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Abstract

Cryptomeria japonica (Japanese cedar) is extensively planted as windbreaks in Jeju, Korea,
producing highly allergenic pollen that significantly affects local populations. This study
analyzed 10-year trends of airborne C. japonica pollen concentrations and their relation-
ship with meteorological factors in Jeju to provide essential data for allergy management
and climate adaptation strategies. Daily airborne pollen sampling was conducted using
Burkard traps from 2015 to 2024 at a monitoring site in Jeju. Meteorological data, includ-
ing temperature, wind speed, relative humidity, precipitation, solar radiation, and cloud
amount, were obtained from the Korea Meteorological Administration. Temporal trends
were analyzed using linear regression and the Mann–Kendall test, while correlations be-
tween pollen parameters and meteorological variables were calculated using Spearman’s
correlation coefficients. Over the 10-year period, annual pollen integral (APIn) and peak
concentrations showed statistically significant increasing trends. Pollen season start dates
demonstrated a tendency toward earlier occurrence. Season onset was strongly negatively
correlated with pre-season temperatures in January and February. January solar radiation
showed positive correlations with both season end and period duration. C. japonica pollen
concentrations in Jeju demonstrate significant increasing trends with earlier seasonal onset,
primarily driven by pre-season warming in January and February. These changes may lead
to prolonged allergen exposure periods, necessitating enhanced public health preparedness
and adaptation of clinical management strategies for allergic populations.
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1. Introduction
Climate change significantly affects airborne pollen concentrations, seasonality, and aller-

genicity, with direct implications for respiratory health worldwide [1–6]. Cryptomeria japonica
(Japanese cedar) pollen is recognized as a major cause of seasonal allergic diseases through-
out East Asia [7].

On an international scale, comprehensive aerobiological monitoring has increasingly
emphasized the dynamic interconnection between localized meteorological parameters
and airborne bioaerosols, extending to large-scale spatiotemporal modeling of allergenic
taxa [8,9]. While some environmental health frameworks have focused on biological aller-
gens and respiratory symptoms in contrasting environments like arid urbanized areas [10],
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establishing long-term baselines in unique ecosystems remains critical for predicting re-
gional allergy burdens. In Korea, Jeju Island represents a unique ecological niche where
C. japonica pollen occurs at exceptionally high concentrations due to extensive windbreak
plantations established since the early 1920s, which were further expanded through in-
tensive afforestation efforts during the 1970s [11,12]. Unlike other regions of Korea where
C. japonica pollen is rarely detected, Jeju Island experiences substantial pollen loads that
significantly impact local populations with respiratory allergies [11,13].

The island’s humid subtropical climate creates favorable conditions for C. japonica
growth and reproduction [11,14]. As global climate change accelerates, understanding how
environmental changes affect pollen production patterns becomes increasingly important
for predicting future allergen exposure risks. Previous studies have demonstrated that
pollen season characteristics are highly sensitive to meteorological conditions, particularly
temperature fluctuations during pre-flowering and flowering periods [15,16].

This study investigates decade-long trends in airborne C. japonica pollen concentrations
and examines their relationship with meteorological factors in Jeju. Our findings provide
essential baseline data for understanding climate change impacts on allergenic pollen exposure
and inform evidence-based strategies for allergy management and public health adaptation.

2. Materials and Methods
2.1. Study Site and Pollen Sampling

Daily airborne pollen sampling was conducted at the standard observational field
of the Jeju Regional Office of Meteorology, located on the southernmost island of South
Korea (33.51◦ N, 126.52◦ E) (see online resource Supplementary Materials Figure S1, which
presents a detailed overview of the site). Jeju Island is characterized by diverse vegetation
zones and extensive C. japonica windbreak forests in coastal lowland areas. Airborne pollen
monitoring was performed using a seven-day recording Burkard trap (Burkard Manufac-
turing Co., Ltd., Rickmansworth, UK), following internationally accepted protocols for
aerobiological sampling in accordance with the European standard EN 16868:2019 [17,18].

Pollen concentrations were calculated as grains per cubic meter of air (grains m−3).
Microscopic inspection and pollen identification were performed on specimens stained with
Calberla fuchsin using light microscopy. Pollen classification was conducted with reference
to relevant literature [19]. The annual pollen integral (APIn) represents the sum of daily
mean pollen concentrations throughout the entire pollen season, providing a measure of total
seasonal exposure [20–22]. The pollen season parameters (start, end, and duration) were
determined using a percentage-based season definition. Specifically, the pollen season was
defined as the period from the day on which the cumulative daily mean pollen concentration
reached 2.5% of the total annual sum until the day it reached 97.5% [23,24].

