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Abstract. The Houston-Galveston Airshed (HGA) is one fraction is significant between 09:00-12:00 h. After 12:00 h
of the major metropolitan areas in the US that is classi-HCHO is largely formed through secondary processes. The
fied as a nonattainment area of federal ozone standard$lCHO/PAN ratios are dependent on the.S€vels. The S@
Formaldehyde (HCHO) is a key species in understandingelated HCHO fraction at the downtown site originates in
ozone related air pollution; some of the highest HCHO con-the ship channel. Aside from traffic-related primary HCHO
centrations in North America have been reported for theemissions, HCHO of industrial origin serves as an apprecia-
HGA. We report on HCHO measurements in the HGA from ble source for OH in the morning.
summer 2006. Among several sites, maximum HCHO mix-
ing ratios were observed in the Houston Ship Channel (HSC),
a region with a very high density of industrial/petrochemical
operations_ 1 Introduction

HCHO levels at the Moody Tower (MT) site close to
downtown were dependent on the wind direction: southerlyThe Houston Galveston Airshed (HGA) continues to be a
maritime winds brought in background levels (0.5-1 ppbv) non-attainment region under United States federal ozone
while trajectories originating in the HSC resulted in high Standards. Rapid ozone flformation processes are asso-
HCHO (up to 31.5ppbv). Based on the best muItiparamet-Ciated with releases of highly reactive volatile organic com-
ric linear regression model fit, the HCHO levels at the MT Pounds (HRVOCs) from industrial facilities predominantly
site can be accounted for as follows: 388.3% from pri-  located in Houston's Ship Channel (HSC), which comprises
mary vehicular emissions (using CO as an index of vehicu-large agglomerations of petrochemical industries (Kleinman
lar emission), 24.£17.7% formed photochemically (using €t al., 2002; Daum et al., 2003, 2004; Ryerson et al., 2003;
peroxyacetic nitric anhydride (PAN) as an index of photo- Berkowitz et al., 2005); the impact of non methane hydrocar-
chemical activity) and 8:211.2% from industrial emissions bons on downwind non-industrialized areas has been exten-
(using SQ as an index of industrial emissions). The bal- Sively studied (Leuchner and Rappeintk, 2010). Among
ance 28.5:12.7% constituted the residual which cannot be HRVOCs compounds that serve as radical sources are of par-
easily ascribed to the above categories and/or which is trandicular concern. Formaldehyde (HCHO) is considered to be
ported into the HGA. The CO related HCHO fraction is dom- an important radical precursor through photolytic formation
inant during the morning rush hour (06:00-09:00 h, all timesOf HCO- and H that then variously lead to HOand-OH
are given in CDT); on a carbon basis, HCHO emissions ardadicals.
up to 0.7% of the CO emissions. The S&lated HCHO While HCHO may be emitted primarily from incomplete
combustion in either mobile or stationary sources (Zwei-
dinger et al., 1988; Altshuller, 1993; Chen et al., 2004; Das-

Correspondence tdB. Rappengick gupta et al., 2005), it can also be formed from ozonolysis
BY (brappenglueck@uh.edu) of terminal olefins, a pathway that does not consume OH.
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Fig. 1. HCHO measurement sites: MT (1), HRM3 (2), and LF site (3). The highlighted area indicates the HSC area. Sectors (I) and (Il)
at the MT designate wind directions which either point to “urban” (wind direction betweet-380°) or “HSC” (wind direction between
22.5-112.%) source areas (corresponding discussion see text).

