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Abstract

Even though the Deepwater Horizon oil spill response and clean-up (OSRC) had one of the largest 
exposure monitoring efforts of any oil spill, a number of exposure groups did not have sufficient per-
sonal data available or there were gaps in days measured to adequately characterize exposures for 
the GuLF STUDY, an epidemiologic study investigating the health of the OSRC workers. Area meas-
urements were available from real-time air monitoring instruments and used to supplement the per-
sonal exposure measurements.
Objectives: The objective was to present a method that used real-time volatile organic compounds 
(VOCs) area measurements transformed to daily total hydrocarbons (THC) time-weighted aver-
ages (TWAs) to supplement THC personal full-shift measurements collected using passive charcoal 
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badges. A second objective was to develop exposure statistics using these data for workers on ves-
sels piloting remotely operated vehicle (ROV) vessels and other marine vessels (MVs) not at the job 
title level, but at the vessel level.
Methods: From hourly vessel averages derived from ~26 million real-time VOC measurements, we 
estimated full-shift VOC TWAs. Then, we determined the relationship between these TWAs and corres-
ponding full-shift THC personal measurements taken on the same vessel-day. We used this relation-
ship to convert the full-shift VOC measurements to full-shift ‘THC’ TWA estimates when no personal 
THC measurements existed on a vessel-day. We then calculated arithmetic means (AMs) and other 
statistics of THC exposures for each vessel.
Results: The VOC-derived estimates substantially supplemented the THC personal measurements, 
with the number of vessel-days for which we have exposure estimates increasing by ~60%. The es-
timates of the AMs are some of the highest observed in the GuLF STUDY. As expected, the AMs de-
creased over time, consistent with our findings on other vessels.
Conclusions: Despite the inherent limitations of using real-time area measurements, we were able 
to develop additional daily observations of personal THC exposures for workers on the ROV vessels 
and other MVs over time. The estimates likely resulted in more representative estimates of the AMs 
in the GuLF STUDY. The method used here can be applied in other occupational settings and indus-
tries for personal exposure estimation where large amounts of area measurements and more limited 
numbers of personal measurements are available.

Keywords:  Deepwater Horizon; linear regression; real-time area measurements; total hydrocarbons; volatile or-
ganic compounds

Introduction

Approximately 55 000 workers were rostered as having 
possible involvement in the oil spill response and 
clean-up (OSRC) activities that occurred following the 
20 April 2010 Deepwater Horizon (DWH) oil drilling 
rig explosion in the Gulf of Mexico (NIOSH, 2011). The 
explosion resulted in a release of crude oil, and many 
volatile chemicals were released into the air from this oil 
as it rose to the water surface over the next few months. 
Workers were exposed to these chemicals at levels that 
varied by exposure determinants including their vessel, 
job or activity, location (area of the Gulf or state), ex-
posure duration, and dates worked relative to important 
study events. The National Institute for Environmental 
Health Science’s Long-term Follow-up Study (GuLF 
STUDY) has enrolled 32 608 study participants com-
prising 24 937 workers and 7671 individuals who com-
pleted training but were not hired. The primary goals of 
the study are (i) to develop airborne exposure estimates 
particularly to total hydrocarbons (THC, measured as 
total petroleum hydrocarbons) and benzene, toluene, 
ethylbenzene, xylene, and n-hexane (BTEX-H) for all 
study participants (Stewart, Groth et al., 2021); (ii) in-
vestigate if there is an association between the exposures 
and detrimental health outcomes (Kwok et al., 2017). To 
carry out the first goal, two large databases were used: 
one of full-shift personal air measurements of THC and 

the BTEX-H chemicals and a second of real-time area 
measurements for volatile organic compounds (VOCs).

The first objective of this paper is to, for calculation 
of exposure statistics, develop a set of VOC estimates 
comparable to full-shift THC personal measurements to 
provide observations on vessel-days when THC meas-
urements were unavailable. We evaluated the relation-
ship between full-shift VOC time-weighted averages 
(TWAs) obtained from ~26 million area direct-reading 
VOC measurements (Groth, Banerjee et al., 2021) and 
THC personal full-shift measurements taken on the same 
vessel-day. We then used this relationship to convert the 
VOC TWAs to ‘THC’ TWA estimates for use when no 
personal THC measurements existed on a given vessel-
day. The second objective was to calculate arithmetic 
means (AMs) and other statistics to describe exposures 
of the GuLF STUDY workers on the two types of ves-
sels on which the VOC measurements were collected, i.e. 
vessels piloting remotely operated vehicle (ROV) vessels 
and other marine vessels (MVs). Unlike for the workers 
on the rig ships (Huynh et al., 2021b), we do not have 
information on participants’ jobs on the ROV vessels 
and the other MVs; therefore, exposures were developed 
at the vessel level.

Stewart, Groth et al. (2021) describe the overall ex-
posure assessment for the study, and Stenzel, Groth, 
Banerjee et al. (2021) describe the recalculation of the 
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exposure measurements to reduce THC censoring from 
83 to 11%. Inhalation exposures to THC and BTEX-H of 
other workers performing OSRC-related activities (Huynh 
et al., 2021a, b, c) and to other substances [i.e. aerosols 
and vapors from dispersants (Arnold et al., 2021; Stenzel, 
Arnold, et al., 2021, respectively)], PM2.5 (Pratt et al., 
2021), and oil mist (Stewart, Groth, et al., 2021), as well 
as dermal exposures (Gorman Ng et al., 2021; Stewart, 
Gorman Ng, et al., 2021) are presented elsewhere.

Background

Vessels piloting remotely operated vehicles
The ROV vessels were MVs that used tethered ROVs 
to inspect damage of underwater equipment; perform 
repair work; assist in the installation and removal of 
equipment; provide video to assist in positioning equip-
ment for capturing oil or mechanically capping the well 
by the replacement of the damaged blowout preventer 
(BOP, used to prevent an uncontrolled oil release) and 
well casing; remotely activate the valve to block the 
BOP; photograph oil leaks and underwater wildlife; ob-
serve the quantity of oil on the Gulf floor; install acoustic 
transponders; and hold the subsea dispersant injection 
spray boom into the underwater oil plume. At a depth 
of 1524 m (5000 ft) below the water surface, the ROVs 
had to overcoming harsh pressure and temperature con-
ditions and low visibility. At peak, 27 ROVs were de-
ployed from the 14 ROV vessels. Work was transferred 
among ROV vessels as needed to maintain continuity 
and advance time-critical operations. In addition to the 
workers who piloted the ROVs, there were workers who 
performed maintenance and cleaned the ROVs of oil 
once brought back up on deck, before the ROVs were 
redeployed. These vessels generally spent most of their 
time near the wellhead where THC measurements were 
among the highest of the OSRC operations.

Other marine vessels
Our category of other MVs contained various types of 
vessels, including specialized ‘stimulation ships’ that 
were specifically adapted to pumping fluids into the well 
under high pressure for the well closure attempts; vessels 
working in support of the drill rig ships; semisubmersible 
deep-water drilling platform ships; deep-water supply 
vessels; vessels spraying dispersant onto the water’s sur-
face; fire control vessels spraying water to cool vessel 
surfaces; and service vessels fitted for towing and anchor 
handling. Real-time VOC measurements were available 
on 21 MVs. Most of these MVs spent substantial por-
tions of their time at the wellhead.

