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Abstract We present an experimental study of flows in a
cylindrical rotating annulus convectively forced by local
heating in an annular ring at the bottom near the external
wall and via a cooled circular disk near the axis at the top
surface of the annulus. This new configuration is distinct
from the classical thermally driven annulus analogue of the
atmosphere circulation, in which thermal forcing is applied
uniformly on the sidewalls, but with a similar aim to inves-
tigate the baroclinic instability of a rotating, stratified flow
subjected to zonally symmetric forcing. Two vertically and
horizontally displaced heat sources/sinks are arranged, so
that in the absence of background rotation, statically unsta-
ble Rayleigh-Bénard convection would be induced above
the source and beneath the sink, thereby relaxing strong
constraints placed on background temperature gradients
in previous experimental configurations based on the con-
ventional rotating annulus. This better emulates local vig-
orous convection in the tropics and polar regions of the
atmosphere while also allowing stably-stratified baroclinic
motion in the central zone of the annulus, as in mid-lati-
tude regions in the Earth’s atmosphere. Regimes of flow
are identified, depending mainly upon control parameters
that in turn depend on rotation rate and the strength of dif-
ferential heating. Several regimes exhibit baroclinically
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unstable flows which are qualitatively similar to those pre-
viously observed in the classical thermally driven annulus.
However, in contrast to the classical configuration, they
typically exhibit more spatio-temporal complexity. Thus,
several regimes of flow demonstrate the equilibrated co-
existence of, and interaction between, free convection and
baroclinic wave modes. These new features were not previ-
ously observed in the classical annulus and validate the new
setup as a tool for exploring fundamental atmosphere-like
dynamics in a more realistic framework. Thermal structure
in the fluid is investigated and found to be qualitatively
consistent with previous numerical results, with nearly iso-
thermal conditions, respectively, above and below the heat
source and sink, and stably-stratified, sloping isotherms in
the near-adiabatic interior.

1 Introduction

The circulation of the atmosphere is the result of several
physical forcing processes: gravity, rotation, radiative
exchanges (incoming sunlight, outgoing thermal infra-
red radiation), clouds and moisture processes, chemical
reactions, interaction with surface topography, bound-
ary processes, etc. Although numerical global circulation
models solving equations of dynamics, thermodynamics,
and continuity in 3D on a sphere are capable of reproduc-
ing and even predicting many features of the observed
atmosphere, their complexity and the need to represent
unresolved processes by semi-empirical parameteriza-
tions mean that insights and understanding of how the real
atmosphere works may still be elusive.

In this context, laboratory analogues of the dynamics
of the atmosphere continue to help scientists understand
fundamental dynamical processes in the atmosphere by
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Fig. 1 a Sketch of a simplified structure of the global atmosphere
and location of the dominant global thermal heat sinks and sources
and its analogue in the laboratory in cylindrical configuration. b, ¢
Schematic views of a section of mid-latitude atmosphere, as repre-
sented b in the classical annulus and ¢ in the new annulus analogue,
taking into account the heat sink in the upper atmosphere in the polar

providing the possibility of precise, reproducible experi-
ments to test ideas and hypotheses.

In the spirit of this approach, the idealization of the mid-
latitude atmosphere in the laboratory as a differentially-
heated, rotating, cylindrical annulus (see Fig. 1a) originally
proposed by Hide, has proved to be a prolific and produc-
tive analogue of many features of the atmospheric circula-
tion (Hide 1958; Fowlis and Hide 1965; Hide et al. 1977,
Read et al. 2014). By combining only the three essential
physical ingredients forcing the atmosphere, i.e., gravity,
rotation, and differential heating, the ‘classical’ thermally
driven rotating annulus setup provides an experimental
configuration that enables both large-scale overturning
circulations and baroclinic instabilities to be studied and
explored. It consists of an assembly on a rotating platform
with a fluid contained between two upright, coaxial cyl-
inders that are maintained at different temperatures, with
thermally insulating, horizontal endwalls (see Fig. 1b) and
reproduces fluid motions and baroclinic instabilities that
transport heat from the equator, where solar heating of the
surface is most intense, towards the cooler polar regions in
the atmosphere. In addition, the latitudinal dependence of
the Coriolis force (the so-called ‘beta-effect’) can also be
reproduced by simply adding a conical topography at the
bottom inside the annulus (e.g., Bastin and Read 1997).

