The authors gratefully acknowledge the interest shown by the referee and the worthwhile questions
and comments, particularly those in relation to the capability and limitations of the FLake model.
These have been responded to with care and attention.

Referee’s Report on Revised Submission of Determining lake surface water termperatures
[LSWT s) worldwide using a 1-dimensional lake model {(FLake, v1)" by A Layden et al.

This paper iz improved over the previous submission, plarticularlyin terms of proper usage
ofunits. None of my commments is really major, but the sum of the ones that are substantive
leads me torecommend major revisions again.

Its long length is largely necessary for giving the type of readers who will benefit from this
paper the information that they need. Howewver, even though [ am not providing specific
instances, I ask the authors to comb through the manuscript again to find redundancies
that can be removed.

Response

This paper been reviewed and edited to remove repetition and supporting statements that can be
omitted without losing the informative element. However due to the additional writings added to
support referee questions, the overall length of the paper has not changed. Though it is expected
that paper now provides more in-sight into the application of the model for this study.

Afrequentissue in modeling is the idea of what happens in the virtual world of the model,
and how does that compare to the real world, not just in terms of output, butin terms of
process. I am notintimately familiar with the FLake model, butin looking at your tuning in
terms of adjusting the lake depth in the model, [ have to think about two limiting cases in
the realworld: 1. Averyshallow lake, in which the entire depth constitutes a well-mixed
epilimnion nearly all the time. 2. A very deep lake, in which the metalimnion is so
separated from the lake bottom thatits depth, strength, and heat flux are independentof
the overall lake depth. [ guesswhatlam most curious aboutis how FLake formulates
metalimnion fthermocline depth, and how this meshes with these two limiting cases, as
well as intermediate cases. Forinstance, is itsoinsistent on having essentially two layers
that it will not collapse them into one for the shallow limiting case? And will it allow the
lower layer to be much thicker than the upper layer, to capture the deep lake limiting case?

Response:

Deep lakes: Yes, Flake is less suited to very deep lakes. For modelling very deep lakes, a “false depth”
is recommended (G. Kirillin, personal communication, 2010). For the 6 lakes with mean depths in
excess of 240 m (ranging from 240 m for Lake Kivu to 680 m for Lake Baikal), false depths of 100 m —
200 m were used in the tuning study. This is now included in last paragraph in section 2.3.3.

Shallow lakes: FLake will collapse the two layers into one mixed layer, if the thermal structure of
thermocline cannot be maintained. The bottom temperature and the surface temperature (upper
mixed layer temperature) are critical in determining the strength of lake stratification (as shown in
equation and illustration of the representation of the temperature profile - now included as figure
5). The closer the bottom temperature is to the surface temperature, the more likely the lake is to
‘turnover’ becoming one mixed layer.




In addition to the difference between the upper mixed layer temperature and the bottom
temperature, there are several factors considered in FLake that will affect the strength of a stratified
layer and may cause the lake to turnover;

light extinction coefficient - determining the amount of light (and heat) transfer to lower depths,
wind energy - increased wind speed causes greater mixing, deepening the upper mixed layer

heat flux from sediments — which will heat the water from the bottom

Due to the lower thermal stability and heat capacity of shallow lakes, compared to deep lakes, the
above factors have a greater influence on whether or not a shallow lake to become holomictic
(uniform temperature and density from lake surface to lake bottom).

| suspect that by using the ‘heat flux from sediment’ for shallow lakes, the effective depth of shallow
lakes would be somewhat closer to their mean depth, as outlined in section 5.4.1

‘For shallow lakes, tuning to a deeper effective depth may compensate for not having considered the
‘heat flux from sediments’ scheme in the model. Retention of heat in the sediments of a lake has the
same effect as deepening the lake, causing an increase the heat storage capacity.’

Thermal structure of thermocline: The equation and illustration of the representation of the
temperature profile is now included as figure 5, show that the bottom temperature and the surface
temperature are critical in determining the extent of lake stratification — the closer these
temperature are, the more likely the lake is to ‘turnover’ becoming one mixed layer.

Changes:

P7,line12

‘The thermal structure of the intermediate stratified layer (thermocline, Fig. 4b), is parameterised
through a self-similarity representation of the temperature profile, u({), using time (T) and depth (z)
as illustrated in Fig. 5.’
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Figure 1 Schematic representation of the temperature profile in the upper mixed layer

and in the thermocline, reproduced from Killirin (2003). The self-similarity representation of
the temperature profile is determined using dimensionless co-ordinates, { = (z-h)/Ah, and v =
[T(2)-Tp]/AT




P.11, Section 2.3.3, last paragraph

‘For modelling very deep lakes, a “false depth” is recommended (G. Kirillin, personal communication,
2010). For the 6 lakes with mean depths in excess of 240 m (ranging from 240 m for Lake Kivu to 680
m for Lake Baikal), false depths of 100 m — 200 m were used in the tuning study.’

I am referring to line numbers as given in the double-spaced PDF version that [ reviewed,

B. 3, line 7: Use a semi-colon rather than a comma after “feedbacks”,

Done

P. 3, lines 11-12: The cause and effectis definitely more complex than stated here, and, I
think largely opposite, with heatand moisture fluxes from lakes causing lake-effect storms.

Response
Agree, this didn’t read as it should- now reads

Corrected;

‘The fluxes of heat and moisture from the Great Lakes and the large Canadian lakes of Great Bear
and Great Slave can impact the mesoscale weather processes causing lake-effect storms, altering the
local climate’

P. 3, line 26: "Compare’ seems to make more sense here than “use both”.

Done

Corrected; — sentence reworded
There have been some studies carried out that compare modelled LSWTs from FLake with LSWT
observations on European lakes

The term "daily mean absolute difference” is throwing me. Does this mean thatyou have
multiple data within each day and calculate the mean across each day? Ordoes it mean
that you start with daily data and average the absolute difference over, say, a month? To
make matters worse, p. 4, line 6 has "average’ in front of this term and line 8 has "mean” in
front of it. Please clarify what data is the starting pointand what period it is being
averaged over.

Response

‘Daily MAD’: this starts with a daily data and calculates (for each lake) the daily MAD averaged over
the total number of days in the time series.

The ‘average daily MAD’ on p 4, line 6, refers to the ‘daily MAD’ across all lakes

Line 8 should have read ‘average’ in keeping with the average MAD across all lakes.

‘Daily MAD’ has now been explained clearly here.

Corrected; p. 4, line 5

‘For each lake, the daily MAD quantifies the mean absolute difference in modelled and observed
daily LSWT value, averaged over the total number of days. The dispersion of the daily MAD values
are reported to 2 standard deviations (+ 20) for each lakes. When reported across a number of lakes,
the daily MAD value for each lake is averaged, with the dispersion of MADs for individual lakes




reported to 2 standard deviations (+ 20).’

P. 4, line 20: You spelled cut the names of these model parameters just three lines earlier,
so no problem to abbreviate therm now.

Done

P. 6, lines 28-29: "An average.." is singular, while "...are used” iz plural. It's notreallyclear
to me which was intended but make them agree.

Corrected
‘An average of the day and night lake-mean LSWT observations from August 1991 to the end of
2010, is used to tune the model.

P. &, line 16: This is where a problem with units is still present. The formula for lakes with
length and breadth dimensions seerms quite intuitive and is roughly proportional to the
square root of area, but this formula has a linear term based on area and is tougher to
fathom. It seerns like you're supposed to assume that area is in square km, but this isn't
explicitly stated. Ifitreally were, though, you'd need to then divide by km to get the final
unit of k.

Response

I’'ve included all units in the formula. This formula was determined using a line-fit on fetch versus the
polygon area and is valid for lakes >100km”.

Changed P.8, line 9

‘Fetch: wind fetch is calculated as the square root of the product of lake length (km) and

breadth (km) for the 205 (of 246) lakes with available dimensions. A line-fit on the calculated fetch
(km) versus polygon area from the GLWD (Lehner, and D6ll, 2004) of these 205 lakes, showed a
strong relationship between fetch and area, Eq. (1), Rzadj = 0.84, p =0.001. Equation (1), used to
determine the fetch of the remaining 41 lakes with no available dimensions, is valid for lakes
>100km?. Although the shape of a lake and it’s orientation in relation to wind direction are likely to
affect wind fetch, this approach is expected to provide reasonable estimates of fetch.’

fetch = 39.9 km + (0.00781 km™) x area in km® (1)’

This also gotme to wondering whether there is any special class considered for lakes of
highly irregular shapes. One thatl think of is Lake of the Woods, which has one large basin,
butis also connected to many narrow necks and smallbasins separated by trees clinging to
rocks on a shield terrain. How does this affect fetch independently of area?

Response

No consideration was given to lakes of irregular shapes, of which there are several in the database. |
would expect that fetch is indeed affected by the lake shape and orientation, though for this study
the lake length x breadth or polygon area was the only factor considered when estimating lake fetch.
A sentence has been added clarifying.

P. 8, line 14
‘Although the shape of a lake and it’s orientation in relation to wind direction are likely to affect
wind fetch, this approach is expected to provide reasonable estimates of fetch.’




P. 11, line9: I think you mean "spectrum’ rather than "spectre”.

Done

P. 11, line 10: Irecommend adding "bands represented by* or"bands centered on” before
"three wavelengths",

Done

P.12, line 4: Iz there a rule or formula for what makes ice blue or white in the model?

Response

Not as such. The blue ice and white ice are differenitated in the model by means of their albedo. A
formula incorporating the albedo of both blue (0.1) and white ice (0.6) is used to empirically
determine the albedo of a frozen lake. This formula is dependent on the ice surface temperatures
and attempts to account for seasonal changes in albedo; changes in the ice albedo would not affect
the ice surface temperature as it remains close to the freezing point, but ice albedo has a greater
effect on the rate of ice melting — meaning that the blue ice (by means of it’s albedo) becomes more
influential in the warming season.

| have included the empirical formula used to calculate the albedo of a frozen lake and the extinction
coefficient values (m™) used in FLake for modelling solar radiation penetration through white ice and
blue ice’

Change, p 11, line 29

‘An empirical formulation is applied in FLake, where the albedo of a frozen lake surface (o)
depends on the ice surface temperature (Eg. 4) (Rooney and Jones, 2010), accounting somewhat for
seasonal changes in albedo (Mironov and Ritter, 2004). By application of this equation, the blue ice
(by means of it’s albedo) has greater influence on the rate of ice melting, in the warming season.

Giake = O +H(ap — ) X[ 0TI (4)

where ay, = white ice albedo (0.60), a, = blue ice albedo (0.10), Ca = Ice albedo empirical coefficient
(95.6), TO = freezing temperature (K) and Tp = the surface temperature (K) from the previous time
step. The extinction coefficient values (m™) used for modelling solar radiation penetration through
white ice and blue ice are 17.1 and 8.4, respectively and correspond to the top 0.1 m of the ice layer
for clear sky conditions (Launiainen and Cheng, 1998).

Sub-sect2.3.5: Are we always assuming that we're talking about wind speedsat 10 m
height?

Response

Resio’s factor of 1.2 was determined using wind speeds at 10 m above surface , this is now stated.
Hsu refers to surface wind speeds which normally indicates a standard height of 10 m above ground
(though this isn’t explicitly said, so | stated ‘surface wind speeds’




Change

‘For adjusting surface wind speeds (measured in m/s) over land to wind speeds over sea surfaces,
Hsu (1988) recommends the scaling shown in Eq. (5). For bodies of water with fetch > 16 km, a
scaling of 1.2 applied to over-land wind speeds (measured at a height of 10 m) provides reasonable
estimates of wind speeds over sea surfaces (Resio et al., 2008).’

P. 13, lines 258-29: This refers back to my comments about the term "daily mean absolute
difference”. The statement here seems tautological in thatitis trying to define "MAD"
mainly by spelling it out, with "difference between the modeled and observed L3WTs"
barely needing to be said. P. 14, lines 11-12 iz a nearly exact repeatof this sentence.

Agreed - Both these statements are now removed.

The first sentence in section 2.4 is suffice: ‘The tuning metrics are the mean differences (between
the modelled and the observed LSWTs), used to quantify the effect that the LSWT-regulating
properties have on the modelled LSWTs.’

P.14, line 19: Should this be the variance of LSWT, rather than the mean?
Yes it should, now reads ‘the variance in the mean LSWT’

P. 14, line 29: "x" seems to be missing, leaving just the superscript "obs_jas", and this
should have the description "foreach individual year® atthe end.

Done

The equations in sub-section 2.4 .3 can allbenefitfrom citations, butespecially the most
complex one on p. 15, lines 11-13.

Done
Citations included for Eq .6 -8

P. 16, lines 12-13: The equation needs units, or itmight be easier to refer back to eq. 4,
which has units in it. Same on p. 31, lines 11-12.

Response
Senstence removed in edit.

Further on in the paper, the corrected equation is referenced (on p.31 and 10 & 11 and table 4)

P. 17, line 9 Change "from” to "ta”.
Done

P. 21, line 8 Change "Hemispheric® to "Hemisphere".
Done

P .21, line 28: Ithink"simulated’ captures this meaning better than "represented”.

Done




P.22, line 23: Fig 16 seems to be referenced before Figs. 14 and 15.

