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Abstract
Strong temperature gradients with stable stratification immediately above the surface are
typical for radiation cooling, but near-surface temperature inversions (hereinafter referred to
as inversions) have hardly been studied. Both phenomena are examined in more detail by
means of measurements in the Caspian Sea and Antarctica and compared with measurements
made by other authors. For this purpose, tests for decoupling are applied in the first case. In
the second case, the inversions can be explained in the context of counter-gradient fluxes and
turbulent Prandtl numbers greater than one.

Keywords Decoupling · Richardson number · Stable stratification · Surface layer ·
Turbulent Prandtl number

1 Introduction

In the case of rare meteorological phenomena, it sometimes takes a very long time until
sufficient measurement data are available to describe these events reliably and, where pos-
sible, link them to a theory. This paper describes a possible decoupling of the near-surface
air layer of a maximum thickness of a few metres from the overlying atmosphere. I first
became aware of this in 1975 when I participated in a discussion with Prof. Chundshua at
the Institute of Physics of the Atmosphere in Moscow, in which Prof. A. M. Obukhov also
took part. The basis for the discussion was the work of Chundshua and Andreev (Andreev
et al. 1969; Chundshua and Andreev 1980) in which a near surface temperature inversions
(hereinafter referred to as inversions) were found during temperature measurements made
by Moscow University in 1969 over the Black Sea near the water surface (Fig. 1). However,
initial findings are also shown in Bruch’s measurements in the Baltic Sea (Bruch 1940). The
discussion did not lead to a conclusive explanation, even though Chundshua and Andreev
(1980) assumed chemical binding energy to be the cause.

In 1975 and 1976, I conducted temperature profile measurements in the Caspian Sea
to study the molecular boundary layer above the sea (Foken et al. 1978; Foken 2002). A
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Fig. 1 Vertical temperature profile
over the Black Sea during the day
1400 (a) and night 0200 (b), from
Chundshua and Andreev (1980)

dropsonde was used (Foken 1975), whereby only the lowest 20 cm above the sea were
measured with very high spatial resolution. In 1976, some measurements were also made
within the lowest 10 m, with results similar to those from the measurements in the Black Sea
(Sect. 3). It was not possible to publish these results in the journalFizika Atmosphery i Okeana
because “the measurements contradict the Monin–Obukhov similarity theory and thus must
be wrong”. They were published in a German institute journal (Foken and Kuznecov 1978).

Inversions of about the same height and magnitude have also been observed over melt-
ing snow in the French Alps and near Madrid (de La Casinière 1974), and over snow in
the Californian Sierra Nevada mountain range (Halberstam and Schieldge 1981). In both
experiments, only temperature profile measurements exist. Evaporation or sublimation at the
surface is assumed to be the cause. With reference to this work, King and Anderson (1994)
also suspected similar cases in their measurements at the Halley Research Station, Antarc-
tica, in 1991, but lack of measurements at low heights did not permit a precise conclusive
statement. This was also true for measurements made in 1986 at the same location (King
1990). However, for the first time, these authors suggest that, under such conditions, the
coefficients in the profile functions for momentum are larger than those for heat whereas
this is usually the other way round. An increase in the turbulent Prandtl number was also
later demonstrated for the experiment in 1986 for very stable stratification and low friction
velocities at heights of ≥ 5 m (Yagüe and Cano 1994; Yagüe et al. 2001). An overview of the
magnitude of the turbulent Prandtl number was given by Andreas (2002) that incorporated
the results of King et al. (1996); he found that, predominantly, the turbulent Prandtl number
is limited at PrT = 1. Obviously hardly noticed, was an evaluation of the SHEBA experiment
conducted fromOctober 1997 to October 1998 (Persson et al. 2002) in the Arctic by Grachev
et al. (2007), which showed turbulent Prandtl numbers significantly greater than one with
increasing stability. Remarkable in this work is a discussion of self-correlation.

