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The water cycle
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Water bodies occupy =~ 1.8% of land surface. Soil moisture is the key factor of
surface evaporation and energy cycle. Soil moisture is the most variable
component of land.
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Vertical structure of a stratified lake
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Figure 3.5 (See color insert.) Vertical structure of a stratified lake and its physical and chemical
features (Original Degani and Tundisi 2011.).




Lake-atmosphere continuum

=% Logarithmic layer
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Methane-generating Archaea

¢ Lakes are abundant in a number of regions, including Finland, Karelia,
Siberia, Canada, China (famous for artificial reservoirs), often surrounded
by forested landscapes

¢ Inland waters are currently included as a separate tile in many NWP and
climate models, represented by 1D vertical heat transfer schemes

¢ Efficient parameterizations are needed to reproduce energy, momentum
and gas exchange between “lake-forest” landscapes and the atmosphere

¢ Highly-coupled problem including in-lake and ABL processes




LAKE model: basic physics

@ 1D heat and momentum equations

@ k — ¢ turbulence closure u E"l S
. E
@ Monin-Obukhov similarity for surface s
H,LE
fluxes

@ Beer-Lambert law for shortwave
radiation attenuation

@ Momentum flux partitioning between o
wave development and currents e

(Stepanenko et al., 2014)

Snow

@ Soil heat and moisture transfer
including phase transitions

@ Multilayer snow and ice models
Lz“ A general procedure

of horizontal
OI‘“ averaging allows to
. take into

account

heat and gas fluxes
l at the sloping
. bottom

Adopted from (J6éhnk,2001)




LAKE model: horizontal averaging

Velocity components and scalars

in incompressible fluid are governed by equations
of the form: 8f a f oF o I N
Usg
Re(f,...), _
81; awz ox; + Ly (f, ) z=H

Avegaring over the horizontal cross-section A(z):

1

= A(z)

fdzdy.
A(z)

Assuming small slopes, w = 0, yields:

OF _ ¢ 9 oF
_° . ~—Z (A
“ot ~ A/ flun -n)dl+ 7 az( kfaz)
I-‘A(z)

~ T e—— =0
Inlets and outlets Yertical diffusion Adopted from (J6hnk,2001)
1 BAF,, ., 1 dA
A 8an +A dz [ nz b(z)+th b(z)] +Rf(fal

Div. of non-dlffusion flux Bottom flux Sources

Here, F}, — vertical turbulent flux, F,, — vertical non-turbulent flux of
variable f.




The model of sediments

Soil heat and moisture transfer are governed by diffusion, gravity infiltration,
runoff, root uptake and phase transitions:

T T
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Ponb BOOOEMOB CyLUU B YriepogHOM U METAaHOBOM LUKIe

(Tranvik et al. 2009) (Bastviken et al. 2011)
: Fluxes
b ok e T Area
E Latitude Total open water Ebullition Diffusive Stored (km?)
Emiss. n CV Emiss. n CV Emiss. n CV Emiss. n CV

: Lakes
| >66° 6.8 17 72 64 17 74 0.7 60 37 288,318
E>54°—66° 6.6 5 155 91 9 60 11 271 185 0.1 217 2649 1,533,084
E25°—54° 31.6 15 127 158 15 177 48 33 277 3.7 36 125 1,330,264 .
| <24° 26.6 29 51 222 28 54 31 29 97 213 | 585,536 !
Reservoirs :
| >66° 0.2 35,289 |
! >54°—66° 1.0 24 176 18 2 140 0.2 4 93 161,352 |
1 25°-54°  0.7% 116,922
<24° 18.1 11 87 186,437
: Rivers
' >66° 01 1 38,895
E>54°—66° 0.2" 80,009 '
1 25°=54° 0.3 20 302 61,867 |
| <24° 0.9* 176,856
» Sum open  93.1 116 553 71 9.9 397 25.1 254 .
. water |
' Plant flux  10.2 j

Fig. 2. Schematic diagram showing pathways of carbon jSumall 1033 R R R S S SR SR S :

cycling mediated by lakes and other continental waters. The
letters correspond to rows in Table 1.

e Total freshwater methane emission is 104 Tg yr— !, i.e. 50% of global wetland
emission (177-284 Tg yr— ', IPCC, 2013)

@ greenhouse warming potentials from freshwater-originating C'O2 and C'H, are
roughly equal




CO9 emissions by lakes and rivers
Raymond et al., 2013, Nature

180° 0° 180°
Longitude Longitude
Lakes Rivers

1

e global emission of C'O5 by freshwaters is 2.1 Pg C yr~
e lake emission is 0.3 Pg C yr—!, river emissions is 1.8 Pg C yr~

@ significant contribution of Volga hydropower reservoirs

1




Methane production, consumption,

transport and emission in lakes
(Bastviken et al., 2004)
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Mopenb MeTaHa B AOHHbLIX OTIOXEeHUAX