Done — Fig 16 has now appears before Figs 14 and 15 and references are alligned

Sub-section 5.1: Be careful aboutcause and effect. When adjusting parameters, the root
cause of any change is always the adjusted parameter. 3o changesin I deg Cwarming date
maybe a link in the chain, butaren'tthe ultimate cause. The schematicin Fig, 16 15 a key to
thiz, butyou need to be careful about confusing causes in the real world with causes in the
world of tuning model parameters. This enters in more in the mention of Austin and
Colman. The earlier warming may be one aspect of whatis going on there, butSun et al,
2015, ] Climmate, 4373-4389; and Foster and Heidinger, 2014, ]. Climate, 5687 -6697 seerm to
show that the root cause is more likely cloud albedo.

Response

This section has been reworded — it is no longer implied that the change in albedo is direct cuase of
the changes in 1C warming day, same for the change in the JAS LSWT, it is not stated to be a direct
cause of the changes in 1C warming day. Though, how the changes in snow and ice albedo may
affect warming day and JAS LSWT is disucssed. The caption in the schematic figure (now Fig.15)
refers to the ‘modelled’ interactions between the LSWT regualting properties and the LSWT metrics
(and wind), so the reader can draw their own parrallels with real word cause and effect.

The Foster and Heidinger study - suggesting that the warming trends may be attributed to changes
in cloud albedo, is included in the paragraph where Austin and Colman, 2007 attribute the warming
trend on Lake superior trend to earlier ice-off date.

Change p.23 line 5

‘A study on Lake Superior (average depth of 147 m), shows a JAS LSWT warming trend (of 2.5 °C
from 1979 to 2006) substantially in excess of the air temperature warming trend (Austin and
Colman, 2007). Austin and Colman attribute this warming trend to a longer warming period, caused
by an earlier ice-off date, of ~0.5 day yr™. Foster and Heidinger (2014) suggest warming trends in
North America may be due to changes in cloud albedo; with an observed loss of 4.2% in total
cloudiness between 1982 and 2012.’

Sub-section 5.2: Again, [ am notintimately familiar with FLake's formulation, butitseems
very likely that it would be formulated so thatit is inevitable that hypolimnion temperature
is very closely tied to the annual minimum surface temperature, due to static stability
constraints.

Response

Yes, surface heat flux is a factor in determining lake-bottom temperature. I've included a few
sentences on this.

Change p.25 line 21

‘In FLake, the bottom temperature is not independent of surface temperature; the change in the
surface heat flux over time is used in calculating the upper mixed layer temperature, and the
difference in heat flux between the upper mixed layer and lake-bottom are considered in the lake-
bottom temperature calculation (Kourzeneva and Braslavsky, 2005). Although the minimum surface




temperature is therefore related to the bottom temperature in FLake, the good comparison
between minimum ARC-Lake LSWTs and the bottom temperatures, indicate that the monthly
minimum LSWTs are a potential proxy for determining the lake-bottom temperature. This also
supports Lewis’s empirical relationship between lake surface temperature and lake-bottom
temperature.’

P. 26, line 31: Change "aren’t" to "is not'. Same on p. 30, line 28.
Done

P.33, line 29: The usual ransliteration of Kirillin’s first name is "Georgiy”.

Done

Fig. 4: Again, not an expert on FLake's formulation, but my understanding is that it uses an
s-curve shape to represent the temperature profile. This makes itsomewhat equivalent to
a 2-layer model butitdoes not literally consist of two discrete layers, each with a constant
ternperature. If I've misunderstood that, go ahead and correct that. However, this figure
confuses me even more about how this works., The left side seerms to depict it using the
language of two layers, with the "upper mixed layer” depicted as a range of depths, while
the "bottom layer” has the arrow pointing only at one depth. Then the one on the righthas
the hypolimnion labeled. s this exactly the same as the bottom layer, even though it seems
to be depicted with non-zero thickness? The epilimnion iz not labeled, but seems to
correspond to the upper mixed layer. How correctis this? Then the thermocline (largely
synonyrmous with “metalimnion”) is shown as having a finite thickness, but how does it fit
intothis idea of a two-layer model, and how is its depth and thickness determined?

Response

Flake is concerned with calculating both the Temperature and the Depth of the upper mixed layer
and the Temperature of the bottom layer. Although the lake depth is used in computations, the
hypolimnion depth isn’t considered as such, and the temperature is considered uniform. This is why |
show bottom layer at a definite depth. I've stated this in the caption of fig 4 but now have also
stated this in section 2.2.

A schematic representation of the temperature profile used to calculate the thermal structure is
now shown (Figure 5) and referred to in section 2.2.

Change Section 2,2 Paragraph 1

Original:

FLake is a 1-dimensional thermodynamic lake model, capable of predicting the vertical
temperature structure and mixing conditions of a lake. This model is a two-layer parametric
representation of the evolving temperature profile of a lake and is based on the

net energy budgets (Mironow, 2008). The lake conditions of the homogeneous “upper
mixed layer” (epilimnion) and the “bottom layer” as represented in Fig. 3, are modelled

in FLake.

Changed to:




‘FLake is a two-layer parametric representation of the evolving temperature profile of a lake and is
based on the net energy budgets (Mironov, 2008). The depth and temperature of the homogeneous
‘upper mixed layer’ and the temperature of the ‘lake-bottom’ (representative of the hypolimnion
temperature) as illustrated in Fig. 4, are modelled in FLake. The thermal structure of the
intermediate stratified layer (thermocline, Fig. 4), is parameterised in FLake through a self-similarity
representation of the temperature profile, u(Z), using time (T) and depth (z) as illustrated in Fig. 5’

Figure 4 caption

Original

‘Summer and winter mixing and temperature profile of Lake Malawi, Africa (12°S 35" E), illustrated
using data from the ILEC world lake database (http://wldb.ilec.or.jp/); showing the summer and
winter lake water surface temperature (LSWT), mixed layer depth, thermocline temperature
gradient and the hypolimnion. FLake is a two-layer model, capable of predicting the LSWT, the depth
and temperature of the ‘upper mixed layer’ and the temperature of the ‘bottom layer’

Change to:

‘Winter and summer depth and temperature profile for Lake Malawi (mean depth of 273 m), Africa
(12°S 35° E), illustrated using data from the ILEC world lake database (http://wldb.ilec.or.jp/);
showing the three discreet layers (in winter and summer) of a deep stratified non-ice covered lake.
FLake, a two-layer model, predicts the depth and temperature of the ‘upper mixed layer’ and the
temperature of the ‘bottom layer’(shown on the left), and ‘thermocline’ depth and temperature
profile (shown on the right).’
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Abstract

A tuning method for FLake, a 1-dimensional freshwater lake model, is applied for the
individual tuning of 244 globally distributed large lakes using observed lake surface water
temperatures (LSWTSs) derived from Along-Track Scanning Radiometers (ATSRs). The
model, which was tuned using only 3 lake properties (lake depth, snow and ice albedo and
light extinction coefficient), substantially improves the measured mean differences in
various features of the LSWT annual cycle, including the LSWTs of saline and high
altitude lakes, when compared to the observed LSWTSs. Lakes whose lake-mean LSWT
persists below 1 °C for part of the annual cycle are considered to be 'seasonally ice-
covered'. For trial seasonally ice-covered lakes (21 lakes), the daily mean and standard
deviation (20) of absolute differences (MADB)-between the modelled and observed LSWTs,
are reduced from 3.07 + 2.25 'C to 0.84 + 0.51 "C by tuning the model. For all other trial
lakes (14 non-ice covered lakes), the improvement is from 3.55 + 3.20 C to 0.96 + 0.63 C.
The post tuning results for the 35 trial lakes (21 seasonally ice-covered lakes and 14 non-

ice covered lakes) are highly representative of the post-tuning results of the 244 lakes.

The relationship betweenFor the changes in the summer-LSWTs of deeper21 seasonally

ice-covered lakes and the changes in the timing of ice-off is demonstrated. The , the
modelled summer-LESW-response of the summer-LSWTs to changes in snow and ice-eff

thming albedo is found to be statistically related to lake depth and latitude, which together

explain 0.50 (Rzad,-, p = 0.001) of the inter-lake variance in summer LSWTs. Lake depth
alone explains 0.35 (p = 0.003) of the variance.

Lake characteristic information (snow and ice albedo and light extinction coefficient) is not
available for many lakes. The approach taken to tune the model, bypasses the need to
acquire detailed lake characteristic values. Furthermore, the tuned values for lake depth,
snow and ice albedo and light extinction coefficient for the 244 lakes provide some
guidance on improving FLake LSWT modelling.
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1 Introduction

The response of LSWTs to climate is highly variable and is influenced by lake physical

_characteristics (Brown and Duguay, 2010). Some large lakes have been shown to alter the
local climate. The extent of ice cover on lakes is considered to be a sensitive indicator of
and also a factor in global change (Launiainen and Cheng, 1998). Changes in the length of
the ice cover period affect local climatic feedbacks;; for example, a shorter ice cover period
allows a longer time for surface heat exchange with the atmosphere (Ashton, 1986). This is
of particular importance in areas where there is a high concentration of lakes, such as
Canada (Pour et al., 2012). FheThe fluxes of heat and moisture from the Great Lakes and

the large Canadian lakes of Great Bear and Great Slave can alterthe-local-chimate-through

enimpact the mesoscale weather processes causing lake-effect storms, altering the local

climate (Sousounis and Fritsch, 1994; Long et al., 2007). Shallow lakes, particularly those
with a large surface area, such as Lake Balaton, are more sensitive to atmospheric events
(\Voros et al., 2010).

Reliable modelling of LSWTs can enrich our understanding of the highly variable

_dynamic nature of lakes. In this paper, a freshwater lake model, FLake (available at
http://www.flake.igb-berlin.de/sourcecodes.shtml), is tuned with ATSR Reprocessing for
Climate: Lake Surface Water Temperature and Ice Cover (ARC-Lake) observations
(MacCallum and Merchant, 2012) of 244 globally distributed lakes. FLake is a 1-
dimensional thermodynamic lake model, capable of predicting the vertical temperature
structure and mixing conditions of a lake (Mironov et al, 2010). The tuned model is
expected to improve the LSWT representation of these lakes in FLake.

There have been some medeting-studies carried out that use-beth-thecompare modelled
LSWTs from FLake medel

ardwith LSWT observations on European lakes (Voros et al., 2010; Bernhardt et al., 2012;
3
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Pour et al., 2012). The findings effrom two of these three studies shewshowed consistent

mean differences between the modelled and observed LSWTs (overestimation of the open
water LSWTs and underestimation of the ice cover period). Despite these mean

differences, FLake is considered to be a reliable model for stuelymg |mulat|ng LSWTs and
lake ice phenology and+ i i

(Bernhardt et al., 2012). Fhese-modeHed-mean-differences{The overestimation of the open

water LSWTs and underestimation of the ice cover period} are consistent with findings

from-preliminary trial work earried-eutinfindings from this study, which included North
American and European lakes.

It is the intention of this tuning-study to achieve an-averagea daily mean absolute
difference (MAD) of < 1 °C, between the medeHed-{tuned) and observed LSWTSs, across
all lakes. AFor each lake, the daily MAD quantifies the mean absolute difference in

modelled and observed daily LSWT value, averaged over the total number of days. The

dispersion of the daily MADs are reported to 2 standard deviations (+ 2c) for each lake.

When reported across a number of lakes, the daily MAD for each lake is averaged, with the

dispersion of the MAADs across individual lakes reported to 2 standard deviations (+ 2c).

A daily MAD of < 1 °C across all lakes, is possibly accurate enough for a global scale

study. A lower daily MAD target may not be achievable as this study comprises of lakes
with a wide range of geographical and physical characteristics. The effect of the tuning on
the sub-surface temperature profile and on the depth of the mixed layer is not considered in
this study. Many lake-specific properties can be considered in FLake. Preliminary model
trial work was carried out on 7 seasonally ice-covered lakes (deep and shallow) which had
available lake characteristic data in the ILEC world lake database (http://wldb.ilec.or.jp/)
or LakeNet (www.worldlakes.org). Through this preliminary work, the lake-specific
properties which exerted the strongest effect on the modelled LSWTs were selected. These
properties are lake depth (d), snow and ice albedo («) and light extinction coefficient (k).
In the next part of the preliminary work, it was determined that the modelled LSWTs could
be tuned to compare well with the observed LSWTSs, by adjusting the values for these three

properties:

and «, herein referred to LSWT-regulating properties. On the basis of the preliminary
4
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findings, the trial work was performed on 35 lakes, prior to attempting to tune all 246

lakes.

An example of the preliminary trial work is shown ferin Fig. 1a, Lake Athabasca, Canada
(mean depth of 26 my-ia-Fig—ta:). In this figure, a greater modelled « (higher reflectivity)
results in a later ice-off date than the default model snow and ice albedo and is closely
comparable to the observed ice-off date. In Fig. 1b, it is demonstrated that by using a
shallower d than the mean depth of the lake, the ice-on day occurs earlier and corresponds
more closely to the observed ice-on day. Lake depth is essentially being used as a means to
adjust the heat capacity of the lake, exerting control over the lake cooling and therefore the
ice-on date. The modelled LSWT is further improved by lowering the x value (greater

transparency).

