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Modeling Aims & Approach




Challenges with using indicators and tracers to assess V!

o Radon ?

o Climatic conditions 5 Indoor air \_/OC
' concentrations

o Building conditions

Long term goals:

o Guide sampling decisions

o Early warnings

o Mitigate exposures

o Soil Gas Safe Communities




Primary aim is to gain insights into the relationship between
indicators/ tracer and VI (*not prediction of future VI)

o Radon ?

o Climatic conditions 5 Indoor air \_/OC
o Building conditions concentrations

Need better understanding of
the relationship between
indicators/tracers and VI

across sites and over time
to make generalizable

recommendations.




Challenges with using indicators and tracers to assess V!

o Radon ?

o Climatic conditions 5 Indoor air \_/OC
o Building conditions concentrations

Past work:

o Single variate time
series analyses

o Multivariate time series
analysis for a single site




Specifying regression predictor variables and outcome variable

Predictor variables

o Radon (R, pCi/L)
o Differential temperature

(AT, °C) Outcome variable

- Iindoor-outdoor Indoor air VOC
o Differential pressure -_— concentrations

(AP, Pa) (C, ug/m?3)

- positive indicates higher

indoor pressure
- Most sites: indoor-subslab

- Indianapolis 422 first floor:
basement-first floor




Temporal data sets from three different VI sites across the country

Virginia Site A Sun Devil Manor

Indianapolis, IN

o Coastal military site, 120,000 ft? o Layton, UT

0 Bri%ﬁ_vﬂth poured concrete slab 6-8 o Modern suburban residential © gaglsé)r(ucted ~1915
in. IC : : ©
o Separate HVAC zones ’ %%gttilgxel, ground floor sampling R ftrarlc?e’ brickg‘%undation,
concrete pasement rioor
oo Ol ey L s - g e anan
- ~19 months of data o ~17months of data o ~4 months of data
o Trichloroethylene (TCE) o Perchloroethylene (PCE) from

o Trichloroethylene (TCE) from historical dry cleaning an
historical releases of chlorinated adjacent businesses

solvents near the site



Ideal data for traditional linear regression: a simple example

o Assumes all observations are
Independent (not related to each other)
- EX. What is the relationship between length

and weight among babies less than 1 year
old in the U.S.?

- Hypothesis: As babies grow longer, their
weight increases.

Length

- ldeal theoretical data set to test this
hypothesis using linear regression: single
measurements of many individual babies’
weights and lengths - a little bit of data
from a lot of different babies

*-------»

Weight




Ideal data for traditional linear regression: a simple example




Ideal data for traditional linear regression: a simple example

relationship
between baby
length and weight

Baby weight (Ibs)

Baby length (in)



Ideal data for traditional linear regression: a simple example

Fitted vs. Residuals plot

v' Accurate estimates
of regression
coefficients (true
relationship between
the variables)

This line indicates
a perfect fit

v' High confidence in
the significance of the
relationship

Regression residual

Predicted weight (Ibs)



Temporal data set: challenges to using traditional regression

o Actual data set: multiple
measurements from a
single baby at different
points in time - a lot of
data from only one baby

o Hypothesis: As babies get
older, their weight
Increase.

o Time series data are not
Independent - each
measurement is related to
measurements in the past




Temporal data set: challenges to using traditional regression

Baby weight (Ibs)

Baby length (in)



Temporal data set: challenges to using traditional regression

X Autocorrelation
Leads to inaccurate
estimates of the
regression coefficients
because we ignore
important information in
the data set.

Baby weight (Ibs)

Baby length (in)



Temporal data set: challenges to using traditional regression

X Spurious regression
Could conclude that a
significant relationship
exists between variables
when it doesn’t actually

exist

« Air transport in Australia
related to rice production in
New Guinea?

Baby weight (Ibs)

Baby length (in)



Temporal data set: challenges to using traditional regression

Fitted vs. Residuals plot

Systematic pattern in
residuals for higher
predicted weights

X Systematic bias
Measurement
errors over time
can lead to
systematic bias in
predictions

Predicted weight (Ibs)



Actual data set: time series data from three sites

o Many observations
of VOC
concentrations and
predictor variables
at sequential points
In time from three
sites across the
country




Actual data set: time series data from three sites

o Many observations
of VOC
concentrations and
predictor variables
at sequential points
In time from three
sites across the
country




Actual data set: time series data from three sites

Risk of:

o Autocorrelation and
Inaccurate estimates

o Spurious regression
results

o Systematic bias

VOC

Site 1 9

Radon

VOC

Site 2 9

!

