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First, we briefly review the atmospheric chemistry and
previous intercomparison measurements for HCHO, with
special reference to the diffusion scrubber Hantzsch reaction
based fluorescence instrument used in the field studies
reported herein. Then we discuss summertime HCHO levels
in five major U.S. cities measured over 1999-2002,
primarily from ground-based measurements. Land-sea
breeze circulations play a major role in observed
concentrations in coastal cities. Very high HCHO peak
mixing ratios were observed in Houston (>47 ppb) where
the overall median mixing ratio was 3.3 ppb; the corre-
sponding values in Atlanta were ∼>18 and 7.9 ppb,
respectively. The peak and median mixing ratios (9.3 and
2.3 ppb) were the lowest for Tampa, where the land-sea
breeze also played an important role. In several cities,
replicate HCHO measurements were made by direct
spectroscopic instruments; the instruments were located
kilometers from each other and addressed very different
heights (e.g., 106 vs 10 m). Even under these conditions,
there was remarkable qualitative and often quantitative
agreement between the different instruments, when they
were all sampling the same air mass within a short period
of each other. Local chemistry dominates how HCHO is
formed and dissipated. The high concentrations in Houston
resulted from emissions near the ship channel; the same
formaldehyde plume was measured at two sites and clearly
ranged over tens of kilometers. Local micrometeorology
is another factor. HCHO patterns measured at a high-rise
site in downtown Nashville were very much in synchrony
with other ground sites 12 km away until July 4 celebrations
whence HCHO concentrations at the downtown site
remained elevated for several days and nights. The formation
and dissipation of HCHO in the different cities are

discussed in terms of other concurrently measured
species and meteorological vectors. The vertical profiles
of HCHO in and around Tampa under several different
atmospheric conditions are presented. The extensive data
set represented in this paper underscores that urban
HCHO measurements can now be made easily; the agreement
between disparate instruments (that are independently
calibrated or rely on the absolute absorption cross section)
further indicates that such measurements can be done
reliably and accurately for this very important atmospheric
species. The data set presented here can be used as a
benchmark for future measurements if the use of formaldehyde
precursors such as methanol or methyl tert-butyl ether
(MTBE) as oxygenated fuel additives increases in the future.

1. Introduction

Formaldehyde is the most abundant tropospheric carbonyl
compound and plays a pivotal role in atmospheric chemistry.
Among primary natural sources of HCHO, animal excretion
makes the biggest contribution (1), but overall this contribu-
tion is insignificant. There are also diverse anthropogenic
primary sources, ranging from production of petrochemicals
to processing of coal, manufacturing of plastics, paints, and
varnishes, and sewage treatment to coffee roasting (1-2).
Biomass burning, both natural (e.g., forest fires) and deliber-
ate incineration, emit HCHO (1-6). The incomplete com-
bustion of fossil fuels results in HCHO: it is present at high
levels in auto exhaust (7-8). Ironically, “clean fuels” such as
natural gas produce particularly significant levels (9-10). In
large-bore gas turbine engine exhaust, the ratio of HCHO to
total hydrocarbons in the exhaust is ∼1-2.5% (11). Exhaust
from internal combustion engines powered by sludge digester
gas contains 50-200 ppm HCHO (12). Formaldehyde gen-
eration can become an issue with other clean power
generation technologies of the future. Methanol-based fuel
cells, which many regard as ultimately more practical than
hydrogen fuel cells, can produce substantial amounts of
HCHO (13-14).

In urban areas, primary emissions from automotive
exhaust can be a major contributor to observed HCHO. In
downtown Denver in the summer, HCHO levels peak before
noon, suggesting the dominance of automotive sources (7).
In Denver, Anderson et al. also noted an increase in HCHO
levels as greater oxygenate content in fuel was implemented
(7). Using more widely distributed sampling sites (six
locations within beltway I-270), Mukund et al. (15) found
primary automotive emissions to account for 17% of the
observed HCHO in Columbus, OH (1989 population ∼1
million) even before oxygenates were used in fuel. However,
primary emission sources globally account for a small fraction
of the atmospheric HCHO. In North America, primary
emissions account for ∼<5% of the observed HCHO. The
rest is produced by atmospheric photochemical oxidation of
hydrocarbons (16). Almost all volatile organic compounds
(VOCs) form some carbonyl compounds upon photooxida-
tion to a degree (1): the HCHO formation potential of several
VOCs was quantitatively evaluated in the 1995 Nashville study
(17). During the growing season, isoprene from vegetation
is the dominant HCHO precursor (18). Satellite observations
of North America during the global ozone monitoring
experiment provided images of HCHO columns; for the
southeastern United States in the summertime this can be
regarded as a de facto isoprene emission map.
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In the background atmosphere, methane is the primary
precursor of HCHO (19); CH4 is converted to •CH3 upon
H-abstraction by •OH and thence to CH3OO• by reaction with
O2. The CH3OO• can be converted to HCHO in one of three
pathways, involving (a) CH3OOH, (b) CH3O•, and (c) CH3OH,
and thence •CH2OH (see Frost et al. (20)). Formaldehyde is
lost in a number of pathways. It is oxidized by •OH to •CHO
or photolyzed to H2 and CO (λ < 365 nm) or to H• and •CHO
(λ< 337 nm). Both H• and •CHO produce HO2

• upon reaction
with O2 and thus HCHO acts as an important radical source.
The recombination of two HO2

• moieties to form H2O2 which
can itself be photolyzed to form radicals then provides a
further radical reservoir. The loss of HCHO can thus result
in the formation of H2O2. When HCHO dissolves in atmo-
spheric water, aqueous phase oxidation by various oxidants,
notably HO2

•, converts HCHO to formic acid, widely found
in ambient air and rain (21). Formaldehyde in atmospheric
water in SO2-rich environments also forms a reservoir for
both HCHO and S(IV) in the form of hydroxymethanesulfonic
acid, a unique constituent of fogwater (22-24). The lifetime
of HCHO in the sunlit troposphere is limited to 2-4 h and
elevated HCHO concentrations provide a good indicator of
recent oxidation of volatile organic compounds (VOCs) (25).

In brief, HCHO is a key indicator of atmospheric pho-
tochemical activity. Although some early data for 10-day long
periods have been reported (26), continuous measurement
methods for HCHO of sufficient sensitivity have largely
matured during the last 5 years when reasonable agreement
between different instrumental techniques has been repeat-
edly established. Consequently, some measure of reliability
is now assured. With rare exceptions (27), sustained mea-
surements of HCHO over several week-long periods in major
urban areas have not been reported, especially in the United
States. We report here continuous ground-based HCHO
measurements in 5 major U.S. cities (and vignettes of aircraft
data from one location) over sustained, several-week-long
periods, primarily obtained with a Nafion membrane dif-
fusion scrubber (NMDS) instrument utilizing fluorometric
Hantzsch cyclization chemistry in conjunction with relevant
atmospheric chemistry and meteorology data. In several
locations, direct spectroscopic HCHO measurements were
available and are reported.