2.2. Meteorological Data

Meteorological data from the automated synoptic observation system near the pollen
sampling site were obtained from the Jeju Regional Office of Meteorology, Korea. The
recorded meteorological elements were temperatures (mean: Ta, maximum: Tmax, and
minimum: Tmin; ◦C), wind speed (mean: WS and maximum: WSmax; m/s), relative
humidity (RH; %), precipitation (PPT; mm), solar radiation (SI; MJ m−2), sunshine duration
(SS; h), and cloud amount (CA; %). Monthly averages of these parameters were calculated
to examine relationships with seasonal pollen characteristics.

2.3. Statistical Analysis

All statistical analyses were performed using SPSS Statistics 27 software. The corre-
lation coefficients between airborne pollen concentrations and meteorological variables
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were calculated using Spearman’s correlation coefficient. Temporal trends in pollen season
characteristics and meteorological factors were analyzed using linear regression. Addition-
ally, the non-parametric Mann–Kendall test and Sen’s slope estimator for decadal trend
analysis were executed using R software (version 4.3.1) with the ‘trend’ package. Statistical
significance was defined as p < 0.05 [25,26]. Both daily correlations during pollen seasons
and monthly correlations with seasonal parameters were examined.

3. Results
3.1. 10-Year Trends of Airborne Cryptomeria Japonica Pollen in Jeju, Korea

Over the 10-year monitoring period (2015–2024), C. japonica pollen demonstrated
marked changes in both intensity and timing (Figure 1). APIn exhibited a significant linear
increase (p < 0.05), although its monotonic trend missed the significance threshold in the
Mann–Kendall analysis (p = 0.11). The temperature showed a robust upward trend under
both linear regression (p < 0.05) and the Mann–Kendall test (p < 0.05) (see online resource
Supplementary Materials Figure S2). Peak season concentrations also exhibited significant
increases. Temporal analysis revealed that pollen season start dates, end dates, and peak
dates all demonstrated a general direction toward earlier occurrence as years progressed.
However, it is critical to emphasize that these macro-temporal shifts were statistically
non-significant, representing qualitatively observed tendencies rather than statistically
supported trends over the 10-year monitoring period.

Figure 1. Decadal trends in airborne Cryptomeria japonica pollen parameters in Jeju, Korea, over the
10-year study period (2015–2024). (A) Annual pollen integral (APIn); (B) Pollen season start and end
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dates (expressed in Julian days); (C) Pollen season period (duration in days); (D) Pollen season peak
dates and peak concentrations. In each panel, dashed lines represent the linear regression trends,
and solid gray lines indicate the non-parametric Sen’s slope estimator trends. Detailed statistical
outputs, including the linear equations, Mann–Kendall (MK) test results, and Sen’s slope values, are
summarized in the respective inset boxes.

3.2. Interplay Between Meteorological Parameters and Airborne Pollen of Cryptomeria Japonica

Correlation analysis between daily C. japonica pollen concentrations and same-day
meteorological conditions during pollen seasons revealed specific environmental drivers of
day-to-day variability (Table 1). Daily maximum temperature showed a significant positive
correlation with pollen concentrations (r = 0.109, p < 0.01), confirming that warmer days
promote higher pollen release and/or atmospheric transport. Conversely, solar radiation
demonstrated a significant negative correlation with daily pollen concentrations (r = −0.122,
p < 0.01).

Table 1. Correlation coefficients between daily concentration of pollen and meteorological variables
for the 10-year (2015–2024) period of C. japonica pollen seasons in Jeju, Korea.

Variables C. japonica Variables C. japonica

Ta 0.070 RH 0.049
Tmax 0.109 ** PPT 0.036
Tmin −0.011 SI −0.122 **
WS −0.003 SS −0.067
WSmax 0.063 CA 0.046

Correlation coefficient: ** p < 0.01. Ta: mean temperature (◦C); Tmax: maximum temperature (◦C); Tmin: minimum
temperature (◦C); WS: wind speed (m/s); WSmax: maximum wind speed (m/s); RH: relative humidity (%);
PPT: precipitation (mm); SI: solar radiation (MJ m−2); SS: sunshine duration (h); CA: cloud amount (%).

3.3. Seasonal Timing and Pre-Season Meteorology

Analysis of relationships between monthly meteorological conditions and seasonal
pollen characteristics revealed important patterns linking pre-season weather to subsequent
pollen season development (Table 2). Season start date showed negative correlations with
mean air temperature in both January (r = −0.744, p < 0.05) and February (r = −0.835,
p < 0.01). January solar radiation showed positive correlations with both season end
(r = 0.758, p < 0.05) and season period (r = 0.697, p < 0.05). Conversely, January cloud
amount demonstrated significant negative correlations with both season end (r = −0.794,
p < 0.01) and season duration (r = −0.879, p < 0.01).

