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Abstract: The large-scale flows of the oceans and the atmosphere are driven by a non-uniform surface
heating over latitude, and rotation. For many years scientists try to understand these flows by doing
laboratory experiments. In the present paper we discuss two rather new laboratory experiments
designed to study certain aspects of the atmospheric circulation. One of the experiments, the
differentially heated rotating annulus at the Brandenburg University of Technology (BTU) Cottbus,
has a cooled inner cylinder and a heated outer wall. However, the structure of the atmospheric
meridional circulation motivates a variation of this “classical” design. In the second experiment
described, operational at the Institute of Continuous Media Mechanics (ICMM) in Perm, heating
and cooling is performed at different vertical levels that resembles more the atmospheric situation.
Recent results of both experiments are presented and discussed. Differences and consistencies are
highlighted. Though many issues are still open we conclude that both setups have their merits. The
variation with heating and cooling at different levels might be more suited to study processes in the
transition zone between pure rotating convection and the zone of westerly winds. On the other hand,
the simpler boundary conditions of the BTU experiment make this experiment easier to control.

Keywords: baroclinic instability; rotating convection; extreme events

1. Introduction

The large-scale flows of the oceans and the atmosphere are driven by a non-uniform
surface heating over latitude, and rotation. The former is responsible for large-scale
convective processes like the ocean overturning circulation or, the atmospheric counterpart,
the Hadley cell. The latter generates ocean boundary currents and the westerlies of the
atmosphere [1].

For almost a century, scientists try to understand these flows by doing laboratory
experiments [2]. Some of these experiments try to isolate crucial elements of the flow. For
instance, the convection driven meridional circulation is studied by so called horizontal
convection experiments. In this configuration, a horizontal surface at the lower or the
upper boundary is heated differentially [3]. Some authors use salt to generate a surface
buoyancy gradient [4]. In other versions, parts of the upper and lower boundaries are
heated with different temperatures or the sidewalls of the tank considered are kept at
different fixed temperatures. Other experiments just highlight the rotation and focus, e.g.,
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on the formation of boundary currents [5] or the initiation and development of severe
cyclones [6,7].

The differentially heated rotating annulus includes both effects, convection and rota-
tion, and is considered as an analog to the large-scale atmospheric circulation. The early
years of research using the annulus experiments are comprehensively reviewed by [8]. The
work until the mid-1970s is summarized in a review article by [9] and until the 1990s in a
book chapter by [10]. To our knowledge the most recent review that also nicely embeds
the annulus experiments in current work on the general atmospheric circulation is given
by [11]. Insightful are further articles commemorating the 80th birthday of Raymond
Hide [12,13]. Finally we mention that the experiments done by Exner on atmospheric
vortices celebrate their 100th anniversary this year [14].

In the present paper we discuss two rather new laboratory experiments designed to
study certain aspects of the atmospheric circulation [15]. In particular we show how such
laboratory models can help to understand pressing issues on the stability of the jet-stream
under climate change [16]. Extreme weather is associated with the meandering of the
jet stream. Polar amplification, the reduction of the North-South temperature contrast,
is considered to be essential in driving midlatutude extreme weather [17]. It is argued
that Polar amplification leads to a weaker zonal mean flow and to stronger meanders
in the jet-stream [18]. Although this seems to be consistent with observations [19] and
also with lab experiments [20] a number of open issues remain that seem to be accessible
to laboratory modeling. For instance, it is not clear yet which role zonal asymmetries
in surface heating play for the waviness of the jet stream [21] and how strong the wavi-
ness influences the frequency of extreme weather. Experiments with a small tank have
shown that waviness becomes larger but variability smaller with a reduced temperature
gradient [20]. The experiments described here are closer to the atmosphere and are hence
useful tools to quantitatively answer questions like these in the future.

One of the experiments, the differentially heated rotating annulus at BTU Cottbus, has
a classical “Hide-setup” with an cooled inner cylinder and a heated outer wall. Following
numerical experiments by [22], the aspect ratio d/L, where d is depth and L gap width, is
small. The outer radius b is of the order of one meter and the ratio b/L is order one. In
such a system buoyancy forces play an important role which is relevant when small-scale
features are studied [23].

The atmosphere is characterized by heating at the bottom in the tropics and cooling
at the top of the polar latitudes. This particular forcing is not correctly reproduced in the
classical Hide-setup and this motivates a different design that includes heating and cooling
at different vertical levels. Ref. [24] showed first results with such an experiment. Vertical
separation of heating and cooling leads to more spatio-temporal complexity, including the
coexistence and interaction between free convection and baroclinic wave modes. Ref. [25]
recently presented an experiment without any inner cylinder, rather similar to the dishpan-
setup by [8]. In accordance with [24], the dishpan version also shows more irregularity
and flow complexity and it is worth to contrast some recent findings from the Hide- and
the “Fultz-design” and discuss the advantages and disadvantages of both systems. The
main research questions we ask here are: (i), what inherent differences can be found with
respect to flow regimes between the Hide and the Fultz set-up? (ii), is one of the set-ups
more suited for meteorological and climate applications?