Time periods of interest
The DWH exploded on 20 April 2010 and sank on 
22 April 2010, resulting in damage to the underwater 
equipment, including severing of the riser pipe that con-
nected the DWH and the wellhead, resulting in the re-
lease of the crude oil. Various MVs arrived at the scene 
rapidly and started search and rescue of workers, fire-
fighting operations, and attempts to close the BOP over 
the well. The BOP, however, was damaged and could not 
be closed. The four rig vessels (described in Huynh et al., 
2021b) arrived within a couple of weeks of the explo-
sion to stop the oil release and to drill two new wells 
and were supported in their operations by the ROV ves-
sels and MVs that are the focus of this paper. For the 
GuLF STUDY, we divided the response operations into 
time periods that were expected to result in changes in 
exposures, and we assigned exposure estimates to all 
OSRC study participants on these vessels based on the 
average of the measurements within each of these time 
periods. Only events affecting the ROV vessels and MVs 
are described below.

Time period 1a (TP1a) (22 April to 14 May 2010). 
Oil was flowing from the well into the Gulf of Mexico. 
Attempts to stop the flow by activating the BOP (sup-
ported by the ROV vessels and a small number of MVs) 
were unsuccessful. Limited testing of subsea injection 
(1524 m below the water surface) of dispersants was 
done by one ROV vessel.

Time period 1b (TP1b) (15 May to 15 July 2010). 
Oil continued to flow from the well. All 14 ROV ves-
sels and most of the 21 MVs in this report supported 
the four rigs that were either trying to stop the oil re-
lease or drilling either of two relief wells in the wellhead 
area. One ROV vessel routinely injected dispersant 1524 
m below the water surface starting 15 May, and up to 
five MVs sprayed dispersant on the water surface. Three 
fire control MVs sprayed cooling water onto two of the 
rig vessels and one MV that was flaring oil. The well 
was successfully mechanically capped on 15 July by re-
placing the damaged BOP. From this point on, little new 
oil was released from the BOP.

Time period 2 (TP2) (16 July to 10 August 2010). 
On 4 August, the ‘static kill’ of the well was accom-
plished (i.e. ‘heavy mud’ was pumped into the top ~1524 
m of the damaged well casing followed, a day later, by 
pumping cement, which relieved pressure on the well). 
Most of the ROV vessels and MVs were still supporting 
the operations. By 10 August, after several days of 
testing, the effort was deemed a success.

Time period 3 (TP3) (11 August to 30 September 
2010). On 16 September, the first relief well inter-
sected the original well ~18 000 ft below the Gulf 
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floor. Pumping of cement into the base of the new well 
began, and the well was declared successfully sealed on 
19 September. Most of the ROV vessels continued op-
erations to remove or reposition the underwater equip-
ment, while the MVs started leaving the area.

Time period 4 (TP4) (1 October 2010 to 31 
December 2010). Decontamination and refurbishing of 
the vessels may have occurred on any remaining vessels 
but no information or measurements are available. All 
remaining ROV vessels and MVs left the area.

Personal measurement database
The responsible party (RP) of the spill (as designated by 
the US government) used organic vapor badge passive 
dosimeters (3M 3500 or 3520, or Assay Technology 
521) to collect ~28 000 personal air samples analyzed for 
multiple analytes, including THC and BTEX-H, resulting 
in over 160 000 individual measurements (Stenzel, 
Groth, Banerjee et al., 2021). A database with these 
measurements also contained information that was used 
to develop and characterize unique job or work groups 
[vessel, job title (where applicable) or activity; area of the 
Gulf/US state; and time period], which allowed us to pair 
measurements to develop exposure estimates for THC 
and BTEX-H to these unique job/work groups (Stenzel, 
Groth, Huynh et al., 2021) to link to study participants.

The original measurements received by the RP had 
an unexpectantly high percentage of censored (below 
the limit of detection, LOD) data. Typically to deter-
mine the true LOD of an analytic method, labs prepare 
standards at various concentrations of an analyte, and 
a calibration curve is developed between the concen-
trations of the standards and the area under the curve 
of the gas chromatograph readout. The true LOD of 
the analytical procedure, in micrograms (µg), corres-
ponds to an area under the curve that is three times the 
average area of the blank samples. This LOD is based 
on the capability of the method, i.e. the lowest concen-
tration in the sample that can be quantified with the de-
sired precision and accuracy and can be distinguished 
from the background concentrations observed in blank 
samples. However, the labs used by the RP to analyze 
the samples were focused on assessing compliance. The 
range of concentrations expected when compliance is 
of interest is generally 0.10–2 times the target concen-
tration, such as the occupational exposure limit (OEL). 
The labs reported the concentration that corresponded 
to the lowest calibration standard as the LOD. Thus, al-
though the labs referred to their censored data as being 
at or below the LOD, in actual practice they reported a 
measurement as censored if the result was below their 
calibration range. This reported LOD (RLOD) may be 

distinct from the analytic method’s LOD. Our original 
review of the measurements found that the RLODs were 
much higher than that would have been expected based 
on the published expected performance of the analytical 
methods. The RP requested that both labs recalculate the 
measurement data using the analytic method’s LOD to 
reflect the analytical capability of the methods. The re-
calculation of the data did not involve re-analyzing the 
samples, but rather simply recalculating the measure-
ment results using the labs’ same calibration curves as 
they had used earlier.

Measurements were available on many of the over 
9000 vessels deployed in some capacity: four rig ships 
(Huynh et al., 2021b), ROV vessels, other MVs, and a 
large number of smaller vessels (Huynh et al., 2021a). 
In addition, measurements covered operations on land 
(Huynh et al., 2021c). For some of these vessels (e.g. 
the rig ships), the measurements were sufficient for 
estimating personal exposures for most job groups 
(Huynh et al., 2021b). However, the coverage of days 
when personal measurements were collected was more 
limited on other vessels, particularly on the ROV vessels 
and MVs that worked near the wellhead.

Real-time VOC measurements database
The second database contained results of >26 million 
VOC direct-reading area measurements of ~1-min dur-
ation collected at various stationary locations on 38 
vessels from 30 April 2010 through 29 August 2010. 
The RP collected these measurements to monitor (i) the 
air around the operation activities to protect potential 
downwind receptors; (ii) air in the vicinity of operations 
activities to protect worker health; and (iii) specific ac-
tivities to support safe operations (BP Gulf Science Data, 
2016). These measurements were used by the RP to sup-
port decisions that had to be made on short-term bases, 
such as providing respiratory protection or initiating 
efforts to suppress the oil vapors emanating from the 
leaking oil rising to the water surface.

