
UC Davis
UC Davis Previously Published Works

Title
A systematic review of the effects of temperature and precipitation on pollen concentrations 
and season timing, and implications for human health

Permalink
https://escholarship.org/uc/item/8n83z01d

Journal
International Journal of Biometeorology, 65(10)

ISSN
0020-7128

Authors
Schramm, PJ
Brown, CL
Saha, S
et al.

Publication Date
2021-10-01

DOI
10.1007/s00484-021-02128-7
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8n83z01d
https://escholarship.org/uc/item/8n83z01d#author
https://escholarship.org
http://www.cdlib.org/


A systematic review of the effects of temperature and 
precipitation on pollen concentrations and season timing, and 
implications for human health

P. J. Schramm1, C. L. Brown1, S. Saha1, K. C. Conlon2, A. P. Manangan1, J. E. Bell3, J. J. 
Hess4

1Climate and Health Program, Division of Environmental Health Science and Practice, National 
Center for Environmental Health, Centers for Disease Control and Prevention, 4770 Buford 
Highway NE, S106-6, Atlanta, GA 30341, USA

2Department of Public Health Sciences, School of Medicine, University of California Davis, Davis, 
CA, USA

3Department of Environmental, Agricultural, and Occupational Health, College of Public Health, 
University of Nebraska Medical Center, Omaha, NE, USA

4Departments of Emergency Medicine, Environmental and Occupational Health Sciences, and 
Global Health, and the Center for Health and the Global Environment, Schools of Medicine and 
Public Health, University of Washington, Seattle, WA, USA

Abstract

Climate and weather directly impact plant phenology, affecting airborne pollen. The objective of 

this systematic review is to examine the impacts of meteorological variables on airborne pollen 

concentrations and pollen season timing. Using PRISMA methodology, we reviewed literature 

that assessed whether there was a relationship between local temperature and precipitation 

and measured airborne pollen. The search strategy included terms related to pollen, trends or 

measurements, and season timing. For inclusion, studies must have conducted a correlation 

analysis of at least 5 years of airborne pollen data to local meteorological data and report 

quantitative results. Data from peer-reviewed articles were extracted on the correlations between 

seven pollen indicators (main pollen season start date, end date, peak date, and length, annual 

pollen integral, average daily pollen concentration, and peak pollen concentration), and two 
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meteorological variables (temperature and precipitation). Ninety-three articles were included in the 

analysis out of 9,679 articles screened. Overall, warmer temperatures correlated with earlier and 

longer pollen seasons and higher pollen concentrations. Precipitation had varying effects on pollen 

concentration and pollen season timing indicators. Increased precipitation may have a short-term 

effect causing low pollen concentrations potentially due to “wash out” effect. Long-term effects 

of precipitation varied for trees and weeds and had a positive correlation with grass pollen levels. 

With increases in temperature due to climate change, pollen seasons for some taxa in some regions 

may start earlier, last longer, and be more intense, which may be associated with adverse health 

impacts, as pollen exposure has well-known health effects in sensitized individuals.

Keywords

Pollen; Climate; Aeroallergens; Temperature; Precipitation; Meteorology

Introduction

Exposure to pollen has increasingly been identified as a potential health impact related to 

climate change (USGCRP 2016). Studies indicate that exposure to airborne pollen may 

exacerbate asthma (Cirera et al. 2012; Galán et al. 2010), and is associated with chronic 

obstructive pulmonary disease (COPD) (Hanigan and Johnston 2007), respiratory tract 

infections (Hanigan and Johnston 2007), allergic rhinitis (Grammer and Greenberger 2009; 

Kim et al. 2011), and some dermatological conditions (Carracedo-Martinez et al. 2008; 

Díaz et al. 2007; Kim et al. 2011; Mesa et al. 2005; Orazzo et al. 2009). An estimated 

19.2 million people are diagnosed with allergic rhinitis in the USA, about 7.7% of the 

total population, with 5.2 million being under the age of 18 (Black and Benson 2018; 

Villarroel et al. 2018). Globally, allergic respiratory disease increased over the second half 

of the last century, and may still be increasing in some populations (Leth-Møller et al. 

