Responses to the reviewers

We express our gratitude to both reviewers for their comments, as well as their critical remarks,
which have helped us make this paper more organized and scientifically robust. We authors let the
reviewer know that we got some feedback from the handling editor who asked us to submit this
paper as the category of “measurement report” instead of “research articles”. Following the
editor’s suggestion, we submitted this manuscript as the category of “measurement report” (please
refer to the title, “Measurement report: Summertime and wintertime VOCs in Houston: Source
apportion and spatial distribution of source origins”), and thus, this manuscript includes
measurement results, but where the implications of atmospheric chemistry and physics are less
developed in this manuscript (refer to ACP manuscript types).

Anonymous Referee #1:
General comments:

The research about the local VOC properties is basically interesting and fits into the scope

of ACP. To be published, however, a dense revision looks required.

1. To derive some essential key points of this study looks necessary. This is a study at a
certain region (Houston). In this kind of study, readers would like to see why we need to
understand the VOC pattern in Houston, meaning that what is similar to/or different
from VOC properties in other regions. That is a very important information for making
a study about the local air quality suggesting some generalized lessons to the readers.

We thank the reviewer for this constructive suggestion. The comment above led to a series of

revisions throughout different sections of this manuscript as follows:

A series of emission control policies were conducted to improve the air quality of Houston during
the last two decades. However, the city's high level of ozone still is an issue that caused the city to
be one of the nonattainment areas by the U.S. EPA. The city is among the largest metropolitan
areas containing petrochemical and industrial activities around the world (Sadeghi et al., 2020).
Hence, studying the air quality management of Houston could be an experimental lab for

policymakers who want to alleviate ozone pollution in urban regions. The problem of ozone air



pollution and the features of the city of Houston encouraged the authors, as the people who are
residents of Houston, to conduct this research and take a deeper look to investigate the

characteristics of the volatile organic compounds and their emissions sources.

In regard to the reviewer’s comments, we made a series of changes to different sections of the
manuscript to help the readers having a more clear view of the necessity and findings of this paper.
Here is a list of changes we made to this manuscript:

e We clarified how the city’s exceeding ozone levels made it a remarkable area for

studying volatile organic compounds:

Houston metropolitan area is well-known for its air quality challenges, and it has been
exceeding the U.S. National Ambient Air Quality Standard (NAAQS) for ozone over the last two
decades. Some particular features are affecting Houston’s ozone problems. The Houston
metropolitan area has some of the largest anthropogenic emission sources of atmospheric
pollutants in the United States (Song et al., 2021). The Houston Ship Channel area, for example,
is affected by high rates of numerous pollutants from petrochemical and industrial facilities (Port
Houston, 2019). Therefore, the city is a remarkable area for characterizing the emissions of

organic compounds and their impacts on ozone formation in urban areas.

e We intended to investigate the patterns of volatile organic compounds and their
emissions one decade after Buzcu and Fraser (2006) and Leuchner and Rappenglueck
(2010) studied the volatile organic compounds at the Ship Channel area. We presented

a summary of what they found of the VOCs over Houston:

Multiple studies have identified these VOC characteristics, their emission sources, and
contributions in photochemical processes in several urban areas (Bi et al., 2021; Buzcu and
Fraser, 2006; Czader et al., 2008; Czader and Rappenglueck, 2015; Diao et al., 2016; Jobson et
al., 2004; Leuchner and Rappenglueck, 2010; Pan et al., 2015). These studies are essential to
review the effectiveness of control strategies since any strategy for emission mitigations of VOCs
necessitates a quantitative assessment of their emissions and understanding of the source-
receptor relationships (Demerjian, 2000). They showed that the main sources of anthropogenic

emissions are industrial processes, including those of crude oil and liquefied petroleum gas (LPG),



hereinafter defined as oil and natural gas (ONG), gasoline transport and storage, vehicle

combustion, and the manufacturing production of commercial goods (Piccot et al., 1992).