In the FINTUREX (FINal TURbulence EXperiment of the Meteorological Main Obser-
vatory, Potsdam) campaign conducted at the Neumayer II Station in Antarctica, I examined
the problem again, although the experiment itself served to determine the height of the stable
boundary layer and universal functions (Handorf et al. 1999; Sodemann and Foken 2004).
It was found that some data were unusable for the studies when the stratification was very
stable. This led to the extension of a data quality test for eddy-covariance measurements,
with respect to the stationarity of the measurement conditions (Gurjanov et al. 1984) by
testing the development of the turbulence (Foken and Wichura 1996) by means of integral
turbulence characteristics (normalized standard deviations), as it is widely used today inmost
programs of flux calculation according to the eddy-covariance method. The measurements
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at very stable stratification were specially evaluated with a time delay (Sodemann and Foken
2005) and are presented in Sect. 3. It must be noted that, on the recommendation of JohnKing
(British Antarctic Survey), the measurement heights below 5 m were added in comparison
to the Halley experiment.

The first summary of the measurements in the Caspian Sea and the Antarctic appeared
in a German publication (Foken 2003). However, a theoretical explanation of the effects
found was missing. In the meantime, decoupling has been assumed as a possible cause. This
phenomenon is known for plant stands, when Kelvin–Helmholtz instabilities form due to the
high roughness and generated coherent structures are the cause of the coupling of the trunk
space with the atmosphere (Raupach et al. 1996; Finnigan 2000; Thomas and Foken 2007).
In some cases, counter gradients even occur in the canopy (Denmead and Bradley 1985). An
overview was recently given by Brunet (2020). From this, various approaches developed to
account for the coupling when studying the interaction between forests and the atmosphere
(Thomas and Foken 2007; Jocher et al. 2017; Peltola et al. 2021). A similar decoupling was
also found at the forest floor (Sörgel et al. 2017). Jocher et al. (2017) developed a method
using the standard deviation of the vertical wind component for high vegetation. A use of this
standard deviation to determine the coupling was recently proposed by Peltola et al. (2021)
for low vegetation as well.

The previous theoretical observations always originated fromMonin–Obukhov similarity
theory. This is based on a largely constant turbulent Prandtl number and allowedmodifications
for more stable stratification only by modifying the universal functions (Foken 2006). For
the present case, a new approach is of interest, which assumes PrT � 1 for strongly stable
stratification (Zilitinkevich et al. 2013; Basu and Holtslag 2021). These assumptions and the
decoupling are discussed below in the interpretation of the phenomena found.

2 Material andMethods

2.1 Experimental Data

The KASPEX-76 experiment took place from 1 to 27 April 1976, on a former oil drilling
platform in the Caspian Sea (Fig. 2a) at a distance of 25 km offshore and at a water depth of
40 m (coordinates approx. 40°30′ N and 50°45′ E). Several measurements with a dropsonde
(Foken 1975) provided snapshots of the vertical fine structure of the air temperature profile
for selected situations. The dropsonde was equipped with a platinum resistance sensor with a
diameter of 2 µm and a dropping speed of 1 m s−1. The standard meteorological instruments
were in-house constructions of the Institute of Oceanology, Moscow. The sonic anemometer
worked according to the phase difference method (Bovsheverov and Voronov 1960; Koprov
2018).

FINTUREX took place from 18 January to 19 February 1994 at the Neumayer II Station,
Antarctica (70°39′ S, 8°15′ W) (Fig. 2b) during the polar day. The station is situated on
the Ekström Ice Shelf at 42 m above sea level and the terrain is completely flat within
a radius of several kilometres and was not disturbed by significant zastrugi even at close
range (200–400 m). Thus, vertical divergences of the sensible heat flux due to the surface
conditions should be excluded. Profiles of wind speed and temperature were measured using
a profile tower with various measurement heights between 0.5 and 10m (Table 1). For further
details like quality control and data calculation, see Handorf et al. (1999) and Sodemann and
Foken (2005). For quality control, the method by Foken and Wichura (1996) was used for
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Fig. 2 Measurement platform of the Azerbaijan Academy of Sciences during KASPEX-75,76 (a), and installa-
tion of the three turbulencemeasurement complexes and profilemeasurements during FINTUREX (b) (photos:
Foken)

Table 1 Instrumentation during FINTUREX (Handorf et al. 1999, completed and relevant measurements only)

Meteorological parameter Height of the sensor, m Instrument

Fluctuations of sonic
temperature, horizontal and
vertical wind velocity

1.7, 4.2, 11.6 Kaijo–Denki sonic
anemometer,
Probe A, DAT 310,
Hanafusa et al. (1982)