Formaldehyde Measurement Methods and Intercom-
parison Studies. Many HCHO measurement methods have
been reported; more recent developments have been ad-
dressed in a recent review (28). Methods that are capable of
short time resolution and which have actually been used to
a significant extent in ambient air studies include gas-phase
spectroscopic techniques, notably tunable diode laser ab-
sorption spectroscopy (TDLAS (25-33)) and differential
optical absorption spectroscopy (DOAS (34-36)). TDLAS in
particular has also been used in very-low-level background
air measurements. Proton transfer reaction mass spectrom-
etry (PTRMS) can also be used to measure HCHO simulta-
neously with many other species with fast time resolution,
although the limit of detection for formaldehyde at 1-2 ppb
is considerably poorer than that of most other compounds
measured by PTRMS (37). Other approaches involve col-
lection with derivatization, e.g., scrubbing in a glass coil and
continuously (a) performing enzyme-based fluorescence
detection (EFD) by formaldehyde dehydrogenase mediated
reduction of nictotinamide adenine dinucleotide (NAD) to
fluorescent NADH (5, 38-39), or (b) derivatizing with
dinitrophenylhydrazine and storing 3-5-min aliquots for
subsequent analysis by high-performance liquid chroma-
tography (Coil-DNPH-HPLC) (17, 20, 40), or (c) performing
the Hantzsch reaction with ammonium acetate and a
â-diketone (typically acetylacetone) and detecting the result-
ing fluorescent product (Coil-Hantzsch) (41). This last
technique has become available as a commercial instrument

(Aero-Laser GmbH) (42). A variant of (b) above using a porous
membrane diffusion scrubber (PMDS) as a collector and
coupled periodic HPLC analysis has also been used (43). The
first automated fluorometric approach, based on the Hantz-
sch reaction, involved a PMDS collector (44); this is the
approach we have refined and extensively used over the years
with a Nafion membrane DS collector (Nafion DS-Hantzsch,
NDSH) (28). This technique has also become available as a
commercial instrument (Alpha-Omega Power Technologies)
(45).

The first significant intercomparison of HCHO instru-
mentation took place in 1986 and involved TDLAS, EFD, and
PMDS-Hantzsch methods along with cartridge and impinger
collection based DNPH-HPLC (46). None of the methods
showed obvious interferences from O3, NO2, SO2, or H2O2.
However, even in zero air the methods agreed overall with
each other to only within ∼30%. A few months later the same
instruments were tested for 11 days along with an open path
Fourier transform infrared (FTIR) spectrometer (25-m base
path, 1.15-km total path length) and an 800-m base path
DOAS in Los Angeles (26). The PMDS-Hantzsch instrument
produced results essentially identical to the mean of the direct
spectroscopic instruments for the first few days but the
observed results slowly became lower thereafter compared
to the direct spectroscopic mean. Overall the EFD and
PMDS-Hantzsch instruments produced values that were
∼25% higher and lower than the spectroscopic mean values,
respectively. Later studies revealed that the early PMDS
collectors (with nanometer-size pores) were particularly
susceptible to fouling by deposited fine particles, leading to
gradual loss of collection efficiency. Nevertheless, in Sep-
tember 1993, the same PMDS-Hantzsch method was
deployed in the tropical savannah in Venezuela and com-
pared against a DNPH-coated silica gel method with sub-
sequent HPLC analysis (47). Over a range of 0.2-2 ppb, the
two methods were reasonably correlated (linear r2 0.80) with
a slope statistically indistinguishable from unity (1.02(0.03).
During the1993 •OH photochemistry experiment (36), a 20.6-
km-path DOAS was compared with a TDLAS over a 6-week
period. The DOAS results were on the average 15% greater
than those of the TDLAS, due to its proximity to anthropo-
genic sources. During periods of strong westerly flow where
anthropogenic and meteorological influences were mini-
mized, both techniques were in agreement to within 5% (36).
In 1996, Mücke et al. (39) reported an intercomparison of a
27-m-path TDLAS with an EFD system. For 0-8 ppb
calibration gas, the agreement was excellent (r2 ) 0.9997,
slope 1.02(0.02), but with a simulated real sample consisting
of a mixture of outdoor and indoor air (0-15 ppb), it was
more modest (r2 ) 0.9180). The HCHO data from the TDLAS
and the Coil-DNPH-HPLC system on 8 aircraft flights from
the 1997 North Atlantic regional experiment were compared
(40); the two instruments agreed to within (0.1 ppbv.
However, differences larger than the combined 2σ total
uncertainty estimate were observed 29% of the time.

Cardenas et al. (41) have compared a TDLAS, two DOAS
instruments, and an acetylacetone (2,4-pentanedione,PD)-
based coil-Hantzsch instrument at a clean maritime site
(HCHO < 1 ppbv). The best agreement was between the
DOAS and the coil-Hantzsch instrument. The two DOAS
instruments and the Coil-Hantzsch instrument were then
compared on the north coast of England (HCHO up to 4
ppb); again, very good agreement was observed. The TDLAS
and the Coil-Hantzsch instrument were compared in a
mobile lab with varying degrees of indoor/outdoor mixing
ratios: the correlation coefficient was 0.99.

Beginning in 1991, as the particle deposition and mem-
brane blockage problem was better understood, the PMDS
design was abandoned in favor of a hydrophilic Nafion
membrane which had no physical pores to be blocked and
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where the acidic hydrophilic nature of the membrane
permitted better collection efficiency. Further, a straight,
rather than a right-angled, geometry of the sample inlet/
outlet greatly decreased particle deposition in the DS (48).
Other than the inclusion of a thermostated enclosure, this
design continues to date. PD had been used in the Hantzsch
reaction chemistry throughout. In 1994, this was replaced
with 1,3-cyclohexanedione (CHD) producing an order of
magnitude improvement in sensitivity and limits of detection
(LOD) (49). It is in this form that the NDSH instrument was
deployed in the 1995 summer intercomparison in Boulder,
CO hosted by the National Center for Atmospheric Research
(NCAR) alongside TDLAS, EFD, Coil-DNPH-HPLC, and two
other cartridge-based DNPH-HPLC methods using blind
standards, zero and interferent gases/gas mixtures, and
ambient air (50). None of the continuous methods showed
any interference from O3, SO2, NO2, or isoprene. Using linear
regression results from a blind standards comparison (with
the TDLAS as reference) to normalize all ambient results, the
respective slopes relative to the TDLAS were 0.82(0.08,
1.04(0.14, and 1.00(0.11 for EFD, DNPH-HPLC, and NDSH,
respectively (50, 51).

The emergence of liquid core waveguide (LCW)-based
fluorescence detection in 1999 greatly simplified the fluo-
rescence detector design and permitted the use of near-UV
light-emitting diodes (LEDs) for fluorescence detection in
the CHD-based Hantzsch chemistry (52). A compact instru-
ment of this type (53) was used in the 1999 Nashville and
Atlanta studies reported here.

Researchers interested in exploiting the much greater
sensitivity of the CHD-based Hantzsch reaction chemistry
(compared to PD-chemistry) for HCHO measurements in
relatively pristine polar samples noticed, however, a small
positive interference from H2O2 (54-56). The error would be
negligible in urban areas where the HCHO/H2O2 ratio is high.
However, in the polar regions, HCHO(g) mixing ratios are
very low (100-700 pptv) (57-58), while H2O2(g) mixing ratios
have been reported to range from quite low (e400 pptv) to
significant summertime levels (0.5-3 ppb). Because of the
vastly larger Henry’s law constant for H2O2, the corresponding
concentrations in snowmelt typically range from 3 to 30 µM
H2O2 and 20-140 nM HCHO (55-57). In such samples, the
worst case H2O2 interference can be significant, up to 40%.