e We then explained what was not studied in previous works that our study has taken

into account about the VOCs of Houston:

Previous studies showed that the emissions of VOCs in Houston are mainly from the industrial
sectors of the Ship Channel, where they depend on meteorology and transport to urban and
rural areas. However, the transient nature of the campaign differences in measurement time
periods limited these studies ability to make quantitative comparisons between different seasons
(Na and Kim, 2001), and their investigation overlooked the variability of the VOCs
concentrations and their photochemical reactivity over Houston (An et al., 2014; Guo et al.,
2014; Pan et al., 2015; Baudic et al., 2016). In addition, these studies lacked the consideration
of the different formation potentials of speciated VOC, which is necessary to address the causes

of ozone episodes and mitigate urban air pollution.

e At the end of the introduction, we added a new paragraph explaining what this study
wants to present. This paragraph clarified what we conducted in this study and helps

the readers to know about what questions the authors plan to answer.

This study aims to (1) explore the characterization of VOCs measurements and their emission
sources in two distinct seasons of summer and winter in the Houston Ship Channel. ; (2)
elucidate the removal processes of the VOCs and propensity of the individual VOCs to ozone
formation potential (OFP). Leuchner and Rappenglueck (2010) provided a categorical view
about the wind direction frequency for emission sources, but this paper (3) goes beyond by
studying the geographical origins of the air masses coming from the larger Houston

metropolitan area.

e Last two new paragraphs that we have added to the introduction clarify the motivations
of this research.

2. Please add some more efforts to have a better organization. It is difficult to find a main flow of

this work (A lot of findings are scatterred so it is hard to catch what is important.



e Thanks. This is the list of modifications to prepare the organization of the manuscript

to help the readers understand the flow of this work:

o Introduction: The contents were modified as we mentioned in the previous part.

o Materials and Methods:

Section 2.1, Figure 2 and its discussion were moved to the results and
discussion, section 3.1.

Section 2.2, more explanations were added to the methods of source
apportionment. A list of references that recently deployed the PMF
model to study the VOCs was added. We also clarified how we
performed the PCA and PMF in this study:

For the PMF solution to have physically meaningful results, the
number of factors need to represent realistic sources that contribute
to the species in matrix Xij. We, therefore, performed a multivariate
statistical technique of principal component analysis (PCA) to choose
a robust number of factors (Sadeghi et al., 2020).

o Results and Discussion

Section 3.1, the title was changed to “Data overview and general
seasonal characteristics of VOCs measured at Ship Channel”. We
reviewed this section and revised it following the reviewer’s request.
We compared the results of this study with the results of TRAMP field
campaign in summer 2006 (Leuchner and Rappenglueck, 2010). A new
figure comparing the results of that campaign with our study was added
to the supplement document. Figure 2 and discussion of the graphs were

moved into this section.

Section 3.2, a deeper discussion with previous findings were included.
The results of source apportionment were linked to previous works
conducted over Houston (Buzcu and Fraser, 2006; Leuchner and
Rappenglueck, 2010).



3. Please include deeper discussion with previous findings. It is hard to see what is the specialty of

study and how this work has the discriminated merit compared to previous VOC works.

We explored the characteristics of the VOCs in two distinct seasons and discussed the seasonal
variations of different groups of VOCs in AutoGc stations around the Houston Ship Channel area.
The concentrations of alkanes, alkenes, and aromatics were compared with the measurements of
TRAMP field campaign in summer 2006 (Leuchner and Rappenglueck, 2010) in sec. 3.1.
Compared to the results of TRAMP field campaign, we explained how the alkane compounds
changed since 2006:

During the TRAMP field campaign in summer 2006, the mixing ratios of alkanes had the
highest contributions to the total VOCs (Leuchner and Rappenglueck, 2010). The total mixing
ratios of the group of alkanes considered in Table 1 was 79.82 ppbC. Similar to the
measurements of summer 2006, alkanes had the highest contributions to the total VOCs so that
they were the dominant group of VOCs throughout the last decade. Although the alkane levels
utilized for source characterizations during TRAMP field campaign were measured at the
Moody Tower on the University of Houston campus, approximately 10 km west from the
Houston Ship Channel, the differences of alkanes mixing ratios between TRAMP field
campaign and summertime measurements of our study indicate emissions of oil and natural gas
VOCs have declined substantially since 2006 (Fig. S1).