Relatively stable at night, HCHO rapidly photolyzes after nating from traffic emissions showed strong diurnal variation
sunrise and serves as an important source for early morningRappendgick et al., 2005; Garcia et al., 2006) with morning
radicals. rush hour maxima (up to 100%) and midday minima (down
Some of the highest HCHO levels in North America have to 20%) as insolation intensity reached a maximum.
been reported for the HGA, in particular the HSC area, rang- The importance of assessing potential primary HCHO has
ing from ~35 to 52 ppbv (Dasgupta et al., 2005; Eom et recently been underscored by Olaguer et al. (2009). Olaguer
al., 2008). Airborne HCHO measurements in HGA like- et al. reported a sensitivity study which assumed that 1% of
wise exceeded 30 ppbv on some occasions; terminal olefinthe flow from 13 flares in the HSC area was HCHO that sur-
were identified as the most important precursors (Wert etvived the combustion process. According to the results of
al., 2003). Interestingly, highest HCHO mixing ratios were this study peak ozone would increase about 30 ppbv at some
detected aloft, approximately between 300-1100m. In thesurface monitoring sites.
HSC, HCHO events, e.g. short-term increases of HCHO mix- In August-September 2006, we made continuous mea-
ing ratios up to 15 ppbv during nighttime, have been reportedsurements of HCHO and other gases on the University of
to coincide with S@ and HO, excursions, suggesting that Houston (UH) Moody Tower (MT). With the help of two
HRVOCs may be co-emitted with S@rom specific sources ~ other continuous HCHO measurement sites in the HSC area,
and lead to rapid production of peroxy radicals (Dasgupta ewe decipher and discuss the potential HCHO sources in the
al., 2005). The same study also reported nighttime excurHGA.
sions of HCHO, possibly from flare combustion (the events
were accompanied by NO peaks): primary HCHO is thus2 Meéthods
likely present in at least some industrial emissions. The MT site (lat./long. 29.717638-95.341250, 4km
Several previous studies in various urban areas (Andersosoutheast of downtown Houston (see Fig. 1) is 60 ma.g.l.
et al., 1996; Possanzini et al., 1996; Friedfeld et al., 2002;jn the 2.2kn¥ UH campus: all other campus buildings are
Possanzini et al., 2002; Rappeinck et al., 2005; Garcia et substantially lower in height. Meteorological as well as air
al., 2006) estimated contributions of primary emissions tochemistry data were collected from a 12-m high sampling
the observed HCHO; up to 37% was estimated for the HGAtower installed on the top of MT from 18 August 2006—
(Friedfeld et al., 2002). The primary HCHO fraction origi- 15 October 2006. The site is sufficiently removed from
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Table 1. Statistical data for HCHO measurements at the MT, 4 MT
HRM3, and LF site based on 10-min data. 6 —
MT HRM3 LF 4 —
# Measurements 5344 5239 6207 ]
Maximum [ppbv] 32.54 31.53 52.44 2 —
Mean [ppbv] 341 4.39 7.10 —T——TrT 7T
Median [ppbv] 2.88 3.55 6.62 -
HRM3

the impact of local surface emissions and is well-suited for
assessing photochemical processing in the HGA boundarys
layer. Formaldehyde was measured using the fluorometrics , _|
Hantzsch reaction (FHR, model AL402Www.aerolaser. % —T T T T T
com). Other custom instrumentation based on the same 0:00 4:00 8:00  12:00 16:00 20:00  0:00
FHR chemistry (Eom et al., 2008) were deployed at US En- _
vironmental Protection Agency (USEPA) site nhumber 48-
201-0803, Houston, TX (HRM-3, lat/long.: 29.7652#8
95.18111%) and at USEPA site number 48-201-1015, Bay-
town, TX (LF, Lynchburg Ferry, lat/long.: 29.7644%4 8
95.077778), both near the HSC (Fig. 1). These sites pro- q
vided HCHO data from 22 Aug 2006—14 October 2006. 4 —
FHR based HCHO measurement instrumentation have :
been extensively field-used and validated (Gilpin et al., 1997;
Cardenas et al., 2000; Klemp et al., 2003; Hak et al., 2005;
Apel et al., 2008; Wisthaler et al., 2008). The limit of de- Fig. 2. Composite diurnal variation of hourly data of the median
tection for the three HCHO instruments ranged from 50— (solid Iin(_e) gnd mean (circles, With_the error bars s_panning 1 stan-
120 pptv (three times signal-to-noise ratio); the estimated lm_dard deviation) of formaldehyfje mixing rfatlos obtglneq at the MT,
certainty was~10%. Absolute calibration was performed HRM3, and LF sites. Note different ordinate scaling in the three
with aqueous standards monthly or with solution change; arPanelS'
on-board permeation source was used for daily calibration;
instruments were also zeroed daily. Data for HRVOC's were
obtained by using automated gas chromatography — flam
ionization detection (Leuchner and Rappérud, 2010). At