To attain general applicability, the chemistry was once again
switched to PD from CHD, and almost the same sensitivity
and LOD as that of the CHD system were attained by better
detector design and brighter, multiple LED sources for
fluorescence excitation. The PD-based chemistry was verified
to have no interference from H2O2 and this is the format (28)
in which the instrument was used in Houston (2000),
Philadelphia (2001), and Tampa (2002). The instrument
deployed on the aircraft in Tampa was redesigned in a rack-
mount configuration with reduced weight and power con-
sumption (28): in particular, it incorporated an energy-
efficient self-regulating wire-in-tube heater to heat the
reaction mixture (59).

Experimental Section

Site Description, Experiment Duration, and Sampling
Details. Summary information about each of the study
locations, duration, and percent coverage, and a skeleton
summary of the NDSH instrument data are presented in
Table 1. In all ground-based measurements, the NDSH
instruments were operated on a 3-min sample, 7-min zero
cycle, thus producing one measurement and a zero every 10
min. Further site details are given below.

Nashville. The NDSH instrument was located on the
penthouse of the Polk Building in downtown Nashville during
the Nashville supersite experiment. The sampling inlet was
106 m above ground level. The sample was drawn through
a 2.5-cm diameter PFA Teflon manifold from the roof area
of the building and resulted in a residence time of a few
seconds. The NDSH instrument sampled at its specified flow
rate (∼1 L/min) from this manifold off a tee. The instrument
was calibrated daily using zero air dilution of a calibration
gas from a certified standard gas cylinder containing 5 ppmv
of HCHO in N2. Cross validation of this standard by the NCAR
TDLAS instrument calibrated using a NCAR HCHO perme-
ation tube standard indicated agreement within 3%. The
NCAR TDLAS was located at Cornelia Fort Airpark (CFA), 12
km NE of the Polk Building. The DOAS instrument operated
by the University of California at Los Angeles (UCLA) group
was also located at CFA. Nashville site descriptions and DOAS
details (the beam path was from Cornelia Fort to the Gaylord
Building, 1.36 km away) are available elsewhere (60, 61). The

TABLE 1. Summary Statistics for Ground-Based HCHO Data with NDSH Instrument

HCHO, ppb

study period locationa

no. valid ambient
measurements
(% coverage)

total
rainfall,

mm max min mean median

06/26/99 to 07/07/99 36.12°N 86.68°W 1469 (91.9%) 52.1 12.67 1.43 5.05 4.78
Nashville, TNb,c

Alt. 180 m
08/03/99 to 08/31/99 33.78°N: 84.41°W 3550 (90.4%) 119.6 18.25 0.42 7.96 7.82

Atlanta, GAd

Alt. 265 m
08/12/00 to 9/25/00 29.765°N 95.18°W 6060 (96.4%) 164.3 47.13 0.15 4.49 3.30

Houston, TXc,e

Alt. 6 m
06/27/01 to 07/31/01 40.04°N 75.005°W 4696 (96.4%) 33.0 9.53 0.33 3.12 2.89

Philadelphia, PAf

Alt. 8 m
04/25/02 to 06/01/02 27.96°N 82.23°W 5194 (97.7%) 27.2 9.38 0.37 2.63 2.32

Sydney, FLg

Alt. 30 m

a Altitude above mean sea level at ground level. b See http://www.al.noaa.gov/WWWHD/Pubdocs/SOS/SOS99.html for a description of the
Nashville study. c All data from the supersite are available from the NOAA ftp site, ftp.al.noaa.gov; contact Eric.J.Williams@noaa.gov. d Site details
are available from http://www-wlc.eas.gatech.edu/supersite/; contact Jim St. John (Stjohn@eas.gatecth.edu) for access to the archived data.e See
http://www.utexas.edu/research/ceer/texaqs/ for the detailed description of the study and the experimental sites. f See http://lidar1.ee.psu.edu/
neopsWeb/publicSite/narsto-neops/neops.htm for site details; contact C. Russell Philbrick (crp3@psu.edu) for access to archived data. g See http://
www.hsc.usf.edu/publichealth/EOH/BRACE/ for the details of the BRACE study; contact Noreen Poor at npoor@hsc.usf.edu.
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NCAR TDLAS has been described in several publications
already cited above.

Atlanta. The NDSH instrument was deployed in the
Atlanta Supersite experimental site located on Jefferson Street
in midtown Atlanta. Adjacent to the site was a bus repair
depot and the site was occasionally impacted by diesel engine
exhaust from this source. There were also frequent occur-
rences of midnight street-racing in the immediate vicinity,
contributing to an unusual nighttime auto exhaust source.
In Atlanta, as well as Houston, a Teflon-coated Al cyclone
(designed for a 2.5-µm cut point at a flow rate of 3 L/min,
URG, Chapel Hill, NC) with a downward pointing inlet ∼2
m above the roof of the shelter (∼6 m above ground) was
used to remove coarse particles. The inlet conduit from the
cyclone to the DS was PFA Teflon (5 mm i.d.). The total flow
rate through the sampling system was 2.7 standard liters per
minute (SLPM): 1.1 SLPM sampled by the present instrument
and 1.6 SLPM sampled by a peroxide measurement instru-
ment. The residence time in the sampling line was ∼2 s. The
sampling line was wrapped with aluminum tape (grounded
to reduce aerosol deposition) to prevent light exposure. The
instrument sensitivity was calibrated daily with aqueous
standards and weekly with gaseous standards. The cyclone
and the entire sample inlet line were washed weekly with
deionized water and dried with compressed nitrogen to
remove any deposited particles. Any calibration shift (always
<15%) was compensated for by linear interpolation of the
calibration data bracketing the sampling interval. The same
calibration and maintenance protocol/frequency were fol-
lowed for all of the ground-based measurements below.

Houston. As part of the Texas Air Quality Study 2000
(TEXAQS2000) experiments, the instrument was deployed
at site HRM-3 (Houston Regional Monitoring Network, EPA
site 48-201-0803) located at 15041/2 Haden Rd. This site is
typically downwind from the heavily industrialized area of
the Houston ship channel (9 km ESE of site) and in the midst
of a petrochemical and a chemical manufacturing complex
where contributions from primary emissions can occasionally
be significant. The HRM-3 site is a permanent location for
meteorological and criteria pollutant measurement instru-
mentation operated by the Texas Commission on Environ-
mental Quality; the data from this site are web-accessible
(62). The UCLA multipath DOAS instrument (25, 63) was
located at La Porte Airport, adjacent to the ship channel, 24
km SE from HRM-3.

