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Supplementary Figures: 

 

  
 

 

Figure S1 Pollen season duration and duration change for three categories  

Multi-model averaged spatial distribution of historical (1995-2014) temperature (K) (a), 

historical pollen season durations (days) (b-d), and the end of the century (2081-2100) with 

scenario SSP585 temperature change (e), and pollen season duration (f-h)). One vegetation type 

is selected to represent each of the three categories of pollen season duration change (Figure 2): 

b, f, Platanus (Category 1); c, g, Betula (Category 2); d, h, Ambrosia (Category 3). 

 



 

 

 

 

Figure S2 Future temperature and precipitation from CMIP6 models 

Multi-model annual mean temperature and precipitation over the continental U.S. (20-year 

average). (a, b) historical (1995-2014) distributions for temperature (K) (a) and precipitation 

(mm/d) (b) and (c-f), future (2081-2100) changes for temperature (K) (c, e) and precipitation 

(%) (d, f) under scenario SSP 245 (c, d) and SSP 585 (e, f). 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3 Relationships between annual total pollen counts and temperature. 

Linear regressions for log-transformed accumulated annual total pollen counts versus previous-

year annual average temperature (PYAAT, ℃) for all taxa. Each point signifies one station per 

year from 2003 to 2010, with N as the total number of observations utilized in the regression.  

Regression statistics are summarized in Table S1. 



 

 
 

 

Figure S4 Evergreen Needleleaf (ENL) pollen season phenology  

20-year multi-model average time series of daily pollen emission flux (𝑔𝑟𝑎𝑖𝑛𝑠 𝑚−2𝑑−1) of 2 

individual tree families that comprise ENL (Pinaceae and Cupressaceae) and the total ENL emission 

with and without precipitation. (a-c) historical (1995-2014) emissions and (d-f) emissions at the end 

of the century (2081-2100) for SSP 585. Columns from left to right: Northeast, NE (a, d); 

Southeast, SE (b, e); Pacific Northwest, PNW (c, f).  



 
 

 

 

 

 

Figure S5 Seasonal precipitation changes in the future.  

Spatially averaged change of 20-year monthly averaged daily precipitation for individual 

CMIP6 models and the multi-model mean in the Northeast region (a, d), Southeast region (b, e), 

and Pacific Northeast region (c, f) at the end of century (2081-2100) under scenario SSP 245 (a-

c) and SSP 585 (b-f) compared to historical period (1995-2014) (unit: percentage (%)). Black 

lines show the model mean. Region boundaries are shown in Fig. 2. 



 
 

 

Figure S6 Future PFT Land cover change.  

a-d, GCAM-Demeter (Chen et al.1) projected land cover change in the future (2100) compared to 

the historical (2015) for 4 PFTs: Deciduous Broadleaf (DBL) (a), Evergreen Needleleaf (ENL) 

(b), Grasses (GRA) (c) and Ragweed (RAG), which is calculated using the cropland and urban 

coverage (see Wozniak and Steiner2) (d) (unit: %).  

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure S7 Simulated maximum daily pollen emission with historical and future land cover. 

 a-e, Future average (2081-2100) maximum daily pollen emission flux (FP) with historical 

(2015) land cover fraction (HLC) over the United States (unit: 𝑔𝑟𝑎𝑖𝑛𝑠 𝑚−2𝑑−1). f-j, same as a-

e but using future (2100) land cover fraction (FLC). The simulation is conducted using PFT-

based pollen emission model (PECM) and driving by multi-model average meteorology input 

data in at the end of the century (2081-2100). The percentage change of maximum daily pollen 

emission flux due to the future land cover change is shown in Fig.4 p-s in the main manuscript 

(change = FP & FLC – FP & HLC). Each column represents different PFTs, from left to right: 

DBL (a, f), ENL (b, g), GRA (c, h), RAG (d, i). 