Thus, this setup has proven to be a simple enough sys-
tem to capture the fundamental physics and with enough
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region and the heat source close to the ground in tropical regions. In
each configuration sketched in 2b or 2c, the unwrapped rectangular
shape obtained corresponds to one half r-z section of the experimen-
tal annular configuration. Axisymmetry with vertical axis is implicit
and assumed near the inner vertical boundary near the heat sink
region, as illustrated in a

complexity to represent nonlinear features and transi-
tion sequences to chaos similar to those of atmospheric
dynamics (Hignett et al. 1985; Friih and Read 1997; Bas-
tin and Read 1998; Read 2003; Von Larcher and Egbers
2005; Wordsworth et al. 2008; Vincze et al. 2014). It has
also proved valuable as a tractable ‘test bed’ within which
to test numerical codes and methods (Harlander et al.
2011; Vincze et al. 2015) as well as to benchmark sta-
tistical-dynamical analysis methods in widespread use in
meteorology, such as data assimilation (Young and Read
2013). Moreover, it is even inspiring new experiments for
studying non-terrestrial planetary atmosphere dynamics
in the laboratory (Read et al. 2015; Yadav et al. 2016).
The classical annulus configuration, however, has
some important limitations as an analogue of the mid-lat-
itude atmosphere, an important aspect of which derives
from its use of isothermal vertical boundaries to provide
heating and cooling. This leads to an intense, boundary
layer dominated, overturning circulation which imposes a
strong constraint on the background stratification in the
working fluid, and which, therefore, limits the possibility
for internal instabilities to change this, even at large
equilibrated amplitudes. In contrast, in the real atmos-
phere (see Fig. la, c), the effective heat source in the
tropics is located mostly near the ground (through
absorption of infrared radiation re-radiated from the
solar-heated surface), while the heat sink is
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predominantly located in the upper troposphere in the
mid-latitudes and polar regions' (e.g., see Chan and
Nigam 2009). The resulting circulation spontaneously
partitions itself into a convectively unstable/neutral
region in the tropics that interacts with a statically stable,
baroclinic region at mid-latitudes that, despite being
cooled from above, is statically stable.

Precisely how is heat passed from the convectively
turbulent region in the tropics into the stably-stratified
sub-tropics and mid-latitudes is still not well understood
quantitatively. In particular, it is not clear what deter-
mines the characteristics of the observed vertical strati-
fication in the mid-latitude atmosphere (its static stabil-
ity, surface thermal contrast, and tropopause height)
and more generally what are the dominant mechanisms
for nonlinear equilibration of baroclinic and convective
instabilities in the atmosphere (e.g., see Schneider 2006;
Stone 2008 for reviews).

Diverse theoretical and numerical studies of strati-
fied macroturbulence and equilibration processes have
recently explored the possible role of baroclinic insta-
bilities in acting to stabilise their own thermal environ-
ment (Zurita-Gotor and Lindzen 2007; Zurita-Gotor and
Vallis 2009, 2010; Schneider and Walker 2006; Schnei-
der 2006). The idea of a feedback between the baroclinic
instability and the thermal stratification was originally
formulated by Stone (1978). In his baroclinic adjustment
theory, based on the two-layer quasi-geostrophic model
(Phillips 1951), a rotating, stratified fluid may adjust the
mean thermal structure to maintain a stably-stratified
environment that is close to a marginally critical state
for baroclinic instability (Stone 1978) with a criticality
parameter,£, that equilibrates to & ~ 1. £ is a measure of
the isentropic slope and defined as (Zurita-Gotor and Val-
lis 2010),

__ 0
§= BH 9,0 M

with 6 the mean potential temperature, f = 2Qsin¢
(where ¢ is latitude) and S quantifies the (linearised)
dependence of the coriolis force on latitude so that
f =~ fo + By with fy a constant. Recent studies, however,
have disputed this analysis, since numerical simulations
have shown that the two-layer model does not necessarily
equilibrate to a value of £ =~ 1 (e.g., Salmon 1978, 1980;
Vallis 1988).

! The situation in the polar atmosphere is complicated by the non-
gray nature of atmospheric radiative transfer, which also (amongst
other things) allows the surface to cool directly by radiating to
space as well as the atmosphere.

Nonlinear wave—wave interactions may play a signifi-
cant role in determining whether the flow equilibrates
to a marginally critical (§ < 1) or supercritical (§ > 1)
state (Vallis 1988; Schneider and Walker 2006; Schnei-
der 2006). Some evidence further suggests that wave—
wave interactions may become spontaneously suppressed
under some conditions (Schneider and Walker 2006; Sch-
neider 2006), leading to marginally critical conditions
and the absence of a large-scale turbulent energy cas-
cade, although the detailed structure of the heat sources
and sinks may also be important in determining & (Zurita-
Gotor and Vallis 2009, 2010). Schneider (2004) further
highlights that the inhibition of nonlinear eddy—eddy
interactions offers an explanation for the historic suc-
cess of linear and weakly nonlinear models of large-scale
extratropical dynamics, but also rests on the postulate
that the kinematic mixing properties of baroclinic eddies
exhibit no essential vertical structure. The key point here
is that this problem remains highly active and controver-
sial, and laboratory experiments of the kind described
here may provide some valuable new insights.

