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Abstract An “inverse-temperature layer” (ITL) of water temperature increasing with depth is predicted
based on physical principles and confirmed by in situ observations. Water temperature and other meteorological
data were collected from a fixed platform in the middle of a shallow inland lake. The ITL persists year-around
with its depth on the order of one m varying diurnally and seasonally and shallower during daytimes than
nighttimes. Water surface heat flux derived from the ITL temperature distribution follows the diurnal cycle

of solar radiation up to 300 W m~2 during daytime and down to 50 W m~2 during nighttime. Solar radiation
attenuation in water strongly influences the ITL dynamics and water surface heat flux. Water surface heat flux
simulated by two non-gradient models independent of temperature gradient, wind speed and surface roughness
using the data of surface temperature and solar radiation is in close agreement with the ITL based estimates.

Plain Language Summary Heat stored in water bodies resulting from the absorption of solar
radiation is the energy supply of evaporation and sensible heat flux into the atmosphere from water surface.
Transfer of the thermal energy from water body into the atmosphere is only possible when water temperature
increasing with depth within the top water layer referred to as the “inverse temperature layer (ITL).” The
existence and persistence of the theoretically predicted phenomenon are demonstrated by the field observations
of water temperature profile at an inland lake. The ITL depth is found to be comparable to the penetration depth
of solar radiation with evident diurnal and seasonal cycles following closely those of solar radiation. Further
understanding and analysis of the ITL process require higher resolution data of water temperature and solar
radiation profiles within the top-layer than those commonly collected in previous field experiments.

1. Introduction

Solar radiation absorbed by large water bodies such as lakes and oceans is stored in the form of thermal energy
as the energy source of longwave radiation and turbulent heat fluxes over the water surfaces (Soloviev &
Lukas, 2014). Most of the solar radiation is absorbed within the top water layer of as solar radiation attenuates in
water following the Beer's law (e.g., Lee et al., 2014). Observed water temperature tends to decrease with depth
(e.g., Peixoto & Oort, 1992), implying that thermal energy (or heat) is transferred from shallower into deeper
depth. Meanwhile, heat transfer from water into the atmosphere to balance latent heat (evaporation), sensible
heat flux and net longwave radiation loss is only possible when there exists a layer beneath the water-atmosphere
interface within which water temperature increases with depth, referred to herein as the “inverse temperature
layer” (ITL).

The ITL distinguishes from the “cool-skin,” a thin conductive layer on the order of 10~3 m or less at the top of
oceans (e.g., Saunders, 1967; Soloviev & Schliissel, 1994, 1996), in two major ways. First, the ITL as a storage
of thermal energy has much greater depth than that of cool-skin under common meteorological conditions, for
example, wind speed <15 — 20 m s~! (Boyle, 2007). Since solar radiation is the dominant energy source, the
ITL depth is expected to be comparable to the penetration depth of solar radiation on the order of 10~! to 10! m
(Defant, 1961). Field observations of water surface energy budgets (e.g., Liu et al., 2012) have shown that radi-
ation and turbulent heat fluxes over water surface are on the order of 10> W m~2 with the diurnal variations of
water temperature on the order of 1-3°C. The conserved energy budget requires the ITL depth to be on the order
of 10° m, which is consistent with the penetration depth of solar radiation. Second, the heat and momentum
transfer within the ITL is driven by wind and thermally induced turbulent mixing while the cool-skin is a conduc-
tive layer. Therefore, the ITL depth is expected to have pronounced diurnal and seasonal cycles in response to
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(a) z solar radiation modulated by wind speed. The ITL also differs in at least
7; V two aspects from the warm-layer on the top of ocean (Fairall et al., 1996).

First, the ITL has thermally unstable stratification within which temperature

inverse tcmper\am:e\layer increases with depth, while the warm-layer is reportedly stably stratified.

-D Second, the existing observational evidence (reported in this study) indicates

the ITL persists at nighttime, while the warm-layer was destroyed by the

nighttime convective mixing. Figure 1a shows a conceptual diagram of the

T f ITL of a certain depth below which water temperature either decreases with
W(Z’ ) depth or is possibly nearly uniform within the mixed layer.