Of the 14 ROV vessels and an unknown number of 
MVs involved in the OSRC efforts, acceptable VOC 
measurements were taken on 13 ROV vessels and 21 
MVs. The direct-reading instruments were AreaRae 
and MultiRae (RAE Systems Instruments) portable 
multi-gas monitors that had a photoionization detector 
equipped with a 10.6-eV UV lamp to detect VOC con-
centrations. The manufacturer reported that the in-
struments had a 10-s response time and could be set 
to collect measurements from seconds to minutes. The 
instruments stored measurements to one decimal place, 
at a frequency of 1 min. Some of these measurements 
were taken on the same vessel-day as the THC personal 
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measurements; others were not. More than one instru-
ment may have been sampling at any one time on any 
vessel (median number of instruments per vessel = 7); 
however, the locations of the instruments on each 
vessel were not recorded. The specific guidance the RP 
provided to the Air Monitoring Technicians regarding 
site monitoring locations was ‘Vessel operators will 
work with the Air Monitoring Technicians to select 
real-time monitoring locations in common work areas 
and inside crew quarters. Additional monitors may be 
placed near the edge of the vessel or in other areas of 
interest, such as moon pools, to gain early indications 
of rising LEL levels’ (lower explosive limit (LEL) (BP 
Gulf Science Data, 2016). See Groth, Banerjee et al. 
(2021) for more information on these measurements.

Methods

Fig. 1 presents an overview of our methods. Steps 1 
and 2 of the figure describe how we developed from the 
~26 000 million ~1-min duration VOC measurements 
VOC instrument-hour averages (instrument-hour TWAs) 
and then hourly averages by vessel, which is described 
in more detail in Groth, Banerjee et al. (2021). The re-
sults of that study were used in the work described in 
this paper (Fig. 1, steps 3–7).

Steps 1 and 2: development of VOC instrument-
hour averages and hourly averages by vessel
A Bayesian analysis of variance (ANOVA; intercept only 
regression) that accounted for censoring was used to es-
timate 10 000 posterior samples of the geometric mean 
(GM) for each instrument-hour and the hourly geo-
metric standard deviation (GSD) across all instruments 
in each hour, which allowed an estimate of uncertainty. 
From the GM and GSD posterior samples, 10 000 AMs 
were calculated using

AM = GM× e(1/2)(log(GSD))2 (1)

where e is the natural logarithm, to reflect the mean air 
concentration in each measured hour of an instrument’s 
day on each vessel. The results of this analysis (the 
2.5th, 97.5th, and median posterior AM estimates of 
each instrument-hour TWA) were compiled into an 
instrument-hour AM database for analysis. We chose 
to use the median estimate of the instrument-hour AMs 
in further calculations to reflect the true center of the 
distribution.

Finally, we further averaged across all instruments in 
an hour on a vessel-day to form 21 900 hourly averages.

Step 3: linking of VOC and THC measurements
We compiled a database that included the 21 900 VOC 
hourly averages (Groth, Banerjee et al., 2021) and the 
non-censored (i.e. >LOD) THC personal samples of 
4–18 h in duration taken on the same vessel-day (Fig. 
1, step 3). Not all THC personal measurements were 
linked to a set of VOC hourly averages and conversely, 
VOC hourly averages were sometimes available for days 
when a THC measurement was not available. In both 
situations, those data were not included in the linking 
database, although VOC values not linked to THC 
measurements were used later (see Step 6: prediction of 
THC exposures from VOC daily averages on additional 
days). Data from two of the MVs were removed from 
this database because all the VOC measurements col-
lected on those vessels represented instrument testing 
(calibration or bump testing using a gas standard of 
known concentration) or the instrument indicated (via 
a warning message) that it was not operating within the 
instrumentation performance criteria specifications.

Figure 1. Method for estimating arithmetic means of THC using THC measurements and VOC-derived “THC” TWA estimates. 
Groth, Banerjee et al. (2021) describe steps 1 and 2. This paper describes steps 3–7.
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Development of VOC TWAs (step 3 continued)
On each day when both VOC hourly averages and 
THC full-shift measurements were available, we com-
pared the hours over which each THC measurement 
was collected to the hours the VOC hourly averages 
covered. To be considered a pair for any given vessel-
day, at least four VOC hourly averages had to overlap 
at least 4 h of the THC sampling period on the same 
vessel-day [4 h was the minimum sampling duration 
used to estimate exposures from THC measurements 
in other analyses (Huynh et al., 2021a,b,c)]. We aver-
aged all VOC hourly averages that corresponded to the 
hours sampled by their paired personal THC measure-
ment and referred to that average as the VOC ‘TWA’ in 
Fig. 1, step 3. As multiple THC personal measurements 
were taken on different people in the same day, VOC 
hourly averages were typically linked to more than one 
THC personal measurement. For example, if on a spe-
cific vessel one personal THC measurement was col-
lected from 8:00 to 20:00 and a second personal THC 
measurement was collected from 9:00 to 15:00 on the 
same day, we calculated a VOC TWA corresponding to 
all available measured hours (but at least four) of the 
12 h of the first THC measurement and a second VOC 
TWA corresponding to all available hours (but at least 
four) of the measured 6 h of the second THC measure-
ment. In this case, the same (at least four) hourly VOC 
averages would have been used for the 9:00 to 15:00 
period, but the 8:00 to 9:00 of the first THC sample 
and the 15:00 to 20:00 h of the second THC sample 
may also have had VOC hourly averages not paired to 
the other THC sample.

A series of simulation studies were performed to 
better understand the impact of including only non-
censored THC measurements in the regression. We 
performed a series of Bayesian regressions on the VOC 
‘THC’ TWAs (Step 4: calculation of THC and VOC 
daily averages) paired with corresponding THC personal 
samples including and not including the censored THC 
measurements. We accounted for censored measure-
ments using the methods in Groth et al. (2017, 2018). 
Little difference in the regression coefficients was ob-
served between these regressions, and therefore, we 
chose to use only non-censored THC observations (and 
their corresponding VOC TWAs) as this approach was 
simpler. Further details can be found in Supplementary 
Material (SM), document 1 (available at Annals of Work 
Exposures and Health online).

By averaging the hourly averages within a day, we 
eliminated information about hour-to-hour variability. 
In order to better assess the variability within a day, we 

performed an ANOVA assessing between and within 
vessel-day variances of the VOC data for the ROV ves-
sels and MVs separately.

Step 4: calculation of THC and VOC daily 
averages
For each vessel, we calculated the average of all (non-
censored) THC measurements that had a start time on 
each day of interest as well as the average of all cor-
responding VOC TWAs to obtain matched THC and 
VOC daily averages (Fig. 1, step 4). To ensure robust-
ness of the average, we required at least three THC 
non-censored measurements on a given day and at least 
3 days of non-censored THC measurements on a vessel 
within a time period for comparison. These criteria for 
the minimum number of measurements per day and per 
time period for a vessel were identified to increase the 
likelihood that the measurements were representative of 
the air concentrations experienced by various workers 
located throughout the vessel over the day and over the 
time period, respectively. Analyses evaluating the im-
pact of fewer sets of VOC:THC matches required for the 
daily average are provided in SM, document 1 (available 
at Annals of Work Exposures and Health online).