Wind speed 0.5, 1.0, 2.0, 3.1, 4.5, 6.0, 8.0, 10.0 Cup anemometer,
Brömme et al. (1991)

Temperature (only dry
temperature was used)

0.5, 1.0, 2.0, 4.5, 10.0 Psychrometer, ventilated and
radiation-shielded,
Baum et al. (1994)

Shortwave radiation, up- and
downwelling

2.0 CM14
Kipp & Zonen

Longwave radiation, up- and
downwelling

2.0 Schulze–Däke,
Däke (1972)

the first time, thus excluding non-steady-state measurements and those that did not meet
similarity criteria for developed turbulence. The reported sensible heat fluxes are, strictly
speaking, buoyancy fluxes, since sonic temperature was used. No correction was applied
because of the small differences to the thermodynamic temperature in the relevant humidity
range. Likewise, the temperatures of the profilemeasurements were not converted to potential
temperatures because of the too small differences in the height range of interest < 5 m.

Because of data storage limitations, original data are no longer available for experiments
conducted ≥ 30 years ago. Since the following evaluations refer to already processed mean
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data for usually 30-min intervals, some evaluation procedures must be omitted, so that the
presentation of the corresponding theories does not take place here, like the investigation of
the coupling by means of wavelet analyses (Thomas and Foken 2007).

2.2 Theoretical Background

2.2.1 Decoupling Detection with Critical Vertical Wind Velocity

Unfortunately, for KASPEX-76, only a phenomenological interpretation is possible. How-
ever, a simplified coupling scheme for FINTUREX could be applied with the standard
deviation of the vertical wind component (σw) proposed by Peltola et al. (2021) for lower
vegetation as well. They defined a critical vertical speed (wcrit) that experimental studies
(Mahrt et al. 2013; Acevedo et al. 2016) showed to be dependent on the height and the
Brunt–Väisälä frequency. For coupled conditions:

σw > wcrit = 0.61
√
2zN , (1)

are assumed, where:

N =
√
g

θ

∂θ

∂z
, (2)

is the Brunt–Väisälä frequency (θ : potential temperature, g: the acceleration due to gravity,
z: height).

2.2.2 Decoupling Detection with Model Calculations

The demonstration of decoupling was performed for FINTUREX by Sodemann and Foken
(2005), using a hydrodynamic multilayer model. It was also applied in the same way by
Lüers and Bareiss (2010) over snow, and by Sörgel et al. (2017) near the forest floor. The
model is based on the model by Foken (1979; 1984; 2002), where the exchange coefficient
is determined separately for the molecular boundary layer, the buffer layer and the turbulent
neutral and stratified surface layer:

w
′
θ

′ =
(∫ z

0

dz

Kh + νT t + νT

)−1

[θ(z) − θ0], (3)

where νT t is the molecular-turbulent diffusion coefficient of the buffer layer and νT is the
molecular temperature diffusion coefficient of the molecular sublayer. The diffusion coeffi-
cients based on parametrizations obtained from the investigations of the molecular boundary
layer during the KASPEX experiments (Foken 1978; Foken et al. 1978). Similar models
were developed by Sverdrup (1936, 1937/38, two-layer model) and Bjutner (1974, three-
layer model). Recently, a similar two-layer model was published by Gross (2021). Note: In
the Sodemann and Foken (2005) paper, there is an error in the model equations. The correct
model equations appear in the original paper (Foken 1979) or in Lüers and Bareiss (2010).
The software tool used was not affected by the error.

2.2.3 Theory of Strong Stable Stratification

In contrast to Monin–Obukhov’s similarity theory, the theoretical approach of Zilitinkevich
et al. (2013) describes a dependence of the exchange on a non-constant turbulent Prandtl
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number for stable stratification:

PrT = Km

Kh
� 1, (4)

(Km and Kh are the exchange coefficients for momentum and heat) for gradient Richardson
numbers as a bulk definition:

Ri = g

θ

[θ(z) − θ0]z

[u(z)]2
> 1, (5)

with the potential temperature at the surface θ0 and the wind speed u. For strongly stable
stratification, this implies a significantly suppressed heat exchange compared to momen-
tum transfer. Thus, the model describes a non-gradient-based closure approach for turbulent
fluxes. For the following investigations, the equation:

Ri = RifPrT, (6)

with the flux Richardson number:

Rif = g

θ

w′θ ′

w′u′(∂u/∂z)
, (7)

(w′θ ′ is the kinematic sensible heat flux and u′w′ is the momentum flux with w the vertical
velocity component) shown in Fig. 3 is relevant. The eddy viscosity and the eddy conductivity
are calculated according to:

Km = − w′u′
∂u/

∂z,
, (8)

Fig. 3 Dependence of gradient
Richardson number Ri on flux
Richardson number Rif (a) and
turbulent Prandtl number PrT
(b) according to Zilitinkevich
et al. (2013), where symbols
represent measured data,
large-eddy simulation (LES) and
direct numerical simulation
(DNS) model results. The line is
the Energy- and Flux-Budget
Turbulence Closure Model
developed by the authors and is
described by Eq. (6)
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and:

Kh = − w′θ ′
∂θ

/
∂z

. (9)

Because of Eq. (6), it is obvious that the graphs shown in Fig. 3 are influenced by self-
correlation, as studied by Grachev et al. (2007, 2012). However, the ratio of the exchange
coefficients defined in Eqs. (8) and (9) and thus the size of the turbulent Prandtl number is
relevant for the present investigation.

3 Experimental Findings

3.1 Results of the KASPEX-76 Campaign

Only a few soundings with the dropsonde are available fromKASPEX-76 (Fig. 4). The stable
cases show the inversion layer at a height of about 2 m. A region of increased turbulence

Fig. 4 Vertical temperature profile
on at 1701 LT on 20/4/1976
during KASPEX-76 measured
with the dropsonde (Foken and
Kuznecov 1978). Stronger
temperature fluctuations occurred
in the height range 4–6 m. The
reported turbulent sensible heat
fluxes were measured at 6 m
using the eddy-covariance
method, and determined at the
water surface from the
temperature gradient in the
molecular boundary layer
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with variations in air temperature of 0.2–0.3 K is conspicuous. This experimental finding
suggests that Kelvin–Helmholtz instabilities occur in this layer. The cause could be increased
roughness due to capillary waves because of the relatively low wind speed (Roll 1948;
Zilitinkevich et al. 2002). Further investigations are not possible due to the data situation, but
the investigations of Chundshua and Andreev (1980) in the Black Sea can be confirmed.

3.2 The FINTUREX Results

3.2.1 Decoupling Near the Surface

Sodemann and Foken (2005) investigated the temperature structure near the snow surface
and restricted themselves to a period from 27 January to 2 February 1994, during which
sufficient quality-checked data were available. In particular, high wind speeds and snow drift
(Foken 1998) prevented reliable turbulence measurements. Using the method described in
Sect. 2.2.2, they found that occasional decoupling occurs near the snow surface. This means
that the measured turbulent flux does not agree with the flux determined from the model
approach using the temperature gradient between the measurement height and the surface
(Fig. 5).

This decoupling occurred at low wind speeds and radiative cooling of the surface. Such a
situation is shown in Fig. 6. In order to satisfy the decoupling criterion according to Eq. (1),
missing standard deviations of the vertical velocity component had to be determined by
parametrized values determined from the wind speed at a 10-m height with a regression
analysis, based on known similarity relations for the standard deviation normalized by the
friction velocity and the logarithmic wind profile as given in textbooks. The value wcrit

changes by about one order of magnitude between the coupled and decoupled states, so that
the decoupled region in Fig. 6 could be determined very well. From a wind speed below
3 ms−1 and very low solar altitudes, decoupling sets in below 2 m altitude, while above this
approximately logarithmic temperature andwind profiles aremaintained. From about 0200 to
0600 UTC, the 4 m height is also decoupled. Around 0800 UTC, decoupling is terminated by