Finally we mention that recently also an experiment with a mixed type of thermal
forcing has been described [26]. This experiment comprises of a cylindrical annulus with
peripheral spot heating at the bottom on the outer edge and uniform cooling on the
inner sidewall. The experiment has an aspect ratio of about one and a gap width of just
12 cm. Although relevant in our context, the experiment is not in the same category as the
experiments described here having a small aspect ratio and a much larger outer radius.

The paper is organized as follows. We first present the setups of both experiments. In
Section 3, we exemplary discuss recent results that highlight the ability of the experiments
to map fundamental aspects of atmospheric dynamics. Then, in Section 4, we discuss
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special features of the experiments and how a combination of the experimental data can
give new insight into issues of climate dynamics and climate change. We Section 5 we give
conclusions and a brief outlook.

2. Experimental Setup
2.1. The BTU Experiment

For the BTU experiment the classical Hide-setup is used that consists of three con-
centric cylinders (see Figure 1) [9]. In the heating and cooling chambers we use water.
Furthermore, the working fluid in the central annular chamber is water. The water in
the inner cylinder is cooled and the water in the outer annulus is heated. Unlike to our
earlier experiments with climate applications [20,27,28] we discuss here the very similar but
significantly larger tank that has shown features closer to the atmospheric dynamics [22,29].
The experimental setup is described in detail in [23] and will not be repeated here. The
relevant dimensionless parameters used for annulus experiments are the thermal Rossby
number RoT, the Taylor number Ta, and the Prandtl number Pr:

gdAp 40%(b —a)® v
Rop= 8220 22070 p Y 1
or P02 (b —a)?’ ? vid Tk @

All variables and parameters are given in Table 1, except the density difference
Ap = poaAT, and the constant of gravity, ¢ = 9.81 m s~!. It should be noted that it is
not obvious how to reconcile the three dimensionless parameters with those of the real
Earth’s atmosphere. A first estimate using parameters from the atmosphere gives Pr = 0.78,
Ro = 1072, and Ta = 5.8 x 10%°. The huge value for Ta results from the fact that the mid-
latitude belt, b — a, is about 5000 km wide but the depth from the ground to the stratopause
is just 50 km. In the formula for Ta the width occurs at the fifth power which finally results
in the huge number for Ta. We can summarize that from a model theory point of view the
experiment and the atmosphere fulfill an incomplete similarity only. It is also rather obvi-
ous that three dimensionless parameters are not enough to fully describe the experiment.
e.g., geometric aspects seem to be underrepresented [30]. However, empirical arguments
found from laboratory studies justify the three parameter approach [11]. Following the
diagram by [31], with 1 < Pr < 10, Ro < 1 and Ta — oo, we can state that the experiment
and the atmosphere are in a comparable geostrophic turbulent regime.

Figure 1. Sketch of the BTU experiment (left). Outer (inner) radius b(a), fluid height d, temperature
difference AT. Picture of the annulus taken in the lab (right). See also [27,32].

For measuring the surface temperature we use an infrared camera (Jenoptik, module
IR-TCM 640 ). This camera has a spatial resolution of 640 x 480 pixel, a spectral range
of 7.5-14 pum, a thermal sensitivity < 80 mK and an accuracy of 1.5 K. The used thermocou-
ples (sheathed sensors consisting of two wires NiCr-Ni from ALMEMO®) hane a diameter
of 0.5 mm, and a wire length of 10 cm. The sensors have an accuracy of 0.1 °C.
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Table 1. Parameters of the laboratory experiment. Note that in both experimental set-ups the bottom
is flat and no bottom topography is used.

Geometry BTU ICMM
inner radius a (mm) 350 -
outer radius b (mm) 700 345
gap width (b —a) (mm) 350 345
fluid depth d (mm) 60 30
fluid properties
density po (kg m73) 997 911
kin. viscosity v (m3s1) 1.004 x10~® 52 x10°°
therm. diffusivity ~ x (m?s~!)  0.1434 x107® 0.083 x10~°
exp. coefficient « (1/K) 0.207 x1073 0.9 x1073
pr vk~ 7.0 62.7

2.2. The ICMM Experiment

The alternative to Hide’s classical setup is the so-called dishpan configuration, which
consists of a cylindrical vessel with a rim heating at the bottom periphery and cooling at
the center [33]. The laboratory flows in Fultz’s experiments were very similar to the typical
atmospheric flows but less steady and regular than in the classical annular configuration.
The principal scheme of the ICMM laboratory model is in general similar to the Fultz-
configuration except the location of the heater (Figure 2a). The shallow rotating cylindrical
layer of fluid with a localized heater at the bottom periphery and a localized cooler in
the central part of the upper boundary is considered. The rim heater is intentionally
shifted from the sidewall to decrease the influence of the no-slip vertical boundaries and to
provide an anticyclonic (easterly) motion in the upper layer close to the outer wall. The
working fluid is a silicon oil (Prandtl number at room temperature is about 63). The full
description of the experimental setup is provided in [25] and all the relevant experimental
parameters can be found in Tables 1 and 2. The experiments performed at BTU and
ICMM are given in Table 3.

Table 2. The main heater properties of the BTU and ICMM experimental model. In the BTU experiment,
the inner cylinder is filled with cold water and the outer annulus with warm water. Then, due to heat
conduction of the perspex walls, the inner perspex wall of the center annulus is cooled and the outer
wall heated.