The theoretical prediction of the ITL can be verified using the observations

of water temperature profile at high resolution (e.g., ~10~! m). Even though

high resolution in situ measurements of water temperature of the top 107! to
10" m layer are uncommon, earlier observational studies provided circum-
stantial evidence of the ITL (Fairall et al., 1996; Keister & Tuttle, 2013;
Majidi et al., 2015; Rostad & Kaartvedt, 2013; Vercauteren et al., 2011; Yang
et al., 2017) qualitatively consistent with the theoretical prediction. A phys-
ically based model also predicts the existence of the ITL with depth on the
4 v order of 10° m (Kirillin et al., 2021). Existing observations of water temper-

ature of inland lakes suggest that the ITL is persistent at daily to monthly

l scales with depths on the order of 10°~10' m. Since solar radiation attenu-
Q ates exponentially with depth according to the Beer's law, water temperature
gradient ought to be greater near the surface than at deeper depth. This study

reports direct evidence of the ITL, its diurnal and seasonal variations and the

Figure 1. (a) The “inverse-temperature layer” (Inverse temperature layer corresponding water surface heat flux using the field data of higher resolution
(ITL)), within which water temperature T,,(z, t) increases with depth (—z), water temperature from an inland lake (Liu et al., 2009, 2012, 2016; Zhang
with surface temperature T; and the ITL depth D. (b) Radiation and heat fluxes & Lju, 2014). Since water surface heat flux cannot be measured directly,

at water surface: evaporation (latent heat flux) E, sensible heat flux H (positive
into the atmosphere), and water surface heat flux Q (positive away from water
surface). Rﬁ (incoming solar radiation), Rl (reflected solar radiation) and R,

the ITL based estimates of water surface heat flux is validated against two
physics-based models.

(solar radiation entering water) are positive. R% (net longwave) is defined as
positive toward the water-air interface. See water surface energy budget in

Equation 1.

2. Data and Methods
2.1. Field Data

A 5-mflux tower assembled at Ross Barnett Reservoir (hereafter the reservoir),

Ridgeland, Mississippi (32°26'N, 90°02'W) provides the eddy-covariance
(EC) and micrometeorological measurements (Figure S2 in Supporting Information S1). The reservoir has a
surface area of ~134 km? and water depth of 4-8 m. The distance from the tower to the shore ranges from 2 to
~14 km thereby satisfying footprint requirements for EC flux measurements (Liu et al., 2012). An EC system
installed at 2.8 m above the water surface consists of a sonic anemometer and an open path CO,/H,O infrared gas
analyzer. A datalogger recorded 10 Hz 3D wind velocities, temperature and CO, and water vapor density. Other
meteorological measurements include four components of radiation at 1.2 m, air temperature and relative humid-
ity at 1.9, 2.8, 3.3, 4.0, and 5.2 m, and wind speed and direction at 5.2 m with additional wind speed at 3.3 and
4.0 m. An infrared temperature sensor was deployed to measure water skin temperature 7. Ten water temperature
T,, probes attached to a buoy are placed at 0.5, 1.0, 1.5, 1.8, 2.5, 3.0, 3.5, 4.0, and 4.5 m depth.

2.2. Models of Water Surface Heat Flux Q

Q (Figure 1), like its counterpart ground heat flux at land surface, cannot be measured directly. Q obtained using
the eddy-covariance method (e.g., Berg et al., 2020) as an approximation is uncommon. The flux tower at the
reservoir is not equipped with an underwater EC system. Therefore, the models of Q are needed for monitor-
ing and simulating the water surface energy budget. The newly formulated ITL based Q described in Section 4
belowviewed as “observed” Q in this study is validated using two well tested models (Wang et al., 2014), namely
the Maximum Entropy Production (MEP) and Half-Order-Derivative (HOD) model formulated based on entirely
different theories. The MEP and HOD model predict Q from instantaneous and time-history records of radiation
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fluxes and water surface temperature, respectively. The two model are referred to as non-gradient models of heat
fluxes since they do not use temperature gradient data.

The MEP model predicts the full energy budget of water surface (Q, E, H inFigure 1) (e.g., Soloviev & Lukas, 2014),

Ry=R!-R!
)]
RE=E+H+Q

where R((>0) is the solar radiation entering water body, R! and R! the incoming and reflected solar radiation, R
the net long-wave radiation, E latent heat flux (evaporation or condensation) and H sensible heat flux. The MEP
solution of E, H, Q is expressed as,

