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Objective

Despite declining emissions,

much of California remains in

nonattainment of PM2.5 NAAQS.

To understand why, we

characterize historical PM2.5

behavior by:

• Identifying driving variables of

speciated PM2.5 in California

• Modeling the response of

speciated PM2.5 to those

driving variables

Methods

The general form for a generalized additive model (GAM) is

Results
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Conclusions

• Total and speciated PM2.5 are modeled in a way that enables

covariate-by-covariate analysis

• This covariate-by-covariate analysis facilitates the identification

of driving variables, i.e., covariates that dominate the PM2.5

response

• The models resolve seasonal interactions, allowing us to model

marginal effects seasonally

• We can rank the importance of drivers using variable importance

procedures on a seasonal basis

• This can help inform regulatory policy design by identifying what

control targets will produce the greatest reductions in PM2.5

• Our models provide a means of predicting changes in total and

speciated PM2.5 as individual covariates change, identifying what

fraction of total change is apportionable to which covariate

• Altogether, these conclusions highlight our models’ utility for

informing PM2.5 control strategies
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We report annual performance metrics for our models of total PM2.5

and of the speciated component that is the largest fraction of total

PM2.5 for selected Chemical Speciation Network (CSN) sites. We

include marginal effects plots of the two most important drivers for

the season with the greatest response. Performance metrics reported

as mean (standard deviation) based on 5-times repeated 10-fold

cross validation. Results are summarized in Table 2.

𝑔 𝜇 = 𝛽0 +
𝑖
𝑓𝑖(𝑥𝑖) + 𝜀𝑖 (1)

Where 𝑔 is the link function, 𝜇 is the expected value of the target

variable, 𝛽0 is the model intercept, 𝑓𝑖 are the smooth functions to fit to

the covariates 𝑥𝑖 , and 𝜀𝑖 is the model error. For our model

specification, we choose the log link and our covariates are detailed

in Table 1.

Table 1. Summary of terms in (2).

Covariate Fit Description Units

TMAX
Penalized cubic 

regression spline

Daily maximum 

temperature
°C

AWND
Penalized cubic 

regression spline

Daily average wind 

speed
m s-1

RHsfc

Penalized cubic 

regression spline

Daily maximum 

surface relative 

humidity

%

SR
Penalized cubic 

regression spline

Daily maximum solar 

radiation
W m-2

U850mb

Penalized cubic 

regression spline

Daily average 850 

mb U component of 

wind (east-west)

m s-1

V850mb

Penalized cubic 

regression spline

Daily average 850 

mb V component of 

wind (north-south)

m s-1

RH850mb

Penalized cubic 

regression spline

Daily average 850 

mb relative humidity
%

eNOX

Penalized cubic 

regression spline

Anthropogenic NOX

emissions
tons day-1

eROG
Penalized cubic 

regression spline

Anthropogenic ROG 

emissions
tons day-1

eSOX

Penalized cubic 

regression spline

Anthropogenic SOX

emissions
tons day-1

eNH3

Penalized cubic 

regression spline

Anthropogenic NH3

emissions
tons day-1

ePM2.5

Penalized cubic 

regression spline

Anthropogenic PM2.5

emissions
tons day-1

ONI
Penalized cubic 

regression spline
Oceanic Niño Index °C

Season Factor variable Season N/A

All models are fit with the same set of covariates. Spline fitting

employs penalization for automated model selection. Marginal effects

are calculated as

𝑀𝐸𝑖 = 100%× exp 𝑠(𝑥𝑖) − 1 (2)

Quantity Total PM2.5 OC Units

Annual mean 10.773 (2.581) 3.937 (1.808) µg m-3

MB -1.350 (0.667) -0.059 (0.226) µg m-3

RMSE 2.654 (0.675) 0.940 (0.314) µg m-3

R2 0.622 (0.235) 0.791 (0.172) -

Site: San Jose – Jackson Street

Total PM2.5

PM2.5 OC

Quantity Total PM2.5 NO3 Units

Annual mean 17.343 (5.714) 6.099 (3.019) µg m-3

MB 0.027 (0.758) 0.048 (0.523) µg m-3

RMSE 3.326 (0.716) 1.806 (1.132) µg m-3

R2 0.781 (0.089) 0.793 (0.086) -

Site: Riverside - Rubidoux

Total PM2.5

PM2.5 OC

Total PM2.5

Total PM2.5

Total PM2.5 Total PM2.5

PM2.5 NO3

PM2.5 NO3

PM2.5 NO3 PM2.5 NO3

Quantity Total PM2.5 NO3 Units

Annual mean 17.498 (3.757) 5.193 (1.885) µg m-3

MB 0.394 (1.844) 0.313 (1.705) µg m-3

RMSE 7.446 (3.175) 4.083 (4.860) µg m-3

R2 0.489 (0.201) 0.537 (0.232) -

Site: Bakersfield – California Avenue

Table 2. Summary of results

Site

Species (PM2.5, 

largest fraction)

Dominant 

season Top 2 drivers

San Jose
PM2.5 DJF eNOX, AWND

OC DJF eROG, AWND

Bakersfield
PM2.5 DJF ePM2.5, eROG

NO3 MAM TMAX, SR

Riverside
PM2.5 DJF RH, RH850mb

NO3 JJA eNOX, eROG
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