Heater Properties

BTU
thickness perspex walls Iy 10 mm
radius cooling chamber e 340 mm
width heating chamber ry 85 mm
ICMM

heater width l 25 mm
heater radius rh 293 mm
cooler radius Te 28 mm
heating power Py 123 Wt
cooling power P. ~3 Wt

For visualizing the flow with aluminum flakes we use a Bobcat 2020 camera with
4 Mpx (2048 x 2048 pixels). The rate of recording was 1 frame per second. The aluminum
flakes have a typical thickness of about 0.5-1 micrometer and a length that varies from 25 to
125 micrometers.



Atmosphere 2023, 14, 836

50f19

Table 3. Main forcing and nondimensional parameters.

Note that E is the Ekman number

E = 4Ta~ /2, where v is the geometric factor v = 2(h/R)~>/2.
Exp. Q, rad s—1 AT Rot Ta E
BTU
1 0.21 4 0.0091 15.2 x 10° 0.0013
2 0.073 25 0.046 1.87 x 10° 0.0038
ICMM
1 0.08 25.1 84 1.7 x 108 0.068
2 0.09 25.7 6.5 23 x 108 0.061
3 0.11 26.9 49 3.2 x 108 0.05
4 0.13 245 3.1 47 x 108 0.042
5 0.17 25.1 1.9 7.5 x 108 0.033
6 0.23 239 1.0 1.4 x 10° 0.024
7 0.37 23.9 0.4 3.6 x 10? 0.015
8a 0.48 245 0.2 6 x 10° 0.012
8b 0.48 10.2 0.1 6 x 10° 0.012
8¢ 0.48 7.2 0.06 6 x 10° 0.012

(b)

Figure 2. (a) Scheme of the laboratory model, 1—rotating table, 2—rim heater, 3—cooler, 4—LED

illumination, 5—CCD camera; (b) Photo of the experimental set-up. (Colour online).
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2.3. Specifics of the Different Experimental Models

The application of results of laboratory modeling to the processes relevant for the
atmosphere requires a careful approach and a deep understanding of the mechanisms
responsible for the flow formation and dynamics. The comparison of results from different
laboratory models may on the one hand help to separate some universal features of
baroclinic waves in a rotating fluid layer with horizontal temperature difference and on
the other hand may help to isolate effects that are mainly determined by specifics of the
experimental setup.

The main deviations of the different experimental setups include (i) the geometry
(type of the working volume, aspect ratio, depth of the fluid), (ii) the heating and cooling
realization and (iii) the fluid properties. The BTU experiment as well as the one by [24] have
an annulus geometry. In contrast, the ICMM experiments are carried out in a cylindrical
layer without an inner cylinder. The aspect ratio 1/ (b — a) (see Table 1) determines the
organization of the meridional circulation and may hence play a significant role in a flow
formation. The BTU and ICMM setups in comparison with the one by [24] have a smaller
aspect ratio (substantially less than unity). In shallow layers of fluids with high Prandtl
numbers, which are considered in particular in the ICMM experiment, the influence of the
Ekman layer on the baroclinic and inertial waves cannot be neglected [23]. We further point
out that the driver of the motions in the described experiments is a thermal convection.
This implies that the location of the heating and cooling and the type of the boundary
conditions are important. In the “classical” BTU configuration, boundary conditions of the
first kind (constant temperature) are realized along the vertical sidewalls. In Scolan and
Read [24] and also the ICMM setup, heating and cooling is applied at different levels, but
with different boundary conditions: boundary conditions of the second kind in the ICMM
setup and mixed conditions in the setup by [24]. Finally we note that the fluid properties
given in Table 1 are also important for the flow under consideration. In [34] it was shown
that increasing the Prandtl number leads to less regular flows. Water with Pr = 7 was the
working fluid used in the BTU and the Oxford experiments. In contrast, silicon oil with
Pr = 63 was used in the ICMM experiments. It should be noted that due to so called surface
active agents (surfactants) an open water surface can show surprising and quite specific
properties and may hence behave rather as a deformable film than a free surface [35].

3. Results
3.1. BTU Configuration

The BTU experiment has proven to be a good analog to atmospheric flows even
with respect to small-scale processes or climate dynamics. Here we demonstrate this by
highlighting three aspects: (i) the energy spectrum retrieved from the experiment and
from atmospheric data, (ii) a comparison of extreme value distributions derived from the
experiment and from atmospheric reanalysis data, and (iii) an experimental determination
of local instability measures pointing to rare and localized turbulence events in space
and time. The latter might well be relevant in the context of extreme events. The results
reviewed in Sections 3.1.1 and 3.1.2 are already published [29,36] whereas Section 3.1.3
discusses new findings. In Section 3.2 we consider new numerical results on the meridional
structure of the flow and we show that even with the Hide-setup a realistic meridional
streamfunction seems possible.