2020; Wallace et al. 2008; Zhang and Zhang, 2019). Higher pollen concentrations and 

longer pollen seasons can increase the incidence of allergic sensitization and incidence 

of asthma exacerbations, diminishing work productivity and school days attended (Bastl 

et al. 2018; Fann et al. 2016; Luber et al. 2014). Vulnerable groups such as the young 

(Cakmak et al. 2002), uninsured (Bunyavanich et al. 2003), and people with pre-existing 

cardiopulmonary conditions (D’Amato et al. 2014; Rice et al. 2014) are disproportionately 

impacted by pollen. Additionally, pollen has increased health impacts in urban areas with 

high concentrations of air pollution (Beck et al. 2013; D’Amato et al. 2001; Zhao et al. 

2016). Recent studies have tied shifts in some of these health effects directly to climate 

factors (Silverberg et al. 2015).

Temperature and precipitation, in both the short term and long term, have direct impacts on 

plant phenology with the potential to impact airborne pollen concentrations and distribution 

(García-Mozo et al. 2015; Hajkova et al. 2015; Menzel et al. 2006; Walther et al. 2002). 

Under a changing climate, more frost-free days and warmer temperatures contribute to 

changes in plant phenology (Luber et al. 2014; Stennett and Beggs 2004). Global increases 

in atmospheric CO2 concentration, temperature, and changes in precipitation can result in 

shifts in the pollen season and greater airborne concentrations of pollen (Bernard et al. 
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2001; D’Amato et al. 2014), an increase in allergenicity (Rice et al. 2014), longer periods 

of exposure (D’Amato et al. 2014; Rice et al. 2014), exposure to new pollen types (Bernard 

et al. 2001; D’Amato et al. 2014), and increased exposure to pollen from more extreme 

weather events (D’Amato et al., 2007a; Rice et al. 2014). The impact of climate change 

varies across regions (USGCRP 2016). Numerous studies show local or regional increases in 

allergenic pollen concentrations from plants such as ragweed, oak, alder, and birch (Corden 

and Millington 1999; Emberlin et al. 2002; Frei and Gassner 2008; Ziska and Beggs 2012), 

as well as earlier and longer allergenic pollen seasons for multiple species (Ariano et al. 

2010; García-Mozo et al. 2006; Ziello et al. 2012). The result is a potential increase in 

pollen exposure, resulting in adverse health impacts. The impact on human health can be 

modified by factors such as land use, access to healthcare, and the demographics and health 

status of the exposed population. Species type may also play an important role; for example, 

ragweed (Ambrosia spp.) has high allergenicity (Shah and Grammer 2012) as well as a large 

geographic range (D’Amato et al. 2007b; Mothes et al. 2004; White and Bernstein 2003), 

and is sensitive to climatic factors such as temperature and precipitation (Ghiani et al. 2016; 

Jato et al. 2015; Ziska et al. 2011).

Although observations in many regions have captured changes in pollen concentrations and 

pollen season timing, there has yet to be a systematic review of the impacts of temperature 

and precipitation on measured atmospheric pollen. Due to the known effect of pollen on 

human health, it is important to understand the extent to which changes in temperature 

and climate affects pollen concentrations and pollen season timing. Thus, we conducted, to 

our knowledge, the first systematic literature review to determine the association between 

temperature and precipitation and measured atmospheric pollen trends.

