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Abstract—Temperature pulsations are measured under conditions of summer hot weather in the near-surface
air layer in a desert territory using wire sensors distributed spatially and in height with a recording frequency
of 1000 Hz. For the power spectra, slopes with values from “–1” to “–1.35” (scales: 0.2‒2 m) are recorded
for frequencies below the “–5/3” inertial interval region. At frequencies above the inertial interval (scales:
0.01‒0.1 m), slopes range from “–4.2” to “–5.8.” In some episodes at frequencies less than 0.1‒0.3 Hz, there
are slopes from “–0.2” to “–0.85.” Based on the equations of motion in the Boussinesq approximation, esti-
mates are obtained for the observed slopes of the spectra: “–1,” “–4/3,” and “–7/3” that are typical of a ther-
mally stratified medium. Using a qualitative (visual) method at different signal averaging times (1, 10, 200 s),
the emergence of thermoconvective ramp structures with a temporal length of 0.3‒1 s is revealed, which con-
stitute a ramp with a length of 1‒10 s at larger averaging.
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INTRODUCTION

Convection above a heated surface appears as a
result of the ascent of warmer air masses (plumes) [1].
The density of distribution of convective elements is
related to temperature pulsations [2] and the concen-
tration of dusty aerosol. The pulsations of the vertical
velocity component intensify with height [3], and
there is an increasing correlation between pulsations of
airf low velocity and temperature [4]. The measured
data, both temperature and velocity exhibit triangular
sawtooth spikes, termed “ramps” [5], which are visu-
ally noticeably separated from each other [6]. The sizes
and distribution of ramps for temperature pulsations
gives us an idea of structures in the convective heat
flux [7]. The constantly occurring convective eddy
structures ensure the main heat transfer and release of
submicron aerosol under conditions of strong heating
of a surface in desert areas.

Studying the statistical properties of pulsating com-
ponents allows us to clarify the role of various dynamic
mechanisms of structure forming. Among the main
characteristics there are spectra of distributing velocity
and temperature pulsations at frequencies (scales).
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The range of scales where classical “–5/3” slopes are
observed is limited [8]. The spectral slopes noticeably
differ for the logarithmic, dynamic-convective sublay-
ers, and the free convective sublayer [8] in the atmo-
spheric boundary layer (ABL) at heights up to 50 m
and demonstrate the slopes of “–1” and “–5/3.”

According to the SABLES98 observations, the
lower atmosphere above f lat homogeneous terrain had
spectra where the segment of “–5/3” was preceded by
both smaller and larger slopes under stable and unsta-
ble stratification conditions [9]. A “–2/3” spectrum
was observed under natural convective conditions in
the plantless territory when the measurements were
taken at heights from 1.5 m to 30 m [10]. The different
spectra constructed for the field measurement data are
mentioned [11].

The theoretical estimates of power spectra show
that under different conditions, slopes of –5/3, –1,
–(2–5) ([12]) and –1, –4/3 ([13]), –5 [14] are likely
to occur.

We note that the known measurements of natural
convection were mostly conducted at heights greater
than 1.5 m over the surface above various territories
under moderately warm weather conditions
(spring‒early summer) (e.g., [8–10]).

This work studies statistical properties of pulsation
components of temperature under convective condi-
tions measured at heights of 20 and 80 cm during sum-
8
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mer with the surface heated to 30‒50°C on desert
sandy terrains devoid of vegetation.

The second section describes the territory and
measurement procedure, as well as the factors affect-
ing the obtained results such as dependences on time
of day and the arrangement of measurement sensors.
The third section compares the spectra of temperature
pulsations for different conditions: clear sky, cloud
cover, height, and position on the dune (shade, peak).
The fourth section provides estimates explaining the
observed slopes for the pulsation spectra near the
heated surface. The fifth section contains a qualitative
visual analysis of how self-similar convective struc-
tures appeared. 

