the surface layer thickness is also now matching the earlier use. However, we noted a further
error since the k in this expression should be squared and it is now updated.

30. p. 22 eq 43: check index, should be hl not hi
REPLY: This is updated in the revision (now Eq 53).

31. p. 23 L 17: typo: entrain (not entrains)
REPLY: This is updated in the revision.

32.p. 23 L 18: typo: the (not th)
REPLY: This is updated in the revision.

33. p. 34 figure 17: increase font size and size of arrows.
REPLY: We have updated the resolution and fonts in this figure in the revision.

34. p. 34 L 19: Insert the references into the place holder
REPLY: This is updated in the revision.

35. p. 35 L 26: Who is testing these ‘Wrappers’ and examples? What is a wrapper?
REPLY: Updated to remove wrappers.



36. p. 37 L 13: What is HTCondor?
REPLY: Updated.

37.p. 27 L 16: Start a new paragraph at ‘GRAPLEr’'s Web service . . ." to highlight this idea.
REPLY: Agreed

38. p. 40 L 24 - 26: Explain better.
REPLY: See the reply to comment #14b above

39. References Formatting: Some parts are underlined, remove it. Change all to coherent formatting.
REPLY: The reference formatting has been refined in the revision.

40. P. 49 L 23, 25 same author, write same initials.
REPLY: Agreed

41.P.51L 13, is there a translation of this Japanese paper? Check the year (2014 in text, here 2015)
REPLY: Unfortunately there is no English translation of this article, however, Yajima pers comm provided
an English summary of the algorithm performance and coefficients. Year has been corrected in the revision.

42. Table 1: If there is no default variable, can you give a range for snow density, compaction coefficient,
and thermal conductivity of snow?
REPLY: Table 1 has been updated to specify “computed” and in the comments the relevant equation is now
referred to.

43. Table 1: Latent heat of fusion: remove the trailing zero 334
REPLY: Updated in the revision.
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Abstract. The General Lake Model (GLM) is a one-dimensional open-source—model code designed to simulate the
hydrodynamics of lakes, reservoirs and wetlands. GLM was developed to support the science needs of the Global Lake

Ecological Observatory Network (GLEON), a network of lake sensers-and-researchers attempting to use lake sensors to

understand lake functioning and address questions about how lakes around the world vary-in-+espenserespond to climate and
land-use change. The scale and diversity of lake types, locations and sizes, as well as the expanding observational data—within

GLEEONdatasets, created the need for a robust community model of lake dynamics with sufficient flexibility to accommodate

a range of scientific and management needs—efquestions relevant to the GLEON community. This paper summarises the

scientific basis and numerical implementation of the model algorithms, including details of sub-models that simulate surface

heat exchange and ice-cover dynamics, vertical mixing and inflow/outflow dynamics.

-We demonstrate the suitability of the model for different

o

lake types, that vary substantially in their morphology. hydrology and climatic conditions. GLM supports a dynamic coupling

with biogeochemical and ecological modelling libraries for integrated simulations of water quality and ecosystem health-—A+#

overview-of-approaches, and options for integration with other environmental models;-and- are outlined. Finally, we discuss

utilities for the analysis of model outputs and # uncertainty assessments-is-als
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, model operation within a distributed cloud-computing environment, and as a tool to support

learning of network participants.

1 Introduction

Lakes and other lentic—(standing) waters support extensive ecosystem services such as water supply, flood mitigation,
hydropower, aesthetic and cultural benefits, as well as fisheries and biodiversity (Mueller et al., 2016). Lakes are often
considered to be “sentinels of change”, providing a window into the sustainability of activities in their associated river basins
(Williamson et al., 2009). They are also particularly susceptible to impacts from invasive species and land use development,
which often lead to water quality deterioration and loss of ecosystem integrity. Recent estimates have demonstrated their
significance in the earth system, contributing to heterogeneity in land surface properties and feedbacks to regional and global
climate through energy, water and biogeochemical transfers (Martynov et al., 2012, Cole et al., 2007). For example, Tranvik

et al. (2009) suggestedsuggest carbon burial in lakes and reservoirs is substantial on thea global scale, on the order of 0.6 Pg

-1 . . .
yr, or four times the oceanic burial rate.

Given the diversity of lakes among continents, region-specific pressures and local management approaches, the Global Lake
Ecological Observatory Network (GLEON: gleon.org) was initiated in 2004 as a grass-roots science community with a vision
to observe, understand and predict freshwater systems at a global scale (Hanson et al., 2016). In doing so, GLEON has been a
leadingsuccessful example of collaborative research within the hydrological and ecological science disciplines.- GLEON aims
to bring together environmental sensor networks, numerical models, and information technology to explore ecosystem
dynamics across a vast range of scales - from an-individual lakelakes or reserveirreservoirs (Hamilton et al., 2015) to regional
(Read et al., 2014; Klug et al., 2012), and even global trendsextents (Rigosi et al., 2015; OReilly et al., 2015). Ultimately, it
is the aim of the network to facilitate primary-discovery and synthesis, and to provide an improved scientific basis for

sustainable freshwater resource management.

Environmental modelling forms a critical component of observing systems, as a way to make sense of the “data deluge” (Porter
et al., 2012), allowing users to build virtual domains to support knowledge discovery at the system- scale (Ticehurst et al.,
2007; Hipsey et al., 2015). In lake ecosystems, the tight coupling between physical processes and water quality and ecological
dynamics has long been recognised;—and-medels. Models have capitalized on comprehensive understanding of physical
processes (e.g., Imberger and Patterson, 1990; Imboden and Wiiest, 1995) to use hydrodynamic models as an underpinning
basis for coupling to ecological models-that. Such models have contributed to our understanding of lake dynamics, including
aspects such as mixingregimes;climate change (Winslow et al., 2017), eutrophication dynamics (Matzinger et al., 2007),

harmful algal bloom dynamics (Chung et al., 2014), and fisheries (Makler-Pick et al., 2009).

In recent decades a range of 1, 2, and 3-dimensional hydrodynamic models has emerged for lake simulation-acress-a-diverse
s-. Depending on the dimensionality, the horizontal resolution of these models may vary from metres to

tens of kilometres;-and-the spatialresolution with vertical resolutions from sub-metre to several metres. As in all modelling
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disciplines, identifying the most parsimonious model structure and degree of complexity and resolution is challenging, and
users in the lake modelling community often tend to rely on heuristic rules or practical reasons for model choice (Mooij et al.,
2010). High-resolution models are suited to studying events that occur at the time- scale of flow dynamics, but are not always
desirable for ecological studies over longer time scales due to their computational demands and level of over-parameterisation.
On the other hand, simple models may be more agile for a particular application, and more suited to parameter identification

and scenario testing workflows. However, it has been the case within GLEON that simple models are often less applicable

across a wide variety of domains, making them less generalizable, which is a key requirement of synthesis studies. Despite the

fact that there is a relatively large diversity of models and approaches for aquatic ecosystem simulation (Janssen et al., 2015)

it is generally agreed that to improve scientific collaboration within the limnological modelling community, there is an

increasing need for flexible, open-source community models (Trolle et al., 2012). Whilst acknowledging that there is no single

model suitable for all applications, a range of open-source community models and tools can enhance scientific capabilities

and foster scientific collaboration and combined efforts (Read et al., 2016). -but-are-oftenless-applicable-across-a-wide-variety
of domains;—making—themless—generalizable—There are several examples of such initiatives being successful in the

oceanography, hydrology and climate modelling communities.

With this in mind, the General Lake Model (GLM), a one-dimensional (1D) hydrodynamic model for enclosed aquatic

ecosystems, was developed. The lake modelling community has often relied on +-dimensional-{1D) models, which originated

to capture lake water balance and thermal stratification dynamics (e.g., Imberger and Patterson, 1981; Reeters—etal-2007:
Saloranta and Andersen, 2007; Perroud et al., 2009; Kirillin et al., 2011; StepankeStepanenko et al., 2013). TheirThe use of

1D structure is justified across a diverse range of lake sizes given the dominant role of seasonal changes in vertical stratification

on lake dynamics, including oxygen-dynamies, nutrient and metal cycling and plankton dynamics (Hamilton and Schladow,
1997; Gal et al., 2009). Despite advances in computing power and more readily available 3D hydrodynamic drivers, they 1D
models continue to remain attractive as they are easily linked with biogeochemical and ecological modelling libraries for

complex ecosystem simulations;-aHewing-ther. This allows 1D models to be used to capture the long-term trajectory and

resilience of lakes and reservoirs in-respense-to climate change, hydrologic change and land use change:for. For example,

such models have been used to model long-term changes to oxygen-and, nutrient cycles, and the inereasingchanging risk of

algal blooms (e.g., Peeters et al., 2007; Hu et al., 2016; Snortheim et al., 2017). Furthermore, theirthe low computational

requirements of this approach relative to 3D models alewfortheirusein-is more suited to parameter identification reutinesand

uncertainty analysis, making themit an attractive balance between process complexity and computational intensity.
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In-response-to-this-need.the-General-Lake Model (GLM).-a-one-dimensional-hydrodynamic-model-for-enclosed-aquatic
ecosystems-was-developed—The-model emerged as a new open-source code from-GEEON-aetivities-in 2012, &Hekeempu%eswnh

the design goal of balancing the 1a

of —vertical—preflescomplexity of %mpe%whm@—%d—d%m@—afﬂ%damg—m%p%mal—eﬁeemdlmenswnal

representation, applicability to a wide range of 4

availability to

biogeochemical-eyeleswaterquality-attributes;-and-ake-eeology-a broad community (e.g., GLEON). The scope and capability
of the model has since-developed rapidly with application to numerous lakes and lake-types within the GLEON network and

beyond (e.g., Read et al., 2014; Bueche et al., 2017, Snortheim et al., 2017; Weber et al., 2017; Menci6 et al., 2017; Bruce et
al.,2017). 6 i i i i

of It is unique in that its suitability now ranges from ephemeral wetlands and ponds to deep lakes, from natural systems to

heavily managed man-made reservoirs-

wide-range-of standing—waters, and avatabilityto-abreoad-community(e-e—GEEONY-across climatic regions. Given that
individual applications of the model are-not-able-to-deseriberarely engage the full array of features andor describe the full

details of the model structure, the aim of this paper is to present a complete description of GLM, including the scientific
background (Section 2), and model code organization (Section 3};). The approach to coupling with biogeochemical models is

also discussed (Section 4);-and-) since a main objective of the model development is to intimately link with biogeochemical

models to support exploration of stratification and vertical mixing on the dynamics of biogeochemical cycles and lake ecology.

Finally, an overview of the use of the model within the context of GLEON specific requirements for model analysis, integration

and education (Section 5-6) is described. In order to better define the typical level of model performance across these diverse
lake types, a companion paper by Bruce et al. }-+(2018) has undertaken a systematic assessment of the model’s error structure

against 31 lakes from across GLEON.

2 Model Overview

2.1 Background and layer structure

GEM-adepts-aThe 1D approach fersimulatinglake-mixing proeessesadopted by reselvingGLM resolves a vertical series of

layers that deseribecapture the variation in water column properties. Users may configure any number of inflows and outflows,
and more advanced options exist for simulating aspects of the water and heat balance- (Figure 1). Depending on the context of
the simulation, either daily or hourly meteorological time- series data for surface forcing is required, and daily time- series of
volumetric inflow and outflow rates can also be supplied. The model is suitable for operation in a wide range of climate

conditions and is able to simulate ice formation, as well as accommodating a range of atmospheric forcing conditions.
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Although GLM is a new model code written in the C programming language, the core layer structure and mixing algorithms

| 5 isare founded on principles and experience from model platforms including the Dynamic Reservoir Simulation Model
(DYRESM,; Imberger and Patterson, 1981; Hamilton and Schladow, 1997) and the Dynamic Lake Model (DLM; Chung et al.,

2008). Other variations have been introduced to extend this underlying approach through applications to a variety of lake and

| reservoir environments;-to-which-the readeris-alse-referred (e.g., Hocking & Patterson, 1991; McCord & Schladow, 1998; Gal
et al., 2003; Yeates and Imberger, 2003). The layer structure is numbered from the lake bottom to the surface, and adopts the

10 flexible Lagrangian layer scheme first introduced by Imberger et al. (1978) and Imberger &and Patterson (1981). The approach
defines each layer, 7, as a ‘control volume’ that can change thickness by contracting and expanding in response to inflows,
outflows, mixing with adjacent layers, and surface mass fluxes, as depicted schematically in Figure 1. As the model simulation
progresses, density changes due to surface heating, vertical mixing, and inflows and outflows lead to dynamic changes in the

layer structure, associated with layers amalgamating, expanding, contracting or splitting. Notation used throughout the model
15 description is provided in Table 1.

As layers change, their volumes change based on the site-specific hypsographic curve, whereby the overall lake volume, V.

is defined as f:;maxA[H] dH, with the elevation (), and area (4) relationship provided as a series of points based on
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bathymetric data. This computation requires the user to provide a number, Nggy, of heights with corresponding areas. The

cumulative volume at any lake elevation is first estimated as:

Vp =Vp_q1 + [Ap_1 + 0.5(4p — Ap_)](H, — Hp—1) a

where 2 < b < Npgy. Using this raw hyposgraphic data, a refined height-area-volume relationship is then internally computed

using finer height increments (e.g., AH,,; ~0.1 m), giving Ny,orpy_levels that are used for subsequent calculations. The area

and volume at the height of each increment, H,,;, are interpolated from the supplied information as:

Vit = Voer (229)™7 _and Ay = Ay () @

Hp_q Hp—q

where V,,,; and A,,; are the volume and area at each of the elevations of the interpolated depth vector, and V;,_; and A,_, refer

to the nearest b level below H,,; such that H,_; < H,,;. The interpolation coefficients are computed as:

14 A
togso ) togso( %) 3
b = 7] and )817 = 7] . (_)
lo b+1 lo b+1) |~
g10 Hy, g10 Hyp,

Within this lake domain, the model solves the water balance by including several user configurable water fluxes that change

the layer structure. Initially, the layers are assumed to be of equal thickness, and the initial number of layers, N; g, (t = 0-

on the initial water depth. Water fluxes include surface mass fluxes (evaporation, rainfall and snowfall), inflows (surface

inflows, submerged inflows and local runoff from the surrounding exposed lake bed area) and outflows (withdrawals, overflow

and seepage). Surface mass fluxes operate on a sub-daily time step, At, by impacting the surface layer thickness (described in

Section 2.2), whereby the dynamics of inflows and outflows modify the overall lake water balance and layer structure on a

daily time step, At,, by adding, merging or removing layers (described in Section 2.6). Depending on whether a surface (areal)

mass flux or volumetric mass flux is being applied, the layer volumes are updated by interpolating changes in layer heights

whereby V; = f[h;],and i is the layer number, or layer heights are updated by interpolating changes in layer volumes, whereby

h; = f[Vi].

Each layer also contains heat, salt (S) and other constituents (C) which are generically referred to as scalars. These are subject

to mass conservation as layers change thickness or are merged or split. The specific number of other constituents depends on

the configuration of the associated water quality model, but typically includes attributes such as oxygen, nutrients and

phytoplankton. Layer density is computed from the local salinity and temperature according to TEOS-10, whereby p; =

plT;, S;]. When sufficient energy becomes available to overcome density instabilities between adjacent layers, they—witlthe

layers merge, thereby accounting for the process of mixing- (Section 2.5). For deeper systems, a stable vertical density gradient
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buoyant
water overlying cooler—cenditions—deeper—in—the—, denser water, separated by a metalimnion region which includes the

thermocline. Layer thickness limits, Az,,;,, and Az, .., are enforced to adequately resolve the vertical density gradient,

will form in response to periods of high solar radiation creating warm,

generally with fine resolution occurring in the metalimnion and thicker cells where mixing is active. The number of layers,

5  Niygy(t), is adjusted throughout the simulation to maintain homogenous properties within a layer. [t has been reported that

numerical diffusion at the thermocline can be restricted using this layer structure and mixing algorithm (depending on the

minimum and maximum layer thickness limits set by the user), making it particularly suited to long-term investigations, and

ideally requiring limited site-specific calibration (Patterson et al., 1984; Hamilton and Schladow, 1997; Bruce et al., 2018).

10
) \ ’
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Because this approach assumes layer properties are laterally averaged, the model is suitable for investigations where resolving
the horizontal variability is not a requirement of the study. This is often the case for ecologists and biogeochemists studying
central basins of natural lakes (e.g., Gal et al., 2009), managers simulating drinking water reservoirs (e.g., Weber et al., 2017),

or mining pit lakes (e.g., Salmon et al., 2017), or for analyses exploring the coupling between lakes and regional climate (e.g.,

Stepanenko et al., 2013). Further, whilst the model is able to resolve vertical stratification, #-maythe approach is also able to
be used to simulate shallow lakes, wetlands, wastewater ponds and other small waterbodies that experience well-mixed
conditions. In this case, the layer resolution, with upper and lower layer bounds specified by the user, will automatically

simphifiybe reduced, and the mass of water and constituents, and energy will continue to be conserved. The remainder of this

section outlines the model components and provides example outputs for five water bodies that experience a diverse hydrology

(Figure 2).

2.2 iaterbalonee

The-modelsolvestheSurface water balance

removing layvers{deseribed-in-Seet- 2.6 In-addition;the-mass-balanee-the-surface layer is computed at each model time step
(At; usually hourly), by modifying the surface layer height according to:
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d'h?f th QR dAZice
O e B S f R4 QA = R <R _p Ll
e sar - RetSe g dt )

where /:5h is the top height of the surface layer (m), ¢ is the time (dayss), E is the evaporation mass flux computed from the
heat flux ¢ W73, described below: 2 (E = — ¢, /1, p. . m s). R is rainfall and S5, is snowfall (m days™}.). R and S,

both affect the water surface height depending on the presence of ice cover:

fRRx/Csecday ’ if Azie =0 )
Rp = fRRx/Csecday ’ if Azjee >0 andT, >0
0, if Azj, >0 andT, <0
and
Sp = { fs fswe Sx/Csecaay » %f Azice =0 “
0, if Az, >0
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The net water flux in a time step is-a: dV/dt = Ah A  + Z;V'NF Qinf,, — Z}(\)]OUT Qoutf, — Qovfi — Qseepage: For more information
about each lake, the simulation configuration and input data, refer to the Data availability section.