We also explored how the concentrations of alkenes and aromatics changed during the last 15

years:

Aromatics were another class of VOCs in which a drastic reduction of mixing ratios was
observed from 20.04 ppbC to 1.90 ppbC in summer. Unlike groups of alkanes and aromatics
which vastly changed since 2006, the average mixing ratios of alkene compounds showed a mild
variation from 12.05 ppbC to 9.01 ppbC. As shown in Fig. S1, ethylene and propylene are two
major alkenes with the highest potential contributions to the formation of ozone that revealed a

relatively constant level of concentration.

The results of our source apportionment were presented in sec. 3.2. The seasonal characteristics of
the VOCs emissions were investigated, and the main anthropogenic emissions were compared with

previous studies (Buzcu and Fraser, 2006; Leuchner and Rappenglueck, 2010).
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Fig. S1. Average concentrations of major compounds for Alkanes (top), Alkenes (middle), and Aromatics (bottom)
during summer and winter 2018 and summer 2006 (Leuchner and Rappenglueck, 2010).



4. The research motivation was not clarified in the introduction.

Following the reviewer’s first comment, a new paragraph was added to the last part of the
introduction, and the motivation of the study was presented to the readers. Here are the main
elements that motivated us to conduct this study, and we presented in the introduction: The time
period of previous campaign measurements limited our understandings of the variations of

characteristics of the VOCs in different seasons. As we have clarified in the introduction:

This study aims to (1) explore the characterization of VOCs measurements and their emission
sources in two distinct seasons of summer and winter in the Houston Ship Channel. ; (2)
elucidate the removal processes of the VOCs and propensity of the individual VOCs to ozone
formation potential (OFP). Leuchner and Rappenglueck (2010) provided a categorical view
about the wind direction frequency for emission sources, but this paper (3) goes beyond by
studying the geographical origins of the air masses coming from the larger Houston

metropolitan area.

5. Several statements were provided without references. Please proofread whole manuscript again

and reinforce the references.

The manuscript was proofread and different references were added in the sections of the

manuscript.

6. Results are too peripheral. | do not know how to apply/generalize these results for the advanced

understanding of VOC chemistry.

This study is considered to be an example of a measurement report study at a metropolitan area
with significant levels of emissions. We defined three objectives for this study: seasonal
characteristics of VOCs measurements and their emission sources, photochemical reactivity of the
organic compounds, and their contributions to ozone formation and spatial distributions of the
emissions factors around the industrial region. Also, a comparison of the results of this study with
a previous field measurement campaign in summer 2006 would help the readers to have a clear

outlook about the chemistry of VOCs over Houston.

7. 1 agree that the results are interesting and informative for the local air quality study. But the
dataset is not very something new and most analysis is so qualitative based on simple PMF and

backtrajectory calculation (As author mentined in the manuscript, results usually support the



previous findings. New lessons or arguments cannot be found much). The final decision is not
sure but therefore it seems better to submit this manuscript to other journals if serious revision

is not guaranteed (For example, Atmopsheric Environment)

Actually, this handling editor asked us to submit this paper as the category of the ACP,
“measurement report” instead of research article”. Following the editor’s suggestion, the type of
manuscript this paper was considered as the category as “measurement report” in Atmospheric
Chemistry and Physics (ACP) (please refer to the title, “Measurement report: Summertime and
wintertime VOCs in Houston: Source apportionment and spatial distribution of source origins”).
Analysis of the measurements may include model results and conclusions of more limited scope

than in research articles.