The greater transmission of surface heat to the lower layerslayer results in a lower (and

more
_representative) maximum LSWT, Fig. 1b. The LSWTs modelled using a-combination-of

the greater «, lower d and lower x compare closely with the observed LSWTs, Fig. 1c.

In this study;fer-each-lake, the modelled mean differences for several features in the
LSWT annual cycle are measured, quantifying the level of agreement with the observed
ARC-Lake LSWTs-—Fhese-modeled-mean-differences, are the basis for selecting the tuned
(optimal) LSWT-regulating properties (d, o and «) for each lake. Lakes are divided into 2
distinct categories. Lakes with a lake-mean LSWT climatology (determined using twice-a-
month ARC-Lake full year LSWT observations, 1992/1996-2011) remaining below 1 °C
for part of the seasonal cycle are referred-tecategorised as seasonally ice-covered lakes
(160 lakes). All other lakes are referredcategorised to as non-ice covered lakes (86 lakes).
Although some of the seasonally ice-covered lakes may not be completely ice-covered
during the cold season and some of the non-ice covered lakes may have short periods of
partial ice cover, the 1 °C lake-mean LSWT offers a good means of evaluating lakes that
are typically and non-typically ice-covered during the coldest part of the LSWT cycle.
erderteTo best capture the critical features of both seasonally ice-covered and non-ice

covered lakes, the mean difference in the features between the observed and modelled
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LSWTs differ with lake type-An-everview-efthecategory. The tuning approach applied to
these two lake categories is shownsummarised in Fig. 2, and described in detail within

Sect. 2.3.

Using the observed LSWTs (ARC-Lake), the objective of this study is to assess if FLake
can be tuned to produce realistic LSWTs for large lakes globally, using relatively few lake
properties. It is expected that for each lake, the tuning of lake properties will compensate to
a greater or lesser degree for some of the lake to lake variability in geographical and
physical characteristics. The motivation for this study was to develop a greater
understanding of lake dynamics globally, offering the potential to help develop
parameterization schemes for lakes in numerical weather prediction models. It is expected
that the findings in this study will be of interest to climate modellers, limnologists and

current and perspective users of FLake.

2 Methods

2.1 Data: ARC-Lake observed LSWTs

LSWT observations from ARC-Lake are used to tune the model. These cover 246 globally
distributed large lakes, principally those with surface area > 500km? (Herdendorf, 1982;
Lehner and Daéll, 2004) but also including 28 globally distributed smaller lakes, the
smallest of which is 100 km? (Lake Vesijarvi, Finland). The LSWTs are generated from
three Along-Track Scanning Radiometers (ATSRs), from August 1991 December 2011

(MacCallum and Merchant, 2012). A-synepsis-of-the-derivation-and-validation-of-these
o iLable i | L (2015).

The ARC-Lake observations have been shown to compare well with in situ LSWT data,

demonstrating their suitability for use in this study. VValidation of the observations was

performed through a match-up data set of in situ temperature data consisting of 52
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observation locations covering 18 of the lakes (MacCallum and Merchant, 2012).
Furthermere-theThe timing of ice-on and ice-off events is observed to be consistent with
in situ measurements. This is demonstrated through analysis of the average (over the
period of ATSR observations) days of the year on which the lake-mean LSWT drops
below 1 °C and rises above 1 ‘C. Layden et al. (2015) define these as the 1 ‘C cooling and 1
"C warming days respectively, and observe good consistency with in situ measurements of
ice-on and ice-off days for 21 Eurasian and North American lakes. Layden et al. (2015)
also demonstrate the integrity of the ARC-Lake LSWTSs on a global scale, through the
strong relationship the observed LSWTSs have with meteorological data (air temperature
and solar radiation) and geographical features (latitude and altitude). On-this-basis;the

An average of the day and night lake-mean LSWT observations from 08 August 1991 to
the end of 2010,-are is used to tune the model. The final year of observations (2011) is
retained to carry out an independent evaluation on the tuned model. For 119 lakes, there
are continuous LSWT observations for 20 years (all three ATSR instruments, from August
1991 to December 2011), 113 lakes have 16 years of continuous LSWT observations (2
ATSR instruments), and 14 lakes have 8-9 years of LSWT observations (1 ATSR
instrument). The location of the 246 lakes (55° S to 69° N), classified by surface area,

using polygon area in Global Lakes and Wetlands Database, GLWD (Lehner and Déll,
2004), is shown in Fig. 3.

2.2 Model; FLake lake model

temperature-strueture-and-mixing-conditions-of-atake—This-meodelFLake is a two-layer

parametric representation of the evolving temperature profile of a lake and is based on the

net energy budgets (Mironov, 2008). The depth and temperature of the homogeneous

‘upper mixed layer’ and the temperature of the ‘lake-bottom’ (representative of the

hypolimnion temperature) as illustrated in Fig. 4, are modelled in FLake. The thermal

7



© 00 N o o b~ w DN P

S S T
N B O

N =
A W

e = T S
co ~N o o

W N D N DD N NN N DN DN P
O © 00 N oo o0 bh~ WO DN P, O ©

structure of the intermediate stratified layer (thermocline, Fig. 4), is parameterised in

FLake through a self-similarity representation of the temperature profile, v({), using time
(T) and depth (2) as illustrated in Fig. 5.

FLake utilises the minimum set of input data required for 1-dimensional thermal

_and ice models: meteorological forcing data (shortwave and long wave radiation,

_wind speed, air vapour pressure and air temperature), an estimation of turbidity and basic

_bathymetric data (Lerman et al., 1995). in-FLake,the-thermechine-isparameterised
through a self-similarity representation of the temperature profile. Although models

_based on the concept of self-similarity are considered to be only fairly accurate (Dutra

_etal., 2010), we show that modelled mean differences between the model and observed
LSWTs are greatly lowered by tuning the model.

2.2.1 Lake-specific model properties

As outlined in the introduction, optimisation of LSWT-regulating properties (lake depth

(d), snow and ice albedo (&) and light extinction coefficient (x)), can greatly improve the
LSWTs preducedsimulated in FLake. Other lake-specific properties adjusted for this study
are: c_relax_C, fetch, latitude and the starting conditions.

c_relax_C: a dimensionless constant used in the relaxation equation for the shape factor

with respect to the temperature profile in the thermocline.
The default e—relax—C-value of 0.003 was found to be too low to adequately readjust

_the temperature profile of deep lakes (G. Kirillin, personal communication, 2010),
weakening the predicted stratification and affecting the LSWT. For lakes with mean depths

< 5m, the ¢ relax C value is set to 10”2, and decreases with increasing depth, to a value of

10" for mean depths > 50 m, as recommended by G. Kirillin (personal communication,

2010).
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Fetch: wind fetch is calculated as the square root of the product of lake length (km) and
breadth measurements—These-measurements-are-avatlablefor-(km) for the 205 (of the-246)

lakes-

Fhe- with available dimensions. A line-fit on the calculated fetch (km) versus polygon area
from the GLWD (Lehner, and Déll, 2004) of these 205 lakes-are-found-to-be-strongly
related-tosurface

, showed a strong relationship between fetch and area, Eq. (1), Rzad,- =0.84, p = 0.001.
Equation (1)-#s), used to determine the fetch of the

“remaining 41 lakes with no available dimensions:, is valid for lakes > 100km?*. Although

the shape of a lake and it’s orientation in relation to wind direction are likely to affect wind

fetch, this approach is expected to provide reasonable estimates of fetch.

fetch = 39.9 km + (0.00781 area-km—(™) x area in km? (1)

latitude: the latitude of the lake centre reference co-ordinates (Herdendorf, 1982; Lehner
and Déll, 2004).

Starting conditions: these-provide FLake-with-the initial lake-specific initia-temperature
ope

mixing-conditions:-temperature-of-upper mixed layer;- temperature and depth, bottom
temperature, mixed-ayer-depth-ice thickness and temperature-at-air—ice interface-

temperature, were shown to shorten the model spin-up time (to an average of < 3 days). A

good estimation of the starting conditions foreach-lake-was obtained from the FLake
model based on the hydrological year 2005/06 (Kirillin et al., 2011). Other-than-shertening
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2.2.2 Fixed model parameters

Fhe-model-parametersthatThe icewater_flux, inflow from the catchment and heat flux

from sediments remain fixed throughout the investigative and tuning process, across all

from-sediments. For icewater_flux, (heat flow from water to ice) G. Kirillin (personal

communication, 2010) suggests values of ~ 3-5Wm™. In this study a value of 5SWm™ is

applied to all lakes. Inflow from the catchment and heat flux from sediments are not

considered-in-this-study..

2.2.3 Model forcing data

FLake is forced with ECMWF Interim Re-analysis (ERA) data (Dee et al., 2011; ECMWF
2009), at the grid points (0.7° x 0.7° resolution) closest to the lake centre, shown in the

Supplement. The mean daily values of shortwave solar downward radiation (SSRD), air

temperature and vapour pressure at 2m, wind speed at 10m, and total cloud cover (TCQC),

shown in Table 1, are used to force the model.

2.3 Tuning method

A-suitable range of factors/values for d, a and « is determined through the model trials

(carried out on 21 seasonally ice-covered lakes and 14 non-ice covered lakes,

10
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_Fig. 5)-Fhe6). These lakes used-in-the-trials-are-chosen-because-they-broadly represent the

range

_of lake characteristics — lake depth, snow and ice albedo -and light extinction coefficient —

and have available Secchi disk depth data. Secechi-disk-depth-data-is-tused-to-derive-light

2.3.1 Light extinction coefficients for trial lakes

The light extinction coefficient values for the untuned model trial are derived from_Secchi
disk depth data, s (m™), obtained from the ILEC database (ILEC, 1999). Five methods of

relating « values to Secchi disk depths (Poole and Atkins, 1929; Holmes, 1970; Bukata et

al., 1988; Monson, 1992; Armengol et al., 2003) are compared in Fig. 7. These methods
cover a range of different water conditions, from coastal turbid waters (Holmes, 1970) and

eutrophic water (tested 1 km from a dam in the Sau reservoir, Spain) (Armengol et al.,

2003) to a range of North American lakes of different trophic levels (Monson, 1992).

(A )-obtained-from-the H-EC database-(H-EC-1999). Many

For Secchi disk depths > 10 m, as-shown-in-Fig-—6,-all methods show a reasonably good
comparison between Secchi disk depths and «, Fig. 7. From Secchi disk depths of 10 to
1ml m, the range of results between studies-becomesmethods become increasingly large.

Bukata et al. (1998) showed that the formula Eq. (2), based on in situ optical measurements
from many stations, adequately described Lake Huron, Lake Superior and Lake Ontario,
for Secchi disk depths from 2 to 10 m;

11
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ks = (0.757/S) + 0.07m™  (2)
where S = Secchi disk depth (m).

Of the 5-studies—thisformulaEq. (2), applied in this study for lakes with Secchi disk depths

of 2-10 m, produces the lowest (most transparent) x values, potentially more representative

of open water conditions of large lakes;-and-is-therefore-used-in-this-study forlakes-with

suitablefor-targe. For lakes outside this Secchi disk depth range (less than 2 m and greater

than 10 m), the Poole and Atkins (1929) formula-is-apphed—Fhisformula, Eq. (3),
providesis applied, providing sufficiently accurate estimations of light extinction

coefficients in waters with all degrees of turbidity (Sherwood, 1974).

ka=17/S (3

2.3.2 Light extinction coefficients for tuning of all lakes

ManyAs many lakes do not have available Secchi disk depth data—Ferthis+eason, an

alternative

_approach is used to provide light extinction coefficients in the tuned model trials and for
_the tuning of all lakes. A range of 10 optical water types which essentially describe the
_attenuation process of ocean water and its changes with turbidity (Jerlov, 1976) is applied.
_These consist of 5 optical water types for open ocean, type I, 1A, 1B, Il and IlI; type

_I being the most transparent and type 111 being least transparent and 5 coastal ocean

types (1, 3, 5, 7 and 9) (Jerlov, 1976). The speetrespectrum for these 10 ocean water types
are divided (in fractions of 0.18, 0.54, 0.28) into_bands represented by three wavelengths:

375, 475 and 700nm, respectively. The 10 ocean water types are renamed herein as xg; to

K410, the values for which are shown in Table 2.

12
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2.3.3 Tuning of lake depth

Lake depth information was obtained from Herdendorf (1982), the ILEC World

_Lake Database (http://wldb.ilec.or.jp/), LakeNet (http://www.worldlakes.org/) and
(Kourzeneva et al., 2012). The mean depth (Z4;) is the recommended depth value

_for FLake. Where only maximum depth is available (9 lakes), the mean depth is calculated
_using the average maximum-to-mean depth ratio of lakes with known maximum

_and mean depths. This ratio is 3.5 for seasonally ice-covered lakes and 3.0 for non-ice
covered lakes. In the tuning process, depth factors (outlined in Table 2) are applied to the
lake-mean depth. The tuned depth is referred to as the ‘effective depth’. For lakes with no

depth information, the effective depth factors are applied to a depth of 5 m. If the resulting

effective depth is too shallow, characterised by early LSWT cooling and/or a high

summertime LSWT; July, August and September (JAS) LSWT, tuning is repeated using a

deeper input depth.