Here f and fs are user- definable scaling factorfactors that may be applied to inereaseadjust the input data values, R, and S,

respectively. The surface height of the water column is also impacted by ice formation or reduece-therainfal-data{(default—
H—melting, according to dAz;../dt, as described in Section 2.4.

Qp is an optional term to account for runoff to the lake from the exposed riparian banks, which may be important in reservoirs
with a large drawdown range, or wetlands where periodic drying of the lake may occur. The runoff volume generated is

averaged across the eurrentarea that the active lake surface area (Ag);) is not occupying, and the amount is calculated using a

simple model based on exceedance of a threshold-rainfall intensity threshold, R, (m day™), and runoff coefficient:

57
QR_;T%GT%'R—R'L%{AW%S_)QR = max[OJ fro (RF - RL/Csecday)](Amax - As) GD

where f,., is the runoff coefficient, defined as the fraction of rainfall that is converted to runoff at the lake’s edge, and A,,,, is

the maximum possible area of inundation of the lake (as-defined-by-the area provided by the user atas the Nggy-area value).

Note that mixing dynamics (i.e-., the merging or splitting of layers to enforce the layer thickness limits), will impact the
thickness of the surface mixed layer, =5,/ z,,, but not change the overall lake height. However, in addition to the terms in Eq.
4, hewill-alse-behg is modified as- :
withdrawals, seepage or overflows-impactingupon-the surface-layer, which are described in subsequent sections:-these-are-in

due to volume changes associated with river inflows,

2.3 Surface energy balance

A balance of shortwave and longwave radiation fluxes, and sensible and evaporative heat fluxes determine(all W m”)

determines the net cooling and heating for GEM-across the surface. The general heat budget equation for the upper most layer

is described as:

& 14T dT, 68
{—];detcwpszsd_; = Pswg — Pe + Pu + Prwin — Prwour S
SeSm

where ¢,c,, is the specific heat capacity of water{(4186- 5ke™2c™); 75T} is the surface temperature, and z; and p, are the depth
and density of the surface mixed-layer and-zo;1s-the-depth-ef thesurface-mixeddayer(i = N gy ), respectively. The RHS heat

flux terms;-inehading are computed at each time step, and include several options for customizing the individual surface heat

flux components, which are expanded upon individually-below.

2.3.1 Solar heating and light penetration

Solar radiation is the key driver of the lake thermodynamics;-hewever,-data- and may netabways-be available-input based on

daily or hourly measurements from a nearby pyranometer. Userslf data is not available then users may choose to either have

10
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GLM compute surface irradiance from a theoretical approximation based on the Bird Clear Sky insolation model (BCSM)

(Bird, 1984), modified for cloud cover and latitude; i .

:. Therefore the options for

input are summarised as:

- $pp+Pas " (F9a-
T A % 3
SWoy 9)

(1 = asw) fow bsw, fld, t — |t]], Option 1: daily insolation data provided
= (1 = asw) fsw Psw,» Option 2: sub-daily input data provided
(1 - agy) Psw, Option 3: data is computed from the BCSM

where the model computes-totalirradiance, oy W-m )where @sw,_is the solar radiation flux entering the surface layer, ¢gy,

is the incoming shortwave radiation flux supplied by the user, fs, is a scaling factor that may be applied and adjusted as part

of the calibration process, and agy, is the albedo for shortwave radiation. If daily data is supplied (Option 1), the model

continues to run at a sub-daily time step, but applies the algorithm outlined in Hamilton and Schladow (1997) to distribute the

daily solar energy flux over a diurnal cycle, based on the day of the year, d, and time of day, t — |t]. For Option 3 the BCSM
is used (Bird, 1984; Luo et al., 2010):

bpp + Pas
1= (asw asky)

fIc] (10)

(f)sw =

where the total irradiance, ¢y, is computed from direct beam ¢p 5, and atmospheric scattering ¢ 45 components (refer to

Appendix A for a detailed outline of the BCSM equations and parameters). In GLM, the clear sky value is then reduced
according to the cloud cover;€ data provided by the user, C,, according to:

fey=1c,] = 0.66182 £2C,° —1.5236 &+, + 0.98475 (#11)

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

(R? = 0.952; see also Luo et al., 2010).

11
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The albedo, gy, is the reflected fraction of ¢y with several computation-options basedthe incoming radiation and depends
on the-surface conditions including the presence of ice, waves and the angle of incident radiation;-selected-via-the- radmode

ep&eﬂﬁ%eh%medekeeﬁﬁgufaﬂefrﬁﬂe For open water conditions, users may configure:
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1 E 2:6 5 (4 NERT] (4 051 (4
100 \1-1eos(Pya)7+0-065 zen ’ zen ’ zen

96)
9e)
Option 1 : Daily approximation, Hamilton and Schladow (1997)
0.08 — 0.02 sin [%d — ﬂ :northern hemisphere
Ay = 0.08 :equator 12a
0.08 — 0.02 sin [%d + ﬂ :southern hemisphere
Option 2 : Briegleb et al. (1986)
1 2.6
Asw = E(m + 15(6‘05‘[@2@,1] - 0-1)(5'03[@%71] - 0-5)[605[¢zen] - 1]) 112b}
Option 3 : Yajima and Yamamoto (2015)
12¢

Qg = max [0.02,0.001 .

100

[1 = cos(P,.,)]%3% —0.001 Uy [1 — cos(D,,,)] %57 — 0.001 g [1 — cos(dbu)n)]”'””]

where-d-is-the-day-ofthe-yearand ®,,, is the solar zenith angle (radians) as outlined in Appendix A, RHRH, 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 are included to allow for diel and seasonal variation of albedo from approximately 0.01 to 0.4 depending

on the sun-angle (Figure 3). Albedo is calculated separately during ice cover conditions using a customised algorithm, outlined

5 below in Section 2.4.

/\ —=#— Briegleb ot al. (1986) - 04
- 035

—8&— Yajima & Yamamoto (2014)
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4
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(=]
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© | — Briegleb et al. (1986)
--- Yajima & Yamamoto (2015)
32}
2
7 o
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Solar Zenith Angle (SZA)

Figure 3: Variation of albedo (agy) with solar zenith angle (SZA = 27-®,,, /180 ®,,,180 /1, degrees) for zadmodealbedo mode
2 and 3 (Eq. 12). For option 3, settings of RH =80 % and U =6 m s”' were assumed.

Shertwaveradiation-The depth of penetration of shortwave radiation into the lake is wavelength specific, and threughdepends

on the layers-is-modelled-according-towater clarity via the light extinction coefficient, K,, (m™). Two approaches are supported
in GLM. The first option assumes the Photosynthetically Active Radiation (PAR) fraction of the incoming light is the most

penetrative, and follows the Beer-Lambert Law:
Psirk)Ppar 2] = E—esw)Fwfrarbsw/rar bsw, exp[—Ky 2] (+613)
where z is the depth of theany layer from the surface;fgyis-asealing factor that-may-be-apphed-and-adjusted-aspart-of the

calibration process.and K s the lisht extinction coefficient (m )4, K,, may be set by the user as constant or linked to the
water quality model (e.g-.., FABM or AED2, see SeetSection 4) in which case the extinction coefficient will change as a

function of depth and time according to the concentration of dissolved and particulate constituents. For this option Beer’s Law
is only applied for the photosynthetically active fraction-(PAR)-component, fpagr, Which is set as 45% of the incident light.
The amount of tightradiation heating the surface layer, ¢y, is therefore the abeve photosynthetically averageactive fraction
that is attenuated across 5,2, plus the remainingentire (1 — fpag) fraction, which accounts for near infra-red and ultraviolet

bandwidths of the incident shortwave radiation with sy . = dsy, — Pparlzey ). and implicitly assumes these have

significantly higher attenuation coefficients (Kirk, 1994). The second option adopts a more complete light adsorption algorithm

that integrates the attenuated light intensity across the bandwidth spectrum:

14
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-th

where k is the bandwidth index ¢5Wi/ [z;] is the radiation flux at the top of the i ™ layer. For this option, the model by Cengel
K

and Ozisk (1984) is adopted to compute ¢5W[k(zi), which more comprehensively resolves the light climate including incident

and diffuse radiation components, the angle of incident light and transmission across the light surface (based on the Fresnel

equations), and reflection off the bottom. These processes are wavelength specific and the user must specify the number of

simulated bandwidths, Ny, and their respective absorption coefficient.

The light reaching the benthos may be used in some applications as an indicator of benthic productivity, and a proxy for the

type of benthic habitat that might emerge. In addition to the light profiles, GLM also predicts the benthic area of the lake where
light intensity exceeds a user defined vatuefraction of the surface irradiance, frpy . (Figure 4)-¢ gy )

Appn = As — Athped [Py (++15)
where hgpy = #Asprrhs — Zgpn, and Zggy is calculated from Beer’s law:

. [émﬁ]_} ln[fBENcrit]

Zgpy = 1 — (+216)
S I -
Theand the daily average benthic area above the threshold is then reported in-the Lake-esvsummary-file-as a percentage
(Apen/As).
(a)
10 .
(b) 0 100 200 300 400 500 600
E
8

50 -

40

30 . . . .
0 100 200 300 400 500 600 700

Simulation Days
Figure-4: Example light data-eutputsfrom-a-GEM-application-to-Woods Lake;-Australia; showing-a) the ratio-of benthic-to-surface

light; @sur_/Psw(%);-overlain-on-the lake map based-on-the bathymetry; b)-a-time-series-of the-depth-variation-in light (W m),
and-¢)-a-time-series-of Agpn/As (%)

2.3.2 Longwave radiation

Longwave radiation can eitherbe speeifiedprovided as a net flux, an incoming flux or, if there is no radiation data from which
longwave radiation can be computed, then it may be calculated by the model internally based on the cloud cover fraction and

air temperature. Net longwave radiation is described as:
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Figure 4: Example light data outputs from a GLM application to Woods Lake, Australia, showing a) the ratio of benthic to surface
light, ¢ppag,,,/Psw, (Y0), overlain on the lake map based on the bathymetry, b) a time series of the depth variation in light
(W m™), and ¢) a time series of Appn/As(as %) for fpgpy, ., = 0.2,

(l)LWnet = ¢LWin - ¢‘LWout (+217)
where
Brwpye = EwOtE+2731514(0,)" (+418)

and o is the Stefan-Boltzman constant and ¢, the emissivity of the water surface, assumed to be 0.985. If the net or incoming
longwave flux is not provided, the model will compute the incoming flux from:

brw,, = (1 — ayw) &g 0 {F+2731514(0,)" (+519)
where a;, is the longwave albedo (0.03);and-the). The emissivity of the atmosphere iscan be computed considering emissivity

of cloud-free conditions (&,), based on air temperature (T,) and vapour pressure, and extended to account for reflection from

clouds, such that g = f{F£)ealeulatedfrom—([T,, C,, e,] (sce Henderson-Sellers, 1986):; Flerchinger, 2009). Options
available in GLM include:

(1+0275€) (1 — 0261 exp[-0:000777 72 ]) Option-1:Idse-andJackson-(1969)

(A+017-62)(9-365% 0= [ +273.152) Option-2: Swinbank-(1963) (+6a20a
£ - -d)
1
. = S ) .
[ e q:l ’ s L ’6} 777777777777 Option-4+Yajima-and-Yamamoto-(2644)

(1+0.275 C,)(1 — 0.261 exp[—0.000777 T,%]), ~ Option 1:Idso and Jackson (1969)
(14+0.17 ¢3?) (9.365%1076(6,)?), Option 2: Swinbank (1963)
(1+40.275C,) 0.642 (e, /6,)'7, Option 3: Brutsaert (1975)
(1 —C27%) 1.24 (e, /0,)*7 + 0.955 C279%, Option 4: Yajima and Yamamoto (2015)

where, €C, is the cloud cover fraction (0-1), e, the air vapour pressure calculated from relative humidity, and options 1-4 are
chosen via the e Lleudmedecloud mode variable. Note that cloud cover is typically reported in octals (+0-8) with each value

depicting a fraction of 8-Se, thus a value of 1 would correspond to a fraction of 0.125. Some data may also include cloud type

16



10

15

20

25

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

Discussion started: 20 November 2017

(© Author(s) 2017. CC BY 4.0 License.

Revision 8 Mar 2018

and their respective heights. If this is the case, good results have been reported by averaging the octal values for all cloud types

to get an average value-ofcloud cover.

If longwave radiation data does not exist and cloud data is also not available, but solar irradiance is measured, then itispossible

to—get-GLM rad mode setting 3 will instruct the model to compare the measured and theoretical (BESMjclear-sky solar

irradiance (estimated by the BCSM; Eq. 10) to approximate the cloud cover fraction:

by assuming that ¢/ s Gsw, /Dsw = fEE3-[C.]. Note that

if neither shortwave or longwave radiation areis provided, then the model will use the BCSM to compute incoming solar

irradiance, and cloud cover will be assumed to be 0- (noting that this is likely to be an overestimate of downwelling shortwave

radiation).

2.3.3 Sensible and latent heat transfer

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

bu = —PpatpCaCutizU:o(Ts = To) (+721)
where ¢,¢, is the specific heat capacity of air(, C}; 1005-J-ke 2y, is the bulk aerodynamic coefficient for sensible hearheat
transfer(—1-3x10 )7, T, the air temperature (°C)-and 7.7, the temperature of the water surface layer°C).. The air density
i (kg m—and) is computed from
po=0.348 (1 + r)/(1 + 1.61r) p/T,, where p is air pressure (hPa) and r is the mixing ratio, which is used to compute

the gas constant.

For latent heat:
$e = —PaCk )“U_;A U10 D (es[Ts] — eqlTa) (+822)

where €.C is the bulk aerodynamic coefficient for latent heat transfer, e, the air vapour pressure, ¢, the saturation vapour

pressure (hPa) at the surface layer temperature (°C), #-isw the ratio of molecular weightmass of water to molecular weightmass

of dry air

(=0.622) and /s, the latent heat of vaporisation. The vapour pressure can be calculated by the following formulae:

Option1-+-TVA-(1972)—Magnus-Tetens (] 9¢ ,)3(1)

Option2-+August-Roche-Magnus (19b23b)

(%28603523

2322:37885 T;)
Tg+273:15

1 =10
T T

Option-3—Tabata-(1973)—Linear

(#9e23¢)
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.
exp [2.3026 (7.5 —;) + 0.7858] , Option 1 : TVA (1972) - Magnus-Tetens
Te+237.3
- 17.625 Ts )
es[Ts] = exp [6.1094 (78)] , Option 2 : August-Roche-Magnus
Tg+243.04

2322.37885 T
9.28603523 —(———————
10< Ts+273.15 >, Option 3 : Tabata (1973) - Linear
and RH
ealTal = esfruRH,, e5[Tq] £26.(24)

100

Correction for non-neutral atmospheric stability-: For long-time (e.g., seasonal) integrations-{i-e-seasenal);, the bulk-transfer

coefficients for momentum, €,:C), sensible heat, €,;C;;, and latent heat, €,;C;, can be assumed approximately constant
because of the negative feedback between surface forcing and the temperature response of the water body (e.g-., Strub and
Powell, 1987). At finer timescales (hours to weeks), the thermal inertia of the water body is too great and so the transfer
coefficients must be specified as a function of the degree of atmospheric stratification experienced in the internal boundary
layer that develops over the water (Woolway et al. 2017). Monin and Obukhov (1954) parameterised the stratification in the
air column using the now well-known stability parameter, =4,z /L., which is used to define corrections to the bulk aerodynamic
coefficients €,,C;; and €;(p, using the numerical scheme presented in Appendix B. The corrections may be optionally applied
as-optionsin-the-medelwithin a simulation, and if enabled, the transfer coefficients used above are automatically updated. This

option requires-that the measurement of wind speed, air temperature and relative humidity within the internal boundary layer

over the lake surface-are, supplied at an hourly resolution.
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Figure 5; i i i i the five example lakes, a-e, that were depicted in Figure 2.

The heat balance components summarised are depicted schematically in the inset, as described in Section 2.3 and the "Heat Balance"
line refers to the LHS of Eq. 8.

Wind sheltering: Wind sheltering may be important depending on the lake size and shoreline complexity, and is parameterised

according to several methods based on the context of the simulation and data available. For example, Hipsey et al. (2003)

presented a simple adjustment to the bulk transfer equation to account for the effect of wind sheltering in small reservoirs

using a shelter index to account for the length scale associated with the vertical obstacle relative to the horizontal length scale

associated with the water body itself. Markfort et al. (2009) estimate the effect of a similar sheltering length-scale on the

overall lake area. Therefore, within GLM, users may specify the degree of sheltering or fetch limitation using either constant

or direction-specific options for computing an "effective" area:
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As, Option 0: no sheltering (default)

Ag (25a-d)
Ag tanh (T) Option 1: Yeates & Imberger (2003)
ws

A =

LDZ Xws® Xys®
Tcos‘1 ( 7 > -1 Lp? — (ops®)?, Option 2: Markfort et al. (2009)
D D

fws[®Pwinal As, Option 3:user — defined

where Ay is a user defined critical lake area for wind sheltering to dominate, Xy, is a user defined sheltering distance, and

Lp the lake diameter (L = 0.5(Lcypese + Werest)). For option 1, the sheltering factor is held constant for the simulation based

on the size of the lake, whereas the latter two options require users to additionally input wind direction data, and a direction

function, fiyys[®Pyinal. to allow for a variable sheltering effect over time. In the case of option 2, this function scales the

sheltering distance, x5, as a function of wind direction, x1,s® = x5 (1 — min(fiys[Pingl, 1)), whereas in the case of

option 3 the function reads in an effective area scaling fraction directly.

The ratio of the effective area to the total area of the lake, Ag/As, is then used to scale the wind speed data input by the user

U,. as a means of capturing the average wind speed over the entire lake surface, such that U, = fy U, Ag/Ag, where f;; is a

wind speed adjustment factor that can be used to assist calibration, or to correct the raw wind speed data to the reference height

of 10 m.

Still-air limit-: The above formulations only apply when sufficient wind exists to create a defined boundary layer over the

surface of the water. As the wind tends to zero (the ‘still-air limit’), Eqs. +6-17-arene-tonger21-22 become less appropriate as

they do not account for free convection directly from the water surface. This is a relatively important phenomenon for small
lakes, cooling ponds and wetlands since they tend to have small fetches that limit the build-up-ofenergy input from wind-speed.