maldehyde, ppbv
£ (2]
| |

LF
12 —

T T T
Time, CDT

2-3 ppbv higher than others. In contrast to the HSC sites,
BICHO levels at MT show a peak in the median values dur-
. . ) ing the morning hours (06:00—10:00 h) likely indicating rush

the MT site, CO, S@, and oxides of nitrogen (NO, NO hour impact. Figure 3 displays the MT HCHO data sepa-

NOy, NOy) were also determined using methods outlined N ~ted into “urban” and “HSC” wind sectors (see Fig. 1). The

L_uke et al. (2007, 2010). PAN was measured using a mOOII'two peaks in the MT(urban) data, morning rush hour and the
fied Metcon gas chromatograph coupled to an electron ca

ture detector, GO/ECD). At all sites. basi f loai Ir'nid—af’[ernoon, are of similar magnitude. The MT(HSC) con-
ure detector, )- At all sites, basic meteorological centrations are up to three times higher and approach the LF
measurements were made.

levels. The MT(urban) and MT(HSC) levels are similar only
briefly around 16:00 h, usually coinciding with the diurnal
maximum height of the boundary layer during this field cam-
paign (Rappengjick et al., 2008) and thus with the peak at-
mospheric mixing period. The MT(HSC) diurnal maximum
occurs between the two MT(urban) HCHO peaks. The stan-
The high, mean (median) concentrations at the MT, HRM3dard deviation (Fig. 2) is an indicator of short term HCHO
and LF sites respectively were 32.5, 3.4 (2.9); 31.5, 4.4 (3.6)events; this is highest for LF. For all sites, the highest stan-
and 52.4, 7.1 (6.6) ppbv. A statistical summary is given indard deviation occurs during 10:00-13:00 h; this is the same
Table 1. The LF site typically exhibited the highest mixing period when HCHO levels generally peak at all the sites
ratios. The mean, median and standard deviation of diurna(Figs. 2 and 3). During the morning rush hour at MT, it is
variations of HCHO are shown in Fig. 2. The mixing ratios notable that the absolute standard deviation is low despite
at HRM3 and LF are higher than those at MT, especially dur-high HCHO levels, reflecting traffic emissions that are repro-
ing daytime periods; also, the mean LF HCHO levels wereducible on a day to day basis.

3 Results and discussion

3.1 General observations

www.atmos-chem-phys.net/10/2413/2010/ Atmos. Chem. Phys., 10, 242832010
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For HRM3 higher nighttime median values are mainly as-
sociated with three sectors: NNE-NE (3.5—4.1 ppbv), ESE-
SE (3.4-3.6 ppbv), and SW~&.6 ppbv). Maximum values
also show some distinct dependencies on wind direction. It
should be noted that nighttime maximum values can reach
about 17 ppbv at the LF site and between 10-15 ppbv at the
other sites. These findings suggest some relation to small
scale plume events. The observed nighttime HCHO may be
primary or originates from ozone-olefin reactions.

Formaldehyde, ppbv

-~ MT ('HSC")
— MT ('Urban’) ) . .
0 R ‘ 3.2 Possible contributions to ambient HCHO levels

0:00 4:00 8:00 12:00 16:00 20:00 0:00
Time, CDT In the natural atmosphere secondary formation from oxida-

tion of methane and isoprene largely controls the background
Fig. 3. Composite diurnal variations of formaldehyde at the Moody CO concentration. Hudman et al. (2008) found that CO from
Tower for the “Urban” and the “Houston Ship Channel” sector. Des- biogenic sources exceeds the contributions originating from
ignations “Urban” and “HSC" are defined as shown in Fig. 1. Only anthropogenic sources during summer times over the east-
cases with wind speeds0.5 m/s were considered. Median values ern United States. Primary sources for CO are combustion
are shown. processes. Apart from biomass burning, major combustion
processes are associated with anthropogenic activities con-
centrated in urbanized areas.