During the comprehensive field research of Obu-
khov Institute of Atmospheric Physics, Russian Acad-
emy of Sciences, conducted in the Chernozemelsky
District of the Republic of Kalmykia in 2022, tem-
perature and velocity pulsations were determined in
addition to measuring aerosol f luxes and meteorolog-
ical variables [2]. This region (Caspian Lowland) is
characterized by typical semidesert landscapes with
extensive sandy areas where a stable dune relief is
formed. A developed wireless pulsation measuring
complex in use included six alternating current ther-
mometers and six constant temperature thermoane-
mometers based on wire sensors made of gold-coated
tungsten 10 μm wire. The frequency of recording the
data from the pulsation sensors corresponds to
1000 Hz. The studies were conducted under natural
conditions; therefore, when data were chosen for anal-
ysis, the cloud cover effect and surface orography were
taken into account: the appearance of turbulent struc-
tures in f lowing around and shading areas at a change
in solar incidence angle (inhomogeneity of tempera-
ture distribution). The surface is heated in the morn-
ing hours up to 25‒26°C with a surface temperature
gradient of up to 9°C, reaching 66°C by the evening
and a temperature gradient of 30°С ([15], Fig. 3).

In 2022, the dunes were arranged at the measure-
ment site so that one of their slopes was in the shade,
while the other was heated by the sun; the shaded areas
appeared in the time intervals from 8:00 a.m. to 11:00 a.m.
and from 3:00 p.m. to 6:00 p.m. (Fig. 2). For the sunny
and shady slopes, the temperature difference reaches
6 degrees from 9:00 a.m. to 11:30 a.m. at a height of
20 cm. The maximum air temperatures were close to
39°С in the measurement campaign of 2022.

According to the dynamics of incident radiation
flux, for three days of observations (July 22, July 28,
and July 29), there was no cloud cover on July 22 and
July 29. On July 28, special time intervals with solar
radiation incidence were recorded from 10:00 a.m. to
10:30 a.m. and from 11:30 a.m. to 12:00 p.m.

These different states are taken into account in the
presented research.

The spectra were constructed for 20-min intervals
for the pulsation components of temperature, deter-
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mined after subtracting a 2-min average selected for
this task. When selecting, the averages were considered
with an increase in frequency interval from 0.02 to
1 Hz at a shift towards higher values.

In analyzing the spectra, we assume that the ran-
dom thermal eddy structures forming them are gener-
ated by the heated surface, and their (observed) sizes
depend on:

—the location on the dune (shade, peak);
—the height of the sensor relative to the surface;
—are affected by cloud cover.
For three points with distributed measurements on

distributed masts at 12:00 p.m. and 5:00 p.m., we
observe similar spectral structures (Fig. 3a, 3b) for the
different points. Discrepancies are recorded better
when temperature differences appear, as shown for
5:00 p.m. (Fig. 3b).

Temperature pulsation spectra at different heights
of 20 and 80 cm have a similar structure (Figs. 3c‒3f).
Discrepancies appear after the interval with the pas-
sage of cloud cover on July 28 at 12:00 p.m. (Fig. 3c)
and on the sunny day of July 29 at 11:00 a.m. (Fig. 3f)
when significant temperature variations are recorded.

Three spectral ranges with inflections in the fre-
quency range w: 0.1‒1, 10‒200 Hz are distinguished.
This corresponds to the intervals of 0.1‒10 s and
0.005‒0.01 s (Fig. 3). The slope exponents in the first
two ranges are “–1” and “–5/3,” respectively. The slope
exponent in the third range varies from –2.5 (–7/3)
to –5.5 (–17/3). There are episodes at frequencies
<0.1‒0.3 Hz when slopes from “–0.2” to “–0.85” are
present.

The slopes close to “–5/3” change insignificantly
during the day (Fig. 4b). For the exponents close to “–1”
(Fig. 4a), significant discrepancies in values (by 20%)
are recorded on a cloudy day in the afternoon; at a
height of 20 cm, the slope is “–1,” and at a height of
80 cm, it is “–4/3” (~–1.3). For a clear day, the values
at the heights of 20 and 80 cm differ by 3‒10%. The
largest difference is recorded at around 12:00 p.m., the
exponents are the closest to “–1.” At other times, they
vary from –1.1 to –1.2.

Using the data from the acoustic thermoanemom-
eter placed at a height of 2 m, the dynamic velocity was
determined for each time moment. Wind velocity were
estimated at heights of 20 and 80 cm to the logarithmic
profile approximation. The estimates of the scales for
turbulent structures carried by the wind are made
based on the hypothesis of frozen turbulence. Figures 4c,
4d show the time variation of typical scales for the esti-
mated velocity values at 20 and 80 cm elevations.
For temperature spectra in the vicinity of the first
inflection, the scales vary from 0.2 to 2 m during the
day at the frequencies from 1 to 20 Hz (0.05‒1 s).
Maximum frequencies appear here from 11:00 a.m. to
1:00 p.m. For the vicinity of the second inflection in
the spectra, there are frequencies of 50‒150 Hz
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Fig. 1. Layout pattern of the 2-m masts and placement of the sensors from the pulsation measuring wireless complex (panorama,
along the line, nearby, in the satellite image) and illustration of implementing the second experiment with the sensors at different
heights. 
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(0.007‒0.02 s), which corresponds to the scales of
0.01‒0.1 m.