Step 5: derivation of the VOC:THC relationship
Using the paired daily averages of non-censored THC 
and of VOC TWAs, we regressed the natural logarithms 
of the THC and VOC averages (in ppb) against each 
other. The regression used for prediction of observation i 
can be described as

ln(THCi) = β0 + β1 × ln(VOCi) + εi (2)

where β 0 is the intercept, β 1 is the slope, and ε i is the error, 
which is independently and identically distributed N(0, 
σ 2). We used a Bayesian model with weakly informative 
priors on the regression coefficients and variances (i.e. 
wide normal distributions centered at 0 for the regression 
coefficients and inverse gamma priors on the variance 
components). Weakly informative priors provide limited 
information to allow the data to drive the inference.

To determine the best relationship for predicting 
THC exposure from VOC exposure, we considered dif-
ferent relationships, i.e. specific vessels (where possible), 
vessel type, and time period, for both the ROV vessels 
and the MVs. After evaluation of the regressions, we 
chose the relationship of all combined ROV vessels in 
time periods 1a–1b as the prediction equation for both 
types of vessels for all time periods. Further details of 
this decision are provided in SM, document 1 (available 
at Annals of Work Exposures and Health online).
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Step 6: prediction of THC exposures from VOC 
daily averages on additional days
We then identified vessel-days when VOC measurements 
were available, but a THC measurement was not. One 
ROV vessel was eliminated at this step because it had 
no VOC daily averages without corresponding THC 
matches. For each of these vessel-days, we averaged the 
(at least 4) VOC hourly averages on the vessel for that 
day to represent a full-shift TWA. Then, using a simple 
linear Bayesian prediction and equation (2) (with the 
natural log of the VOC average on the ppb scale to allow 
all results to be positive on the log scale), we predicted 
a full-shift ‘THC’ TWA estimate. We ran the model 
for 25 000 Markov Chain Monte Carlo iterations, 
generating 25 000 posterior estimates of the GMs and 
GSDs for each predicted daily ‘THC’ TWA estimate (see 
Groth, Huynh, et al., 2021, for additional details of this 
method), from which we calculated 25 000 posterior 
samples of each AM using equation (1). While other 
statistics and quantiles were developed, we used the me-
dian posterior AM estimate as the final prediction value 
for each observation.

Step 7: developing exposure estimates for ROV 
vessels and marine vessels
To generate the final exposure estimates for the work 
groups of interest, we applied a Bayesian intercept only 
ANOVA model accounting for censoring using the ori-
ginal THC full-shift measurements (including the cen-
sored ones) and the ‘THC’ TWA estimates combined. 
This model, as described in Huynh et  al. (2021b), 
models the mean of ln(THC) using an intercept term. We 
placed uniform priors on the ln(GM) and the ln(GSD) 
based on previous GuLF STUDY information [ln(GM) 
between ln(0.025) and ln(50); ln(GSD) between ln(1.01) 
and ln(12)]. From each model, we obtained posterior 
estimates of the AM (derived from the GM and GSD), 
GM, GSD, and 95th percentiles. Further details of this 
modeling strategy are provided in the supplementary 
materials of Stewart, Groth et al. (2021). All analyses for 
all steps above were performed in rjags (Plummer, 2003, 
2016) and R (R Core Team, 2017).

Results

Results of two additional MVs (making the number of 
MVs = 17) are omitted here because they did not have 
corresponding THC measurements to compare too.

The posterior estimates of β 0, β 1, the correlation (ρ), 
and the R2 for equation (2) for TP1a–1b are provided 
in Table 1. The 95% credible intervals (Bayesian uncer-
tainty intervals) around the slope estimates were tight 

(Table 1), suggesting relatively little variability around 
the slope. The VOC:THC relationship had a ρ = 0.78 
(R2 = 0.61) (Supplementary Fig. S1, document 1, avail-
able at Annals of Work Exposures and Health online). 
Further details of how we chose this relationship for 
the MVs and other time periods are in Supplementary 
Material, document 1 (available at Annals of Work 
Exposures and Health online).

Fig. 2 shows a summary of the days for which each 
type of information (daily averages derived only from 
THC measurements and daily VOC-derived ‘THC’ TWA 
estimates) was available for each ROV vessel and MV. 
The figure also shows the days for which THC meas-
urements overlapped with the VOC measurements on 
the ROV vessels that were used to derive the prediction 
equation. The improvement in coverage varied by vessel, 
ranging from 0 to 3800% (Table 2). For example, the 
Adriatic had only 1 vessel-day coverage from THC meas-
urements; the VOC data increased the overall coverage 
on that vessel to 38-day observations, 19 of which were 
in TP1a–1b, the period in which we saw the highest 
exposure levels. Other vessels such as the Normand 
Commander and the Seacor Venture had modest im-
provements in coverage (13 and 8.6%, respectively) as 
a result of the VOC predictions. Thus, the number of 
vessel-days for which we have daily exposure estimates 
(TP1a–1b and TP2–3) increased for all ROV vessels and 
MVs from 894 THC vessel-days to 1389 vessel-days (the 
latter comprising both the THC measurements and the 
VOC ‘THC’ TWA predictions), a 56.6% increase. The 
number increased from 551 to 918 in TP1a–1b.

Supplementary Fig. S2, document 1 (available at 
Annals of Work Exposures and Health online), shows 
an example of one vessel, the Ocean Intervention III, 
where the use of the VOC measurements improved the 
coverage of the days for which ‘THC’ observations were 
available. The top and bottom graphs show the days 
for which VOC and THC daily averages were available, 

Table 1. Parameters for the ROV TP1a–1b regression. 
This relationship was used to predict VOC-derived ‘THC’ 
TWA estimates in all time periods on both ROV vessels 
and MVs. The median and 95% credible intervals (CI) are 
reported for the intercept, slope, and correlation. The me-
dian posterior R2 estimate is also reported.

Parameter Median 95% CI

Intercept (β0) 3.17 (2.59, 3.76)

Slope (β 1) 0.63 (0.54, 0.71)

Correlation, ρ 0.78 (0.71, 0.84)

R2 0.61  
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respectively. The bottom graph also shows the days for 
which we predicted additional ‘THC’ TWA estimates 
from VOC data. There are a substantial number of days 
when both VOC and THC information was available, 
and the VOC and THC levels are correlated (Pearson 
correlation, ρ = 0.82).

