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The Earth’s rotation around its axis causes the sunlit region to constantly shift in the opposite direction.
The resulting diurnal oscillations of the surface temperature can influence the structure and dynamics of the
general circulationandmidlatitudebaroclinicwaves. Thispaperpresents anumerical studyof the influenceof
diurnal insolationoscillations on the formation andcharacteristics of large-scaleflowsusing anumerical twin
of the laboratorymodel of atmospheric general circulation. Twomain regimeswere considered: with regular
and irregular baroclinic waves. Diurnal insolation oscillations were modeled using a localized, moving heat
source. It is shown that for both regimes of baroclinic waves, the transition from stationary, zonally uniform
heating to non-stationary, zonally inhomogeneous heating does not lead to qualitative changes of the mean
flowstructureor thedistributionofpulsations. Thisonly leads toquantitativechanges, themagnitudeofwhich
does not exceed 15%. The hypothesis that amoving heat sourcewould lead to an increase in pulsation energy
was not confirmed. Moreover, the energy of meridional velocity pulsations, which characterizes the energy
of baroclinic waves, decreases in the case of a moving heat source. A relatively weak effect of the transition
from a stationary, zonally uniform heating regime to a non-stationary, localized one is explained by the fact
that disturbances caused by the movement of the heat source are both spatially and frequency-localized.
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1. Introduction

The general circulation of the atmosphere (GCA) governs the transport of heat between low and high
latitudes, thereby playing a crucial role in weather and regional climate. [1]. The characteristics and temporal
evolution of the GCA depend on a wide range of factors, including Earth’s rotation, solar radiation, surface
topography, and many others. Accounting for these factors is essential for weather prediction; however,
as a result, the mathematical models employed for this purpose are extremely complex [2–4]. The large
number of parameters and tunable settings in models describing hydrodynamic and thermodynamic processes
significantly complicates their use (in their full formulation) for identifying the mechanisms responsible for
the formation of large-scale zonal and meridional flows and waves of various origins [5, 6]. For this purpose,
simplified models with varying degrees of idealization are employed [7, 8]. The evident similarity between
the mean structure of the GCA and the distribution of wave activity in reanalysis data [9], idealized full-scale
models [10–12], and laboratory models [13–15] makes it possible, at least as a first approximation, to model
the GCA using a rotating convective layer with a meridional temperature difference within a certain range of
control parameters. As an example of the successful application of an idealized laboratory model, one can note
the identification of mechanisms of Arctic amplification of the warming. Changes in temperature distribution,
the intensity of zonal flows, and baroclinic waves in experiments and numerical simulations carried out within
the framework of a laboratory GCAmodel in [15] are in good qualitative agreement with results obtained using
climate models [16, 17] and reanalysis data [18]. At the same time, the relative simplicity and limited number of
parameters of the laboratory GCAmodel allowed us to identify, among the possible mechanisms responsible for

©Authors 2026 Translation of the original article in Russian This is an open access article under the CC BY 4.0 license

http://doi.org/10.7242/1999-6691/2026.19.1.1
https://creativecommons.org/licenses/by/4.0


6 Gavrilov A.A., Sukhanovskii A.N. Numerical modeling of diurnal oscillation of insolation... // Comput. Cont. Mech. 2026. Vol. 19(1)

enhanced Arctic warming, a mechanism based on the weakening and displacement of the polar meridional cell.
In [19], the transformation of the GCA and the mean and fluctuating components of meridional heat transport
were studied as functions of rotation rate. The key results of [19], such as the dependence of the number of
meridional cells on the rotation rate, are also in good agreement with full-scale aquaplanet simulations [10].