]+B(G)+@Ll
(o}

Ih|H|s
E = B(6)H

H=Rn

2
O=R:-E-H

[ 11 A2 g
B(c)=6 1+ —0c-1),06= —
(o) < + 366 ) o Roc, TSZ

where R, = R' — R! + R is net radiation, I,, the thermal inertia of liquid water, I, the thermal inertia of (turbu-

lent) air (Wang & Bras, 2009), T; = T,,(z = 0,1) the water surface temperature, g, = ¢*'(T}) the saturation
specific humidity at T}, A the latent heat of vapourization of liquid water (2.5 x 10° T kg~!), R, the gas constant of
water vapor (461J K~! kg~!) and ¢, the specific heat of air at constant pressure (1,004 J K~! kg~!). B(c) in Equa-
tion 2 is the reciprocal Bowen ratio and ¢ is a dimensionless coefficient characterizing the relative role of water
availability (i.e., specific humidity) and temperature in the partition of radiation fluxes into theraml heat fluxes.

The MEP theory (Wang & Bras, 2009) introduces a “dissipation function” in terms of the turbulent/conductive
heat fluxes to characterize the state of non-equilibrium system through parameterizing the boundary layer turbu-
lence using the similarity theory (e.g., Arya, 1988). The heat fluxes are obtained by minimizing the dissipation
function under the constraint of surface energy balance (e.g., Equation 1). The MEP model does not use wind
speed and surface roughness as the model parameters. This is made possible by the parameterization of I, in
Equation 3 based on the extremum solution of the Monin-Obukhov similarity equations (Wang & Bras, 2010).

The HOD model of Q is formulated based on an analytical solution of the heat transfer equation for the conduc-
tive layer of cool-skin (Berg et al., 2020; Kaiser & Williams, 1974; Soloviev & Schliissel, 1996) expressed as a
functional of the time-history of R and T,,(0, t) under the condition of moderate wind speed (e.g., <15—20 m sTh,

0=—
\/;0 o7 \/:

s 3)
N x(t —
Z F; { %exp( K ; ?) )erfC<M> }Ro(r)dr
= ¢

1 G

Iw/'ML_<” Vr

1
s
where 7 is the integration variable, x the thermal diffusivity of liquid water, and F;, ¢; the coefficients in the
generalized Beer's law for the attenuation of solar radiation in seawater (Figure S1 in Supporting Information S1),

N
Is(z)= Y F, Z).z<0 4
3(2) Z:, em(g_) z )

where —z is the depth below water surface. The integration starts from the time (z = 0) when water temperature
profile is close to uniform (vanishing Q). The parameters F;, ¢; for sea water (Defant, 1961) have been used previ-
ously (e.g., Paulson & Simpson, 1981; Wang et al., 2014). The first term on the right-hand-side of Equation 3 is
known as the half-order-(time) derivative of T,,(0, ) (e.g., Miller & Ross, 1993), which this non-gradient model
is named after.
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The HOD model of Q avoids the temperature gradient formula of heat flux by relating the spatial variation of
temperature to temporal variation of temperature at the same location of the heat flux (e.g., Wang & Bras, 1999).
Similar to the MEP model, the HOD model of Q does not use wind speed and surface roughness as model
parameters assuming negligible divergence of horizontal advection within the conducive layer of cool-skin. Q in
Equation 3 is mathematically independent of the parameterization of the atmospheric boundary layer turbulence.
The non-gradient formulation of Q does not need the data of below water surface temperature. Both MEP and
HOD model does not include empirical tuning parameters.

3. Observational Evidence of ITL

Direct evidence of the ITL comes from temperature increasing with depth from water surface and then decreas-
ing with depth. The observed water temperature profiles shown in Figure 2 (and Figures S3—S6 in Supporting
Information S1) indicate that the ITL was persistent through the period from 24 August 2007 to 5 March 2008.
For example, water surface temperature T,,(z = 0) = T, (Figure 2b) is consistently lower than water temperature
at 0.5 m depth, T,,(0.5), measured by the histogram (Figure 2c) with 93.6% of the times 7,,(0.5m) — T, > 0.
During the period of 08/24/2007 to 01/08/2008, T,,(0.5m) — T, > 0 was observed 90.8% of the observation
times (half-an-hour sampling interval). Meanwhile, 7,,(0.5) is always higher than water temperature at 1.0 m
T,,(1.0) indicated by the corresponding histogram of 7,,(0.5) — T,,(1.0) > 0 (Figure 2d). The observed water
temperature profiles imply that the ITL depth D is 0 < D < 1 m, while T,, below 1.0 m decreases with depth
(T(1.0) = T,,(1.5,2.5,3.5,4.5) > 0). The temperature difference across the ITL is on the order of 1 — 2°C with
evident diurnal cycle and seasonal variation (Figure 3). The diurnal amplitude of the bulk ITL temperature gradi-
ent (T,,(0) — T,,(0.5)) is greater for the winter months (~—1°C) than the summer months (~—0.5°C). Note that the
times when of T,,(0) — T,,(0.5) > 0 during the field experiment period do not necessarily imply the disappearance
of the ITL. Instead, they are likely caused by shallower ITL depth 0 < D < 0.5 m, a possibility supported by the
analysis of Q discussed in Section 4.