In an approach to explore the presence of primary HCHO  As shown in aircraft studies by Herndon et al. (2007) the
we Spllt the HCHO data set into daytlme (deﬁnEd as OQOO—HCHO/CO ratio may vary by a magnitude depending on
21:00 h) and nighttime (21:00-09:00 h) values. “Nighttime” gaytime and sampling locations. According to Herndon et
as defined in this case would include some hours of earlyy|, (2007) this may either be due to direct emission sources
daylight in the morning, but this time period was selectedwhich have a different fraction of concomitant CO (or do not
based on a combination of criteria: (1) limited solar radia- have CO at a”) or Secondary production of HCHO during the
tion, (2) limited turbulent and convective atmospheric mix- daytime. The latter has been verified by satellite studies over
ing, (3) likelihood of low boundary layer heights (e.g. Rap- a wide range for the south-eastern part of the United States
penglick et al., 2008; Day et al., 2010), and (4) the pres-(millet et al., 2008).
ence of rush hour emissions. This selection would most gjnce CO is directly being emitted from combustion, CO
likely include time periods with the maximum fraction of has previously been used in urban studies to evaluate the
primary HCHO in ambient HCHO. In fact we carried out the raffic exhaust related HCHO emissions (Anderson et al.,
same study for nighttime periods excluding the timeframelg%; Possanzini et al., 1996: Friedfeld et al., 2002; Rap-
07:00-09:00h, i.e. without major parts of the morning rush penglick et al., 2005; Garcia et al., 2006). Dynanometer
hour and actually found slightly higher HCHO/CO ratios. sydies showed that the emission ratio of HCHO/CO is typ-
We believe that this may be due to some non negligible réMycally 0.001-0.002 ppbv/ppbv for gasoline engine passenger
nants of HCHO which was photochemically produced the cars, but can be 10higher for diesel cars depending on driv-
day before. ing conditions (Schmitz et al., 1999).

Figure 4 displays HCHO daytime and nighttime wind At MT, CO mixing ratios are largely independent of
roses for all sites. Daytime and nighttime median values arevind direction, except that distinct minima (about 50% less
quite similar for each site. This holds for the spatial distri- than the average median values) are always observed with
bution as well as for the absolute amount of HCHO mixing southerly maritime wind (see Fig. 5); traffic emissions there-
ratios. The minima occur at night with southerly wind; this fore contribute the same way for MT(urban) and MT(HSC)
is the same for other primary anthropogenic trace gases sucRind sectors.
as acetylene (not further discussed here). HCHO levels of The HCHO-CO relationships for MT(urban) and
0.5-1ppbv are observed at MT under these conditions, WeT(HSC) are shown in Fig. 6. By far the best HCHO-CO
take this range to be representative of background air massggyrrelation (linear2=0.66) is for nighttime MT(urban) (this
coming from the Gulf of Mexico. includes much of the morning rush hour) with a slope of

Median nighttime values at LF are comparable to those7.1 pptv HCHO/ppbv CO. The next best correlated data,
at daytime {8 ppbv); for W-NW wind, nighttime median the nighttime MT(HSC) data, exhibit a slope of 5.2 pptv
values exceed daytime median values (Fig. 4). At MT, day-HCHO/ppbv CO, with a much poorer linea? of 0.23,
time and nighttime maximum median values are associateéhdicating weak dependencies. MT(urban) daytime data has
with E and NE winds (5—6.5 ppbv); the HSC is ENE of MT. a slope of 6.4 pptv HCHO/ppbv CO, similar to the nighttime

- N W s, OO O N
T T T Y R IO S N R
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Median Values Maximum Values

Fig. 4. Formaldehyde pollution roses for the Moody Tower, HRM3, and the Lynchburg Ferry site based on hourly averages (left column:
median values; right column: maximum values). Nighttimes are defined as 21:00-09:00 h and daytimes as 09:00-21:00 h (see also text).

slope at that location albeit correlation is weaker still

(r2=0.20). MT(HSC) daytime data show little correlation

(r2=0.13). Weaker correlations during the daytime are most
likely due to the importance of daytime photochemistry
leading to varying amounts of HCHO. Based on the MT
nighttime data sets we thus estimate the upper limit for
traffic related primary HCHO emissions to be 0.5-0.7 % of WNW
the CO emissions.