Seasonal oscillations of insolation can significantly affect the characteristics of theGCAandbaroclinicwaves
[11,12]. In addition to relatively slowseasonal variations, insolation is characterizedby rapiddiurnal oscillations.
The heat source (the region illuminated by the Sun)moves over the Earth’s surface in the direction opposite to its
rotation. It is well known that diurnal variations strongly influence phase transitions, moisture content [20, 21],
wind intensity [22], and convection [23]. The influence of diurnal oscillations on themodulation of Rossbywave
amplitudes at low latitudes has also been suggested [24]. A review of the literature indicates that the important
question of how diurnal oscillations affect the formation and dynamics of large-scale atmospheric flows has
not received sufficient attention and remains open. It should be noted that the formation of convective flows
in the presence of a heat source moving in the zonal direction has been studied in a number of works (including
recent studies), but only for a non-rotating layer. Initially, the question addressed was whether zonal circulation
could develop in a stationary cylindrical layer in the presence of a heat source rotating in the laboratory frame.
Experiments [25, 26] demonstrated that zonal flows do indeed form, and in the direction opposite to the rotation
of the heat source. Numerical simulations [27] have shown that, depending on the parameters (angular velocity
of the heat source and heating intensity), zonal flows can either lag behind or lead the source.

In the present work, the influence of diurnal insolation oscillations on the formation and characteristics
of large-scale flows is investigated using a numerical twin of the laboratory GCAmodel.

2. Methods

The study is based on a digital twin of the laboratory GCAmodel. A detailed description of the laboratory
model, as well as a comparison of laboratory and numerical results, can be found in [13, 15, 19]. A scheme
of the computational domain is shown in Fig. 1a. The working volume is a cylindrical fluid layer with a free
surface, having a radiusR=345mm and a height h=30mm. An annular heater of width 25 mm is located
at the bottom boundary. The distance from the lateral cylindrical wall to the outer boundary of the heater is
40 mm. Silicone oil PMS-5 is used as the working fluid.

(a) (b)

Fig. 1. Scheme of the computational domain: 1, 3, 4 – rotating adiabatic walls, no-slip condition; 2 – annular heater;
5 – free surface (heat exchange with air), slip condition (a); temperature distribution T [K] in the region of the
moving annular heater (shown by color) and an example of instantaneous flow near the free surface (streamlines)
(b)

The unsteady flow of an incompressible fluid is modeled within the Boussinesq approximation in a rotating
reference frame by the following equations:

∇·u=0,
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∂u

∂t
+(u·∇)u+(2Ω×u+Ω×Ω×r)=−∇p

ρ
+ν∇2u−β(T−T0)g,

∂T

∂t
+(u·∇)T =χ∇2T,

where u is the relative velocity vector (hereafter referred to as velocity), Ω is the angular velocity vector
of the system rotation about the central axis, r is the local radius vector, p is pressure, ρ is density, ν is
kinematic viscosity, β is the thermal expansion coefficient, T is temperature, T0 is a reference temperature,
g is gravitational acceleration, and χ is thermal diffusivity.

No-slip boundary conditions are imposedon all solidwalls, while a slip condition is applied at the free surface.
The thermal regime is determined by the power of the heater and the cooler. For the basic heat transfer case, the
powers of the heater and the cooler (free surface) areQh=123W. A heat flux is specified on the heater and the
cooler, calculated based on their rated thermal power and surface area. All other solid surfaces are adiabatic.

In a series of simulations, a localized heat source is modeled at the periphery, in the region of the annular
heater, moving in the rotating reference frame opposite to the rotation of the layer with angular velocity Ω
(Fig. 1b). The rotating localized heat source mimics solar illumination. The heat flux density from the localized
source is calculated as follows:

q(ϕ,t)=
πQlocal

Ah
max[0,sin(ϕ+Ωt)],

whereQlocal is the thermal power of the localized source, Ah is the area of the annular heater, and ϕ is the
local azimuthal angle.

Two regimes are considered: with regular and irregular baroclinic waves [13, 19]. The corresponding
angular velocities are 0.23 and 0.37 rad/s. As dimensionless parameters characterizing rotational effects, the
Ekman number and the Taylor number are typically used:

Ek=ν/(Ωh2),

Ta=4Ω2R5/(hν2).

