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Abstract The inverse temperature layer (ITL) beneath water‐atmosphere interface within which
temperature increases with depth has been observed from measurement of water temperature profile at an inland
lake. Strong solar radiation combined with moderate wind‐driven near‐surface turbulence leads to the formation
of a pronounced diurnal cycle of the ITL predicted by a physical heat transfer model. The ITL only forms during
daytime when solar radiation intensity exceeds a threshold while consistently occurs during nighttime. The
largest depth of the ITL is comparable to the e‐fold penetration depth of solar radiation during daytime and at
least one order of magnitude deeper during nighttime. The dynamics of the ITL depth variation simulated by a
physical model forced by observed water surface solar radiation and temperature is confirmed by the observed
water temperature profile in the lake.

Plain Language Summary An idealized one‐dimensional heat transfer equation reveals the
physical mechanisms of water temperature increasing with depth beneath the water‐atmosphere interface
known as inverse temperature layer (ITL). Solar radiation is the dominant forcing of water temperature profile
while wind‐driven turbulent mixing is a critical process determining whether the ITL forms. The limited depth
of the ITL poses a constraint on the rate of heat transfer from the water body into the atmosphere. The
dynamics of the ITL plays an important role in the water and energy cycle of large water bodies such as lakes
and oceans.

1. Introduction
Inverse temperature layer, in a boarder sense, is the part of a natural water body (e.g., lake, ocean, etc.) underneath
the water‐atmosphere interface where temperature increases with depth. The ITL is a ubiquitous phenomenon in
the Earth system. The cool‐skin on the top of oceans (Saunders, 1967; A. V. Soloviev & Schlüssel, 1994, 1996) is,
for example, a thin (millimeter thick) conductive ITL. A recent observational study by J. Wang et al. (2023)
reported a different type of ITL (referred to as the ITL herein) on the top of a large mid‐latitude inland water body
that differs from the cool‐skin in several aspects. The concept of oceanic ITL was implied previously (A. Soloviev
& Lukas, 2014) although direct field observations of oceanic ITL are not available, to our knowledge, but was
hinted by circumstantial evidence (e.g., A. Soloviev & Lukas, 1997). Direct observation of the ITL is difficult as it
requires high resolution (e.g., ≤10−1 m) measurements of water temperature profile beneath water‐atmosphere
interface. The ITL depth, defined as the distance below the water surface at which vertical temperature
gradient vanishes (see Figure 1 of J. Wang et al. (2023)), was found to be on the order of 1 m with pronounced
diurnal cycle, shallower during daytime and deeper during nighttime. The observations also revealed a close
correspondence between the ITL structure (water temperature profile), solar radiation and water surface heat flux.
The impact of wind speed on the ITL was evident but subtle. The ITL was found to persist through the seasons at a
mid‐latitude lake (J. Wang et al., 2023).

The ITL plays a critical role in the energy budget of water surface and exchange of water and heat between water
bodies and the atmosphere, which are directly coupled with water temperature (J. Wang et al., 2023). The ex-
istence of the ITL is a necessary condition of heat transfer from water into the atmosphere. Solar radiation energy
enters the water surface energy budget through heat transfer from warmer below‐surface temperature toward
cooler water surface through ITL without which only downward heat transfer at the water‐atmosphere interface is
possible. Contrary to the thin cool‐skin with negligible thermal energy (heat) storage, the ITL has substantial heat
storage resulting from the absorption of solar radiation. The change of the ITL heat storage is the only energy
source of latent, sensible and outgoing longwave radiation flux at the surface when solar radiation is absent during
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nighttime. The ITL dependent water surface heat flux (J. Wang et al., 2023) is a strong constraint on the latent and
sensible heat flux over water surface.

Previous studies on the ITL indicate that it can vary between 100 and 101 m. The observed ITL has a clear diurnal
cycle, being shallower during the day and deeper at night. Seasonal variations are also evident, with the ITL more
pronounced in summer due to higher solar radiation (J. Wang et al., 2023). In this study, we investigate the
mechanisms responsible for the observed behaviors of the ITL. Specially, we aim to identify the environmental
conditions of the existence and diurnal cycle of the ITL focusing on the effect of solar radiation and wind driven
near‐surface turbulence on water temperature profile. A physical model of heat transfer of near‐surface layer is
used to characterize the combined effect of solar radiation and wind. An analytical solution of water temperature
profile was derived to express the ITL depth, when exists, in terms of solar radiation intensity and wind speed
dependent intensity of turbulence. The theoretically predicted and modeling analysis of the ITL is validated
against available field observations of water temperature profile.