In this study, to explore the impact of changes to the
forcing on such baroclinic equilibration processes and the
criticality parameter, we have constructed a new laboratory
analogue of atmospheric circulation with a rotating annu-
lus that is convectively forced by local differential heating
on horizontal boundaries. We aim, thereby, to relax some
of the thermal constraints on background temperature
gradients in the ‘classical’ annulus experiments to bet-
ter represent qualitatively how the thermal structure of the
atmosphere itself is maintained, with particular reference
to the equilibration mechanisms of convective and baro-
clinic instabilities. Section 2 describes the characteristics
of the new experimental apparatus. Validation of the setup
and some preliminary results are presented in Sect. 3 and
briefly discussed in Sect. 4.

2 Experimental setup

The new experimental configuration is inspired by the sche-
matic model, as illustrated in Figs. Ic and 2. By unwrapping
the spherical domain, this leads to the usual atmosphere-like
cylindrical configuration, but where local differential heat-
ing at the horizontal boundaries is used to emulate the radia-
tive heat sink in the upper atmosphere in the polar regions
and the heat source near the ground in tropical regions. This
allows the possibility of the formation of a statically stable
(though baroclinically unstable) zone, sandwiched between
convectively unstable regions over/underlying the heated
or cooled boundaries (Wright et al. 2017) and permits a
possible feedback of the resulting baroclinic instability
onto the background stratification. Figure 2 illustrates the
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Fig. 2 Schematic cross section of half of the new annular experimen-
tal setup with local thermal heat source and heat sink horizontally and
vertically displaced. 3 mm diameter rods instrumented with ten type

experimental configuration, with the fluid contained within
an annular channel between two upright, rigid, coaxial, ther-
mally insulating cylinders and a flat (or conical), horizon-
tal base, within which the outermost §po = 10 cm in radius
is maintained with a constant heat flux and equilibrates at
a corresponding temperature T, while for r < b — 10 cm,
the lower boundary is thermally insulating (perspex mate-
rial). The upper surface is free-slip except for the innermost
r < 8cold = 9.25 cm, for which the temperature 7, is fixed,
thanks to circulating water within the cold central plate
and such that T}, > T,. The whole system rotates uniformly
about the axis of symmetry in an anticlockwise direction at
angular velocity Q up to 3.5 rad s~ 1.

The global design and a view of the whole assembly of
the new experimental setup are presented in Fig. 3. This
shows the perspex tank of internal radius b = 48.8 cm,
filled with water and including the aluminium circular ring
of radial width 9.25 cm attached to a central 5 cm diameter
cylindrical post (i.e., with inner annulus radius a = 2.5 cm)
cooled with water circulated from an external water bath in
the lab frame (see Fig. 3a) via a DSTI™ rotary union. Top-
view cameras can be seen attached to the embedded rotat-
ing aluminium framework. The 10 cm wide, electrically
heated, annular ring is composed of two aluminium plates,
onto the lower face of each of which two flexible, plastic-
coated Clarian™ heaters (each resistance ~ 18 + 1) are
attached. All four heaters are connected in a parallel con-
figuration to a 10A-35V TTI Thurlby Thandar TSX3510P
power supply. Both the cold plate and the electrically
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T microthermocouples are introduced in the fluid to measure thermal
stratification above the statically stable zone at mid-radius and cen-
tered above the heated external zone

heated annular plate are equipped with Captec™ heat
fluxmeters and thermal probes, platinum resistance sensors
and type T thermocouples, with watertight wire connec-
tions at the bottom of the tank (see Fig. 3c).

To monitor the temperature within the fluid and measure
the thermal stratification, 3 mm diameter rods instrumented
with ten type T microthermocouples have been introduced
in a flexible way above the central (baroclinic) zone at mid-
radius and above the heated external (convective) zone, as
sketched in Fig. 2 and visible in Fig. 3a inside the tank. Cal-
ibration of the thermocouples was carried out independently
by immersing the rods in the temperature-controlled reser-
voir of the chiller and using its built-in platinum resistance
probe as a reference. As visible in Fig. 3a—c, an annular sil-
ver-coloured ring is located around the tank and consists of
a series of white light LED arrays, collimated between two
thin, aluminium plates to generate a 5 to 10 mm-thick hori-
zontal white light sheet. On the shelf underneath the main
turntable are located a remotely controlled computer, con-
nected by a GPIB connection to the acquisition system for
the thermal probes (a computer-controlled Agilent 34970A
data logger unit with a 34901 A card for measurements using
4-wire platinum resistance sensors and acquisition of volt-
ages from fluxmeters, and a 34908A card for type T ther-
mocouple measurements), and power supplies for the lights
and annular heaters (see Fig. 3a). The data logger is set to
acquire temperature measurements every 1 or 2 min in the
general monitoring configuration and, depending on acqui-
sitions, every 5 or 10 s in equilibrium phases.
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Table 1 Range of parameters of presented experiments in the new locally forced thermally driven rotating annulus setup

Parameter Symbol Present range Units
Rotation rate Q 0.01-1.1 (up to 3.5) rad s™!
Temperature difference AT ~ 8—10 K
Fluid properties at 20 °C (in the case of 17% glycerol solution)

Density 0 1041-1045 kg m™?