These water bodies are-oftenmay also have large areas sheltered from the wind and will develop surface temperatures warmer

than the atmosphere for considerable periods. Therefore, weusers can optionally augment Eqs. +6-1721-22 with calculations
underfor low wind- speed conditions by calculating the evaporative and sensible heat flux values for both the given /. U,

and for an assumed &/ U;, = 0. The chosen value for the surface energy balance (as applied in Eq. 8) is found by taking

the maximum value of the two calculations:

=P P ) Px (2+26)
{ max [d)x, ¢X0] , Option 1: no — sheltering area
| max [¢)X, quo] Ap/As + ¢x, (As — Ap)/As , Option 2: still — air sheltered area

where ¢y, is the zero-wind flux;-given-below;and-applies for botheither the evaporative andor sensible heat fhuxes;-flux
(and ¢4y is calculated from Eqs. 16-17:21-22). The two zero-wind speed heat flux equations are takenfrom TVA (1972),
but modified stichtly-to return energy flux in SI units (W m™):
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P, = Ps Ay e Er—€ (05 — 94) (2227a-
b, = an(Ts — Tg) b)
1/3 1/3
o, = 2283502 ¢ 2 [ Pretl g 00 K“”( lp“_p‘") (23282-
e&ps| pave | CaPs \” Pa Va Da N
1/3 1/3 n
ay = 2:283x103 £ [g camical 0.137 fy Kqir <g7|p“ p"')
|7 pave | paVa Dy

where €9 = k e/p, with the appropriate vapour pressure values, e, for both surface and ambient atmospheric values. Here,
+K ., is the molecular heat conductivity of air (0-+&JJ m™ ks CK")+). v, is the kinematic viscosity of the air (0-0548 m?
hs'L). p, is the density of the saturated air at the water surface temperature, p, is the density of the surface water, </, is a
dimensionless roughness correction coefficient for the lake surface (6-5)-and «D,, is the molecular heat diffusivity of air (6-077

m? hs™). Note that the impact of low wind speeds on the drag coefficient is captured by the modified Charnock relation (Eq.

A24), which includes an additional term for the smooth flow transition (see also Figure Al).
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2.4 Snow and ice dynamics

The algorithms for GLM ice and snow dynamics are based on previous ice modelling studies (Patterson and Hamblin, 1988;
Gu and Stefan, 1993; Rogers et al., 1995; Vavrus et al., 1996; Launiainen and Cheng, 1998; Magee et al., 2016). To solve the
heat transfer equation, the ice model uses a quasi-steady assumption that the time scale for heat conduction through the ice is
short relative to the time scale of changes in meteorological forcing (Patterson and Hamblin, 1988; Rogers et al., 1995). The
steady-state conduction equations;which-allocate shortwave radiation S ek =709 i

red-(A2=30%)speetral-band; are used with a three-componentlayer ice model that includes blue ice (or black ice), white ice

(or snow ice) and snow (see Eq. 1 and Fig. 5 of Rogers et al., 1995)—White), and forced at the surface based on shortwave

radiation which is partitioned into two components, a visible (fy;s) and an infra-red (1 — f;s) spectral band. Blue ice is formed

through direct freezing of lake water into ice whereas white ice is generated in response to flooding, when the mass of snow

that can be supported by the buoyancy of the ice cover is exceeded (see-Eq-—13-0f Rogers et al., 1995). By assigning appropriate
boundary conditions to the interfaces and solving the quasi-steady state efequation for heat transfer numerically, the model
computes the upward conductive heat flux fremthrough the ice erand snow cover to the atmosphere, termed ¢ . The estimation

of ¢ invelves-the-appheation-ofapplics an empirical equation (Ashteon;1986)-to estimate snow conductivity-<.), £,,,,.. from
its density (Ashton, 1986; Figure 6).

At the solid surface (ice for snow)-surfaee;), a heat flux balance is employed to provide the condition for surface melting:

PoF ol + PnectFHTol =0 To <Tn
ey dAz; e,snow
- ¢net€p09[’r0] :419‘&%!: ~Pice,snow Af % To =T, 25
(29)
(30)

where £/, is the latent heat of fusion-(s i» AZice snow 1 the height of the upper snow or ice

layer, #is-time;pP;ce snow 15 the density of either the snow or ice, determined from the surface medium properties, 7,7 is the

temperature at the solid surface, 7,7, is the melt-water temperature (6°€0 °C) and 4,470} ,.0: [Ty ] is the net incoming heat

flux; for non-pentrative radiation at the solid surface:
GrecFHTol = Srwin — PrwoucFHTo| + QutFHTo | + PptF Ty + prtF Ty

where ¢y, and- o g gog gwavefaaic P rand-gp
between the solid boundary and the atmosphere;-and-¢;-is

s are calculated as

abeveoutlined previously, but with modification for the determination of vapor pressure over ice or snow (Gill, 1982)), and

the addition of the rainfall heat flux, ¢, (Rogers et al., 1995). 7,7}, is determined using a bilinear iteration until surface heat
fluxes are balanced (i.e— ¢y L) ——, Loy and-Lo., OolTo] = — Do Tol) and T, is stable (£ 0.00+°€)-001 °C). In the presence
of ice (or snow) cover, a surface temperature 7,7, 7, > T, indicates that energy is available for melting. The amount of
energy for melting is calculated by setting 7,—7,,7, = T, to determine the reduced thickness of snow or ice (as shown in Eq.

2530).
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Accretion or ablation of ice is determined through the heat flux at the ice-water interface, ¢,—Selvingd,. Shortwave radiation

is absorbed and attenuates with different extinction depths for snow, white ice, and blue ice, and these also depend on

wavelength of the light. Assuming two light bandwidths, we solve for the heat conduction through ice yieldsto yield:

b5 Eﬁh»_"h“f;wv(l *pl—HKsrhsmown—Karhwmee yn’wmw])_Asz;s'\rv(l expl—HKszhmow—FKhumme—Kpzh zluy])_Qwhu,yhsnuwd)f' (2—72)
= qb() - f]/[s ¢5W“ (1 - exp|_KslAZSHOW - leAzwhitc - KblAZqucD
- (1 - fVIS) ¢5W5 (1 - EXP[_KszAanow - KWZAthite - KbZAZblueD

*
- ¢whi[eAanow

where ¢y ¢ sw, is the shortwave radiation penetrating the ice/snow surface, K refers to the light attenuation coefficient of the
ice and snow components designated with subscripts s, w and eb for snow, white ice and blue ice and-snow-ice-respectively,
and %Az refers to the thickness of snow, white ice (snow-ice}-and blue ice. .0, i 1S @ volumetric heat flux for the
formation of snow ice, which is given in Eq. 14 of Rogers et al. (1995).- Ice and snow light attenuation coefficients in GLM
are fixed to the same values as those given by Rogers et al. (1995). Shortwave albedo for the ice or snow surface is a function
of surface medium (snow or ice), surface temperature and ice or snow thickness (see Table 2;1 of Vavrus et al., 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, depending on the surface

temperature and their layer thickness.

The imbalance between ¢, moving through the blue ice layer and the heat flux from the water teinto the ice, ¢.:¢,,, gives

the rate of change of ice thickness at the interface with water:

tHhpre _ dF—tw AAZppe _ b5 — dw
et ue dt Pblue /1f

(2833)

where 65,051, 1 the density of blue ice and ¢,.¢,, is given by a finite difference approximation of the conductive heat flux

from water to ice:
AT AT
QW—:‘_’!%ETCPW = —Kyater = (Q_Qﬁ)

wi

where £,K,, ;. is molecular conductivity of water (assuming the water is stagnant), and AT is the temperature difference

between the surface water of the lake and the bottom of the blue ice;—whieh- layer, T,,, — T,. This occurs across an assigned

depth-Az—Alength-scale 6,,;, for which a value for-A—=of 0.1-0.5 m is usual, based on the reasoning given in Rogers et al.

(1995) and the typical vertical water layer resolution of a model simulation (0.125 — 1.5 m). Note that a wide variation in
techniques and values is used to determine the basal heat flux immediately beneath the ice pack (e.g., Harvey, 19905.) which

suggests that this may need careful consideration during calibration.

Figure 6 summarizes the algorithm to update ice cover, snow cover and water depth. The ice cover equations are applied when

water temperature first drops below 0 °C. The ice thickness is set to its minimum value of 0.05 m, which is suggested by

24



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

Discussion started: 20 November 2017

(© Author(s) 2017. CC BY 4.0 License.

Revision 8 Mar 2018

Patterson and Hamblin (1988) and Vavrus et al. (1996). The need for a minimum ice thickness relates primarily to horizontal

variability of ice cover during the formation and closure periods. The ice cover equations are discontinued and open water

conditions are restored in the model when the thermodynamic balance first produces ice thickness
<0.05 m.
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Figure 6: Decision tree to update ice cover; snow cover and water depth according to snow compaction, rainfall (7 ;) and snowfall
(S)-enSy) each day;-and-depth-ef snow-cover-(i,,)-and-snow-density (p,;) for-the previous-day-time step. Refer to text and Table 1 for
definitions of other variables.

After the change in ice thickness due to heat exchange is calculated, the effects of snowfall, rainfall, and compaction of snow
are calculated through appropriate choice of one of several options, depending on the air temperature and whether ice or snow
is the upper solid boundary (Figure 6). Density of fresh snowfall is determined as the ratio of measured snowfall height to
water-equivalent height, with any values exceeding the assigned maximum or minimum snow density (defaults: p; . = 300
kg m™, Ps.min = 50 kg m) truncated to the appropriate limit. -The snow compaction model is based on the exponential decay
formula of McKay (1968), with selection of snow compaction parameters based on air temperature (Rogers et al., 1995) as
well as on rainfall or snowfall. The approach of snow compaction used by Rogers et al. (1995) is to set the residual snow
density to its maximum value when there is fresh snowfall. This method is found to produce increases in snow density that are
too rapid when there is only light snowfall. As a result, GLM uses a gradual approach where the new snowfall and 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 et al. (2014):) for a previous application.
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Figure 7: Example of modelled and observed thickness of (a) blue ice (a),, Az},,,., (b) white ice (b), AZ,,};;., and snow (¢) thickness
Snow, AZgpow 5
for Sparkling Lake, Wisconsin. Lines are modelled thickness and points are average observed thicknesses.

2.5 Sediment heating

The water column thermal budget may also be affected by heating or cooling from the soil/sediment below. For each layer

the rate of temperature change depends on the temperature gradient and the relative area of the layer volume in contact with

bottom sediment:

T, (T, —T) (5)
cwpi AV dtl = Ksoir 57 = (A — A1)
soil

where K,;; is the soil/sediment thermal conductivity and 6zg,;;_is the length scale associated with the heat flux. The

temperature of the bottom sediment varies seasonally, and also depending on its depth below the water surface, such that:

2
Ty = Tyoun + 0T, COS [ﬁ (d - dTZ)] 36)

where z is the soil/sediment zone that the i " layer overlays (see Section 4 for details) T,. is the temperature of this zone,

T,

Zmean is the annual mean sediment zone temperature, 87, is the seasonal amplitude of the soil temperature variation, and de

is the day of the year when the soil temperature peaks. By defining different sediment zones, the model can therefore allow
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for a different mean and amplitude of littoral waters compared to deeper waters. A dynamic sediment temperature diffusion

model is also under development, which will be available when empirical data for the above parameters in Eq 36 is not possible.

2.6 Stratification and vertical mixing
2.56.1 Surface mixed layer

To compute mixing of layers, GLM works on the premise that the balance between the available energy, E7xg, and the energy

required for mixing to occur, Epg, provides for the surface mixed layer (SMbEsml) deepening rate ¢z, /dt-dz,,,, /dt, where

Zgmy 18 the thickness of the surface mixed layer. 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. fnUsing this sedelapproach, the available kinetic energy is

calculated due to contributions from wind stirring, convective overturn, shear production between layers, convective-overturn;

and Kelvin-Helmholtz (K-H) billowing. They may be combined and summarised for E7xz as (Hamilton and Schladow, 1997):
ETKE = O.SCK(WE) At + O.SCK(CW uf) At

convective overturn wind stirring (%ﬁ)

up d€ | s dﬁb] up dégy  uplgy duy

+ 0:5C5 [uf, + . 0.5 Cg |uz + — Azy_q
l 6 dtsml 3 dtsmIJ 6 d‘sml 3 dLsml
shear-production- shear production
-K—H-production K—H production

where £6,;, is the K-H billow length scale (described below), u;, is the shear velocity at the interface of the mixed layer, and
Ck, Cy, and Cs are mixing efficiency constants. For mixing to occur, the energy must be sufficient to lift up water atin the
layer below the bottom of the mixed layer, denoted here as the layer k — 1, with thickness A4,—Az, _,, and accelerate it to
the mixed layer velocity-, - This also accounts for energy consumption associated with K-H production and expressed as,

E PE-

bp  g§* dlbp)  gihp dS
oz

Po e 2‘41'}0 disml I 1_Z_f}o dzsml

lifting K—H-consumption

(3+38)

Err = 05C 3+ Corrud )23 1
PE o trtve—+Ep i

Azi—Epgp

acceleration

A Sk’ d(A Sxulp dS
= lo5c,w3 + ¢y uf)2/3+—pg ZSML+9 ki d(8p)  gOkylp ddgy
Po 24‘[’0 dzsml 12.00 dzsm[

lifting K—H consumption

Zk-1

acceleration

To numerically resolve Eq 37 and 38 the above-equations-wemodel sequentially eemputecomputes the different components
of the above expressions in-tight-of-with respect to the layer structure-—Here, checking the available energy relative to the

required amount. GLM follows the sequence of the algorithm euthinedpresented in detail in Imberger and Patterson (19819),
whereby cooling-is-computed-se-thatlayers are combined due to convection;-then and wind stirring;-and-then- first, and then

the resultant mixed layer properties are used when subsequently computing the extent of shear andK-H-mixing are

computedand the effect of K-H instabilities.
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To compute the mixing energy available due to eenvective-coolingconvection, in the first step, the value for w, is calculated,

which is the turbulent velocity scale associated with convection- brought about by cooling at the air-water interface. The model

adopts the algorithm used in Imberger and Patterson (1981), whereby the potential energy that iswould be released by mixed
layer deepening is computed by-loekingatas the difference in the moments of the different-layers in the epilimnion (surface

mixed layer-€) about the lake bottom, which is numerically computed by summing from layers-kthe bottom-most layer of the

epilimnion, &, up to Mpzp):Nypy:

N N
e ﬁSMgZL‘A{/ iv[pk Az f‘vk] b i‘/[f')k Az ]\ w? ¢
\ k=K k=K /
NLEV NLEV
= ,DSTZ At ; [o: Az; ] = Dy ; [p;i Az; ]

where g5, 18 the mean density of the mixed layer including the combined layer, pj, is the density of the K" layer, Az 7;
is the height difference between two consecutive layers within the loop (Az,z; = hzh; —h—h; ), hzh, is the mean height
of layers to be mixed ( hh, = 0-5/-h,.0.5 h; + h—h,_,]),and Beprhoy, is the epilimnion (surface mixed layer)mid height,
calculated fromas: boyrhe,, = 0.5 Hcpmrtbp—rt(he + hy ).

The velocity scale u, is associated with wind stress and calculated according to the wind strength:
w.? = CptiUi, (3340)
where Cj, is the drag coefficient for momentum. The model first has-a-cheekchecks to see if the stirring-energy available from

Eqgs. (39) and (40) can overcome the energy required to mix the k—+k — 1 layer; into the surface mixed layer; i.e., mixing of

ke — 1 occurs if:
Ce Cowd + Cy ud) At > (gp zsmy, + Cr(wd + Cy ud)?/3)Az,_y (3441)

andwhere gy =2—p is the reduced gravity between the mixed layer and k-+—layerthe k — 1 layer, calculated as

o

(Psmi — Pr=1)7/(0.5(psm; + Pr—1)). If the mixing condition is met the layers are combined, the energy required to combine

the layer is removed from the available energy, k is adjusted, and the loop continues to the next layer. Where the mixing

energy is substantial and the mixing reaches the bottom layer, then the mixing routine ends. If the condition in Eq. 41 is not

met, then the energy is stored for the next time- step-, and the mixing algorithm continues as outlined below.

Once stirring is completed, mixing due to velocity shear is applied. Velocity—shear—attheinterface—is—approximated

fromParameterising the shear velocity in a one-dimensional model is difficult but the approximation used in Imberger and

Patterson (1981) is applied as:

2
2 uw,.“t
_ =t D A + Up 1d’ t< tp +5tshear (%Q)
Hp Holp = ) Zsmu ¢
st 0, t > tp+6tspear

where-tis-characteristie-time-seale-over-whichsuch that there is a simple linear increase in the shear has-been-operatingvelocity

over time for a constant wind stress, considered relative to 7.5t c;.q,» Which is the cut-off time; beyond which-therethis time
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it is assumed no further shear-preduetion-{i-e-induced mixing occurs for that event. The velocity #5=-0-u,, . is from the

time-exeeeds 1, J—previous time step, and zeroed between shear events. This cut-off time assumes use of only the energy

produced by shear at the interface during a period equivalent to half the basin-scale seiche duration, 7;-anddt;,,, which can be

modified to account for damping: (Spigel, 1978):

Shear . 11 Stshear

2\ (2643)
T

1.59 8ty — > 10

B S5t o st
14059 |1 - cosh | —2 _ 4 5t,, damp _ o
Sti 5t
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where 70t 4, is the time- scale of damping-{see Spigel1978).. The wave period is approximated based on the stratification
as =
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Stiy = Lygra/2c, where Lygr, is the length of the basin at the thermocline. calculated from /A, (4/7) (Lerost/Weyest)

and c is the internal wave speed-—:

c=|lg. |M (44)
o (56101' + 5hyp)

where 6,,; and y,,, are characteristic vertical length scales associated with the epilimnion and hypolimnion:

Avepi Vk—l

=P . =1 (45)
PLT05(Ag + Ap_y) T PP T 054,

)

The time for damping of internal waves in a two-layer system can be parameterised by estimating the length scale of the

oscillating boundary layer, through which the wave energy dissipates, and the period of the internal standing wave (see Spigel

and Imberger, 1980):

Vv 2(8epi +8myp) | € Oy (46)

2
Cdamp 655 U, 2 LMETA 5epi

Stdamp = (561?1' + Shyp)

Once the velocity is computed from Eq. 42, the energy for mixing from velocity shear is compared to that required for lifting

and accelerating the next layer down, and layers are combined if there is sufficient energy, 7.e. when:

2 ——
0.5-¢C [ b\=SMT E %W%] + [n, z (5 1 Aé\'l (Siﬂ)
1 6 3 |17 24y 12/]
> ' 3 3y2/3 0.5 Cs [uﬁ (Z;nl; Adky)
Up Sy Auy, [ , (5KHAZI<—1 A5KH>]
T ] 90k gy — T 12

= (gllc Zsmi + CT(W*3 + CW uf)2/3)Azk—1
where the K-Hbillow length scale is &=Crpris/grmrOxy = Contts/ gy and  AE=2-Corushay /iy
Ay = 2 Cyp iy Ay /gl in this case the reduced gravity is computed from the difference between the epilimnion and

hypolimnion, and Cgy is a measure of the billow mixing efficiency.