2. A Physical Model of the ITL
Temperature distribution of the water surface layer T(z, t) is often described by a one‐dimensional heat transfer
equation (Guo et al., 2021; Kirillin et al., 2021; Yang et al., 2017),

∂T
∂t

=
∂
∂z

(α
∂T
∂z

) +
q0(z, t)
ρwcw

, (1)

where z ≥ 0 is the water depth, ρw and cw the density and specific heat of water, respectively, α the eddy‐
diffusivity, and q0 represents the volume heat source due to the absorption of solar radiation by water. Hori-
zontal advection is neglected when the size of the water body is much larger than the depth of water surface layer
(Hostetler & Bartlein, 1990; Hostetler et al., 1994). Since the depth of the ITL is much smaller than that of water
body (J. Wang et al., 2023), the depth of water body may be treated as semi‐infinite (Gu et al., 2015; Karagounis
et al., 1993; Subin et al., 2012). Use of a semi‐infinite domain allows analytical solution of Equation 1 to facilitate
the analysis of the ITL behavior. α, characterizing water surface layer turbulence strongly affected by wind speed
over the water surface, varies in principle with time and depth (Large et al., 1994; Van Roekel et al., 2018; Zhang
et al., 2019). For the purpose of revealing the effect of water surface layer turbulence on the formation and diurnal
cycle of the ITL, constant α is assumed to characterize surface layer turbulence driven by fixed wind speed (with
prescribed solar radiation heating). The representative values of α may be obtained using a common parame-
terization (Henderson‐Sellers, 1985). q0 is described by the Beer's Law (Defant, 1963; Hale & Querry, 1973),

q0(z, t) = −
∂
∂z

{exp(−
z
d

)} Rs
n(t) (2)

where d is the e‐fold penetration depth of solar radiation and Rs
n the net solar radiation at water surface entering

water body.

Equation 1 has an analytical solution in dimensionless form T̃(z̃, t̃) (A. Soloviev & Lukas, 2014),
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where T̃ ≡ (T − T0)/ ΔT, T0 a constant reference temperature (e.g., uniform initial water temperature), ΔT is an
arbitrary constant diurnal amplitude of water surface temperature, z̃ = z/d, t̃ = ω0t, ω0 ≡ 2π/τ0, τ0 the time scale
(e.g., the length of day for diurnal cycle or the length of year for seasonal cycle), erf and erfc the error and
complementary error function, respectively. The dimensionless solar radiation R̃ and eddy‐diffusivity are defined,
respectively, as,

α̃ ≡
α

ω0d2 , R̃ ≡
Rs

n
ρwcwω0dΔT

(4)

Note that the dimensional solution of T(z, t) according to Equation 3 does not explicitly depend on ΔT as both T
(z, t) and Rs

n are non‐dimensionlized by ΔT, nor does it explicitly depends on ω0 as both α and t are non‐
dimensionalized by ω0. The analytical solution in Equation 3 is applicable to any time scale. The assumption
of uniform initial water temperature as a mathematical convenience (for deriving the analytical solution) does not
affect the usefulness of the analytical solution as long as the integration time is sufficient long (e.g., several days).
An analytical solution of Equation 1 for the case of time‐varying eddy‐diffusivity α(t) to represent the effect of
variable wind speed is given in Equation A1 in Appendix A.

If the ITL forms, its depth is the shortest distance from the water surface z̃0 where water temperature reaches
maximum solved from,

∂T̃
∂z̃

= 0,
∂2T̃
∂z̃2 < 0, (5)

according to the analytical solution T̃ in Equation 3.

3. Formation and Diurnal Cycle of the ITL
To reveal the role of net solar radiation in the formation and diurnal cycle of the ITL, an idealized diurnal cycle of
solar radiation Rs

n is used in Equation 3 to simulate T̃(z̃, t̃) ,

Rs
n = max(R0 sin(ω0t), 0) (6)

where R0 is the constant diurnal amplitude of Rs
n and t = 0 is the local sunrise time. The effect of the heat exchange

at the water‐atmosphere interface on the formation and diurnal cycle of the ITL is characterized by an idealized
water surface temperature,

T(0, t) = T0 + ΔT sin(ω0t + ϕ0) (7)

where ΔT is a constant diurnal amplitude of water surface temperature variations and ϕ0 the constant phase
difference between surface temperature and solar radiation. Field observations indicate ϕ0 ∼ π/4 (Yang
et al., 2017). The effect of wind speed on the water surface energy budget is implicitly represented by the pre-
scribed ΔT (e.g., ∼1–3°C) as wind speed plays a crucial role in both atmosphere and water surface layer tur-
bulence. Assumed constant ΔT, like the constant eddy‐diffusivity α in Equation 1 and solar radiation R0 in
Equation 6, facilitates the analysis of the mechanisms of the formation and diurnal cycle of the ITL.