VOC

Radon




Actual data set: time series data from three sites

Risk of: Site 1 9 Site 2 9 Site 3 9

o Autocorrelation and

Inaccurate estimates ?
o Spurious regression ? ? _
||
results

o Systematic bias

Cannot know the true relationship between the predictor
and the outcome variable using traditional linear regression
for time series data.



Dynamic Time Series Regression

K Refers to the “dynamic” (non-static) nature of time series data where past
observations influence current and future values

Traditional linear regression:

C: = Bo + B1R: + B2AT, + B3AP, + &

Regression approach

o Outcome variable: Indoor air VOC
concentration (C, ug/m?)

o Predictor variables: Dynamic time series regression:
Indoor air radon concentration (R, pCi/L)
Differential temperature (AT, °C) Ct — ﬁ() + ﬁ1Rt + ﬁzATt + ﬁgAPt + N¢
Differential pressure (AP, Pa) )
“ARIMA errors”

Allows the residuals of the regression
to follow an autoregressive integrated
moving average (ARIMA) regression



Dynamic Time Series Regression

Traditional linear regression:

C: = Bo + B1R: + B2AT, + B3AP: + &

Today
Try to use todays’ differential

temperature, differential
pressure, and radon to predict
today’s VOC concentration.

Dynamic time series regression:

C: = Bo + B1R: + B2AT: + B3AP, + 1,

Yesterday N (

Today

Try to use todays’ differential temperature,
differential pressure, and radon and how
wrong my prediction was from yesterday
to predict today’s VOC concentration.

Allows the regression to
“control” for the temporal
nature of the data to
accurately estimate the
true relationship between
the predictor variables and
the outcome variable.




Data Wrangling and Preprocessing

Virginia Site A Sun Devil Manor Indianapolis 422




Data Summary

SITES SAMPLE LOCATIONS TIME PERIODS AVERAGING TIMES

Virginia Site A Supply Room —  5/2017 - 1/2021

Women'’s Restroom  =—>11/5019 _ 1/2021

Office —  7/2019 — 1/2020
e 6 hour
> Ground level ——  1/2011 - 6/2012 * 24 hour
« Weekly
Indianapolis 422 —» 8/2011 — 10/2011
— , Basement S
— 12/2011 — 2/2012
. —»  8/2011 — 10/2011
First FIOOr =
>  12/2011 - 2/2012




6 hour average value

Identify region of dataset
with overlapping regressor
and response variables
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Interpolate missing data
intervals (auto ARIMA)
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0.6+

0.44

0.0

6 hour average value

Identify region of dataset

with overlapping regressor
and response variables

VA Site A 26_02 (Women's Restroom)
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Create time series object
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Interpolate missing data
intervals (auto ARIMA)
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Identify region of dataset
with overlapping regressor >
and response variables

Interpolate missing data
intervals (auto ARIMA)

ﬁ

Create time series object
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Identify region of dataset
with overlapping regressor
and response variables

Sun Devil Manor
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Identify region of dataset

422 Basement

Interpolate missing data
intervals (auto ARIMA)

with overlapping regressor
and response variables

> ﬁ

Create time series object
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Identify region of dataset
with overlapping regressor »  Create time series object —p Interpolate missing data
and response variables intervals (auto ARIMA)
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Regression Development




VA Site A 26-011 (Supply Room)
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Develop a separate regression for each time series and
averaging time

Sun Devil Manor

6 hour
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Weekly
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Results

Virginia Site A Sun Devil Manor Indianapolis 422




Virginia Site A: Supply Room
Complete Model Fit

6 hour 24 hour Weekly
Fitted vs actuals Fitted vs actuals Fitted vs actuals
4
R=0.89, p <2.2e-16 R=0.89, p<22e-16 ' R=0.95, p<22e-16
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Weekly

Fitted vs actuals

R=0.95,p<2.2e-16

tce
N

fitted

Innovation residuals

Virginia Site A: Supply Room

Complete Regression Diagnostics

Residuals should resemble

[ a white noise series
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0.0

acf

-0.1-

-0.2-

-0.3-

2019-07 2020-01

lag [TD]