Philadelphia. The North East Oxidant and Particle Study
(NEOPS) 2001 site was located on the premises of the City
of Philadelphia’s Baxter water treatment plant in NE Phila-
delphia. The site is ∼13 km NE of the city center and is located
between I-95 and the Delaware river. Both in Philadelphia
and Tampa, the sampling arrangement consisted of a 15-
cm-diameter PVC pipe vertically traversing the shelter and
extending 1 m above the rooftop with a U-joint on top to
prevent precipitation ingress. Underneath the shelter, a
blower fan was attached to the PVC pipe to aspirate air at
1000-1400 L/min, sufficiently fast to minimize wall losses
or contributions from any wall emissions. A PFA Teflon tube,
3 mm i.d., breached the PVC pipe at a convenient height
within the shelter with the end of the Teflon tube located at
the center of the PVC pipe and angled downward. This
arrangement effectively discriminated against large particles;
no cyclone was used. Fluid dynamics calculations using the
duct diameter and the sampling rate indicated that at the
center, the flow stream is unaffected at the tapping point.

Tampa. Formaldehyde measurements were carried out
as part of the Bay Region Atmospheric Chemistry Experiment
(BRACE). The Sydney Supersite was rural, within the premises
of the Valrico wastewater treatment plant, 22.5 km E of
downtown Tampa.

Airborne experiments were conducted in Tampa aboard
the NOAA Twin Otter aircraft on 21 separate flights, generally
taking off from Vandenberg airport, ∼13 km NE of downtown
Tampa. The flights were typically 4-4.5 h in duration. The
instrument was calibrated and zeroed immediately before
and after the flight; calibration shifts generally amounted to
e2%. Although the data aboard the aircraft were acquired
continuously at a rate of 1 Hz, the 10-90% response time of
the instrument was 2 min. A forward-facing inlet system was
used to duct ambient air into the Twin Otter cabin for trace
gas sampling. The inlet system consisted of a 90-cm length
of 0.953-cm PFA Teflon tubing catheterized inside a rein-
forced, forward-facing inlet mounted on the forward-most
window on the starboard side of the aircraft. The inlet tip
terminated 3.4 m behind the nose of the aircraft and
protruded approximately 15 cm above the fuselage surface.
This position was judged to be most free of potential sources
of contamination, and is forward of both the engine exhaust
and the propeller line. The inlet tubing was cleaned periodi-
cally and replaced once during the study to ensure a clean
sampling path. Both the inlet tip and manifold exhaust port
were capped when the aircraft was not in flight. Flights were
conducted in clear air only, thus there was no liquid water
intrusion into the forward-facing inlet. The inlet tubing
terminated in a longer section of 1.27-cm o.d., 2.1-m long
PFA Teflon manifold. At normal cruising speeds of 55 m/s,
the flow rate through the manifold was approximately 54
LPM (residence time ∼0.1 s). Both the HCHO instrument
and a H2O2 instrument (also using a NMDS) sampled off this
manifold via short sections of 0.635-cm o.d. PFA tubing.

Auxiliary Measurements. With the exception of Nashville,
H2O2 was measured at all sites. In Philadelphia and Tampa
organic peroxides (mostly methyl hydroperoxide) were also
measured with a dual-channel DS-fluorescence instrument.
All peroxides were measured with 10-min time resolution
(64). At all sites except Nashville, acid gases and particulate
anionic constituents were measured with 15-min time
resolution with a wet denuder-hydrophobic filter reflux
particle collector system (65, 66). At all sites, measurements
of NO, O3, and CO were made using commercial instruments
according to established Federal reference/equivalent meth-
ods.

For the Tampa aircraft study, SO2 was measured with a
modified commercial instrument. Nitric acid measurements
were recorded as the difference between two O3-chemilu-
minescence NO monitors each equipped with a heated
molybdenum NOy converter, where one of the units con-
tained a NaCl-coated denuder in the inlet to selectively
remove HNO3. Although the inlet losses at the sampling rate
used have been observed to be negligible, the measured value
should be considered the lower limit of the actual HNO3

concentration.

Results and Discussion
Overview. Figure 1 presents an overview of the results, and,
in conjunction with Table 1, summarizes measured HCHO
values in four southern/southeastern cities and one north-
eastern city in the United States. Tampa, Philadelphia, and
Nashville maxima range between just under 10 ppb to just
under 13 ppb, quite comparable to the ∼13 ppb maximum
measured during the recent NITROCAT study in summer
2001 in Rome, Italy (67) (albeit studies in Rome in the 1990s
have reported maximum mixing ratios of 27-28 ppb (68, 69)
and similarly high maxima have been reported for Athens,
Greece in 2000 (70)). With an ∼18 ppb maximum, Atlanta is
significantly higher than the three aforementioned U.S. cities.
Houston, with a maximum mixing ratio >47 ppb measured
at both the HRM-3 and the La Porte sites, falls in a class by
itself (this exceeds the reported maximum of 34 ppb from
Milan in 1998 (27) and is second only to the reported
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maximum of 54 ppb in a high traffic street in Rio de Janeiro
(71); however, the maximum average daily peak concentra-
tion at that site was below those of Nashville, Atlanta, and
Houston). The Houston maximum is, in fact, more than twice
the peak concentrations measured in urban Los Angeles in
the mid-1980s (43). Interestingly, Houston showed both the
maximum and minimum values measured in any of the five
cities; in terms of either mean or median values, Houston
was below Atlanta and Nashville. In assimilating these results,
it should be noted that the sampling sites in Nashville and
Atlanta were in the middle of the city while those in Tampa
and Philadelphia were at a substantial distance from the city
center. The Houston sampling location was distant from the

city center but close to the ship channel where much of the
highly reactive VOC emissions in that city are known to
originate. Further, at the time of the respective studies,
oxygenated additives were mandated requirements in Hous-
ton and Philadelphia in the summertime. The histograms
(Figure 1) and the mean vs median values (mean always
higher than median values) in Table 1 indicate a tailing rather
than a symmetric distribution around the median value.

The total rainfall record during the study periods followed
the order of the listing in Table 1, with the average
precipitation in mm/day during the study period cor-
respondingly being 4.69, 4.38, 3.76, 0.98, and 0.74, with the
month of May 2002 in Tampa being one of the driest on

FIGURE 1. Ground level measurement overview, NDSH instrument: (a) Nashville, (b) Atlanta, (c) Houston, (d) Philadelphia, and (e) Tampa.
The top panels show the mixing ratio data (vertical dashed lines indicate Sundays), the bottom panels show (left) histogram of the 10-min
average data and (right) the diurnal variation with the average as the heavy trace and (1 standard deviation error bars.
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record. The lowest observed mixing ratio in Houston, 150
ppt, was not observed as a result of rainout; indeed the lowest
value recorded on a day of torrential rainfall (48.3 mm,
September 13, 2000) was ∼1 ppb. In Figure 2, UV-B flux,
rainfall, and HCHO concentrations are shown for two rain
events in Atlanta. Both photochemical formation of HCHO
and its photolytic loss processes cease as the UV is extin-
guished. These data clearly indicate that HCHO is washed
out very inefficiently, in contrast to, e.g., HNO3 or H2O2, for
which we see obvious washout patterns (the decrease in
concentration actually begins just before the recorded rainfall,
possibly because of two reasons: (a) the onset of enhanced
vertical mixing, and (b) the presence of atmospheric liquid
water which is not yet sufficient to trip the rain collector).
On August 25, the HCHO mixing ratio begins decreasing
significantly before rainfall begins and shows sporadic
increases during and after the rainfall. Dew, often in heavy
amounts, was a daily occurrence in almost all the sites,
especially in Nashville, Atlanta, and Philadelphia, but HCHO
was not removed to near-zero levels during these periods.