 



 

 

 

 

 

Figure S8 Linear relationship between observed pollen season timing and temperature. 

a-f, Phenological regression for start day of year (sDOY; a, c, e) and end day of year (eDOY; 

b, d, f) versus previous-year annual average temperature (PYAAT, ℃). One vegetation type is 

selected to represent each of the three categories (shown in Fig. 1) of pollen season duration 

change: a, b, Platanus (Category 1); c, d, Betula (Category 2); e, f, Ambrosia (Category 3). 

Each point signifies one station per year from 2003 to 2010 with N as the total number of 

observations.  



Supplementary Tables: 

 

Table S1 Production factor (Pannual) and production regression coefficients 

(𝐦𝐩𝐫𝐨𝐝𝐚𝐧𝐝 𝐛𝐩𝐫𝐨𝐝) for the 13 individual taxa and corresponding PFTs used in this study. 

 

Production factors (Pannual) are based on literature value averages. Individual taxa and families 

are organized into four PFTs, with the two aggregated tree PFTs (DBL and ENL). Regression 

slope and intercept (mprodand bprod, respectively) used to derive the annual pollen production 

(pfannual) as a function of temperature are provided. The taxa that have a negative correlation 

with temperature are colored with grey. Note the PFT-based model does not consider the change 

of pollen production with temperature and regression coefficients are not provided. The source 

data are provided in source data file. 



 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S2 Model sensitivity analysis parameter ranks from Morris indices.  

 

The simulated Morris indices (mean  and standard division ) for the 9 input parameters for 

the 15 model taxa. The highest 4 ranking parameters are highlighted with warm colors, 

indicating a larger importance of the pollen emission simulation.     

 



 

 
Model Atmospheric 

resolution (long x lat) 

Modeling group References 

ACCESS-CM2 1.875° ×  1.25°, L85  CSIRO-ARCCSS Dix et al. (2019) 

ACCESS-ESM1-5 1.875° ×  1.25°, L38 CSIRO Ziehn et al. (2019) 

BCC-CSM2-MR 1.125° ×  1.125°, L46 BCC Zhang et al. (2019) 

CanESM5 2.81° ×  2.81°, L49  CCCma Swart et al. (2019) 

EC-Earth3 0.7° × 0.7°, L91  EC-Earth-Consortium EC-Earth Consortium 

(EC-Earth) (2019) 

EC-Earth3-Veg 0.7° × 0.7°, L91 EC-Earth-Consortium EC-Earth Consortium 

(EC-Earth) (2019) 

GFDL-CM4 1.25° ×  1°, L33  NOAA-GFDL Silvers et al. (2018) 

GFDL-ESM4 1.25° ×  1°, L49 NOAA-GFDL Horowitz et al. (2018) 

INM-CM5-0 2° × 1.5°, L73 INM Volodin et al. (2019) 

MIROC6 1.4° ×  1.4°, L81 MIROC Takemura, Toshihiko 

(2019) 

MPI-ESM1-2-HR 0.9375° ×  0.9375°, 

L95 

MPI-M DWD DKRZ Jungclaus et al. (2019) 

MPI-ESM1-2-LR 1.875° ×  1.875°, L47  MPI-M AWI Brovkin et al. (2019) 

MRI-ESM2.0 1.125° ×  1.125°, L80  MRI Yukimoto et al. (2019) 

NCAR-CESM2 1.25° ×  0.9375°, L32 NCAR Danabasoglu, Gokhan 

(2019) 

NorESM2-MM 1.25° ×  0.9375°, L32  NCC Bentsen et al. (2019) 

 

 

 

 

Table S3 CMIP6 models used in the study.  

 

Modeling group information and spatial resolution are provided at  

https://wcrp-cmip.github.io/CMIP6_CVs/docs/CMIP6_source_id.html 

with data citations in http://bit.ly/CMIP6_Citation_Search. CMIP6 data are regridded to a 25km 

Lambert Conformal Conic projection using the Earth System Modeling Framework (ESMF) 

higher-order patch regridding method over the United States to match the spatial resolution of 

PECM. 
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