
1.  Introduction
Sea surface temperatures (SST) and inland water surface temperatures (IWST) are fundamental physical vari-
ables for understanding, monitoring, and predicting fluxes of heat, momentum, and gasses at the air-water 
interface (AWI). The analyses of SST and IWST data collected by various sensors have contributed to climate 
research (Donlon et al., 2002; O’Carrol et al., 2019). While several research studies have analyzed SST (Embury 
et al., 2012; Merchant et al., 2020; Saunders, 1967; Wu, 1971), far less attention has been reported in the investi-
gation of IWST (e.g., Wilson et al., 2013). Inland waters, including lakes and reservoirs, have more heterogenei-
ties and larger wind stress variabilities than ocean waters.

Surface water temperatures are often classified as skin or bulk temperatures, referencing the depth at which they 
are measured. At the AWI, infrared sensors measure the temperature of the very thin surface or “skin” layer of 
water. The thickness of the surface skin layer is on the order of micrometers. Over a few centimeters below the 
surface, water temperatures transitions to a nearly uniform temperature, commonly referred to as bulk temper-
ature. Bulk temperature is consistently warmer than skin temperature by a few tenths of a degree Celsius. This 
temperature difference is known as the cool skin effect or cool skin, which implies cooling of the waterside of the 
AWI and the occurrence of natural convection due to the unstable nature of the associated density profile. The 
thickness of the cool skin transition layer from the skin temperature to bulk temperature depends on the local heat 
flux at the AWI. The parameterizations of skin-to-bulk temperature transitions do not include natural convection 
that potentially affects the water layers in the proximity of the AWI (Bouffard & Wüest, 2019). Understanding 
the physical processes that control the cool skin effect is important for (a) correlating satellite derived skin 
temperature data with in situ bulk temperature; (b) transforming skin temperature measurements to bulk temper-
atures, needed to quantify greenhouse (CO2, CH4, N2O) gas transport at the AWI, and (c) determining the water 
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temperature measurement biases of the large number of satellite sensors that contribute to planetary datasets 
(Merchant et al., 2020).

We analyze in situ observations of temperature microstructure profiles and local meteorological conditions at 
Ramsey Lake, Minnesota, to quantify the cool skin in a small freshwater lake. Following Fourier's law of heat 
conduction, the local heat flux is estimated from the water temperature gradient and conductivity in the thin layer 
below the AWI. This thin region is called the diffusive thermal sublayer (DTS). The analysis of DTS thickness 
and local fluid flow variables provides: (a) parameterization of the DTS, (b) a physical model that quantifies the 
skin-to-bulk temperature transition, and (c) an estimate of the DTS temperature profile.

2.  Materials and Methods
2.1.  Study Site

Ramsey Lake (45°12′27″N, 93°59′43″W) is a residential and recreational lake located in Wright County in 
Minnesota, USA (Figure 1a). The lake has a surface area of 1.28 km 2 and a maximum depth of 24.4 m with a 
mean depth of 6.5 m. In summer the lake has a stable thermal stratification and in May and November, of each 
year, the temperature through the lake depth is approximately uniform.

2.2.  Temperature and Wind Speed Measurements

A floating research station, designed and built at the St. Anthony Falls Laboratory (University of Minnesota), 
was deployed and anchored on Ramsey Lake from July to October 2018. The research station's measurement 
location had a water depth of 18.0 m, enabling temperature profiling through the epilimnion, metalimnion, and 
hypolimnion (Figure 1a). The research station conducted synchronized monitoring of (a) wind speed and air 
temperature at 1.5 m above the water surface, and (b) water temperatures at 12 depths from 0.05 m to the bottom 
of the lake. The meteorological station and the thermistor chain collected data every 6 s and saved averaged data 
every 5 min. All the data were transferred to the central data logger (Campbell Scientific, CR1000, UT, USA), 
from which users uploaded the data via wireless telemetry to a server.