We calculated for each set of measurements (THC or 
VOC ‘THC’ TWAs) the median and 95% credible inter-
vals (uncertainty intervals in the Bayesian context) of 
all measurements for the AMs for all ROV vessels and 
all MVs by time period (Fig. 3). To judge significance 
in the Bayesian context (here referred to as a notable 
or credible difference), we observed if the 95% cred-
ible intervals for independent groups overlapped (non-
overlapping intervals suggest statistical significance). 
Only all non-censored VOC-predicted daily ‘THC’ TWA 
estimates were considered in this analysis. The first bar 
in the figure represents an estimate only from the THC 
measurements. The second bar represents the ‘THC’ 
TWA estimates predicted from the VOC measurements. 
The third bar represents the combined THC and the 
‘THC’ TWA estimates (because the third bar incorpor-
ates both measurements, this bar cannot be statistically 
compared to the first two). The ‘THC’ TWA estimates 

represent a different data source than the THC personal 
measurements; therefore, they are not expected to, and 
should not necessarily, generate identical estimates of ex-
posure. This graph shows that the ‘THC’ TWA data were 
notably different than the THC measurements for the 
ROV vessels in TP1a–1b and in TP2–3, as demonstrated 
by the non-overlapping credible intervals. This was not 
the case for MVs, where there was no credible difference 
between the ‘THC’ TWAs and THC measurements either 
in TP1a–1b or in TP2–3. For the ROV vessels, the figure 
shows that there was a credible difference between the 
AMs of TP1a–1b and TP2–3; for the MVs, there was a 
credible difference in the AMs of TP1a–1b and TP2–3. 
Considering the combined THC and the ‘THC’ TWA es-
timates, there is a credible difference between the AMs 
of the ROV vessels and the MVs for each time period.

Table 3 displays the AM, GM, and GSD median pos-
terior estimates generated from the combined THC 
personal samples and the VOC-derived ‘THC’ TWA es-
timates by vessel for TP1a–1b and TP2–3. The overall 
AM exposures substantially declined on the ROV vessels 
from 5.35 ppm in TP1a–1b to 0.54 ppm in TP2–3 and 
on the MVs from 2.25 to 1.03 ppm over the same time 
periods. Further statistics are provided in SM, document 

Figure 2. Days for which THC and VOC measurements were available for 13 ROV vessels and 17 MVs. The figure shows days for 
which only THC personal samples were available (the light squares), days when both VOC and THC measurements were available 
and used in the regression analysis (darker squares), and days when only VOC measurements were available for the VOC-derived 
“THC” TWA estimates (darkest squares).
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2 (available at Annals of Work Exposures and Health 
online), including the final THC estimates for each of 
the ROV vessels and the other MVs with VOC measure-
ments. Document 2 also identifies the number of THC 

measurements and THC-derived estimates for each time 
period, the percentage of measurements <LOD, and the 
AMs, GMs, GSDs, and the 95th percentiles and their cred-
ible intervals.

Table 2. The number of days for which only THC personal samples were available; both VOs and THC measurements 
were available for development of the prediction equation; VOC-derived ‘THC’ TWA estimates were developed; and 
either a THC personal sample or a VOC-derived ‘THC’ TWA estimate was available. The last column identifies the per-
centage increase in the number of available measurements for estimating AMs for each ROV vessel and MV.

Type of 
vessel

Vessel name N days with 
THC per-

sonal samples

N days used for 
regression of 

VOC to THCa

N days with 
VOC-derived 
‘THC’ TWA 

estimates

N days with a 
VOC or THC 
measurement

Percentage increase of covered days 
due to VOC-derived estimatesb

ROV 

vessels

BOA Deep C 49 14 30 79 61.2

BOA Sub C 63 15 21 84 33.3

Casey Chouest 8 2 5 13 62.5

Chouest Holiday 35 0 27 62 77.1

Helix Express 10 0 48 58 480

HOS Achiever 32 0 42 74 131.3

Iron Horse 11 0 12 23 109.1

Normand Fortress 17 11 0 17 0

Ocean Intervention I 15 2 2 17 13.3

Ocean Intervention 

III

90 67 25 115 27.8

Olympic Challenger 39 2 18 57 46.2

REM Forza 77 9 26 103 33.8

Skandi Neptune 110 38 16 126 14.5

All ROV vessels 556 160 272 828 49

Marine 

vessels

Adriatic 1 0 38 39 3800

Blue Dolphin 8 0 26 34 325

Helix Producer 9 0 26 35 288.9

HOS Strongline 15 0 9 24 60

Loch Rannoch 16 0 4 20 25

Massachusetts 10 0 19 29 190

Monica Ann 40 0 24 64 60

Normand 

Commander

54 0 7 61 13

Odyssea Diamond 28 0 23 51 82.1

Overseas Cascade 2 0 11 13 550

Seacor Pride 19 0 4 23 21.1

Seacor Reliant 12 0 1 13 8.3

Seacor Vanguard 2 0 9 11 450

Seacor Venture 35 0 3 38 8.6

Stim Star 3 10 0 3 13 30

Tyler Stephen 57 0 11 68 19.3

War Admiral 20 0 5 25 25

All marine vessels 338 0 223 561 66.0

All marine and ROV vessels 894 160 495 1389 56.6

aThis number (N) is included in the THC personal measurement day count as it is the number of days with at least three non-censored THC samples with corres-

ponding VOC measurements coverage.
b[(Total number of days with THC measurements or ‘THC’ estimates/N THC measurements) × 100] − 100 to obtain the increase above the THC measurements.
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Supplementary Table S7, document 1 (available at 
Annals of Work Exposures and Health online), identi-
fies the between and within vessel-day variances for the 
ROV vessels and MVs for the VOC data. The hour-to-
hour variability within a day on a vessel was less than 
the variation observed between days. The GSD of the 
within vessel-day variability within the ROV vessels 
was 2.66, while the GSD of the between vessel-day vari-
ability was 3.89. For the MVs, the GSD of within vessel-
day variability was 2.27, while the GSD of between 
vessel-day variability was 2.81.

Discussion

Unlike previous oil spills, the DWH oil spill was charac-
terized by a large number of personal exposure measure-
ments. However, the response to the spill was also one of 
the largest, with rostering of ~55 000 workers (NIOSH, 
2011) who performed a large number of activities over 
a vast expanse of water and land for over 14 months. 
Area VOC measurements were available from real-time 
instruments located on several large ROV vessels and 
MVs in the immediate area of the leaking wellhead in 

the time periods when the highest exposures likely oc-
curred. These area measurements were used to supple-
ment the personal THC exposure measurements.

There were several challenges to using these real-
time measurements. First, it cannot be automatically 
assumed that area measurements are good measures 
of personal exposures for a variety of well-established 
reasons. Second, there was no documentation of the lo-
cations where these instruments were placed on each 
vessel, including if they were indoors or outdoors. The 
reasons the RP indicated for performing the monitoring 
suggest that the data were not collected to be represen-
tative of full-shift personal exposures but were collected 
to quickly identify if some locations had high concen-
trations that could lead to unacceptable personal ex-
posures. This is unlike a situation where an industrial 
hygienist might use direct-reading instruments to facili-
tate the control of exposures, e.g. to assess the efficacy 
of controls in minimizing emissions from an emission 
source, in which case direct-reading instrumentation 
may not be appropriate for characterizing worker ex-
posures. Third, we have no other information on the 
sampling strategy used for the VOC data collection. 