Previous studies have used CO for estimating the primary w
HCHO fraction (Possanzini et al., 1996; Anderson et al.,
1996; Friedfeld et al., 2002; Rappeiigk et al., 2005; Gar- wsw

cia et al., 2006). For estimating secondary HCHO fractions

either ozone (Friedfeld et al., 2002) or glyoxal (CHOCHO)

(Garcia et al., 2006) were used. In our study we apply multi- —Day
ple surrogates for HCHO: (1) CO as a surrogate for vehicu- ~O~Night s
lar source, (2) PAN as an unambiguous photochemical tracer )
and (3) S@ as an indicator for industrial sources. According F'9: 5- €O pollution roses for the MT based on hourly averages.
to the USEPA (2005) the SCemissions by source sector for Night- and daytimes defined as in Fig. 4.

www.atmos-chem-phys.net/10/2413/2010/ Atmos. Chem. Phys., 10, 242832010
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12 — residual HCHO that cannot be accounted for by the above
¢ Day y=6.43(+0.85)x 102 x + 2.83 (£0.22), r* = 0.20

4 Urban @ Night =710 (20.39) X 10°x + 0.66 (£0.11), 1 = 0.66 sources and likely represents a mixture of both secondary
10 - 23 and primary HCHO. It may also include transport from areas
1 outside the HGA. We checked the usefulness of additionally
incorporating ethylene as a marker of flare emissions; how-
ever, this did not significantly improve the fit¥0.81) and

was not further pursued. On the other hand, the correlation

dropped markedly-£=0.64) if the SQ term was omitted.

HCHO, ppbv
o
|

3.3 lllustrative examples for regression model fit

We consider here two separate periods; in both cases the data
0 . , . , . , spans from near background values to a significant excur-
200 400 600 sion. On 14 September 2006 the overnight HCHO back-
ground at MT was<5 ppbv at 02:00 h (Fig. 7a), beginning at
~08:00 h, the HCHO concentration began rising and reached
40 @ Day y=171(20.19) x 102 + 2.14 (40.49), 12 = 0.13 a peak of 32.5ppbv at 11:40. The rise in HCHO is accom-
HSC ® Night y=5.16 (:0.45) x 10°x + 2.88 (+0.17), 2= 0.23 panied by excursions of SQethylene, and PAN. The ini-
tial rise of HCHO is also accompanied by increasing NO,
NO;, and NG values (not shown), while at the same time
there is a slight decrease in CO. While PAN would sug-
gest the presence of secondary HCHO it is intriguing that
the HCHO/PAN ratio is significantly higher in this morning
plume than during the subsequent afternoon (5.4 vs. 2.4).
The NQ/NOy ratio is about 0.95 at the beginning of the
HCHO event; at the time of the HCHO maximum it is still
around 0.75. These values are similar or even exceed the
NO4/NOy values reported in Wert et al. (2003) for locations
' close to HSC plumes indicating freshly emitted N@n the
afternoon the NQINOy values finally drop to values around
(b) 0.4, suggesting higher degree of photochemical processing.
Fig. 6. Relationships of HCHO to CO obtained at the Md) Des- The pre_zdic_tion agregs very We". with the observgd values as
ignation “Urban” is defined the same way as for Fig. 1. Night- and shown in F'gj 7b which 9'50 depicts the contrlbutlons of ea(?h
daytimes defined as in Fig. #b) Designation “HSC" is defined the ~ Of the terms in Eq. (1); it also portrays the diurnal change in
same way as for Fig. 1. Night- and daytimes defined as in Fig. 4. the relative contributions of each of the parameters.
The HCHO excursion on 29 September (Fig. 8a) peaked
even earlier in the morning, between 09:30-10:00 h. A back-
Harris County, which includes Houston and the HSC, wereyard trajectory analysis using the University of Houston
as follows for the year 2005: industrial processes: 45.5% Real-time Interactive Trajectory System (Byun et al., 2004)
fossil fuel combustion: 39.3%, non road equipment: 9.3%,(Fig. 9) shows that the air mass came directly from the HSC
on road vehicles: 2.9%, waste disposal: 2.2%, solvent usejrea to MT. Both S@and PAN (and NO; not shown) show
0.6%, electricity generation: 0.2%, and residential woodpeak values essentially coincident with the HCHO excur-
combustion: <0.1%. PAN is a likely better surrogate for gjon, while CO and gHa, both of which were high prior
photochemical processes than ozone, since (1) backgroung the HCHO peak, begins to decrease as the HCHO peak
concentrations of PAN are negligible and (2) PAN is not a pegins to subside. Similar to the 14 September case, the
priori related to HCHO. Based on the MT data set (it offered NOX/NOy ratio stayed at elevated levels at the time of the
the most complete trace gas data sets among the three sitg3HO peak (about 0.85-0.90). The minimum NRO, ra-
we obtained the following best fit equation (using the leasttios (0.53-0.64) occurred during the afternoon when PAN