Methods

Systematic review and search strategy

A systematic review was conducted of peer-reviewed literature utilizing a protocol following 

the PRISMA methodology (Moher et al. 2009) and adapted from the Cochrane Review 

methodology (Higgins et al. 2016), The Guide to Community Preventive Services (Guide 

to Community Preventive Servces 2017), and Khan et al. (2003). The review strategy was 

adapted to assess whether there was an association between temperature and precipitation 

and airborne pollen concentrations and pollen season timing. The literature search was 

conducted using the electronic databases Environmental Science Collection, Scopus, and 

CAB Abstracts.

The search period included articles published before January 1, 2018. The search identified 

peer-reviewed journal articles with a title or abstract that contained a key term related to 

pollen within three words of a term related to trends or measurement and a term related 

to season timing. Table 1 outlines key terms used in the search; relevant terms from all 

three categories were needed for an article to be identified by the search. While the search 

was not limited to articles written in English, only journal articles with full-text availability 

in English were selected for inclusion in the analysis. The search did not exclude review/

summary articles but did not include gray literature or conference abstracts.
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Articles identified in the search were reviewed by two researchers and selected for inclusion 

if they satisfied three inclusion criteria: at least 5 years of airborne pollen data (to establish 

trends), analysis of the relationship between pollen and meteorological variables, and each 

study’s reporting of quantitative results. Inclusion criteria are detailed in Table 2. The 

research questions were examined and answered by pooling each study’s findings and 

reporting them in a table. The data were then examined to identify trends.

Data extraction and tabulation

Of the articles that met the inclusion criteria, analyses within each article were disaggregated 

based on the pollen species or grouping (e.g., trees, weeds, grasses) and location. A single 

article may have data collected at several locations for a single species, or multiple species 

analyzed within a single location. For this reason, results are presented based on “analyses” 

rather than “studies” as there were often multiple analytic results within a study.

Data for each analysis were extracted based on pollen species or grouping, location, 

magnitude of pollen trends, and direction (positive or negative) of correlation of specific 

pollen indicators to temperature and precipitation, and changes in pollen and meteorological 

indicators across the study period. Pollen indicators and operational definitions (definitions 

used to extract data from articles) are outlined in Table 3. Temperature and precipitation 

were the most consistently assessed meteorological variables and were selected as the focus 

of this study, though there were a small number of studies that assessed meteorological 

factors such as sunlight hours, humidity, and wind effects.

Results were not assessed by time series as studies used a wide variety of lag timescales 

and measurements for meteorological variables. For example, temperature data used for 

the correlation analysis may be from the day the pollen was measured, an average of the 

season, or even the previous season. Temperature data across studies was also inconsistent in 

terms of weather maximum temperature, minimum temperature, and average temperature, or 

another indicator was used. Controls were not assessed, as many studies did not report 

controlling for factors such as day of the year or confounding weather patterns. This 

variation in the type of meteorological indicator made it impossible to compare lag across 

studies. Additionally, a majority of studies did not report regression results (e.g., a one 

degree temperature increase correlated with a 1 day delay in the start of pollen season); thus, 

we were unable to assess variations in correlations beyond direction and significance, and 

unable to perform a meta-analysis.

Results

Literature search results

The systematic search identified 16,478 articles. Database results are outlined in the 

Supplementary information. After removal of duplicates, 9,679 articles remained. Most 

articles did not analyze pollen concentrations or pollen season timing but instead focused on 

unrelated topics such as bees (Bromenshenk et al. 1985), plant physiology (Koubouris et al. 

2009), reconstructing historical climates (Whitlock and Bartlein 1997), and health impacts 

(Li et al. 2008). A total of 380 articles were identified to be screened for final inclusion 
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based on the three criteria of interest outlined in the methods section in Table 2. An 

additional 287 studies were removed due to not having 5 years of pollen data, not reporting 

a relationship between meteorological variables and pollen, or not reporting quantitative 

results. A total of 93 studies met the required criteria for final inclusion (outlined in 

Supplementary information 1). The selection procedure, following PRISMA methodology, is 

summarized in Fig. 1.

Of the included studies, there was little representation from the southern hemisphere. 