FeHepa,n;HH H II€EpEHOC ME€TaHa B
JOHHBIX OTJIOZKCHUAX
TEPMOKapPCTOBOI'O O3€pPa

(Walter et al., 2007)

yp&BHeHI/Ie AJId KOHIIEHTPpanuu ME€TaHa B

nmouHbx oTyioxkenusix (Walter and Heimann,
1996):

8CcH, O (

ot 0z
= Bseil. ety — Ouvil E1His

—) + Paoil . GiEy —

rae Pgoi,cH, — TPOU3BOACTBO METAHA B
JOHHBIX OTJIOXKEHUSX :

T/10
Psoit,cH,,i = Pz',OPffH(T - Tmp)qlo/ *

* (14 @0, inkitCoy) "

[Ipoduirs mitoTHOCTH MeTaHOOOpa3yIoIIeit
OPraHUKU:
— MOJIOJOM OPraHUKU

p; = exp(—Qnew?s), t =1

— CTapOU OpPraHUKU

of = 242p— /(1 + Ap)2 + 7 (h2 — 22), i = 2.



The role of bubbles trapped in sediments

Hypothesis: presence of bubbles in
sediments significantly affects total CH,
emission to atmosphere, because gaseous
diffusivity 4 orders large than aqueous
one.

The general aqueous and gaseous
cer : _ X-ray
diffusion equation reduces to:
tomography
ooyt 3 of bubbles
52 +S5+ (z+21)Feb(0g,cr —0g) =0, | in sediments

which is solved semi-analytically.

E 0.05 £ 0.05 ml)(Ed
g layer

- n=4/3 : n=10/3 h

020 thermocline

0.25

Depth below sedimel

0.30 0.30

0000 0025 0050 0075 0100 0125 0150 0.175 0.200 0000 0025 0.050 0075 0100 0125 0150 0175 0.200
Gas volume ratio, m3/m? as volume ratio, m*/m? H

In atypical case of bubbles trappeds in sediments,
bubble volume becomes a measure of vertical
diffusive flux.




Biogeochemical interactions in the model
: (Stepanenko et al., FAC, 2020)
@ Photosynthesis,

respiration and BOD are
empirical functions of
temperature, Chl-a and
phosphorus

@ Oxygen uptake by
sediments (SOD) is
controlled by O2
concentration and

temperature (Walker and
Snodgrass, 1986)

@ Methane production
X qu%_To, P is
calibrated (Stepanenko et
al., 2011)

@ Methane oxidation follows
Michaelis-Menthen
equation




Bubble model

For shallow lakes (several meters), bubbles reach water surface
not affected, for deeper lakes bubble dissolution has to be taken

into account.

Five gases are considered in a bubble:
CHy, CO2, Oz, N2, Ar

Bubbles are composed of C'H4 and N2 when they are
emitted from sediments

The velocity of bubble, v, is determined by balance
between buoyancy and friction

The molar quantity of ¢-th gas in a bubble, M;, changes

according to gas exchange equation (McGinnis et al.,

M; M;
d = v 8 p— —4TFT2KZ(HZ(T)PZ — Oz)
dt 0z

day)

Gas exchange with solution is included in
conservation equation for ¢-th gas :

oC; 1 0

ot Aoz
1 dA
Fe .. ) + o, ~ B -

Surface bubble flux, mg/(m”

N
o

2

8

Methane ebullition
from different soil columns

o
I
g
8




Kuivajarvi Lake (Finland)

Mesotrophic, dimictic lake

Area 0.62 km? (length 2.6
km, modal fetch 410 m

-

) . 8
Altitude 142 m a.s.l. "ls

Maximal depth 13.2 m,
average depth 6.4 m, deptl

the point of measurements
12.5 m

Catchment area 9.4 km?

‘ | Photo: Sakari Wusitalo T

Depth [m]
<15
[115-3
C3-6
E6-10
B 10

Point of measurements




Water temperature

Measurements Model

Temperature, “C

| 1)

Temperature measured, °C

]‘” [ UL

120 120

116 116

Depth, m

112

Depth, m

112

5 6 7 8 9 10 11 5 6 7 8 9 10 11

Time, months Time, months
@ Mixed layer depth and surface temperature (RMSE=1.54 °C) are well
reproduced

@ Stratification strength in the thermocline is overestimated

@ Model results lack frequent temperature oscillations in the thermocline




Oxygen

Stepanenko et al., Geosci. Mod. Dev., 2016

Measurements Model

Oxygen, mg/|

Oxygen measured, mg/|

16.0 16.0

{45 145

Depth, m
Depth, m

11

8 9 10 ' 6 7 8 9 10
Time, months Time, months

@ Seasonal pattern is well captured: oxygen is produced in the mixed layer and
consumed below

@ Oxygen concentration in the mixed layer is underestimated by 1-1.5 mg/l, and more
significantly during autumn overturn




Methane

Stepanenko et al., Geosci. Mod. Dev., 2016

Measurements Model

Methane measured, ug/! Methane, ug/l

maxval = 536.03551132° maxval = 351.5111

1450 1450

1360

1270

Depth, m

10

12 7 8 9 10 6 7 8 9 10 11
Time, months Time, months

@ Methane starts to accumulate near bottom in the late summer when oxygen
concentration drops to low values

@ Surface methane concentration is very small leading to negligible diffusive flux to the
atmosphere, consistent with measurements




Carbon dioxide concentration
Stepanenko et al., Geosci. Mod. Dev., 2016

Model

Carbon dioxide, mg/!