Figure 1 shows the diurnal cycle of the (dimensionless) ITL depth z̃0 corresponding to the prescribed Rs
n and T(0, t)

in Equations 6 and 7 varying with α̃ in Equation 4 and ΔR̃ defined as,

ΔR̃ ≡
ΔR

ρwcwω0dΔT
, (8)

the sunrise time t = 0 in Equation 6 is set as 6:00 in Figure 1. The white regions in the five panels of 08:00–16:00
indicate that the daytime ITL does not exist for certain combinations of α̃ and ΔR̃ when solar radiation intensity is
low, for example, ΔR̃ < ∼ 5, or α̃ is not too large depending on ΔR̃ when ΔR̃ > ∼ 5. The ITL forms during
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daytime only when solar radiation is sufficiently strong while wind‐driven turbulence is not too strong. Figure 1
further reveals that the daytime ITL reaches maximum at moderate α̃ (or wind speed). On the contrary, the ITL
persists during nighttime regardless of the solar radiation intensity during daytime. The ITL depth during
nighttime increases with α̃ (or wind speed) as shown in Figure 1.

It is important to emphasize that a shallower daytime ITL (Figure 1) does not necessarily correspond to a stronger
temperature gradient near the water surface since wind‐driven turbulent mixing tends to reduce the ITL tem-
perature gradient. A greater ΔR̃ leads to a greater temperature gradient at the water surface everything else being
equal. Large α̃ due to high wind speed may disrupt the ITL. Therefore, the ITL tends to form under the condition
of strong solar radiation and moderate wind speed (or near‐surface layer turbulence) as shown in Figure 1.
Furthermore, Figure 1 shows a rapid decrease of the ITL depth around the sunrise time (more clearly demon-
strated in Figure 2), suggesting the dominant role of solar radiation in the diurnal cycle of the ITL. This finding is
confirmed by the observed and simulated ITL depth using observed solar radiation and water surface temperature
(Figure 2) discussed next.

Figure 1. Diurnal cycle of the dimensionless inverse temperature layer depth z̃0 varying with α̃ in Equation 4 and ΔR̃ in Equation 8 derived from the analytical solution T̃
in Equation 3. The blue triangle represents the value of α̃ and ΔR̃ from the observation.
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4. A Case Study
The theoretical analysis of the ITL shown in Figure 1 can be validated through modeling water temperature profile
using Equation A1 forced by observed solar radiation, water surface temperature and wind speed for parame-
terizing eddy‐diffusivity α in Equation 1. The field observations were made at Ross Barnett Reservoir in Mis-
sissippi (32°26′N, 90°02′W) (Figure S1 in Supporting Information S1) (Liu et al., 2012). The observed solar
radiation, water surface temperature and wind speed for 19–25 June 2022 used in this study are shown in Figure 3.
Thermistors were installed at 0.05, 0.10, 0.15, 0.20, 0.25, 0.275, 0.35, 0.425, 0.5, 0.575, 0.825, 1.075, 1.325,
1.575 m depth at 1 min interval (model 107‐L, Campbell Scientific, Inc.). Water temperature measured at 0.15,
0.20, and 1.575 m was excluded in this study due to sensor failure. During the study period, all sensors were re‐
calibrated to correct biases using water surface temperature measured by an infrared thermometer. Since
nocturnal mixing often causes nearly uniform temperature profile around midnight when wind speed exceeds
5 m s−1 (Liu et al., 2016), all thermistors were re‐calibrated by adding an offset relative to surface temperature.
Due to limited resolution of water temperature measurements, the data points are interpolated to obtain a smooth
temperature profile (see Supporting Information S1) for calculating the ITL depth according to Equation 5.
Stronger nighttime mechanical mixing resulting from high wind speed leads to weak temperature gradient
especially at deeper depth where the temperature data have lower resolution, making it difficult to derive the ITL
depth from the interpolated smooth temperature profile. Those ITL depths were treated as missing points in
Figure 2.

