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Nonlinear statistics of daily temperature fluctuations reproduced in a laboratory experiment
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The near-global statistics of daily mean temperature changes reveals a robust asymmetry. Warming steps
have significantly higher frequency and lower average magnitude than those of cooling steps for most weather
stations. This is a markedly nonlinear feature: Fourier surrogate time series exhibit completely symmetric
increment statistics. The obtained geographic distribution of asymmetry parameters suggested an experimental
test in a classical rotating tank setup. Temperature measurements in the dynamical regime of geostrophic
turbulence reproduce quantitatively the strong asymmetry and spatial dependence of field observations. The
statistics might be relevant in other systems of nonequilibrium steady states.
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In the late 1950s, the discipline of geophysical fluid dy-
namics emerged from relatively simple mathematical and
laboratory models unifying atmospheric and oceanic dynam-
ics. Perfect hydrodynamic similarity, where all the appropri-
ate nondimensional parameters are precisely equal for geo-
physically relevant scales and “miniaturized” experiments, is
not possible [1]. Therefore, a quantitative agreement between
field observations and laboratory measurements is excep-
tional, even if such experiments have continuously been fa-
cilitating a better understanding of complex geophysical
flows. Here we report on temperature measurements in a
classical experimental setup, where a markedly nonlinear
feature of daily terrestrial weather records is robustly
reproduced.

In a recent work [2], we analyzed the statistical properties
of surface temperature records from the Global Daily Clima-
tological Network (GDCN) data bank collected by the
NOAA National Climatic Data Center’s Climate Analysis
Branch [3]. Here we concentrate on the global statistics of
mean temperature differences between consecutive days for
records longer than 5 years (13 208 stations). A surprisingly
simple test revealed a peculiar characteristic summarized in
Fig. 1. We observed that the number of warming steps, N,,, is
significantly different from the number of cooling steps, N,,
at almost every geographic locations, irrespectively of the
length of the record [Fig. 1(a)]. Furthermore, the average
magnitude of warming steps (AT,,) differs also from the av-
erage magnitude of cooling steps (AT.) for most stations
[Fig. 1(b)]. Strict stationarity requires a simple inverse rela-
tionship between the ratios N,/N, and (AT,)/{AT,) for a
given record, and we will show that both meteorological and
experimental data obey this condition.

Next, we would like to emphasize that the observed asym-
metries are signatures of the inherent nonlinear nature of
atmospheric circulation. This is verified by implementing the
iterative Fourier surrogate time series procedure by Schreiber
and Schmitz [4], which destroys higher-order (nonlinear)
correlations in a signal by keeping two-point correlations and
(usually not entirely Gaussian) amplitude distributions intact.
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Surrogate temperature data exhibit full symmetry: both ratios
drop around 1.00, and statistical fluctuations (mostly due to
finite record length) are reflected only to the third digit.

The geographic distribution of step-number or step-size
ratios reveals a relatively simple pattern on the northern
hemisphere (where the GDCN spatial coverage is much bet-
ter), illustrated in Fig. 1(c). Although local circumstances
(topography, land-use, distance from oceans, etc.) certainly
influence weather and climate, the global pattern reflects a
smooth overall latitude dependence: the larger the distance
from the Horse latitude (~30 °N), the smaller the step num-
ber ratio N,,/N,. Such an uncomplicated behavior suggests
that the origin should be linked with the most essential de-
termining factors of atmospheric dynamics: differential heat-
ing and rotation.

FIG. 1. (Color online) Statistics of daily mean temperature
changes for 13 208 weather stations. (a) Number of warming steps,
N,,, over the number of cooling steps, N,, as a function of record
length n (the horizontal scale is logarithmic). (b) Average warming
step (AT,) over average cooling step (AT,) as a function of the
latter for each station. (c) Geographic distribution of the step num-
ber ratio shown in (a) (the color scale is nonlinear) [2].
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FIG. 2. (Color online) (a) Experimental setup. A: Plexiglas bot-
tom plate. B: outermost glass cylinder of radius 20.3 cm. C: middle
copper cylinder of radius 15.0 cm. D: inner copper cylinder of ra-
dius 4.5 cm. (b) Dye visualization of typical flow patterns in the
working fluid of height 4.0 cm (the two slanted stripes are parts of
the bottom plate). (c) Example time series recorded in a nonrotating
convection experiment with a sampling rate of 3 s. The location of
the probes is indicated in (a) by colored circles: distance from the
sidewall is 8 mm, height from the bottom is 3 mm in both cases.
The warm boundary temperature 7,,=35 °C; black triangles indi-
cate when ice was refilled in the middle cylinder. (d) The same as
(c) rotated with Q=2.73 s~!.