Table 2. Correlation between meteorological variables in January, February, March, April, and the
C. japonica pollen season’s start and end for the 10-year (2015–2024) period in Jeju.

January February March April January February March April

Mean air temperature Precipitation

Start −0.744 * −0.835 ** −0.238 −0.372
End 0.091 0.042 −0.345 −0.273 −0.309 −0.224 −0.176 −0.103
Period 0.321 0.321 −0.139 −0.176 −0.224 0.164 −0.345 −0.236

Mean wind speed Total solar radiation

Start −0.116 0.518 −0.104 −0.018
End −0.042 0.042 0.224 −0.236 0.758 * −0.176 −0.321 −0.273
Period 0.200 −0.200 0.030 0.067 0.697 * −0.115 −0.285 −0.394
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Table 2. Cont.

January February March April January February March April

Mean relative humidity Mean cloud amount

Start 0.384 −0.591 0.262 0.152
End −0.382 0.079 −0.079 0.345 −0.794 ** 0.261 0.600 0.273
Period −0.382 0.309 −0.127 0.176 −0.879 ** 0.139 0.515 0.345

Correlation coefficient: * p < 0.05; ** p < 0.01.

4. Discussion
This study provides the first comprehensive analysis of decade-long C. japonica pollen

trends in Korea, revealing significant increases in both total seasonal exposure and peak
concentrations. These findings align with global patterns of increasing allergenic pollen
production and advanced seasonality attributed to climate change across the Northern
Hemisphere [5,6,27,28]. Similar trends have been reported for other allergenic tree species,
including birch pollen in Europe, suggesting a widespread phenomenon affecting multiple
taxa worldwide [29,30].

The significant increasing trend in annual pollen integral suggests that total seasonal
exposure has intensified substantially over the past decade. This increase likely reflects
enhanced pollen production per tree, expanded flowering periods, or improved survival
and transport of pollen grains under changing environmental conditions [31,32]. Regard-
ing potential shifts in plantation area, recent survey data from Jeju indicate that the total
C. japonica forest coverage slightly decreased to 4307 ha, representing a 40 ha reduction
compared to the previous Forest Type Map [33]. This marginal decline suggests that spatial
expansion is unlikely to be the primary driver, implying that climate factors, such as pre-
season warming, may play a more prominent role in the observed pollen intensification.
The observed tendency toward an earlier season onset, although strictly lacking statistical
significance in our linear regression analysis, aligns directionally with widespread phe-
nological advances documented for numerous plant species globally [27,29]. The lack of
statistical verification for these timing parameters most likely stems from the high interan-
nual variability inherent in a relatively short 10-year dataset, which limits the statistical
power for long-term phenological trend detection. Therefore, while our data demonstrate
a statistically significant intensification of pollen volume, shifts in seasonal timing param-
eters must be interpreted with caution as statistically unproven tendencies that require
longer-term monitoring to confirm.

The strong relationship between pre-season meteorological factors and C. japonica phe-
nology can be explained by the mechanistic interplay between winter chilling accumulation
and spring warming, which is characteristic of almost all tree species. Plant phenology
generally requires a specific period of winter chilling to break endodormancy, followed by
a subsequent accumulation of heat units to trigger flowering ecodormancy release. On Jeju
Island, which features a humid subtropical climate, winter chilling thresholds required for
endodormancy release are consistently met. Consequently, the subsequent forcing phase
becomes the primary rate-limiting step; rising temperatures in January and February accel-
erate fulfillment of these heat accumulation requirements, thereby advancing the pollen
season start date, a biological mechanism strongly supported by long-term observations of
earlier flowering under regional warming trends [34,35].

To accurately interpret the environmental drivers of C. japonica pollen dynamics, it
is critical to distinguish between short-term meteorological controls operating on a daily
scale and long-term climatic controls influencing annual and seasonal parameters [36].
On a short-term scale, day-to-day fluctuations during the active pollen season are pri-
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marily governed by immediate meteorological conditions that modulate physical pollen
release and atmospheric transport. This is evidenced by the positive correlation between
daily maximum temperature and pollen concentrations, which enhances anther dehis-
cence and atmospheric dispersion [3,5,31]. Conversely, long-term climatic controls act
as biological macro-drivers, dictating regional phenological shifts and overall annual
pollen yields over a decadal timeline, representing a dynamic interconnection between
multi-decadal environmental shifts and biological outputs [17,37]. Our results show that
instead of daily weather, it is the cumulative pre-season climatic context-based rising
temperatures in January and February that exert a strong control over seasonal onset,
thereby potentially reshaping the macro-temporal exposure window for the population.
The long-term warming trends of these specific meteorological variables are documented
in Supplementary Figures S2 and S3.