Specific comments:

Line 78-80: Not well connected to the previous statements (Suddenly VOC inflence is

connected to the VOC source)
Thanks. Revised. This sentence was edited and moved to the next paragraph.

These studies are essential to review the effectiveness of control strategies since any strategy for
emission mitigations of VOCs necessitates a quantitative assessment of their emissions and
understanding of the source-receptor relationships (Demerjian, 2000).

line 94-103: It seems that there are already deep studies about VOCs at Houston area.

Considering past findings, what do we need to know more?

What is the missing points in the previous works. There things are not shown in this

introduction parts.

We appreciate the reviewer’s comment. As the reviewer suggested, the authors revised the sections
of introduction and results and discussion according to this comment. In general, despite all the
regulations and pollution control policies that have decreased the city’s emissions of organic
compounds during the last two decades, Houston is still dealing with the impacts of surface ozone,

and this area has been classified as an 0zone nonattainment area by U.S. EPA.



Following the reviewer’s general comment #1, we edited the introduction of this paper to make
the general lessons of the manuscript more transparent for the readers. We explained what previous
studies have found and what we are seeking to attain. Overall, we think our study focused more
on the temporal and spatial variability of the VOC compounds over Houston. We investigated the
temporal variations of characteristics of VOCs in two different seasons of summer and winter and
discussed how the profiles of emissions sources of VOCs change by these seasons. We also
explored the spatial distributions of the organic compounds by studying the geographical origins
of VOCs emissions affecting the Ship Channel area.

Following one of the reviewer’s general comments to explain the motivations of this study, we
clarified what motivated the authors to study the characteristics of the organic compounds over
Ship Channel.

Line 147-151: A reference is required about the shorter lifetime of atmospheric
alkene/aromatics than alkan + longer lifetime of ethane and propane.

Revised. Section 3.1 of the results and discussion was modified following the reviewer’s general

comments. So, this sentence was modified and a reference is included as follows:

The more rapid reaction of the alkenes and aromatics with radicals would likely cause their

seasonal differences to be less variant (Atkinson and Arey, 2003).
Line 149-150: => Differences of alkane concentrations
Corrected. Thanks.

line 247-248: This should be confirmen with some data analysis in Houston. Different from
the convective mixing and photochemical activity (discussed after this statement), energy
demand pattern can has a larger regional difference, so it is hard to generalized simply
without the specific clue.

Thanks. We have revised these sentences as follows:

There are several factors such as emission sources, convective mixing, and photochemical
reactions which caused the variations of concentrations between two seasons. Differences in
alkane concentrations between the summertime and wintertime could be explained by a mixture

of these factors (Atkinson and Arey, 2003). Total Texas hourly electricity load indicates there is



a seasonal peak reflecting fluctuations in energy demand in the afternoon occurs when
households and businesses increase the use of electricity for air conditioning on hot days (EIA,
2019). Although higher demands of energy usage during the summer months could result in
higher levels of VOCs emissions, higher planetary boundary layer and stronger vigorous
turbulent mixing, which intense the daytime convective boundary layer likely led to reduced

summertime concentrations compared to wintertime (Velasco et al., 2008).

Line 300-304: Important information to compare between C2-C5 and C8-C10 isomers. But
how to obtain these OH reaction rate constant is not clear here. Any related figure or table

is not found in this manuscript.

Previous studies investigated the main removal pathway for VOCs (alkane, alkene, and aromatics),
which occurs through chemical oxidation by OH radicals (Atkinson, 2000; Koppmann, 2008). We
have used the reaction rate coefficients from the study of Atkinson and Arey (2003) and listed
them in Table 1. Following the reviewer’s comment, we revised these lines, addressed Table 1,

and added the reference to show where we found these reaction rates values.
line 307: 'in Figs. 4 and 5." => "in Figs. 4 and 5, for summertime and wintertime, respectively*
Thanks. Revised.

line 308: What are 3 ONG species factors? (Factor 1, 3, and which? Clearly indicate the

factors)

Changed (... three ONG species factors, ONG long-lived, fuel evaporation, and ONG short-
lived).

line 309-310: How to justify this statement?