For the regime with regular waves, the control parameters are Ek= 0.025, Ta= 1.4 ·109, while for the
regime with irregular waves they are Ek = 0.015, Ta = 3.6 · 109. The Ekman number characterizes the
thickness of the viscous boundary layer near the bottom boundary of the model. In the considered regimes, this
thickness is on the order of 4 mm. For each regime, three heating configurations are considered: azimuthally
uniform heating, a moving localized heat source, and combined heating including both azimuthally uniform
heating and a moving localized heat source. The total heating power is fixed and equal to 123 W for all
configurations. Heating and cooling are balanced such that the total heat flux across all boundaries is zero,
and the volume-averaged temperature remains constant.

The initial approximation for the fluid velocity corresponds to solid-body rotation. The initial temperature
is assumed to be uniform and equal to 20◦ C.

Discretization. An unstructured computational mesh is employed, consisting of several blocks with
structured hexahedral cells. The blocks define the regions of the heater and the localized cooler. In the cooler
region, a five-block structured mesh with a central square is used. The square is covered by a uniform structured
mesh. In the vertical direction, the mesh is refined toward the upper and lower boundaries of the computational
domain and containsNz nodes. Approximately, the base computational mesh has the following resolution:
192 nodes in the radial direction with refinement toward the heater and cooler, 260 nodes in the tangential
direction, and 40 nodes in the vertical direction with a refinement factor of 1.05 toward the model boundaries.
The total number of control volumes is 2.0 million.

The time integration step is 0.1 s and remains constant throughout the simulation. For the baseline regime
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with a rotation period of 17 s, the maximum Courant–Friedrichs–Lewy (CFL) number, computed based on
the relative velocity, does not exceed 3.0, while the volume-averaged value is CFL= 0.2±0.2. Statistical
characteristics are obtained by averaging over time and the azimuthal direction after reaching a statistically
steady state. The transient phase lasts about 2000 s. The averaging time is at least 7200 s.

Numerical algorithm.Numerical simulations are performed using the SigmaFlow package; the numerical
algorithm is based on the finite volume method for spatial discretization of the governing hydrodynamic
equations on an unstructured mesh. The convective and diffusive terms in the momentum equation are
approximated using second-order central difference schemes. The coupling between velocity and pressure
fields, ensuring satisfaction of the continuity equation, is implemented using a SIMPLE-type splitting
procedure. The velocity and pressure fields are defined at the centers of control volumes. To suppress pressure
oscillations, the Rhie–Chow approach is applied, which involves a special interpolation of the velocity vector at
the faces of control volumes. Time integration of the momentum equation is performed using the second-order
Crank–Nicolson method, with both viscous and convective terms treated implicitly. The convective terms in the
energy equation are approximated using an upwind TVD scheme, while the unsteady term in the temperature
equation is approximated using a three-level second-order scheme. The pressure correction is obtained from
the corresponding discrete equation using an algebraic multigrid method. Parallel computing technology based
on domain decomposition into multiple adjacent subdomains is employed to accelerate the computations.

Verification and validation.Verification of the numerical model was previously performed by the authors;
see [15].

