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eMethods for the 2-stage interrupted time-series design. 
 
This study uses an observational two-stage interrupted time series design using machine learning methods 
to estimate the number of visits attributable to wildfire exposure. The first stage generates counterfactual 
trends of the expected number of visits for each of the exposure groups and type of encounter in the 
absence of the wildfires using a hybrid Prophet-Extreme Gradient Boosting (XGBoost) model. We use the 
pre-wildfire period, November-January periods from November 1, 2022 to January 6, 2025, for training 
and testing of the modelling framework and apply the model to the post-wildfire ignition period (January 
7, 2025 to January 20, 2025). In the second stage, we used the modelled estimates of the counterfactual 
trend to estimate excess visits from each level of wildfire exposure (minimally, moderately, and highly).  
 
Background on modeling framework 
This machine learning approach combines the Prophet and XGBoost algorithms into a robust forecasting 
framework. First, Prophet decomposes the time series into trend, seasonality, and holiday components, 
which provides a structured representation of temporal patterns. Then, XGBoost augments this framework 
by modeling the residuals from the Prophet model through an ensemble of decision trees, minimizing the 
regularized objective function that balances prediction error and model complexity. The hybrid 
implementation leverages Prophet’s strength in capturing explicit temporal patterns while using 
XGBoost’s ability to identify complex relationships in the residuals and additional features. 
 
Prophet is an additive regression model developed by Facebook for forecasting time series data. It 
decomposes time series into three main components: trend, seasonality, and holidays. The trend 
component is modeled using a logistic growth curve to accommodate saturated growth patterns. The 
holiday component allows for the incorporation of specific events or occasions that can influence the time 
series data.1  The model can be expressed as: 
 

𝑦(𝑡) = 𝑔(𝑡) + 𝑠(𝑡) + ℎ(𝑡) + 𝜀! 
 
Where 𝑔(𝑡) represents the trend function, 𝑠(𝑡) is the seasonal component that captures periodic changes, 
ℎ(𝑡) accounts for the effects of holidays, and 𝜀! is the error term.  
 
XGBoost is an advanced implementation of gradient boosting, where predictive models are built as an 
ensemble of weak learners, typically decision trees. It operates by consecutively adding predictors to an 
ensemble, with each new predictor correcting its predecessor’s errors through gradient descent 
optimization. XGBoost minimizes a regularized objective function that balances prediction error and 
model complexity, ensuring both accuracy and simplicity in the final model. The predictive model in 
XGBoost is formalized as follows: 
 

𝑦+" = ,𝑓#(𝑥")
$
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where 𝑦+" is the prediction for the 𝑖-th instance, 𝑥" represents the features of the 𝑖-th instance, 𝐾 is the 
number of trees in the model, 𝑓# represents the individual decision trees, and 𝛷 is the space of all possible 
regression trees. 
 
Statistical modeling in this analysis 
As we are using data from partial years (November-January) with strong weekend trends, we included 
indicators for U.S. federal holidays, time period (Nov 2022-Jan 2023, Nov 2023-Jan 2024, Nov 2024-Jan 
2025), weekday/weekend, day of the week, month, and year in our model. We specifically removed 
certain holidays (Inauguration Day, Pulaski's Birthday, Juneteenth, and Decoration Memorial Day) and 
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added an indicator for business closed holidays at Kaiser Permanente Southern California (Christmas 
Day, New Year's Day, Martin Luther King Day, Independence Day). We included covariates for daily 
maximum and minimum temperature and humidity, wind velocity, and surface downward shortwave 
radiation from gridMET2 as well as weekly wastewater surveillance data on levels of three respiratory 
viruses: flu, respiratory syncytial virus (RSV), and SARS-CoV-2 3 to improve model predictions. Due to 
differing seasonal patterns for respiratory Virtual visits in Fall 2022 from the rest of the time series, 
models for these visits were restricted to January 2023 and later.  
 
For our analysis, we used a time series split approach dividing the dataset into training and testing 
periods. Specifically, we held out ~30% of pre-wildfire days for testing while using the remaining data for 
training. Within the training data, we implemented a time series cross-validation framework with 8 
resampling slices using an assessment period ~20% of the training dataset for each fold. This approach 
maintains the temporal dependencies in the data while ensuring robust model validation. 
 
