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Abstract Climate data, characterized by seasonal cycle and variability, is often classified as
cyclostationary time series. However, analyzing such data poses challenges due to frequency
redundancy, where overlapping cycles obscure distinct periodicities. This study presents a meth-
odology to analyze cyclostationary time series while mitigating frequency redundancy. Utilizing
ERAS reanalysis data of 2 m air temperature, we conducted a statistical analysis of seasonal sta-
bility a(?), weather-related noise magnitude N(#), and long-term forcing f{7), and developed a cor-
responding statistical model. The analysis of a(7) elucidates global sensitivity to seasonal climate
variations, with late-summer polar instability driven by sea ice albedo feedback and Arctic ampli-
fication. This instability accumulates, resulting in a “memory effect”, where a(?) exhibits maxi-
mum variance during transitions to stability. Key climate phenomena such as ENSO, Atlantic
Niflo, and the Indian Ocean Dipole were also identified. N(¢), representing weather-related noise,
peaks in winter due to pronounced temperature gradients and reveals storm tracks near East Asia.
The long-term forcing f{7) captures gradual changes, such as oceanic variations and global warm-
ing, facilitating the analysis of El Nifio and La Nifia events. The developed stochastic model
accurately reflects the statistical properties of climate data and demonstrates strong performance,
particularly in the unstable Antarctic region, even when excluding long-term forcing.
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Fig. 1. The region used in this study was selected as an
unstable area in March, late summer in Antarctica. The
selected area was marked on a map. (a) longitude: 10,
latitude: —68 (b) longitude: 180, latitude: —70 (c) longitude:
200, latitude: —70 (d) longitude: 340, latitude: —65.

(b)
501 — a(t) — N(t)
-~ - F10
25 {Lon: 180 |
Lat: -70
0.0 T 18
-2.5 _
6 2
-5.0
-7.5 4
-10.0
2
-12.5
2 4 6 8 10 12
(d) Month
20 N
a(t) m (t)_ 10
15 {Lon: 340 |
Lat: -65
10 T Tr8
5 6 =2
=
0
4
-5
-10 2

10 12

Month

Fig. 2. We make a seasonal comparison of stability a(f) and noise amplitude N(?) in unstable areas of Antarctica. Each figure is
a graph drawn from the following location information: (a) longitude: 10, latitude: —68, (b) longitude: 180, latitude: —70, (c)

longitude: 200, latitude:

—70, (d) longitude: 340, latitude: —65. The blue line and the left y-axis represent a(f), while the green

line and the right y-axis represent N(f). In summer (January~April), a(t) has a positive value due to several feedback effects
such as sea ice albedo feedback and Arctic amplification, which means it is unstable. In winter (About June), N(t) has a
maximum value because the temperature difference between the equator and the poles is maximum and the intensity of low

pressure is strong.
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Fig. 5. Seasonal standard deviations of the probabilistic model (red) are compared with the original data (blue). Each figure is a
graph drawn from the following location information: (a) longitude: 10, latitude: —68, (b) longitude: 180, latitude: —70, (c)
longitude: 200, latitude: —70, (d) longitude: 340, latitude: —65. The ensemble simulation technique was used to increase the
number of simulations and perform statistical analysis based on a larger number of samples. In addition, the modeling was
performed after removing the influence of long-term forcing that had no seasonal effect from the original data. As a result, the
model shows excellent performance and closely matches the statistical characteristics of the original data.
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Fig. 6. The seasonal variability of stability a(f) can be observed, where a(f) is a function of latitude and longitude. In polar
summers and late summers, instability is evident at the edge of sea ice. (a) February (summer of the Antarctic), (b) March (late
summer of the Antarctic), (c) August (summer of the Arctic), and (d) September (late summer of the Arctic).
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Fig. 7. The seasonal variability of the noise amplitude M() is represented as a function of latitude and longitude. (a) June, the
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Fig. 8. The long-term forcing, f{7), is a function of latitude and longitude and changes slowly over extended periods, resulting in
an annual average value for each year. The year used in the figure is the year when a special El Nifio La Nifia event occurred.
(a) the strong El Nifio event in 1982 (Nino 3.4 index 2.3), (b) the strong La Nifia event in 1988 (Nino 3.4 index —2.29), (c) the
strong El Niflo event in 2015 (Nino 3.4 index 2.81), (d) the strong La Nifia event in 2021 (Nino 3.4 index —1.26).
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