Minimal autocorrelation J

2020-07 2021-01
week

20-

05 0.0 0.5 1.0
_resid

‘: Residuals should

represent a normal
distribution




6 hour

24 hour

Virginia Site A: Women’s Restroom
Complete Model Fit

Weekly

Fitted vs actuals

40 R=065p<22e-16

30

tce

20

0 5 10
fitted

15

20

Fitted vs actuals

2 R=061,p<22e-16

20

5

fitted

Fitted vs actuals

R=0.63, p=3.1e-08

tce

fitted




6 hour

Virginia Site A: Office
Complete Model Fit

tce

0.9

0.6

0.3

0.0

Fitted vs actuals

R=0.8,p<22e-16

0.0 0.2

0.4
fitted

0.6

0.8

24 hour

tce

0.6

0.4

0.2

0.0

Fitted vs actuals

R=0.82,p<22e-16

03
fitted

04

0.5

Weekly

tce

04

0.3

0.2

0.1

Fitted vs actuals

R=0.85p=27e-08

0.3
fitted

04




6 hour

Sun Devil Manor
Complete Model Fit

24 hour

Weekly

Fitted vs actuals

R=0.76,p <2.2e-16

tube_tce

fitted

Fitted vs actuals

4 R=08,p<22e16

tube_tce
N

fitted

Fitted vs actuals

R=0.79,p<22e-16

tube_tce

0.0 0.4

fitted

0.8




6 hour

24 hour

Indianapolis 422 Basement: Aug-Oct
Complete Model Fit

Weekly

2.0

0.5

Fitted vs actuals

R=0.92,p<22e-16

0.5

1.0
fitted

1.5

20

pce

0.9

0.6

0.3

Fitted vs actuals

R=0.9,p<22e-16

04 0.8

1.2
fitted

0.8

0.6

Fitted vs actuals

R=0.8, p=0.0032

0.7 0.8 0.9 1.0
fitted




Indianapolis 422 Basement: Dec-Feb
Complete Model Fit

6 hour 24 hour Weekly
Fitted vs actuals Fitted vs actuals Fitted vs actuals
R=0.89, p<22e-16 R=0.88,p<22e-16 R=0.53, p=0.076

25

2.0
2.0

§ ggms
15

1.2
1.0

1 1.0 2.0 25 1.2 1.4




6 hour

Fitted vs actuals

1.5
R=0.94,p<22e-16

pce

0.5

0.5

fitted

1.0

24 hour

Fitted vs actuals

R=094,p<22e-16

0.9

pce

0.6

0.3

0.3

0.6
fitted

0.9

Indianapolis 422 First Floor: Aug-Oct
Complete Model Fit

Weekly

Fitted vs actuals

R=0.81, p=0.0022
0.8

0.6

pce

0.4

0.4 05

0.6
fitted

0.7

0.8




Indianapolis 422 First Floor: Dec-Feb
Complete Model Fit

6 hour 24 hour Weekly
Fitted vs actuals Fitted vs actuals Fitted vs actuals
R=0.83,p<22e-16 16 R=0.74,p=95e15 o R=054p=0067
2.0
1.2 08
15
[0} [0] @
o o Q
Q. Q [«
1.0 0.8 0.6
0.5 N ° 0.4
04 o
0.0 0.5 1.0 15 2.0 0.5 1.0 04 0.5 0.6 0.7 0.8 0.9
fitted fitted fitted




Putting it all together: Coefficients for all 24 complete multivariate models
Ct = Bo + B1R¢ + B2AT: + B3AP + 1,

6 hour 24 hour Weekly
0 0 -0.01 VA_26-11
0 0 0.35 VA_26-08
0 0 -2.46 VA_26-02
0 0 -0.01 ~ SDM
Intercept 0.09 0.05 0.2 Indy 422First_h2
0.35 0.47 0.33 Indy 422First_h1
0.37 0.56 1.01 Indy 422Base_h2
0.76 0.91 0.58 Indy 422Base_h1
1.8 2.14 2.12 .
o 0.54 0.96 32-52.8?3
5.36 7.31 2.69 VA_26-02
o 0.85 1.09 0.51 —“SDM
= Radon - 0.08 0.06 0.08 Indy 422First_h2
P 0.05 0.02 0.06 Indy 422First_h1
@ 0 oo7 &5l Indy 422Base_h2 L
B . . : Indy 422Base_h1 Slg n |f| cance
0.1 0.07 -0.1 . <
o -0.07 0.05 0.2 \YA‘-%S.SQ p<0.05
(@)] -1.25 -0.92 -2.26 VA 26-02
O _. . -0.04 -0.02 -0.1 ~ SDM
iy Differential Temp - -0.08 0.18 -0.51 Indy 422First_h2
-0.04 0 0.02 Indy 422First_h1
-0.27 -0.23 -0.66 Indy 422Base_h2
-0.13 -0.05 -0.32 Indy 422Base_h1
-0.01 -0.02 0.03 i
0.22 0.04 -2.07 "H'S.Sé
10.1 12.2 26. _26-02
. . -1.24 -1.54 217 —“SDM
Differential P - -0.82 -11.94 15.3)ndy 422First_h2
0.08 0 0.11 Indy 422First_h1
-0.08 -0.02 0.67 Indy 422Base_h2
0.17 0.63 -0.98 Indy 422Base_h1
T T T T T T T T T T T T T T T
0 5 10 15 -20 -10 O 10 20 0 10 20 30 40 50