3. Results

The influence of a moving extended heat source on the flow characteristics in the laboratory GCAmodel
was studied in two regimes: quasi-regular and irregular baroclinic waves. The structure of the mean and
instantaneous flows in the latter regime most closely resembles that observed in the real atmosphere [15];
therefore, for brevity, hereafter we refer to this regime as the atmospheric one. This makes it possible to assess
the influence of diurnal temperature oscillations for different wave regimes. The regime with stationary heating,
described in detail in [15], is used as the basic case. We restrict ourselves to a brief description of the main
features required for the comparative analysis. The mean and fluctuating flow characteristics for the basic
state, i.e., stationary heating, are shown in Figs. 2, 3a, and 4a. The mean meridional circulation consists of
analogues of the three main atmospheric cells (Fig. 2a). The most intense is the analogue of the Hadley cell
located near the heating region; at smaller radii there is an analogue of the midlatitude cell (the Ferrel cell), and
finally, near the rotation axis, an analogue of the polar cell is formed. Because the heating region is displaced
from the sidewall, one more (additional) cell arises near it; this cell is not of interest in the present study. The
structure of the zonal flows (in the rotating frame of reference) is also qualitatively similar to the structure
of flows observed in the atmosphere (Fig. 2b). At the periphery, a flow directed opposite to the rotation of
the layer (anticyclonic) is formed, which is an analogue of the easterlies. At smaller radii, an analogue of the
westerlies appears, namely a flow co-directed with the rotation of the layer (cyclonic). The velocity of the
zonal flows V in the GCAmodel, as in the real atmosphere, increases with height z.

The mean temperature distribution is shown in Fig. 3a. A characteristic feature of convection in a rotating
layer is the inclinationof the isotherms. At the same time, almost everywhere, except for the region adjacent to the
heater, the temperature increases with height, i.e., stable stratification is formed. Fluctuations of the meridional
velocity are primarily associated with baroclinic waves and are commonly used as an indicator of wave activity
(Fig. 4a). Baroclinic waves form in the region with the strongest horizontal temperature gradient, which is
shifted away from the heating region toward smaller radii (Fig. 3a). Themaximumwave activity is located in the
upper part of the layer, just as in the real atmosphere, where the highest level ofmeridional velocity fluctuations is
observed in theupper troposphere. Temperaturefluctuations shown inFig. 4b are also causedbybaroclinicwaves.
A high level of temperature fluctuations characterizes the region of baroclinic waves and the strongest heat flux.
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(a) (b)

Fig. 2.Mean meridional circulation (streamfunction distribution [m2/s]) (a) and distribution of the mean zonal
flows [m/s] (b) in the atmospheric regime; dashed lines denote isolines with negative values, and solid lines denote
isolines with positive values

(a) (b)

Fig. 3.Mean (time- and zonal-coordinate-averaged) temperature distribution (T−T0) [K] for stationary heating (a);
mean (time-, zonal-coordinate-, andheight-averaged) radial temperatureprofiles fordifferentheatingconfigurations
(b): st – stationary, 50/50 – combination of stationary heating and moving source, 100/0 – moving source;
atmospheric regime

(a) (b)

Fig. 4. Distributions of velocity fluctuation energy [m2/s2] (a) and temperature fluctuation energy [K2] (b);
atmospheric regime, stationary heating

Let us consider the changes in the mean and fluctuating flow characteristics in the presence of a heat source
moving opposite to the direction of rotation. Figure 3b shows that the mean temperature distribution depends
only weakly on the heating configuration. The radial temperature profiles (averaged over time, zonal coordinate,
and height) for the stationary zonally symmetric heater and the moving localized heater practically coincide. In
contrast to the temperatureprofiles, the transition to anotherheatingconfiguration leads toquantitative changes in
themean zonal flows that depend strongly on the system rotation rate,while their overall structure is preserved. In
the regime of quasi-regular baroclinic waves, the transition from zonally uniform stationary heating to amoving
source is accompanied by a weakening of the zonal flow (the analogue of the westerlies) (Fig. 5a, b), whereas in
the atmospheric regime, by contrast, themain zonal flowbecomes stronger and is displaced toward the periphery
(Fig. 5c, d). However, the described changes are relatively small and do not affect the flow structure as a whole.