The dynamics of the change in structure sizes
during the day is shown for the cloudless day of July 29
with gentle wind for two vicinities of inflections in the
spectrum. Maximum wind velocity were recorded at
2:00 p.m., when the largest typical scales and the larg-
est scale range for the inflection near the exponent “–1”
DO
appeared, which is caused by the increased wind
action. At other times, the wind velocity varied within
20%. At 11:00 a.m., which is a special moment related
to continuous non-uniform surface heating (shade
from dunes), scales significantly differed for the
inflection near the slope exponent “–5/3,” which may
be associated with the emergence of thermal wind near
the surface.
KLADY EARTH SCIENCES  Vol. 516  Part 1  2024
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Fig. 2. Variation in the angle of incidence of sunlight on the surface (Sun’s path scheme). 
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In the vicinity of the first inflection (Fig. 4c), the
largest difference is observed at 2:00 p.m., which is
likely related to the scattering of thermal structures
ascending from the well-heated surface. For the vicin-
ity of the second inflection, the differences in scales
(Fig. 4d) at 11:00 a.m. may be related to the intensified
horizontal f lux near the surface due to inhomoge-
neous heating.

We consider that the relatively small change in the
scale of the structure with height may be due to wind
transport, while significant differences may be related
to heat-flux dispersion or the presence of horizontal
heat f luxes.

We mention the temperature pulsation spectra
obtained by processing experimental field records:
“–5/3” in the inertial range, close to “–1”‒ “–1.3”
and to “–0.2”‒”0.8” at low frequencies, and close to
“–4.2”‒“–5.8” in the dissipative range. The next sec-
tion provides the analysis of appearance of possible
spectral slope exponents.

To study f lows over a heated surface, we use the
equations of motion in the Boussinesq approximation.
The ascending heated, warmer air   is described by the
equations:

(1)

(2)

where  is temperature change,  is thermal conduc-

tivity coefficient,  is expansion coefficient,  is com-

ponents of air f low velocity, and  are density and
pressure.

Taking into account the near-surface temperature
gradient, we obtain the following relationships for the
averaged pulsation components:
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Fig. 3. Spectra of temperature pulsations: (a) July 22 at 12:00 p.m. points 1–3; (b) July 22 at 1:00 p.m. points 1–3, (c) July 28 at
12:00 p.m. at heights of 20 and 80 cm, (d) July 29 at 1:00 p.m. at heights of 20 and 80 cm, (e) July 28 at 10:00 a.m. at heights of
20 and 80 cm, (f) July 29 at 11:00 a.m. at heights of 20 and 80 cm (ω is frequency, u(20). 
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expressed for turbulence spectra [8]. Theoretically,

slope “–1” was obtained in [13] in the presence of

wind shift and temperature gradient; in neglecting tur-

bulent mixing (in [12] and in [8] on the assumption of
DO
height independence of the sizes of turbulent large

eddies). The “–1” spectrum is recorded in a thermally

stratified medium for the low-frequency range, where

mixing is less active [17].
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Fig. 4. Dynamics of changes in structure scales ((a) the first inflection point, (b) the second inflection point) on a clear day on
July 29, 2022, and frequencies on July 28, 2022 and July 29, 2022 at the inflection points, changes in slope exponents during the
day on July 28 and July 29 (square areas designate moments with cloud cover on July 28). 
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To implement the regime of such a spectrum, it is

necessary to satisfy the inequality , where

 is the typical time in the inertial interval

(9)

Hence, we obtain that the –1 spectrum can be
observed at scales

(10)

With the surface heating up to 60‒70 degrees and a
temperature drop by 20‒30 degrees in the first 10 cm,

energy dissipation of about 0.05 m2/s3,  cm.

That is, such a spectrum in the near-surface air layer
above a well-heated surface (under arid conditions)
can be definitely observed at scales of 10 cm and more.
At smaller scales, the spectrum should be –5/3.