A Self-Contained Autonomous Microstructure Profiler (SCAMP, Precision Measurement Engineering, CA, 
USA) was used to measure and record high resolution profiles of water temperature, conductivity, pressure, and 
depth in the water column. On deployment, the microprofiler descends from the water surface to the bottom of 

Figure 1.  Example of a measured water temperature microstructure profile in Ramsey Lake, Wright County, Minnesota, USA. (a) Vertical profile of water temperature 
over the depth at the measurement location. (b) Measured water temperatures near the air-water interface (AWI), the diffusive thermal sublayer (DTS) thickness (δt), 
schematic of the temperature gradient, dotted line, at the AWI 𝐴𝐴 (

dT

dz
|𝑧𝑧=0) , bulk water temperature (Tb) outside of δt, and z is the vertical coordinate from the AWI (positive 

downward) in the water column.
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the lake, resides at the bottom for typically 5 minutes, and is set in motion from the bottom of the lake to the water 
surface with an approximate speed range from 0.07 to 0.12 ms −1 while collecting temperature, conductivity, pres-
sure, and time data at 100 Hz. A fast-response FP07 microthermistor measured the temperatures with an approx-
imate accuracy of 0.001°C and time constant of 7 milliseconds. The resulting spatial resolution of the measure-
ments was around 1.0 mm (100 mm/s × 0.01 s). The data from the fast-response micro-conductivity measurement 
having similar spatial resolution as the temperature were explored to detect the position of AWI since water has 
nearly 25 times larger thermal conductivity than air at similar temperatures. At the AWI (z = 0), the conductivity 
profile depicted a significant abrupt step change as the SCAMP transitioned from the water phase to the air phase. 
The time-interval between successive SCAMP profiles was on average 5 min, and the measurements generally 
started around 11 a.m. We report a total of 33 independent measurements in Ramsey Lake during the summer of 
2018 in July, August, and September. The reported microprofiles consistently depicted higher temperatures on 
the waterside of AWI than in the air above it.

2.3.  Temperature Microprofiles and Heat Fluxes at the Air-Water Interface

The waterside heat flux at the AWI can be estimated following Fourier's law of heat conduction (Fourier & Free-
man, 1888; Saunders, 1967; Wu, 1971; Wilson et al., 2013):

qs = −� dT
dz

|

|

|

|z=0
� (1)

where qs is the net heat flux out of the water, k is the conductivity of water, T is the temperature, dT/dZ|z = 0 is the 
local temperature gradient at the AWI (i.e., the cool skin gradient), and z is the vertical distance below the water 
surface (Figure 1b). Negative net heat flux implies cooling of the lake surface.

Accurate estimation of qs inherently depends on the temperature gradient at the AWI being correctly estimated. 
The cool skin thickness, 𝐴𝐴 𝐴𝐴

b

t
 , has been investigated as an essential component in the calculation of qs (Saun-

ders, 1967; Wilson et al., 2013; Wu, 1971) assuming a constant temperature gradient (linear temperature profile) 
through the cool skin region and thus 𝐴𝐴

dT

dz
|z=0 ∼

(Tb−Ts)
𝛿𝛿
b
t

 and

qs ≈ −
𝑘𝑘

𝛿𝛿
b
t

(Tb − Ts)� (2)

where Tb is the (nearly constant) bulk temperature immediately below the cool skin layer, and Ts is the water 
temperature at the AWI (Figure 1b). Cool skin temperature transitions from Ts to Tb, where heat conduction is the 
dominant heat transport process and is defined as the DTS.

A scaling expression for the vertical temperature distribution over 𝐴𝐴 𝐴𝐴
b

t
 in the presence of natural convection can be 

derived by simplifying the steady-state energy equation in the proximity of the AWI. The energy equation reads

u
𝜕𝜕T

𝜕𝜕x
+ w

𝜕𝜕T

𝜕𝜕z
+

𝜕𝜕

𝜕𝜕z

(
q

𝜌𝜌 cp

)

=
𝜕𝜕

𝜕𝜕z

(
Q

𝜌𝜌 cp

)

� (3)

where u is the velocity in the horizontal x-direction (Figure 1b), w is the velocity in the vertical z-direction, ρ is the 
density, cp is the specific heat of water, and Q is the radiation heat flux. Since 𝐴𝐴 𝐴𝐴

b

t
 has a length scale on the order of 

millimeters, it is reasonable to assume an insignificant change of “Q” and “w” over the δt (∂Q/∂z and ∂w/∂Z ∼ 0). 
Furthermore, we presume a small temperature change in the x-direction (along the lake) in comparison to the 
change in the vertical direction (∂T/∂x << ∂T/∂z). Therefore, the energy Equation 3 can be simplified as follows

w
dT

dz
+

1

𝜌𝜌 cp

d q

d z
= 0� (4)