Clear diurnal patterns for HCHO are generally observed
in all the sites. The return to near-background values
overnight before producing a mid-afternoon maximum is
most clearly observed in the Houston and Tampa data. The
overall diurnal variation in the mixing ratio (peak to valley)
is least for Philadelphia. The pattern is also less striking in
Nashville and to some extent Atlanta, where continuous
isoprene production from green vegetation continues to
produce HCHO throughout the day and removal of HCHO
is not efficient in the absence of light overnight. Land-sea
breeze recirculation patterns play a role in the overnight
disappearance of HCHO in Houston (and to a lesser extent
in Tampa). Figure 3 shows illustrative changes in wind
direction at the HRM-3 location in Houston and more random
circulatory patterns in Tampa. More detailed examination
of each city follows.

Nashville. A more detailed description of many aspects
of the 1999 Nashville study is available elsewhere (72). Three
independent instruments measured HCHO during this study.
Note that while the NDSH instrument was located at the top
of the Polk Building (106 m in height) downtown, the other
two instruments were located ∼12 km downwind at the
surface at CFA. The DOAS (x) vs TDLAS (y) data at the CFA
site (slope 1.06 ( 0.04, intercept 0.15 ( 0.13 ppb, n ) 1010)
showed excellent agreement (30). The results for the deploy-
ment period over which all three instruments were operative

are shown in Figure 4a along with ozone data at the two sites
in Figure 4b. The detection limit of the DOAS was relatively
high during these experiments due to the modest beam path,
and the DOAS data below the dynamically computed LOD
(taken as twice the computed error) were not plotted.
Generally, it cannot be expected that over a distance of 12
km three very disparate techniques would produce very
similar HCHO temporal profiles. The prevailing winds were
generally from the southwest, especially at higher wind-
speeds, the mean value of which was relatively low during
the study period. This made the CFA site downwind of the
Polk Building site most of the time, especially during daylight
hours, and contributed to the remarkable agreement between
the three data sets. At nighttime, the CFA sampling location
in the Cumberland River valley often lead to a decoupling
of the air in and above the valley. Noting that the abscissa
markings in Figure 4b correspond to midnight, it will be
observed that while daytime ozone maxima in the two sites
closely correspond to each other, there is often significant
difference in nighttime/early morning hours. At nighttime,
the stability of the atmosphere makes a comparison between
the long-path DOAS and the TDLAS difficult due to insuf-
ficient mixing of the air. Consequently, it will be observed
that for the DOAS data there is much better agreement in the
daytime when the HCHO mixing ratios are also higher and
the estimated errors in the DOAS data are less important
(which spanned (0.23 to (1.64 ppb in the period shown).
The HCHO data from the Polk Building site starts to be
noticeably different beginning on the night of July 3 and
continues through July 6. During this period, while the HCHO
readings coincide during the daytime peaks, the important
difference is that the regular diurnal pattern of the HCHO
levels measured at this site until this point were disrupteds
the morning lows measured at the Cornelia Fort site during
these days were not observed at the Polk site. A local
atmospheric perturbation rather than instrument malfunc-
tion is suggested by the return to agreement on July 7. The
most plausible explanation of this is the Independence Day
associated celebrations (Saturday July 3 through Monday
July 5, constituting a long weekend) and reactive VOCs
produced either from pyrotechnics or from vehicular traffic
at night, remaining trapped in the urban island center and
reacting in the morning. Heavy automobile traffic was
associated with the night of July 4 and was directly viewable
from the top of the Polk Building prior to the fireworks display
and doubtless contributed to primary HCHO emissions. The
fireworks were set off at the river within a short distance
from the Polk Building. The rise in HCHO coincided with the
high level of traffic coming into the area. Regrettably, VOC
data were not available for this weekend; however, it may be
noted that the last 5 canister samples before the weekend
collected at 3, 5, 7, and 10 p.m. on June 27 and at 1 a.m. on
June 28, respectively, measured a total of 54, 172, 85, 94, and
55 ppb C for 164 different compounds, whereas a similar
sample collected at 7 a.m. on July 6 measured 495 ppb C. The
micrometeorology around the Polk Building site can lead to
unusual conditions; it is known that there can be significant
photochemical activity in the immediate vicinity of the site,
especially under stagnant conditions, and unusually high
trace gas concentrations have been measured by others at
this site (60, 73). It is noted in Figure 4b that ozone levels on
July 5 and 6 were the highest during the study period,
substantially higher than the corresponding Monday/
Tuesday values the previous week. It would appear that the
trapping of emissions in an urban canyon can affect the
observed chemistry in a given area for several days.

Atlanta. An overview of the 1999 Atlanta Supersite Study
is available elsewhere (74). The measurement of HCHO and
many other trace gases at this site was occasionally impacted
by primary emission sources very close to the sampling site.

FIGURE 2. UV-B flux (violet) and rainfall intensity (blue) on two
occasions in Atlanta along with HCHO concentration (red dots).
These data suggest poor washout efficiency for HCHO in contrast
to H2O2 (green) or HNO3 (brown).
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Figure 5 shows the data for a number of trace gases for a 48-h
period beginning at midnight August 12 . At this site, HCHO
typically reached the peak concentration by 11 a.m.-noon,
the 18 ppb peak observed on August 12 was the highest during
this study but comparable concentrations were observed at
other times. That this is at least partly due to atmospheric
oxidation reactions is strongly suggested by the accompany-
ing HNO3 peak. See also similar behavior on August 13. Peak
ozone mixing ratios on August 12 exceeded 175 ppb. Relative
to HCHO, both O3 and H2O2 reach maximum concentrations
much later in the day. Photolytic removal of HCHO leads to
an earlier maximum. The unusual midnight excursion of NO2

and HCHO (occurring very late on August 12) was observed
several times at this site. This is not accompanied by other
oxidants or •OH reaction products such as HNO3. However,
the large CO peak accompanying this event strongly suggests
an automotive source and indeed on this stagnant night
(average windspeed from 10 p.m. to 2 a.m. was <1 m/s)
there was a street racing event in the immediate vicinity of
the site. Methanol and nitromethane are commonly used as
fuel modifiers to boost power in engines modified for racing.75

We were unable to find exhaust characteristics for ni-
tromethane but it is likely to produce exhaust enriched in
both NO2 and HCHO, whereas methanol is known to produce
large amounts of HCHO.

Houston. The measurements in Houston were carried
out as part of TEXAQS 2000. Peak HCHO concentrations
measured in Houston were much higher than those in other
cities. On 7 out of 35 days of the study period, the daily
HCHO maxima exceeded 25 ppb. HCHO formation during
TEXAQS 2000 was previously examined from an airborne
platform (25). Highest concentrations were observed at low
altitudes, indicating surface precursors for HCHO; the
maximum HCHO mixing ratio measured was 32 ppb at ∼600
m. The highest levels of HCHO precursors and VOC reactivity
were measured in plumes from petrochemical facilities that
were concentrated around the Houston ship channel. Both
HCHO and O3 production was greatly enhanced in these
plumes relative to power plant or mobile source emission
plumes. Excellent linear correlations of NOy and O3 were
observed in these plumes. The observed production of high

levels of HCHO (>30 ppb) and O3 (200 ppb) was accurately
modeled using •OH-initiated chemistry with just ethene and
propene, the inferred emissions being far greater than
inventory reports (25).