Fig. 5 Comparison of measured sensible heat flux QH at 2 m with predictions from a bulk model using
the infrared (IR) surface temperature (a), and an estimate of the aerodynamic surface temperature from a
three-layer temperature profile model (b). Data are classified into those where a near-surface inversion layer
(NSIL) or decoupling was present (full dots) and absent (open dots). The line gives the 1:1 relation between
measurements and observations. Figure from Sodemann and Foken (2005)
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Fig. 6 Temperature (a) and wind (b) profiles from 27 January 1994 1800 UTC to 28 January 1994 1200 UTC
with decoupled area indicated. The graph (c) shows the critical vertical velocity component for 2 m height
according to Eq. (1) in black and the standard deviation of the vertical velocity component in grey with the
measured values (triangles) and the parametrized values (squares)
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Fig. 7 Temperature structure over the snow surface during evening cooling on 13 February 1994, measured
with a dropsonde (times in UTC). Circles mark the respective IR surface temperatures. The upper part of the
temperature profile cooled due to the afternoon transition, with almost unchanged temperature gradients. The
lower part apparently warmed up, because the longwave upward radiation at the surface increased due to high
clouds. Figure from Sodemann and Foken (2005)

the higher sun elevations angle despite low wind speeds. In addition, Fig. 7 shows a striking
example of low temperatures due to radiative cooling measured with the dropsonde, where
high cloud cover alone can reduce strong cooling near the ground.

3.2.2 Temperature Inversion Near the Surface

Sodemann and Foken (2005) studied the vertical profile of the gradient Richardson number
during the period indicated. In more stable cases, this proved to be largely constant in height.
In nearly neutral cases, no uniform gradient Richardson number could be found. This was
the case, among others, on 31 January 1994 until about 1900 UTC. For the period from 1200
to 1800 UTC, temperature profiles with an inversion at a height of about 2 m were shown.
In the following, the measurements on 31 January are again subjected to a more extensive
analysis.

Since the gradients were low with near-neutral stratification, a correction was made to the
temperature (< 0.1 K) and wind (< 0.3 m s−1) measurements by assuming a log-linear profile
for the period of very high wind speeds from 0300 to 0700 UTC. As a result, the inversions
found by Sodemann and Foken (2005) are weaker but still significant. To determine the
gradientRichardsonnumber, fluxRichardsonnumber and turbulent Prandtl number, gradients
were assigned to the flux measurements at heights of 1.7 m, 4.2 m, and 11.6 m according to
Table 2.

For a better assignment of the investigations to the meteorological conditions, see Fig. 8.
The 31 January 1994 was a largely cloudless day with a maximum global radiation in the
midday hours of almost 700 W m−2 and an albedo of about 85%. During this period, even
the net radiation was slightly positive. Wind speed was quite high at 8–10 m s−1 from 0300
to 0800 UTC, then had values around 6–7 m s−1 and decreased from 1200 UTC to values of
about 4 m s−1 at 1500 UTC. The temperature reached maximum values between 1200 and
1700 UTC of − 1.5 °C, then decreased rapidly to values around − 9 °C by midnight. The
turbulent fluxes show gaps due to poor data quality in the early afternoon and evening. They
showed largely similar values at all heights within the accuracy of the measurements. The
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Table 2 Relation of wind speed and temperature gradients to flux measurements in the determination of
Richardson number, Richardson flux number and turbulent Prandtl number

Height of flux measurements (m) ∂u/∂z ∂T /∂z

1.7 [u(2m) − u(0.5m)]/1.5 m [T (2m) − T (0.5m)]/1.5 m

4.2 [u(4.5m) − u(2m)]/2.5 m [T (4.5m) − T (2m)]/2.5 m

11.6 [u(10m) − u(4.5m)]/5.5 m [T (10m) − T (4m)]/6 m

friction velocity largely follows the wind speed, but the decrease is more pronounced around
0800 UTC. From the wind speed and friction velocity measurements, a very small roughness
length of 10−4 m is obtained. The sensible heat fluxes are very low, but the good agreement
of the values at all three heights testifies that the measurements, although in the range usually
assumed to be the detection limit (Foken et al. 2012), are reliable measurements after all.
They were − 10 W m−2 at night and reached positive values of up to about 5 W m−2 from
1200 to 1500 UTC.