Measurements

Carbon dioxode measured, mg/l

15 15

112 {12

Depth, m
Depth, m

10}

,
12 A

7 8 9 10
Time, months

7 8 9 10 11
Time, months

@ Seasonal pattern is simulated realistically: carbon dioxide is consumed by
photosynthesis in the mixed layer and produced in the thermocline and hypolimnion

by aerobic organics decomposition

@ Sudden CO2 increase prior to autumn overturn is absent in the model




Model validation for Seida Lake

Guseva et al., Geogr. Env. Sust., 2016

Seida lake location Bubble flux (starting from 01.07.2007)
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Table 3. Methane production rate constant P, oin other studies

new,
Ppew, 0 (Mol -m=3-s71) Source
30-10°8 Lake Kuivajdrvi, Finland [Stepanenko et al., 2016]
255-1078 Shuchi Lake, North Eastern Siberia, Russia [Stepanenko et al, 2011]

83-108-16-10"7 | High latitude wetlands [Walter & Heimann, 2000]

40-108 Lake at the Seida site, current study




Methane emission from Suwa Lake (Japan)
Simulations with LAKE by H.Iwata group in Nagano University

Lake sizes 3 kmx4 km. Maximal depth 7 m.
Methane flux over the lake

—

0.5

Methane flux (umol/m2/S)

Month

Methane production constant P and maximal oxidation rate V..
are measured in lab.




Global estimates of GHGs from reservoirs

Hydropower is no more thought as

P

greenhouse-gas-free energy source :}
Global synthesis of GHG emissions from artificial GHG Measurement Guidelines

reservoirs (Deemer et al., 2016): KT rasneater Rasaiiois
Table 1. The global surface area and GHG flux estimates from reservoirs compared with those of other freshwater e
ecosystems and other anthropogenic activities.
System Type Surface Annual teragrams (Tg) Areal Rates Annual CO; Equivalents

Area CorN (milligrams per square (Tg CO, Eq per yoar)

(x 10° km?) (Tg per year) meter per day)
CHeC  CO,C NON CHeC COC NON| CH, Co; N0 Total

Al Reservoirs 031 133 368 003 120 330 030 | 6065 1349 317 7731
(This Study)
Al Reservoirs 051-16° 15-528 2727° - 8296 498 - 680-2380 1000 -
(Other Work)
Hydroelectric 0.34° 314 4882 - 24-112 386-660 - 136-635 176-301 - -
Resenvoirs
Lakes aT-4540 8370 202 - 4 216 - 2434 1011 -
Ponds 0.15-086 12 st - 21 a4 - 544 2094 -
Rivers 036-065% 11-201% 1800F - 698 7954 - 50911 6600 -
Wetlands 86-26.9 106-198* - 097 1563 -  01-031] 4805-8976 908
Other NA. 248" 9200 69" = 2 - 11243 33733 6462 51438
Emissions (2000s)

Note: The values presented are mean estimates; the ranges of mean values are reported when there are multiple relevant models. In cases in
which the areal rates are not referenced, they were derived from dividing annual teragrams (Tg) of C or N by the global surface-area estimate.
The annual CO, equivalents were calculated by multiplying the mass-based flux (in units of Tg CH,, CO, or N,O per year) by the 100-year global
warmin% potential of each gas (1 for CO,, 34 for CH, and 298 for N,0). * (Lehner et al. 2011). ® (St. Louis et al. 2000). ® (Downing and Duarte
2009). ? (Bastviken et al. 2011) . * (Barros et al. 2011). ' (Li and Zhang 2014). # (Raymond et al. 2013). " (Verpoorter et al. 2014). ' (Holgerson
and Raymond 2016). | (Stanley et al. 2016). * (Mefton et al. 2013). ' (Tian et al. 2015). ™ (Ciais et al. 2013).