For modelling very deep lakes, a “false depth” is recommended (G. Kirillin, personal

communication, 2010). For the 6 lakes with mean depths in excess of 240 m (ranging from
240 m for Lake Kivu to 680 m for Lake Baikal), false depths of 100 m — 200 m are used in
the tuning study.

2.3.4 Tuning of snow and ice albedo

FLake uses two categories of albedo for snow (dry snow and melting snow) and e
categories-for ice (white ice and blue ice). As the snow cover module with-FLake-is not
operational in this version of the-medelFLake, the snow and ice albedo are set to the same

default value in the FLake-albedo module;; 0.60 for dry snow and white ice and 0.10 for
13
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melting snow and blue ice. FhreseAn empirical formulation is applied in FLake, where the

albedo of a frozen lake surface (ajake) depends on the ice surface temperature (Eq. 4)

(Rooney and Jones, 2010), accounting somewhat for seasonal changes in albedo (Mironov

and Ritter, 2004). By application of this equation, the blue ice (by means of it’s albedo) has

greater influence on the rate of ice melting, in the warming season.

Otake. = Oy, Hap — at) exp[ <> TOTPITO) (4)

where a,, = white ice albedo (0.60), a, = blue ice albedo (0.10), Ca = Ice albedo empirical

coefficient (95.6), TO = freezing temperature (K) and Tp = the surface temperature (K)

from the previous time step. The extinction coefficient values (m™) used for modelling

solar radiation penetration through white ice and blue ice are 17.1 and 8.4, respectively and

correspond to the top 0.1 m of the ice layer for clear sky conditions (Launiainen and
Cheng, 1998).

The default snow and ice albedo values are referred to as a1 in this study. During the
preliminary trials, a higher albedo (than a.7) was shown to delay ice-off, substantially
improving the timing of early ice-off, compared to observed LSWTs (demonstrated in Fig.
1a). A higher snow and ice albedo causes more of the incoming radiation to be reflected,
resulting in a later ice-off. On this basis, we apply 3 additional albedes-of-higher albedo
values (a2 : 04), shown in Table 2, for tuning seasonally ice-covered lakes. Albedo when
discussed throughout this study refers to the albedo of snow and ice. The albedo of water

(in liquid phase) is maintained at the default value of 0.07 throughout this study.

2.3.5 Wind speed scaling

Scaling of wind speeds is considered during the trials, as most long-term records of wind
speed are measured over land (Ujang) and are considered to underestimate the wind speed
over water (Uyater). For adjusting surface wind speeds (measured in m/s) over land to wind
speeds over sea surfaces, Hsu (1988) recommends the scaling shown in Eq. (45). For
bodies of water with fetch <> 16 km, a scaling of 1.2 is-consideredapplied to over-land

wind speeds (measured at a height of 10 m) provide reasonable estimates of wind speeds

over sea surfaces (Resio et al., 2008). To find a suitable wind speed scaling, the trial work
14
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is carried out using the unscaled wind speed (ul), wind speed factored by 1.2 (u2), and
wind speed suggested by Hsu (1988), u3 (Eq. 45). During the trial work, the most

appropriate wind speed scalings are determined-and-are-subseguenthy-used-in-the-tuning
Shech,

Uwater = 162 m/S +117U|and (45)

Where Uyater = Wind speed over water (m/s), ane-Ujang = surface wind speed over land
(m/s)

2.3.6 Summary of the tuning of the LSWT-regulating properties

Table 2 contains a summary of the factors/values for d, a and « used-inr-the-tuning
study-The tuning-approach-applied in this study provides-an-effective-method-for the

nformation-for-many-lakes:tuning study. The model is tuned using the optimal
combination of LSWT-regulating properties; 80 possible combinations for seasonally ice-

covered lakes and

60 possible combinations for non-ice covered lakes.

2.4 Tuning metrics

The tuning metrics are the mean differences (between the modelled and the observed
LSWTs)}-which-are), used to quantify the effect that the LSWT-regulating properties have
on the modelled LSWTs. The metrics (normalised and equally weighted) determine the

optimal LSWT model selected for each lake.

2.4.1 Tuning metrics for seasonally ice-covered lakes

The metrics and the effect of the LSWT-regulating properties on them, for seasonally
15
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_ice-covered lakes is summarised in Table 3. The effect of light extinction coefficient on
the JAS LSWTs is demonstrated in Fig. #8, showing that the tuned light extinction
coefficient (xq) value, xgs in place of a lower (more transparent) x4 value (xg2), described in
Table 2, substantially improves the JAS LSWT-when-cempared-to-the-observed LSWT-.
In this figure, the greater effect of light extinction coefficient on the maximum LSWT than
on the minimum LSWT is also demonstrated. The effect-thatinfluence of the tured-lake
depth-(effective depth)-has-on over the 1 °C cooling day (the day the lake-mean LSWT
drops below 1 °C; an indicator of ice-on) is demonstrated in Fig. 89. The 1 °C warming
day (the day the lake-mean LSWT rises to above 1 °C; an indicator of ice-off), is strongly
influenced by snow and ice albedo, as demonstrated in Fig.1a. Fhe-dathy-MAD-measures

definitive-stages-in-the- LSWI-eyele—For these lakes, the daily MAD and the difference

between

_the observations and model for the months where the minimum and maximum

_observed LSWTs occur (mthmin and mthyax) are applied as metrics. Fhrese-metriesAlthough

there no definitive stages in the LSWT cycle for non-ice covered lakes, the mthyi, and

mthax €xert some control over temporally reconciling the modelled monthly extremes with

2.4.3 Additional metrics for seasonally ice-covered lakes and non-ice covered lakes

For each lake, the fraction of the observed mean LSWT variance over the number of years
with observations.-that-is (K%), accounted for in the tuned model is used to help

16
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independently evaluate the tuned LSWTSs. For non-ice covered lakes, the ebserved
variance {K*)-ever-the length-of the-tuning-period-is determined using varmin (and varmax):

the variance in the mean LSWT for the month in which the minimum (and maximum)

LSWT is observed. For seasonally ice-covered lakes, the variance is determined using

varjs: the variance in the observed mean JAS LSWT-ever-the-length-of the-tuningperiod:.

The fraction of these observed LSWT variances accounted for in the tuned model are
quantified;; intermin, intermaxand interjas (Rzad,-), respectively. The calculations to quantify
varjss and interj,s are shown in Egs. {5)-and-(6) to (8).

Valjss: (K?) observed JAS LSWT variance over the length of the tuning period;

Varjs = ) (X% - x)?/ (N-1) (56)  (Walker and Shostak, 2010)

ebsxobsjas

where = observed mean JAS LSWT for each individual year

X = mean across all years

N = number of years with JAS LSWTs

interjss: the fraction (Rzad,-) of the observed JAS LSWT inter-annual variance (varjas)

accounted for in the tuned model;

interjss = 1-((1 - r)(N-1)/(N-P-1)) (6}7) (Laneetal, 2016)

P = total number of regressors

= NY (0% x™H%) ) (%)Y (x™9*) _ (8) (Walker and Shostak, 2010)

(NZ (XimodJas 2)_ z (Ximodjas)z) (NZ (Xiostas 2)_2 (Xiostas)Z)

where mod_jas = modelled JAS LSWT.
The same equations, Eqgs. (5)-and-(6) to (8), are applied to determine

17
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_Intermax, Varmax, Intermin and varmi,, substituting “JAS” with “max” and “min>.",

where obs_min (and mod_min) = mean observed LSWT (and modelled LSWT) in the

month where the minimum LSWT occurs, and

where obs_max (and mod_max) = mean observed LSWT (and modelled LSWT) in the

month where the maximum LSWT occurs

3 Trial results for wind speed scaling

Wind-speed-was-examined-in-the-untuned-medeHtrial-forFor both seasonally ice-covered

lakes and non-ice covered lakes—/ind, wind speeds, ul, u2 and u3 were modelled with
untuned LSWT properties: mean lake depth (Zg;), default snow and ice albedo (a/) and
light extinction coefficient derived from Secchi disk depth data (xsg). The trials show that
wind speed has a consistent effect on the modelled LSWT of seasonally ice-covered lakes.
The higher wind speed scaling (u3) causes earlier cooling and later warming (reducing the
1 °C cooling day and 1 °C warming day mean differences), lengthening the ice cover
period and lowering the JAS LSWT, as demonstrated for Lake Simcoe, Canada in Fig.
910. It is expected that the tuning of d, « and «, with an applied wind speed of u3, will
produce modelled LSWTs substantially closer to the observed LSWTSs than those shown in
Fig. 610, where tuning of d, o and « is not applied. The more rapid mixing and heat
exchange between the surface and atmosphere, as a result of the higher wind speed, causes
an earlier modelled 1 °C cooling day. As wind promotes ice growth in the model, higher
wind speeds also contribute to the later modelled 1 °C warming day. Wind speed scaling,
u3 in place of ul, for the trial seasonally ice-covered lakes, reduces the mean difference in
the length of the average cold phase (when compared to the observed cold phase) by ~
50% (from 39 to 21 days) and reduces the JAS LSWT mean difference by ~ 50%, from

3.71to 1.87 °C, Table 4. On the basis of these trial results, the higher wind speed scaling,

For non-ice covered trial lakes, 5 of the 7 lakes at latitudes > 35° N/S show best results
with u3, as demonstrated for Lake Biwa, located at 35.6° N, Fig. 18alla. Five (5) of the 7
lakes located < 35° N/S show best results with ul, as demonstrated for Lake Turkana,

18
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For the remainder of the trials-{tuned)—for-non-tce-coveredlakes—wind-speed-seatingt
Was 5lglglied 10 IaIEES at |atitIIE|ES < 35 oplls and ”3 0 IalEes at Iatit“des > 35 OPILS. :Fhe

metries-from-the-final-set-of-tuning trials (tuned using the range of d, #a and ex
factors/values outlined in Table 2)}-are-shown-in-the-second-resultscolumn-inTable 5-For

beth-), wind speed scaling u3 was applied to all seasonally ice-covered and to non-ice

covered lakes > 35 °N/S and no scaling (ul) to non-ice covered lakes; < 35 °N/S. As the
target averagedaily MAD of < 1.0 °C is achieved-for-the-trial-Hakes—As-a-result,-this-met

for both lake categories (shown in the second results column in Table 5), the tuning

approach described here is applied to all lakes.

4 Results

4.1 Summary of results

The averagedaily MAD and spread of differences (2c) between the modelled and observed

LSWTs-for, across the seasonally ice-covered lakes and non-ice covered lakes, is reduced
from 3.07 + 2.25 and 3.55 + 3.20 °C for the untuned model fromto 0.84 + 0.51 and 0.96 +
0.63 °C for the tuned model, Table 5. The tuned values for the LSWT-regulating properties

for all lakes and the tuning metrics are shown in the Supplement.

These results demonstrate that the tuning process with the applied wind speed scalings can
provide significant improvements on the untuned model: run using the lake mean depth,
light extinction coefficients derived from Secchi disk depth (as shown in Sect. 2.3.1) and

the model default albedo (seasonally ice-covered lakes only).
19
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The applied tuning method apphied-te-yielded a daily MAD of 0.74 + 0.48 °C, across 135

of the 160 seasonally ice-covered lakes-is-shown-to-be-suitable

—, Table 6. The

_remaining 25 seasonally ice-covered lakes yielded comparatively poor results—Fhese

25-1akes-werere; the 1 °C cooling day was 14 days too early and/or the JAS LSWT was >
2 °C higher than observed LSWTSs. Re-tuned using greater effective depth factors and
higher x4 values, as outlined in the next sub-section (Sect. 4-1.1)ielding-an-average.l),
yielded a daily MAD of 1.11 + 0.56 °C-, across the 25 lakes. Across the 160 lakes, an

averagea daily MAD of below 1 °C was achieved (0.80 £ 0.56 °C, Table 5).

Fernon-ice-covered-akesan-average A daily MAD of below 1 °C is again achieved (0.96
+ 0.66 °C) when 84 of the 86 non-ice covered lakes are considered (Table 5). However;

theThe remaining two2 lakes yieldingyielded highly unsatisfactory results.

4.1.1 Seasonally ice-covered lakes

The average-tuned-metricsfor-135-of the 160-lakes-and-the-triaHakes-are-highly

fakes that were re-tuned are shallow (average mean depth < 5m) and small (18 of the 25

lakes are < 800 km?).), relative to the depth and area of the larger seasonally ice-covered

lakes. Twenty (20) of the 25 lakes are located in Eastern Europe or Asia, at relatively low
altitudes; 22 of the 25 lakes are < 752 m a.s.l.. FheseOn initial tuning, these 25 lakes were

tuned to the highest depth factor, Zy4 (1.5 times the mean depth) and/or the highest light
20
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extinction coefficient, xgs (lowest transparency). Although the transparencies for these 25
lakes are largely unknown, shallow lakes generally have poorer light transparencies than
deeper lakes due to upwelling of bottom sediment. The shallow depth of the modelled lake
(lower heat capacity) and the poor transparency of water (more heat retained in surface)
were evident in the metric results; early 1 °C cooling day and/or high JAS LSWT values

compared-to-the-observed LSWTs-This-indicates-that these-lakesreguire. A modified

tuning set-up, to allow for a greater modelled depth to increase the heat capacity -

postponing the 1 °C cooling day - and lower transparency values (higher ), causing less
heat to be retained in the surface and lowering the JAS LSWT--Conseguenthy-the-meodified

tuning-set-up-diseussed-below;,-was, is applied to these 25 lakes.