HCHO, ppbv
8
|

squares fitting routine in Microsoft Excel SolV& (Das-  |evels showed enhanced values. The fact that CO levels
gupta, 2008), and th8olveraidapproach (de Levie, 2004) apruptly decrease during this time suggests that transport
to calculate 95% uncertainty bounds): from the HSC area may also be impacted by the break-up
[HCHO] = (5.55+0.40) x 10_3[CO]+1.88:|: 0.06[PAN] of the mqrning inversion that may have resulted. in down-
+0.172:-0.008SO,] +0.8570.107, r2=0.80 (1) ward mixing of any S@, HCHO, and PAN present in layers

aloft. Tethersonde data (Day et al., 2010) suggest low noc-
where all concentrations are in ppbv. The intercept representsirnal boundary layers (100-200 ma.g.l.) in the HGA prior

Atmos. Chem. Phys., 10, 2413424 2010 www.atmos-chem-phys.net/10/2413/2010/
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Fig. 7. Case study. 14 September 2006. Fig. 8. Case study. 29 September 2006.

to sunrise on 14 September 2006 which is also confirmed byial Optical Absorption Spectroscopy (DOAS) at the Moody
early morning radiosonde data. The break up of the boundTower for 14 September 2009. They report elevated SO
ary layer occurred gradually until 10:00 h when radiosondemixing ratios along the upper light path (130-300ma.g.l.)
data indicated a boundary layer height of about 400 m a.g.land low values along the lower path (2070 ma.g.l.) before
The next radiosonde launch at 13:00 h finally indicated an in-break up of the nocturnal boundary layer. After the break up
crease of the boundary layer height to about 1450 m a.g.l. andf the nocturnal boundary layer the picture is reverse: along
continued to increase until 16:00 h, when it reached abouthe upper light path the SQralues decreased rapidly and the
1700 ma.g.l. It is important to note that easterly wind direc- SO, values along the lower path increased drastically, which
tions prevailed up to about 500 m a.g.l. in the morning hours.coincides with the in-situ SPmeasurements at the Moody
This layer slightly increased until the 10:00 h radiosonde Tower. This is most likely due to a vertical exchange process.
launch. Above this layer wind shear was observed and wind&Ve assume that other species which correlate with @®-
veered to southerly and then to westerly directions. It ising this event, e.g. HCHO, have most likely been in the same
likely that thus a shallow layer existed between the boundaryair mass and thus involved in the same transport processes.
height and the height where the wind shear occurred, whicht is possible that this plume of high early morning HCHO
predominantly contained air masses which have passed theay originate from hot plumes that penetrate the nocturnal
HSC area before arriving the Moody Tower area. There haveand early morning boundary layer. Whatever the exact ori-
been indications for stratified Splumes aloft based on gin, the regression model predictions also agree reasonably
early morning ozone sonde launchings (Rappécigkt al.,  well with the observed HCHO levels prior to and during the
2008), others have previously observed simultaneously eleexcursion, albeit the post excursion values in the afternoon
vated SQ and HCHO at HSC (Dasgupta et al., 2005), possi-and continuing into the evening and night are somewhat over-
bly related to refinery flare emissions or emissions from col-predicted by the regression model. Both events have in com-
located facilities. Recently, Olaguer et al. (2009) have pub-mon that the HCHO/PAN ratios were higher by2x during
lished SQ data obtained from measurements using Differen-the HCHO events relative to subsequent afternoon hours.