Figure 3. AMs of THC from THC personal samples alone, of the VOC measurements, and of all samples (THC + VOC-derived 
“THC” TWA estimates). The point represents the median with the bars representing the 95% credible intervals.
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Fourth, while extensive area measurements may be 
easier to collect than personal exposures, these data are 
much more difficult to summarize and relate to (particu-
larly full-shift) personal exposure levels. As a result, very 
few statistical strategies have been proposed to trans-
form these often large datasets of short-duration con-
centrations into meaningful exposure statistics. Fifth, 
the start and stop times were non-uniform from one day 
to the next nor were the sampling rates of the instru-
ments uniform. Nevertheless, even under these limited 

conditions, we demonstrated empirically that there was 
a strong Pearson correlation (ρ) between the two types 
of measurements (ρ = 0.78), such that the VOC meas-
urements could be used to estimate personal exposures.

We considered various options for dealing with the 
lack of information on the instrument location, such as 
weighting instrument results by the number of obser-
vations. This approach, however, carried the (possibly 
unlikely) risk that an instrument with many observa-
tions was in a location with minimal exposure, while 

Table 3. AM, GM, and GSD estimates for the combined THC measurements and VOC-derived ‘THC’ TWA estimates for 
the 13 ROV vessels and 17 MVs over the two sets of time periods in areas other than land. Shaded rows represent ves-
sels with fewer than five observations where no estimates were derived. The percent censored column represents the 
number of censored THC measurements as a percent of total (THC + VOC) number of measurements.

Vessel type Vessel Time periods 1a–1b Time periods 2–3

N % cen-

sored

AM (ppm) 

median

GM (ppm) 

median

GSD 

median

N % cen-

sored

AM (ppm) 

median

GM (ppm) 

median

GSD 

median

ROV vessels BOA Deep C 141 14.9 6.67 1.02 7.24 85 45.9 0.32 0.12 4.11

BOA Sub C 127 22.0 16.19 1.23 10.81 133 36.8 0.25 0.15 2.87

Casey Chouest 28 17.9 0.84 0.44 3.25      

Chouest Holiday 21 14.3 0.75 0.51 2.49 64 21.9 1.01 0.41 3.94

Helix Express 34 0.0 0.95 0.80 1.82 32 50.0 0.52 0.14 5.47

HOS Achiever 23 0.0 1.78 1.38 2.08 85 16.5 0.62 0.35 2.88

Iron Horse 24 25.0 2.60 0.66 5.74 10 0.0 0.85 0.44 3.49

Normand Fortress 71 1.4 1.71 0.84 3.33 12 16.7 1.26 0.34 6.03

Ocean Intervention 1 48 54.2 0.28 0.10 4.54 4 50.0 0.13 0.09 2.90

Ocean Intervention III 314 3.2 5.42 1.74 4.55 76 5.3 0.86 0.53 2.68

Olympic Challenger 58 37.9 0.97 0.27 5.16 35 37.1 1.05 0.24 6.03

REM Forza 110 16.4 6.76 1.00 7.44 65 81.5 0.24 0.03 8.09

Skandi Neptune 293 19.1 7.20 0.83 8.41 74 43.2 0.39 0.13 4.47

All 1292 15.2 5.35 0.94 6.57 675 35.3 0.54 0.20 4.13

Marine 

vessels

Adriatic 16 0.0 0.58 0.55 1.41 19 0.0 0.40 0.40 1.01

Blue Dolphin 30 0.0 2.69 1.84 2.44 16 0.0 0.92 0.85 1.51

Helix Producer 25 24.0 2.93 0.66 6.21 19 31.6 0.34 0.18 3.21

 HOS Strongline 15 6.7 13.40 2.92 6.74 16 6.3 0.43 0.38 1.64

 Loch Rannoch 29 13.8 1.57 0.59 4.23 8 0.0 1.65 1.22 2.30

Massachusetts 16 6.3 3.68 0.89 6.14 8 0.0 1.20 0.60 3.77

Monica Ann 45 6.7 3.12 1.30 3.86 48 35.4 0.89 0.22 5.68

Normand Commander 42 7.1 1.49 0.64 3.75 56 12.5 1.33 0.47 4.32

Odyssea Diamond 19 5.3 1.81 1.15 2.68 39 0.0 1.07 0.68 2.61

Overseas Cascade 14 7.1 2.32 0.99 4.01      

Seacor Pride 19 5.3 0.54 0.41 2.19 17 5.9 1.48 0.55 4.41

Seacor Reliant 1 0.0         

Seacor Vanguard 16 0.0 5.65 3.62 2.64      

Seacor Venture 31 0.0 3.23 1.42 3.71 32 3.1 1.63 0.88 3.12

Stim Star 3 28 28.6 0.75 0.32 3.80 14 0.0 1.77 1.54 1.71

Tyler Stephen 76 5.3 1.98 0.87 3.67 46 10.9 0.87 0.58 2.52

War Admiral 2 0.0    9 0.0 1.52 1.18 2.13

All 459 7.2 2.25 0.95 3.73 366 12.3 1.03 0.51 3.28

ROV and marine vessels (all) 1751 13.1% 4.21 0.95 5.69 1041 27.2% 0.73 0.28 4.02
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another instrument with fewer observations was located 
where exposure levels were higher. Considering that it 
was important to know that living, eating, recreation, 
and office areas were virtually free of oil-related vapors, 
the RP guidance specifically mention that some of the 
instruments were to be located in these areas. We also 
considered removing any instruments on any day when 
the values were all below the LOD, on the assumption 
that the instrument was located indoors. This approach, 
however, could have resulted in removing measurements 
that actually reflected outdoor locations with low air 
concentrations, e.g. under high wind conditions. Also, 
the workers wore the passive dosimeters for the entire 
day including in break rooms or while eating in the ships 
galley which were inside areas. Given the lack of infor-
mation, we chose to weight each instrument equally in 
calculating this average.

A key factor in being able to supplement the THC 
personal samples where there were gaps in measured 
days was the relationship between the (minimum 4-h) 
VOC TWAs and the full-shift personal THC meas-
urements. Groth, Banerjee et al. (2021) described the 
procedure to convert the real-time VOC collected at dif-
ferent sampling hours and at different sampling rates to 
form a set of 21 900 hourly averages, which were then 
used to develop daily TWAs to match to the THC sam-
pling periods. We required at least three personal full-
shift THC measurements with corresponding paired 
VOC daily averages for a vessel on a single day to con-
sider the day in the VOC:THC comparison and at least 
3 days in the time period for the regression analysis. 
These criteria increased the likelihood that our estimates 
represented workers’ exposures over each entire vessel. 
We chose time periods 1a and 1b combined (i.e. prior 
to 16 July 2010, when the oil was being released) when 
both types of measurements were most often available 
and obtained a regression equation between them. The 
reasonably strong and significant relationship between 
them for this time period (slope = 0.63 (95% CI 0.54, 
0.71), ρ = 0.78) and large sample size (n = 131 vessel-
days) gave us confidence that using it to predict estimates 
was reasonable. Support for applying this relationship 
to estimate exposures in other time periods and vessels 
includes (i) the same general sampling strategy likely 
used for the direct-reading instruments (even though 
we do not know the actual strategy) and (ii) the loca-
tions that a THC measured worker spent for a portion 
of a workday were probably the same as the locations 
measured for VOC. Moreover, unlike workers on the rig 
vessels (Huynh et al., 2021b), these exposure estimates 
were assigned to all study participants on the vessel and 

not at the level of the job title, because job title informa-
tion was typically not available for these GuLF STUDY 
participants. Thus, an average of stationary instruments 
situated throughout the vessel to reflect, at least to some 
degree, where workers were located across a vessel 
was likely to be at least somewhat representative of all 
workers on the vessel.