3.1.1. Spectra

In the atmosphere the energy spectrum when dominated by meso-scale processes
follows a —5/3 power law, whereas at large-scales, when it is dominated by Rossby waves,
the power law slopes with —3. This was first discussed by [37]. Whereas it is rather clear
that the —3 slope corresponds with 2D turbulence of quasigeostrophic flow, it is still under
discussion whether the —5/3 part is due to a Kolmogorov-type stratified turbulence [38]
or due to gravity wave turbulence, where different gravity wave modes weakly interact.
Using numerical data from the Japan Meteorological Agency, ref. [39] found that the energy
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spectrum of gravity modes exactly follows the —5/3 power law in the synoptic- and meso-
scales. Ref. [40] used the MOSAIC dataset and separated the kinetic energy spectrum into
divergent and rotational parts. They found a dominance of the divergence spectrum at the
meso-scale and considered this as support for the gravity wave hypothesis since gravity
waves contribute significantly to divergence.

Taking Particle Image Velocimetry (PIV) data from a large BTU tank experiment,
ref. [29] presented the energy distribution between the large-scale balanced flow and the
small-scale imbalanced flow. It was already discussed in [23] that weakly nonlinear internal
gravity waves, spontaneously emitted from the baroclinic jet, can be observed in the
differentially heated rotating annulus experiment. Similarly to the atmospheric spectra, the
experimental kinetic energy spectra reveal the typical subdivision into the —5/3 slope for
small-scales and the —3 slope for large-scales. Following [40] and separating the spectra
into the non-divergent vortex and divergent wave components, it emerges that in the
meso-scale range, the gravity waves observed in the experiment cause a flattening of the
spectra from a slope of —3 to —5/3 and provide most of the energy for smaller scales. At
even smaller scales, our data analysis suggested a transition toward a turbulent regime
with a forward energy cascade up to where dissipation by diffusive processes dominates.

This correspondence between characteristics of the observed atmospheric kinetic
energy spectrum and the one from the experiment is a strong argument for operating the
baroclinic annulus as an analog to the atmospheric circulation. Moreover, it shows that
the baroclinic annulus experiment is a useful tool to test concepts from geophysical fluid
dynamics like, e.g., the concept of spontaneous imbalance and gravity wave emission at
fronts in connection with Rossby wave trains.

3.1.2. Extreme Event Distributions

Extreme weather events such as heat waves and cold spells are part of the atmospheric
jet stream dynamics. In two recent papers we studied distributions of such events in
rotating annulus experiments [20,36]. In the first one we considered the effect of polar
warming on the mid-latitude jet stream using a tank similar to the one seen in Figure 1 but
smaller. The outer wall was at b = 12 cm and the gap width was just b —a = 7.5 cm. We
showed that a monotonic decrease in the meridional temperature gradient slows down the
eastward propagation of Rossby waves and leads to a broadening of the wave spectrum.
Temperature variability becomes smaller in regions influenced by the Rossby wave trains.
A reduced variability implies a narrower temperature distribution and a reduction of
the strength of extreme events. In contrast, the number of extreme events can increase
in the mid-latitudes. Interestingly, in spite of the radical reduction of complexity of the
laboratory experiment compared with the atmosphere, the found trends in the laboratory
data correspond with findings from an analysis using reanalysis data [20].

In the second paper [36] we used surface temperature data from the big tank
(see Table 1) measured with an infrared camera to analyze extreme event distributions.
Probability density distributions of spatial mean and variance extremes from a long-
term laboratory experiment (24 h of observation) with AT = 4 °C and () = 2 rpm (i.e,,
7.9 experimental “years”) have been studied and were compared to the atmospheric prob-
ability density distributions taken from reanalysis data. Empirical distributions of extreme
value monthly block data were derived for the experimental and atmospheric cases. Gener-
alized extreme value distributions have been adjusted to the empirical distributions, and
the distribution parameters have been compared. A good agreement between experimental
and atmospheric distributions was found and these results hence indicate that the labo-
ratory model is a useful tool for investigating trends in extreme event frequency due to
climate change. In the future we plan to do “Arctic Amplification” experiments using the
big tank by reducing the radial heat contrast.
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3.1.3. Local Instabilities as Rare Events

In this and the following section we describe new results obtained from measurements
with temperature probes and numerical modelling. A series of temperature probes have
been positioned in the fluid to measure horizontal and vertical temperature gradients (see
Table 4). The sensors can be used to estimate key parameters for local instabilities. The

thermal wind is given by
gd aAT\ ¢

i =5 () ?
where { = 1, g is the constant of gravity, f = 2() and the other parameters can be found
in Table 1. From experiments with a smaller tank we found that a better estimate for Ut
is given by the power law (2) but with ¢ = 0.55 [20]. From this we calculate U by using
AT = T1 — Ts where the indices indicate the sensor numbers (see Table 4). Using Ut we
estimate the local Reynolds number Re and the local Rossby number Ro

_ Ur(b—a) _u
Re—TT, Ro_f(biza)'

By using p = po(1 — aT), the near surface buoyancy frequency N> = g/podp/dz is
given by

®)

4)
with Az = 1 cm. With this estimate and the thermal wind Ut we can obtain a first guess for
the Richardson number and the Froude number

N242

u
Ri = T

T%, F?’Z m (5)

Table 4. Positions of the sensors with numbers 1 to 8. The vertical (z) and horizontal (x) sensor
positions are given in cm. The inner cooled wall is located at x = 0 cm, the outer heated wall at
x = 35 cm. The fluid surface is at z = 0 cm and the bottom is at z = 6 cm.