The monthly mean diurnal cycles of T, profiles are illustrated in Figure 3 with the corresponding mean diurnal
cycles of solar radiation and wind speed in Figure S7 in Supporting Information S1. The ITL has consistent (mean)
diurnal cycle from summer to winter season. The ITL T,, reaches diurnal peak around 3 p.m. and solar radiation
peaks at local noon, while reaches diurnal low around sunrise time. This behavior is similar to that of surface soil
temperature (e.g., Wang & Bras, 1999). Shallower ITL (i.e., 0 < D < 0.5 m) when T,,(D) > T > T,,(0.5) mostly
occurring between 10 a.m. and 6 p.m. (local time) throughout the observation period is evidenced by 80% of the
times when Ty — T,,(0.5) > 0 (occurring less than 10% of the times during 08/24/2007-01/08/2008) are during
daytime hours. Similar diurnal variations of T,, below 1 m depth (Figure 3) further confirms the dominant role
of solar radiation in the seasonal variation of the ITL. Unlike solar radiation, wind speed did not have consistent
diurnal cycle (Figure S6 in Supporting Information S1) even though lake breeze with diurnal cycle is expected
(wind direct data not available). The intensity of the lake breeze, a type of mesoscale circulations driven by land
surface heterogeneity (Pielke et al., 1991; Rotunno, 1983), is reduced by synoptic wind (Wang et al., 1996).
Frequent synoptic and/or local convective weather systems passing through the reservoir area tend to suppress the
lake breeze. Therefore, persistent diurnal cycle of the ITL through the seasons (Figure 3) with irregular diurnal
variation of wind speed (Figure S6 in Supporting Information S1) suggests that wind speed plays a secondary
role relaive to that of solar radiation in the ITL dynamics. Further analysis of the effect of lake breeze on the ITL
dynamics will be possible when wind directin data become available. Quantitative analysis of the wind-driven
turbulence and the formation of the ITL requires physics-based turbulence models beyond the scope of this
study. The initial results of an on-going modeling study indicate that the ITL dynamics can be captured by a heat
transfer model with the input data of solar radiation and water surface temperature without using wind speed
data, suggesting that the effect of wind speed on the ITL were through water surface temperature resulting from
water-atmosphere interaction.

Even though wind driven turbulent mixing tends to reduce water temperature gradient, diurnally and seasonally
persistent ITL (Figures 2 and 3 and Figures S3—S7 in Supporting Information S1) under various wind conditions
implies that the ITL dependent Q (Section 4) is the continuous energy supply of longwave radiation and turbulent
fluxes over water surface. The modeling analysis of Q below further reveals that the effect of wind on the ITL
is well represented by water surface temperature as the modeled Q are in close agreement with the ITL based
estimate of Q without using wind speed data.
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Figure 2. Observed (a) solar radiation and wind speed, (b) water temperature profile 7, at the Ross Barnett Reservoir during 08/24-09/13/2007. (c) Histogram of
T,,(0.5m) — T, with positive values corresponding to the Inverse temperature layer (ITL). (d) Histogram of 7,,(0.5m) — 7T,,(1.0m) > 0 indicating the ITL depth between

0.5and 1.0 m.
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4. ITL and Water Surface Heat Flux

The heat storage change of the ITL poses a constraint on the surface energy budget (Figure 1b) as it is the energy
supply of (net) longwave radiation and turbulent heat fluxes at water surface. Water temperature profile 7,,(z, 1)
and solar radiation with zero water heat flux corresponding to vanishing temperature gradient at the bottom of the
ITL (Figure 1a) lead to an expression of Q according to the energy conservation of the ITL assuming negligible
divergence of horizontal advection,

0

0= cw% / Tu(z.0)dz — Ro[1 — I5(=D)]

-D

&)

where the first term on the right-hand-side is the time change rate of the ITL heat storage, Ip(z) a function
characterizing the attenuation of solar radiation in water (Kirillin et al., 2021; Soloviev & Lukas, 2014), and
Cyp (4.2 x 10°] K‘lm‘3) the heat capacity of water. Since direct measurements of underwater solar radiation is not
available, a paprameterization of I'5(z) in Equation 4 is used in this study for the estimation of underwater solar radi-
ation. Q coupling the water surface energy budget Equation 1 and the ITL (water body) energy budget Equation 5
reveals that solar radiation is the energy supply of turbulent heat fluxes and net longwave radiation over water surface.