The parameters and similarity numbers given in Sect. 2.2.3 are shown in Fig. 9. The
Obukhov–Lettau stability parameter z/L (Foken and Börngen 2021) indicates slightly stable
stratification until 1200 UTC, slightly unstable stratification analogous to the sensible heat
flux from 1200 to 1500 UTC, andmore stable stratification in the late afternoon. The gradient
Richardson number also indicates stable stratification except for at 1200 to 1500 UTC.
However, at 4.2 m, the values from 0900 to 1700 UTC are slightly unstable. The Richardson
flux number follows the sensible heat flux, but without height constancy. The values at a
height of 1.7 m are the largest in magnitude, while those at 11.6 m are the smallest. The
turbulent Prandtl number exhibits values < 1 until 0900 UTC, as known from the literature
(Foken 2017, overview in Table 2.6). Thereafter, the values increase significantly and reach
values < 1 again in the late afternoon. To determine the eddy conductivity according to
Eq. (9), the sensible heat flux and the temperature gradient must have the same sign. Due
to the temperature inversion present, this is not always the case. For these situations, the
turbulent Prandtl number was determined with the modulus of Kh and labelled the turbulent
counter-gradient Prandtl number.

Analogous toSodemannandFoken (2005), Fig. 10a shows thevertical temperature profiles
from 10-min averages, but already from 0800 UTC. The corresponding wind profiles are
shown in Fig. 10b. At still-high wind speeds around 0800 UTC, the temperature profile is
largely log-linear, also from 1800 UTC. From 1000 to 1600 UTC, an inversion forms at a
height of about 1–2 m. During this period, the wind profiles are largely log-linear, as they are
during the high wind speeds from 0300 to 0600 UTC (not shown here). The wind profiles at
0800 and 1800 UTC, which deviate from this shape, are seen in connection with the change
in wind speed, which always leads to a change in surface structure (zastrugi) and thus to the
formation of low internal boundary layers.

Finally, Fig. 11 shows the same relationships as Fig. 3, which is a copy of Zilitinkevich
et al. (2013), but with data from FINTUREX on 31 January 1994. Only data for Ri > 0 are
shown. However, the data are all within a range of gradient Richardson number less than the
critical Richardson number (Ri < Ric = 0.2). The data for a height of 1.7 m a.g.l. satisfy the
usual relation between Ri and Rf and thus also the model of Zilitinkevich et al. (2013). The
data for 4.2 m and 11.6 m deviate from this because of the modified temperature gradients
and generally small differences and fluxes. The dependence between the gradient Richardson
number and the turbulent Prandtl number also includesmeasured data fromAntarctica (Yagüe
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Fig. 8 Diurnal variation of important meteorological elements on 31 January 1994 during FINTUREX: global
radiation and net radiation (a), air temperature at 2 m and wind speed at 10 m above ground level (a.g.l.) (b),
friction velocity at 1.7 m, 4.2 m, and 11.6 m a.g.l. (c) and sensible heat flux in kinematic units at 1.7 m, 4.2 m
und 11.6 m a.g.l. (d)
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Fig. 8 continued

and Cano 1994) and from a katabatic flow (Monti et al. 2002), but only class averages. For
FINTUREX, the 30-min values were plotted. It was deliberately not averaged to show that
values PrT > 1 occur. As can be seen in Fig. 9d, these values occur under special conditions
with inversion layer and do not represent a scattering of the measured values.
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Fig. 9 Diurnal variation of calculated meteorological variables at 1.7 m, 4.2 m und 11.6 m a.g.l. on 31 January
1994 during FINTUREX: (a) local Obukhov–Lettau stability parameter, (b) gradient Richardson number,
(c) Richardson flux number and (d) turbulent Prandtl number and turbulent counter-gradient (CG) Prandtl
number (see text)
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Fig. 9 continued

4 Discussion

4.1 Decoupling Near the Surface

The example of decoupling near the surface due to radiative cooling (Garratt and Brost 1981)
is very typical and is described several times in the literature, including some examples in
the classical microclimatic literature (Geiger et al. 2009; Geiger 2013). Such measurements
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Fig. 10 Vertical profiles of air temperature (a) and wind speed (b) at selected times (a 10-min average) on 31
January 1994 during FINTUREX