We employed Prophet with XGBoost (Prophet Boost) using tunable parameters. For the XGBoost 
component, we tuned key parameters including number of variables per split (mtry: 2-10), minimum node 
size (min_n: 15-30), tree depth (3-8), learning rate (0.001-0.1), loss reduction (10-5 to 10), and early 
stopping iterations (10-50) for the XGBoost component. The tuning parameters for the XGBoost 
component were further specified within these ranges to find the best fit for some of the encounter types 
and causes. The tuning process used a space-filling design with 100 combinations.  
 
We identified the optimal parameter set by minimizing the root mean square error (RMSE) across the 
cross-validation folds. We then used these optimal parameters to fit the final model on the entire training 
dataset and evaluated its performance on both the training data and the held-out test data using multiple 
metrics including mean absolute error (MAE), RMSE, mean absolute percentage error (MAPE), and R-
squared. 
 
We then used the optimal parameters to predict the number of visits for the whole study period. We 
employed a Monte Carlo simulation approach performing 1,000 model iterations to estimate 95% 
empirical confidence intervals (eCIs) for the predictions.4 The eCIs were derived from the empirical 
distribution of the estimated number of visits for each day, taking the 2.5th and 97.5th percentiles as the 
lower and upper bounds.  
 
To estimate the effect of the LA Fires for each encounter type, cause and wildfire exposure category, we 
calculated the difference between the observed and expected number of visits based on the model 
predictions. The number of excess visits was estimated for each day in the post-wildfire period for each 
encounter type, cause and exposure category. We estimated eCIs for excess visits by taking the difference 
between observed and the upper and lower bound of the prediction, which came from our Monte Carlo 
simulation. The total number of Kaiser beneficiaries in each exposure group was used to calculate the 
excess number of visits per 1,000 beneficiaries. A total number of visits was estimated by taking a sum of 
the excess visits and its upper and lower bounds across the week following the initial wildfires.   
 
All statistical analyses were conducted with R software (version 4.4.1) using the tidymodels  tidyverse, 
modeltime, timetk, tictoc, metrics, fst and data.table packages and Python version 3.12.2. The datasets and 
R scripts used in this study are publicly available on GitHub. 
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eFigure 1. Flow diagram depicting exclusion criteria for members of the KPSC 
study population, 2022-2025. To be included, KPSC members had to be enrolled from November to January 
2022–2025, allowing 30-day enrollment gaps. The KPSC catchment counties included Imperial, Kern, Los Angeles, Orange, 
Riverside, San Bernardino, San Diego, San Luis Obispo, Santa Barbara, and Ventura. We excluded KPSC members who did not 
have a residential address in the KPSC catchment at baseline. 
KPSC, Kaiser Permanente Southern California

Enrolled for at least 1 day 
Nov 2022 - Jan 2025 and 

alive on Nov 1, 2022
N=5,853,551

Meet continuous enrollment 
requirement

N=3,739,704 (63.9%)

KPSC exposure census tract in 
study period 

N=3,727,210 (99.7%)

Minimally 
exposed group

N= 2,038,533 (54.8%)

Moderately 
exposed group

N= 1,373,419 (37.0%)

Highly 
exposed group

N= 305,258 (8.2%)

Do not meet continuous 
enrollment requirement
N=2,113,847 (36.1%)

No KPSC exposure census tract 
in study period 

N=12,494 (0.3%)
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eFigure 2. Estimated change in the count of (A) outpatient and (B) virtual acute 
care visits for all-cause, cardiovascular, injury, neuropsychiatric, and respiratory 
endpoints at Kaiser Permanente Southern California (KPSC) in the four days 
following the January 7, 2025 ignition of the LA Fires. We used the maximum wildfire burn zone 
reached by an LA or Ventura County wildfire as of January 16, 2025 to define exposure. Highly exposed members resided in a 
census tract located <20km burn zones, and moderately exposed members lived in tracts ≥20km but within LA County. Results from 
an interrupted time series model using KPSC electronic health record data from November to January 2022–2025, with daily 
maximum and minimum temperature and humidity, wind velocity, and surface downward shortwave radiation and weekly wastewater 
surveillance data on levels of three respiratory viruses as covariates. We employed a Monte Carlo simulation approach, performing 
1,000 model iterations to estimate 95% empirical confidence intervals (eCIs) for the predictions. 
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eFigure 3. Estimated change in the percent of respiratory-related virtual care 
visits at Kaiser Permanente Southern California (KPSC) in the week following the 
January 7, 2025 ignition of the 2025 LA Fires. We used the maximum wildfire burn zone reached by an 
LA or Ventura County wildfire as of January 16, 2025 to define exposure. Highly exposed members resided in a census tract located 
<20km burn zones, moderately exposed members lived in tracts ≥20km but within LA County, and minimally exposed members 
lived in tracts ≥20km in other KPSC catchment counties (Imperial, Kern, Orange, Riverside, San Bernardino, San Diego, San Luis 
Obispo, Santa Barbara, and Ventura). Results from an interrupted time series model using KPSC electronic health record data from 
November to January 2022–2025, with daily maximum and minimum temperature and humidity, wind velocity, and surface 
downward shortwave radiation and weekly wastewater surveillance data on levels of three respiratory viruses as covariates. We 
employed a Monte Carlo simulation approach, performing 1,000 model iterations to estimate 95% empirical confidence intervals 
(eCIs) for the predictions. 
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eTable 1. Estimated change in the count of outpatient acute care visits for all-
cause, cardiovascular, injury, neuropsychiatric, and respiratory endpoints among 
Kaiser Permanente Southern California (KPSC) highly-exposed members 
(n=305,258) in the two weeks following the January 7, 2025 ignition of the LA 
Fires. 