The results concerning the fluctuating characteristics turned out to be unexpected. The moving localized
heater is itself a source of disturbances; therefore, one could expect its presence to lead to a substantial
increase in the level of velocity fluctuations. However, as the simulation results show, this is not the case.
The mean (height- and zonal-coordinate-averaged) profiles of the velocity fluctuation energy for the three
heating configurations and the two different flow regimes are shown in Fig. 6. It is clearly seen that the level
of fluctuations in the region of baroclinic waves at intermediate radii of the fluid layer decreases in the case of
a localized heat source in both regimes. At the same time, as in the mean flow, no qualitative changes occur in
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(a) (b)

(c) (d)

Fig. 5. Changes in the distribution of zonal flows [m/s] in the case of a moving heat source (a, c), mean (height-,
zonal-coordinate-, and time-averaged) profiles of zonal velocity for three heating configurations (b, d); regime of
quasi-regular baroclinic waves (a, b), atmospheric regime (c, d)

the distribution of fluctuations. However, this does not mean that the transition to another heating configuration
does not affect the instantaneous characteristics of baroclinic waves.

A common approach for illustrating the evolution of baroclinic waves is to use temporal dependencies
of meridional velocity fluctuation profiles (Hovmöller diagrams). Recall that baroclinic waves are move with
the zonal flow and move in the rotating frame of reference in the direction of rotation. Figure 7 presents the
profiles of meridional velocity fluctuations at the upper boundary of the layer, along a fixed radial direction
in the time–radius plane, for the two wave regimes considered and the two heating configurations at the
periphery. The qualitative changes in the characteristics of baroclinic waves during the transition from the
quasi-regular (Fig. 7a, b) to the atmospheric (Fig. 7c, d) regime are clearly visible, which cannot be said about
the influence of the heating configuration. Here, as previously for the mean characteristics, some noticeable
but non-fundamental changes can be seen. Thus, for quasi-regular waves, the transition to a moving heat source
leads to a decrease in the phase velocity of the waves and an increase in their meridional size. High-frequency
fluctuations at the periphery caused by the motion of the heat source are also noticeable (Fig. 7b). Changes

(a) (b)

Fig. 6.Mean (height- and zonal-coordinate-averaged) profiles of the meridional velocity fluctuation energy for
three heating configurations in the regime of quasi-regular baroclinic waves (a) and in the atmospheric regime (b)
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(a)

(b)

(c)

(d)

Fig. 7. Hovmöller diagrams of meridional velocity fluctuations [m/s] at the upper boundary of the layer for a fixed
azimuthal angle ϕ in the “time–radius” plane for different flow regimes and heating configurations: regime of
quasi-regular baroclinic waves (a, b); atmospheric regime (c, d); stationary heating (a, c); moving localized source
(b, d)

in the character of baroclinic waves in the atmospheric regime are even less pronounced. The Hovmöller
diagrams for azimuthal profiles (Fig. 8) illustrate the features of baroclinic waves for the two regimes and show
that a relatively small variation in angular velocity fundamentally affects the wave dynamics. The minima and
maxima in Fig. 8 correspond to individual wave structures (vortices). The length and slope of the lines, clearly
distinguishable for the regular-wave regime (Fig. 8a, b), characterize the lifetime of individual vortices and their
phase velocity. In the atmospheric regime (Fig. 8c, d), the wavemotion is more complex. It should also be noted
that, in contrast to the regular regime, the wave lifetime in the atmospheric regime is substantially limited: the
waves break down before completing a full revolution. At the same time, even in the regime with regular waves,
noticeable rearrangements of the wave structure are possible, accompanied by changes in the wave number (the
number of vortices) and in the wave amplitude. As for the main question, namely the influence of changes in the
heating configuration onwave formation, it is difficult to give an unambiguous answer. Qualitative analysis does
not reveal any substantial differences between the results for zonally uniform heating and heating by a moving
source; that is, in general, the overall pattern of wave motion does not depend on the heating configuration.