Thermal expansion coefficient o 275 x 1074 K!

Kinematic viscosity v 1.71 x 1076 m?s~!

Thermal diffusivity K 1.28 x 1077 m?s~!
Geometry

Inner radius a 0.025 m

Outer radius b 0.488 m

Horizontal scale L=b—-a 0.463 m

Cold plate radial width Scold 0.0925 m

Heat annular radial width Shot 0.010 m

Mean fluid depth H 0.30 m
Non-dimensional parameters

Thermal Rossby number (Eq. (3)) ® 2 x 107100

Ekman number (Eq. (9)) E 5x107°-3 x 10~

Taylor number (Eq. (5)) Ta 10%-10"?

Rayleigh number (Eq. (7)) Ra 3.4 % 107°

Boundary layer thicknesses ratio (8)) P [0.1-1]

Prandtl number (Eq. (11)) o ~ 7 (water only) or 13.4 (water—glycerol solution)

Aspect ratio (Eq. (10)) r 1.54

The principal dimensionless parameters expected to
govern the behaviour of the system are in common with the
conventional rotating annulus experiment. Thus, the ther-
mal Rossby number is a stability parameter comparing the
characteristic velocity Ut of the thermally driven flow, con-
sistent with the geostrophic thermal wind relation

__ 8aHAT

T QL

@)
with the velocity scale 2L based on the rotation rate and
the typical horizontal size of the tank L = b — a:

U HAT
S e

T QL Q22 @)

with o the thermal expansion coefficient and AT the tem-
perature difference between the plates (see Table 1).

The thermal Rossby number © can be related to the
Burger number:

B NH\?> /Rq\’ @
u = _— = _— .

2QL L
where N is the buoyancy frequency N2 = —(g/p)dp/dz,
via a factor proportional to the mean slope of the iso-

therms (and isopycnals) ~ AThoriz/ATverr. Linked to
the vertical static stability, Bu represent the ratio of

Ry = NH/(2R2), the Rossby deformation radius (a typi-
cal length scale of baroclinic motion) to the scale of the
domain L, and is a key parameter determining the onset
of baroclinic instability (Hide and Mason 1975).

The importance of viscous forces compared to Corio-
lis effects is described by the Taylor number in the form
deduced by Fowlis and Hide (1965):

o 40215 N ( Coriolis acceleration )2 5)

Ta = Y .
Hv? friction force/unit mass
where symbols are as defined in Table 1.
Following Hignett et al. (1981), Read (1986), King
et al. (2009) and Read et al. (2014), we anticipate that a
significant parameter associated with the thermal struc-
ture of the system will be the squared ratio of the char-
acteristic length scales of the buoyancy-driven thermal
boundary layer (without rotation) and the Ekman layers.
Assuming that the thermal boundary layer length scale
{7 = H/(2Nu) ~ HRa™7, where Nu is the Nusselt num-
ber characterising the efficiency of the heat transfer in the
fluid in comparison with pure conduction

Qtot

Qconductive

Nu = , (6)

Ra is the Rayleigh number
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Fig. 3 a Global view of the experimental configuration. The chiller
used for the water circulation in the central cold plate can be seen on
the left below the turntable control unit in gray. The two vertical rods
inside the tank and their corresponding light-brown electrical wires
connected to the ten thermocouples can be distinguished on the left-
hand side of the tank. b 3D zoomed view of the design of the new
setup with the electrically heated annular ring at the bottom of the

o« ATH?
Ra = 52270 ™
VK
and y is an exponent that depends on the convective
regime (e.g., see Chilla and Schumacher 2012), the

boundary layer ratio parameter may be defined as

o\
p= <_> o Ra-E, @®)
LE

where £z = HE'/? is the Ekman layer thickness with E
the Ekman number:

Vv
E=an ©)

P is, therefore, directly proportional to 2.
Other intrinsic parameters are determined once geom-
etry and working fluid are chosen: the aspect ratio:
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tank shown in red and the cooling imposed through a circular disk
at the centre of the tank at the upper surface in blue (with cold water
circulation). ¢ Top-view of the convection chamber showing the cold
plate and aluminium annular ring instrumented with platinum resist-
ance sensors and two heat fluxmeters (orange squares at the bottom)
fixed onto the outer heated ring

r=_. (10)

the Prandtl number:

v
o=2 (1D
which compares viscous and thermal diffusivities.

Experiments presented in this paper have been carried
out in a flat-bottom configuration and with a 30 cm depth
of either pure water or, to increase the density, a 17% solu-
tion by volume of glycerol and water (which also changed
the viscosity and Prandtl number).