Once shear mixing is done, the model checks the resultant density interface to see if it is unstable to shear-(i-e-, such that K-

H billows would be expected to form)—This-ececurs, i.e., if the gradientmetalimnion thickness is less than the K-H length
scale-, 0. If K-H mixing is required, layers are further split and subject-to-mixing using an-algorithm similar te-abovea linear

density profile is set over the metalimnion.
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2.56.2 Deep mixing

Mixing below the SMEepilimnion in lakes, in the deeper stratified regions of the water column, is modelled using a
characteristic vertical diffusivity, X, =KD, = D. +K;,D,,, where £;;;D,,, is the-fixeda constant molecular diffusivity effor

scalars: and D, is the turbulent diffusivity. Three hypolimnetic mixing options are possible in GLM including: (i) no

diffusivity-(i1, D, = 0, (2) a constant vertical diffusivity £,D, over the water depth below the thermocline or (iii3) a derivation

by Weinstock (19815;) used in DYRESM. which is described as being suitable for regions displaying weak or strong

stratification, whereby diffusivity increases with dissipation and decreases with heightened stratification.
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For the constant vertical diffusivity option, the coefficient arx is interpreted as athe vertical diffusivity (m22s). ). i.c.. D, =

Cyyp. For the Weinstock (1981) model, the diffusivity is computed according to:

CTREETRE
Ky=— — 38
Chyp €TkE (48)

z

" ONZ+0.6 kogp’ w2
where @7 Cpyyp in this case is the mixing efficiency of hypolimnetic TKE (~0.8 in Weinstock, 1981) and ferpp—is—the

*rrE= }%HW 6%
YAz 102
and-u, =—J—1—.6—1—2—><—1—91l4y2f?h%&erm is defined as above. N2 is the Brunt—Viisili (buoyancy) frequency defined for a given
layer as:
N2, = g  g(pir; — pi-2) (49)

pAz N pref(hHZ - hifz)

where p,..r is the average of the layer densities. This is computed from layer 3 upwards, averaging over the span of 5 layers

until the vertical density gradient exceeds a set tolerance. kpgg_is the turbulence wavenumber:

,Avlz o g'A'ﬁ - [ i+ — ] {49)
ﬁAZ [ 7e = — J
Esti . |
2 o Cwn As 50
kTKE - ]7N2 AZgp g—)

where V2 is a fractional volume of the lake that contains 85% of N2. The turbulent dissipation rate can be complex andin

il

stratified lakes, however, GLM adopts a simple approach as described in Fischer et al. (19861979) where a “net dissipation’

is approximated by assuming dissipation is in equilibrium with energy inputs from external drivers:
erge = Erge = Fwmpéwino + EmrrowivrLow (4+51)

which is expanded and calculated per unit velumemass as:

3
1 c E2A 1 4252
ErRE—— - - —+ AN 5467 Ql(’htop L‘L) ETKE 9
— - — 5 2 I
(Zp)r02 o e L
rate-of working by wind rate of work done by inflows

—m
7. pP, Y10 As

rate of working by wind

Niyr

1
+ ([7_\]2 _AV )ﬁ Z g (pinsl - ‘Dim,\,) Ql'nf”m] ((hg - Zin/'m;]) - hi1713171>
i N

I

rate of work done by inflows
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The diffusivityis-calculated-according to Eg- 42, butsincewhere p = O.S(pl + pNLEV) is the mean density of the water column.

The work done by inflows is computed based on the flow rate, the depth the inflow plunges to, and the density difference

summed over all configured inflows.

Since the dissipation is assumed to concentrate close to the level of strongest stratification, the “mean” diffusivity from Eq. 48

is modified to decay exponentially wwithwithin the layers as they increase their distance from the thermocline:

f 0 hl = (’b‘top szx) (432)
K= [—¢h 2 TEL D
Z1 ( I e top X 12 7 (1L \ Zi
K eXpP = Az top mix )
0 hi = (hs - Zsml)
- _(hs — Zsmi — hi)z
Dz exp hi < (hs - Zsml)

g

where o is the variance of the N? distribution below %;the bottom of the mixed layer, h, — z.,,,. and this scales with-the

depth over which the mixing deeaysis assumed to decay.

Once the diffusivity is approximated (for either model 1 or 2-in-Eg-43), the diffusion of any scalar, C; (including salinity)

between two layers is numerically accounted for by the following mass transfer expressions:

o exp—/ R Al Az, AC
Civg = C + Gk (4454a.b)
i+ i (AZHI + AZi)
¢ = C—_e*ﬁ%f%ﬂiméée_f Az; AC
i+ i (AZHI + AZi)

where C is the weighted mean concentration of C for the two layers, and AC is the concentration difference between them.

#~The smoothing function, f,;/. is related to the diffusivity according to:

po tmmtta e Dra o (4555)
éé'Zﬂ:r"'—A-Zﬁl (AZL'+1 + AZi)z

Theand the above diffusion algorithm is run once up the water column and once down the water column as a simple explicit

method for capturing diffusion of mass to both the upper and lower layers. An example of the effect of hypolimnetic mixing

on a hypothetical scalar concentration released into the hypolimnion is shown in Figure 9.

(a) Deep Mixing 0 (b) Deep Mixing 1 45 (€) Deep Mixing 2

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
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Figure 9: SimulationsExample simulations for Lake Kinneret showing the hypolimnetic concentration of a passive tracer
(normalised units) released from the bottom sediment into the bottom layer at a constant rate for the case: a) without deep mixing,
b) constant vertical diffusivity, D, = 2x107°¢ m’ s"2 and c) calculated vertical diffusivity (Eq. 38). For48). The thermal structure
offor this case refer tois in Figure 8c.

2.67 Inflows and outflows

Aside from the surface fluxes of water described above, the water balance of a lake is controlled by the specifics of the inflows

and outflows. Inflows can be specified as local runoff from the surrounding (dry) lake domain (Qx described separately above,
Eq. 57), rivers entering at the surface of the lake that will be buoyant or plunge depending on their momentum and density
(SeetSection 2.6.1), or submerged inflows (including groundwater-(Seet 2.6 2)—Any numberofinflows-to-the lake bodyecan
be-speecitied-and these-are-applied-daily—) that enter at depth (Section 2.6.2). Four options for outflows are included in GLM;
inehading. These include withdrawals from a specified depth (SeetSection 2.6.3), adaptive offtake (SeetSection 2.6.4), vertical

groundwater seepage (SeetSection 2.6.5)-

Eeor), and river inflows;-depending-on-the-density-of theriver-waterthe-inflow—will-outflow/overflow from the surface of the

lake (Section 2.6.6). Any number of lake inflows and outflows can be specified and, except for the local runoff term, all applied

at a daily time step. Depending on the specific settings of each, these water fluxes can impact the volume of the individual

layers, AV;, as well as the overall lake volume.

2.7.1 River inflows

As water from an inflowing river connects with a lake or reservoir environment, it will form a positively or negatively buoyant

intrusion 5
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The-at a rate depending on the turbulence created by the inflowing water mass (Fischer et al., 1979). For each configured

inflow the characteristic rate of entrainment of the intrusion, £;-can-be-calenlatedin-anumberofways—Forsimphieityin GEM
therate-has-been-adaptedfrom-thefirstl;, ¢, is computed using the approximation given in Fischer et al. (1979):

&2 CDinf3/2 (4656)

linf

where €50, £ is the user--specified drag coefficient for the inflow. -The Richardson’sinflow Richardson number-is-adapted

from-, Ri;,r, characterises the stability of the water in the context of the inflow channel geometry (Fischer et al—., 1979)),

computed as:

G;;(a—-a—e%mﬂw) Coyyy (1 +0.21 /CDW sin ainf> (4757)
Dy i 1

£ Ri;r = -
tnf Sin @ tan @,

where- @, ¢ is the stream half angle and ¢, is the tangent of the slope of the inflow, at the point where it meets the water
body (Figure 10).
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Figure 10: Schematic showing inflow insertion heightdepth, entrainment, ;£ ;. slope, ¢;,;®;,r and half angle, a;,s of an
inflowing river entering with a user prescribed flow of 0,0 ;,,s . and estimated starting heightthickness of /1p:Az;,, ¢ .

The inflow algorithm captures two phases: first, the inflowing water crosses the layers of the lake until it reaches a level of

neutral buoyancy, and second, it then undergoes insertion. In the first part of the algorithm, the daily inflow parcel is tracked

down the lake-bed and its mixing with layers is updated until it is deemed ready for insertion. The initial estimate of the

intrusion thickness, Az, , is computed from Antenucci et al. (2005):

Ao the inflownarce cale thea

98 b-and-Antenueei-et-al-where Qinr, = fins Qing,/Csecaay_is the inflow discharge entering the domain, based on the data

provided as a boundary condition, Qinf,» and g' is the reduced gravity of the inflow as it enters:

, R\ (Pins — Ps) (4959)
= ! 7 g inf = g
Ywr Ps

where Ping is the density of the inflow, computed from the supplied inflow properties of temperature and salinity (Tl-nfx, Sl-nfx)_1

and py is the density of the surface layer. If the inflowing water is deemed to be positively buoyant (pmf < ps), or the model
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only has one layer (N;gy = 1), then the inflow water over the daily time step is added to the surface layer volume

(AVy, py = Qing, Atq), and hg is updated accordingly. Otherwise, this inflow volume is treated as a parcel which travels down

through the lake layers, and its properties are subsequently incremented over each daily time step, j, until it inserts. The

thickness of an inflow parcel increases over each increment due to entrainment, assuming:

(prr—ps) 5060
#’m =4 . AZiTij =1.2 Emf Axinfj + Azinfj_l ( _)
where ﬁ%gAsz}. is the density-of-the-inflow thickness and ﬁs—ﬂﬁe—deﬁéfy—eﬁﬂ%e—aﬁﬁ&ee—l-ayer—.Axmfj is the distance travelled

by the inflowing water parcel in the time step. The distance travelled by-the-inflow-aliquet-dxis-is estimated asbased on the

distance-travelledchange in the vertical elevation of the inflow, 6z, and the slope of the inflow river, ¢,f-an¢, as given by:

O%ingj s (5161)

& A
dx=———Ax;,r. =
i LTLf] sin Cbinf

Sty
Where—d—ZJ_Smej = (hs — Zinf].) — hi}-—l and the depth of the inflow from the surface is the—distance—travelled—in—the

Vef&eaivszj = Zinf;_, T Axinfj sin @, ». The average velocity of the inflow aliguetparcel for that dayincrement is then

calculated asfrom:

mF tan a;, ¢
=R —— Uy, = Qinfj—mz (5262)
(Azi"fj)

where the numerator links the relationship between inflow height and channel width in order to define the cross-sectional area

of the flow. This velocity is used to estimate the time scale of transport of the parcel (8t; = Axmfj/uinfj)._Following

conservation of mass, the flow is estimated to increase according to Fischer et al. (1979);-as-in) (see also Antenucci et al.
£2005):

. o Mz \ (5363)
T 1 Qinfj - Qinfj_1 Kf}_l —

whereby Ame}. is removed from the volume of the corresponding layer, i;, and added to the previous time-step inflow Qinfj_l

to capture the entrainment effect on the inflow. The inflow travel algorithm (Eq. 63) increments through j until the density of

the inflow reaches its depth of neutral buoyancy: Pinf; < Pij. Once this condition is met, the second part of the algorithm

creates a new layer of thickness dependent on the inflow volume at that time (including the successive additions from

entrainment; Eq. 60).

Note that a new inflow parcel is created each day, and the user may configure multiple inflows, Ny, creating a complex set

of parcels being tracked via Eqs 56-63, and a queue of new layers to be inserted. Following creation of a new layer for the

inflow parcel, N, is incremented and all layer heights are updated. The new inflow layer is then subject to the thickness
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limits criteria within the layer limit checking routine and may amalgamate with adjacent layers for combining or splitting

layers.

Aside from importing mass into the lake, river inflows also contribute turbulent kinetic energy to the hypolimnion, as discussed

5 intheSect2.5.2 (e.g., see Eq. 4249), and contribute to the scalar transport in the water column by adding mass and contributing

to mixing (Figure 11a).

(a) Surface Inflow (b) Groundwater Inflow

100 200 300 400 500 600 700
Simulation Days Simulation Days

0
0

100 200 300 400 500 600 700

10 Figure 11: Simulation showing inflow tracer insertion example for the case where a) the inflow was set as a surface river inflow, and
b)-the-inflow-was-set-as-a-submerged-inflow-at-a-specified-height (h=5m)-After-input-the tracer-is subject to- mixing during-inflew
entrainment-and by surface-and-deep-mixing ence-inserted:

2.67.2 Submerged inflows

Submerged inflows are inserted at the user-specified depth with zero entrainment-- by utilising the second part of the algorithm

15 described in Section 2.6.1. The submerged inflow volume is added as a new layer which may then be mixed with adjacent

layers (above or below) depending on the density difference;until-neutral-bueyaney-is-attained and layer thickness criteria

(Figure 11b). This option can be used across one or more layersinflow elevations to account for groundwater inputsinput to a

lake, or for capturing a piped inflow, for example.
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Height (m)

100 200 300 100 200 300
Days Days

Figure 11: Example simulations demonstrating inflow insertion example for the case where a) the inflow was set as a surface river
inflow and subject to the insertion algorithm (Eqs 56-63) prior to insertion, and b) the inflow was set as a submerged inflow at a
specified height (%;,,= Sm). Once entering the water column, the tracer, C, is subject to mixing during inflow entrainment in case
(a), and by surface and/or deep mixing once inserted, for both cases (a) and (b). The colour scale represents an arbitrary inflow
concentration which entered with a value of 1.

2.67.3 Withdrawals

Outflows from a specific depth can be-accommodated-ineludinginclude outlets from a dam wall offtake; or other piped
withdrawal, or ferremevingremoval of water that may be lost due to groundwater dischargerecharge or seepage to an outflow.

For a stratified water column, the water will be removed from the layer corresponding to the specified withdrawal depth;height,
Nouer.as well as layers above or below, depending on the strength of discharge and stability of the water column. Accordingly,
the model assumes a-hne-sinkan algorithm where the thickness of the withdrawal layer is dependent on the internal Froude

(Fr) and Grashof (Gr) numbers, and the parameter, R (see Fischer et al., 1979; Imberger and Patterson, 1981):

o out o foutf Qoutfx/csecday (54()4)
£ 5 —Fr = 5 —
Nm%m Noutf Woutf Loutf
2 2 2 2
N A

Cr e WQT _ aut’fZ outf (5565)

-];m Doutf

Y

R = FrGr /3 (5666)

where- Wyt ¢, Loyey and Ay, are the width, length and area of the lake at the outlet elevation, and vﬁWngu[ s is the vertical

Hfusi fietentdiffusivity averaged over the layers corresponding to the withdrawal layer—The Bront—Viisili-frequeney
averaged-over-the-thickness AN

t

2 Ooutr_(described
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N
:

IN

M

68

a-curve-thatfitsthe region-of fluid-drawn-in-a given-time:). To calculate the width and length of the lake at the height of the

outflow, it is assumed, firstly, that the lake shape can be approximated as an ellipse, and secondly, that the ratio of length to
width at the height of the outflow is the same as that at the lake crest. The length of the lake at the outflow height, Ly, and

the lake width, W, are given by:

L = |4 4 Lcrest (59&@)
outf — outf ; Wcrest

Werest
Wourr = Louts T—— (59668)

crest

where Ay is the area of the lake at the outflow height, L ;4 is the length and We,.q,: the width of the lake at the crest height.

The thickness of the withdrawal layer is_calculated depending on the value of R (Fischer et al. 1978), such that:
2.6

2Ly Gr1/® R<1 (69)
Ooutt =\ 51 priz pos 1
outf

If stratification is apparent near h,,, either above or below this elevation, then the thickness computed in Eq 69 may not be

symmetric about the offtake level (Imberger and Patterson, 1981); therefore the algorithm separately computes the thickness

of the withdrawal layer above and below, denoted 5outfmp and & respectively. The Brunt-Viisili frequency is averaged

outfpot>

over the relevant thickness, N(futf, and calculated as:

g Pouts — Pi

(70)
5outf poutf

Nozutf =

where p,,,¢f is the density of the layer corresponding to the height of the withdrawal, iy, f, and p; is the density of the water

column at the edge of the withdrawal layer, as determined below. The proportion of water withdrawn from each layer, Qoutfiz

either above or below the layer of the outlet elevation, requires identification of the upper and lower-most layer indices

influenced by the outflow, denoted i;,, and i},.. Once the layer range is defined, Q oy, is computed for the layers between

loutr_and iyop, and iy, r and i,,,, by partitioning the total outflow using a function to calculate the proportion of water

withdrawn from any layer that fits the region of  water drawn in a given time

Qouts;, = f [foutf Qoutf/ Csecaay » Nis Ri—1) Rout s 5outfb,,y50utf¢op]' see Imberger and Patterson, 1981, Eq 65). Given that

users configure any height for a withdrawal outlet and flow rates of variable strength, the upper (hyyr + SOutfmp ) and lower

(houts — Goutfyp,,) clevation limits computed by the algorithm are limited to the lake surface layer or bottom layer. Once

computed, the volumes are removed from the identified layer set, and their height and volumes updated accordingly. Q oy, is

constrained within the model to ensure no more than 90% of a layer can be removed in a single time step. Depending on the
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fractional contribution from each of the layers the water is withdrawn from, the water taken will have the associated weighted

average of the relevant scalar concentrations (heat, salinity and water quality) which are reported in the outlet file for the

particular withdrawal. This routine is repeated for each withdrawal considered, denoted O, and the model optionally produces

a summary file of all the outflow water and its properties.