are also available for Antarctica, e.g. in Kottmeier and Belitz (1987) from 1983 to 1987
from a 45-m-high tower at Neumayer I Station, an example for 28 August 1883 is shown by
Handorf (1996). Such studies have apparently not been published for the SHEBAexperiment.
For the CASES-99 experiment (Poulos et al. 2002), to study the stable nocturnal boundary
layer over grassland in Kansas in October 1999, Sun et al. (2003) conducted such studies.
The CASES-99 experiment has been extensively studied, also recently with respect to wind
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Fig. 11 By analogy with Fig. 3, plots of the dependence of the Richardson flux number on the gradient
Richardson number (a) and the turbulent Prandtl number on the gradient Richardson number (b). Circles:
31 January 1994 during FINTUREX, black at 1.7 m, dark grey at 4.2 m and light grey at 11.6 m a.g.l..;
triangles: binned values at a slope according to Monti et al. (2002); diamonds: binned values at the Halley
Station, Antarctica, 1986, according to Yagüe and Cano (1994); unfilled triangles: binned values at SHEBA
according to Grachev et al. (2007)
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conditions under these conditions (Hicks 2022). Many such studies are available but cannot
all be mentioned here. I have included the problem in this work, and, for these cases, it was
clear that the decoupling test works well and gives significant results.

4.2 Temperature Inversion Near the Surface

There are currently several papers showing near-surface inversions and thus possible decou-
pling (Andreev et al. 1969; de La Casinière 1974; Foken and Kuznecov 1978; Chundshua
and Andreev 1980; Halberstam and Schieldge 1981; Sodemann and Foken 2005; Lüers and
Bareiss 2010), so it is not a single artefact. In search of a valid technical justification for this,
the work of Basu and Holtslag (2021), and thus that of Zilitinkevich et al. (2013), seem to
be on target. While, in general, PrT < 1 is assumed, the developed model contains regions
with PrT > 1. This means that momentum transport predominates over the heat transport
(Km > Kh). Impressively, Monti et al. (2002) were able to show this, as sufficiently high
wind speeds were still present for Ri > Ric due to the katabatic flow, even with radiation-
induced stabilization. Such katabatic runoff shows a pronounced wind maximum near the
surface (Shapiro and Fedorovich 2007; Fedorovich and Shapiro 2009), which may also be
associated with changes in the temperature gradient. This could not be shown by Monti et al.
(2002) because of only two measurement heights. The Neumayer Station has no katabatic
winds, so that with the beginning of stabilization the wind speed decreases, as could also be
seen for 31 January after 1800 UTC.

The experimental investigations mentioned above consistently show a very low rough-
ness parameter in the order of 10−3 to 10−4 m, and thus a strong decrease in wind speed
immediately above the surface. This obviously justifies high values of Km, while the sensi-
ble heat flux is very low and so is Kh, resulting in the formation of an inversion and high
turbulent Prandtl numbers. However, energy conservation is only guaranteed if the thermal
energy is balanced through a counter-gradient situation. This can be realized by coherent
structures, by which larger amounts of energy are exchanged during very short time intervals
and locally without changing the gradient. Coherent structures are not atypical over snow
surfaces and could be found for FINTUREX at typical frequencies of 1 Hz using wavelet
studies (Handorf and Foken 1997). However, coherent structures are also observed in the
context of Kelvin–Helmholtz instabilities, as clearly occurred with KASPEX-76 (see Fig. 4).
Unfortunately, a combination of both investigations on the same dataset is not possible, as 30
years ago mass data storage was not as easy as it is today. Such situations can be modelled
with higher-order closure models; this has at least been demonstrated for counter gradients
in forests (Falge et al. 2017). The existing dataset is not sufficient to explore this further.

Combining Fig. 8d and Fig. 10a, a typical picture for counter-gradient fluxes (Brunet 2020)
is obtained in Fig. 12, similar to that shown in Fig. 4 for KASPEX-76 at 6 m above the sea
surface. At 0800UTC, gradients and sensible heat fluxes show the typical slightly stable case.
At 1000 UTC, counter-gradient fluxes are found at the lower measurement height of 1.7 m
and extending to the middle measurement height of 4.2 m at 1200 UTC. At 11.7 m, there
is already slightly unstable stratification. The unstable stratification dominates thereafter,
with counter-gradient fluxes in the opposite direction occurring at 1400 UTC at the lower
measurement height. Due to the decreasing wind speed (Fig. 8b) in the afternoon, quality-
assured turbulence measurement data are missing. At 1800 UTC, slightly stable conditions
analogous to 0800 UTC are again present. The coupling test according to Eq. (1) resulted in
a decoupling only after 1900 UTC, as can also be clearly seen from the gradient Richardson
number (Fig. 9b).
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Fig. 12 Plot of selected vertical temperature profiles and sensible heat fluxes for FINTUREX on 31 January
1994, where tightened arrows for the sensible heat flux are counter-gradient fluxes, i.e. the temperature gradient
has the opposite sign to that of the turbulent flux