[PCC view on the problem

X @ ® & https://www.ipcc.ch/report/2019-refinement-to-the-20 5|

Slide 1

2019 Refinement to the

2006 IPCC Guidelines
for National
Greenhouse Gas
Inventories

2019 Refinement to the 2006 IPCC Guidelines for

National Greenhouse Gas Inventories

TaBLET7.7

(NEW) TYPES OF FLOODED LAND, THEIR HUMAN USES AND GREENHOUSE GAS EMISSIONS CONSIDERED IN THIS

CHAPTER
Flooded Land types Human Uses Greenhouse gas emissions
for which guidance is
provided in this Chapter
Reservoirs (including open water, Hydroelectric Energy Production, COp, CHy
drawdown zones, and Flood Control, Water Supply,
degassing/downstream areas) Agriculture, Recreation, Navigation,
Aquaculture
Canals Water Supply, Navigation CHs
Ditches Agriculture (e.g, irrigation, drainage, | CHa
and livestock watering)
Ponds (Freshwater or Saline) Agriculture, aquaculture, recreation CHs

Q¥




Emission of greenhouse gases from reservoirs

Wind Forcing
iy CH, co,
~ P Length of
) Bubbles Diffusion g
X N . e Annual Ice Cover
\ 0
N B =Y
' Growth & Decay ‘ Vegetation
o0 of Aquatic Plants Water Level
s Carbon Inputs - Fluctuation
ofess from Watershed
o Decomposition
Plankton of Flooded
Growth Biomass & Soils
& Decay

e Artificially flooded ecosystems are imposed to both aerobic (producing

CO3) and anaerobic (producing CHy) degradation

e Compared to natural lakes there is an additional pathway of gases that is

through turbines




Mozhayskoe reservoir

MBILIKHHO
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Depth of an impounded river bed

40

Distance from a dam, km

30

20

|

10

|

@ length 47 km, width up to 3.5 km, max. depth 23 m

@ water residence time 0.8 yr

@ hydropower station and drinking water supply
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Inflow, outflow and advection

Wind Forcing @ Inflow and outflow are
CH, CO;
Bubbies Difusion An,ﬁﬁ?‘?ﬁ?fnw accounted for as source and
Degassing mn S].Ilk Of thSlCal and
WM,LM. Y- biogeochemical variables
;.{.-1“' Carbon Inputs _ Fluctuation
,”;".':: from Watershe: . .
it Decomposiion e @ The difference in the depth of
Growth Ef}:::::g Soils 2
& Decay water input and output leads
to the large-scale water
Continuity equation allows to compute Mean vertical speed (m/day)

z-speed component, m/day

vertical speed w:

8;)A = — (un - n)dl = Inflow — Outflow
z

L A(2)

£
i
+
o
]
()

Vertical advection is added to a balance
equation of each scalar:

15

20

—0.003

8 f c OwA f
o ,O% 60“' o0 40> o q_a\

“ot | A 9 55 5 8 o 0
i - A i h 2% 15 %3 3 " A ")
t z »\Fb'o '\fo"\' '\_ﬁ:\‘ -\'6’\' '\j 0 —\:‘ 0 ~,:\ 0 .;\ 0 \_1 o »\_1 o »\:1 L »\j o »;‘ o

Time, months
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Temperature: effect of vertical advection

” Before storm ) After storm
T T T T T : T '
S @
*
. @
51 of : @
' K
: @
.
@
10| 10} Y
. = @
. 2 #
3 3 ®
a e
1o} 15
) ) .
20¢ S AT TR 20 = =
! | = Temperature, model, 05.07.2017 16:00, w=0 — Temperature, model, 10.07.2017 18:00, w=0
¢ | === Temperature, model, 05.07.2017 16:00, w/=0 ==+ Temperature, model, 10.07.2017 18:00, w/=0
e @ Tobs ® ® Tobs
% - - - - 25 - - - ‘ -
8 10 12 1 16 18 20 8 10 12 14 16 | 18 20
Temperature, model, K

Temperature, model, K

@ High wind speeds (6-8 m/s) and rainfall persisted over 4 days, causing river discharge to reach
70 m? /s (contrasting to 5-10 m? /s before and after event)

® The mixed-layer deepening is much better reproduced when including vertical advection




Vertical distribution of temperature and methane
In the Mozhaisk reservoir: summer 2017 (Stepanenko et al., 2020)
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Results with Mozhayskoe reservoir

mcmol/(m?2*s)
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Total CH, flux from 1 August 2016 till 1 August 2017 is 570 Mt, where:

- ebullition 455 Mt/yr (80%),

- diffusion 87 Mr/yr (15%),

- dam flux 28 Mr/yr (5%).