www.atmos-chem-phys.net/10/2413/2010/ Atmos. Chem. Phys., 10, 242832010
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Fig. 10. HCHO-PAN relationships and the role of $O

Backward trajectories ending at:
© Sertember2s, 10607 3.5 Overall contributions

Fig. 9. Backward trajectory analysis for the event of 29 SeptemberAs shown in the insets of Figs. 7b and 8b, we can evaluate

2006. the fraction of HCHO associated with each surrogate. Con-
sidering all days, the HCHO levels at the MT site can be
3.4 HCHO/PAN ratio and SO, accounted for as follows: 384512.3% from primary vehicu-

lar emissions (using CO as an index; this is slightly higher

We observe that when the HCHO and PAN data for thethan the 37% previously suggested (Friedfeld et al., 2002),
MT(HSC) wind sector are plotted against each other, they24.1+17.7% formed photochemically (using PAN as an in-
fall in three classes that largely depend on the $@ncen-  dex) and 8.9-11.2% from industrial emissions (using $0
tration (Fig. 10). For<20 ppbv SQ (blue and green sym- as an index). The balance 28:52.7% constituted the resid-
bols in Fig. 10), HCHO is always 15 ppbv, more than 90% ual which cannot be easily ascribed to the above categories
of the time it is<10 ppbv (blue symbols in Fig. 10). For and/or which is transported into the HGA. All fractions show
<10ppbv SG, the PAN levels are linearly correlated with distinct diurnal variations that are closely linked to the di-
HCHO (-2=0.51, slope 1.54 ppbv HCHO/ppbv PAN). Simi- urnal variations of emissions, photochemical processes and
lar values are obtained for MT(urban). However, MT(urban) wind patterns (see Figs. 7b and 8b): the primary HCHO is
SO, levels never exceeded 10 ppbv and this aspect will theredominant in the morning rush hour (06:00-09:00 h); the SO
fore not be further discussed. While the data group indicatedelated HCHO fraction, which occurs under wind directions
by the green symbols (SQevels between 10-20 ppbv) in from the HSC, prevails between 09:00-12:00h. In the af-
Fig. 10 is somewhat less correlated, the third group repreternoon HCHO is dominantly of secondary origin. Residual
sented by red dots shows stronger linear Corre|a§i@;pq_86, HCHO shows only limited diurnal variation. On an hourly
slope 4.36 ppbv HCHO/ppbv PAN). This group consists of basis, the range of the fractions are: CO-related HCHO
samples with S@concentrations 20—-60 ppbv with a few con- (8.9-74.8%), PAN-related HCHO (1.7%~-70.8%), Sf@-
taining 60+ ppbv S@. The different slope values are consis- lated HCHO (0.1-67.2%), and residual HCHO (3.5-60.8%).
tent with the observation that HCHO events are accompanied The SQ related HCHO fraction as well as residual HCHO
by significantly higher HCHO/PAN ratios. The possibilities have a strong dependence on wind direction (Fig. 11) and
include: (1) some primary HCHO is associated with,SO thus their diurnal variations are controlled by local wind sys-
emitting sources and (2) VOCs that react to form both HCHOtems, e.g. the land sea breeze system, which favors morn-
and PAN are (a) co-emitted with S@nd/or (b) emitted from ing transport of polluted air masses from the Ship Chan-
sources collocated to S@mission sources. The correlation nel, or synoptic conditions which often provide persistent
between HCHO and PAN is both significant and bimodal; southerly winds and advect unpolluted marine air masses
this suggests at least two different types of VOCs that argRappendlck et al., 2008). The Sffraction displays a
being emitted. For instance, photochemical degradation oflistinct maximum under E-ENE wind, (also SW during
ethylene would lead to the formation of HCHO but not PAN, daytime) and more importantly under E-NNE wind during
whereas propylene would be able to serve as a precursor farighttime, suggesting point sources. Median,Sélated
both HCHO and PAN. HCHO fraction for these wind directions can reach 20-30%
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Fig. 11. Median HCHO fractions and their dependencies on wind direction at the MT site. Night- and daytimes defined as in Fig. 4.