The two heaters were typically energised with an elec-
trical power of 206W for the annulus, while the command
temperature of the bath for the water circulation was set
to 14 °C and air-conditioning was set to 21 °C in the
room. This led to a maximum effective AT ~ 8 to 10 °C
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Fig. 4 Evolution of temperature measured with Pt100 platinum
resistance sensors a, total power b, and Nusselt number through
plates ¢ for the glycerol and particles experiment. The dashed line in
b shows the electrical input power. Inset in ¢ corresponding evolution
of the normalized Péclet number (Nu — 1) /Nug with P, squared ratio
of non-rotating thermal boundary layer thickness and Ekman bound-
ary layer thickness. Normalization is performed with the non-rotat-
ing Nusselt number Nug estimated with a 2/7 scaling law following
Wright et al. (2017)’s results, [see also Shraiman and Siggia (1990)
and review by Chilla and Schumacher (2012)]. Errors bars shown
are illustrating standard deviation on the averaging period at a given
rotating rate

between the cold plate and the aluminium annular ring
at equilibrium, as illustrated in Fig. 4. This was associ-
ated with a measured total power from the heated ring
and into the cold plate of around 150 and 50 W, respec-
tively (Fig. 4b). The 100 W loss is consistent with the
average Tpuk &~ 23 — 25 °C being larger than the tem-
perature of the air-conditioned room (21 °C). Although
the total power from the cold plate was smaller than the
one from the heated annulus, the flux (in W/m?) through
the cold plate is found, as expected, to be larger than
through the annulus, since the whole annulus surface
area (S~ 0.27m?) is larger than that of the cold plate
(S ~ 0.041 m?).

The whole system rotated uniformly about the axis of
symmetry at angular velocity Q = 0.03—1.1 rad s! in the
current series of experiments. A summary of the values and
ranges of the main parameters for the current experiments
is listed in Table 1. After the first day or two of equilibra-
tion, changes in rotation rate were carried out and the sys-
tem was allowed to relax to a new equilibrated dynamical
regime for 1 h or more and thermally monitored before
image acquisition.

In experiments using pure water, an exploration of the
different regimes was performed by injecting a concen-
trated solution of fluoresceine dye to highlight vortices and
other flow features, while in the water—glycerol experi-
ments, 355-500 pwm Pliolite particles matching the density
of the solution (& 1.043 x 10° kg m~—>) were suspended
in the fluid and illuminated by the LED light sheet to
trace the flow. Images were acquired with a DFK 31BF03
Imaging Source firewire camera (resolution 1024 x 768)
and an ethernet AVT Manta 609B camera (resolution
2752 x 2206) within the rotating frame of reference at a
frame rate of 1 fps. In experiments with particles, streak-
lines were produced by superposing 20 or 50 images
together in a given equilibrated regime. In addition, an
FLIR i50 thermal imaging camera (resolution 240 x 320)
was used to image the temperature variations across the
surface of the water.

3 Results
3.1 Thermal structure

As explained in introduction and sketched in Fig. 2a and as
shown in numerical simulations of axisymmetric flow 2D
regimes of the same system (see Fig. 5 and Wright et al.
2017), the formation of a statically stable though baroclini-
cally unstable zone in the central area is expected at equi-
librium, sandwiched between convectively unstable regions
over/underlying the heated or cooled boundaries.

@ Springer
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Fig. 5 Temperature (left) and azimuthal velocity (right) fields of 2D
axisymmetric flows simulations (Wright et al. 2017) for P ratio in the
range [0.1-1] [extract reproduced from data of Wright et al. (2017)]

When background rotation is significant, two regimes
were identified as a function of the rotation rate and clas-
sified as a function of P, the ratio of (non-rotating) ther-
mal boundary layer to Ekman boundary layer thicknesses
(Read 1986; Read et al. 2014; Wright et al. 2017). An
(r, z) cross section of the temperature field from axisym-
metric numerical simulations by Wright et al. (2017) of
the similar configuration as the current experiment is
illustrated in Fig. 5 for the range P [0.1-1]. A secondary
density current that flows beneath the heat sink, down the
side of the inner cylinder and along the base towards the
heat source, was found under very weak rotation condi-
tions (Wright et al. 2017). For weak rotation (defined as
0.05 < P < 0.2), this is replaced by a more uniform ther-
mal gradient, with almost vertical isotherms close to the
inner and outer cylinders, confined to Stewartson layers
on the vertical boundaries, in association with a devel-
oping vertical shear in the azimuthal velocity (see Fig. 5
and Wright et al. 2017).

For moderate rotation rates with P of order or above
unity (0.2 < P < 2), the thicknesses of the thermal bound-
ary layer and the Ekman layer are comparable. Free con-
vection then results in well-mixed, approximately isother-
mal, regions above and below the heat source and sink,
respectively. Sandwiched between these two convective
zones there emerges a stably-stratified baroclinic region
with approximately uniformly sloping isotherms. In asso-
ciation with the horizontal temperature gradient obtained
within the tank, a strong vertical shear of the azimuthal
velocity is now seen to have developed, as consistent with
the geostrophic thermal wind balance.