The energy spectra of meridional velocity fluctuations, which characterize the energy of baroclinic waves,
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(a)

(b)

(c)

(d)

Fig. 8. Hovmöller diagrams of meridional velocity fluctuations [m/s] at the upper boundary of the layer for
r/R≈0.53 in the “time–azimuthal angle” plane: regime of quasi-regular baroclinic waves (a, b), atmospheric
regime (c, d), stationary heating (a, c), moving localized source (b, d)

are shown in Fig. 9 for different regimes and heating types. The spectra are constructed using the decomposition
of meridional velocity fluctuations into azimuthal Fourier modes [11–13] over the entire statistically stationary
time interval. The spectra for both regimes show a decrease in the fluctuation level in the case of a moving
heat source. In the quasi-regular regime, the energy maximum shifts toward lower (larger-scale) spatial modes,
whereas in the atmospheric regime, by contrast, it shifts toward higher modes. In Figs. 7 and 8, one can note
an increase in the size of the structures characterizing baroclinic waves in the quasi-regular regime and their
decrease in the atmospheric regime in the case of a moving heat source. The relatively weak effect of changing
the heating regime from stationary zonally uniform to unsteady localized heating is explained by the fact
that the disturbances induced by the motion of the heat source are localized both in space and in frequency.
This is clearly seen in the distributions of fluctuation energy in the radius–wave mode plane (Fig. 10) and the
radius–frequency plane (Fig. 11). The distribution of localized heating is characterized by the lowest mode
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(a) (b)

Fig. 9. Energy spectra of meridional velocity fluctuations [m2/s2] for the quasi-regular (a) and atmospheric (b)
regimes for different heating configurations

(a) (b)

Fig. 10. Distribution of the meridional velocity fluctuation energy [m2/s2] in the “radius–wave mode” plane for
different flow regimes: quasi-regular (a), atmospheric (b)

(a) (b)

Fig. 11. Distribution of the meridional velocity fluctuation energy [m2/s2] in the “radius–frequency” plane:
quasi-regular regime (a), atmospheric regime (b)

m=1; therefore, one may expect that the motion of the heat source will generate large-scale modes. Indeed,
this is clearly seen in Fig. 10: the velocity fluctuations caused by the motion of the heat source are described
by the lowest spatial modes (m= 1 and m= 2), which are located at the periphery and practically do not
penetrate into the region of baroclinic waves. The frequency distribution of fluctuations (Fig. 11) shows that
the forcing frequency associated with the motion of the heat source is significantly higher than the frequencies
characteristic of baroclinic waves, especially in the atmospheric regime.

4. Conclusion

A numerical study of the influence of diurnal insolation oscillations on the formation and characteristics
of large-scale flows has been carried out using a numerical twin of the laboratory GCA model. The results
turned out to be unexpected. In particular, the transition from stationary zonally uniform heating to heating
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by a moving heat source, which models diurnal insolation oscillations, did not lead to qualitative changes in the
characteristics of the mean flow or in the distribution of fluctuations. Only quantitative changes in the velocity
of the main zonal flow (the analogue of the westerlies) and in meridional velocity fluctuations were observed.
It is shown that the mean temperature distribution is practically independent of the heating configuration. It
is worth noting that heating by a moving heat source affects the main zonal circulation differently in various
baroclinic-wave regimes: in the quasi-regular regime the zonal flow weakens, whereas in the atmospheric
regime it strengthens. However, the magnitude of these deviations from the basic case (zonally uniform heating)
does not exceed 15%. The assumption that a moving heat source would generate additional disturbances and,
consequently, increase the fluctuation energy was not confirmed. On the contrary, the energy of meridional
velocity fluctuations, which characterizes the energy of baroclinic waves, decreases in the presence of a moving
heat source. The relatively weak effect of changing the heating regime (from stationary zonally uniform to
unsteady localized) is explained by the fact that the disturbances induced by the motion of the heat source are
both spatially and frequency-localized. The lowest spatial modes are located at the periphery and practically
do not penetrate into the region of baroclinic wave formation, while the forcing frequency associated with
the motion of the heat source is significantly higher than the frequencies characterizing baroclinic waves.

The research was supported by the Russian Science Foundation (project No. 22-61-00098).
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