Numerous parameterizations of eddy diffusivity have been formulated in terms of wind speed, stratification,
turbulent kinetic energy and dissipation rate. The commonly used Henderson‐Sellers (1984) parameterization
integrates the effects of forced and free convection on near‐surface layer turbulence. The surface friction velocity
expressed as a function of wind speed at 2 m is linked to the buoyancy frequency due to water density stratifi-
cation. Another commonly used K‐Profile Parameterization (Large et al., 1994; Van Roekel et al., 2018) of the
eddy diffusivity is expressed in terms of a velocity scale and a vertical shape function. Buoyancy driven heat
transfer caused by density gradient and wind shear (Large & Pond, 1982) is formulated based on Monin–Obukhov
similarity theory (MOST) (Monin & Obukhov, 1954) in terms of a dimensionless similarity function of bulk
Richardson number (Large et al., 1994). The similarity function may be approximated by, for example, a cubic
polynomial with empirical coefficients (O’Brien, 1970). Eddy diffusivity may also be parameterized in terms of
the dissipation rate of turbulent kinetic energy, often expressed in terms of density gradient dependent buoyancy
frequency (Thorpe & Deacon, 1977). Alternatively, the dissipation rate can be expressed as a function of the
kinetic energy flux into the mixed layer and the mixed‐layer depth (Imberger, 1985). These formulas of eddy
diffusivity have nearly uniform distribution across the near‐surface layer (Colman & Armstrong, 1987; MacIntyre
et al., 2021; Salas de Leon et al., 2016; Sweers, 1970; Y. Wang et al., 2019; Webster & Hutchinson, 1994; Zhang
et al., 2019). Such formulated eddy diffusivity is shown to be useful only when averaged over the size of an

Figure 2. Observed (blue) versus simulated (red) inverse temperature layer depth using Equation A1 with observed solar radiation and water surface temperature for 19–
25 June 2022.
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overturn (Thorpe & Deacon, 1977). Recent field measurements suggest a depth‐uniform eddy diffusivity near the
water surface (van Haren, 2019), especially for the case when the ITL is shallow compared to the water body
depth (e.g., <∼1 m vs. ∼5–6 m (J. Wang et al., 2023)). The use of a depth‐uniform eddy diffusivity in physical
models has also been justified in previous studies (Boufadel et al., 2020; French‐McCay et al., 2018; Paris
et al., 2012). Time‐dependent models align more closely with observed temporal dynamics of wind and solar
radiation, making them practical and accurate for applications where spatial variations may not be as critical (Li
et al., 2021). These models simplify the computational framework by focusing on temporal changes, reducing
complexity and computational load compared to models accounting for both time and spatial variations, which is
particularly beneficial in simulations where computational resources are limited (Holtslag & Moeng, 1991).
Investigations into nonlinear heat equations have used time‐dependent coefficients to better capture transient
behaviors (Minh et al., 2018), acknowledging that turbulent transfer is significantly influenced by temporal
changes in turbulence intensity (Vallis, 2017). Additionally, time‐dependent models often require fewer pa-
rameters to define eddy diffusivity, making them easier to calibrate and adjust based on available data, which is
particularly useful in scenarios where data on spatial variations are scarce or unreliable (Hanjalić &
Launder, 2020). In this study, wind speed dependent formula of eddy diffusivity is used following Henderson‐
Sellers (1985) and Walters et al. (1978). The coefficient of eddy diffusivity formula (i.e., 6.5 × 10−6) in Equa-
tion A3 in Appendix A estimated from the observed water temperature profile is consistent with a recent study of a
shallow lake (van Haren, 2019). A detailed comparison can be found in Supporting Information S1.