The tuning approach-forthese-lakes-is-expandedset-up modified to include 3 greater depth
factors of 2.5, 2 and 4 times the mean depth (Z4s, Z47 and Zgg) and 2 higher light extinction

coefficient values, kg6 and g7 (Table 2)-—Fhis-medification), substantially improves the 1
°C cooling day and the JAS LSWT for these 25 lakes. A summary of the results are shown
in Table 6 column 2. The tuning metriesmetric results for theall 160 lakes (using the

modified tuning set-up for the 25 shallow lakes) are illustrated in Fig. £112.

4.1.2 Non-ice covered lakes

The tuning metriesmetric results for each of the 84 lakes are illustrated in Fig.1213 and a
summary of these results are shown in Table 5.

PoeorThe poor tuning results-are, observed for two2 of the 86 lakes (Lake Viedma and the
Dead Sea)—This-is) are most likely due to differences between the altitude of the ERA T2
air temperature (geopotential height) and the lake altitude.

_Lake Viedma, an Argentinian freshwater lake of unknown depth, yielded a daily MAD of
3.1 °C. The Dead Sea, a deep and highly saline lake (340 g L™) located in Asia at 404 m
below sea level, yielded a daily MAD of 4.1 °C.
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For the Dead Sea, a temperature difference (in the month of maximum temperature)
between the observed LSWT (33 °C) and ERA T2 air temperature (25 °C), results in a
negative modelled mean difference of 6.3 °C in LSWT for this month. Given the standard
air temperature lapse rate (6.5 °C km™), altitude can explain the substantially lower air
temperatures. The altitude of Dead Sea (—404 m a.s.l.), is lower by ~ 850 m a.s.l. than the
altitude of the meteorological data at the lake centre co-ordinates, 445 m a.s.l. (determined
by interpolating surrounding cells using the orography data accompanying the ECMWF

meteorological data).

For Lake Viedma, while the observed LSWTs range from 5 to 10 °C, the minimum ERA
T2 air temperature remains well below 0 °C for many months of year, regularly reaching

—8 °C, resulting in a negative modelled mean difference of 4.8 °C for the month of
minimum LSWT. This difference can be, at least, partially explained by the difference in
altitude (> 500 m a.s.l.) between the altitude of Lake Viedma (297 m a.s.l.) and the altitude

of meteorological data (825 m a.s.l.) at the lake centre co-ordinates.

4.2 Tuning of saline and high altitude lakes

The results-from-the-tuning-approach-apphed-te-the-135-tuned metrics shown in Table 7
(seasonally ice-covered lakes;-the-84-) and in Table 8 (non-ice covered lakes-and-the

Table-2) indicate that FLake is successful for tuning both saline and high altitude lakes, as
well as freshwater and low altitude lakes.-Fhe-tuned-metrics-categorized-for-sakine;

Although the density of freshwater in FLake is determined at sea level (normal
atmospheric pressure) (Mironov, 2008) and the altitude of lakes are not directly considered

in FLake, lake altitude (ranging from -12 to 5000 m a.s.l., over the 246 lakes) is considered
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indirectly through the altitude of the meteorological forcing data (ERA) at the lake centre
co-ordinates.

The majority of the high altitude lakes are also saline; 7 of the 10 non-ice covered lakes
and 12 of the 14 seasonally ice-covered lakes. The good comparability betweenof the
observed and modelled LSWTs for two high altitude lakes (> 1500 m a.s.l.) areis shown in
Fig. £314.

4.3 Independent evaluation

Two methods are used to independently evaluate the tuned model.

1. The fraction (R%g;) of observed LSWT variance that is detected in the tuned model
is quantified; intermi, and intermax (non-ice covered lakes) quantifies the observed
variance (K?) in the month in which the minimum LSWT (varmi,) and maximum
LSWT (varmax) occurs and interjss (seasonally ice-covered lakes) quantifies the
observed variance (K?) in the mean JAS LSWT (varjss).

2. The metrics for 2011 (ebserved-LSW sfrom-2011-were-not used in tuning

process) are compared with metrics from 2 tuned years.

4.3.1 Variance detected in the tuned model

The results show that the modelled LSWTs capture less of the true (observed) inter-annual

variance in lakes where the observed LSWT variance and the annual LSWT range is low.

This indicates that lower latitude lakes and high altitude lakes are less well simulated in the

model, than lakes with greater observed LSWT variance and annual range. This would also

indicate that lakes in the Southern Hemisphere at 35-55° S are less well simulated than

lakes in the Northern Hemisphere at the same latitude, as the annual LSWT range is
considerably lower at 35-55° S than at 35-55° N (Layden et al.,2015).
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For non-ice covered temperate lakes, the intery.x and intermi, fraction is substantially
greater (0.49 and 0.37) than in tropical lakes (0.07 and 0.13), Table 9. This can be
explained by the greater observed variance (varmaxand varn,) in temperate lakes (0.65 and

0.69 K?), than in tropical lakes (0.12 and 0.15 K?). Across all non-ice covered lakes varmax
and intermax show a correlation of 0.69 and vary,, and interi, show a correlation of 0.33 (p
< 0.05), showing that lakes with greater observed variance have a greater portion of the
variance detected in the model. For high altitude seasonally ice-covered temperate lakes,
the fraction of the observed JAS LSWT inter-annual variance explained by the tuned
model is considerably less (interj,s = 0.21) than for low altitude lakes (0.52), Table 9. The
variability in the observed JAS LSWT for high altitude lakes (varjs = 0.19) is almost 4
times lower than for low altitude lakes (0.75). For seasonally ice-covered lakes the interjas
and varjs are also correlated, 0.31, p < 0.0005. Furthermore, the annual range of monthly
LSWTs for non-ice covered lakes, explain 0.38 and 0.36 (p < 0.0005) of the variation in
varmax and varmin, with lakes of a low annual range (high altitude and tropical lakes),
showing less inter-annual variance. This supports the findings that tropical and high
altitude lakes are less well representedsimulated in the model.

4.3.2 Comparison of tuned and untuned model LSWTS

(2011) of available observational ARC-Lake LSWT data is used to independently evaluate
the tuning process. The metrics from the tuned model is-forced for the year 2011 and-the

tuned-metrics-are-quantified—The-metrics-of this-untuned-year-(2011)-are compared with
24
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the metrics from two tuned years (1996-and-2010),as-shewn-in-Tables10-and-11Theyear
1996-is; the first full year of data from ATSR2 and 2010-s; the last year of tuned data from

Advanced ATSR (AATSR}.), as shown in Tables 10 and 11.

The mean metric results and the spread of differences across the 135 seasonally ice-
covered lakes are highly comparable across all 3 years-ef-the-tuned-and-tntuned-periods,
with marginally better daily MAD metrics observed for the untuned periedyear. For the 25
shallow lakes tuned with the modified tuning set-up, the MAD resultsresult for the untuned
year are-moreis comparable with 2010-results-than-the-1996-results:

. For the other 3 metrics-forthe-25-shallow-lakes, the untuned year has a lower spread of

differences across lakes than those for 2010. Marginal-improvements-are-also-seen-in-the
JASLSWTand-1-Ccooling-day-The spread-of differences-acrosstakesfor-1 °C warming
day difference for the untuned year is widergreater than athe difference for 2010 but s
better-thanless for 1996. The 1 °C cooling and warming day mean differences for 1996 and
2010 are less comparable for the 25 lakes than for the 135 lakes. This may be because the

modelled effect of depth on the metrics is more predictable for deeper lakes, as illustrated
in Fig. 3615, than for shallow lakes.

Although inter-annual variance may somewhat obscure year-on-year comparisons, the
results of the modelled LSWTs for the untuned year (2011) compare well to the modelled
results from the tuned years (1996 and 2010) showing that the model remains stable when
run with ERA forcing data outside the tuning period. For non-ice covered lakes, although
the meandaily MAD and dispersion of errors is slightly higher for the untuned year, 2011,
Table 11, overall, the metrics are very comparable to the metrics from 1996 and 2010.
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5 Findings and discussion

5.1 The effect of the 1 °C warming day on JAS LSWT

Through the trial work, the modelled effect of the-a change in snow and ice albedo on the
timing of the-1 °C warming day (indicative of ice-off}-or), the JAS LSWT and-en the

timing of the 1 °C cooling day (indicative of ice-on) is demonstrated, for deep high latitude

or very deep seasonally ice-covered lakes.

Using the default snow and ice albedo (a1, Table 2), the modelled 1 °C warming day of

the 21 trial lakes occur, on average, 20 days too early. Across these lakes, a higher snow

and ice albedo (a2, Table 2) results in a delay in the 1 °C warming day by 27 + 12.6 days
and a decrease in the JAS LSWT difference (between modelled and observed LSWTS) by
~50%, t0 0.98 + 2.51 °C. Much of the modelled variance in the JAS LSWT decrease,

across the 21 lakes, is attributed to lake depth and latitude; accounting for 0.50 (R, p =

0.001) of the variance (stepwise regression). Separately, depth accounts for 0.35 (p =
0.003) and latitude for 0.26 (p = 0.01) of the variance.

wariahee-The LSWTSs for 2 deep high latitude lakes (Great Bear and Great Slave-lakes)

modelled with a2 (high) and a1 (low; default) snow and ice albedo-albedos, shown in Fig.

1416, clearly shewshows the modelled effect thatthe-later-warming-day-has-of snow and
26
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ice albedo on the medeled JASLSWI-warming day and on the JAS LSWT. While the
modelled change in the snow and ice albedo is the cause of the delay in the 1 °C warming
day, we find that the decrease in the JAS LSWT for lakes with a delay of ~ 1 month in the

1 °C warming day is much greater for deep high latitude lakes, then for low latitude or
shallow lakes. Great Slave (62° N and 41 m in depth) and Great Bear (66° N and 72 m in
depth), show a JASLSW-deerease-of 4-26-and-3-40-°Casaresult-ofa-28 and 32 day

delay in 1 °C warming day—Fhe-effect-of-changes-inthe-1-C-warming-day-on-the JAS

LESWT-is-only-evident-in-deep-takes: and a JAS LSWT decrease of 4.26 and 3.40 °C, while
a delay of 29 and 32 days in the 1 °C warming day for Winnebago (44° N) and Khanka

(45° N) both with depths of 5 m, resutted-rshowed only a small JAS LSWT decrease of
~0.1 °C. In Fig. 4517, the lake-mean depth of the 21 trial lakes are plotted against latitude.
The relationship between the depth and latitude of the lakes and the ehange-in-the JAS

o

decrease-in-the JAS-LSWdecrease in the JAS LSWT (presented as the decrease in the

JAS LSWT, per week of later 1 °C warming day, °C week™), is shown in this figure, by

use of coloured circles. This figure shows that for deep high latitude lakes the decrease in

the JAS LSWT, is more pronounced than for shallow low latitude lakes.

TFhis-finding-is-supperted-by-aA study on Lake Superior;- (average depth of 147 m;

(Austinand-Colman,2007)-A), shows a JAS LSWT warming trend (of 2.5 °C from 1979
to 2006)

for-Lake-Superiorwhich-is substantially in excess of the air temperature warming trend;
was-found-to-be-as-aresult-of (Austin and Colman, 2007). Austin and Colman attribute

this warming trend to a longer warming period, caused by an earlier ice-off date

,of ~0.5 day yr.

H 2 —
Fhe-modeledresultsalso-show that-depth-explains 0-42-(R .0 p—=0-001 6t the
inter-lake-varianee Foster and Heidinger (2014) suggest warming trends in therespense-of
the-1>Ccooling-day-North America may be due to changes in cloud albedo; with an

observed loss of 4.2% in total cloudiness between 1982 and 2012.
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As shown, the modelled decrease in the JAS LSWT-—Fhe-modelled-decrease-in-the JAS

LESWTcauses-an-earhier1-°C-cooling-day-n- (as a result of the higher albedo; «2) is more
pronounced for deep lakes. For-Great-Slave{41-m).a-The modelled 1 °C cooling day is
also shown to occur earlier in these lakes, with deeper lakes showing a greater earlier

cooling. The 1 °C cooling day occurs 3.4 days earlier for Great Slave, average depth of 41

m (decrease of 4.26 °C in the modelled JAS LSWT+esulted-in-the 1°Ccooling-day

ocecufrring-3-4-days-earhier—The-effect-is-bigger-for-deepertakes:). For Great Bear-{, average
depth of 72 m)the, which shows a modelled JAS LSWT decrease of 3.40 °C-causes, has

an earlier 1 °C cooling day, by 7.6 days. FertheThe deepest lake in the trials, Lake
Hovsgol-{, average depth of 138 m}-the, shows a modelled JAS LSWT decrease of 2.60 °C

had-the largest-effect-onand an earlier 1 °C cooling day, eausing-te-occurby 12.8 days
earter.

The findings are sensible. A delay in the 1 °C warming day, shortening the lake warming

_period, may not prevent a shallow lake reaching its full heating capacity but may prevent a
deep lake from reaching its maximum heat storage capacity. At higher latitudes, the LSWT
warming period for northern hemispheric lakes becomes increasingly short (Layden et al.,
2015). As a result, deep lakes increasingly fall short of reaching their maximum heat
storage, causing a larger JAS LSWT decrease. Any changes to the 1 °C warming day of
deep and high latitude (or high altitude) lakes will therefore affect JAS LSWT. Deep lakes
also cool more slowly than shallow lakes, resulting in a later cooling day.