Model coefficient



Putting it all together: Coefficients for all 24 complete multivariate models
Ce :fﬁo + fﬁlRt + ’BZATt + fﬁ3APt + Mt

6 h}aﬁr / /24 hour / Weekly
-0.01 fVA 26.11
ﬂ 0 0.35 VRS b
-2.46 VA_26-02
-0.01 ~ SDM
Intercept 0.2 Indy 422First_h2
0.33 Indy 422First_h1
1.01 Indy 422Base_h2
0.58 Indy 422Base_h1
2.12 SVA. 26-11F
ﬁ 1 0.96 VA 26:08"
025-$9 VA_26-02
n | - SDM
= Radon 0.08 Indy 422First_h2
n 0.06 Indy 422First_h1
¢ &5l Indy 422Base_h2 o
B : Indy 422Base_h1 Slgnlflcance
- v Ty | R S N R T R p>0.05
O o WA.26:11 p<0.05
- B 2 - VA 56-08
? -_202f VA_26-02
¢ Differential Temp - -0.51 Indy 422Fir§Dh“g
0.02 Indy 422First_h1
-0.66 Indy 422Base_h2
-0.32 Indy 422Base_h1
: “olo1 . 0,02 0.03 E.........-..-E
Y. 0.04 2,07 ARt
10.1 12.2 26. T26-02
. s -1.24 -1.54 217 ~“SDM
Differential P - -0.82 -11.94 15.3)ndy 422First_h2
0.08 0 0.11 Indy 422First_h1
-0.08 -0.02 0.67 Indy 422Base_h2
0.17 0.63 -0.98 Indy 422Base_h1
T T T T T T T T T T T T T T T
0 5 10 15 -20 -10 O 10 20 0 10 20 30 40 50

Model coefficient




Six hourly radon concentrations significant across all sites, sample
locations, and time periods

6 hour 24 hour Weekly
0 0 -0.01 VA_26-11
§ § -z?gae; VA26.02
Intercept 0.09 0.05 0.2 Indy 422Firsst Dh“g
82? g-gg 01%3; Indy 422First_h1
076 051 058 gy 422Baseni
1.8 214 2.12 VA_26-11
03 536 o 7.31 0'2?29 3}%2:83
o H 0.85 H 1.09 0.51 ~ SDM
= Radon - 0.08 : 0.06 0.08 Indy 422First_h2
) . 0.85 : 0.02 0.06 Indy 422First_h1
= o Across all sites, locations, and time Significance
* ' Y i p>0.05
: 5 periods, every 1 pCi/L Increase in §) <005
S "z hourly average radon concentration results
o Differential Temp 1 Al in a 0.04-5.36 pg/m3 increase in 6 hourly

-0.27

g VOC concentrations (median=0.14 pg/m3).

ot Could use this relationship to determine

Differential P - -10-;%28 when a.household may.be at risk of
008 exceeding VOC screening level based on

indoor air radon.

O 5 10 15 20 -10 0 10 20 0 10 20 30 40 50
Model coefficient




Radon less reliable as a tracer at longer averaging times

6 hour 24 hour Weekly
0 0 -0.01 VA _26-11
0 0 0.35 VA_26-08
0 0 -2.46 VA_26-02
0 0 -0.01 ~ SDM
Intercept 0.09 0.05 0.2 Indy 422First_h2
0.35 0.47 0.33 Indy 422First_h1
0.37 0.56 1.01 Indy 422Base_h2
0.76 SO AP PP X Ry I T Indy 422Base_h1
18 2.14 2.12
o 0.2 0.54 0.96 VA 5008 |
5.36 7.31 2.69 VA 26-02 |
o : 0.85 1.09 0.51 —“SDM :
= -Radon - 0.08 0.06 0.08 Indy 422First_h2
n 0.05 0.02 0.06 Indy 422First_h1 | ,+*
@ e, ba 3 O
. ' ' Indy 4z¢Base_h Significance
g -------.-..--- lllllllIIIIIIIIIIllIllllllllllllllIlllIlllll‘-- p>0.05
0.1 0.07 -0.1 . <
o -0.07 0.05 0.2 UA‘-%S.SQ p<0.05
(@)] -1.25 -0.92 -2.26 VA 26-02
Q _. . -0.04 -0.02 0.1 SO
¢ Differential Temp - -0.08 0.18 -0.51 Indy 422First_h2
-0.04 0 0.02 Indy 422First_h1
-0.27 -0.23 -0.66 Indy 422Base_h2
-0.13 -0.05 -0.32 Indy 422Base_h1
-0.01 -0.02 0.03 .
0.22 0.04 -2.07 "Q—%S.Sé
10.1 12.2 26. _26-02
. . -1.24 -1.54 217 ~SDM
Differential P - -0.82 -11.94 15.3)ndy 422First_h2
0.08 0 0.11 Indy 422First_h1
-0.08 -0.02 0.67 Indy 422Base_h2
0.17 0.63 -0.98 Indy 422Base_h1
T T T T T T T T T T T T T T T
0 5 10 15 -20 -10 O 10 20 0 10 20 30 40 50