cm x =25 x=9.0 x =15.5 x =225 x = 28.0
z=0 5 4 3 2 1
z=1 - - 6 - -
z=2 - - 7 - -
z=23 - - 8 - -

De Bruyn Kops et al. [41] discussed Reynolds and Froude number scaling in stably-
stratified flows. In such flows there is a competition between Reynolds number related
turbulence and stratification effects that tend to suppress turbulence. Therefore, the authors
argue, turbulence erupts in patches and this leads to intermittency. The latter can also be
seen as turbulence events localized in space and time. When rotation is added the flow
becomes even more complex due to new instabilities in stratified rotating flows. Using the
estimates for N/ f, Ro, N, Ri, we can track different kinds of local instabilities in the rotating
annulus. We point out that local instability in a generically stable flow can be considered as
an extreme event since, even if rare, it can strongly affect the flow behaviour.

We used the sensor data from the experiment BTU 1 (see Table 3). The same experiment
was considered in Section 3.1.2 but there we used infrared surface temperature data. In
Figure 3, we show the time-series for N/ f, Ro, the imaginary part of N, Ri, and T3. We
know from [23,29] that internal gravity waves can be generated at baroclinic fronts by so
called spontaneous emission especially when N/ f and Ro are in the order of one or larger.
From the first two rows of Figure 3 we see that such episodes exist and during such periods
we can expect more small-scale features in the flow. For the critical (red) line in the Rossby
number plot we use Ro = 0.5 since values above 1 occur only in the first transient period
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of the experiment. As is obvious in the plot of T3 shown at the bottom of the Figure, the
transient period covers the first 7 h of the experimental run. The following row shows the
imaginary part of N. Whenever this part is non-zero, the flow is locally convective unstable.
Episodes of such complex N exist implying convectively triggered local turbulence. Finally,
in the forth row of Figure 3 we plot Ri. Following classical linear theory of homogeneous
shear flow, whenever Ri < 1/4, Kelvin-Helmholtz instability will generate local turbulence.
It should be pointed out that this value for shear instability might be too small for stratified
flows. Ref. [41] argue that assuming Ri to be order one, localized turbulence can be expected
if ReFr> > O(1). This is fulfilled in our experiment where the mean Re = 2327 and the
mean Fr = 0.44 which gives ReFr?> > O(10?).

Obviously, in the meteorological context, such rather rare local turbulence events
described above can be interpreted as extreme events. Laboratory “climate change scenario
experiments” could hence help to pinpoint changes in the frequency of rare events like
sporadic localized turbulence. We can determine trends on the frequency for such events
when experimental parameters like the radial temperature gradient are changed. Proba-
bility density functions of the discussed events of local instabilities will be discussed in
future work. Finally we note that, as shown by the fifth row of Figure 3, transient processes
occurring after switching on the tank rotation can have an impact on the distribution of
instabilities. The time series of the imaginary part of N, denoted as SN (third row of
Figure 3) shows first signs of an influence of adaptation processes on the frequency of
convective instability. Apart from the first minutes with very strong transient effects we
observe no convective instability for the first 5 h of the experiment. After this period
the trend in T3 becomes small and events of convective instability occur more frequently.
Therefore the time series of the imaginary part of N points to a sensitivity of the statistical
distribution of convective instability as a result of changes in the boundary conditions (see
also [27], where transient effects are discussed in more detail).

3.2. Numerical Simulation

The differentially heated rotating annulus has intensively been studied numerically.
This is true in particular for smaller tanks keeping the numerical effort within reasonable
limits. We mention here as an example the benchmark study by [42]. More recently,
numerical results and comparisons with experimental data have been performed also for
the large BTU experiment [22,23,43]. To take advantage of modern generation computing
hardware, a scalable numerical method, based on a higher-order compact scheme, has
been developed to solve rotating stratified flows in cylindrical annular domains [44]. This
code was successfully applied to study stratorotational instability [45] but also to simulate
baroclinic instability using the geometry and the parameters of the large BTU tank.

To illustrate the ability of the code to simulate the baroclinic flow, in Figure 4a,b we
show the experimental and the numerically simulated surface temperature, respectively,
for the parameters of BTU 2 (see Table 3). In the context of our presentation of results
from experiments with the Hide- and the dishpan-setup with different thermal forcing, the
meridional mean streamfunction is of great relevance. The streamfunction is computed
from the azimuthally averaged radial and the vertical velocity components and it is then
averaged over several baroclinic wave periods. We show in Figure 4c,d the meridional
streamfunction of a simulation using the parameters of BTU 1 of Table 3 in Figure 4a
and BTU 2 in Figure 4b. For the first set of parameters (BTU 1) the flow shows larger
irregularities typical for geostrophic turbulence [36]. For the parameters BTU 2 used in
Figure 4a,b,d the flow is in a rather regular baroclinic wave regime with azimuthal wave
number m = 6. Note that a very similar case has recently been benchmarked and the
authors show the surface temperature field in their Figure 7 for m = 7 [23].
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Figure 3. Time-series of N/ f, Ro, the imaginary part of N, Ri, and T3. For the meaning of the red
lines see text.