These findings highlight the sensitivity of the whole LSWT cycle of deep high latitude

lakes, to changes in snow and ice albedo and in the timing of the 1 °C warming day, as

illustrated in Fig. £615. This figure also illustrates how an earlier 1 °C cooling day caused

by a lower JAS LSWT may be counteracted or masked in deep lakes, where heat is

retained during the cooling period.
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The effect that depth has on the JAS LSWT is apparent when comparing lakes at the

_same altitude and latitude but with different depths. For example, Lake Nipigion and
Lake Manitoba, both located in Canada (50 °N and 51 °N) and at similar altitudes (283 m
a.s.l. and 247 m a.s.l) have considerably different depths, 55 m and 12 m respectively.
Significant differences are observed in JAS LSWT for these lakes, the deeper lake having
an average JAS LSWT 4.4 °C lower than that of the shallower lake (15.4 °C compared to
19.8 °C).

As the snow cover module with FLake is not operational in this version of the model; the
insulating effect that snow has on the underlying ice is not modelled. As-a+result-the-snew

ala a) aYaVala' a a ‘aliiala aalaWalal a 0
arigc oo v v V&

of the-albedo-effect of snow.This may be-the reasen-forcontribute to the earlier 1 °C
warming day and the higher JAS LSWTs, when modelled with the default albedo. As

JASLSWTsItislt is also possible that the icewater_flux value of 5 W/m™ may be an

overestimation of the water-to-ice heat flux in the ice growth phase of deep and shallow
lakes. This greater heat flux, leading to underestimated ice thickness, could have
contributed to the large 1 'C warming day mean difference shown in table 5 (column 1). In
a study by Malm et al. (1997), the water-to-ice heat flux during the ice growth phase was
shown to be < 1 W/m? in both deep (15-20 m) and shallow lakes. Underestimated ice
thickness, causing an early ice melt, may possibly have led to over-tuning of albedo in the

tuned model.

5.2 Lake-bottom temperatures modelled in FLake

The month of minimum LSWTs in the annual cycle (monthly minimum) have the potential

to be used as a proxy for determining the temperature of the bottom layer (hypolimnion) of

non-ice covered lakes. The monthly minimum climatological ARC-Lake LSWT explains
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0.97 (Rzadj) of the inter-lake variance in the bottom temperatures, obtained from the FLake
model based on the hydrological year 2005/2006 (Kirillin et al., 2011) and have a ~1:1
relationship, as shown in Fig. £718. Although FLake is a two-layer model; the depth of the
hypolimnion layer is not calculated, the bottom modelled temperature is representative of

the hypolimnion temperature, which remains constant with depth.

Empirically, it has previously been shown that from the equator to approximately 40°
(N/S), the steep decline in the minimum LSWT is reflected in the hypolimnion temperature
(Lewis, 1996). This relationship is applicable to deep stratified non-ice covered lakes. For
these lakes, the surface water, when at its coolest in the annual cycle (minimum LSWT)
and therefore its densest, sinks to the lake-bottom. During the summer stratification period,
the water in the upper mixed layer is warmer and less dense and therefore remains in the
upper layer (with exception to high wind or storm conditions, which can induce intense
vertical mixing). The strengthened density gradient in the summer thermocline (as
demonstrated for Lake Malawi in Fig. 4) also protects the hypolimnion from heat flux
through the lake surface. As a result, the lake hypolimnion temperature of deep non-ice
covered lakes can reflect the minimum LSWT. The comparability between the monthly
minimum LSWT (using the ARC-Lake monthly minimum climatology LSWTSs) and the
bottom temperature, for all deep (> 25 m) non-ice covered lakes (14 lakes) supports this

empirical observation (Fig. £718).

In FLake, the bottom temperature is not independent of surface temperature; the change in

the surface heat flux over time is used in calculating the upper mixed layer temperature,

and the difference in heat flux between the upper mixed layer and lake-bottom are

considered in the lake-bottom temperature calculation (Kourzeneva and Braslavsky, 2005).

Although the minimum surface temperature is therefore related to the bottom temperature

in FLake, the good comparison between minimum ARC-Lake LSWTs and the bottom

temperatures, indicate that the monthly minimum LSWTSs are a potential proxy for

determining the lake-bottom temperature. This also supports Lewis’s empirical relationship

between lake surface temperature and lake-bottom temperature.
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Although changes in other factors affect hypolimnion temperature, such as influx of cooler
water and geothermal heating, the monthly minimum LSWTSs from satellites can offer a
good indication of hypolimnion temperature; useful in cases where this otherwise can not

be or aren’tis not observed directly.

5.3 Wind speed scaling for low latitude lakes

Fhe-trials-showed-that-while-There is no optimal scaling for all non-ice covered lakes-at, as

discussed in Sect. 3. This is possibly attributable to the highly variable range of latitudes—<

LSWTs fer-and mixing regimes of non-ice covered lakes-atlatitudes>35°N/S-and-al

For the deep (> 25 m) non-ice covered lakes (14 lakes), the density difference between the
lake surface (in the month of maximum LSWT) and the hypolimnion during the summer
stratification period {when the density (and temperature) gradient of the thermocline is

strongest, as illustrated in Fig. 4), was calculated (Haynes, 2013).-Fhe-density-gradient-of

the-hypotimnien: For lakes at latitudes below 35 °N/S, the average density difference
between these two layers is substantially lower (0.352 x 10°kg/m™®) than for lakes at
latitudes above 35 °N/S (1.183 x 10°kg/m™). This is due to the smaller annual temperature

range of the lower latitude lakes.

It is possible that the large density difference between the lake surface at maximum LSWT
and the hypolimnion in high latitude lakes during the stratification period, may produce a
buffer against wind induced mixing and therefore lessen the heat flux through the
thermocline. As winds can drive lake mixing in deep lakes, it strongly influences the
epthimntonmixed layer depth and the LSWT. The larger the temperature (and density)
gradient between the lake surface and the hypolimnion during stratification, the more wind
energy is required to produce the same amount of mixing than for lakes with a smaller

temperature (and density) gradient between the two layers. Although the density
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differences between the two layers are considered in FLake, the model is forced with over
land wind speed measurements. It is possible that when forced with an underestimated
wind speed, the effect of wind on the LSWT will be further reduced. As a result, higher
latitude lakes may show more representative LSWTSs using a higher wind speed scaling;-as

5.4 Improving modelled LSWTs in FLake

The optimal LSWT-regulating properties of the 244 lakes provide a guide to improving the
LSWT modelling in FLake for other lakes, without having to tune the model for each lake

separately.

5.4.1 Depth

The tuning results show that deep lakes are generally tuned to a shallower effective depth
and shallower lakes to a deeper effective depth. Figure 4819 shows the relationship
between the lake-mean depth and the effective (tuned) depth of all 244 successfully tuned
lakes, colour coded by the effective depth factor optimised in the tuning process. The
figure legend shows that the effective depth factor decreases with increasing average lake
depth (also graphed in the figure insert), providing a means to estimate an appropriate
effective depth for any lake with a mean depth from 4-124 m.

The tuned lake depths are sensible. For shallow lakes, tuning to a deeper effective depth

may compensate for not having considered the ‘heat flux from sediments’ scheme in the

model. Retention of heat in the sediments of a lake has the same effect on modelled heat

storage capacity, as deepening the lake.

Jake_causi : bl -

Many deep lakes have 3 distinct layers, the upper mixed layer{epHimnien};, the underlying
thermocline {metalimnien)-and the bottom layer (hypolimniony:), illustrated in Fig.4. As
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FLake is essentially a two-layer model, it is possible that for deep lakes the mean depth
(mean of entire lake depth) is tuned to a shallower effective depth as it is more
representative of the mean depth of the 2 upper lake layers. Other factors affecting the rate
at which heat is exchanged between the atmosphere and the surface water, such as
topography, altitude, bathymetry and surface area are not considered in FLake. As-these
facters-vary-considerably-between-lakestlt is possible that lake depth tuning may also

compensate for the effect that these factors have on the rate of the surface heat exchange.

5.4.2 Light extinction coefficient

Across all lakes, 57% were tuned to light extinction coefficient values of xg4 Or xgs. These
lakes are globally distributed and have a wide range of mean depths (1-138 m) with an
average mean depth of 16 m. In view of this finding and considering that light extinction
coefficient values are scarce for the majority of lakes, we assess if k44 and xgs can be used
to provide a good estimation of the light extinction coefficient for modelling LSWTs in
FLake.

The untuned model is forced using two sets of light extinction coefficient values and the
daily MAD results are compared. In the first model run, the average xsq value (derived
from Secchi disk depth data) of the trial lakes of each lake type is applied to all lakes of
corresponding type. For the 21 seasonally ice-covered trial lakes, xsq = 0.82; for the 14
non-ice covered trial lakes, xsg = 1.46. In the second run, the model is forced with x4 O xgs
values. xy4 is applied to all lakes > 16 m in depth (the average depth of lakes tuned with g4
orkgs) and xgs to all lakes < 16m in depth. It makes practical sense to apply the less
transparent of these two xy values (xgs) to shallower lakes, as shallow lakes are generally
more affected by lake-bottom sediments than deeper lakes.

For both model runs the default albedo and the mean depth are applied, while all other
model parameters are kept the same. A comparison of the two model runs shows that when
LSWTs are modelled with xgs and xgs values, the daily MAD is reduced from 3.38 + 2.74
to 2.28 + 2.30 °C (33% decrease-the-average-MAD):) across all lakes. This indicates that in
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the absence of available light extinction coefficient values, application of xy, and xgs values
may improve the modelling of LSWTs of large lakes in FLake.

5.4.3 Snow and ice albedo

For seasonally ice-covered lakes, only 19% of the lakes were tuned to the default

snow and ice albedo, a1, (snow and white ice = 0.60 and melting snow and blue ice =
0.10). Sixty four (64) % of lakes were tuned to two higher albedos «2 or a3, (show and
white ice = 0.80 and melting snow and blue ice = 0.60 for a2 or 0.40 for a3), indicating
that the default snow and ice albedo may be too low for the majority of lakes. In the
absence of lake-specific snow and ice albedo information, the albedo value 3 (snow and
white ice = 0.80, melting snow and blue ice = 0.40) may provide a good estimate. The a3
values are highly comparable to albedo values measured on a Lake in Minnesota using
radiation sensors, where the mean albedo of new snow was shown to be 0.83 and the mean

ice albedo (after snow melt) was 0.38 (Henneman and Stefan, 1999).

6 Summary and conclusions

The 1-dimensional freshwater lake model, FLake, was successfully tuned for 244 globally
distributed large lakes (including saline and high altitude lakes) using observed LSWTs
(ARC-Lake), for the period 1991 to 2010. This process substantially improves the
measured mean differences in various features of the lake annual cycle, using only 3 lake
properties (depth, snow and ice albedo and light extinction coefficient), as summarised in
Table 5. In the process of tuning the model, we demonstrate several aspects of LSWT

behaviour, in a way that cannot be done using the LSWT observations alone. We
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demonstrate the dependency of the whole modelled LSWT cycle of deep high latitude or
high altitude lakes, on changes in the timing-efthe 1 °C-warming-day-(inrdicative-of-ice-

effy.snow and ice albedo. The monthly minimum LSWTs from satellites are demonstrated

to offer a good indication of the modelled lake-bottom temperature, with a 1:1 relationship
shown (Fig. £718). This is highly useful where the lake-bottom temperature can not be or
aren’tis not observed directly.

The amount of observed inter-annual LSWT variance (in the month in which the minimum
LSWT and maximum LSWT occurs for non-ice covered lakes and in the JAS LSWT for

seasonally ice-covered lakes), detected in the tuned model was quantified. It can be

concluded that lakes at-lowerlatitude-and-high-altitude{for-al-akes-where the observed

LSWT variance is low (lower latitude and high altitude) and for non-ice covered where the

annual range is low} are less well representedsimulated in the model, than lakes with

greater observed LSWT variance and annual range.

We found that no wind speed with-ne-scaling, ul, is most appropriate for lakes at lower
latitudes, < 35° N/S, and that wind-speed-with-the largest scaling (U3; Uyater = 1.62+

m/s +1.17Uanq), IS most appropriate for lakes at higher latitudes > 35° N/S. A greater
resistance to wind induced mixing and heat flux through the thermocline, as a result of a
greater density gradient between the lake surface and the hypolimnion of high latitude

lakes, may explain the suitability of the largest scaling fer-theselakes-and-the-suitability-of
no-seaking-fortoewto higher latitude lakes.

The optimal LSWT-regulating properties (effective depth, snow and ice albedo and light
extinction) for the 244 lakes are shown to be sensible and may provide a guide to

improving the LSWT modelling in FLake for other lakes, without having to apply a tuning
process to the model, requiring access to reliable observed L SWT information.