Equation 4 is readily rearranged into the initial value problem in terms of the heat flux dq/dT = −  w ρ cp with the 
integration boundaries from qs to q and Ts to T which has the solution

q

q s

= 1 +
w 𝜌𝜌 cp

qs
(Ts − T) = 1 + T+� (5)
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where q is the heat flux and T + = ρ cpw (Ts − T)/qs is the dimensionless temperature. The particular case of w = 0, 
the absence of natural convection, implies equality between the local heat flux and the heat flux at the AWI  
(q = qs), which is the heat flux defined in Equation 1. The presence of natural convection, sinking water parcels 
with positive (downward) vertical velocity (w) generated by the cooling at the AWI, is equivalent to the introduc-
tion of “blowing” fluid in the diffusive thermal boundary layer, which reduces the thickness of δt.

3.  Results and Discussion
3.1.  Wind Stress at the Air-Water Interface

The wind speed ranged from 0.8 to 8.39 m s −1 above the lake surface (Table S1 in Supporting Information S1). 
The wind-generated surface shear stress leads to downward transport of horizontal momentum through vertical 
advection and diffusion. The stress or equivalent momentum flux is estimated by 𝐴𝐴 𝐴𝐴 = 𝜌𝜌𝑎𝑎 C10 U

2

10
 where ρa is 

the density of air, C10 is the drag coefficient, and U10 is the wind speed at 10 m above the lake surface. Several 
empirical relationships have been reported for the estimation of C10 from wind data (e.g., Lorke & Wüest, 2003). 
Generally, at low wind speeds (U10 < 3 ms −1), the stress is parameterized by an empirical expression proposed by 
Lorke and Wüest (2003). At more substantial wind speeds (U10 > 3 ms −1), the functional relationship presented 
by Charnock (1955) has been used. The estimates of C10 for measured wind speeds are provided in Figure S1 
in Supporting Information S1. The maximum value of C10 = 0.0057 was estimated at the lowest wind speed 
(U10 = 0.80 ms −1), and the minimum of C10 value (0.0009) occurred was at an intermediate range of wind speeds 
(U10 = 3.79 ms −1). The overall functional dependence of C10 versus U10 depicted power-law scaling (Figure S1 
in Supporting Information S1).

On the waterside of the air-water interface, the surface wind stress induces a turbulent momentum flux, which 
in concert with the buoyancy flux mixes water layers in proximity to the AWI. The wind induced momentum 
transfer is characterized by the water friction velocity, 𝐴𝐴 𝐴𝐴∗ =

√
𝜏𝜏 𝜏𝜏−1 , and actively mixes water layers in the prox-

imity of the AWI but below 𝐴𝐴 𝐴𝐴
b

t
 . The estimated average value of u* was 0.0057 ms −1 (Table S1 in Supporting 

Information S1). We define a horizontal layer of the water column below 𝐴𝐴 𝐴𝐴
b

t
 that is nearly uniform in temperature 

(Tb) as the actively mixed layer with thickness “h”. The criterion used to estimate h was the location of the first 
temperature below 𝐴𝐴 𝐴𝐴

b

t
 that was cooler by 0.02°C than Tb (Tedford et al., 2014). The actively mixed layer thickness 

varied from 0.1 to 1.37 m with an average value of 0.47 m (Table S1 in Supporting Information S1).

3.2.  Temperature Profiles at the Air-Water Interface

Over the lake depth at the measuring location, water temperatures depicted stable stratification (Figure 1a) with 
the exception of the cool skin surface layer which exhibited negative buoyancy flux (Figure 1b). This negative 
buoyancy flux was due to cooling at the AWI. The average water temperature difference (ΔT = Tb − Ts) across 𝐴𝐴 𝐴𝐴

b

t
 

was 0.27°C with a maximum value of 0.82°C and a minimum of 0.02°C. The net heat loss at the lake surface is 
proportional to ΔT and inversely related to 𝐴𝐴 𝐴𝐴

b

t
 . We estimated the net heat flux, qs, from the temperature gradient, 

dT/dz|z = 0 , through 𝐴𝐴 𝐴𝐴
b

t
 (Equation 2). The heat flux ranged from 5.1 to 358.0 Wm −2 with an average value of 98.0 