ISIMIP3: lake methane sector
Requirements for the validation sites

VARIABLE NAME UNIT RESOLUTION COVERAGE PRIORITY (1is MANDATORY/
highest priority) OPTIONAL

LAKE TEMPERATURE K daily or monthly > 2 years 1 M
(profiles)

Total CH4 flux to the mol/m° daily or monthly > 2 years 1 M
atmosphere

Ebullition of CHa4 moI/(m2 s)  daily or monthly > 2 years @

Diffusive CHa flux moI/(m2 s)  daily or monthly > 2 years 2 @

CHa concentration | mol/m’ daily or monthly > 2 years 2 M
(profiles)

Oxygen concentration mol/m’ daily or monthly > 2 years 3 @)
(profiles)

Ciabile (labile carbon density) mol/m’ daily or monthly > 2 years 4 @)

COz concentration | mol/m” daily or monthly > 2 years 4 @
(profiles)

Total CO2 flux to the ' mol/m’ daily or monthly > 2 years 4 @
atmosphere
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d Mixing in thermocline: existent turbulence closures do not properly
reproduce metalimnetic mixing, calibrated background diffusivities are
used

4 Internal waves are not represented in most 1D models

4 Standard 1D model formulations do not reproduce bottom boundary layer

U The physics of saline lakes is understudied

d There is no alternative for Monin-Obukhov similarity for small lakes or
lakes with surrounding bluff topography

1 Proper understanding and parameterization schemes of interactions
between atmosphere, surface waves and currents are missing

L Feedbacks of biological processes on physics (via water turbidity) is

lacking in most models
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Biogeochemical interactions in the model
: (Stepanenko et al., FAC, 2020)
@ Photosynthesis,

respiration and BOD are
empirical functions of
temperature, Chl-a and
phosphorus

@ Oxygen uptake by
sediments (SOD) is
controlled by O2
concentration and

temperature (Walker and
Snodgrass, 1986)

@ Methane production
X qu%_To, P is
calibrated (Stepanenko et
al., 2011)

@ Methane oxidation follows
Michaelis-Menthen
quation
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Meromictic lakes (zadereev et al., 2017)




Temperature maximum in Bol'shoi Vilyui Lake
Measurement campaign, July 2015 (Stepanenko et al., 2018, Env.Res.Lett.)

Bol’shoi Vilyui Lake Measurement raft
| : .
6.6kmy "
RIS Russia
L. Bol’shoi Vilyui
Kamchatka
<=2

Pacific Ocean

@ Conventional meteorology (Davis Instruments) and radiation fluxes (Kipp &
Zonen) at the on-shore station

@ Eddy covariance for sensible heat, momentum and CH4 fluxes, thermistor string
on the raft i
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Meteorology

Ta

Um/s
20.0

15.0

th

o
m/s
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0.0 -
1200 +
1000

800 -

600 -

400 -

200 -

Shortwave radiation

SN AAAN

22T 24.7 26.7 28.7
date, 2015

W/m?

@ high shortwave radiation flux due to clear-sky conditions

@ diurnal wind cycle with daytime maximum
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Temperature maximum in Bol'shoi Vilyui Lake
Model results (Stepanenko et al., 2018, Env.Res.Lett.)

Temperature and salinity profiles, modelled Analytical solution for
Eddy heat conductivity, m? /s tempera‘t‘ure 11 pyCDOChne
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0 ~
Salinity, kg/kg .

Temperature, " C 20 000 0005 _ 0010 0015 0020 0025  0.030

I ‘+1i
19 — salinity """ s — Temperature |

Iy
17 |
16 i
115 Aeeeen . 2
114 | g
113 £ sremrrrmrrrrrrmesseesTrsT s v e sTTTsTaee 1
§12 £ |3
411 o | OO~ PR PN 1
10 |
I L
7 | /
6 : /
, 2 | Eddy heat conductivity - 3 % e 3 5
— ‘ : : ‘ — ™
N, 0. 10, N\ ) > ok a9 ab_nl b 6 8 W T 116 18 20
O B M R R R G R (e & emperature, C
\‘J’Q »\6’0 1\5’0 \‘3’0 \‘J’Q \6’6 \6,0 \6’0 \‘J’Q \6’0 ,\gyﬁ
Time

@ The lake is characterized by profound salinity increase below the freshwater
mixed layer, suppressing turbulence and preventing convection at unstable
temperature stratification

@ Clear-sky conditions favoured radiation heating below the mixed layer
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Temperature maximum in Bol’shoi Vilyui Lake
Model verification (Stepanenko et al., 2018, Env.Res.Lett.)

Temperature time series, modelled and measured

24! — T.0.2m_model
— T_1.15m_model
— T_2.1m_model
22| — T_3.05m_model
— T_4m_model
- T_0.2m_obs
gzo -- T_1.15m_obs
7] -- T_2.1m_obs C A
8 -~ T_3.05m_obs ‘
.18
2
=
©
o 16 i
Q
5
}_

-
S

Time, months

@ The model satisfactorily reproduces the measured temperature with r = 0.64 — 0.95
and RMSE 0.19-0.71°C

@ No calibration has been performed (except for extinction coefficient that has been
slightly changed from the observed value)
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Heat balance of temperature maximum