Studies that matched our inclusion criteria were mostly conducted in Europe (90.1% of 

the 93 studies) and North America (7.9%). There were two relevant studies in Asia (both 

in Japan) (Teranishi et al. 2006; Teranishi et al. 2000) and South America (Argentina and 

Chile)(Murray and Galan 2016; Toro et al. 2015), and one relevant study in Africa (Tunisia) 

(Aguilera et al. 2015) and Oceania (Australia and New Zealand) (Medek et al. 2016), as 

demonstrated in Fig. 2. Pollen measurements across the studies took place from 1954 to 

2015. Datasets ranged from 5 years (Toro et al. 2015) to 46 years (Donders et al. 2014) 

with an average length of 18 years, and a median length of 16 years. North and South 

American analyses had few years of data. European sites had the longest and earliest pollen 

records, with studies that used pollen data starting as early as 1954 (Emberlin et al. 1997) 

and collected for as long as 46 years (Donders et al. 2014). The earliest datasets in North 

America started in 1994 (Breton et al. 2006; Zhang et al. 2014), Asia in 1983 (Teranishi et 

al. 2000), Africa in 1993 (Aguilera et al. 2015), and South America in 2001 (Murray and 

Galan 2016). Geographic clustering of trends was not assessed, as there were few analyses 

outside of Europe.

Summary of correlation between grouped pollen indicators, temperature, and precipitation

Table 4 outlines the correlation of all seven pollen indicators (definitions in Table 3) 

with temperature and precipitation. The correlations where more than half of analyses 

across all studies had the same directionality were higher temperatures correlated with an 

earlier main pollen season (MPS) start date; higher temperatures correlated with higher 

average daily pollen concentrations; higher precipitation correlated with lower average 

daily pollen concentrations; and higher precipitation correlated with a higher peak pollen 

concentration. In cases where there were not a majority of analyses demonstrating a 

directional correlation, results may still indicate a possible correlation. For example, 55 

analyses examined the correlation between temperature and peak pollen date with 58.2% 

not reporting a correlation, 40% finding a negative correlation, and only 1.8% demonstrating 

a positive correlation. Although in this case a majority of analyses saw no correlation, the 

results still indicate a possible negative correlation.

Correlations between pollen season timing and meteorological variables for trees, grass, 
and weeds

The correlation results between temperature and pollen season timing indicators are 

outlined in Fig. 3. The MPS start date was the season timing indicator that had the most 

frequent correlation with temperature. A majority of analyses found significantly negative 

correlations between MPS start date and temperature (78 of 122 analyses), indicating that 

earlier pollen seasons were correlated with warmer temperatures. This is evident among tree 
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pollen analyses (60 of 82 analyses), and less common for grass pollen, which had a majority 

of analyses demonstrating no significant correlation (14 out of 24 analyses).

The correlation between peak pollen date and temperature was less clear. A slight majority 

of analyses for trees had a negative correlation with temperature (12 of 23 analyses), 

indicating warmer temperatures correlated with an earlier peak pollen date. While weeds 

and grasses had a majority of analyses demonstrate no significant correlation, there were no 

analyses that demonstrated a positive correlation.

The correlation between MPS end date and temperature was less clear. Half of analyses 

considering tree pollen reported a negative correlation between MPS end date and 

temperature (9 of 18 analyses); more than half of weed analyses demonstrated no correlation 

and there were not significant results for grass analyses.

MPS length had a majority of analyses demonstrate no significant correlation with 

temperature, though 39% of tree analyses and 50% of weed analyses indicated a positive 

correlation, indicating warmer temperatures correlated with longer pollen seasons.