Wm −2. At the AWI, the buoyancy flux, B, was driven by qs, which is estimated from B = g/ρ α/cpqs (Table S1 in 
Supporting Information S1). We assume negligible contribution of the fluxes of salinity and suspended particles 
in the estimation of B. The flux was negative and varied from 2.88ˑ10 −9 to 2.0ˑ10 −7 m 2s −3 (Table S1 in Support-
ing Information  S1). This flux caused mixing in and thickening of the actively mixed layer. The convective 
velocity scale in the vertical direction can be estimated by w* = (|B| h) 1/3 (Deadroff, 1970). The thickness of the 
actively mixed layer can be calculated from the temperature microprofiles data, which integrates all the sources 
and sinks of heat in the water column. The opposing effects of heating by shortwave radiation and cooling by 
natural convection are combined in the actively mixed layer. The average w* = 0.0025 ms −1 was approximately 
two times smaller than the corresponding velocity scale u* (Table S1 in Supporting Information S1).

The average 𝐴𝐴 𝐴𝐴
b

t
 was 2.0 mm and ranged from 0.71 to 3.59 mm (Table S1 in Supporting Information S1). The 

average ratio 𝐴𝐴
𝛿𝛿
b

t

h
 was 0.4%. Several attempts were explored to establish a statistically significant scaling relation-

ship between 𝐴𝐴 𝐴𝐴
b

t
 and the available data and associated derived variables. The customarily used shear velocity, 

u*, did not reveal any significant statistical dependence with 𝐴𝐴 𝐴𝐴
b

t
 . 𝐴𝐴 𝐴𝐴

b

t
 versus w* showed a negative and statistically 

significant (r 2 = 0.69) functional dependence (Figure 2). It is theorized that at the macroscopic scale, the negative 
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heat flux at the AWI triggered the convection of the negatively buoyant fluid having a w* velocity scale, in turn 
increasing h. At the microscopic scale, w* and associated well-documented mushroom-type currents (Bouffard 
& Wüest, 2019) provided a flux of water from the cool skin to actively mixed layers causing the thinning of 𝐴𝐴 𝐴𝐴

b

t
 .

Turbulent wall-bounded flows have been used to model the skin-to-bulk temperature regime or skin effect 
(ΔT = Tb − Ts) over the ocean. The DTS has been approximated as the fraction of the viscous-sublayer thickness 
given by δv = λv/u∗ where λ is an empirical constant (Saunders, 1967), and ν is the kinematic viscosity. Several 
values of λ have been reported, ranging from 2 to 8 for wind speeds from 1 to 11 ms −1 (Wilson et al., 2013). 
In our study, we did not observe significant statistical dependence of the form ΔT ∼ qs/u∗ nor ΔT ∼ qs/u∗. The 
most substantial statistical support found (r 2 = 0.58) was for the scaling relationship of ΔT ∼ u∗/w∗ (Figure 3). 
Soloviev and Schlüssel (1996) and Soloviev and Lukas (2014) proposed a scaling relationship Δ T ∼ (Pr,Rfo,Ke), 
where Pr is the Prandtl number, Rfo is the surface Richardson number, and Ke is the Keulegan number. If the 
role of surface waves is neglected (Ke = 0), the scaling relationship can be simplified (Figure S2 in Support-
ing Information S1). This simplified scaling relationship depicted a good agreement with our data (r 2 = 0.68). 
Furthermore, the scaling relationship presented in Figure S2 in Supporting Information S1 can be expanded into 
a Taylor series and arranged in a form ΔT ∼ f (u∗/w∗) which is in general concert with the scaling relationship in 
Figure 3, only simplified.

3.3.  Scaling Temperature Profiles

The temperature microprofiles and Equation 5 provided the background for verifying the scaling of temperature 
distribution over the DTS thickness. An underlying approximation that is embedded in Equation 5 is the order 
of magnitude of ∂T/∂x versus ∂T/∂z in the proximity of AWI. The SCAMP measurements were conducted from 
the fixed platform at the measuring location (Figure 1a) which enabled the estimation of spatial distance at water 
surface breaking locations. The average x-direction distance between two SCAMP locations at the AWI was 
about 2.5 m. The corresponding average temperature difference, Ts, was about 0.18°C which provided an estimate 
of ∂T/∂x|z = 0 –0.18 Cm −1. The ∂T/∂Xz = 0 was significantly smaller than the average 𝐴𝐴