It is remarkable that in both cases we see a three cell structure in the meridional
streamfunction with a strong analogy to the atmospheric circulation. For the Hide-setup
with heated and cooled walls and an aspect ratio /1/L ~ 1 the one cell structure is the
generic case although [46] reported multi-cell solutions in their numerical simulations
of a small annulus with aspect ratio about one. However, for a more atmosphere-like
configuration still with walls at fixed but different temperatures and with h/L =1/7 < 1,
the single cell solution seems to become unstable, breaks up and forms a three-cell structure.
We see that, as expected, the three cells are more regular in the regular baroclinic wave
regime (Figure 4b). Note that so far, this pattern of meridional circulation has not been
confirmed experimentally. Interestingly, it seems that for the three-cell structure to occur
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we do not need Rayleigh-Bénard type convection at the outer and inner part of the annulus.
However, local convection in the tropics and polar regions of the atmosphere is better
represented when heating and cooling regions are implemented at the bottom and top of
the tank. In this case, interactions between zones of “tropical” convective instability and
the central stably-stratified baroclinic wave zone, representing the zone of mid-latitude
westerlies, can be studied. In fact, this is the reason for designing experiments deviating
from the Hide-setup [24,25] described in Sections 2.2 and 3.3 below.

Il T =u

te: 231 23.65 242 2475 253

T: 20.1691 21.3349 22.5007 23.6665

Figure 4. Surface temperature measured (a) and simulated for AT = 2.5 Kand ) = 0.7 rpm (b).
Meridional streamfunction derived from the time and azimuthally averaged velocity field from
numerical simulations for (¢) AT =4 Kand Q) = 2rpm, (d) AT =25Kand O = 0.7 rpm.

3.3. The ICMM Configuration

The ICMM model is characterized by a number of deviations from Hide’s classical
configuration. The main differences are the location of heat and cold sources, the type of
boundary temperature condition (of second kind) and the working fluid with a relatively
high value for the Prandtl number. Here, we give only a brief description of the main
results, their detailed description and analysis can be found in [25,47].

3.3.1. Experiment

The flow structure for the relatively small angular velocity (ICMM 1, Table 3) is shown
in Figure 5a. The ring-shaped strip visible in the periphery is the heater, which triggers
an intensive convective flow, consisting of multiple plumes. In agreement with a scheme
presented in Figure 2a, an ascending convective flow over the heater provides the formation
of convergent and divergent radial flows in the upper layer. Radial transport of angular
momentum provides an anticyclonic circulation (easterlies) near the sidewall and a cyclonic
circulation (westerlies) at radii smaller than the radius of the heater. The observed cyclonic
part of the flow is nearly axisymmetric and corresponds to the upper-symmetric, Hadley-
like regime which is characteristic for the rotating layers with horizontal temperature
difference at moderate rotation rate [24,33,48].
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Figure 5. Transition from the Hadley regime to the baroclinic waves. (a) Exp. 1, (b) Exp. 4, (c) Exp. 6
(Table 3). Instantaneous images are shown.

An increase in the angular velocity results in an increase of the Taylor number and
a decrease of the thermal Rossby number and leads to an instability of the axisymmet-
ric flow and a transition to the baroclinic wave regime (Figure 5). This transition may
occur at different values of the control parameters that partly depend on the particu-
lar experimental setup. However, qualitatively the transition is similar for all known
configurations [11,24,33] and it is a robust feature of the rotating fluid layers with a hor-
izontal temperature difference. Nevertheless, the flow structure and dynamics in the
baroclinic wave regime strongly depend on the experimental realization. e.g., in a classic
Hide-configuration, there is an area of parameters on the Ror — Ta diagram with steady
regular waves. The applied vertical separation of the heating and cooling [24] reduces this
area. In the case of the ICMM setup, in regimes with evident baroclinic waves, as shown
in Figure 5¢, the flow is constantly evolving, which leads to changes in the wave modes
and amplitudes. A further increase in the angular velocity leads to an even more complex
flow structure and dynamics. Figure 6 shows a transition from the main mode m = 3
to m = 7 during the experimental run ICMM 7, i.e., without changing the experimental
parameters. The lifetime of the dominant wave modes varies from a few to tens of rotation
periods. This regime with regular but unsteady waves is rather sensitive to the control
parameters, and relatively small variations of Ror and Ta (Exp. 8a, Figure 7a) may lead to
an irregular flow structure. Decreasing Rot by decreasing the heating power results in an
surprising regularization of the flow (Figure 7b). A further decrease of Ror finally leads to
a weakening of the baroclinic waves (Figure 7c).

Fourier decomposition of the brightness field of instantaneous grey scale images (in
the mid-radius) can provide valuable information about the modes of baroclinic waves and
their temporal behaviour. The energy of the main modes of baroclinic waves for a series of
experiments with increasing rotation rates are presented in Figure 8. It is evident that the
flow in a baroclinic wave regime is characterized by a number of the most energetic modes
(Figure 8—left). The temporal evolution of the main modes shows that modes can coexist
leading to deviations from the regular structure (Figure 8—right).

Figure 6. Variation of wave number during Exp.7, (a)—m = 3, (b)—m = 4, (c)—m = 7. Instantaneous
images are shown.
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Figure 7. Regularization of baroclinic waves with decreasing RoT, (a)—Exp.8a, (b)—Exp.8b, (¢)—Exp.8c.
Instantaneous images are shown.
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Figure 8. Energy (in arbitrary units) of different modes of baroclinic waves. left—mean energy for the
most energetic modes, right—time series of energy of modes 3-5 for experiment ICMM 7 (fragment).