2.7.4 Adaptive offtake dynamics

For reservoir applications, a special outflow option has been implemented that extends the dynamics in Seet-Section 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 estimatesidentifies 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 (via a *.csv file),

that could be used to plan environmental

such as a measured water temperature from an upstream river

releases from the reservoir to the downstream river. The selected height of the adaptive offtake is printed out in a *.txt file and

may-be-used-for assisting 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 the standard outflow *.csv
filefiles) 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 to prevent deleterious downstream impacts.

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 eoupledalso linked to the dissolved oxygen concentration (viawhen

operated with the coupled water quality model AED2, see Section 4). 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 user-defined 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-efremove the oxygen-depleted water) to withdraw water from this layer, until the

oxygen concentrations have recovered.

) )
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Figure 12: Adaptive offtake reservoir simulation; water temperatures of the adaptive offtake model assuming a constant target
temperature of 14 °C (a.,b) without (2) and (c,d) with (b) mixing with the bottom outlet withdrawal. The black dashed line (a,c)
represents the height range of the variable withdrawal facility (AOF) and the magenta lines the adaptive offtake and second
withdrawal height. Panels (b) and (d) indicate where the actual withdrawal temp (DrawTemp) was able to meet the target

(TargetTemp).

2.67.5 Seepage

Seepage of water from the bettemlayerislake can also be configuredeenfigurable Within the model, for example, as might be

required in a wetland simulation or for small reservoirs perched above the water table that experience leakage to the soil below.
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Seepage-is-configured-to-leave-the-lake-ata-constantrateThe seepage rate, Qgeepage. can be assumed constant or dependent on

the overlying lake head:

dhy
E;‘—GQseepage (6671)
—GAg/Csecaay » Option 1: constant rate
= K
— (A;ﬂ> A hs/( Csecday) » Option 2: Darcy flux based on water height
soil

where #4-is-the-depth-ef the-bettom-mestlayerat-any timerand-G is the seepage rate (m day™)-6) and Keep_is the soil hydraulic

conductivity (m day’]) and Az,;; is an assumed soil thickness over which the seepage is assumed to occur. The water leaving

the lake is treated as a "vertical withdrawal" whereby the water exits via the bottom-most layer(s), and the amount AV, =

Qseepageta. is generally all taken from the bottom-most layer (i = 1), however, it is constrained within the model to ensure
no more than 5090% of the layer can be reduced in any one time- step-Note-that-in-shallow-lake-or-wetland simulations;the

layer-structure-may-simplify-to-a-single; where AV; > 0.9V;_; then the routine sequentially loops up through the above layers
until enough lake volume has been identified to cover the seepage demand. Once the individual layer;in-which-ease-the-surface

and-bettemtayer volumes are the-same;and-Egs—4-and-60incremented due to the seepage flux, AVGi, the heights of all layers
(hq: h) are effeetively-combinedre-computed based on the hypsographic curve using h; = f[V;]. Where seepage reduces the

lake below 0.05 m, the lake becomes dry until new inputs from rain or inflows (e.g., Figure 8a).

2.7.6 Overflows

Once the lake volume exceeds the maximum volume, the excess water is assumed to leave the domain as an overflow. The

flow rate, Quyf;. is computed based on the interim volume, V', prior to the end of the daily time-step, where

V& =VE+ AhgAg + At (Z;VINF Qinfy, — Zﬁ"‘” Qoutfo — Qseepage). Users can optionally also specify a crest elevation which

sits below the elevation of maximum lake volume, and support a rating curve linking the height of water above the crest level

with the overflow volume:

‘ 0; VS* < Vcrest :72:
Qwen'

2
§CDWEW\/ 29 b (h;' - hcrest)3/2’ VS* > Verest

where hg is the interim update to the water surface height, CDweir is a coefficient related to the drag of the weir, b is the width

of the crest and h ., is the height of the crest level. The overflow rate is then computed as the sum of the flow over the weir

crest and the volume of water exceeding the volume of the domain:

B Qweir' VS* = Vmax
Qovs1 = {Qweir + (V& = Vi) /Aty V$ > Vinax (3)
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2.8 Wave height and bottom stress

Wind- induced resuspension of sediment from the bed of shallow lakes is sporadic and occurs as the waves-created at the water
surface create oscillatory currents that propagate down to the lake-bed. GLM does not predict resuspension and sediment
concentration directly, but computes the bottom shear stress for later use by sediment and water quality modules. Nonetheless,
even without this explicit formulation, the model can identify the areal extent and potential for bed-sediment resuspension by

computing the area of the lake over which the bed shear stress exceeds some critical value required for resuspension to occur.

To compute the stress at the lake bottom we-estimatethe model estimates the surface wave conditions using a simple, fetch-

based, steady state wave model (Laenen and LeTourneau, 1996; Ji 2008). The wave geometry (wave period, significant wave
height and wave length), is predicted based on the wind speed and fetch over which the waves develop (Figure 13);caleulated

as). The fetch is approximated from:

F =245/ (6474)
Using-this-medeland the wave period, 756t,,,,.. is calculated from fetch as:
/@9379%0333\‘ 00379[9F]0333 (6275)
U\ (U
T =5t = 7. (_Y><_10) Ufo
wave = 71.54 7\ tanh(&) tanh / tanh(®)
where:
F = 0833 [ !av(q]0:375 9Zavg 0.375 (6376)
e B Uz,

and %557, 18 the average lake depth. WaveThe typical wave length is then estimated from:

§ 5 6477
Sx _ g((()twave)Z tanh 21 Zavg ( 7)
wave 2” [g (Stwave)z]
21

and the significant wave height from:

iy ool fososs 2] o
HS =0.283{—1 | —2 | tanh()tanh - 10
50Zywave %( g an ({) an \ ] E;; / tanh(()
where
¢ = 053]ma] " [97amg] " (6679)
’ l 6% J U12(J

Based on these properties the orbital wave velocity at depth (in the i ™ layer) is calculated as:
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Figure 13: Schematic of the wave estimation approach depicting the lake fetch, surface wind speed, wave height and, wavelength,
and bottom stress created by the orbital velocity.

The-For each layer, the total shear stress experienced at the lake bed portion of that layer (equivalent in area to A; — A;_) is

calculated asfrom:

T = E Wl Tw iz € m;z Pi [fw Uorbiz + [ Umiz] (6581)
where U, is the mean layer velocity-of, which for simplicity is assumed based on the layer;eemputedvelocity estimate made

during the mixing calculations (Eq. 33)-TFhe frictionfactorsuse D-{a-typical particle-diameter)-For40) in the euvrrentstress-we
10 eemp&ﬁe%——@%%eg&%d—f%@—m&d—fe%es—surface mixed layer, such that:

HW%GWWMW (6982)
_ Uory T\ ™" R }
f—G—QG—Z%—l—e*p-F—Z—l%H—]M : : - Option 3+ Kieinhans & Grasmeifer (2006)
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The friction factors depend upon the characteristic particle diameter of the lake bottom sediments, §¢, and the fluid velocity.

For the current induced stress, we compute f, = 0.24/10g (122‘“,9/2.5555[), and for waves (Kleinhans and Grasmeijer,

20006):

—0.194
Uorbi 6twave @
5t 8

SSy.
Zi

f = exp|—5.977 + 5.213(

where &, is specific for each layer 7, depending on which sediment zone it overlays (see Section 4). The current and wave
L

induced stresses at the lake bottom manifest differently within the lake, as demonstrated in Figure 14 for a shallow lake.
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Figure 14: Simulation from Woods Lake, Australia, showing a) time- series of surface wave properties (Hs; = 6z,,,,., L= 6x,,,,.

and T),= 6t,,,,.), b) orbital velocity, U,,,, changes over time (m/_sf), and c) comparison with the layer mean velocityvelocities, U,
(m/s™).

3 Code organization and model operation

Aside from the core water balance and mixing functionality, the model features numerous options and extensions in order to
make it a fast and easy-to-use package suitable for a wide range of contemporary applications. Accommodating these
requirements has led to the modular code structure outlined in Figure 15.- The model is written in C, with a Fortran-based

interface module to link with Fortran-based water quality modelling libraries described in Seet.Section 4. The model compiles

with gce, and gfortran, and commercial compilers, with support for Windows, OS X and Linux.
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- init_model( ) : initialise model run; allocate; prime_wq()
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A
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convective overturn do_dissipation() do_layer_stress() - pelagic fluxes

wind stirring do_deep_mixing() get fetch()

shear prodiction calculate_diffusion() shelter_index() aed2_write_glm

kevin_helmholtz() check_layer_stability() r’aL‘(')e_—;”.lf(t)'??—Lasﬁc’ro - write wq variables

Figure 15;

The model may also be compiled as a library, termed libGLM, that can be called as a plugin into other models (e.g., see Section

5.4). Whilst the model is not object-oriented, users may easily customise specific modules described in Section 2 by adding or

extending options for alternate schemes or functions.

To facilitate the use of the model in teaching environments and for users with limited technical support, the-medeliti may be
operated without any third party software, as the input files consist of “namelist” (nml) text files for configuration and csv
files for meteorological and flow time- series data (Figure 16). The outputs from predictions are stored into a structured

netedfnetCDF file, and-thiswhich can be visualised in real-time through the simple inbuilt plotting library (libplot});) or may be
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opened for post-processing in MATLAB, R, or Rany other tool supporting the open netCDF format (see Seet-Section 5.1).

Parameters and configuration details are input through the main glm.nml text file (Figure 16) and default parameters and

their associated deseriptiondescriptions are outlined in Table 1.
5
— glm_main.c
p main -
- get command line arguments ‘
L - run_model( ): initiate model run )
—glm_model.c
\ 4
~
- init_model( ) : initialise model run; allocate; prime_wq()
| - IF (non_avg ) : check for BC averaging |
| T [7 |
| do_model_nonavg( ) do_model() |
|
9 - end_model() : finalise simulation )
Im_ini 4 — Im‘\rN uvalc ——
- glm_init.c ~ — glm_wqual.
init_glm() l f i
reagd confi - enter daily loop: | - enter daily loop: | pr:me_wq() ;
g YEOOPR y loop set function pointers
\‘/:\::aitr?i{agkli?() readdailydata (readdailydata + ) for VEXE?\LI library:
initialise._lake() | ‘ prevekizeE) /2 | - AED2
set_glm_zones() |
: d ~glm_aed2.F90 —
I o fovo B
r glm_flow.c \ check_layer_thickness /' \ check_layer_thickness ) aed2_init_glm()
do_inflows() - read wq module
submerged flows configuration
nviﬁgglrfm’;ﬂow() Pa. co_subdaily_loop ) N - define wg modules
do_outflows() - enter sub-daily loop: - link & check externalg
do_single_outflow() | | - allocate wq data
Zi?g?r?;ent read_subdaily_met | - define zones
do_overflow() | —— do_surface > 42 do dl
do_single_outflow() —— do_mixing aed2_do_gIm()
| - ) | - do vertical mobility
check_layer_thickness - copy_to_zones{)
r glm_surface.c | check_layer_stability | _do thJ)
do_surface_ —— do_dissipation Update extinction
thermodynamics() | - . | P ficient
calculate_gsw() —— do_deep_mixing coerricients
albledo | do_layer_stress - calculate_fluxes()
solar ; - solve wq ODE
heat fluxes do_water_quality - co fr:m zones()
atmos_stability() | do_bubbler I py_from._
ice cover write_output - check_valid)
recalc_surface_salt() N 1 =t 4
| - calculate_fluxes()
[ gim_mixer.c J ‘L - benthic fluxes from
do_mixing() <€— M each sediment zone
mixed_la);ler_ ) glm_deep.c —— glm_stress.c - surface fluxes
Convect,-v:eop\,eem?,? do_dissipation() do_layer_stress() - pelagic fluxes
wind stirring do_deep_mixing() get_fetch()
shear prodiction calculate_diffusion() shelter_index() aed2_write_glm
kevin_helmholtz() check_layer_stability() ¥va|_\(/)g_£r|_]§(t)l9?_:ﬁ<6cor() - write wq variables
10
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; GRAPLE via R
6 Multiple scenario
Model Configuration simulations via
M | O distributed computing
Configuration Switches and Ode UtPUt overlay networks
Parameter. ml) Output Files
GLM Setup Parameters (sglm setup):
e i NetCDF (output.nc)
Iayﬁ’gﬂ“ el Lot all output, including physical
variables & WQ variables/
WQ Model Options (swq_setup): 2 diagnostics through depth & time
water quality library selection; solution \
options & benthic coupling mode Summary (1ake.csv):
daily summary of lake scale water Post-processing
Laks Mophomstry sompiomssar jaxspargybalance lage Analysis
location, dept hypsographic curve
Time-series analysis
Data pre- n— “p";;:f‘;:é_‘;;hwmn | o and visualisations
processing & - - { outputs of physical of WG variabes senpe
standardisation Output Options (soutput): at a chosen height from the bottom B oplot
and/or netcdf & csv output details CSVtime- | runtime output
: series outputs  via plots.nml
operation of Starting Condition (s1nit_profiles) et
weather & simulation period; time-step; time-zone | Outlet (outiet_[x).csv): aLMm ol
catchment output time-series of each outflow MATLAB R processing
Meteorological Forcing Options with chosen output attributes . 2
models (smeteorology ; &bird ; &snowice): o piocessing, scripts
surface energy balance options &
parameters; local runoff parameters Combined Outlet (outlet_all.csv):
Inflow Forcing Options (s:ntlow): o seres ;‘:‘m&“fm Calibration and
number and type of inflows; inflow files - Uncertainty
Outflow Forcing Options (sout flow): Overflow (overflow.csv):
number and type of outflows; outflow files. time-series of water exceeding the
[T e River lake storage capacity, and Error assessment and
. X Inflows associated attributes parameter optimisation
Time-series Inputs —_— r‘\%
- Boundary Condition Inputs Surface * Overtiow e fleseny
" .
Model Meteorological data (set..csv) - Runoff Meteorology _— Matkov Cha | Estimation
(e.0. WRF) ol SDpalS - Tool
V X —
o Heat Exchange outlet
Catchment Surface Mixing A i
™| (eo sin jafiow,dats (1asioutx). cev); Deep Mixing daptive
) o low,temperature, saiinity and WQ; Inflows/Outflows offtake
—— t nt y
Gm:z:gv;alsr Submerged B e " smics Submerged
o : g y c
| (eg. FEFLOW) | Outflow data (out£1ow(x] .csv): niow outflow
flow
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Figure 16: Flow diagram showing the input information required for operation of the model, andthe outputs, and analysis pathways.

4 Dynamic coupling with biogeochemical and ecological model libraries

Beyond modelling the vertical temperature distribution, the water, ice and heat balance, as well as the transport and mixing in

a lake, the model has been designed to couple with biogeochemical and ecological model libraries. Currently the model is

distributed pre-linked with the AED2 simulation library (Hipsey et al., 2013) and the Framework for Aquatic Biogeochemical

highlighted here as being relevant to managing physical-ecological interactions.

54

Models (FABM; Bruggeman and Bolding, 2014). Through connection with these libraries, GLM can simulate the seasonal
changes in vertical profiles of turbidity, oxygen, nutrients, phytoplankton, zooplankton, pathogens and other water quality

variables of interest. Documentation of these models is beyond the scope of the present paper, however, two features are

Firstly, the model is designed to allow a user- defined number of sediment zones that span the depth of the lake. Using this
approach, the current setup allows for depth-dependent sediment properties, both for physical properties such as roughness or

sediment heat flux; (as outlined in previous sections), and also biogeochemical properties such as sediment nutrient fluxes and
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benthic ecological interactions. Since the GLM layer structure is flexible over time (i.e., layer depths are not fixed), any
interactions between the water and sediment/benthos must be managed at each time- step. The model therefore supports
disaggregation and/or aggregation of layer properties, for mapping individual water layers to one or more sediment zones
(Figure 17). The weightings provided by each layer to the sediment are based on the relative depth overlap of a layer with the
depth range of the sediment zone. This approach makes the model suitable for long-term assessments of wetland, lake and

reservoir biogeochemical budgets, including for C, N and other attribute balances as required (Stepanenko et al., 2016).

@ (b)

Crest Height =
H 45

5

. Water surface @ time=t

4

Z3

72

pal
Layer property aggregation to sediment zones 100 200 300 400 500 600 700

Simulation days

Sediment property disaggregation to layer structure

(@ : (b)

Maximum height

Crest height

W Water surface @ time=t 45

Height (m)

0 100 200 300 400 500 600 700
Simulation days

Figure 17: a) Schematic of a lake model layer structure (indicated by layers 1-7), in conjunction with five sediment “zones” (Z1-Z5)
activated when benthic_mode = 2. The dynamically varying layer structure is re-mapped to the fixed sediment zone locations at
each time step in order for the sediment zone to receive the average overlying water properties, and for the water to receive the
appropriate information from benthic/sediment variables. b) example of GLM output showing the sediment zone each water layer
is mapped to.

Secondly, the water quality modules feed back to GLM properties related to the water and/or heat balance. Feedback options
include water density additions, bottom dragfriction, f,, the light attenuation coefficient, K,,, solar shading /s, and rainfall

interception, /x.
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5 Workflow tools for integrating GLM with sensor data and supporting models

The GLM model has been designed to support integration of large volumes of data coming from instrumented lakes, including
many GLEON sites These data consist of high-frequency and discrete time- series
observations of hydrologic fluxes, meteorology, temperature, and water quality (e.g., Hamilton et al. 2014). To facilitate
research that requires running the model using these data sources, we have created GLM interfaces in the R and MATLAB
analysis environments. These tools support user-friendly access to the model and include routines that streamline the process
of calibrating models or running various scenarios. -In addition, for assessment of lake dynamics in response to catchment or
climatic forcing, it is desirable to be able to connect GLM with other model platforms associated with surface and groundwater

simulation, and weather prediction (Read et al., 2016).