0 lake surface T T Mean temperature excess over the
i mixed-layer temperature is a sum
Mixed layer of heat balance terms:
4 ML Temperature excess

over the temperature
of the mixed layer,
ZB _____________________________________ T =T- TML > 0

Physical mechanism Contribution
to maxi-
mum, K

Radiation absorption +1.9

Mixed-layer tempera- =0

ture dynamics

Vertical temperature -1.6

Pycnocline

lake bottom diffusion
Heat sink to sediments -0.6
Temperature maxi- +0.7

mum "pumping"
Resulting temperature 0.5
maximum

— = — "= = ANl EY
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Summer temperature maximum in meromictic lakes

Lake, location, reference Depth, m, and Extinction co- Temperature
magnitude of efficient, m™* maximum
salinity jump, %o depth, m
Shira, Siberia 6-8 m /2-6 %o no data
NO
Shunet, Siberia 4.5 m/15%c no data NO
Cueva de la Mora pit lake, 4.5 m/no data no data
Spain NO
La Cruz, Spain 10 m/no data 0.35
NO
Sasykkul, Pamir <2 m/25%0 ~1 )
Lake Medve (Bear), Tran- 0.5 m/200% no data
sylvania 1.5
Hot Lake, Washington 0.5-1 m/20%:¢ ~1 o
Bolshoi Vilyui, Kamchatka 1.5 m/20%o 0.57 )
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Conclusions on temperature maximum

Conditions favouring summertime temperature maximum:

e small mixed-layer depth; the rough condition on depth, depending on
water turbidity, is < 2 m;

@ the water in the mixed-layer is not turbid;
@ strong salinity gradient in chemocline enough to prevent double diffusion;
@ diurnal wind speed cycle with daytime maximum;

@ cloudless weather.

In fall, temperature maximum if found in e.g. Fayetteville Green Lake (Brunskill

and Ludlam 1969), Aral Sea (Izhitskiy et al 2016), ...

Should we care of temperature maximum? Temperature maximum may overlap with
chorophyll maximum position thus affecting lake primary production through
dependence of photosynthesis on temperature? (Eppley, 1972, Quiros, 1988, Kishi et

al., 2007)
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Saline Lake Uvs (Mongolia)
" > o ThkeBaik (_

acd |

g

\ .-‘
v ‘\-\ - :
N, e L

Hovsgol Nuur,
),,-'—Selenge &
Bulgan'- "~/

@ largest lake in Mongolia, with surface area 3350 km?

@ maximal lake depth 22 m

@ Secchi depth 3.8-5.7 m in central part (Horn et al., 2016)

@ salinity is decreasing, from 18%0(1930-s) to 14%0(2000)

@ strongly continental climate (July 20°C, January -32°C) with small precipitation
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Effects of salinity in LAKE model

Salinity in water
@ equation of state includes salinity
@ freezing point depends on salinity

@ release/uptake of salts during
ice melting /freezing

Salinity in ice
@ ice has pores filled by brine

@ porosity at the ice bottom depends on

: _ ~ Sea ice core
the speed of advancing the ice-water margin credit: Ken Colden, NSF

ice thermal conductivity and specific heat are modified

o

@ thermodynamic constrain Tice = T, (Spores)

@ freezing/melting of brine in pores affects temperature
)

simple parameterization for brine percolation

18.05.2021 1D LAKE MODELLING ... Slide 49/ 77




Data and model setup

Model parameters:
@ initial homogeneous salinity 17%o
@ simulation period 1979-2015
@ vertical resolution 20 layers
@ timestep 20-30 s

FOICil’lg data: ERA-Interim reanalysis
Model experiments:

@ "FrWat+Frlce" — fresh water and fresh ice

@ "SalWat-+Frlce" — saline water and fresh ice

_ L Mesoscale cyclone over Uvs Lake,
@ "SalWat+Sallce" — saline water and saline ice 97 Nov 2016

Validation data:

@ near-shore water temperature — hydrological station Davst

@ mean surface water temperature — MODIS

@ ice-on and ice-off dates — MODIS, MIRAS
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Monthly surface temperature
Averaged over 2001-2015

25 Temperature in Uvs, July 1979,
with and without background
diffusivity
20 0 : : . ;
" — Temperature_no backgr diff !
= -- Temperature_with backgr diff )
) ’
o 15 .
O ‘
v ® Model -
% B Model_corr e
5 10 m Station ! R
g Satellite
() -
(o ‘
= | N
0 20

June July August September October November 0 5 10 15 20 25
Temperature, Celsius

Time
@ k — e model without background diffusivity (blue) produces shallow mixed layer
(~ 5 m), overheating it in summer and overcooling it in autumn

@ introducing and calibrating background diffusivity by Hondzo and Stefan (1993)
largerly eliminates this temperature error (green)
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Ice and snow thickness