This thermal structure found in the 2D simulations
(Wright et al. 2017) was approximately validated in experi-
ments using a water—glycerol solution, as shown in the
time-averaged temperature profiles in Fig. 6, which were
taken for different rotation rates at equilibrium (indicated
by the shaded zones in the time series shown in Fig. 11): an
overall stable stratification tendency is found in the central
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Fig. 6 Measurements of vertical temperature profiles for the mid-
radius zone and the zone above the heated ring averaged for 2.5 h
in the glycerol-solution experiment showing, respectively, statically
stable baroclinic zone and isothermal features. Gray area (shown
only on one profile in the central zone for clarity) is the estimated
40.1 °C uncertainty. The measurement of the global stratification
within the central zone (avoiding the two topmost temperature points)
allows an estimation of the associated Burger numbers (defined
in Eq. 4 ) of Bu~[3.6,0.65,0.15] 0.1 for the corresponding
Q[rads~!'] = [0.03,0.08,0.12]

region, while an almost isothermal profile is indeed meas-
ured above the heated annular ring.

During the transition towards thermal equilibrium
(before 15 h, not shown), the temperature measured by
thermocouples at the bottom of probe R2 (very close
to the heated ring near the external walls) rapidly rises
as expected, while thermocouples at the top first of R2
become colder and then equilibrate to an almost isother-
mal configuration after 15 h. In the mean time, thermocou-
ples on probe R1 in the central zone at mid-radius reveal
an equilibration towards a final statically stable configura-
tion, as confirmed by time-averaged temperature profiles
in Fig. 6. As the squared ratio of thermal boundary layer
to Ekman boundary layer thicknesses, P, is estimated to
be below or around unity for the current experiments (see
also values in Fig. 4c, inset), these thermometric results are
consistent with the global picture of two almost well-mixed
near-isothermal convection zones separated by a statically
stable baroclinic zone as seen in simulations over the same
range of P ratio (see Fig. 5).

The thermal structure differs somewhat in the case of
experiments using a water-only solution and dye visu-
alisation (see Figs. 7, 8), but a statically stable interval is
still present in the lower part of the profiles, merging into
a more isothermal section in the upper part of the pro-
file. This may be due to convection processes still at play
as the flow gradually evolves towards equilibrium (given
a shorter dwell time at each rotating rate) or alternatively
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Fig. 7 Measurements of vertical temperature profiles for the mid-
radius zone and the zone above the heated ring averaged for 1 h in the
water-only experiment With Tcommand cold water bath = 14 °C and input
power in heated ring = 206 W. Gray area (shown only on one profile
in the central zone for clarity) is the estimated +0.1 °C incertainty
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Fig. 8 Measurements of vertical temperature profiles for the mid-
radius zone and the zone above the heated ring averaged for 20 min
in the water-only experiment with Tcommand cold water bath = 18 °C and
input power in heated ring = 97.5 W. Gray area (shown only on one
profile in the central zone for clarity) is the estimated +0.1 °C incer-
tainty

may have been the result of evaporation and wind stress
processes at the surface due to there having been no
enclosure around the tank at that time (in contrast to the
water—glycerol experiments conducted afterwards). We
estimated the power lost at the free surface due to evapora-
tion (Pevapo = LppdV /dt, where Ly, is the water latent heat
and dV/dr the volumetric debit) by performing a rough
monitoring of the decrease in time of the water level along
the depth of the cold plate in water-only experiments. The
power lost via evaporation process was found to be in the

range 50-80 W, so not negligible compared to the power
through the cold plate. This effect is likely to be still pre-
sent in the glycerol case and temperature profiles in Fig. 6
in the mid-radius central zone also suggest the formation of
a mixed layer in the uppermost few centimeters beneath the
surface, in contrast to what is found in numerical simula-
tions, where a rigid-lid boundary was used. However, this
effect seems somewhat reduced, partly due to the physical
properties of the mixture, or more likely mainly due to the
enclosure of the whole setup with thick black fabric. Fluc-
tuations can be seen in the interior of the same profiles
within this central zone, however, which should be investi-
gated in further experiments.

Thus, at least some of these observed differences
between pure water and glycerol mixture experiments in
temperature profiles are likely due to evaporation effects.
This illustrates the well-known imperative in rotating
experiments with a free surface to reduce air exchange
between air above the tank with the air in the room using
thick curtains or panels or the use of rigid-lid experimen-
tal configurations, to prevent potentially non-negligible
evaporation and wind stress effects. In the present case, the
flux (in W/m?) through the cold plate is much larger than
through the free surface. Since the free surface is 17 times
larger than the cold plate area, however, convective plumes
can be expected to be more intense underneath the cold
plate than the free surface.