The physical model captures the diurnal cycle of the ITL depth (Figure 2) with the simulated temperature profile
(Figure S2 in Supporting Information S1). Daytime ITL depth ∼0.1 m is consistent with the observed ITL depth
derived from the measured water temperature profile. The modeled ITL depth is shallower during daytime and

Figure 3. (a) Net solar radiation, (b) wind speed (daytime in red, nighttime in blue), (c) water surface temperature at Ross Barnett Reservoir 19–25 June 2022.
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growing quickly deeper around the sunset time reaching its maximum around sunrise time next day. During the
study period, ΔR̃ ∼ 8 with the measured e‐fold penetration depth d ∼ 0.3 m and ΔT ≃ 1.4°C at the Ross Barnett
Reservoir. The representative eddy‐diffusivity α ≃ 10−6 m2 s−1 under daytime moderate wind and more stable
condition (Figure S3 in Supporting Information S1) (Vercauteren et al., 2011) corresponds to α̃ ≃ 0.34. The
persistent ITL during the study period is confirmed by the observed dimensionless parameters α̃ and ΔR̃ located
within the domain of the formation of the ITL (Figure 1).

The discrepancies between the observed and modeled ITL depth (Figure 2) arguably have two main causes. First,
the expression in Equation A3 in Appendix A assumes a linear relationship between eddy diffusivity and wind
speed with a constant coefficient. While using a wind speed dependent formula of eddy diffusivity has been
justified, linear dependence of eddy diffusivity on wind speed may be less accurate than other formulas (e.g.,
power function as Equation 22 in Henderson‐Sellers (1985)) since it may over‐ or underestimate the simulated
water temperature profile and the ITL depth. Eddy diffusivity expressed in the form of a nonlinear function of
wind speed may improve the model simulations. However, the estimation of multiple parameters of nonlinear
empirical formula is subject to the over‐fitting problem (Vercauteren et al., 2011). Second, re‐calibration of
below‐surface thermistors against infrared thermometer may not correct all systematic biases. Limited spatial
resolution of temperature data and missing data points due to sensor failure during the study period lead to more
measurement errors of temperature profile, hence higher uncertainty of the derived ITL depth. This is particularly
of concern during nighttime when deeper ITL depth (than during daytime) is located where the spacing between
thermistors is greater. Despite of the measurement errors of the temperature profile, the reasonable agreement
between the observed ITL depth and the model simulations in Figure 2 indicates that the idealized physical model
is able to capture the main features of the ITL dynamics at diurnal scale.

5. Turbulence in the Lake Surface Layer With the Existence of ITL
The analysis of the ITL's impact on surface layer turbulence uses the data from 2007, which includes lake
temperature profiles down to 4.5 m below the surface. Recently, to better capture ITL dynamics near the surface,
temperature sensors were repositioned closer to the lake surface, resulting in a lack of temperature profiles for
deeper layers. Detailed information about the previous experimental setup is available in studies by J. Wang
et al. (2023) and Liu et al. (2012). Diurnal stratification and mixing in the upper water column of Ross Barnett
Reservoir are directly linked to surface buoyancy flux β, and friction velocity u*. β is calculated as
β = gαH/ (Cpρs) , where g is gravity, α is the thermal coefficient of expansion, H is lake surface heat flux, Cp is
specific heat capacity, and ρs is the density of water at the surface. During the morning heating period with low to
moderate wind speed around 1 m s−1, as on 28 and 29 August, low u 3

∗ minimally drives near‐surface mechanical
mixing (Figure 4b), the water below the lake surface heats rapidly, causing the depth of the ITL to become
shallower (Figure 4c). A diurnal thermocline develops, separating the actively mixing layer from the remnant
layer. With the presence of the ITL, surface buoyancy flux is always negative, indicating an inverse density
gradient (density decreasing with depth). Convective mixing of the ITL is enhanced as the magnitude of β in-
creases due to the shallower daytime ITL(∼0.3 m), accompanied by the descent of the diurnal thermocline
(Figure 4c). Shallower daytime ITL could disrupt the ITL through enhanced convective mixing, but insufficient to
destroy the ITL (Figure 4c).

The depth of the actively mixing layer zAML (Figure 4c) is determined from the lake temperature profile based on
the criterion by MacIntyre et al. (2021). Strong daytime solar radiation with a peak of approximately 900 Wm−2 at
noontime results in positive effective heat flux H∗ (the sum of surface heat flux H and solar radiation absorbed
within the actively mixing layer zAML) (Imberger, 1985). Buoyancy flux into the actively mixing layer β∗ in-
dicates heating or cooling within the actively mixing layer (calculated from H∗ instead of H) (MacIntyre
et al., 2021; Tedford et al., 2014), often increases to about 4 × 10−7 m−2 s−3 at noontime (Figure 4a), indicating a

strong solar heating within the actively mixing layer. The water friction velocity is u∗w =
̅̅̅̅
τ