Temperature in Uvs, Nov 1981,

Ice and snow thickness modeled, 1993-1994 fresh and saline water
1.0} — ice thickness, freshwater
- - snow thickness, freshwater 0 ‘
- . . \ T T 1
— ice thlc-ltnerss. fro?hlc-e_ . \‘ — Temperature FrWat+Frice
- - snow thickness, freshice -
0.8L] — ice thickness, salice ) -- Temperature_SalWat+Frice
- - snow thickness, salice \
5t \
1
= '
4 0.6} \
- . .‘
Az <
E g | |
=04 QO 1
]
]
1
15} : ]
0.2 1
b, :
" d-.'-'-'-o--.jr - : e #4* !
——— PR -1 .lh ]
0 D ‘ :—l -~ ) ) ) ) Ill 1 » 2% 1 1 1 L
TR0 181 182 183 184 185 186 187 3 3.0 3.5 4.0 4.5 5.0
Time, months Temperature, Celsius

@ Saline ice grows faster compared to
fresh ice because of porosity (ice bottom
porosity ~0.25)
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Ice dates and ice thickness

[ce-on and i1ce-off dates

[ce-off dates Ice-on dates
Model experi- | FrWat + | SalWat SalWat FrWat + | SalWat SalWat
ment Frice + Frlce + Sallce Frilce + Frlce -+ Sallce
Mean deviation | 3.3 -0.2 3.1 -16.7 -0.1 -1.7
(days)
RMSE (days) 6.1 4.9 5.9 18 4.8 6.6
Mean maximal ice thickness
Model experiment SalWat + Frilce SalWat + Sallce Observations
Mean maximal ice | 0.77 0.97 0.98

thickness, m

Results may be improved, because:
@ radiation properties of ice and snow are kept constant in the model, whereas
they vary with time

@ fractional ice cover is not taken into account
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Conclusions on ice regime of saline lakes

@ the new LAKE 2.1 version of the model includes lake ice salinity

@ to simulate correct ice-on and ice-off dates "saline water + fresh ice"
approximation delivers acceptable results for Uvs Lake — implications to
lake parameterization in numerical weather forecast

@ if ice thickness is important, salinity dynamics in ice should be taken into
account

e further improvement of the snow-ice scheme should focus on fractional ice
cover effects and evolution of radiation properties of ice and snow
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LAKE model website

LAKE model http://tesla.parallel.ru/Viktor/L AKE/-/wikis/LAKE-model 2

LAKE is an extended one-dimensional model of thermodynamic, hydrodynamic and biogeochemical processes in the water basin and the bottom
sediments (Stepanenko and Lykosov 2005, Stepanenko et al. 2011). The model simulates vertical heat transfer taking into account the
penetration of short-wave radiation in water layers (Heiskanen et al., 2015), ice, snow and bottom sediments. The model allows for the evolution
of ice layer at the bottom after complete lake freezing in winter. The equations of the model are formulated in terms of guantities averaged over
the horizontal section a water body, which leads to an explicit account of the exchange of momentum, heat, and dissolved gases between water
and the inclined bottom. In the water column, k — € parametrization of turbulence is applied. The equations of motion take into account the
barotropic (Stepanenko et al., 2016) and baroclinic pressure gradient {(Ctenanexko, 2018). In ice and snow, a coupled transport of heat and
liguid water is reproduced (Volodina et al. 2000; Stepanenko et al., 2018). In bottom sediments, water phase changes are simulated. The model
also describes vertical diffusion of dissolved gases (COg2, CH4, O2), as well as their bubble transfer, methane oxidation, photosynthesis and
processes of oxygen consumption. Parameterization of methane production in sediments is included (Stepanenko et al. 2011), and for the case
of thermokarst lakes, an original formulation for the methane production near the lower boundary of "talik" is implemented. Model was tested in
respect to thermal and ice regime at a number reservoirs in contrasting climate conditions, specifically, within the LakeMIP project {Lake Model
Intercomparison Project, Stepanenko et al., 2010; Stepanenko et al., 2013; Stepanenko et al., 2014; Thiery et al., 2014).

The current version of the model is 2.3
The complete model archive with sample input data:

) LAKE2.0.zip

;{‘f:_: LAKEZ2.1.zip (salinity dynamics in ice cover is added)

;?3_3 LAKEZ.2.zip (inputfoutput of control point added, minor bugs fixed)

;?3_3 LAKEZ2.3.zip (commit 7d@16e79 in gitlab repository, which is updated by testing at GNU Fortran 9.3.0 compiler; the model is adapted to
simulate artificial reservoirs with high throughflow and water level variations; a model configuration for simulating the vertical structure of
river flow is added)

. @3_3 LAKEZ.4.zip (commit 29Tb387 in repository; bugs related to $k-\epsilon¥ model fixed, new b.c. options for $k-\epsilon$, Cuette-
Poiseuille flow setup and turbulence closure added, methane production parameters are set specific for each sediment column, new output