Our ground-based observations were in remarkable
accord with those of Wert et al. (25). On all days when the
HCHO mixing ratio exceeded 25 ppb, short-term air mass
back trajectories indicated that the air parcel arrived at the
HRM-3 site from the ship channel. Figure 6 shows the wind
rose over the study period with the center of the rose at the
HRM-3 measurement site. The site is impacted by one or the
other portion of the ship channel when the wind direction
ranges from 45° to 145°. The mouth of the channel is in the
130°-135° direction. The La Porte airport is indicated by an
arrow in Figure 6, in the 135° direction, 24 km from HRM-3.
During TEXAQS 2000, the La Porte Airport was the most
heavily instrumented site, with HCHO measurements made
at this site by the UCLA DOAS. Figure 7 shows the La Porte
vs the HRM-3 measurements. The DOAS ME beam path was
475 m long at a height of 2 m; the WT beam path, 1.9 km
long, ranged from a height of 2 m to 44 m. The temporal
patterns at the two sites are qualitatively very similar. Because
the peak concentrations are generally produced with the
prevailing wind direction from the mouth of the channel,
the La Porte site registers the peak levels slightly before HRM-3
most of the time and generally at higher concentrations.
Within the constraints of the atmospheric lifetime of HCHO
on a typical sunny day, and the transport time between the
sites (given the typical windspeed, see Figures 6 and 8) this
agreement is remarkable, and it is tempting to conclude that
the plumes originating from the ship channel may not be as
spatially limited at the ground level as suggested by the aircraft
experiments (25). However, there are both primary sources
of HCHO and reactive VOC sources between La Porte and
HRM-3, and even given the appropriate transport vector,
whatever is observed at La Porte must be modified by direct
emission, photochemical formation, and photolytic loss
processes before the same air mass is observed at HRM-3.
Nevertheless, given the appropriate wind vector, it appears
that these plumes would be perceptible at Aldine, NW of
HRM-3, and likely beyond Beltway 8.

FIGURE 3. Diurnal land-sea breeze circulatory pattern aids the removal of accumulated pollutants. A very systematic pattern of change
of wind direction at the Houston HRM-3 site is shown in panel (a); more often, the overall change in direction occurs in a 24 h period
but not in so regular a fashion, as shown for Tampa in (b). The size magnitude of the arrows indicates the wind speed; the wind direction
is indicated by the direction of the arrow. In both panels the background shows the sampling location (red star) in a 550 km × 550 km
map.
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At HRM-3, a difference frequency generation (DFG)
tunable laser spectrometer (76-77), collocated with the
NDSH instrument, also measured HCHO from August 21 to
25. At levels >5 ppb HCHO, the instruments produced
essentially superimposable response, but at levels e5 ppb,
the noise in the DFG instrument data was generally too great
to permit a meaningful comparison.

The air mass for the highest HCHO concentration
observed at HRM-3 did not pass through La Porte. In addition
to 24 h back trajectories (shown in the top inset), Figure 8

also shows hourly wind directions and windspeed with (1
standard deviation indicated. Given the shortest distance of
the channel from the receptor site (marked with an *), and
the prevailing wind speed, the air mass leading to the peak
HCHO concentration originated at the channel ∼2 h before
it arrived at HRM-3. The map also shows the location of La
Porte and the ship channel. There are no major primary
emission sources of HCHO between the nearest point in the
ship channel and HRM-3. During the entire 3 h preceding
the peak HCHO concentration at 14:30, the wind was from

FIGURE 4. (a) HCHO data from three different instruments in Nashville. The inset shows the wind rose (wind direction is to the center
of the rose, which is the location of the Polk Building) over the study period. The Cornelia Fort location where the TDLAS and the
meteorological station were located is the inside red dot near the circumference. The path between this and the outer red dot constitutes
the DOAS beam path. The top contour of the shaded data are from the NDSH instrument at the Polk Building, the gaps in the data that
appear as white vertical bars indicate instrument calibration/maintenance periods. (b) Ozone mixing ratios at the two different locations
in Nashville. Sundays in both panels are indicated in red.
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due East, the nearest channel location. One further infers
that the emission of the precursor (such as ethene or propene)
which leads to the atmospheric formation of formaldehyde
must have taken place as a pulse rather than as a continuous
release. Otherwise, based on the stability of the windfield
and that of the insolation intensity (not shown) during the
entire period, the resulting HCHO pulse would have been
much longer in duration.

Referring to Figure 6, the other dominant wind directions
were from ∼190° and 55°. The HCHO concentration was
relatively low when the air mass originated from these
directions. Figure 9 shows the HCHO concentration measured
from September 17-19 and the 24-h back trajectories for
September 16-19. On September 16 and 17, the air mass
came from the northeast, originating in northern Louisiana
and coming through the least industrialized parts of Houston.
By Houston standards, the HCHO mixing ratio remained
very low: the maxima during these 2 days was <10 ppb. But
on 9/18, the wind direction changed from NE to SE, and the
air mass came directly through the ship channel, there was
a large increase of HCHO mixing ratio, reaching ∼40 ppb at
∼11:30 a.m. on 9/18. On 9/18, there was also an unusual ∼15
ppb midnight HCHO peak. Analysis of wind direction data
strongly suggests that this unusual peak relates also to wind
direction change. From 6 p.m. 9/17 to 4 a.m. 9/18, the wind
direction rotated through nearly 360°. There is a small nitric
acid excursion during this period but it is generally smaller
in proportion to HCHO (relative to the daytime peaks on
9/18 and 9/19). However, in marked contrast to the situation
with the occurrence of the daytime peaks, ozone was titrated
to a zero concentration by very large NO emissions that
occurred simultaneously with the HCHO peak with maximum
NO concentrations registering just before and after the HCHO
peak. The HNO3 excursion coincides with the second NO
peak. The source of the NO emission is most likely industrial
flaring; it is routine practice in the petrochemical industry
to carry out nocturnal flaring. We surmise that the nocturnal
HCHO peak resulted from simultaneous reactive hydrocar-
bon emissions from the same or a separate source and
reaction with flame-generated radicals or flame-induced
reactions. Note that other emissions of NO, e.g., during the
early morning hours of 9/18 and 9/19, are not accompanied
by HCHO peaks. On 9/18, the air parcel came directly through
the shipping channel; on 9/19, it just skirted the channel. It
is interesting to note that the large daytime HCHO peaks on
9/18 and 9/19 are strongly correlated with ozone and HNO3,
suggesting •OH-driven chemistry. There is also strong cor-
relation of these peaks with SO2 levels suggesting the emission

of the VOCs responsible for HCHO formation is tied to the
observed levels of SO2. Space precludes a detailed analysis
here but we also measured the rate of particulate sulfate
formation. The rate of sulfate and HNO3 production during
the ascending portion of the HCHO excursion on 9/18 is
linearly correlated with the rate of HCHO production (linear
r2 > 0.95). In addition, the measured H2O2 levels (not shown
here) correlate positively with the SO2 emissions, suggesting
a relatively fresh plume and a common source for the SO2

and peroxy radical generation. All of these strongly suggest
•OH-driven chemistry. It is worthwhile noting that ozone
maxima at the HRM-3 site were frequently observed relatively
early in the day, often before noon, as it appears in Figure
9. The ozone maxima in such cases do not coincide with the
maximum in the insolation intensity but are controlled by
the VOC emissions.