Q in Equation 5 using water temperature and solar radiation data collected at the reservoir has evident diurnal
and seasonal cycles (Figure 4). One noticeable feature is the heat transfer from water body into the atmosphere
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indicated by positive —Q (also see Figure S7 in Supporting Information S1). Due to limited resolution of water
temperature measurements, the ITL depth D is taken as 0.5 m and the integral of T,(z, t) on the right-hand-side
of Equation 5 is approximated as the mean of water temperature at z = 0, 0.5, 1.0 m multiplied by D = 0.5 m. The
time derivative is computed using a central finite difference of 1 hour interval. Since underwater solar radiation
was not measured at the reservoir, a generalized Beer's law function (Equation 4 with the parameters given in Table
2 of Wang et al. (2014)) is used as a surrogate with I5(—0.5) ~ 0.5 (Figure S1 in Supporting Information S1).
The uncertainty in the estimated D and the relatively coarse resolution of water temperature measurements are
presumably responsible for the noisy estimates of half-an-hourly Q especially during winter months (Figure 4).

The diurnal cycle of Q has greater magnitude during daytime than night-time. The daytime —Q is on the order
of ~200—400 W m~> dominated by Ry, the second term on the right-hand-side of Equation 5 ~100—400 W m™>.
The magnitude of nighttime Q is on the order of ~S0W m~2 when solar radiation vanishes. The ITL temperature
increases twice as fast during the day as it decreases during the night. The amplitude of diurnal variations of
Tw(z, 0 at z =0,0.5,1.0 mis ~1-5"C (Figure 2 and Figures S3-S5 in Supporting Information S1). Summer time
—Q (Figure 4a) is about twice as large as winter time —Q (Figure 4b), which is apparently caused by the seasonal
cycle of solar radiation (Figure S7 in Supporting Information S1). One possible cause of the spurious fluctuations
in Q and the unrealistically large negative —Q during the winter months (Figure 4b) is the uncertainties of the
estimated D due to relatively coarse resolution of water temperature measurements and lack of underwater solar
radiation measurements. The uncertainty of Iz(D) may also contribute to the noisy Q since the absorption of
solar radiation is affected by water turbidity and the attenuation of solar radiation may deviate from that in Equa-
tion 4. Use of measured underwater solar radiation will reduce the uncertainty of Q obtained from Equation 5.
Nonetheless, the diurnal and seasonal variations of Q highlight the controlling role of the ITL in water surface
energy budget dominated by solar radiation. This is clearly demonstrated in the daily mean Q, wind speed and
solar radiation (Figure S7 in Supporting Information S1). The seasonal variation of daily mean Q follows closely
that of daily mean solar radiation decreasing from summer to winter, while daily mean wind speed does not have
apparent decreasing trend from summer to winter (Figure S7a in Supporting Information S1). The ITL based
estimates of Q (Figure 4) are consistent with the MEP and HOD model simulations for the entire period and the
agreement between them is even closer at daily scale (Figure S7 in Supporting Information S1). The three differ-
ent estimates of Q predict persistent heat transfer from water body into the atmosphere (i.e., —Q > 0).

The ITL based, MEP and HOD Q of magnitude ~200 W m~2 does not support the possibility of disappearing
ITL hinted by the events of T,,(0) — T,,(0.5) > 0 (Figure 2). When T,,(0) — T,,(0.5) > 0 occurred corresponding
t0|Q| ~ 200 W m~2 during day-time, the ITL tends to be shallower, that is, 0 < D < 0.5 m. The available data
suggest that the shallow ITL of the reservoir with 0 < D < 0.5 m was a frequent occurrence for at least ~10% of
the period of 08/24/2007 to 03/05/2008. Detection of the diurnal cycles of shallower ITL (e.g., <0.5 m) requires
even higher resolution (e.g., ~5 cm) data of the top-layer water temperature.