5.1 R and MATLAB libraries for model setup and post-processing

The R and MATLAB scientific languages are commonly used in aquatic research, often as part of automated modelling and
analysis workflows. GLM has a client library for both, and these tools are shared freely online. The R package is called
“glmtools” (https://github.com/ /glmtools) and the MATLAB library is called “GLMm”
(https://github.com/AquaticEcoDynamics/GLMm). Both tools have utilities for model pre- and post-processing. The
pre-processing components can be used to format and modify data inputs and configuration files, and define options for how
GLM executes. Post-processing tools include visualizations of simulation results (as shown in the results figures above),

comparisons to field observations, and various evaluations of model performance.

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

In order to compare the performance of the model for types of lakes, numerous metrics of model
performance are relevant. These include simple measures like surface or bottom temperature, or ice thickness

is also possible to the model’s performance in capturing higher-order metrics relevant to lake dynamics,
including Schmidt Stability, thermocline depth, ice on/off dates (see also Bruce et al., , for a detailed assessment of
the model’s accuracy across a wide diversity of lakes across the globe). With particular interest in the model’s ability to
interface with high frequency sensor data for calculation of key lake stability metrics (Read et al., 2011), continuous
wavelet transform comparisons are also possible (Kara et al., 2012), allowing assessment of the time- scales over which the

model is able to capture the observed variability within the data.

As part of the modelling process, it is common to adjust parameters to get the best fit with available field data and, as such,

the use of a Bayesian Hierarchical Framework in the aquatic ecosystem modelling community has become increasingly useful

(e.g., Zhang and Arhonditsis, 2009; Romarheim et al., 2015). Many parameters described throughout 2 are
attempts at physically based descriptions where there is relatively little variation (Bruce et al., ), thereby reducing
the number of parameters that remain uncertain , however, their variation reflects imperfect formulation
of some processes that are not . Therefore, within MATLAB, support scripts

for GLM to work with the Markov Chain Monte Carlo (MCMC) code outlined in Haario et al. (2006) can be used to provide

56



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

Discussion started: 20 November 2017

(© Author(s) 2017. CC BY 4.0 License.

Revision 8 Mar 2018

improved parameter estimates and uncertainty assessment (Figure 18). sExample setups for use of GLM

within the epenDAframewerk-and PEST are(Parameter Estimation Tool) have also being-testedbeen developed, giving users

access to a wide range of uncertainty-assessment ¢ s.methodologies. The PEST framework allows

for calibration of complex modelmodels using highly-parameterised regularisation with pilot-points (Doherty, 2015),-and
sensitivity). Sensitivity matrices derived from the calibration process can also be utilised in linear and non-linear uncertainty

analysis.

40
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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, ¢) thermocline depth, and d)
Schmidt number. The black line indicates the mean50th-percentile likelihood of the prediction, and the grey bands depict the 40™,
60" and 80" percentile.

5.3 Operation in the cloud: GRAPLEr

Questions relevant to land use and climate change are driving scientists to develop numerous scenarios for how lake ecosystem

servieesecosystems might respond to changing exogenous drivers. An important approach to addressing these questions is to

simulate lake or reservoir physical-biological interactions in response to changing hydrology, nutrient loads or meteorology,

and then infer consequences from the emergent properties of the simulation, such as changes in water clarity, extent of anoxia,
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mixing regime, or habitability to fishes (Hipsey et al., 2015). -Often, it takes years or even decades for lakes to respond fully
to changes in exogenous drivers, requiring simulations to recreate lake behavior over extended periods. While most desktop
computers can run a decade-long, low-resolution simulation in less than one minute, high-resolution simulations of the same
extent may require minutes to hours of processor time. -When questions demand hundreds, thousands or even millions of

simulations, the desktop approach is no longer suitable.

Through access to distributed computing resources, modellers can run thousands of GLM simulations in the time it takes to
run a few simulations on a desktop computer. -Collaborations between computer scientists in the Pacific Rim Applications and
Grid Middleware Assembly (PRAGMA) and GLEON have led to the development of GRAPLEr (GLEON Research and
PRAGMA Lake Expedition in R), software, written in R, that enables modellers to distribute batches of GLM simulations to
pools of computers (Subratie et al., 2017). Modellers use GRAPLEr in two ways: by submitting a single simulation to the
GRAPLEr Web service, along with instructions for running that simulation under different climate scenarios, or by configuring
many simulations on the user’s desktop computer, and then submitting them as a batch to the Web service. The first approach
provides a high degree of automation that is well suited to training and instruction, and the second approach has the full
flexibility often needed for research projects. -In all approaches, GRAPLEr converts the submitted job to a script that is used
by HTCondor (Thain et al., 2005) to distribute and manage jobs among the computer pool and ensure
that all simulations run and return results. An iPOP overlay network (Ganguly et al., 2006) allows the compute services to

include resources from multiple institutions, as well as cloud computing services.

GRAPLEr’s Web service front-end shields the modeller from the compute environment, greatly reducing the need for
modellers to understand distributed computing; they therefore only need to install the R package, know the URL of the
GRAPLEr 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 Soil Water Assessment Tool (SWAT) or similar
catchment models, simply by converting the catchment model output into the inflow file format via conversion scripts.
Similarly, scripts exist for coupling GLM with the Weather Research Forecasting (WRF) model, or similar climate models,

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

The above coupling approaches require the models to be run in sequence the simulation of lake-wetland-
groundwater systems , two-way coupling is required to account for the flow of water into and out of the lake
throughout the simulation. For these applications, the interaction can be simulated using GLM coupled with the 3D
groundwater flow model, FEFLOW (https://www.mikepoweredbydhi.com/products/feflow). For this case, the GLM code is
compiled as a Dynamic Link Library (DLL) and loaded into FEFLOW as a plug-in module. The coupling

between GLM and FEFLOW is implemented using a one-step lag between the respective solutions of the groundwater and

58



Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2017-257 Geoscientific
Manuscript under review for journal Geosci. Model Dev. Model Development
Discussion started: 20 November 2017

(© Author(s) 2017. CC BY 4.0 License.

EGU

200y uadQ

Discussions §

Revision 8 Mar 2018

lake models. This approach, in most simulations, does not introduce a significant error, however, error can be assessed and

reduced using smaller time step lengths.

The GLM module was designed to accommodate situations of variable lake geometry, by using a dry-lake/wet-lake approach.
In this approach, dry-lake areas are defined as those above the current lake level and wet-lake areas as below the current lake
level. Different boundary types in FEFLOW are assigned to dry-lake and wet-lake areas (Figure 19). The calibration of such
coupled models is often complex, given the large number of parameters and sensitivities when different sources of information
10 are utilised (for example flow and water level measurements). The FEFLOW-GLM coupling structure allows for a relatively

straightforward integration with PEST (Doherty, 2015), based on existing FEFLOW workflows.

(@ Dryseason
(lake level at 171.4 mAHD)

Dry lake
(Recharge boundaries +
seepage face boundaries)

Wet lake
(Lake level constant
heads + zero recharge)

[ Quaternary sediments

(b) Wet season [ Tertiary alluvium sediments
(lake level at 171.8 mAHD) [ Weathered crystalline basement

Figure 19: Example of lake boundary changes during wet and dry cycles from Lake Muir, Australia. GLM water level is
communicated to FEFLOW to each time- step and used as a constant head boundary condition for all wet cells.
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6 GLM as a tool for teaching environmental science and ecology

Environmental modelling is integral for understanding complex ecosystem responses to anthropogenic and natural drivers,
and also provides a valuable tool for engaging students learning environmental science (Carey and Gougis, 2017). Previous
pedagogical studies have demonstrated that engaging students in modelling provides cognitive benefits, enabling them to build
new scientific knowledge and conceptual developmentunderstanding (Stewart et al., 2005; Zohar and Dori 2011). For example,
modelling forces students to analyze patterns in data, create evidence-based hypotheses for those patterns and make their
hypotheses explicit, and develop predictions of future conditions (Stewart et al., 2005). As a result, the U.S. National Research
Council has recently integrated modelling into the Next Generation Science Standards, which provide recommendations for
primary and secondary school science pedagogy in the United States (NRC, 2013). However, it remains rare for undergraduate
and graduate science courses to include the computer-based modelling that environmental scientists need to manage natural

ecosystems.

A teaching module for the use of GLM within undergraduate and graduate classrooms has been developed to explore lake
responses to climate change (Carey and Gougis, 2017). The GLM module, called the “Climate Change Effects on Lake
Temperatures”, teaches students how to set up a simulation for a model lake within R. After they are able to successfully run
their lake simulations, they force the simulation with climate scenarios of their own design to examine how lakes may change
in the future. To improve computational efficiency, students also learn how to submit, retrieve, and analyze hundreds of model
simulations through distributed computing overlay networks embedded via the GRAPLETr interface; deseribed-abeve: (Section
5.3). Hence, students participating in the module learn computing and quantitative skills in addition to improving their

understanding of how climate change is-affectingaffects lake ecosystems.

Initial experiences teaching GLM as well as pre- and post-assessments indicate that participation in the module improves
students’ understanding of lake responses to climate change (Carey and Gougis, 2017). By modifying GLM boundary
condition data and exploring model output, students are able to better understand the processes that control lake responses to
altered climate, and improve their predictions of future lake change. Moreover, the module exposes students to computing and
modelling tools not commonly experienced in most university classrooms, building competence with manipulating data files,
scripting, creating figures and other visualizations, and statistical and time series analysis; all skills that are transferrable for

many other applications.

7 Conclusions

As part of GLEON activities, the emergence of complex questions about how different lake types across the world are
responding to climate change and land-use change has created the need for a robust, accessible community code suitable for a

diverse range of lake types and simulation contexts. Here, GLM is presented as a tool that meets many of the needs of network
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participants for their individual lake simulation requirements, in addition to being suitable for application in a distributed way
across tens to thousands of lakes for regional and global scale assessments. Recent examples include an application of the
model for assessing how the diversity of >2000 lakes in the lake-rich landscape in Wisconsin respond to meteerelogical
conditions—andclimate including projected warming (Read et al., 2014)—and-—given; Winslow et al., 2017). Given its

computationally efficient nature, it is envisioned tethat GLLM can be made available as a library for use within in land-surface
models (e.g., the Community Land Model, CLM), allowing improved representation of lake dynamics in regional hydrological
or climate assessments. With further advances in the degree of resolution and scope of earth system models, we further
envisage GLM as an option suitable to be embedded within these models to better allow the simulation of lake stratification,
air-water interaction of momentum and heat, and also biogeochemically relevant variables associated with contemporary

questions about greenhouse gases emissions such as CO,, CHy, and N,O.

Since the model is one-dimensional, it assumes no horizontal variability in the simulated water layers and users must therefore
ensure their application of the model is suited to this simplifying assumption. For stratified systems, the parameterization of
mixing due to internal wave and inflow intrusion dynamics is relatively simple, making the model ideally suited to longer-
term investigations ranging from weeks to decades (depending on the domain size), and for coupling with biogeochemical

models to explore the role that stratification and vertical mixing play on lake ecosystem dynamics. However, the model can

also be used for shallow lakes, ponds and wetland environments where the water column is relatively well mixed. fa-erderte

e—In cases where the assumption of one-dimensionality is not met for a particular lake

a two or three dimensional moedels:—potentially—these—ecanmodel may be
attenpreferred.

application,

This paper has focused on description of the hydrodynamic model, but we highlight that the model is a platform for coupling
with advanced biogeochemical and ecological simulation libraries for water quality prediction and integrated ecosystem
assessments. As with most coupled hydrodynamic-ecological modelling platforms, GLM handles the boundary conditions and
transport of variables simulated within these libraries, including the effects of inflows, vertical mixing, and evapo-
concentration. Whilst the interface to these libraries is straightforward, the Lagrangian approach adopted within GLM for
simulation of the water column necessitates the adoption of sediment zones on a static grid that is independent from the water

column numerical grid.

More advanced workflows for operation of the model within distributed computing environments and with data assimilation
algorithms is an important application when used within GLEON capabilities related to high frequency data and its
interpretation. The 1D nature of the model makes the run-times modest and therefore the model-is suitable for application
within more intensive parameter identification and uncertainty assessment procedures. This is particularly relevant as the needs

for network participants to expand model configurations to further include biogeochemical and ecological state variables. It is
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envisioned that continued application of the model-te-lakes-of GLEON will allow us to improve parameter estimates and
ranges, and this will ultimately support other users of the model in identifying parameter values, and assigning parameter prior
distributions. Since many of the users the model is intended for may not have access to the necessary cyberinfrastructure, the
use of GLM with the open-source GRAPLEr software in the R environment provides access to otherwise unavailable
distributed computing resources. This has the potential to allow non-expert modellers within the science community to apply
good modelling practices by automating boundary condition and parameter sensitivity assessments, with technical aspects of

simulation management abstracted from the user.

Finally, the role of models in informing and educating members of the network and the next generation of hydrologic and
ecosystem modellers has been identified as a critical element of synthesis activities and supporting cross-disciplinary

collaboration (Weathers et al., 2017). Initial use of GLM within the classroom has found that teaching modules integrating

GLM into classes improves students’ understanding of lake ecosystems.

Code availability

The GLM code is provided as open-source under the GNU GPL3 license, and version controlled via the GitHub repository:
https://github.com/AquaticEcoDynamics/GLM. /Code DOI to be inserted here on final acceptance]

Data availability

The five example lakes used to demonstrate the model operation are described along with model input files (and associated
hydrologic and meteorological forcing data) within the GitHub repository:
https://github.com/AquaticEcoDynamics/GLM/tree/master/Examples/2.4.0

[Examples DOI to be inserted here on final acceptance]
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Description Units Reference Comments
Model-StrueturePhysical constants
fan- Minimam
Boltzmann layer )
Fomo constantmi | thickness Wm” K 0.5.67x10™
n—layer—thie
k Consta
max—tayer—t Maximum nt
hiekacceler layer 2 ; i
; iel Ld . ‘i'n ) ms? 15981 Broee | Not  adjustable _in
e allol} ge CKRess ot-al glm.nmlStandardised—for
to gravity multi-lake-eomparison
. specific heat capacity of ol €264+ Sheuld be-estimated
Lake PropertiesC, air Tkg °C" 1005 Bucel relative-to-lake-depth:
Kow Extinetion m 02 Should-be
coefficient measured;e-g: eetak
for PAR mean-of Q2017)
K radiation Lake specific heat simulation 2050
w{ capacity of air period-—J kg’
¢ canbe
estimated from
Secchi depth.
Critical area Xenopoulos
ritieal_areaspecific heat below-which B and
A_CCW le ua. ale?blpec}dlL, Ta wind-sheltering m*4185.5 1o Schindl
capacity of liquid water may-oceur] kg" Cfaer
°c’! 200H
. Latent heat of - N 6
Surface ThermodynamiesA,, evaporation Jkg 2.453x10
eh Fischer
etak:
1979
Bruee
Latent heat of fusionBulk ) etak | eollationof ocean an
GH;{ aerodynamic-coefficient -Jkg' 3.340 x1070:0043 EYES lake-data;-many-studies
for sensible heat transfer sinee-use-simitar-values:
Buech Internatly-caleulated-if
L bili
Butk -
aerod
yia
e
eeratio of molecular coefli
GE‘U weight of water to cient 0.6043622
molecular weight of air for
latent
heat
transf
ef-
ed Bulk - 0:00
aerodynami +3
€
&y Time variables coefficient
for-transfer
of
momentum
- Eatentheatnumber of Standa . .
Ac evaporationseconds per Jkes day™ 2:453x10°86400 ‘ J
se| =
day rd glmnaml
Emissivity-of Water
&gt -time the-water - 0985 Standard only;no
surfaces ice
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Description Reference Comments
fee-or
SHOW
Net
. sStefan- .
&t -time when a shear event Bolizmann W K- 5,61)(1 Constant ad]u?lab
b begins 0 le-in
elmamt
e S used to compute the time
Mixing Parameters|t | floor of time s - within a day, iclock
numerical Selected
Mixi time from a
. P SRIng increment range
Ext welllsgji‘; Cl(l):;\']:l?(;c?cp éﬁ%ﬁ%ﬁﬁ,zeefi,le -3600 0.2 the model givenin
¥ uses¥Y-eates Spigel et
overturn & Imberger ak
2603) 1986)
d coef mndy;l;rlday of the CFiei _variable 023 Spigel-et-al: Wa
‘C‘W ind-stir (1986) (973
coef Mixing - 03
mix efficiency Bestfitnumber of
GSN shear - shear experiments reviewedtime- - configurable
produetion steps to simulate
~Mixing Bruece-etal
coef-mix—turbtime-scale of ; 0+7H
€T5td inflow parcel transport -computed 051
tarbulenee Bueche etak
(acceleration) 20+7
coef Mixing - 03
mix efficiency
KH - Kelvin- "a-good-ruleperiod of . mouted Eq. 70
ERH Helmholtz thumb-"surface waves ' compute A
turbulent
billows
65 Wei Spigel
nste Gener
ek at
€98 | diffusi
i BH vities
Mixing co in
eoef-mix—hypperiod for effieieney-of Jelise _
GH YPatiw internal waves hypolimnetie mlp # and 8t = Lugral 2¢
turbulences ude Melae
k
(19931
mberg
er
(1980)
cut-off time for internal
Inflows & OutllowsOt s o0y wave induced velocity s computed Eq. 40
shear
Spigel Set
and Sit based-on
5t strmbd—dragtime-scale of streambed—drag ted Imberg :ilﬁe‘F inflow
GD damp internal wave damping s -compute er speuﬂc 2t stream
(1980) . type
0:01+6
seepa Seepage m-day 0
&Lake domain (volumes, areas, heights and depths) ge—ra rate
te
f outlets . .
Snow-&FeeNp T mm;girﬁ;u?:d et - configurable setin &outflows
set in
o ’..avebﬂ‘!é l i VS
-number of inflows ) 4 . &inflowske
KN vr confieured snow-tee-tight m~ configurable 48.0 gers et al.,
g extinetion +995)
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Description Reference Comments
Ashton
H986)
Yao-etal;
26+
. -Waveband-2;
KazN 1y v e | snowielieht | mhwarisble | 200
user provided number of | reveband setin
#5:Npsy bals)in height points blue-teetight mconfigurable 15 &morphom
ght pornts extinetion etry
-internally computed Waveband-2
number of vertical height E N Hy_ AH,
KszNmorrn increments for theg m"'computed 200 +bigBSN "
s feene
hypsographic curve
once
. ‘ I Waveband exceeded,
-maximum volume of the . n excess
K1V max +-snow-tight m~ computed 6 .
‘ lake S water is
extinetton
passed to
overflow
-lake volume at the 1 Waveband
K5V hyposgraphic data point 2-snow-tight m~configurable 20 Eq |
b extinetion
-interpolated volume at Distance-of hear
DV i internal morphometry transfer; ise mcomputed 8639 Eq.2
table increment mi waterm
-volume of the lake at the Density, snow . Zi
Vi - . ke-m variabl 890 AV;
Pz i top of the i" layer icem gm”variable =
-volume of the lake at the Density- blue
PrreV s top of the suvrlace layer (i icen; kg-m~variable 917 V[hi:NI,EV]
= Niey)
used to
-interim calculation of estimate
* the volume of the lake at Density; . 3 Variab lake volume
Perow!s the top of the surface spowm” variablekg le prior to
layer overflow
calculation
. Heat city; . VIh;
€AV -volume of the i" layer careapasny ki kg"-*€tvariable 2 [l
P ieem - —V[hi_4]
-a fractional volume of Heat capacit
> . eity; .
GPWVNZ the lake that contains icer‘; 4 ki kg"-*€tvariable 4.2
85% of N? variance
-volume of th: Compaction . Vari AV,
KCAV(:‘pi volume ot the P 3 -variable ariab et
epilimnion coefficientm fe =V, = Ve
-volume of the layer TFhermal
KAV below the surface mixed conduetivity; W-m™-°Cvariable 2.0 VIhizr-1]
layer/epilimnion snow-icem’
. . Fhermal o
- 3S r . °C A
Koo maxlmufnshp?s:ble area conductivity. ) :]\i},n rgb]e 23 j;{;x
ol the fake blue-ieem” configu — Tb=Npsn
-lake ar ve datum at : 4 op . set in
#A ‘lh: 1‘1 e?oib;‘)z: eh?c‘ (;lataa cozgjlcg]jilt Womit€ Variah &mfr hom
mlb yposgrap el *configurable le P
point b sROWM etry
-lake area at internal TFhermal
KA i morphometry Lgble com.juctivitX“ W-m™-°€computed 12
increment mi sedimentm”
TFhermal
KA, -lake area of the i" layer conduetivity; W-m™-°Cvariable 0:57
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waterm”
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Reference