3.2 Heat transport

The use of fluxmeters on the cold plate and on the heater
ring allows us to estimate the Nusselt number, as illus-
trated in Fig. 4c, for the glycerol experiments. For esti-
mating the conductive power Qcong in the denominator
of the measured Nusselt number in in Fig. 4c, the coef-
ficient of proportionality of Qcong With AT was retrieved
from numerical calculation solving the steady conduction
equation for the same control and geometrical param-
eters. Then, the heat transport efficiency is written in the
form of normalized Péclet value (Nu — 1) /Nug. The Péclet
number associated with the annular heated ring is found
fixed, while on the cold plate, it is found that it rises with
the P ratio, i.e.,with Q (Fig. 4c). Such two Nusselt num-
ber measurements associated with fluxmeters signals on
each plate normally give two estimates of the same quan-
tity. However, in reality, the power budget is distributed
as Phot plate = Peold plate + Pfree surface + Pwalls, With lateral
conduction through perspex walls Pyas likely to be neg-
ligible compared to the others, given the small difference
between the bulk temperature and the room temperature.
Prree surface 18 likely dominated by evaporation and whose
value estimated above is consistent with this global budget
given the values of power measured through the heated
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Fig.9 Dynamical regime for © = 0.08rads™! in case of mixed
glycerol-water solution experiment illustrated with streak lines of
particles and showing the ’sandwich’ configuration of low-order
wavenumber baroclinic zone with convection zone (see also supple-
mentary material Movie 3)

annulus and cold plate. Therefore, the Nusselt number
retrieved from the cold plate seems the more relevant esti-
mate to better reflect the transverse thermal efficiency and
the different flow dynamical regimes depending on rotat-
ing rate than the Nusselt based on the heated annulus meas-
urements. Even if the configuration is fully 3D here and
with the presence of baroclinic instabilities, in contrast to
numerical axisymmetric 2D simulations, it turns out that a
similar increase of normalized Péclet number from the cold
plate as a function of P was found by Wright et al. (2017)
in the [0.04-0.2] range.

3.3 Horizontal flow

The flow configuration anticipated from the numerical sim-
ulations of Wright et al. (2017), of a baroclinic zone sand-
wiched between two convection zones, is further validated
in horizontal streakline features, as illustrated in Figs. 9
and 10 (and the Online Resource video, for example, in the
0.08 and 0.12 rad s~! cases; Movies 3 and 4). A clear sep-
aration can be noticed between the mid-radius zone, with
the large amplitude baroclinic wave (Fig. 9 reveals a non-
axisymmetric pattern consistent with baroclinic mode 1 or
even an elliptic pattern corresponding to baroclinic mode
2), and a zone in an outer annular strip near the external
wall presenting small-scale features likely to be remnants
of the Rayleigh—-Bénard convection plumes in that zone.
Even in snapshots exhibiting a larger amplitude of baro-
clinic wave at Q = 0.12rads~!, the meandering jet does
not seem to reach the outer cylinder. This new experimen-
tal setup, therefore, offers the capability of exploring the

@ Springer

properties of fully developed baroclinic instabilities with
minimal interference from sidewall boundaries.

At low rotation rates, the experimental flows observed
are consistent with the structure of the azimuthal veloc-
ity predicted by 2D axisymmetric simulations (see cases
P =0.03 and P = 0.15 in Fig. 5 and Wright et al. 2017).
The occurrence of higher values of azimuthal veloc-
ity underneath and near the inner cold plate than at larger
radii is confirmed for the © =0.03 and 0.08rads™!
cases, as illustrated in the video of a close-up view of dye
experiments (e.g., Movie 1 in the supplementary Online
Resource) and in streakline movies (Movies 2-3 in supple-
mentary Online Resource). This occurrence of an intense
‘polar vortex’ is particularly interesting as this character-
istic has been suggested as a significant dynamical feature
in slowly rotating planetary atmospheres such as on Titan
(Lebonnois et al. 2012) and Venus.