5. Discussions

The ITL dynamics and Q strongly depend on not only solar radiation at water surface but also its attenuation in
water body. The agreement of the HOD modeled (Equation 3) with the ITL based and MEP modeled Q (Figure 4;
Figure S7 in Supporting Information S1) is achieved when the attenuation of solar radiation in water is described
by I'zin Equation 4, which has a sharp gradient near the water surface corresponding to strong absorption within a
thin top layer of depth (<10 cm) (Figure S1 in Supporting Information S1). In contrast, a single-band exponential
attenuation profile I'r (Equation 1 in Kirillin et al., 2021), corresponds to weaker and more gradual absorption of
solar radiation in the top-layer. Use of a single-band attenuation function in the HOD model leads to substantial
biases in the HOD modeled Q compared to the ITL based and MEP modeled Q (not shown). The fact that I in
Equation 4 in the HOD model also simulates ocean surface heat flux in close agreement with the MEP model
(Wang et al., 2014) indicates that I originally formulated for seawater is a good approximation for freshwater,
justifying the generality of this parameterization of solar radiation attenuation in water. Meanwhile, water turbid-
ity may vary causing uncertainty of the attenuation coefficients (F;, ¢; in Equation 4) that need to be estimated
more accurately using the measurements of underwater solar radiation.

The heat storage of the ITL is the energy supply of the water surface longwave radiation (loss) and turbulent
heat fluxes. The inverse temperature gradient (i.e., temperature increasing with depth) of the ITL ensures heat
transfer from water body into the atmosphere. The magnitude of water heat flux (|Q]) is limited by the depth and
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temperature change rate of the ITL. According to Equation 5, nighttime |Q| is much smaller than the daytime |Q|
due to vanishing solar radiation. Limited amplitude of diurnal temperature variation (~2-3°C) and ITL depth
(~1 m) further constrains |Q| hence the heat transfer into the atmosphere especially during nighttime. This is
consistent with the observations that |Q| is substantially higher even though the ITL depth is shallower during
daytime, indicating the dominant role of solar radiation in |Q|. More accurate estimation of |Q| can be achieved
using high resolution measurements of water temperature and underwater solar radiation.

The unstable thermal stratification of the ITL is maintained under opposite forcings. The cooling effect of long-
wave radiation and evaporation at water surface tend to produce unstable thermal stratification, while the absorp-
tion of solar radiation in water tends to produce stable thermal stratification. The wind-induced (mechanical)
mixing tends to reduce the ITL temperature gradient. Therefore, stronger wind does not necessarily enhance |Q|
indicated by the relatively weak correlation between Q (and turbulent heat fluxes) and wind speed (e.g., Figure S7
in Supporting Information S1). Shallower daytime ITL corresponding to strong solar heating and stronger radia-
tive and/or evaporative cooling obscures the effect of wind-induced mixing on Q. Understanding of the interaction
between solar heating, radiative/evaporative cooling and wind-induced mixing and its impact on the ITLdynamics
and Q needs high-fedelity model (e.g., large-eddy simulation models for water boundary-layer) simulations with
realistic water surface boundary conditions from in situ observations. This should be a focus of future research.
Future research should also include an quantitative analysis of the diurnal and seasonal variation of the ITL (e.g.,
depth) using higher resolution (e.g., ~0.05 m) and longer duration (e.g., 1-3 years) data of water temperature
profile (e.g., Mor et al., 2018) and other meteorological variables such as underwater solar radiation profile.

6. Conclusions

The theoretical prediction of the inverse-temperature layer (ITL) over natural water bodies is supported by the
observations obtained from an inland lake. The ITL with depth up to one m persists year-round under all wind
conditions. The ITL tends to be shallower during daytime than nighttime. Heat transfer from the water body
into the atmosphere corresponds to water surface heat flux up to ~600 W m~2 during summer daytime and
~50 W m~2 during nighttime. Water surface heat flux simulated using two non-gradient models are consistent
with the ITL based estimates with evident diurnal and seasonal cycle following those of solar radiation. The ITL
and water surface heat flux depend on both solar radiation at water surface and its attenuation profile in water
body. Further quantitative analysis of the ITL dynamics needs high resolution (e.g., ~5 cm) measurements of
water temperature and underwater solar radiation profile.

Data Availability Statement
The data used in this study is publicly available from https://doi.org/10.5281/zenodo.7179025.
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