In terms of pollen season timing and precipitation, outlined in Fig. 4, a majority of 

analyses found no significant correlation between the various pollen season timing indicators 

and precipitation. However, 41% of tree analyses found a positive correlation between 

precipitation and MPS start date, meaning that with increases in precipitation, there is 

a later season start, while grass had three negative and one positive correlation between 

precipitation and MPS start date. Additionally, five grass analyses had a positive correlation 

between MPS length and precipitation and no negative, meaning that with increases in 

precipitation, grass pollen season was longer. Weeds have a very small number of analyses 

(under five) that looked at precipitation and season timing, so no conclusions can be drawn.

Correlations between airborne pollen concentrations and meteorological variables for 
trees, grass, and weeds

In analyzing the correlation results between airborne pollen concentrations and temperature 

(Fig. 5), a majority of analyses (65 of 96) found a positive correlation between 

temperature and average daily pollen concentrations, which suggests that higher daily pollen 

concentrations occur with warmer temperatures. For API, the number of analyses that 

found a positive correlation and no significant correlation was almost the same (87 and 92 

respectively), with a much lower number of analyses that found a negative correlation (43). 

Tree analyses demonstrated a mostly positive correlation between API and temperature (61 

of 141).

For airborne pollen concentrations and precipitation correlation (Fig. 6), a majority of 

analyses across trees, weeds, and grasses had a significantly negative correlation between 

average daily pollen concentrations and precipitation. This means that with increased 

precipitation, the average daily pollen concentration was lower. However, the definition 

of precipitation varied across studies, making it difficult to determine if this is indicative 

of a “wash out” effect or a result of seasonal precipitation amounts. For API, 48% of the 

grass analyses had a significantly positive correlation with precipitation; so with increased 
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precipitation, there was increased grass API, though there was not a clear trend for trees 

and weeds. There was a significantly positive correlation between tree and grass peak 

pollen concentration and precipitation, meaning that with increased precipitation, there were 

increased peak pollen concentrations.

Discussion

This systematic review is the first to summarize the effects of temperature and precipitation 

on airborne pollen concentrations and pollen season timing. Our results confirm previous 

reports that in general higher temperatures and shifts in precipitation timing and intensity 

extend the pollen season and increase airborne pollen concentrations (Beggs 2004; Beggs 

and Bambrick 2006; Bielory et al. 2012; D’Amato et al. 2013; Shea et al. 2008). Our 

review of 93 articles that explicitly linked meteorological variables to quantitative changes 

in airborne pollen concentrations and pollen season timing found that, with warmer 

temperatures, pollen seasons are generally starting earlier, and may be ending later and 

lasting longer, while airborne pollen concentrations are increasing.

Results were disaggregated by trees, weeds, and grasses, as the seasonal characteristics of 

these grouped species vary, as does their sensitivity to temperature and precipitation. Trees 

tend to be the first species to produce pollen in the spring in temperate climates, with weeds 

being the predominant pollen-producing species in the fall, and grass consistently produces 

pollen during the frost-free season (Kosisky 2010). Because trees are early pollen producers, 

the effects of a shorter winter due to warmer temperatures have a more distinct impact on an 

earlier start of the pollen season.

The correlation of pollen trends with precipitation was not as apparent, and more research 

is needed in this area. Increased precipitation can promote plant growth and increase 

aeroallergens (Breton et al. 2006; D’Amato et al., 2007a), though precipitation can 

also diminish airborne pollen particles through a process called “wash out” (McDonald 

1962;Pérez et al. 2009). There was not a standard definition of precipitation used across the 

included studies; different scales of measuring precipitation (both spatially and temporally) 

further complicate analysis. It was thus not possible to separate the impacts of seasonal, 

weekly, and daily precipitation on pollen or to determine lag effects. However, the 

short-term effect of precipitation was likely seen in the results for average daily pollen 

concentrations. Multiple studies have also found a relationship between thunderstorms and 

increases in hospital admissions for asthma from pollen (Bellomo et al. 1992; D’Amato 

et al., 2007b; Grundstein et al. 2008). Because of the varying roles precipitation can 

play on pollen and the lack of studies that have looked at changes in precipitation on 

pollen, more research could help elucidate this complex relationship. That both woody and 

herbaceous allergenic species are undergoing similar changes in pollen lends further validity 

to our results particularly that pollen concentrations and season timing is changing globally 

across a variety of species. Because magnitude of correlation between pollen indicators 

and meteorological variables were not reported in most studies, and were not consistently 

reported for comparable meteorological variables or the same species, we were unable to 

assess or perform a meta-analysis of correlation magnitude.
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Challenges and limitations