3.3.2. Numerical Simulation

One of the goal of the ICMM laboratory model was the realization of an Earth-like
mean meridional and zonal circulation. The presented experimental results were focused
on the flow structure at the upper layer and did not provide full information about the
three-dimensional flow structure. To solve this problem, a direct numerical simulation of
thermal convection in a rotating cylindrical layer was performed using the freely distributed
computational fluid dynamics package OpenFOAM v2106 [47]. The computational domain
is a digital copy of the experimental model in terms of its geometric dimensions, the
location of the rim heater and the central disc cooler. It should be noted that the obvious
gain in the volume of information is at the expense of a colossal growth of “time” costs: to
calculate one second of physical time (on 112 computing cores) it requires about 300 s of
calculations. This limits the number and duration of simulations with the “digital twin”
of the ICMM laboratory model. The findings from the numerical simulations show a good
overall agreement with the experimental results. The mean meridional circulation for
two different regimes is shown in Figure 9. The circulation in the axisymmetric regime
corresponds well to the general scheme presented in Figure 2a and also with the findings
from the French code (Figure 4c,d), i.e., the digital twin of the BTU experiment using the
Hide-setup. Most of the layer is covered by a main Hadley-like cell and because of the shift
of the rim heater near the sidewall an additional cell is formed providing an anticyclonic
belt. In the baroclinic wave regime, corresponding to the experiment ICMM 7 (Table 3), one
can see the appearance of an extra cell in the center. This can be seen as an experimental
analog of the Ferrel cell, which appears only after averaging in azimuthal direction and
time, similar to the real Ferrel cell. Decreasing of the heating power leads to a more regular
wave regime as shown in Figure 7b which is also connected with a disappearance of the
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Ferrel-like cell. It means that the three-cell structure, which occurs in analogy to the Hadley,
Ferrel and polar cell, exist in a specific range of the control parameters only.

r, mm

172
r, mm

Figure 9. Mean meridional circulation for different regimes (averaged over azimuthal coordinate and time).
Upper panel — axisymmetric regime (Hadley), Ror = 8.7, Ta = 1.7 - 108, lower panel— atmospheric-like
regime Ror = 0.4, Ta = 3.6 - 10°. Color bar shows magnitude of velocity (in mm/s).

Baroclinic waves, in the ICMM configuration, in contrast to the classical Hide-model,
are unstable. Experiments [25] have shown that the observed baroclinic waves are a su-
perposition of different wave modes, which drift in the rotating system in the cyclonic
(prograde) direction. The amplitude of these wave modes varies significantly with time,
and without a dedicated frequency. In this context, in addition to the mean structure, it
is useful to consider the structure of characteristic pulsations, which are mainly due to
a linear superposition and nonlinear interaction of wave modes. Indeed, the pulsation
fields of the azimuthal and radial velocity components in the axisymmetric and the wave
regime are qualitatively different. In the axisymmetric regime, velocity pulsations are
concentrated in the areas of the rising and sinking currents above the heater and under
the cooler, obviously formed by small-scale convective processes. In the wave regime,
the pulsations are localized in the upper part of the fluid layer and the area of baro-
clinic wave formation. This localization of the baroclinic waves in the upper layer is in
agreement with [23], where a strong dependence of the wave formation with respect to
depth was found.

4. Discussion

In the present paper we review and contrasted two setups for the differentially heated
rotating tank used to study features of the large-scale atmospheric circulation. One of
the experimental setups consists of two concentric cylinders with a flat bottom plate and
an open top. The inner cylinder wall is heated and the outer wall cooled. The annulus
region between the cylinders is filled with water and the whole tank is mounted on a
rotating platform. We coined the term “Hide-setup” for this experiments after R. Hide,
one of the pioneers in this field. The other experimental setup is the so called dishpan-
setup or “Fultz-setup”, because D. Fultz, another pioneer in experimental geophysical
fluid dynamics, provided series of experiments in such a configuration. It has no inner
cylinder and heating is done along a ring fixed at the bottom and close to the outer wall.
The free surface fluid (silicon oil) is cooled from above in the center of the cylinder by
a thermoelectric (Peltier) cooler.

We discussed exemplary a number of recent results that underline for both setups
the potential to experimentally verify concepts of atmospheric dynamics and to test new
hypotheses in this area. From Figure 10 we can conclude that, plotted in a Ror-Ta-frame,
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the parameter range for the experiments is large and it has, at least with respect to the
used large cylinders with small aspect ratios, not systematically explored. The data points
in Figure 10 show recent measurements by [23-25], whereas as shown by [24] in their
Figure 10, the relevant parameter range for Ta < 5 - 10® is covered rather well for experi-
ments with a Hide-setup and an aspect ratio of about one, the data points are rather sparse
for the newer experiments with larger gap width discussed here. One reason is that the
experiments have only been in operation for a relatively short time. Another reason is that
the experiments are much more complex to operate than their smaller counterparts.
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Figure 10. Map of regimes. Results of BTU experiments [23] (circles), Oxford experiments [24]
(triangles), and ICMM experiments [25] (squares). AV (amplitude vacillation), SV (shape vacillation).