 
We used the maximum wildfire burn zone reached by an LA or Ventura County wildfire as of January 16, 2025 to define exposure. 
Highly exposed members resided in a census tract located <20km burn zones. Results from an interrupted time series model using 
KPSC electronic health record data from November to January 2022–2025, with daily maximum and minimum temperature and 
humidity, wind velocity, and surface downward shortwave radiation and weekly wastewater surveillance data on levels of three 
respiratory viruses as covariates. We employed a Monte Carlo simulation approach, performing 1,000 model iterations to estimate 
95% empirical confidence intervals (eCIs) for the predictions. 
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eTable 2. Estimated change in the count of outpatient acute care visits for all-
cause, cardiovascular, injury, neuropsychiatric, and respiratory endpoints among 
Kaiser Permanente Southern California (KPSC) moderately-exposed members 
(n=1,373,419) in the two weeks following the January 7, 2025 ignition of the LA 
Fires.  

 
We used the maximum wildfire burn zone reached by an LA or Ventura County wildfire as of January 16, 2025 to define exposure. 
Moderately exposed members lived in tracts ≥20km from a burn zone but within LA County. Results from an interrupted time series 
model using KPSC electronic health record data from November to January 2022–2025, with daily maximum and minimum 
temperature and humidity, wind velocity, and surface downward shortwave radiation and weekly wastewater surveillance data on 
levels of three respiratory viruses as covariates. We employed a Monte Carlo simulation approach, performing 1,000 model 
iterations to estimate 95% empirical confidence intervals (eCIs) for the predictions. 
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eTable 3. Estimated change in the count of virtual acute care visits for all-cause, 
cardiovascular, injury, neuropsychiatric, and respiratory endpoints among Kaiser 
Permanente Southern California (KPSC) highly-exposed members (n=305,258) in 
the two weeks following the January 7, 2025 ignition of the LA Fires. 

 
We used the maximum wildfire burn zone reached by an LA or Ventura County wildfire as of January 16, 2025 to define exposure. 
Highly exposed members resided in a census tract located <20km burn zones. Results from an interrupted time series model using 
KPSC electronic health record data from November to January 2022–2025, with daily maximum and minimum temperature and 
humidity, wind velocity, and surface downward shortwave radiation and weekly wastewater surveillance data on levels of three 
respiratory viruses as covariates. We employed a Monte Carlo simulation approach, performing 1,000 model iterations to estimate 
95% empirical confidence intervals (eCIs) for the predictions. 
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eTable 4. Estimated change in the count of virtual acute care visits for all-cause, 
cardiovascular, injury, neuropsychiatric, and respiratory endpoints among Kaiser 
Permanente Southern California (KPSC) moderately-exposed members 
(n=1,373,419) in the two weeks following the January 7, 2025 ignition of the LA 
Fires.  

 
We used the maximum wildfire burn zone reached by an LA or Ventura County wildfire as of January 16, 2025 to define exposure. 
Moderately exposed members lived in tracts ≥20km from a burn zone but within LA County. Results from an interrupted time series 
model using KPSC electronic health record data from November to January 2022–2025, with daily maximum and minimum 
temperature and humidity, wind velocity, and surface downward shortwave radiation and weekly wastewater surveillance data on 
levels of three respiratory viruses as covariates. We employed a Monte Carlo simulation approach, performing 1,000 model 
iterations to estimate 95% empirical confidence intervals (eCIs) for the predictions. 
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eTable 5. Estimated change in the percent of outpatient acute care visits for all-
cause, cardiovascular, injury, neuropsychiatric, and respiratory endpoints among 
Kaiser Permanente Southern California (KPSC) highly-exposed members 
(n=305,258) in the two weeks following the January 7, 2025 ignition of the LA 
Fires. 