Data sources, study methodology, and analyses—Synthesizing pollen and climate 

data across studies introduces several challenges. The research included in this analysis 

varied widely in terms of the specifics of analysis in determining climatic influences on 

pollen. There was variation in the temperature and precipitation variables (e.g., climate 

variables defined with varying timeframes prior to and during the pollen season) as well 

as variation in the correlation methods used (e.g., Spearman rank correlation, Pearson’s 

rank correlation, correlation method not reported). This makes analyzing the impact of 

precipitation particularly difficult, as definitions of precipitation ranged from measured 

precipitation on the day of pollen measurements to impact of total seasonal precipitation 

from the previous season on pollen timing. This was further impacted by the relatively few 

studies assessing precipitation effects on pollen. In addition, there is inconsistency across 

studies in the methods used to define pollen season timing, including season length.

Multiple methods and various instruments are used to collect and speciate pollen (Frenz 

1999), limiting direct comparisons of distinct pollen concentrations between counting 

stations. The studies included in this analysis reported pollen indicators for at least one 

pollen type, though some studies reported multiple individual species of pollen. In some 

cases, differentiation across pollen types was not possible: some analyses grouped pollen 

into categories (e.g., “grasses”), while others only reported total pollen inclusive of all 

species.

The varying dates and lengths of studies also introduced bias. The combination of data 

across place and time, as well as the shorter pollen record in non-European locations, likely 

results in our estimates being most reflective of pollen relationships in Europe. Our ability to 

generalize the results globally is limited as most included studies were conducted in Europe 

and North America. While some recent research has expanded the geographic scope of 

weather-related pollen research (e.g., Pakistan (Hamid et al. 2015)), pollen data are scarce, 

especially in developing countries. Most pollencounting stations are self-funded and require 

technical expertise (e.g., pollen identification through microscopy) that is both expensive 

and difficult to acquire. Further pollen research using datasets in new locations could aid 

understanding of global trends outside of Europe and North America.

Additionally, because pollen data are scarce, one dataset is often used for numerous 

analyses. In this systematic review, it is possible that more than one study relied on the 

same dataset for separate analyses (e.g., looking at different endpoints or different time 

periods), which would cause concern for data overlap, further introducing bias as a result 

of inappropriately weighting such studies. Likewise, publication bias could have influenced 

the results. Researchers may be less likely to publish if their data does not indicate a 

trend, or if their pollen data does not appear to be correlated with meteorological variables. 

However, many studies reported no correlation for some analyses, potentially allaying the 

fear of publication bias. Our results may underestimate potential correlations, as we focus 

on correlations where a majority of analyses indicated a positive or negative correlation. In 

some cases, a plurality of analyses indicated no correlation, but many analyses still indicated 

a correlation. For example, 58.2% of analyses reported no correlation between temperature 
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and peak pollen date, but 40% indicated a negative correlation and only 1.8% indicated a 

positive correlation. Even though the plurality of analyses indicated no correlation, given 

the wide gap between analyses finding a negative correlation versus a positive correlation, it 

is still likely that increasing temperatures are leading to an earlier peak pollen season date 

globally.

Varying methodologies across studies make comparing results, at times, impossible. Where 

studies did report statistical significance, the standards were often inconsistent (e.g., textual 

language indicating significance versus quantitatively reported confidence intervals). Some 

studies did not indicate any test of significance. All studies were included in our analysis 

regardless of the author’s chosen method of reporting significance.