The procedure substantially increased the number 
of days for which daily exposure estimates were avail-
able. It is important to note that we only had general 
information on the deployment dates of the vessels, so 
we cannot estimate the fraction of the days of operation 
for which we have estimates. The number of vessel-days 
for which we have exposure estimates, nonetheless, in-
creased from 556 to 828 (a 49% increase) for ROV ves-
sels and from 338 to 561 (a ~66% increase) for MVs 
and more importantly, from 414 to 606 for the ROV 
vessels in TP1a–1b, on which we based our prediction. 
If our assumption that the observed correlation between 
VOC and THC holds true for the days with no THC, 
this increase in sample size should provide us with more 
representative estimates of the distribution of the meas-
ured exposure levels, and thus, a better estimate of the 
AM than without the VOC data. The correlation as-
sumption is based on the chemical and physical prop-
erties of the crude oil and the oil’s degree of weathering. 
The time period accounts for weathering. Therefore, the 
day-to-day correlation between VOC and THC should 
hold no matter if a THC measurement was collected 
or not.

Fig. 3 shows that the overall AM exposures on ROV 
vessels and MVs significantly declined from TP1a–1b to 
TP2–3. This decline in concentrations over time is con-
sistent with similar declines observed in the rig vessels 
(Huynh et al., 2021b) and with other vessels (Huynh 
et al., 2021a). The likely cause for the high levels in 
TP1a–1b is the large amount of uncontrolled oil coming 
from the well [estimated to be ~50 000 barrels/day 
(McNutt et al., 2011)] during this period. Much of the 
released oil rose to the water surface and evaporated, 
leading to relatively substantial vapor concentrations 
(Huynh et al., 2021a,b). The well was successfully mech-
anically capped on 15 July (the end of TP1b), and from 
that time on, little new oil was released from the BOP, 
leading to the substantial decrease in concentrations of 
vapors in TP2–3 and later.

We observed credible differences between the AMs of 
the ROV vessels and the MVs in TP1a–1b. Because AMs 
are a function of both GM and GSD, the difference was 
more likely due to the greater variability in exposures 
in the ROV vessels (overall GSD in TP1a–1b = 6.57) 
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compared to MVs in the same time period (GSD = 3.73). 
This greater variability in the exposures on the ROV 
vessels is likely due to a wide variety of tasks that these 
vessels were undertaking during TP1a–1b, resulting in a 
greater contrast of exposures among the workers on the 
ROV vessels, i.e. some workers having (relatively) higher 
exposures while cleaning the ROVs and other workers 
having lower exposures due to their operating the ship. 
In contrast, on the MVs the difference of exposures may 
have been smaller due to fewer high exposed tasks, so 
that their main source of exposure was the ambient 
air, resulting in more homogeneous exposures across 
the MV workers. The GSD estimates, particularly in 
TP1a–1b for the ROV vessels, were greater than typical 
values observed in most stable occupational scenarios. 
This is likely due to the non-routine nature of the oil 
spill clean-up tasks from one day to the next, especially 
in TP1a–1b, and to the fact that while most of the work 
would have been outside, some of the measurements 
may have been indoors.

The new THC AM exposure estimates on the ROV 
vessels were generally higher compared to the MVs, 
especially so in TP1a–1b, but the difference between 
the two types of vessels is much smaller in TP2–3. The 
overall GMs for ROV vessels and MVs during TP2–3 are 
not substantially different (but remain credibly different; 
0.20 and 0.51 ppm, respectively). The cessation of the 
oil release beginning TP2 likely lessened the ambient air 
levels and the variability of tasks, resulting in lower GSD 
values for both ROV vessels and MVs (although still on 
the high side compared to more typical occupational 
settings). We have found similarly high GSDs for other 
workers in the study (Huynh et al., 2021a,b,c).

The reasons for the differences between the vessels 
shown in Fig. 3 may be several but may lie with the MVs. 
A THC:VOC correlation comparable to that found with 
the ROV vessels was found on two of the four rig ves-
sels, Discoverer Enterprise and Development Driller III. 
On these two vessels, we found virtually an identical 
correlation in TP1a–1b as that with the ROV vessels 
(ρ = 0.73), suggesting that the correlation was appro-
priate for vessels in the wellhead area (Supplementary 
Table S8, document 1, available at Annals of Work 
Exposures and Health online). We did not use the VOC 
data on these two rig vessels to estimate days with no 
THC measurements, however, because we had sufficient 
measurements on those vessels to generally estimate ex-
posures by job groups. Also it was unclear how to as-
sign area measurements to specific jobs (in contrast to 
the ROV and MV assignments at the vessel level). In 
addition, the rig correlation served as a useful reference 
value to our observed ROV vessel correlation.

For the MVs in Fig. 3, the difference between 
the AMs of the THC personal samples and the AMs 
incorporating the ‘THC’ TWA estimates that was seen 
between TP1a–1b and TP2–3 for the ROV data was 
not observed. The failure to observe differences in the 
MV AMs may be that it was inappropriate to apply 
the ROV vessels correlation. As indicated above, the 
similar intercepts and slopes found for the two rig ves-
sels (Supplementary Table S8, document 1, available at 
Annals of Work Exposures and Health online), however, 
suggest that this is not the reason. One possible reason 
is that the MVs had fewer observations to evaluate, 
which may have resulted in a weaker correlation. It may 
be that the function of the MVs and the activities per-
formed by workers resulted in workers not coming into 
as close contact with the oil as the ROV vessel workers, 
resulting in less of a contrast between high and low ex-
posed workers on the vessel (as exhibited by the lower 
GSD on the MVs). This situation would have reduced 
our ability to see a difference between the two sets of 
time periods. The ROV vessel correlations, therefore, 
were used to predict THC personal exposures for the 
MVs, but as a result, we have less confidence in our esti-
mates for the MVs.