The classical laboratory model for the midlatitude large-
scale flow phenomena is a differentially heated rotating an-
nulus invented by Fultz er al. [5,6] and Hide and co-workers
[7.8]. The setup, depicted in Fig. 2(a), consists of three con-
centric cylinders placed on a rotating table. The central con-
tainer is cooled, the outermost one is heated, and the working
fluid in the middle is usually water or solution of glycerol of
various viscosities. Besides the traditional dye visualization
methods [Fig. 2(b)], arrays of temperature probes [9—-13] and
modern tools, such as the laser Doppler velocimetry [14] or
thermographic cameras [15], are used to collect quantitative
information about the flow field. The main control param-
eters are the rotation rate and imposed temperature difference
in a dish of fixed geometry. These are usually expressed by
two nondimensional ratios called in recent papers the “Taylor
number” and “thermal Rossby number”; however, we do not
adopt them here because of the problematic relationship be-
tween laboratory and possible atmospheric values. System-
atic explorations of the parameter space identified axisym-
metric flow fields, steady and vacillating waves, and
irregular patterns (geostrophic turbulence [16]); for a review
see [17].

We performed temperature measurements in the rotating
annulus sketched in Fig. 2(a). Angular velocities in the range
0=1.88-4.71 s7! at two temperature gradients were im-
posed: T,,,=35.0+£0.1 °C and 40.0+0.1 °C outside, melting
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FIG. 3. (Color online) Correlation plot between step number
ratio and average step size ratio for temperature changes. Black
dots: terrestrial weather stations. Colored circles: laboratory experi-
ments. Dashed line indicates the perfect stationarity condition.

ice (T,y=4 °C) inside. Two corotating Ni-NiCr thermo-
couples fixed at the end of thin wires (of diameter 0.5 mm)
were sampled at a rate of Ar=3.0 s, which is approximately
one sample per revolution (in analogy with the meteorologi-
cal records). The height of the sensors was fixed at 3 mm
from the bottom; the radial positions were changed in the
experiments running 5—6 h each. In the nonrotating control
experiments we checked the presence of simple radial con-
vection, and measured the typical flow speeds between 0.5
and 1.0 mm/s.

The parameter range we implemented is deeply in the
dynamical regime of irregular wave patterns, similarly to the
midlatitude atmosphere. Note that the thermal boundary con-
dition was nonstationary inside due to the cyclically varying
amount of ice. This is a technical limitation of our setup;
however, the midlatitude atmosphere is also not constrained
to fixed boundary temperatures. The main effect of rotation
is demonstrated by comparing the signals in Fig. 2(c) and
2(d). The large fluctuations indicate strong cyclonic and an-
ticyclonic vortical activity with irregular transits of cold and
warm “fronts” at both locations. (Note that the resulting tem-
poral fluctuations have a much shorter time scale than the
global temperature control.) It is widely accepted that the
dynamics driven by the so-called baroclinic instability re-
flects the most essential features of midlatitude atmospheric
flow (see, e.g., [18,19]).

We evaluated the experimental temperature records in the
same way as the meteorological data. We found the same
robust asymmetries in the statistics of temperature changes;
the results are shown in Fig. 3. The prominent data collapse
onto the curve of strict stationarity in Fig. 3 is somewhat
surprising for the meteorological data, which means that sys-
tematic baseline drifts (urbanization, changing land use, glo-
bal warming, etc.) are hardly visible in the records.

Alike to the GDCN data, the surrogate time series algo-
rithm [4] results in fully symmetric signals again. Here we
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FIG. 4. (Color online) (a) Step number ratio for temperature
changes as a function of nondimensional distance from the warm
boundary. Black dots: meteorological records. Color symbols: ex-
periments for two control temperatures. Dashed lines indicate the
horizontal contraction of the experimental data resulting in approxi-
mately the same slope as the meteorological observations. (b) Step
number ratio for two fixed locations close to the boundaries as a
function of angular velocity (, at T,,,=40 °C. Dashed lines are
only a guide for the eye.

shortly note that all standard procedures [20] failed to detect
low-dimensional chaos in both the meteorological and ex-
perimental records. This is in agreement with earlier results
[21] and expectations in the dynamical regime of geostrophic
turbulence. On the other hand, test series generated by baker,
Hénon, and Tkeda maps or by the Lorenz equations (variable
z) in the fully developed chaotic parameter range [22] exhibit
also similarly asymmetric increment distributions, which en-
tirely disappear in the surrogate data.