Because many of the European datasets were much longer, more recent data, while still 

mostly from European sites, is more weighted toward other locations such as North 

America. These more recent studies utilized data during more accelerated periods of climate 

change–related warming (e.g., the 2000s had a steeper trend in temperature increases than 

the 1970s). If newer studies systematically took place in one location (e.g., North America) 

or at higher or lower latitudes, this would introduce bias.

Climate attribution—Although studies have shown that shifting pollen concentrations and 

season timing are related to climatic factors such as temperature, we cannot say for certain 

that these changes in pollen concentrations and season timing are due to long-term changes 

in climate, principally because many of the included studies did not have sufficiently long 

time series to assess a shift in climate. In addition, there are many factors that affect plant 

growth, pollen production, and pollen dispersion. Increasing atmospheric CO2 at ground 

level (independent of temperature) results in larger pollen grains (Wan et al. 2002) with 

more allergenic proteins (Albertine et al. 2014; Singer et al. 2005) and earlier pollen seasons 

with increased pollen concentrations (Ziska et al. 2003). Ground-level CO2 concentrations 

were not reported in most studies and were not analyzed in this review. Furthermore, global 

shifts to urbanization, regional suburbanization, and subsequent land use changes in the 

last few decades may have contributed to increased pollen concentrations from allergenic 

species, as CO2 concentrations and temperatures are higher in urban areas than rural ones. 

Growing urban heat islands as well as ongoing suburbanization and planting of ornamental 

trees could also affect pollen trends. Differences in pollen sources also impact the ability of 

this study to synthesize across multiple sites. For example, urban green space and broadleaf 

forest contribute most to pollen load in central Spain (Rojo et al. 2015); in other areas, 

various topography and vegetation distribution could have a controlling effect on pollen 

concentrations and distribution. It is likely that a complex variety of factors are influencing 

changes in airborne pollen concentrations and pollen season timing (Tseng and Kawashima 

2019).

Potential implications for human health—Our findings that warmer temperatures 

were associated with earlier and longer pollen seasons and higher airborne pollen 

concentrations have potential implications for human health. Previous studies have 

established a positive dose-response relationship between pollen concentrations and acute 

allergy–related illness, particularly among those with pre-existing conditions such as asthma 
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(Darrow et al. 2011; Heguy et al. 2008). Additionally, allergy medication sales also coincide 

with high pollen concentration days (Sheffield et al. 2011), underscoring the acute health 

burden associated with high pollen concentrations. Given that pollen allergies are strongly 

associated with absenteeism and presenteeism, the correlation likely extends to a significant 

economic burden as well. Our results align with an observed increase in health impacts 

over the last several decades. One study reported that allergic rhinitis prevalence in the 

USA increased from 10% in 1970 to 30% in 2000 (Grammer and Greenberger 2009). 

European populations have also seen an increase in allergic rhinitis and other allergy-related 

disease (Åberg et al. 1995; Linneberg et al. 1999). Although there is an intuitive relationship 

between allergenic pollen, human health, and changes in climatic factors, the extent to which 

we fully understand the impacts is limited by study design and data availability. Other 

potential trends (e.g., ozone and allergenicity of birch pollen (Beck et al. 2013)) have been 

suggested as possible drivers of the increase in allergies, and neither this study nor those we 

reviewed were designed to evaluate the relative contributions of these potential drivers on 

disease burden.

Future climate projections show increased CO2 levels and ambient temperatures, which are 

expected to increase future allergenic pollen concentrations from ragweed (Rogers et al. 

2006) and other clinically relevant species (Emberlin et al. 2002; Ziska and Beggs 2012). 

Other recent studies have projected future changes in pollen under various climate change 

scenarios (Hamaoui-Laguel et al. 2015; Lake et al. 2016; Zhang et al. 2015). Incorporating 

our current understanding of the health impacts of allergenic pollen with our ability to 

project the changes to climate and, thus, the changes in population exposure to allergenic 

pollen is important for current and future allergy sufferers.