Philadelphia. Although peak HCHO levels were modest
compared to some of the other sites, there were 4 episodes
during the 34 day measurement period. In the last 4 days of
June, the daily maxima ranged from 7.5 to 8 ppb, a relatively
high level for this study. Back trajectories indicated that on
3 of the 4 days, the air mass arrived from the downtown area,
13 km SW of the site. The other three episodes happened
during July 9-10, July 16-17, and July 22-25. In all these
episodes, the air parcels arrived from the northeast. Both
Trenton (∼20 miles) and New York City (∼100 miles) are
located in this direction; however, given the atmospheric
lifetime of HCHO, Trenton, or the industrialized corridor
leading to it, is the likely origin.

Figure 10 shows HCHO concentrations along with those
of H2O2, methyl hydroperoxide (MHP), HNO3, O3, NO, and
SO2 for 9 days beginning July 9. The HCHO excursions for
this period began shortly before midnight on 7/9 and started
abating on the morning of 7/10. Aside from its nocturnal
occurrence, there is other evidence that this is a transported
polluted air mass. The H2O2 value is low as can be expected
at nighttime. There is a small excursion in HNO3 that occurs
exactly between the two HCHO peaks; a significant peak in
HNO3 is seen only around 7/10 noon when the major HCHO
excursion is essentially over. The observed HCHO did not,
therefore, originate from local •OH-driven chemistry. Com-
pletely coincident with the major nocturnal HCHO peak,
there are peaks in SO2 and NO. Not shown is an excursion
in particulate sulfate that starts at the same time as the SO2

peak on the morning of 7/10 but does not reach the maximum
(>17 µg m-3) until late in the afternoon as the SO2 is converted
to sulfate. The NO levels are high enough to completely titrate
the ozone. It is possible that the NO excursion is from a more
local emission, as there are even greater NO excursions in
the midnight to early morning hours several times in the
period shown in Figure 10 (and for the rest of the study not
shown in this figure), irrespective of the direction from which
the air mass arrived. One of the more interesting aspects of
the 7/9-7/11 period is the persistent presence of relatively
high mixing ratios of MHP (0.5-1 ppb) not observed at any
other period during the studyswe are unable at this time to
elucidate the chemistry that led to the formation of MHP.
However, we note that during this period and this period
only, MHP and H2O2 concentrations were very poorly
correlated.

From 7/11 to 7/15, the wind came largely from the
southeast and the east. The concentrations of HCHO and
most of the other species shown were modest, other than
the nocturnal NO emissions. The wind direction began to
shift late on 7/15. On 7/16 and 7/17, the wind direction was
persistently from the northeast. As evidenced from the >30
ppb SO2 peak, a plume arrived on the morning of 7/17 (late
in the afternoon of 7/17, particulate sulfate reached ∼31 µg/
m3, the highest value during this study). On the basis of the
close correspondence with the HNO3 formation, the HCHO

FIGURE 5. HCHO, HNO3, CO, O3, NO2, and H2O2 mixing ratios over
a 2-day period in Atlanta. See text for details.
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peak in this case, unlike the episode discussed earlier, would
appear to originate from local •OH-driven chemistry.

Bay Region Atmospheric Chemistry Experiment (BRACE,
2002, Tampa, FL). In Tampa, the daily peaks of HCHO
occurred almost exactly at the same time each day, shortly
before 3 p.m. The ozone concentration peaked almost without
exception at the same time as well. Neither this synchrony
nor this specific timing was observed in such a regular manner
in any of the other cities. The composite diurnal profile of
HCHO over the study period as shown in Figure 1e
underscores an extremely regular pattern observed at this
site. The absolute intensity of the afternoon peak during any
weekday was observed to be dependent primarily on the
wind direction in the early afternoon hourssif the wind was
from the downtown area, the HCHO concentration increased.
For the first ∼3 weeks of the study, through 5/17, there was

no precipitation. The afternoon wind directions ranged from
220(80° (the city center was at 270°), and relative to the
latter period of the study, the HCHO maxima were higher
(see Figure 1e), reaching the study maximum of 9 ppb on
4/30 when the wind was exactly from 270° all afternoon. It
rained consecutively on 5/18 and 5/19. From 5/19 to 5/28,
the wind direction shifted to 80 ( 60° and the diurnal HCHO
maxima remained <4 ppb. During the last 3 days of the
month, the prevailing wind direction changed again to 290
( 30° with an accompanying rise in the HCHO maxima.

The highest HCHO mixing ratio (16 ppb) during the study
was observed on an aircraft flight late in the afternoon of
May 13 while following the urban plume ∼50 km SE of
downtown Tampa at a low altitude (175 m). In general, HCHO
concentration decreased with altitude: this is discussed in
more detail later. The second highest mixing ratio (12.4 ppb)

FIGURE 6. Windrose, Houston, TX, TEXAQS 2000 study period with the wind blowing to the center of the rose where the HRM-3 site is
located. Note that one of the dominant wind vectors comes from the direction of La Porte, the location of the UCLA DOAS.

FIGURE 7. HCHO mixing ratio measured at HRM-3 by the NDSH instrument vs HCHO mixing ratios measured in La Porte by the UCLA DOAS
with two different beam paths. The tic marks correspond to midnight. The ME beam path is 475 m at 2 m height; the WT beam path is
1.9 km at an average height of 23 m. Sundays are marked in red in the abscissa labels.
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was observed on another flight on May 30 just south of St.
Petersburg, also late in the afternoon and at a relatively low
altitude (350 m). We discuss here one of the more typical of
the >20 flights from the BRACE campaign, conducted on
May 8, 2002. On this date, southeasterly flow in the morning
was expected to push the Tampa/St. Petersburg plume over
the Gulf, while the onset of westerly flows in the afternoon
was expected to push the aged air mass ashore north of
Tampa. The flight plan was therefore designed to capture
the effects of land-sea breeze circulation. Refer to Figures
11 and 12 for the following description. The aircraft took off

at 2:25 p.m. and executed a spiral ascent to ∼3 km over the
ground site in Sydney (location 1 in Figures 11 and 12;
hereinafter the locations are noted by the parenthetical
numerals). Note the abrupt decrease in HCHO and O3

concentrations upon leaving the well-mixed boundary layer.
The aircraft then proceeded at this altitude SW to a point just
offshore (2), descended to 60 m (note the increase in HCHO
concentration upon descent), and proceeded over water first
N to (3), then NNW to (4), then NW to a point ∼10 km W of
Bellaire Beach (5), then heading NNE to maintain a course
parallel to the coast line, maintaining approximately the same

FIGURE 8. Map of the measurement location is shown in the background, with the HRM-3 measurement site indicated by the red asterisk.
The top inset shows 24 h back trajectories ending at the receptor site at 14:30 h (at the time the maximum HCHO mixing ratio was observed);
the trajectories at all three heights come directly through the ship channel area. (The trajectories here and in Figure 9 were obtained
by the NOAA HYSPLIT model, courtesy of NOAA). The HCHO mixing ratio is the deep red trace (left ordinate). The evolution of the windfield
is depicted by pairs of arrows that encompass (1 standard deviation in wind direction over that hour and the vertical position indicates
the vector wind speed (right ordinate).