To provide some sense of internal validity, we evalu-
ated the change in the AMs based on the proportion 
of added measured vessel-days due to the VOC ‘THC’ 
TWA estimates. We arbitrarily identified as >65% [de-
termined by dividing the number of days with THC per-
sonal measurements by the total number of measured 
(THC+VOC-derived ‘THC’ TWAs) days], as the cutoff 
to indicate a small increase in THC coverage. That is, 
if the original THC measurements contributed >65% 
of the final number of observations, we did not expect 
the AMs to change substantially after adding the VOC 
‘THC’ estimates. In contrast, <65% coverage indicated 
a large increase in the number of measurements over the 
original THC measurements, which was likely to have a 
greater impact on the AM. For vessels where the cutoff 
was >65%, there was little change in the AMs. This 
suggests that the methodology we used here was ap-
propriate and that the VOC measurements were repre-
sentative of the THC exposures. For those vessels where 
the coverage of days monitored was lower (<65%), 
the inclusion of the VOC data more often changed the 
value, likely improving the final THC estimates. This 
overall difference is shown in the ROV vessel data in 
Fig. 3, where, for the two periods evaluated (1a–1b and 
2–3), the THC exposure estimates from the THC per-
sonal measurements alone were observed to be different 
from final observations (although significance cannot be 
judged because the groups are not independent).
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To develop the daily exposure estimates of VOC, we 
averaged hourly estimates on each day. Results from 
our ANOVA revealed that the hour-to-hour variability 
on each vessel-day was less than the variability between 
daily averages on different vessels. This result suggests 
that while we eliminated variability in VOC concen-
trations by developing hourly averages, this variation 
would not have increased the overall variability of the 
estimates substantially. Moreover, the variability in the 
VOC measurements that we lost is not likely to differ 
from the variability lost in a full-shift TWA measure-
ment. Finally, the impact of not incorporating hour-to-
hour variability is likely to be minimal since we had 
no information on what study participants were doing 
on any vessel (or where), resulting in all participants 
being assigned the same value over a time period. Our 
methods, however, account for the larger source of 
day-to-day variability on different vessels and the vessel-
to-vessel variability.

There are currently no OELs for THC. However, pet-
roleum distillates, which are the closest equivalent, has 
a NIOSH recommended exposure limit of 86 ppm (or 
350 mg m−3) (National Institute of Occupational Safety 
and Health, 2007). The THC estimates obtained for the 
ROV vessels and MVs were substantially below these 
exposure limits.

As part of this work, we used a Bayesian linear re-
gression framework to develop additional THC obser-
vations. This model assumes lognormality of the THC 
and VOC measurements, equal variances, linearity, and 
independence of observations. Non-linear relationships 
or other distributional assumptions were not considered. 
Autocorrelation between measurements at consecutive 
time points is commonly seen when analyzing time-series 
data and may need to be adjusted for when comparing 
exposure estimates. The analyses described in Groth, 
Banerjee et al. (2021) do not account for autocorrelation 
that may be present between one direct-reading obser-
vation to the observation directly following it. While it 
is possible that some of the VOC estimates (described 
in Groth, Banerjee et al., 2021) may have been influ-
enced by autocorrelation, the primary purpose of Groth, 
Banerjee et al. (2021) and this paper is to use the time-
series VOC measurements to estimate THC exposure, 
not to characterize VOC exposures. In the estimation 
of study participants’ exposures on these vessels, there 
are several sources of uncertainty in addition to pos-
sible autocorrelation. Each instrument’s real-time meas-
urements is used to create 1-h VOC averages; then the 
hourly averages from multiple instruments at multiple 
locations are averaged over the hours sampled by their 

paired personal THC measurements. The concentrations 
at these various locations are likely not correlated. The 
averaging over multiple instruments (locations) as well 
as multiple hours and days will mitigate the effect of fine 
temporal resolution autocorrelation. While there can be 
potential advantages for an autocorrelation model (tem-
poral and perhaps even spatial), the scope for such an 
analysis is beyond the objectives of this particular manu-
script. Future methods could consider autocorrelation, 
as in O’Shaughnessy and Cavanaugh (2015), in the de-
velopment of the hourly averages.

The THC AMs for these vessels are some of the 
highest observed in the GuLF STUDY, and the levels 
were of the same order or greater than some of those 
observed on the rig vessels (Huynh et  al., 2021b). 
Despite these relatively (to the study) substantial expos-
ures, personal sampling on these vessels was not con-
ducted to the same extent as on the rig vessels, making 
it even more important that exposures for this group of 
workers be assessed using the additional measurements 
from the VOC-reading instruments. But as shown in  
Fig. 3, the median estimate across all vessels decreased 
as a result of our using the VOC data, suggesting that at 
least for some of the vessels workers’ exposures would 
have been overestimated had we not done this work. The 
potential for such relatively high exposures for the study 
participants on these vessels could have an impact on the 
health risk outcomes investigated in the epidemiologic 
study. Lower exposed workers misclassified to high ex-
posures levels can result in attenuating a disease risk to 
the null.

This paper presents a novel method that facilitated 
the use of real-time area measurements to supplement 
personal exposure measurements for developing (in our 
case) likely representative estimates of some of the more 
highly exposed workers aboard some of the vessels in-
volved in the OSRC activities. This method was feas-
ible because we found a good correlation between the 
daily averages of the VOC-derived TWAs and the THC 
measurements. The availability of such high-volume 
real-time measurement data occurs with some frequency 
in occupational settings where real-time, as well as per-
sonal, measurements for vapors, gases, and aerosols are 
collected. There is an understandable reluctance to use 
these real-time measurements for exposure assessment. 
First, if real-time measurements are reflecting the efficacy 
of engineering controls, they may not be appropriate for 
personal exposures. Second, they can generate very large 
databases of measurements that are not easily analyz-
able. In fact, we had to use the University of Minnesota 
Supercomputing Institute and parallel computing to 
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develop these estimates. Also, area static samplers can 
under- or overestimate personal exposures. Nonetheless, 
the use of real-time monitoring is likely to increase sig-
nificantly in the near future with rapid improvements in 
low-cost sensors and monitoring devices and develop-
ments in handling high-volume data. The methods de-
scribed in this paper and Groth, Banerjee et al. (2021) 
could be used to manage real-time measurements for ex-
posure assessment purposes, especially in cases where a 
correlation might be expected between area and personal 
measurements. Groth, Huynh et al. (2021) extended the 
use of the correlations by calculating correlations be-
tween the new ‘THC’ TWA observations and each of the 
BTEX-H substances to estimate the latter for the same 
vessel-days as we did for THC.

Conclusions

We used the database of hourly real-time VOC aver-
ages described by Groth, Banerjee et al. (2021) to de-
velop daily vessel averages for use in the estimation of 
THC exposures for workers on two types of vessels—
ROV vessels and MVs—in the GuLF STUDY. This was 
possible, in large part, due to the amount of VOC and 
THC measurements collected on the same vessels and 
the strength of the correlation between the full-shift 
THC and the VOC-derived ‘THC’ TWA daily averages. 
These ‘THC’ TWA estimates substantially supplemented 
the THC personal measurements, with the number of 
vessel-days for which we have daily exposure estimates, 
increasing by ~60%, thereby increasing the likelihood 
of more representative estimates AM and the distribu-
tion of exposures that should better reflect the working 
conditions of the workers on these vessels. These AM es-
timates are some of the highest observed in the GuLF 
STUDY, with measurements comparable to or higher 
than those found on some of the rig vessels, so it was 
crucial to have confidence that these high levels were re-
flective of true exposures for the epidemiologic analysis. 
The AM estimates decreased over time, consistent with 
findings for other workers in our study, likely caused 
by the capping of the well that reduced oil vapors. The 
method used here can be applied to other occupational 
instances where large amounts of area measurements 
can be used for personal exposure estimation. The AMs 
generated by this process have been used in job-exposure 
matrices in the GuLF STUDY.
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