In the other limiting case, the turbulent heat f lux

 depends only on energy dissipation. Tempera-

ture pulsations depend on the rate of smoothing of
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thermal inhomogeneities . The pulsations of

the vertical component in turbulent energy 

depend, in turn, on the heat f lux magnitude .

Then we obtain the following estimate expressions:

(11)

Hence,  and

(12)

Consequently, for the spectrum, we have an esti-
mate:
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Fig. 5. Manifestation of self-similarity of structures at a change in visualization and averaging scales. (a) Representing on the 20-s
interval, 1-s averaging, highlighted structures have lengths from 300 to 1000 ms; b) representing on the 50-s interval with
×10 coefficient, 10-s averaging, highlighted structures have lengths from 1 to 3 s; (c) representing on the 50-s and 200-s intervals,
100-s averaging, structures have lengths from 1 to 10 s. 
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We note the observations of the spectrum with a
slope “–1.2” in the evening when the stratification of
the near-surface layer is weakening in the atmospheric
boundary layer in [18].

In the equations for  and , we take into

account dissipation on large scales. The main source
for temperature pulsations is the temperature gradient,

as well as the heat f lux . Then we obtain estimates

under conditions of dissipation and significant tem-
perature gradient:

(14)

Hence,

(15)

For the spectrum, we obtain

(16)

The inhomogeneities of the natural eolian surface
contribute to the emergence of small- scale local con-
vective and turbulent structures. These inclined verti-
cal structures are pushed by the wind. As a result, the
measurement data have spikes with a typical structure
called a ramp. Since ramp structures are self-similar,

their various sizes  can be identified for different
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time averaging intervals  and the selected interval of

visual representation . Averaging over large intervals

leads to their blurring. If , averaging is per-

formed excluding the trends of its slope; when 

up to half of the amplitude value is lost; when 
the structures are visible. Averaging over 1 s (Fig. 5a)
shows ramps with lengths of 300‒1000 ms, that inte-
grate into larger ones ~1 s in size in averaging over 10 s
(Fig. 5b). During the transition from 10-s to 200-s
averaging, ramps also increase in size by a factor of 10.
An interesting effect is noted in Fig. 5 where upon
integration, the descending ramps formed a larger
ascending ramp, which indicates inhomogeneity of
thermal structures.

During such a visual examination, we observe that
merging and enlargement of structures affect the
change in statistical characteristics.

The characteristics of the ramp structures at a low
height up to 2 m under conditions of convective insta-
bility during summer with the surface heated to
30‒50°С under arid conditions in the absence of veg-
etation were studied using visual and statistical meth-
ods.

Based on the data from two experiments for the
distributed (different temperature regimes) and multi-
level (development of thermocurrent structure with
height) placement of the sensors, we compared spec-
tral density functions.

Δ it
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The analysis of the temperature pulsation spectra
showed that their structure is affected by

—the location on the dune (shade, peak);

—cloud cover;

—wind velocity;

—temperature regime.

In the plots (Fig. 3), there are four linear segments
with exponents “<–1,” “–1” (“–1.3”), “–5/3” and
“–4”‒ “–6.” Frequency intervals in the vicinity of the
inflection correspond to 0.1‒0.5, 1‒20, and 100‒
130 Hz.

The typical scales of the structures were calculated
based on the theory of frozen turbulence, they varied
from 0.2 to 2 m and from 0.02 to 0.1 m for the upper
and lower vicinities of the inflection points near the
“–5/3” inertial interval.

The exponents in the vicinity of the first inflection
are close to “–1” for meter-sized structures, typical of
hot daytime after the surface is heated under light and
shade conditions. The exponents from “–1.1” to “–1.3”
characterize less heated air in cloud conditions for
small scales from 0.1 to 0.6 m.

The exponent “–1” is related to the presence of
thermal inhomogeneities and appreciable temperature
gradient. The exponent “–4/3” is determined by the
requirement to preserve thermal inhomogeneities that
generate turbulent pulsations.

We note the unity of dynamic processes forming
the observed spectral structure of turbulence pulsation
characteristics at different scales – from the tropo-
sphere [12, 19], the atmospheric boundary layer [8, 20],
and directly in the near-surface convective layer.

The visual analysis of relative changes in the tem-
perature pulsation components revealed the presence
of triangular asymmetric structures (“ramps”). Their
size depends on the averaging interval, varies from
300 ms to 10 s; the cases of structure self-similarity are
recorded upon their comparison.
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