during daytime (average median fraction: 6.2%) and up tonighttime. Though the simultaneous occurrence of PAN may
40% at nighttime (average median fraction: 10.1%). While hint exclusively to secondary production of HCHO, the pos-

the absolute median value of HCHO is low (1.2—2.0 ppb), thesibility that other processes may be co-occurring cannot be
fractional contribution of residual HCHO is maximal (be- excluded.

tween~47-50%) when marine winds come in, suggesting At the MT site, after the breakdown of the morning

background air masses. inversion, there are frequently excursions of HCHO, together
with those of SQ and PAN; the S@related HCHO fraction
3.6 Dependence on wind direction observed at MT is distinctively linked to trajectories passing

the highly industrialized HSC area. Apart from traffic-related

Figures 12a and b d|sp|ay Contributions to ambient HCHOpnmary Vehicular HCHO emiSSionS, industl’ia| releases Of
mixing ratios and their dependence on wind direction. InHCHO may be non-negligible in the HGA and may serve
addition, median mixing ratios of selected olefins are in-as an appreciable source for OH in the early morning.
cluded. Background HCHO contributions range from 500—

1ppbv and show the least directional dependence. Under

“urban” and HSC wind directions, the secondary HCHO 4 Conclusions

fraction exceeds the primary HCHO fraction during the day.

At night, the primary HCHO fraction dominates. As can In-situ measurements of formaldehyde performed in Hous-
be seen for the daytime data, the wind roses for ethylendon, Texas, in summer 2006 showed a wide dynamic range.
and propylene largely correlate with the non-CO HCHO At the Moody Tower site close to the downtown area of
fraction, suggesting OH driven photochemistry during day-Houston HCHO was found to correlate with PAN, indicating
time. As mentioned before, the $Qraction plays a dis- photochemical formation, with CO, indicating primary traffic
tinct role under very specific wind directions, predominantly related sources, and with $Qindicating industrial related
coming from the HSC area. While mixing ratios of ethy- impacts. On a carbon basis, HCHO emissions from mobile
lene and propylene seem to better correlate with the PANsources are up to 0.7% of the corresponding CO emissions.
related HCHO fraction than the $SQelated fraction dur- This HCHO fraction is dominant during the morning rush
ing the daytime, they show a closer relationship with thehour (06:00—-09:00 h). The SQelated HCHO fraction oc-
SOy-related fraction during nighttime. In all cases, propy- curs between 09:00-12:00 h. After 12:00 h HCHO is largely
lene correlates better than ethylene with the,$€ated  of secondary origin. HCHO/PAN ratios depend on,3€v-
fraction, displaying a maximum?=0.94 during nighttime.  els. The S@ related HCHO fraction at the Moody Tower
This close relationship either implies co-emission of HCHO site is distinctively linked to trajectories passing the indus-
or HCHO formation through ozonolysis of alkenes during trial Ship Channel area. Apart from traffic-related primary

www.atmos-chem-phys.net/10/2413/2010/ Atmos. Chem. Phys., 10, 242832010
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Fig. 12. Contributions to median ambient HCHO mixing ratios based on surrogate species GOar80DPAN at the MT site during
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