What determines the extent of asymmetry in an individual
time series? The map of Fig. 1(c) suggests the latitude as a
primary variable for the meteorological observations, com-
plicated by other factors. Indeed, when the step number ratio
is plotted for each station as a function of the nondimen-
sional distance from the equator [Fig. 4(a), black dots], the
distribution exhibits a rather smeared structure. The nonmo-
notonous behavior with a local maximum at around ~30°
latitude (x/L=0.33) might be related to the cellular organi-
zation of the atmospheric circulation—namely, to the de-
scending branch of the Hadley cell [23]. In spite of the large
scatter, the main tendency is clearly the same as in the map
in Fig. 1(c). This tendency of smaller increment asymmetries
at larger distances from the warm boundary is reproduced in
the experiments, too [Fig. 4(a), color symbols]. However, an
attempt to superimpose experimental values on data for me-
teorological stations is probably better justified on a re-
stricted range, illustrated in Fig. 4(a) by vertical dashed lines.
This is because the atmospheric dynamics is distinctly differ-
ent around the equator (vanishing Coriolis force) and also
around the Arctic (sea ice cover, Arctic oscillation, etc.).
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FIG. 5. (Color online) Average temperature profiles as a func-
tion of nondimensional distance from the warm boundary. (a) Zonal
average for the meteorological records. Error bars represent one
standard deviation; seasonality is included. x/L is given by the lati-
tude normalized by /2. (b) Profiles in the rotating tank for two
control temperatures.

The angular velocity should be also among the important
variables. Experimental results for two fixed sensor locations
close to the walls are shown in Fig. 4(b). There is an appar-
ent tendency in the data (slightly decreasing ratios at higher
values of ()) loaded by rather large fluctuations. Note that the
finite length of time series cannot explain the individual vari-
ability, which we tested by cutting the longest records into
pieces and measuring the step number and step size ratios.
The representative error bars in Fig. 4(b) were obtained in
this way. The most probable reason for the variability is the
nonstationary drive at the cold boundary, which is a technical
limitation of our setup. As for the weather stations, it is pos-
sible that the increasing Coriolis parameter toward the pole
contributes to the decreasing increment asymmetries. How-
ever, the experiments show that both the warm and cold sides
have similar tendencies; thus, the overall pattern is weakly
influenced by an increasing rotational speed.

Obviously, the simple experimental setup cannot model
many fundamental aspects of the real atmosphere, such as
the strong density stratification (compressibility), the distrib-
uted differential heating by insolation, or the latitude-
dependent strength of the Coriolis effect [24]. It is not sur-
prising, for example, that the mean temperature profiles are
very different. In Fig. 5(a) we plotted the zonally averaged
values of daily mean temperatures for the northern hemi-
sphere GDCN data. The appropriate temperature profiles are
quite different in the experimental tank [Fig. 5(b)] with
marked thermal boundary layers of steep gradients and a
dominating flat region in the middle, which is determined
primarily by the boundary temperatures and affected weakly
by the angular velocities in shallow layers. This behavior has
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been well known since the accurate measurements by
Pfeffer et al. [25].

As far as we could check, the asymmetry of temperature
increment statistics was reported first in [2]. However, the
non-Gaussian shape of histograms for fluctuation amplitudes
has been noticed in many works. The deviations are usually
evaluated by computing the skewness (third moment) of the
empirical distribution functions, and nonzero values are of-
ten attributed to nonlinearities in the dynamics. We inspected
that skewness and asymmetric increments are not correlated
for our data. Recall also that surrogate time series of arbi-
trary skewness are fully symmetric with respect to the incre-
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ments. A further issue can be to relate sampling interval and
characteristic time scales of the dynamics. It is easy to see
that the numerical value of the asymmetry factor depends on
the sampling rate (serious undersampling results in a conver-
gence to symmetry in any stationary time series), but the sign
holds the information. This we checked by resampling both
the meteorological and experimental data.
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