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Classifying Summer Atmospheric States from Single-Site Vertical Profiling
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Abstract This study classifies summer atmospheric states using single-point vertical profiling
from the Boseong Meteorological Tower (June~August, 2015~2021) and links the resulting
clusters to precipitation characteristics and large-scale circulation patterns. Principal component
analysis (PCA) and K-means clustering were applied independently to monthly anomaly pro-
files of potential temperature (), relative humidity (RH), and zonal and meridional wind com-
ponents (u’, v'), yielding three clusters per month (nine clusters in total). The nine clusters were
subsequently categorized into four precipitation regimes — Favorable, Frequency-type, Inten-
sity-type, and Dry — based on precipitation occurrence probability and the 90"-percentile pre-
cipitation amount. Composite analysis using ERAS reanalysis data revealed that the Favorable
regime is characterized by negative 500-hPa geopotential height anomalies coupled with south-
westerly low-level moisture transport, forming a canonical precipitation-enhancing structure. In
contrast, certain Dry-regime clusters exhibited a paradoxical suppression of precipitation despite
strong dynamical forcing, attributable to a thermodynamic moisture deficit in the lower tropo-
sphere. Some of the Frequency-type clusters showed anomalously high precipitation frequency
despite upper-level anticyclonic circulation, underscoring the dominant role of low-level mois-
ture convergence. The Intensity-type regime demonstrated that dynamical forcing can preferen-
tially amplify precipitation intensity rather than frequency, suggesting that these two aspects of
precipitation are governed by distinct atmospheric mechanisms. The profiling-based classifica-
tions were linked to precipitation characteristics, and ERAS composites showed distinct large-
scale circulation patterns for each regime. The proposed framework holds potential for portabil-
ity to other observation sites and for integration with numerical prediction systems, offering a
cost-effective approach to precipitation diagnosis in observation-limited regions.
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Fig. 1. Results of cluster number selection for June (blue), July (orange), and August (green). The rate of WCSS decrease
diminishes substantially beyond k = 3 in all three months. Scores vary across months and do not converge on a single
statistically optimal k, motivating the additional use of sample-size stability criteria in the final selection of k = 3 (see Section

22).
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Vertical Anomaly Structure by Monthly Clusters
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Fig. 2. Vertical anomaly profiles of potential temperature (&', K), relative humidity (RH’, %), zonal wind (u’, m s™"), and
meridional wind (v/, m s™') for each cluster derived from K-means clustering applied to (a) June, (b) July, and (c) August.
Clusters 0, 1, and 2 are distinguished by different line colors. Each profile represents the composite mean of days assigned to
the corresponding cluster.
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Fig. 3. Contingency matrices comparing k-means cluster assignments based on full vertical profiles (10~300 m) versus surface-
only observations (10 m) for (a) June (agreement = 93.5%, ARI = 0.791), (b) July (agreement = 57.0%, ARI = 0.215), and (c)
August (agreement = 72.2%, ARI = 0.377). Rows indicate full-profile clusters (CO~C2) and columns indicate surface-only
clusters (CO~C2). Numbers in each cell represent the count of days assigned to the corresponding combination.
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Table 1. Comparison of cluster separation ranges for precipitation occurrence probability, 90th-percentile daily precipitation,
and mean daily precipitation between Boseong tower vertical observations and ERAS single-grid 1,000-975 hPa data. The same
analysis dates and clustering procedure were used for both datasets.

Period Source rain_prob_range tp_p90 range tp_mean_range
un Boseong tower vertical obs. 0.755 41.91 10.98
ERAS single grid 1,000-975 hPa 0.578 34.65 9.59
Tl Boseong tower vertical obs. 0.479 36.46 9.45
ERAS single grid 1,000-975 hPa 0.484 32.36 10.54
Boseong tower vertical obs. 0.340 34.74 11.34
Avg ERAS single grid 1,000-975 hPa 0.394 30.46 9.88
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Fig. 5. Composite anomalies of 500-hPa geopotential height (Z500) for each monthly cluster. Panels (a)-(c), (d)-(f), and (g)-(i)
indicate clusters 0~2 for June, July, and August, respectively. Hatching indicates grid points where the 95% bootstrap

confidence interval of the Z500 anomaly does not include zero.
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