𝜕𝜕T

𝜕𝜕Z
|𝑧𝑧=0 ≈ 164 Cm −1 (Table S1 

in Supporting Information S1). Also, we assumed an insignificant change of Q over the DTS thickness. An aver-
age summer light attenuation coefficient in the lake was kd ∼ 1.5 m −1 with an average noon incident shortwave 

Figure 2.  Dependence of diffusive thermal sublayer thickness (𝐴𝐴 𝐴𝐴
b

t
 ) on the convective velocity scale (w*).
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radiation Qo ∼ 100 μEm −2s −1. The corresponding water temperature difference due to the radiation absorption 

over the DTS was significantly less than the fast-response FP07 microthermistor accuracy (𝐴𝐴

ΔQ
𝛿𝛿
b
t

𝜌𝜌 cp
<< 0.001◦C ).

The proposed scaling of temperature distribution over the DTS thickness as a function of the non-dimensional 
vertical distance (z + = u∗z/v) from the AWI is depicted in Figure 4. The data indicate a statistically significant 
(r 2 = 0.76) functional dependence

𝜌𝜌cpw∗ (Ts-T)

qs
= 2.1

u∗z

𝜈𝜈
for 𝛿𝛿

b
t ≥ z ≥ 0� (6)

All the reported temperature profiles depicted the cooling of AWI and, therefore, T > Ts and qs< 0. The proposed 
scaling suggests that both the wind with the corresponding turbulent momentum flux (u*) and natural convection 
with a velocity scale (w*) for a given heat flux (qs) at the AWI determine the temperature distribution over the 
DTS thickness. A parameterization of night-time skin effect (Ts − Tb) was proposed in terms of wind speed by 
(Donlon, 2002; Embury et al., 2012) and was suggested to be applicable during the day-time at high wind speeds 
(>7 ms −1) (Minnett et al., 2011).

4.  Conclusions
We measured lake temperature microprofiles and meteorological conditions in and on a small stratified lake 
during the summer of 2018. The wind speed above the lake surface ranged from 0.8 to 8.4 ms −1. In the immediate 
proximity of the water surface the temperature profile depicted a thin cool skin surface layer with bulk temper-
atures below it warmer on average by 0.25°C than the temperatures at the air-water interface. The temperature 
difference induced cooling at the lake surface with an average heat flux of 100 Wm −2. The diffusive thermal 
sublayer (DTS) measured from the temperature profiles had a thickness from 0.7 to 3.6 mm. The thickness of 
the DTS was mediated by the natural convection velocity scale and not by the shear velocity scale that is used in 
wall-bounded turbulent flows. We propose a power-law function that includes the ratio of natural convection and 
shear velocity scales to quantify the temperature difference between skin temperature and bulk temperature. The 
existing parameterizations do not include natural convection that affects the near-surface thermal layers in the 
proximity of the air-water interface (Bouffard & Wüest, 2019). Our data and simplified energy equation suggest 

Figure 3.  The water temperature difference between surface temperature (Ts) and bulk temperature (Tb) over the diffusive 
thermal sublayer thickness (𝐴𝐴 𝐴𝐴

b

t
 ) as a function of the ratio of shear velocity scale (u*) at the air-water interface and convective 

velocity scale (w*).
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a scaling relationship for the temperature distribution over the DTS thickness. This scaling relationship includes 
natural convection velocity and shear stress scales and not simply a wind speed scale as proposed for the night-
time skin effect (Donlon, 2002; Embury et al., 2012) and the day-time skin effect (Minnett et al., 2011) of ocean 
water surfaces.

The results of our work can contribute to the validation of satellite-derived surface skin temperature measure-
ments. Inland waters play significant roles in the exchange of greenhouse gasses between the Earth's surface and 
the atmosphere (DelSontro et al., 2018). Accurate quantification of CO2, CH4, and N2O fluxes are contingent 
upon a rigorous estimation of gas transfer velocities and associated diffusive sublayer, where molecular diffusion 
dominates the transport of gas across the air-water interface, in the presence of natural convection.

Data Availability Statement
The data used in this study are publicly available in the University of Minnesota Data Repository, University 
Digital Conservancy, and has the following persistent identifier: https://hdl.handle.net/11299/226604.
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