The relationship between the lake-mean depth and the effective (tuned) depth of all
35
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244 successfully tuned lakes, show that deep lakes are generally tuned to a lower depth

_and shallower lakes to a greater depth. Figure 1819 provides a means to estimate an

appropriate effective depth for any lake with a mean depth from 4-124 m. An albedo value
a3 (snow and white ice = 0.80, melting snow and blue ice = 0.40) is recommended in

place of the default value (a1). Where « values are unknown, applying x4 for lakes > 16 m
in depth and xgs for lakes < 16 m in depth improves the modelled LSWT.

This paper predominantly focused on the tuning of FLake and interpretation of the LSWT
annual cycle using the tuned model. The tuned model is forced with ERA data over the
available time span of LSWT observations (16—20 years) but has the potential to be forced
with ERA data covering a longer time span (ERA data are available for a period of > 33
years; 1979-2012). This offers the potential to provide a better representation of LSWTs
changes over a longer period of time, as satellite observations for the relatively short
period may reflect some inter-annual variance. As demonstrated, the use of remote sensing
and modelled LSWTs together extend the reliable quantitative details of lake behaviour
beyond the information from either remote sensing or models alone. The ARC-Lake
dataset has since been extended to include ~1000 smaller lakes (surface area > 100 km?)

worldwide, offering the potential to further quantify aspects of lake behaviour worldwide.

The findings in this study are expected to be of interest to limnologists concerned with the
relationship between certain features of the LSWT cycle and lake characteristics.
Limnologists may also benefit from other aspects of this study, for example, the effect of
wind speed scaling on LSWTs and how the observed minimum monthly LSWTs may be
used to estimate lake-bottom temperatures. The optimal LSWT-regulating properties of the
244 lakes may provide a guide to current and prospective users of FLake for improving the
LSWT modelling in FLake for other lakes, without having to tune the model for each lake
separately. This is of particular use for lakes where lake characteristic information is not
available. The described approach to this study can provide practical guidance to scientists

wishing to tune FLake to produce reliable LSWTs for new lakes.
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Code availability

The code for the FLake model can be obtained from the following website; http://www.
flake.igb-berlin.de/sourcecodes.shtml

Current Code Owner: DWD, Dmitrii Mironov

Phone: +49-69-8062 2705

Fax: +49-69-8062 3721

E-mail: dmitrii.mironov@dwd.de

History

Version: 1.00 Date: 17 November 2005

Modification comments:

In the MODULE flake_parameters where the values of empirical constants of the

lake model FLake and of several thermodynamic parameters are set, the ‘temperature
of maximum density of fresh water’, tpl_T_r, = 277.13 K (3.98 °C).

In the SUBROUTINE flake_driver (flake_driver.incf), the model uses a number of
algorithms to update the bottom temperature, for example its relationship with mixed
layer depth. As FLake is intended for cold water lakes, if the bottom temperature shows
no relationship with the mixed layer depth, the models sets the lake--bottom temperature

to the temperatures of maximum density (3.98 °C). This creates a problem when modelling
tropical lakes; it causes the model to spin up to a wrong “attracter”. This problem

manifested itself in both the temperature profile and the mixed layer depth.

To overcome this problem, the lake-bottom temperature for non-ice covered lakes in
August:- (Southern HemisphereHemispheric winter;), was used to set to the temperature of

maximum density, before compiling and running the model.

Language: Fortran 90. Software Standards: ‘European Standards for Writing and

Documenting Exchangeable Fortran 90 Code’.
The Supplement related to this article is available online at

doi:10.5194/gmdd-8-8547-2015-supplement.
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Tables

ERA data components and description FLake input

SSRD (shortwave solar downward Mean daily SSRD W/m™
radiation);

3 hourly SSRD, cumulative over 12

hour forecasts (W/m)

T2; Mean daily T2 (C)

6 hourly air temperature at 2 metres

(K)

D2;

6 hourly dewpoint at 2 metres (K), Mean daily vapour pressure (hPa)

= P(z)*10(7S(dewpoint / (237.7+dewpoint)

Where P(z) = P(sea level)*exp(-z/H).

P(z)= pressure at height z, P(sea level)= sea
level pressure (~1013 mb),

z = height in metres, H= scale height (~7
km)

http://www.gorhamschaffler.com/humidity
_formulas.htm

U10 and V10;
6 hourly wind components at 10 Mean daily wind speed (m/s);
meters (m/s)

= sqrt (V102 + U10%)

U component represents eastward wind
(west to east wind direction )

V component represents northward wind
(south to north wind direction)

TCC (total cloud cover); Mean daily TCC

6 hourly TTC

Table 1 ECMWEF Interim Re-analysis (ERA) data components and FLake input
format
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Effective depth | Light extinction coefficient albedo Snow &  Melting
factors (o) () white snow &
(Z0) ice blue ice
Kq 375nm 475nm 700nm Albedo  albedo
Zy kg1  0.038 0.018 0.56 al 0.60 0.10
ke2 0052 0.025 057 a2 0.80 0.60
Zyp (Zn*0.75) | kg3  0.066 0.033 0.58 a3 0.80 0.40
Zg3 (Z41* 0.5) kes 0122 0.062 0.61 ad 0.60 0.30
Zy (Zn* 1.5) kgs 022 0.116  0.66
Kd6 0.80 0.17 0.65
Zgs (Zar* 0.3) K47 1.10 0.29 0.71
Zgs (Zg1™ 2.5) Kds 1.60 0.43 0.80
Zg7 (Zgy* 2.0) Kd 9 2.10 0.71 0.92
Zgs (Zg1™ 4.0) kg0  3.00 1.23 1.10
Table 2 Effective depth factors (Zg), light extinction coefficient values (xq) and snow

and ice albedo values (a) used in tuning study. Eighty (80) possible combinations used for
tuning of seasonally ice-covered lakes (Zq; : Zds X xq1: kg5 X al : a4) . The modified tuning
for the 25 shallow seasonally ice-covered lakes utilised greater depth factors; Zgs- Zggand 2
higher light extinction coefficient values, xq4s and xg7. Sixty (60) possible combinations
used for tuning of non-ice covered lakes (Zq1 : Zgs X K1 : kd10) - The spectre for the 10 xq
values are divided (in fractions of 0.18, 0.54, 0.28) into three wavelengths: 375, 475 and

700nm, respectively.
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LSWT-regulating  Effect on metric Metrics

properties (mean differences between
observed and modelled LSWTS)
K k affects irradiance JAS LSWT mean difference ( C)
(light extinction transmission of surface
coefficient) water, which is more _ T modjas T obs_jas
notable in summer = (Xi SXi)
months.

modjas — modelled JAS LSWT
s Jas = pphserved JAS LSWT

d d alters heat storage
(depth) capacity affecting 1 °C cooling day

timing of the start of the .., difference (days)
cold phase (the day that

the LSWT drops to

below 1 °C)
a a alters ice/snow
(snow and ice reflectance affecting the  1°C warming day
albedo) end of the cold phase  aay difference (days)

(the day that the styT
increases to above 1 C)

d, o and All LSWT-regulating  Daily MAD (C)
properties contribute to
the comparability of the

= ‘mod _ , obs .
modelled and observed  ~ 2, (abs(x™ - %)) I N;

LSWT
mod = daily modelled LSWTs
% = daily observed LSWTs
N = sample size
Table 3 Relationship between the Lake Surface Water Temperature (LSWT)

regulating properties and metrics, showing the equations for determining the daily mean
absolute difference (MAD) and the July, August, September (JAS) LSWT mean difference
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Trial results for untuned model

Seasonally ice-covered trial lakes (21 lakes) Non-ice covered lakes (14 lakes)
Metrics ul u2 u3 Metrics ul u2 u3
daily 3.07 2.66 2.02 | daily 3.55 3.11 2.17
MAD ('C) 225 +1.93 +130 | MAD (C) +3.20 4277  +1.93
(dathy-mean
absolute
difference)
Mean JAS 371 307 187 | mthm (C) 192 139 -042
(July August 1351  +341  +2.93 | (meandifference +5.05 +5.06 +5.18
September) between observed
LSWT mean and modelled
difference LSWTs for the
(C) monf[h of
maximum
observed LSWT)
1°C cooling day 12.0 7.9 1.0 Mthwin (C) 3.71 3.08 1.47
(the day the lake- 139.6  +33.3  +30.5 | (mean difference  +4.33 +4.16 +3.87
mean LSWT between observed
drops to below 1 and modelled
C) LSWTs for the
mean difference month of
(days) minimum
observed LSWT)
1°'Cwarmingday -27.1 -23.6 -203
(the day the lake- +29.7 +22.7  +18.4
mean LSWT rises
to above 1 C)
mean difference
(days)

Table 4 The effect of wind speed scaling on untuned modelled LSWTs, presented as
the mean difference, between the modelled and observed values, across lakes with the
spread of differences defined as 2o, where wind speeds ul is unscaled, u2 is factored by
1.2 and u3 (Uwater = 1.62 m/s +1.17Ujanq). Results are presented for seasonally ice-covered
and non-ice covered trial lakes. Results highlight that u3 is most applicable to seasonally
ice-covered lakes but there is no one wind speed most suited for all lakes (While the mean
difference is improved with u3, the spread of the mean differences across lakes for mthpi,
and mthpyax show little change).
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Seasonally ice-covered lakes Non-ice covered lakes

metrics Untuned  Tuned Tuned Metrics Untuned Tuned Tuned
(21 trial (21 (160 (14 trial (14 trial (84
lakes) trial lakes) lakes) lakes) lakes)

lakes)
daily 3.07 0.84 0.80 daily 3.55 0.96 0.96
MAD (C) +2.25 +0.51  +0.56 MAD +3.20 +0.63 +0.66
(C)

Mean JAS 3.71 -0.12  -0.06 Mthmex 1.92 -0.44 -0.21

LSWT mean  +351 +1.09 +115 | (C) +5.05 4152 4147

difference

(C)

1°C cooling 12.0 -1.6 -1.08 Mthimin 3.71 -0.03 -0.08

day mean +39.6 +128 +85 () +433  +148  +1.47

difference

(days)

1°'Cwarming -27.1 -0.2 0.3

day mean +29.7 +107  +12.3

difference

(days)

Table 5 Summary of the untuned and tuned metrics for the trial lakes and the tuned

metrics for all lakes (metrics are explained in Table 4). The results, presented for
seasonally ice-covered and non-ice covered lakes in each instance, show the mean between
the modelled and observed values, across lakes with the spread of differences defined as
2. For tuned lakes, wind speed scaling u3 was applied to all seasonally ice-covered and to
non-ice covered lakes > 35 °N/S and no scaling (ul) to non-ice covered lakes < 35 °N/S.
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Tuning metrics 135 lakes 25 lakes All lakes Trial lakes
(modified (160)

tuning)
daily 0.74+ 0.48 1.11+0.56 0.80+ 0.56 0.84+ 0.51
MAD ('C)
Mean JAS mean -0.01+1.11 -0.34+1.22 -0.06+ 1.15 -0.12+1.09
difference ('C)
1 °C cooling day -1.0+ 8.8 -1.3+6.9 -1.08+ 8.5 -1.6+12.8
mean difference
(days)
1°C warming day 0.5+12.6 -0.5+10.2 0.3+12.3 -0.2+ 10.7
mean difference
(days)
Table 6 Comparison of metric results for seasonally ice-covered lakes: 135 lakes

tuned using the initial tuned setup for seasonally ice-covered lakes (Table 2), 25 lakes
tuned with the modified set-up (Table 2), all lakes, and trial lakes. The spread of
differences across lakes is defined as 2c. The metrics are explained in Table 4.
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Tuned results for 160 seasonally ice-covered lakes

Tuned metrics Saline Freshwater Altitude >3200 Altitude < 2000

(37 lakes) (123 lakes)  mas.l. (14 ma.s.l. (146
lakes) lakes)

daily 0.90+ 0.69 0.76+ 0.50 0.61+0.24 0.81+ 0.57

MAD ('C)

Mean JAS mean -0.23+1.14 -0.01+1.14 0.06+1.14 -0.07+ 1.15

difference (C)

1 °C cooling day -1.3+9.7 -1.0+ 8.3 -3.1+ 10.8 -0.9+ 8.2

mean difference

(days)

1°C warming day 0.0+13.1 0.4+12.0 0.9+ 13.6 0.3+12.1

Mean difference

(days)

Table 7 Comparison of tuned model results for saline, freshwater, high and low

altitude seasonally ice-covered lakes, with the spread of differences across lakes, 26. The
metrics are explained in Table 4.
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Tuned metrics Tuned results for 84 non-ice covered lakes

Saline Freshwater Altitude Altitude
(26 lakes) (58 lakes) > 1500 m as.l. <1500 ma.s.l.
(20 lakes) (74 lakes)

daily 1.06 +0.67 0.91 +0.64 1.03 +0.82 0.95 +0.64
MAD ('C)
Mthmax (C) -031+1.90 -0.16+124  -0.40 +2.12 -0.18 +1.37
Mthyin (C) 025+1.74 -001+133  -0.14 +1.30 -0.07 +1.50
Table 8 Comparison of tuned metric results for saline, freshwater and high and low

altitude non-ice covered lakes, with the spread of differences across lakes, 26. The metrics
are explained in Table 4.
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Non-ice covered lakes All lakes Temperate lakes  Tropical lakes