5 Conclusion

This study has shown that (i) strong near-surface temperature gradients caused by radiative
cooling and (ii) near-surface temperature inversions are two physically completely different
processes. In the first case (i), as shown, we are dealing with decoupling, where the sensible
heat fluxes are very small and non-steady state, so they often cannot be considered as certain
because of data quality issues. Here, what is unfortunately no longer possible for FINTUREX,
a high temporal resolution determination of the fluxes by wavelet analysis would be appro-
priate (Schaller et al. 2017). The second case (ii) is clearly about counter-gradient fluxes and
high turbulent Prandtl numbers, which have only been investigated for high vegetation up to
now, except in KASPEX-76 (Foken and Kuznecov 1978) and the FINTUREX experiment in
Antarctica. Because of the very low gradients and low fluxes, apparently little attention has
been paid to this phenomenon. Such investigations are probably not possible with the mea-
surements at the Halley Research Station, since the lowest measurement height was already
5 m (King 1990; King and Anderson 1994). However, it would certainly be useful to look
again at the SHEBA dataset (Persson et al. 2002), since measurements were made there at
least at 2.2 m, 3.2 m and 5.1 m. The differences in the determined universal functions as a
function of Obukhov length and local Obukhov length (Grachev et al. 2005) for Richardson
numbers greater than the critical Richardson number suggest such cases. It would also be
interesting for CASES-99, because of the presence of katabatic winds in the slightly inclined
terrain (Sun et al. 2003), to see if a similar investigation could be carried out like by Monti
et al. (2002). In this sense, this paper should also be a stimulus for the further analysis of
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existing datasets. With the work of Zilitinkevich et al. (2013) some theoretical justification
is also given by the possibility of values of PrT > 1.

The practical significance of the investigations carried out emerges as two aspects. (i) The
high temperature gradients with stable stratification are associated with only low sensible
heat fluxes due to decoupling. A flux calculation using a bulk approach would lead to much
higher sensible heat fluxes. This could be avoided by using the test for decoupling according
to Peltola et al. (2021). This test is significant enough that simply parametrizations of the
missing standard deviation of the vertical velocity component can be done. In the present case,
a standard deviation of the vertical wind component as 5% of the wind speed at 10 m would
have been a sufficiently accurate parametrizations (Fig. 6c). (ii) Cases with an inversion close
to the ground would be treated as neutral cases by models, even for models very well fitted
to the measured data (Gryanik et al. 2021), as the model layers are significantly higher than
the relevant range of 1 m to 5 m height. However, the experimental data show that, when
the net radiation is positive, these are certainly associated with positive sensible heat fluxes.
With the generally low turbulent fluxes over snow and ice, there could be associated dew
processes that go unrecognized in the modelling. Thus, in the context of increased thawing
of glaciers and fast ice, attention should be paid to these cases. Consequently, the phenomena
worked on can hardly be applied in climate and weather prediction models, but they can be
significant in experimental process studies and adapted modelling.

A general shortcoming in measurement experiments was a lack of measurements at low
heights (0.5–3 m), so that inversion layers near the ground could not be detected. In addition,
there must be relatively high measurement accuracy to reliably identify the weak gradients.
Limitations for gradient and flux measurements in this altitude range are disturbances due
to snow drift (Foken 1998; Burns et al. 2012; Sigmund et al. 2022), so that the data cannot
be evaluated continuously. In addition, the surface must be relatively smooth (shelf or fast
ice), so that such measurements are not suitable over areas with pack ice. Optical-fiber-based
distributed sensing (OFDS) was developed in recent years as a reliable measurement method
(Thomas and Selker 2021), so it would be possible to design experiments specifically for
this purpose. This could be shown for the strong near-ground gradients in stable stratification
(Lapo et al. 2022), and near-ground inversions may yet be determined from such datasets.
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