Dotted line defines transitional regimes [24,25]. Results for the ICMM configuration, marked by “x
correspond to the unsteady wave regime.

For the BTU experiment already quantitative results directly related to meteorology
and climatology are available. Those cover a range from spectra of baroclinic and internal
gravity waves [29] that seem to be emitted from the balanced large-scale flow to extreme
value distributions of temperature and variability [36]. The distributions have been directly
compared to ones using reanalysis data with an overall surprisingly good correspondence.
For the experiment described by [25] such quantitative comparisons are not available yet.
However, even a qualitative comparison of some major findings from the BTU- and the
ICMM-tank as done here can be fruitful.

If we take another look at Figure 10 we find that for the BTU experiment with Hide-
design, the azimuthal wave numbers are usually higher for similar nondimensional param-
eters when compared to the Oxford and ICMM experiment. The range of wave numbers
follows the empirical rule found by [49] for the BTU tank but not for the other two systems
shown in Figure 10. One possible explanation for this is a localization of the baroclinic wave
zone in the center of the domain in the Oxford and ICMM setups. The characteristic width
is not fix and just determined by the side walls but is more flexible and depends on the flow
regime and its pulsations. Note that the gap width of the three experiments is rather similar,
b —a = 350,345,463 mm for the BTU, ICMM, and Oxford experiment, respectively, but the
aspect ratio of the BTU tank is about twofold and for the Oxford tank about sevenfold the
ICMM tank. As discussed by [43], the aspect ratio has an impact on the convection and the
heat transport. Curvature effects might be smallest for the BTU experiment. The waves
in the regular wave regime seem to be more stable for the annulus but this might also be
due to the different Prandtl numbers for the BTU and ICMM experiments. It is important
to note that for the irregular regime, the behavior for the different systems might become
more similar and this regime is certainly most relevant for comparisons with the Earth
atmosphere. It is not tested yet whether one of the two setups is better when compared, e.g.,
with reanalysis data. We know that regarding this the BTU annulus is doing a good job,
not only qualitatively [36]. Only such quantitative comparisons can finally proof whether
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one of the setups it better suited for atmospheric applications in particular for reproducing
fundamental statistical behavior. Finally we mention that it is not clear yet whether the
contrasted experiments with different geometry and different heating characteristics should
be described by the same nondimensional parameters. In fact, with respect to the two
parameters Rot and Ta geometrical effects seem to be not well represented.

An important point for the two presented experimental setups is how well they can
mimic the meridional circulation of the atmosphere. For the Earth’s atmosphere three
circulation cells can be observed, the Hadley-, Ferrel-, and the Polar-cell. Hence, the mid-
latitude region with strong westerlies and baroclinic waves is embedded between two
circulation cells and not between heated walls. In fact, this is one of the motivations to
modify the Hide-setup and to make the experiment more atmosphere-like. In this context
it is important to note that for a small tank with classical Hide-setup but a free surface,
ref. [46] reported the occurrence of a three-cell meridional stream function in numerical
simulations similar to Figures 4 and 9 (see also [50]). Williams [46] argues that the sidewall
boundary layer does not play a role for the interior baroclinic wave field but might play a
role for the interior mean flow field. The latter effect might be stronger for experiments
with a rigid lid. At this point it remains unclear what effect the lateral boundary conditions
play for the dynamics of the baroclinic waves. Careful comparisons of experiments with
both setups in the stable regime with only an azimuthal flow and cases from the wave
regime could finally solve this relevant issue. Finally, we would also like to mention that
less doubt exists for the importance of the Ekman layers for the organization of the mean
and the wave field. The experiments summarized in Figure 10 have all been performed
with a free upper surface and the diagram would look different when rigid lids would have
been used.

5. Conclusions

Let us come back to the research questions formulated in the introduction. One
of the main differences between the two experimental set-ups is the tendency of the
baroclinic waves to show more intrinsic instability for the Fultz set-up. This cannot be
explained by a choice of different nondimensional parameters since they were rather
similar in the experiments performed (see Figure 10). In regimes where the Hide set-up
shows regular waves, prominent fluctuations can already be found for the Fultz set-up.
Due to the wide gap in the Fultz set-up, the wave’s amplitude is larger which might be
part of the explanation for the higher variability. However, numerical simulations and
an accompanying theoretical analysis are necessary to explain the observations. With
respect to the second question asked we might state in conclusion that both setups can
cover interesting atmospheric features and the future will show whether, with respect to
atmospheric applications, one of the setups will be advantageous. It is likely that one system
will be better for certain aspects and the other for other ones. Obviously, the new Fultz-setup
with heating and cooling at different levels is certainly advantageous to study processes in
the transition zone between pure rotating convection and the zone of westerly winds.

We should not end this article without mentioning that the differentially heated
rotating annulus/dishpan experiment is a tool to study, in analogy to the atmosphere,
fundamental dynamic processes like the formation of the jet-stream and its interactions with
long waves that has implications for the Earth’s climate as well. Without an atmosphere-like
radiative balance and latent heat conversions it however lacks important elements relevant
for other atmospheric processes and this lack, of course, limits the scope of the experiments
for atmospheric research.
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