Model coefficient



Significance of other indicators and tracers site specific and dependent on

sample averaging time

Differential pressure
and temperature
dependent on the

sample location
within the building
and the sampling
period.

6 hour 24 hour Weekly
0 0 -0.01 VA _26-11
0 0 0.35 VA_26-08
0 0 -2.46 VA_26-02
0 0 -0.01 SDM
Intercept 0.09 0.05 0.2 Indy 422First_h2
0.35 0.47 0.33 Indy 422First_h1
0.37 0.56 1.01 Indy 422Base_h2
0.76 0.91 0.58 Indy 422Base_h1
1.8 2.14 2.12 .
0.2 0.54 0.96 vﬁ—gg_a;
5.36 7.31 2.69 VA_26-02
0.85 1.09 0.51 —SDM
Radon - 0.08 0.06 0.08 Indy 422First_h2
0.05 0.02 0.06 Indy 422First_h1
0.08 0.07 -0.01 Indy 422Base_h2
0.04 0.03 0.02 Indy 422Base_h1 Significance
aun® sun® ] et LT Tea,, p>005
0.1 0.07 0.1 "Trea,, i <
-0, 0.05 0.2 \‘/’Q-ES.SQ p<0.05
25 0.92 -2.26 A _26-02
. . ot 0,04 -0.02 0.1 -
Differential Temp - 0.08 0.18 -0.51 Indy 422Fir§%,“g
. -0.04 0 0.02 Indy 422First_h1"+}
0.27 -0.23 -0.66 Indy 422Base_h2 |*,
B 0.13 -0.05 -0.32 Indy 422Base_h1 |
-0.01 -0.02 0.03 . :
s 0.22 0.04 -2.07 VAoe08 | F
s, 10.1 12.2 264 26-02 |
) e 1,24 154 217 ~spM |«
Differential P.J -0.82 11.94 15.31ndy 422First h2 +°
b 0.08 0 0.11 Indy 422First_ht*
., 4 008 -0.02 0.67 Indy 422Bage*h2
ey, 017 0.63 0.98 Indy 422Belse_h1
T T Jve I"......I T T T T T ---l.-l' 1 L ds T T T T
0 5 10 15 " B0 e b Qennna0enn e dQueea @0 10 20 30 40 50

Model coefficient



Variable importance — How much does the fit improve with a
univariate model compared to a null model? Greater ncrease -

greater importance

Indy 422Base_h1 Indy 422First_h1 SDM VA_26-08
Indy 422Base_h2 Indy 422First_h2 VA _26-02 VA _26-11

Site

6 hours 24 hours 1 week

% of variability explained by each predictor alone

]
1
|
%

————

—)

—— |

Univariate model



Variable importance — How much does the fit improve with a
univariate model compared to a null model? Greer ncrezso =

g 6 hours 24 hours 1 week
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Variable importance — How much does the fit improve with a
univariate model compared to a null model? Greater ncrease n R: -

greater importance

6 hours 24 hours 1 week

« On average, radon independently
explains an additional 6-12% of the
variability in VOC concentrations
beyond the temporal autocorrelation
alone.

in fitted R2 values from null model

a
.gv?j\

« Differential temperature and
differential pressure each explain only : H H
1-7% of the variability in VOC e
concentrations beyond the temporal @
autocorrelation alone. rivariate med!




Conclusions & Next steps

o 6-hour radon concentration is the most reliable
tracer for indoor air VOC concentrations across sites

after controlling for temporal autocorrelation |
Relationship between A6-hour radon and A6-hour VOC varies by site \

Baseline relationship could be characterized to develop general
recommendations for different areas

Simple in-home radon detectors may be the best, most immediate
Indicator of increased VOC exposure risk in VI areas

N
. .
3

© §

o Other indicators are largely site specific and vary according to
location within the building and time of year

o Future analysis: Include additional covariates, include additional sites,
forecasting future VI
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