 
We used the maximum wildfire burn zone reached by an LA or Ventura County wildfire as of January 16, 2025 to define exposure. 
Highly exposed members resided in a census tract located <20km burn zones. Results from an interrupted time series model using 
KPSC electronic health record data from November to January 2022–2025, with daily maximum and minimum temperature and 
humidity, wind velocity, and surface downward shortwave radiation and weekly wastewater surveillance data on levels of three 
respiratory viruses as covariates. We employed a Monte Carlo simulation approach, performing 1,000 model iterations to estimate 
95% empirical confidence intervals (eCIs) for the predictions. 
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eTable 6. Estimated change in the percent of outpatient acute care visits for all-
cause, cardiovascular, injury, neuropsychiatric, and respiratory endpoints among 
Kaiser Permanente Southern California (KPSC) moderately-exposed members 
(n=1,373,419) in the two weeks following the January 7, 2025 ignition of the LA 
Fires.  

 
We used the maximum wildfire burn zone reached by an LA or Ventura County wildfire as of January 16, 2025 to define exposure. 
Moderately exposed members lived in tracts ≥20km from a burn zone but within LA County. Results from an interrupted time series 
model using KPSC electronic health record data from November to January 2022–2025, with daily maximum and minimum 
temperature and humidity, wind velocity, and surface downward shortwave radiation and weekly wastewater surveillance data on 
levels of three respiratory viruses as covariates. We employed a Monte Carlo simulation approach, performing 1,000 model 
iterations to estimate 95% empirical confidence intervals (eCIs) for the predictions. 
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eTable 7. Estimated change in the percent of virtual acute care visits for all-cause, 
cardiovascular, injury, neuropsychiatric, and respiratory endpoints among Kaiser 
Permanente Southern California (KPSC) highly-exposed members (n=305,258) in 
the two weeks following the January 7, 2025 ignition of the LA Fires. 

 
We used the maximum wildfire burn zone reached by an LA or Ventura County wildfire as of January 16, 2025 to define exposure. 
Highly exposed members resided in a census tract located <20km burn zones. Results from an interrupted time series model using 
KPSC electronic health record data from November to January 2022–2025, with daily maximum and minimum temperature and 
humidity, wind velocity, and surface downward shortwave radiation and weekly wastewater surveillance data on levels of three 
respiratory viruses as covariates. We employed a Monte Carlo simulation approach, performing 1,000 model iterations to estimate 
95% empirical confidence intervals (eCIs) for the predictions. 
 
 
 
 
 
 
 
 
 
 



 14 

eTable 8. Estimated change in the percent of virtual acute care visits for all-cause, 
cardiovascular, injury, neuropsychiatric, and respiratory endpoints among Kaiser 
Permanente Southern California (KPSC) moderately-exposed members 
(n=1,373,419) in the two weeks following the January 7, 2025 ignition of the LA 
Fires.  

 
We used the maximum wildfire burn zone reached by an LA or Ventura County wildfire as of January 16, 2025 to define exposure. 
Moderately exposed members lived in tracts ≥20km from a burn zone but within LA County. Results from an interrupted time series 
model using KPSC electronic health record data from November to January 2022–2025, with daily maximum and minimum 
temperature and humidity, wind velocity, and surface downward shortwave radiation and weekly wastewater surveillance data on 
levels of three respiratory viruses as covariates. We employed a Monte Carlo simulation approach, performing 1,000 model 
iterations to estimate 95% empirical confidence intervals (eCIs) for the predictions. 
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eTable 9. Traditional difference-in-differences based estimation of change in the 
number of (A) outpatient and (B) virtual acute care visits for all-cause, 
cardiovascular, injury, neuropsychiatric, and respiratory endpoints at Kaiser 
Permanente Southern California (KPSC) in the week following the January 7, 2025 
ignition of the 2025 LA Fires.  

 

Based on the maximum wildfire burn zone reached by an LA or Ventura County wildfire as of January 16, 2025, highly exposed 
members resided in a census tract located <20km from a burn zone and moderately exposed members lived in tracts ≥20km but 
within LA County. 
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