- & = =

options)
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http://tesla.parallel.ru/Viktor/LAKE/-/wikis/LAKE-model
http://tesla.parallel.ru/Viktor/LAKE/-/wikis/LAKE-model
http://tesla.parallel.ru/Viktor/LAKE/-/wikis/LAKE-model
http://tesla.parallel.ru/Viktor/LAKE/-/wikis/LAKE-model
http://tesla.parallel.ru/Viktor/LAKE/-/wikis/LAKE-model
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White Sea lake experiment-1
(Barskov et al., 2019)
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Fig. 1 The temperature profile up to 1 km (a), air temperature at 2 m, temperature at the surface and stability
parameter & (b), wind speed and direction (¢), and time series of sensible heat flux, measured directly (Hgc)

at 2, 4, and 6 m, calculated by MOST H ps0s7, and third moment w’w’T’ (d). Dates are from 25 January to 2
February

Shear layer
vortices

Third moments, e.g. w'w'T’

LT {fg are indicative of coherent
g turbulent structures, such as
7 vortices after backward step.
Recirculation bubble Coherent
Structure
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White Sea lake experiment-2
(Barskov et al., 2019)
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Fig. 3 Lake with wind-directions diagram (a), scatter plot H 057 and H cg versus H gc when the flow is from
the vast forest (b), and from the northern gap (c¢). Colour scale is given for the third moment w’w’7T”’

Monin-Obukhov theory fails to simulate observed fluxes
for small fetches and bluff topography
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1D" framework

Traditional 1D model concept

i

1D model concept

Soil column

@ 1D" model includes friction, heat and mass exchange at the lateral boundaries

@ Heat, moisture and gas transfer are solved for each soil column independently

In 1DT model horizontally averaged quantity f obeys the equation:

o7 [ 0 gy, OF
o~ [ e - R
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Coupling heat transport in water and soil

X ?
\_pm 7 /
N 151 Ls1 /

L'
L\QL& Lake bad "
.ake bady 5;
N ,1192 ,1152 /
AN y |
ol n |
ﬂ_

L No) - . o e

L N_1Ls3 1Ls3

— ) SN — IR

L e °s3 Log & °°

~ ~

Boundary conditions: ——— I
at soil-water interface ———— Qoil ealimn 5 IR

@ Continuity of
temperature (gas)

@ Continuity of flux
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Measurements Measurement raft

@ Conducted since 2009 by University of
Helsinki

@ Ultrasonic anemometer USA-1, Metek
GmbH

@ Enclosed-path infrared gas analyzers,
LI-7200, LI-COR Inc.

@ Four-way net radiometer (CNR-1) F;zotprint of thet
ra Imeasurernerts

@ relative humidity at the height of 1.5 m SO
(MP102H-530300, Rotronic AG) UL

@ thermistor string of 16 Pt100 resistance oL,
thermometers (depths 0.2, 0.5, 1.0, 1.5, 2.0, '
2.5. 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 10.0
and 12.0 m)

Distance (meters)

@ Turbulent fluxes were calculated from 10 Hz
raw data by EddyUH software

Ll AR
6-10 R Y
0-92 g /f\.:lﬂlll I"-.. I. -
= . LAY NG

-200 0 200 400
Distance (meters)

18.05.2021 1D LAKE MODELLING ... Slide 30/ 77




Valkea-Kotinen Lake: stratification

Temperature LAKE
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Temperature Simstrat
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Measurement data

@ conventional meteorology from nearby Mozhayskoe station, corrected using
empirical relations to on-lake conditions

@ radiation fluxes from Zvenigorod station (IAP RAS)
@ discharge data from a dam

@ string of temperature loggers at the deep part (V) of reservoir

@ whole-lake surveys of water temperature, dissolved oxygen, methane (headspace
method)
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Results with Iseo Lake : temperature series

(Stepanenko, Valerio, Pilotti, JAMES, 2020)
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Figure 9. The same as Figure 8 but for TC (14.8 m) and LDS (14.8 m) locations.
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Results with Iseo Lake : temperature series
(Stepanenko, Valerio, Pilotti, JAMES, 2020)

- T
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T
4H --. T
T

el .
-
-

Temperature, Celsius

_2-‘_

¢
\‘\)
NS
\)

Time, days

Figure 10. The same as Figure 8 but for TC (19.8 m) and LDS (19.8 m) locations.
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Momentum and heat fluxes at several levels
under unstable and stable stratification

Stable

<u'w'>/t
<u'w'>/t

Computed (or measured) momentum flux
at the height ~ 1.5 m substantially differs
from the surface stress,
consistent with lake model experiments

Glazunov and Stepanenko, 2015,
Izvestiya, Atmospheric and Oceanic Physics
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Kuivajarvi Lake: water turbidity

K, (m") K, (m") K, (m")
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e i ol Y temperature is sensitive to
N |, St the extinction coefficient
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