Comments

-lake area at a given 1 Latent heat 4 area-height
. b . ki-kg*configurabl 0334 SEe
bA[H] height / elevation of-fusion ¢ configurable relationship
Bottom StressA area of the lake surface m’ variable
-lake bottom (benthic)
area exceeding the TFypicalparticle .
DApen critical light threshold diameterm’ mvariable
Posneri
effective area of the lake
Ag surface exposed to wind m” computed
stress
Xenop
. . oulos
critical area below which ;;db
Ac wind sheltering may m’ 10 S;hind
occur lor
(2001)
area of the lake at the
Aoutf height of the relevant m” computed
outflow
A lake area at }he top of the ol variable
k-1 metalimnion
H variable referring to m above
height above datum datum
maximum height of the m above .
- set homet
Hinax lake, at the lake crest datum setin &morphometry
height above datum at the m above
H hyposgraphic data point configurable set in &morphometr
b yposgrap p 2| T y
b datum
height above datum at m above
H._ . internal morphometry computed
mi . . datum
table increment mi
height increment used for
the model's internal
AHp hyspograhic curve m 001
interpolation function
. above lak
h height above a datum mabove lake -
a bottom
h height above a datum at m above lake variable
t the top of layer i bottom :
height of the upper
surface of the top-most m above lake .
variabl Eq 4
hs (surface) layer above the bottom variable 4
datum
height of the upper
surface of the bottom- m above lake .
variabl Eq. 68
hg most layer above the bottom variable 9.6
datum
A height at which the m above lake variable
BEN $pEn,,,, 18 reached bottom .
N height of the middle of m above lake variable
t the i " layer bottom 8
" height of the middle of m above lake variable
sml the epilimnion bottom :
height of a configured m above lake
configurabl
houtf outflow bottom configurable
height of the bottom of
) the layer where an inflow m above lake ariable
lins;—1 parcel associated with the bottom ¥
1" inflow inserted

76




Geoscientific
Model Development

Discussions

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.

EGU

$s920y uadQ

Description

Revision 8 Mar 2018

Reference

Comments

depth from the lake .
. m from water
z surface, or height above 5 -
surface
the lake surface
Zavg average depth of the lake m variable
depth to the lake where m from water
ZBEN critical light threshold is S variable Eq. 15
surface
exceeded
. . Also, vertical thickness
depth to the thermocline m from water . 50, VeIl IICKNESS
Zsmi - 5 variable of the surface mixed
ST from the surface surface
layer (sml).
Monin-Obukhov stabilit
z/L Aoy - computed Eq. A26
parameter
/ater surface roughness
Z, aler surlace foushnes m computed Eq. A24
length
water surface heat
Zg m computed
roughness length
water surface moisture
Zg m computed
roughness length
. Depth from the surfas
depth that an inflow . ep(h Lrom Ihe surlace
. . m from water . where an inflow reaches
Zinfins parcel associated with . variable or
s1 : . surface its level of neutral
inflow I inserts
buoyancy
Az; thickness of the i " layer m variable
thickness of the layer .
Azp_yq lexness of the aye m variable
below the epilimnion
AZpmin minimum layer thickness m 0.5 |
o Should be estimated
QO017) | relative to lake depth;
AZpax maximum layer thickness m 1.5 Buech setin &glm_setup
cetal
(2017)
combined thickness of
i - . m mput; Azypite + Az
Azice the white ice and blue ice computed white bhue
thickness of top layer of
AZice snow ice cover, depending on m computed Eq. 29
ice or snow presence
AZspow thickness of snow m variable Eq. 29; Fig. 6
AZyhite thickness of white ice m variable Eq. 29
AZpe thickness of blue ice m variable Eq. 32
thickness of an inflow
Azip f parcel before transport m computed Eq. 55
into the lake
thickness of inflow .
Ame £Kness o . o m variable Eq. 57
j parcel j
vertical transport length . 0Zin,
5me/ finflow parcel 7 m variable
of inflow parcel ; = (hs — me/) - hi]—l
significant wave height
= m mput; Eq. 73
0Zwave of surface waves computed q.7
Relevant layer thickness
. . ) for computing sediment
0Zsoil thickness of soil layer m 0.5 heat diffusion or water
seepage

77




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.

Geoscientific
Model Development

Discussions

EGU

$s920y uadQ

Revision 8 Mar 2018

78

Simulation variables and parameters
a Charnock constant - 0.012
c internal wave speed ms’ computed Eq. 41
coefficient related to Spicel
Cdamp damping rate of internal - 104.1 (1%58)
waves
concentration of relevant
scaler, including, salinity . o
Ci or water quality variable, varous variable Eq. 51
in the ;" layer
~ mean concentration of . .
C various variable
two or more layers
difference in
AC concentration of two various variable
layers
Mixing efficien herm
Mixing etficiency - 0 "a g00d rule of
p an et good rule o
Kelvin-Helmholtz - .
Ckn Kelvin-H lrph Itz = al. thumb..."
turbulent billows (1978)
. Ffici ¢ Weins General diffusivities in
G A 05| k| il i il
(1981) (1993)
Mixing efficiency - herm
CT unsteady turbulence - 0.51 an et
(acceleration) al.
C Mixing efficiency - shear 03 Ml Best fit of experiments
S N ion - - Spigel reviewed
. - - etal
c Mixing efficiency - wind . 023 (1986) |  From Wu (1973)
W stirring "
&
1 from a ran,
- Camey - I Selected from a range
Cx Mixing efficiency - - 0.2 MR given in Spigel et al
nvecti n ger 1986
(2003)
stream-bed drag of set based on inflow bed
Diny inflowing rivers - 0016 roughness
o drag associated with weir ) 0.62
weir crest
bulk aerodynamic Fische .
. - see also A dix B;
Cp coefficient for - 0.0013 retal. seea b% f)\Iie}" X
momentum 1979) QA
bulk aerodynamic Bruce '
Cg coefficient for latent heat - 0.0013 ot al Erom Hicks' (1972
transfer o collation of ocean and
2017) lak ;man i
) since use similar values
bulk aerodynamic Buech | = v caleul pif
Cy coefficient for sensible - 0.0013 e etal m bili
heat transfer P
(2017) rrection is on
generic notation for
Cxn neutral value of bulk - - X=HorE
transfer coefficient
value of bulk transfer
coefficient for
Cpn-10 momentum under neutral - computed see also Appendix B
atmospheric conditions,
referenced to 10m height.
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Description Reference Comments

value of bulk transfer
coefficient for
heat/moisture under
Cuwn-10 neutral atmospheric - 0-0012
conditions, referenced to
10m height.
Cy cloud cover fraction - time-series input
effective vertical
D, diffusivity of scalars in m’ s’ computed
water
diffusivity of scalars in
D, water due to turbulent m’ s’ computed
mixing
molecular diffusivity for . P
D olecula d. usivity for ! 1.25x10°
m scalars in water
molecular heat diffusivit . 5 TVA Reported as 0.077 m”
D olecula §4d usivity m s 2 14x10 epo edfa)(77
a of air 1972) hr
Imber
average vertical ger
diffusivity of scalars in 2 - and
Doutr k m"s computed
layers spanning the Patters
withdrawal thickness on
(1981)
saturation vapour /ario!
es saturation vapou hPa computed vafiou Eq. 22
pressure s
atmospheric v r
eq 4LIOSPhETIC YAPOU hPa computed Eq. 23
pressure
e, -
turbulent kinetic energy Imber
Erxg available for mixing, per m s~ - ger Eq. 34
mass per wavenumber and
Patters
on
(1981)
potential energy within )
Epp the stratified water m’s” - Hamilt Eq.35
column on and
Schlad
ow
(1997)
E evaporation mass flux ms’ variable
Eing inflow entrainment - computed Eq. 53
estimated as the square
F fetch m computed root of the lake area,
Eq. 69
internal Froude number
Fr of the lake subject to a - computed Eq. 61
water withdrawal
fr fs rainfall scaling factor - 1
solar radiation scaling )
fsw factor ) )
used to adjust/calibrate
fu wind-speed scaling factor - 1 model to meteorological
- - data
air temperature scaling ) |
far factor
relative humidity scaling |
fru factor
fmf inflow rate scaling factor - 1
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Reference Comments

f, outflow rate scaling ) !
outf factor
snow water equivalent m rain/m snow 0.1
fswe fraction i ]
function used to scale
the wind-sheltering
wind-sheltering scaling | length scale or lake
fws factor surface area, based on
the direction of the
wind
. S m runoff/m nds on land sl
fro runoff coefficient no 0.2 depends o 4 d slope
rain and soil type
N 1lis
fraction of global Jnean(?
incoming radiation flux
frar . - 0.45 Melac
which is K
photosynthetically active (1993)
.. . Roger
visible bandwidth oge
fvis fracti - 0.3 setal
raction (1995)
fraction of surface
f irradiance at the benthos, 02 setin &elm set
BEN crit which is considered - : 8¢ gim_setup
critical for productivity
Kleinh
ans
friction factor used for and
. - mput . Eq. 78
fw current stress calculation computed Grasm q.7
eijer
(2006)
friction factor used for
fe . . - computed
c wave stress calculation
roughness correction
fc coel:‘ﬁcienl for the lake - 0.5 VA
0 (1972)
surface
smoothing factor used for
; T - mput Eq. 52
fdlf diffusion computed 9.3
reduced gravity between
gl’( the mixed layer and the ms” computed
k — 1 layer
reduced gravity between
gl’;"H the eplllmr?lon'and the ms” computed
hypolimnion
reduced gravity between
g'mf the inflowing water and ms™” computed
adjacent lake water
G seepage rate m day’' 0
Imber
ger
Grashof number related and
. - mput Eq. 62
Gr to an outflow extraction computed Patters q.6
on
(1981)
Krke turbulence wavenumber m’ computed Eq. 46
set in &glm_setup, or
. L form the linked water
K light extinction m’ 0.5 uality model
w coefficient : qually
Can be estimated from
Secchi depth.
K, Waveband 1, snow ice m! 48.0
wi light extinction :
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Description Reference Comments

Waveband 2, snow ice g Rogers
K, light extinction o 200 ctal.,
nd 1, blue i 1

light gx;;ng;llgn
Waveband 2, blue ice 1 on and
light extinction 200 Hambl

nd 1, snow ligh 0 m

K1 extinction n 6 (1988)

nd 2, snow ligh 0
K, tinotion m 20 Ashton

molecular heat q - .
K — 's computed Fig. 6
snow conductivity of snow Yao et =

molecular heat | 0
K; e o Jm's” °C 2.3
ICewhite conductivity of white ice (2014)

lecular heat 0l g
K; motee : s'ec 2.0
C€hlue conductivity of blue ice T ¢

molecular heat |

-1
e - m s °C 0.57
Kwater conductivity of water J o

TVA Reported as 0.1 kJ m’'
(1972) hr' K

molecular heat q . . g
P Jm's'eoc! 2.8x10°
conductivity of air

Kair

L equivalent circular . computed
D diameter of the lake !

length of the lake at the
LyEera depth of the thermocline m computed
region (metalimnion)

length of the lake at the
Loutf height of the relevant m computed
outflow

length of the lake at the
upper most height of the m configurable
domain

LCTESt

constant used to compute
the rate at which work 7

N B - 4.6x10
m from the wind is

converted

the buoyancy frequency,
N2 a measure of water s computed
column stratification

the buoyancy frequency,
i a measure of water
N[fu[f column stratification, s computed
about the layers impacted
by the water outflow

14 air pressure hPa 1013 - assumed constant

rate of water inflow
Qinfx provided by the user as m’ day”’ time-series input
input to the model

rate of water inflow prior )
info

meu to the inflow entering the m’ s computed = Fr Qur/C
lake inf Cinfy/ Csecday

flow rate of inflow water Eq. 60 used to
Qinfj parcel during transit, at m’ s variable increment between j
the /" increment steps

flow rate of inflowing
Qinfms, water at the point of m’s variable
insertion, for inflow, 7

rate of water outflow
Qoutfx provided by the user as m’ clay'I time-series input
input to the model

flow rate of water being
. th 3 -1

Qoutfl extracted from the i m’s computed
layer
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Description

Reference

Comments

rate of over flowing 31
. m's computed Eq. 73
Qovﬂ water leaving the lake t 4
flow rate of water
Qweir discharging over the m’ s’ computed Eq. 72
crest, before flooding
boundary run-off into the 3 -1
Qr - m's computed
lake surface layer
dimensionless parameter
R describing a water - computed
withdrawal flow regime
rainfall intensity
- . . depends on land slope
R; threshold before run-in m day” 0.04 P b P
: and soil type
occurs
user supplied relative
RH, relative humidity - time-series input humidity between 0 and
1
Rp rainfall rate ms’ computed Eq 5
rainfall rate supplied in . . L user supplied rainfall
R amia i rate supp m day”' time-series input pp
x the input file rate
. . ratio of water mass to
r mixing ratio - computed - )
g total air mass
. Richardson number of
Ri; . - computed Eq. 54
linf the inflow water ! !
bulk Richardson number
RiB of the atmosphere over - computed A34
the lake
snowfall rate supplied in . . - user supplied snowfall
S owlatl rate supp m day”' time-series input Pl
x the input file rate
Sk snowfall rate ms’ computed Eq 6.
S; salinity of the i"" layer ppt variable
iy salinity of water entering . time-series input
infy in an inflow & s e
temperature of the . .
T. pers °C variable Eq. 8
s surface layer
ir temperature suppli . - user supplied air
T. air temperature supplied °C time-series input pp
x by the user temperature
T, air temperature °C computed Ty = farTy
temperature of the i" .
T; b °C variable
i layer
Tm melt-water temperature °C 0
temperature at the solid . .
Ty P °C variable
surface
temperature of water . L
T; S - °C time-series mput
nfy entering in an inflow ¢ P
virtual temperature of the
6y atmospheric boundary °K computed
layer above the lake
temperature of the
0, atmospheric boundary °K computed 0, = furT, +273.15
layer above the lake
temperature of the
0 atmospheric at the lake °K variable 6, =T, +273.15
surface
0.
wind speed above the :
peed @ a wind speed corrected to
U lake referenced to 10m ms - .
10 . reference height
height
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Description