3.4 Baroclinic instability

In the range of rotation rates and temperature differences
used, it is expected that isopycnals in the statically stable
region near mid-radius would be quite strongly sloped,
allowing baroclinic instabilities to be able to grow. Fig-
ure 10 shows examples of typical observations of flow pat-
terns found in the fluid, illustrated with passive dye tracer
images (after substraction and/or inversion of the image),
particle streaklines and infrared thermographic camera
images. Indeed, several modes of baroclinic instability
were observed, from low-order, regular, azimuthal wave
modes at small angular velocities to irregular and turbu-
lent motions with small, chaotic vortices at higher rota-
tion rates, as illustrated in Fig. 10 and in movies 2-5 in the
supplementary Online Resource. For Q = 0.12rads~/, the
baroclinic wave is particularly highly developed and pre-
sents an almost steady mode 3 associated with a measured
Burger number Bu = 0.15. Thus, the onset of strong baro-
clinic waves is found just above 0.08 rad s~! which cor-
responds to Bu = 0.65 (see Figs. 6, 10), which is approxi-
mately consistent with the Eady criterion (see Hide and
Mason (1975), with an instability threshold at Bu = 0.581).
The evidence of weak instability for 0.03 rad s~ up to
0.08 rad s~! (Bu = 3.6 and 0.65, respectively) suggests
the presence of instability beyond the Eady cutoff. This
is also consistent with the zone of weak waves found by
Hignett et al. (1985) (see symbol w in Fig. 10) suggesting
a possible vertical confinement or surface intensification
of baroclinic waves (Hide and Mason 1978; Jonas 1980).
This will be investigated in future work. Nonlinear ampli-
tude vacillation features, similar to those found in classical
rotating annulus experiments (e.g., Friih and Read 1997),
were also observed. Thus, it was observed, e.g., at rotation
rate 0.12 rad s~!, that a baroclinic mode with the initial
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Fig. 10 Regime diagram as a function of Taylor number and ther-
mal Rossby number. Black and magenta points correspond to two
separate experimental runs and show the experimental dynamical
regimes explored. Previous results from Mason (1975) and Hignett
et al. (1985) in red and blue lines have been plotted for comparison.

wavenumber 3 was found to evolve to a mode 4 (i.e., sug-
gesting a form of nonlinear wavenumber vacillation). Other
realizations at a similar rotation rate revealed an evolution
of a mode 3 with varying amplitude (i.e., amplitude vacilla-
tion), as illustrated in supplementary material Movie 4.

In the same way, with a zoomed-in view of temperature
time series from the thermocouple probes in the central
zone at mid-radius, Fig. 11 also shows oscillatory patterns
that reveal a slow drift of the lowest wavenumber compo-
nents around the tank (g ~ 55min) for 2 = 0.03 rad g1
(see also Fig. 12 for a closer view and Fourier analysis of

Numbers represent mode wavenumber and added symbols that follow
original annotations in Hignett et al. (1985) with a, axisymmetric; w
weak waves, S steady waves, AV amplitude vacillation, SV shape vac-
illation, [ irregular. See also movies in supplementary material

it) and more complex, nonlinear baroclinic oscillations at
higher rotation rates. A deeper analysis of these features is
beyond the scope of this paper and will necessitate longer
duration of data acquisition at a given equilibrium state for
each rotation rate in future experiments; this will be pre-
sented elsewhere.

Finally, we compare our results with previous obser-
vations of baroclinic modes with the classical rotating
annulus configuration. Figure 10 shows the location of
the different observed modes in a 7a-® regime diagram
on which the locations of various dynamical regimes

@ Springer
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Fig. 11 Time series of thermocouples probes in the central zone at
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Fig. 12 a Zoomed view of time series of one of the thermocouple
located in the mid-radius statically stable baroclinic zone for a rotat-
ing rate of 0.03 rad s~ with the same high-frequency filtered signal
superimposed. b Fourier plot associated with the visible 7 = 55 min
drift

from previous thermally driven annulus experiments
using the classical configuration (Mason 1975; Hignett
et al. 1985) are superimposed. This indicates a reason-
ably good agreement with our experiments in the regions
of different wave regimes, between the new locally
forced atmosphere-like configuration compared to the
classic rotating annulus case.

4 Conclusion

A new atmosphere-like experiment has been designed in
the form of a local, convectively forced, thermally driven,
wide rotating annulus to emulate more effectively than
in previous experimental studies the distribution of local
heat sinks in the upper troposphere of the Earth in the
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polar regions and a heat source near the ground associ-
ated with strong convection in tropical regions. The first
experiments with this new “baroclinic sandwich” setup
exhibit the thermal structure in the (7, z) cross plane antic-
ipated from the 2D numerical simulations of Wright et al.
(2017), as well as a fast ‘polar vortex’ and the confirma-
tion of coexisting baroclinic and convection zones in the
flow structure. This validates this new experimental setup
as a tool to study equilibration processes with coexisting
baroclinic and convective instabilities in a form highly
relevant to what occurs in a planetary atmosphere such as
the Earth’s.

Baroclinic instability wave modes are found to grow
and equilibrate, in broad agreement with previous results
in the more classical annular configuration, with similar
zonal wavenumbers and vacillation behaviour. Future
work will include the addition of a sloping bottom to take
into account in the laboratory effects equivalent to lat-
eral variations of the Coriolis parameter. Particle image
velocimetry experiments will also then allow us to gain
quantitative insights into the nonlinear baroclinic equili-
bration processes on the beta plane, as well as into the
geostrophic turbulence regime, to help understand the
peculiar characteristics and dynamics of a mid-latitude
Earth-like atmosphere.
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