The relationship between solar radiation and pollen dynamics appears to be dual-
faceted depending on the timing. This study observed a significant negative correlation
between daily pollen concentrations and solar radiation, which stands in contrast to the
positive influence of temperature. However, it is critical to note that the underlying physical
or biological mechanisms behind this negative association remain speculative, as direct
physiological impacts were not monitored in this study. One hypothetical pathway based
on previous literature is that intense solar radiation, particularly within the UV-B spectrum,
might potentially induce cellular degradation in pollen grains or lower their release viabil-
ity. Prior experimental studies in other plant taxa, including members of the Cupressaceae
family, have demonstrated that enhanced UV-B radiation can negatively affect pollen mor-
phology, germination capacity, and pollen tube growth [38–43]. Since direct measurements
of UV-B irradiance or pollen structural integrity were not conducted in this regional study,
this specific destructive mechanism remains a plausible hypothesis that requires further
direct experimental validation in future aerobiological research. Conversely, pre-season
solar radiation in January showed a strong positive correlation with the season duration
and season end. This indicates that while excessive sunlight during the dispersion period
may be detrimental, sufficient accumulation of photosynthetically active radiation during
the winter dormancy period is crucial for reproductive development [44–47]. Enhanced
solar exposure prior to flowering likely boosts carbohydrate reserves, enabling the trees to
sustain a longer flowering period.

In addition to thermal phenology, the physical persistence of airborne pollen is highly
modulated by atmospheric transport mechanisms and moisture status [37]. Although
daily relative humidity and precipitation showed no correlations in our daily dataset,
meteorological factors fundamentally alter pollen aerodynamics. Higher relative humidity
typically induces pollen grain hydration, increasing their weight and promoting rapid dry
deposition, while precipitation exerts a ‘wash-out’ effect that effectively clears biological
particulates from the planetary boundary layer [35,37]. Conversely, mechanical wind
factors facilitate initial detachment and long-range transport. The complex behaviors of
these parameters highlight the importance of multi-faceted meteorological modeling for
reliable seasonal forecasting.

The documented increasing trends in C. japonica pollen concentrations have direct and
quantifiable implications for respiratory health management in Jeju. Lee et al. [11] demon-
strated a significant rise in C. japonica pollinosis and sensitization among symptomatic
patients in Jeju over recent decades, driven by the unique environmental abundance of
these windbreak forests. Furthermore, longitudinal observations by Suh et al. [13] quanti-
fied this risk, revealing that the number of seasonal exposures to C. japonica pollen directly
and cumulatively increases the risk of sensitization among local adults. As our 10-year
dataset demonstrates an intensification of both total seasonal exposure and daily peak
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levels, the clinical threshold for symptom triggering is likely to be reached earlier and sus-
tained longer each year, necessitating proactive, patient-specific therapeutic interventions
prior to the pollen season onset [3,48].

The significant correlations between pre-season meteorological conditions and pollen
season characteristics offer valuable opportunities for seasonal forecasting. Winter tempera-
ture and solar radiation data could inform predictive models for season onset timing, similar
to successful forecasting systems developed for other allergenic species in Europe [36,49].
Such forecasting capabilities would allow better preparation by both healthcare systems
and sensitive individuals, potentially reducing the burden of allergic disease through
improved preventive care timing.

5. Conclusions
This decade-long analysis demonstrates that C. japonica pollen concentrations in Jeju

are increasing significantly, with season onset occurring earlier and being strongly influ-
enced by pre-season temperature conditions. These trends reflect the growing impact of
climate change on allergenic pollen exposure and highlight the need for adaptive manage-
ment strategies. The strong relationships between pre-season meteorological conditions
and subsequent pollen season characteristics provide valuable insights for seasonal fore-
casting and clinical preparation. Continued monitoring and research are essential for
developing effective adaptation strategies and maintaining public health in the face of
changing environmental conditions.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/atmos17060618/s1, Figure S1: Location of the airborne pollen
sampling and meteorological parameter survey site at the standard observational field of the Jeju
Regional Office of Meteorology (33.51411 ◦N; 126.52969 ◦E; elevation: 20.79 m above sea level);
Figure S2. Decadal trend analysis of the annual mean temperature in Jeju over the 10-year period
(2015–2024). The dashed lines represent the linear regression trends, and solid gray lines indicate
the non-parametric Sen’s slope estimator trends. Detailed statistical outputs, including the linear
equations, Mann–Kendall (MK) test results, and Sen’s slope values, are summarized in the respective
inset boxes; Figure S3. Monthly average temperature trends for January (navy), February (coral),
and March (orange) from 2015 to 2024. The dashed lines represent the linear regression trends,
and solid gray lines indicate the non-parametric Sen’s slope estimator trends. Detailed statistical
outputs, including the linear equations, Mann–Kendall (MK) test results, and Sen’s slope values, are
summarized in the respective inset boxes.
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