Reference

Comments

wind speed above the . 5
. 1 . L user supplied snowfall
U lake surface provided by ms time-series input
x rate
the user
orbital wave velocity
wal experienced at the ms’ variable Eq. 75
bottom of the i ” layer
y
mean layer velocity of . .
[ Layers . ms’ variable Eq. 77
i the i ™ layer
average velocity of an
Uing; inflow parcel being ms’ variable Eq. 59
tracked, prior to insertion
Uu, friction velocity m’s? computed Eq. 37
velocity shear at the base 4 .
. 5 variabl Eq. 39
Up of the thermocline s variable 4
velocity shear at the
B E . reset between shear
up thermocline at the ms variable
old . . events
previous time-step
width of the lake at the -
. f
Werest upper most point m configured
/idth of the lake at the
w, widt - t Eq.
outf height of an outflow m computed 9. 65
Imber
turbulent velocity scale ger
3 within the surfaced -1 and
Wiy mixed layer, due to ms computed Patters Eq 36
convective cooling on
(1981)
default sheltering
distance defined as the Marrk Approximated as 50x
distance from the " configurabl fortet | the vertical height of the
Xws shoreline at which wind conigurable al sheltering
stress is no longer (2009) obstacle/landform
affected by sheltering
sheltering distance Xys®
xWS‘b adjusted for changes in m computed =xys (1
wind direction —min(fws[Pwinal, 1))
wave length of surface
OXwave aves m computed Eq. 72
lateral distance travelled
inflow parcel .
Axmf by ananiiow parceiperj m computed Eq. 58
J increment, prior to
insertion
half-anele of inflow river user supplied based on
Qinf s deg configurable width and depth of the
channel = !
relevant river
coefficient for sensible 2 ol TVA
B o Jm~ . t Eq.2
X heat flux into still air R computed (1972) 9. 27b
cioe.lﬁuent !or . | TVA
a, evaporative flux into still ms computed (1972) Eq.27a
air
arw longwave albedo - 0.03
albedo of shortwave
asyy radiation at the water - 0.08 Eq. 12
surface
a
scattered radiation withi Bi srer
o scattered radiation within ) computed ird = 0.0685 + (1
SKY the sky (1984)
—-0.84) (1—-T,,)
interpolation coefficient
_ t Eq.3
®p for volume computed d
interpolation coefficient
B, interpolation coefficien ) computed Eq.3
for area
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Description Reference Comments
length-scale associated Roger
Swi with conduction of heat m 0.039 setal
at the ice-water interface (1995)
Imber

length-scale associated

with formation of if;
5KH ) Kel»rin—lle!ll1llo]ly ‘ m computed P;lters
billows at the interface of on
two-layer stratification (1981)
length-scale associated
with the vertical
60”” thickness of the zone of m computed Imber Eq. 66
influence of a withdrawal ger
thickness of withdrawal and
5outfmp layer above the m computed Patters
withdrawal height on
thickness of withdrawal (1981)
Soutfpoe layer below the m computed
withdrawal height
particle diameter of -6
Oss bottom sediment m 80x10
TKE dissipation flux per 23
ETKE unit mass ms : Eq. 48

steady-state/equilibrium

o— TKE dissipation flux per m’s’ computed Eq. 49
unit mass

TKE dissipation flux

EWIND created by power m’s computed Eq. 49

introduced by the wind

TKE dissipation flux

caused by inflow 2 3
. . m° s~ mput; Eq. 49
EINFLOW plunging creating 8 computed q
seiching
emissivity of the water
Ew surface - (.98

emissivity of the
& atmosphere under cloud- -
free conditions

emissivity of the I::;ie
& atmosphere including - computed Sél]ers Eq. 19
cloud reflection (1986)
b shortwave radiation flux W m? time-series input ) user supplied solar
SWy provided in the input file D radiation data
shortwave radiation flux
¢SW5 crossing the water Wm~ computed - Eq. 9.
surface
total incident shortwave
radiation flux computed Bird
bsw from the BCSM Wm” computed (1984) Eq. 10 and Appendix A
assuming clear-sky
conditions
direct beam radiation on
o~ a horizontal surface at 2 Bird
- [
éps ground level on a clear Womn computed (1984) Eq. A19
day
radiation from
N atmospheric scattering 2 Bird
bas hitting ground level on a W computed (1984) Eq. A20
clear day
downwelling PA Kirk
bdpar radiation intensity within Wm™ computed (1994) Eq. 13

the water column
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Description Reference Comments

light incident on the
bottom of a layer,

¢PARHFIN corresponding to the

benthic area

2 .
Wm variable -

longwave radiation
incident heat flux at the Wm™ variable Eq. 18
water surface

¢LWin

longwave radiation
Drwout outgoing heat flux from W m variable Eq. 17
the water surface

net longwave radiation

brw. flux across the lake Wm” computed Eq. 16
net
surface
sensible heat fI Cross 2
bu sensible heat flux across Wm computed Eq. 20
the water surface
b5 latent heat flux Wm” computed Eq. 21
heat {1 2
oy latent noal Dux %“?der W m computed Eq. 26a
0 zero-wind conditions
bu senslb]e‘heal ﬂux' Elnder Wm” computed Eq. 26b
0 zero-wind conditions
ic identifier fi 2
0] genene 1(%en ier ot W m computed
X either of ¢ or ¢
generic identifier for B
¢X0 cither of ¢, or @, W m computed
. maximum value of either 2
Wm selected Eq. 21
¢X ¢X0 or ¢y
upward conductive heat
flux through the ice and 2
¢ X ug S anc W m computed
0 snow cover to the
atmosphere
net incoming heat flux at Roger
Dnet the ice-atmosphere Wm~ computed setal Eq. 29
interface (1995)
Roger
br heat flux due to rainfall Wm™ computed s etal.
(1995)
heat flux at the ice-water 2
. S . Wm~ computed Eq. 31
¢f interface into the blue ice ! 4
heat flux from the water 2
. Wm~ computed Eq. 33
bw to the blue ice ! !
Heat flux per unit volume Roger
¢)\jvhite due to formation of Wm~ computed setal.
white ice by flooding (1995)
. L . - optionally provided as a
Dyind wind direction degrees time-series input P yp .

boundary condition

slope of inflow coming user provided in

(Dinf into the lake degrees &inflow
D,on solar zenith angle radians variable
SZA solar zenith angle degrees variable SZA=®,,,180/1
computed as a function
ir densi ke m? ted TVA of air temperature,
Pa ardensity sgm_ compute (1972) humidity and pressure
in atm_density
density of saturated air at TVA
- QT ~ -3
Do the water surface kg m computed (1972)

temperature
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Description Reference Comments

UNES compute for each layer
Pi density of the i" layer kg m™ variable CcO based on temperature
(1981) and salinity
density of the surface ke m ariable
Ps water layer (i=Npgv) g vans
mean density of the 3 o
Psmi mixed layer kg m variable
average of layer densities
over which reduced 3
Pref gravity is being kg m computed
computed
Pice,snow density of the snow or ice kg m” selected
Pwhite density of snow ice kg m” 890
Pbiue density of blue ice kg m” 917
Psnow density of snow kg m” variable
' assigned minimum snow 3
Ps,min density kg m 50
assigned maximum snow 3
Ps,max density kg m 300
intermediate snow kg m” computed see Figure 6
Psnow= density estimate & D : EUES
density of the lake layer
corresponding to the 3
Poutf height of withdrawal, kgm computed
ioutf
density of the lake layer,
i, which is at an 3
Py equivalent depth to kg m computed
inflow parcel j
sity of inflowing .
Pinf densi y\(:'a::r owing kg m ’ computed
density of the inflow
Pins, parcel associated with kg m” computed
inflow / when it inserted
density of the lake layer,
pilm, i, where the inflow / kg m? computed
inserted
K von Karman's constant - 0.41
dimensionless moisture
. h TVA
E) content of air at water's - computed Y =Ke,/p
’ surface (1972)
dimensionless moisture TVA
9 content of the air above - computed 9, =Ke,/p
“ the lake (1972)
Vg kinematic viscosity of air m’ s’ 1.52x10™ (11_;/7/;) Reported :::10 0348 m
Vi kinematic VlSFOSlLy of e 1 14x10°
water
total shear stress
T experienced at the lake Nm’ computed Eq. 76
bed portion of layer i
similarity function for
Yy momentum in the air - computed Eq. A30
above the lake
similarity function for
Vg moisture in the air above - computed Eq. A30
the lake
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Description Reference Comments

similarity function for
Yy heat in the air above the - computed Eq. A30
lake

dimensionless parameter
3 used for wave period - computed Eq. 71
calculation

dimensionless parameter
4 used for wave period - computed Eq. 74
calculation

Yajim
constant related to aand
S atmospheric diffuse - 6 Yama
radiation moto
(2015)

Indices

b hyposgraphic data

o - index
point index

internal
mi hyposgraphic curve - index
increment

. index of .
4 . - index
computational layer

index of the lake
layer at an

J equivalent depth to

inflow parcel j

- index

index of lower most

. layer impacted by a .
: - index

Lot given de

withdrawal/outflow

index of the upper-
. most layer impacted
top by a given

withdrawal/outflow

- index

index of the lake
. layer aligning with a .
Loutf withdrawal/outflow B index

extraction point

layer index of the
S layer at the surface - index
of the lake

layer index of the
layer at the bottom
k of the surface mixed - index
layer (sml;
epilimnion)

index of inflow
j parcel transport, - index
prior to insertion

1 inflow index - index

0 outflow index - index
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Appendix A: Bird solar radiation model

The Bird Clear Sky Model (BCSM) was developed by (Bird, 1984) to predict clear-sky direct beam, hemispherical diffuse,
and total hemispherical broadband solar radiation on a horizontal surface. Average solar radiation is computed at the model

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

Table Al: Parameters required for the BCSM model.

Example values

Variable Description
(e.g., Luo et al., 2010)
Lat Latitude (degrees, + 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. (atm-cm) 0.279 - 0.324
w Total Precipitable Water Vapour (atm-cm) 1.1-22
AODsg, Aerosol Optical Depth at 500 nm 0.033-0.1
AOD3q, Aerosol Optical Depth at 380 nm 0.038 - 0.15
Ay Surface albedo 0.2

The solar constant in the model is taken as 1367 W/~ m . This is corrected due to the elliptical nature of the earth’s orbit and
consequent change in distance to the sun. This calculation gives us the Extra-Terrestrial Radiation (¢zrg), at the top of the
atmosphere:

Prerr = 1367 (1.00011 + 0.034221 cos(®Pyq4y ) + 0.00128 sin(Pyqy) + 0.000719 cos(Pyqy)) (Al

where the day angle, @44, is computed using, d, the day number:

d—1
= - (A2)
Pday 2"( 365 )

The solar declination, ® 4, (radians), is computed from:

(Ddec
(A3)
0.006918 — 0.399912 cos(®4qy) + 0.070257 sin(P44,) — 0.006758 cos (Z(CDday)) +

0.000907 sin(2®yqy) — 0.002697 cos (3(Puqy)) + 0.00148 sin (3(d4qy))

We then solve the equation of time:
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0.0000075 + 0.001868 cos(Pyqy) — 0.032077 sin(Pyqy)

229.18
—~0.014615 cos (2(Pqy)) — 0.040849 sin (2(®4qy) ) 8

EQT =

in order to compute the hour angle, @, calculated with noon zero and morning positive as:

EQT
@y, = 15(hr —12.5) + Long —15TZ + (T)

where TZ is the time-zone shift from GMT. The zenith angle, ®,,,, (radians), is calculated from:

cos(D,.n) = cos(Pyec)cos(Py,)cos(Lat) + sin(D4,.)sin(Lat)

When ®,,, is less than 90°, the air mass factor is calculated as:

0.15 -1
(93.885 — @,,,)125

AM = [cos(D,,,) +

which is corrected for atmospheric pressure, p (hPa),
AMp
M, = ——
1013

AMp is then used to calculate the Rayleigh Scattering as:

Travicion = [(=0.0903 AMp O 8)+(1+AMp—AMyO1)]
rayleig

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

Tozone = [1 — (0.1611 (0z AM) (1 + 139.48 (0z AM)) ")

0.002715 (0z AM)
1+ 0.044 (0z AM) + 0.0003 (0z AM)?

The scattering due to mixed gases for positive air mass is calculated as:
= gl-00127 4Mp©29]

Tmix
Then the water scattering is calculated by getting the water mass:
Wm = WAM,,
where W is the precipitable water vapour. This can be approximated from dew point temperature, eg.:

InW =aT,+b

where a and b are regression coefficients which have been taken as 0.09, 0.07, 0.07 and 0.08 for values of a, while 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:
(2.4959 Wm)

T, =[1-
water 1+ (79.034 Wm)%6828 + 6,385 Wm

The scattering due to aerosols requires the Aerosol Optical Depth at 380 nm and 500 nm:
TauA = 0.2758 AOD3gy + 0.35 AODs,

and the scattering due to aerosols is then calculated as:
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T | = e(—TauA)°'873 (1+TauA-TauA®7088) 4p0:9108
aerosol —

(A16)
We also define:
Toa =1-— [0.1 (1—-—AM + AMl'OG) 1- Taerosol)] (Al17y
and:
0.5(1 — Tyayieign) + 0.84(1 — Tys) (A18)

1— AM + AM102

5 where the 0.84 value used is actually the proportion of scattered radiation reflected in the same direction as incoming
radiation.

The direct beam radiation on a horizontal surface at ground level on a clear day is given by,
¢pp = 0.9662 dgrp Trayleigh Tozone Tmix Twatvap Taerosot Cos(q)zen) (A19)

¢?AS =0.79 (ﬁETR TozoneTmix Twatvap Taa c0S(Pgen) (A20)

The total irradiance hitting the surface is therefore (W m™):

~ bps + Pas (A21)
¢SW - ;- X
1 - (asw asky)
10  The albedo is computed for the sky as:
T,
oy = 0.068 + (1 — 0.84) (1 _ %vsol> (A2

aa
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Appendix B: Non-neutral bulk transfer coefficients

The iterative procedure used in this analysis to update correct the bulk-transfer coefficients based on atmospheric conditions

is conceptually similar to the methodology discussed in detail in Launiainen and Vihma (1990). The first estimate for the
neutral drag coefficient, €}, is specified as a function of windspeedwind speed as it is has-been-commonly observed that-€),,
inereasesto increase with &, (Figure-A1):U, . This is modelled by first by-estimating the value referenced to 10m height

above the water from:

0.001 Upp <5

Cpn—10 = {0001 (1 + 0.07[U10 _ 5]) Uyo > 5 Option 1 : Francey and Garratt (1978), Hicks (1972) tA23)
Cpn—10 = 1.92)(10_7(]130 + 0.00096 Option 2 : Babanin and Makin (2008)

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

awz qu? ¥ v,
Zyg =4 011 (A24)
g 9 s Us

where @a is the Charnock constant (0.012), -, is the approximated friction velocity (v Cpy—10 UZ,) using Eq A23;and-the
final. The drag is re-computed using:

’ ’ A25
k]K (A25)

o=
e G

where % is the von Karman constant: (Figure A 1). Note the neutral humidity/temperature coefficient, Cryy. 19, is held constant

at the user defined Cy value and deesn'tsealeis assumed not to vary with wind speed.
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91



Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2017-257 ‘ ientifi
Manuscript under review for journal Geosci. Model Deyv. Model Developmel
Discussion started: 20 November 2017 -
(© Author(s) 2017. CC BY 4.0 License. Hiseussiol

Revision 8 Mar 2018

0.003

0.0025

0.002 /
£ 0.0015

10

Z
a
©) L/I/
0.001 -
0.0005
0
0 5 10 15 20 25

Uy (ms™)

Figure Al: Scaling of the 10m10-m neutral drag coefficient with wind speed, U, (Eqns A23-25)

Under non-neutral conditions in the atmospheric boundary layer, the transfer coefficients vary due to stratification seen-in the
5 air column, as was parameterised by Monin and Obukhov (1954) using the now well-known stability parameter, z/L, where L

is the Obukhov length defined as:

L “Pawiby . —pa iy (A26)
TETH 6E\" ~ (b eaqu)
P 61— Kg(ca +0'61—3u

where 0, = 8{1+061¢)0,(1 + 0.61¢,) is the virtual air temperature and H¢; and E¢; are the bulk fluxes. Paulson (1970)
presented a solution for the vertical profiles of wind speed, temperature and moisture in the developing boundary layer as a

function of the Monin-Obukhov stability parameter; the so-called flux-profile relationships:

0. () - )

O WL LY NESRRE)

A27¢)

10 where y)y, wy and g are the similarity functions for momentum, heat and moisture respectively, and z,, zg and =z, are their
respective roughness lengths. For unstable conditions (L<0), the stability functions are defined as (Paulson 1970; Businger et

al., 1971; Dyer, 1974):

1+x 1+ x2 T
Yo =20 (— )+1n< . )-ztan—1x+§ (A282)

92



20

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

Discussion started: 20 November 2017

(© Author(s) 2017. CC BY 4.0 License.

Revision 8 Mar 2018

1+x2
Vg =19y =2 ln( > > (A28b)
where
VA 1/4
=|1- Z (A29)
x [1 16 (L) ]
During stable stratification (L>0) they take the form:
-5(2) 0<=<0.5 (A30)
L L '

-2 -1

Y =Yr =¥y =105 (%) — 425 (5) _7 (E) — 0852 05< % <10
In (L) 0.76 (L) —12.093 % > 10

Substituting equations{+7-(+&Eqns. 20-21 into (A27) and ignoring the similarity functions leaves us with neutral transfer

coefficients as a function of the roughness lengths:

-1 -1
o= )] )
Zo Zx

where the N sub-script denotes the neutral value and X signifies either D, H or E for the transfer coefficient and o, 0 or g¢ for
the roughness length scale. Inclusion of the stability functions into the substitution and some manipulation (Imberger and

Patterson, 1990; Launianen and Vihma, 1990) yields the transfer coefficients relative to these neutral values:

+CX—N<¢ by — Ky _m/’M\/ CDN>} {A32y
K? e vV Cpn Cxn

Hicks (1975) and Launianen and Vihma (1990) suggested an iterative procedure to solve for the stability corrected transfer

coefficient using (A32) based on some initial estimate of the neutral valze-values (as input by the user). The surface flux is

subsequently estimated according to (+7-+&)Eqns. 20-21 and used to provide an initial estimate for L (equationEq. A26). The
partially corrected transfer coefficient is then recalculated and so the cycle goes. Strub and Powell (1987) and Launiainen

(1995), presented an alternative based on estimation of the bulk Richardson number, Rig, defined as:

Z (AB+0-61-0,Aq\ (AD + 0.61 0,A
Rl-B_g ( i ) — e (A33)
6y \ Uz ) U?

and related as a function of the stability parameter, z/L, according to:

Riy = /%LGHWN‘%W\ i 7<K\/E/CHWN_¢’HW> (A34)
J:\ %—‘fﬂ’ } [/c/\/mflp,w]z

where it is specified that Cyy = Cyy = Cywy. Figure A2 illustrates the relationship between the degree of atmospheric

stratification (as described by both the bulk Richardson number and the Monin-Obukhov stability parameter) and the transfer

coefficients scaled by their neutral value.
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Figure A2: Relationship between atmospheric stability (bottom axis — z/L, top axis — Rig) and the bulk-transfer coefficients relative
to their neutral value (Cx/Cxy where X represents D, H or W) for several roughness values (computed from Eq. A32). The solid line
indicates the momentum coefficient variation (Cp/Cpy) and the broken line indicates humidity and temperature coefficient
(Cyw/Chwy) variation.
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