Revised. The whole paragraph was revised. More statements were added to explain the diurnal
variations of the resolved factors in summertime and winter. We clarified the diurnal variations

of the resolved factors in associate with the degradation rate of their dominant compounds:

Because of varying rates of oxidation of the vapor-phase organic compounds, some highly
reactive species are depleted at a more rapid rate than less-reactive compounds. With the
transport of emissions from distant sources, atmospheric oxidation removes the reactive

compounds and the remaining fraction contains mostly the less-reactive species, such as ethane



and propane (De Gouw et al., 2005). Therefore, having longer lifetimes, ethane and propane
tend to stay and accumulate in the atmosphere and may cause an overestimation of oil and
natural gas emissions which is determined based on the concentrations of less-reactive alkanes
(Buzcu and Fraser, 2006).

line 307-314: Most interpretations are not connected to clues. At least the references should
be added.

Thanks. Revised. The paragraph was revised and references were added.

line 319-356: Please write this part again matching to the findings in Fig. 4 and 5. Different
from Factor 1, 2, and, 3, analysis about factor 4, 5, 6 looks only based on Fig. 3. There is no
examination about the diurnal cycle. Organization of paragraphs look problematic. This

part should be significantly improved.
Thanks. Revised. The entire paragraph was revised.

line 344-346: What is the clue to support this statement? | cannot figure out this, even based

on Fig. 3.

The first five factors in summertime and wintertime show similar characteristics in terms of high
percentages of specific compounds, i.e., higher contributions of ethane and propane in factor 1
during both summer and winter. Factor 6 and 7 in the summertime are independent emission
sources that have not been resolved in wintertime. Similarly, factor 6 was independently resolved

for wintertime. The statement was modified as below:

Figures 4 and 5 show the factors of one to five posed similar characteristics in both the
summertime and the wintertime, but factors 6 and 7 for the summertime and factor 6 for the

wintertime presented different features.
line 393-395: How to justify this interpretation?
Thanks. We corrected our previous claim and modified the sentence as follows:

The ratio of benzene to toluene notably increased from the wintertime (0.95 ppbC) to the
summertime (3.10 ppbC). The ratio of ethylbenzene/m.p-xylene, two compounds with less

discrepancy in their lifetime changed only slightly between the two periods (0.19 for summer



and 0.21 for winter), suggesting the chemical oxidation of reactive compounds accelerate the

degradation removal of organic compounds in Houston Ship Channel during the summer.

line 486-493: Overall summary is so ambiguous. Specific lessons to make summer-winter

difference are necessary.

Response: Modified. We edited the summary and focused on the main findings of this

measurement report study.

Whole results: The reason only focusing on summer and winter is not clear, while the full
year measurement data exist. Is there any specific reason not to see the spring and autumn.
It is also worth to investigate other seasons (For example, Hurricane effect is also huge in

autumn).

Most of Houston is located on Western Gulf coastal grassland, subtropical areas of the south of
Texas. Hence the climate of Houston is a subtropical climate where the temperature usually stays
high throughout the year and cools down for only a few months. So there are really only 2 seasons
here: summer and winter. Houston experiences longer summer since the northeast of Texas is near
the equator. For example, in the year 2018, three months of winter showed an average of 55° F
while the other nine months showed an average of 75° F. and the average of five months was above
80 ° F (May to Sep). The other reason we focused on summer and winter was to see the contrast
between summertime with a pronounced level of ozone “ozone season” and winter where the

ozone problem is less critical.
National Weather Service

https://www.weather.gov/hgx/climate graphs iah#2018

Thank you again for your detailed remarks; we have adapted the manuscript as suggested.


https://www.weather.gov/hgx/climate_graphs_iah#2018
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