(84) >20° N/S <20° N/S
(44 lakes) (40 lakes)
varmax (K% 0.40 0.65 0.12

the inter-annual variance in the
mean LSWT observations for
the month of maximum LSWT

interpa (R adj) 0.29+ 0.63 0.49+0.58 0.07+0.31
The fraction of the observed

variances (varms) accounted

for in the tuned model

varmin (K% 0.43 0.69 0.15

the inter-annual variance in the

mean LSWT for the month of

minimum LSWT

intermin (R%q) 0.25+ 0.49 0.37+ 0.49 0.13+ 0.37
The fraction of the observed

variances (vary») accounted
for in the tuned model

Seasonally ice-covered lakes All lakes Altitude > 3200  Altitude <
(160) ma.s.l. (14 2000
lakes) m a.s.l. (146
lakes)
vars (K°) 0.70 0.19 0.75

the inter-annual variance in the

mean JAS LSWT

Interj,s (Rzad,-) 0.50+ 0.62 0.21+0.46 0.52+0.59
The fraction of the observed

variances (varjss) accounted for

in the tuned model

Table 9 The fraction (Rzadj) of observed inter-annual variance detected in the model.
Maximum and minimum LSWT is used for non-ice covered lakes (intermax and intermin),
while July, August and September (JAS) LSWT is used for seasonally ice-covered lakes,
(interjas). This table highlights that where the observed inter-annual variance is low, the
proportion of variance detected in the model is also low (high altitude seasonally ice-
covered lakes and tropical lakes).
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Tuned 135 lakes 25 lakes

metrics (modified tuning set-up)
2011 1996 2010 2011 1996 2010
Untuned  Tuned Tuned Untuned Tuned Tuned
(ATSR2) (Advanced (ATSR2)  (Advanced
ATSR) ATSR)
daily 0.86+0.68 0.89+0.74  0.87+0.71 1.59+1.04 1.33+0.79 1.66+0.95
MAD ('C)
Mean JAS 0.18+1.50 -0.33+1.79 0.28+1.44 0.12+1.71 0.1741.19 0.28+1.81
mean
doifference
(C)
1°C 11.1+23.8 5.1+25.6 8.5+21.4 10.9+18.7 -3.0+419 11.7+31.3
cooling
day mean
difference
(days)
1°C 7.4+419.7 12.1+19.7 6.5+19.8 9.33+21.6 13.2+18.2 1.0+32.54
warming
day mean
difference
(days)
Table 10 Results of independent evaluation of the tuning process for seasonally ice-

covered lakes. The spread of differences across lakes is defined as 2. These results
illustrate that the metrics (explained in Table 4) from the untuned year (2011) compare
well with metrics from 1996 (the first full year of data from Along-Track Scanning
Radiometers 2 (ATSR2) and 2010 (the last year of tuned data from Advanced ATSR. For
the untuned year (2011), for each lake, the model is forced with the effective lake depth
(Zd), snow and ice albedo (a) and light extinction coefficient (xd) values determined
during the tuning process, shown in the supplement.
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Tuned 2011 1996 2010
Metrics Untuned Tuned Tuned
(ATSR2) (Advanced ATSR)
daily 1.07+0.91 0.98+0.82 0.97+0.81
MAD (C)
Mthax (C) -0.23+2.40 -0.32+1.86 -0.31+2.20
Mthmin (C) -0.02+2.04 -0.23+1.73 +0.11+2.15
Table 11 Results of the independent evaluation of the tuning process for non-ice

covered lakes. The spread of differences across lakes is defined as 26. Metrics (explained
in Table 4) for the untuned year (2011) are compared with those from the first full year of
data from Along-Track Scanning Radiometers 2 (ATSR2) (1996) and the last year of tuned
data from Advanced ATSR (2010). For the untuned year (2011), for each lake, the model
Is forced with the effective lake depth (Zg), snow and ice albedo (o) and light extinction
coefficient (xq) values determined during the tuning process, shown in the supplement.
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Figures

—observed LSWT
==-model LSWT (higher @)
~——model LSWT

—ohserved LSWT

——model LSWT

~~-model LSWT (lower 4)
~“model (lower dand lower k)

LSWT (°C)

—observed LSWT
201 == model LSWT (higherq , lower dand lower k)
c) 7
15 A
: \
'I
10
5
\
A
\
:\ 1 " -
Jan 2005 Jan 2006 Jan 2007

Figure 1 Preliminary modelled runs for Lake Athabasca, Canada (59°N 110" W),
showing that adjustments to lake depth (d), snow and ice albedo () and light extinction
coefficient (k) can greatly improve the modelled lake surface water temperatures (LSWTS)
compared to the default/ recommended d, « and x values; a) shows that a higher « causes a
later ice-off date, comparing well with the observed (ARC-Lake) ice-off date, b) shows
that a lower d causes an earlier ice-on date and a lower «x value (greater transparency)
reduces the maximum LSWT and c¢) shows that the combined effect of the adjusted d, a
and x produce LSWTs that are highly comparable to the observed ARC-Lake LSWTs.
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Model forcing data; wind
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observed and modelled LSWTs)

Daily MAD (°C)
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Tuned values
(24 Kq) per lake

Trials
(21 lakes)

Tuning
Approach
(160 lakes)

Tuning
evaluation

Result

Trials
(14 lakes)

Tuning
Approach
(86 lakes)

Tuning
evaluation

Result

Study approach overview (trials, tuning, evaluation and results) for a)

seasonally ice-covered lakes and b) non-ice covered lakes. For the trials, wind speed
scaling, ul, u2 (recommended for lakes with fetch <> 16 km and u3 (recommended for
open ocean water) is assessed on the untuned model, tuning is then trialed with a range of
factors for d and values for a and « using the selected wind speed scaling. The tuning
approach produces modelled LSWTs for all possible combination of d, « and «, 80
modelled runs for seasonally ice-covered lakes and 60 for non-ice covered lakes. For the
evaluation, the tuning metrics (normalized and equally weighted) are the basis for selection
of the optimal (tuned) LSWT model for each lake.
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Figure 3 Location of 246 observed lakes colour coded by surface area (obtained

using polygon area in Global Lakes and Wetlands Database (GLWD) showing zoomed
inset of North America and Northern Europe.
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Winter Summer
Cool, dry and windy (may—aug) Wet and warm (dec—apr)

23 24 °C 23 28 °C
' ],1[)0m a0m { '

Upper mixed layer

Figure 4 SummerWinter and wintermixingsummer depth and temperature profile
offor Lake Malawi (mean depth of 273 m), Africa (12°S 35 E), illustrated using data from
the ILEC world lake database (http://wldb.ilec.or.jp/); showing the summer-and-three
dlstlnct Iavers (in winter and summer) of a deep stratlfled non- ice covered |ake—W&T:eF

hypehmmen—l;lzake%& FLake, atwo Iayer model eapableef—p;edwﬂnguthe
LESWTpredicts the depth and temperature of the ‘upper mixed layer’ and the temperature

of the ‘bottom layer’(shown on the left). and ‘thermocline’ depth and temperature profile

(shown on the right).
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- T

Tp = mixed layer temperature
T = bottom temperature

h = mixed layer depth

/in

Figure 5 Schematic representation of the temperature profile in the upper mixed layer
and in the thermocline, reproduced from Killirin (2003). The self-similarity representation
of the temperature profile in FLake is determined using dimensionless co-ordinates, { = (z-

h)/Ah, and v = [T(z)-Tp]/AT.
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Figure 56 Location of lakes, with red square showing the trial lakes a) 160 seasonally
ice-covered lakes, including 21 trial lakes and b) 86 non-ice covered lakes including 14
trial lakes
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| Figure 67 A comparison of 5 methods relating light extinction coefficients to Secchi
disk depths, showing that all method compare reasonably well at Secchi disk depths > 10
m
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== model LEWT kd 2
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| Foigu re 78 Lake surface water temperatures (LSWTSs) for Lake Geneva, Europe (46°N
6 E), modelled with two different x4 values (x4 xqe; table 2) shows the substantially
stronger effect of x4 on the maximum LSWT than the minimum LSWT.
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Figure 89 Effeg:t of o!epth on the lake surface water temperature (LSWT) for Lake
Ladoga, Russia (61 N 31 E), (mean depth 52 m), showing that when modelled with a
greater depth, the lake cools later and the maximum LSWT is lower
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Metrics for wind speed scaling

MAD (°C)

JAS LSWT
(C)
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385

+4.97
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+241
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—observed LSWT

1
Jun 2000

| Figure 910  Effect of wind speed scalings on the modelled lake surface water
temperature (LSWT) for Lake Simcoe, Canada, 44° N 79° W (depth 25 m), showing that

| the greatest wind speed scaling, u3 (Uyater = 1.62.m/s +1.17Ujzng), in place of the unscaled
wind speed, ul, reduces the daily mean absolute difference and July, August September
LSWT mean difference by ~50%. Modelled with untuned LSWT properties: mean lake
depth (Zq41), default snow and ice albedo (1) and light extinction coefficient derived from

Secchi disk depth data (xsg)

1
Dec 2000
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| Figure 1011 Effect of wind speed scaling on lake surface water temperatures (LSWT)
for a temperate non-ice covered lake a) Lake Biwa, Japan (36° N 136" E) and for a tropical
non-ice covered lake b) Lake Turkana, Africa (4° N 36° E) showing that the modelled

| LSWT for the temperate lake is better represented using u3 (Uwater = 1.62.m/5+1.17Ujang),
and the modelled LSWT for the tropical lake is better represented using ul (unscaled wind
speed). mthyin (and mthya) is the difference between the observed and modelled LSWTs
for the month where the minimum (and maximum) LSWT is observed
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| Figure 1213 Tuning metric results for the 84 non-ice covered lakes a) Dailydaily mean
absolute difference (MAD) between observed and modelled LSWTSs, b) mthna, and c)
Mthpin. Mthmin (@nd mthyay) is the difference between the observed and modelled LSWTs
for the month where the minimum (and maximum) LSWT is observed
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| Figure 1314 Observed LSWT versus tunegd model LSWT for saline and high altitude
Iakgs a) I_Oake Chiquita, Argentina (31" S 63" W, salinity 145 g L™) b) Lake Van, Turkey
(39°N 43" E, 1638 m a.s.l., salinity 22 g L™).

67



High > Higher Light
snow & extinction
ice Albedo coefficient
Greater
Depth
deep lakes
(deep ) Cop o,
L
Later 45‘14,)
cooling
L,
Cooler JAS LSWT

causes earlier cooling
(deep lakes)

Figure 15 Schematic linking the modelled interactions between the lake surface water
temperature (LSWT) regulating parameters: lake depth (d), snow and ice albedo («) and
light extinction coefficient (x), shown in squares and wind (shown in triangle) with the
LSWT metrics: 1 'C cooling day, 1 'C warming days and July August September (JAS)
LSWT (shown in circles).
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| Figure 1644 Lake surface water temperatures (LSWTs) for Great Bear (66" N 121" W)
and Great Slave (62° N 114" W) modelled with low snow and ice albedo (default albedo,
al: snow and white ice = 0.60 and melting snow and blue ice = 0.10) and high albedo (¢2:
snow and white ice = 0.80 and melting snow and blue ice = 0.60) demonstrating that the
higher snow and ice albedo delays the 1 °C warming day, causing a lower July August
September LSWT

69



decreasein the JAS LSWT per

Great bear week of later 1 °C warming day
= \ (°C week1)
Great slave 0.00-0.05
L 2
& _/ 0.05-0.10
. @ 0.10-0.20
60 . : * 0.40-0.50
¢ 0.50-0.60
Z 55 * 0.80-0.90
Py
2 50 t
3 /
1
45 Lake Hovsgol

1640 m.a.s.|

i i i

20 40 60 80 100 120 140
Lake-mean depth (m)

| Figure 1517 The relationship between latitude and lake-mean depth of the 21 trial
seasonally ice-covered lakes and the decrease in the July August September (JAS) lake
surface water temperature (LSWT) caused by the later 1 °C warming day (as a result of
using a high albedo, a2: snow and white ice = 0.80 and melting snow and blue ice = 0.60
in place of the default albedo a1: snow and white ice = 0.60 and melting snow and blue ice
= 0.10). The changes in the JAS LSWT, presented as the decrease in the JAS LSWT, per
week of later 1 °C warming day, °C week™, are categorised by coloured circles. This figure
indicates that high latitude and deep lakes show a larger decrease in the JAS LSWT per
week of later 1 'C warming day, signifying that the LSWTs of these lakes are more
responsive to changes in the 1 'C warming day, than low latitude and shallow lakes.
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Figure 1817 Comparison of lake-bottom temperatures during the stratification period,
obtained from FLake model run using perpetual hydrological year, 2005/06 (Kirillin et al.,
2011) and the monthly minimum climatology lake surface water temperature (LSWT)
observations from ARC-Lake, for 14 deep (> 25 m) non-ice covered lakes (55 °S to 40
°N). The monthly minimum observed LSWTs have a ~1:1 relationship with the lake-
bottom temperatures during the stratification period.
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| Figure 1819 The lake mean depth vs. the modelled effective depth for 244 tuned
lakes. Colour coding illustrates the effective depth factors. The average lake depth for
each effective depth factor used in the tuning process is also given (insert). This figure
demonstrates that deeper lakes are tuned to a shallower effective depth and shallower
lakes to a deeper effective depth.
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