Steps to protect health—A host of strategies are in place to help patients with 

pollen allergies to limit exposure and reduce associated symptoms, ranging from pollen 

forecasts and early warnings to filtering systems to symptomatic therapy and immune 

modulation drugs. The skill of pollen forecasting efforts could be enhanced, and more 

effective targeted health communications could be developed to further reduce the burden 

of respiratory allergic disease. Efforts could also be focused more tightly on those who 

are most susceptible (e.g., children or those who suffer from asthma). To the extent 

that immunotherapy needs to be timed in relation to the onset and peak of the allergy 

season, improved forecasting could facilitate timing of therapies for those with moderate 

to severe disease. There are data limitations to developing more accurate forecasts for the 

USA, however. Current pollen monitoring is limited, and there is a need for centralized, 

coordinated data collection and archiving as well as broader monitoring coverage and data 

accessibility for public health applications (Council for State and Territorial Epidemiologists 

(CSTE) 2016). As the geographic and temporal distribution of allergenic plants (floristic 

zones) changes, the health effects associated with pollen exposure will likely occur earlier 

and potentially in new areas. Improved pollen-monitoring networks can aid observation of 

changes in pollen, which can then provide early warning for periods of high pollen exposure.
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Conclusion

This is the first systematic review of the correlation between temperature and precipitation 

with allergenic pollen. We found that warmer temperatures and changes in precipitation 

correlate with pollen seasons starting earlier and lasting longer, higher peak pollen 

concentrations, and increasing overall intensity of the pollen season. These shifts are 

expected to have net adverse health impacts, which may already be occurring. Measuring, 

monitoring, and analyzing pollen data are crucial steps toward reducing the burden of 

allergenic pollen on human health, especially as temperatures rise and precipitation patterns 

change. As the climate changes, establishing baseline trends for allergenic pollen can inform 

the development of anticipatory public health response and plans to reduce pollen-sensitive 

health outcomes.
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Fig. 1. 
PRISMA flow diagram of articles excluded and included in systematic review
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Fig. 2. 
Map of the geographic distribution of analyses included in the study. The map uses a 

quantile classification with each group containing an equal number of countries
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Fig. 3. 
Correlation of temperature with pollen season timing indicators
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Fig. 4. 
Correlation of precipitation with pollen season timing indicators. Asterisks (*) indicate less 

than five analyses and thus limited results
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Fig. 5. 
Correlation of temperature with airborne pollen concentration indicators
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Fig. 6. 
Correlation of precipitation with airborne pollen concentration indicators. Asterisks (*) 

indicate less than five analyses and thus limited results
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Table 1

Terms used for search strategy. The search identified journal articles that contained a term related to pollen 

within three words of a term related to measurement and season timing in either the title or abstract

Pollen terms Trend and measurement terms Season timing terms

Pollen, aeroallerg*, 
aeroallerg*

Quantit*, producti*, increase*, release*, amount*,
concentration*, elevat*, measure*, detection, trend*, count*, 
change*, variation*, data, cubic meter*, cubic metre*, scale, level*, 
index, indices, grains, records

Season*, Phenolog*, Spring, Autumn, Fall, 
flowering, start, peak, onset, temperature*, 
climate, aerobiolog*, forecast*, pattern*
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Table 2

Criteria for inclusion

Data collection Analysis Reporting

Study length: At least 5 years of measured pollen data
Pollen data: Must use airborne pollen data (collected 
using Rotorod, Burkard sampler, Hirst pollen trap, etc.)

Correlation with meteorological data: Must 
analyze relationship between pollen and 
locally/regionally relevant meteorological data 
(temperature, precipitation, humidity, or wind)

Quantitative results: Must 
report quantitative pollen or 
trend results
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