ρw

√
with ρw the density

of water and τ the shear stress on the lake surface assuming that shear stress is continuous at the air–water
interface (MacIntyre et al., 2021; Ramón et al., 2022; Tedford et al., 2014). The Monin‐Obukhov length of the
water surface layer, LMO = u3

∗w/κβ∗, characterize the relative magnitude of turbulence production from wind and
from buoyancy flux (Csanady, 2001). The ratio |LMO/ zAML| represents the fraction of the surface layer in which
shear production of turbulence dominates over buoyancy flux (Imberger, 1985). |LMO/ zAML| > 1 implies that
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wind dominates turbulence production in the actively mixing layer (MacIntyre et al., 2021). During the daytime
heating period with low and moderate wind and large β∗, for example, 28 and 29 August, LMO approaches zero,
corresponding to strong near‐surface stratification. Near sunrise, following nocturnal cooling and stronger wind,
zAML is at the top of the seasonal thermocline (Tedford et al., 2014). On windier days such as 30 August and 1
September, LMO often extends beyond zAML, indicating strong wind shear predominantly drives turbulence

Figure 4. (a) Surface buoyancy flux (β) (blue), and buoyancy flux into the actively mixing layer(β∗) (red), (b) Friction velocity cubed (u 3
∗ ) (blue) and wind speed at 4 m

(U4) (red), (c) Temperature profile with actively mixing layer depth (zAML) (black dashed), (d) Monin‐Obukhov length scale (LMO) in the water under heating (red) and
cooling (blue) (e) |LMO/ zAML| at Ross Barnett Reservoir 27 August–02 September 2007.
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throughout most of the mixing layer. Observations indicate that wind‐induced mechanical mixing is stronger than
thermally induced convection in disrupting the ITL (Figures 4c and 4e).

6. Conclusion
Solar radiation and wind‐driven surface layer turbulence are shown to be the dominant mechanisms of the for-
mation and diurnal cycle of the ITL. The daytime ITL only occurs when solar radiation intensity is sufficiently
strong and wind‐driven surface layer turbulent mixing is moderate. Strong wind tends to destroy the ITL even for
strong solar radiation. The ITL prevails during the night regardless of the daytime solar radiation intensity and
wind speed. The ITL depth has pronounced diurnal cycle shallower during daytime and deeper during nighttime.
The daytime ITL depth is comparable to the e‐fold penetration depth of solar radiation. For a given level of solar
radiation intensity, maximum ITL depth corresponds to an intermediate wind speed. The ITL depth is at least one
order of magnitude greater during nighttime than daytime. The behavior of the ITL predicted by the physical
model is confirmed by field observations at an inland lake.

Appendix A: Analytical Solution of Equation 1 with Variable α
The analytical solution of Equation 1 with variable eddy‐diffusivity α(t) is expressed,

T(z, t) = ∫

t

0
T(0, τ)d[erf (

z
2

̅̅̅̅̅̅̅̅̅̅̅̅̅
D(t, τ)

√ )]

+
1

2ρwcwd
∫

t

0
exp(−

D(t, τ)

d2 ) [exp(−
z
d

) erfc(

̅̅̅̅̅̅̅̅̅̅̅̅̅
D(t, τ)

√

d
−

z
2

̅̅̅̅̅̅̅̅̅̅̅̅̅
D(t, τ)

√ )

−exp(
z
d

) erfc(

̅̅̅̅̅̅̅̅̅̅̅̅̅
D(t, τ)

√

d
+

z
2

̅̅̅̅̅̅̅̅̅̅̅̅̅
D(t, τ)

√ )] Rs
n(τ)dτ

+
1
2

∫

∞

0
T(ξ, 0)d[erf (

ξ − z
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
D(t, 0)

√ ) − erf (
ξ + z

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
D(t, 0)

√ )]

(A1)

where τ and ξ are integration (time and depth) variables, respectively, and

D(t, τ) = ∫

t

τ
α(s)ds (A2)

A derivation of Equation 9 is given in Supporting Information S1. The lake surface temperature T(0, t) may be
solved from coupled water and surface atmospheric models (Jing & Wang, 2023; Kayastha et al., 2023;
MacKay, 2012).

The eddy diffusivity is parameterized by 2 m wind speed U (Henderson‐Sellers, 1985), given by

α = 6.5 × 10−6U. (A3)

Data Availability Statement
The data used in this study is publicly available from Jing (2024) and J. Wang et al. (2022).
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