FIGURE 9. Mixing ratios of trace gases, HRM-3, Houston 9/17/00-9/19/00. The 24 h backward trajectories for 9/16/00-9/19/00 are shown
on the top.
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distance from the coast to a point parallel to Chassahowitzka
(6), veering NNW to a point W of the Crystal River power
plant (CRPP, 7), turning E and ascending to 150 m before
landfall (8). At this point, the aircraft encountered the tail
end of the polluted air mass as it was advected eastward.
Note the abrupt rise in O3, condensation nuclei (CN) count,
HCHO, and most strikingly HNO3. There is minor and
scattered increase in SO2 concentration, but also, importantly,
the H2O2 level decreases abruptly. The flight headed NNE to
define the edge of this polluted air mass while hugging the
coastline until land was reached near Cedar Key (9). By this
time, this initial peak in HNO3 has decreased to half the peak
value (in other flights in this series, rapid loss of HNO3 via
reaction with sea salt aerosol was seen, see reference 78);
H2O2 has also recovered about halfway (that aqueous phase
H2O2-S(IV) reactions had little to do with the H2O2 levels is
evident from the persistent presence of SO2 at about the
same level), and ozone has returned also almost to the pre-
excursion level. As the aircraft headed E to proceed inland,
a zone of elevated HCHO was encountered, with HNO3 and
O3 also showing minor peaks accompanied by a small but
discernible depression of H2O2. As the aircraft proceeded
further E for 22 km to (10), halfway through this transit HCHO
began increasing, while HNO3 decreased and O3 remained
stable. Concomitantly, H2O2 showed a small peak as the
HCHO plateau concentration was reached, indicating a
relatively aged polluted air mass where photochemical
processing has largely been completed. At (10), the aircraft
headed S to proceed to a point W of Inglis (11); with the
exception of a minor peak (accompanied by a depression in
H2O2), HCHO mixing ratio remained stable at ∼7.8 ppb. As
the aircraft turned SSW toward (12), it traversed a plume
that would appear to be from a nearby point source (because
of the high concentrations and sharp spatiotemporal defini-

tion), reaching a CN count of 20 000 per cm3, and SO2, NO2,
and NO (not plotted) peak mixing ratios of 140, 32, and 11
ppb, respectively. On the basis of the locale and the back
trajectory of the air mass, this plume was likely from the
CRPP, the largest point source of NOx (39 400 Mtons/yr) and
SO2 (103 500 Mtons/yr) in Florida. Titrated by the NO, the
O3 mixing ratio decreased sharply from 70 to 35 ppb. This
portion of the data is shown with an expanded abscissa scale
in the right panel in Figure 12 for clarity. H2O2 concentration
also decreased; it is likely that the decrease would have been
much more noticeable with a faster instrument response
time. There was likely liquid water in the plume and the
aqueous phase H2O2-S(IV) reaction is at least partly re-
sponsible for the disappearance of H2O2. On the basis of the
observed chemistry, the HNO3 concentration reached a
minimum correspondent to the ozone minimum. But
following this, the levels rose. This HNO3 may have been
formed in the plume itself or it can be an instrument artifact
at the high NOx levels: the converter difference technique
is capable of providing fast response but high background
NOx levels, of course, make it difficult to measure low levels
of HNO3 accurately. As the aircraft proceeded to the S end
of this leg to a point near Homosassa (13), the HCHO
concentration reached a minimum completely coincident
with the local H2O2 maximum. Then HCHO and O3 levels
began to rise again as NO levels returned to pre-plume,
negligible values. The aircraft turned E again for 28 km to
reach (14), at which point O3 recovered to the pre-plume
value and both HCHO and H2O2 reached values slightly higher
than their pre-plume values. As the aircraft turned N again
toward (15), both O3 and HCHO levels rose again but HNO3

values remained stable. The O3 peaked after HCHO and
reached a maximum at (15): this situation likely arose from

FIGURE 10. Trace gas mixing ratios over a 10-day period in
Philadelphia, PA. Sunday is marked in red.

FIGURE 11. Flight path of the NOAA Twin Otter, Wednesday, May
8, 2002, South Florida.
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olefin oxidation chemistry as seen in Houston. An increase
in HNO3 was not observed because NO2 was virtually absent.
While we have no conclusive proof that olefin oxidation is
involved, a total of 11 canister samples were taken at irregular
intervals during this flight. The sample taken several minutes
after this point showed the highest olefin mixing ratio: 4.4
ppb vs an average of 2.3 ppb for the rest of the flight. In any
case, differing wind fields, humidity, and CO levels (not shown
here) on the flight track from 14 to 15 demonstrate that this
is a separate air mass from the CRPP plume. At the end of
this traverse, the aircraft turned upwind W for 9 km toward
(16). At this time, we do not understand the highly coincident
decreases in O3 and HCHO concentrations that occurred as
the aircraft reached (16). The aircraft then turned S toward
Brooksville (17), and shortly afterward encountered a plume
for the second time (quite likely the same plume encountered
between (11) and (12), as the air mass was moving W), though
more dispersed. That this plume is aged relative to the first
encounter is indicated by the lack of NO (∼1 ppb) and the
rapid rise in O3, HNO3, and HCHO accompanying the peaks
in SO2, NO2, and CN, and a pronounced decrease in H2O2.
By the time the aircraft reached (17), it encountered another
modest plume, (4 ppb SO2, 10 ppb NO2, 2 ppb NO) with O3

and HCHO both reaching individual minima while H2O2

remained at a stable low value. As the aircraft headed SSW
to Zephyr Hills (18), HCHO rose to a stable plateau value. All
of the gases except H2O2 reached another set of peak values
as the aircraft traveled S to Sydney (1), where it likely
encountered the Tampa urban plume. HCHO concentrations
decreased monotonically as the aircraft traveled further SSE
to Bradenton and Sarasota (19). At the S end of this track,

the aircraft turned N, ascended to 460 m and then descended
to land at 6:32 p.m.

Vertical Profile of Formaldehyde Around Tampa. A
number of past aircraft-based HCHO measurements have
established that HCHO concentrations decrease monotoni-
cally with altitude (29, 32, 40, 79-81) However, all of these
studies pertain to remote regions, especially over the ocean,
and extend to altitudes up to 12 km. Altitude profiles of
formaldehyde in or around an urban area, extending to low
altitudes, have never been reported, and, as shown below,
provide a more variegated picture than over the remote open
ocean. Because of the proximity of the Gulf of Mexico, Tampa
provides a unique location to measure such profiles both
over land and over the Gulf. The decrease in concentration
with altitude was observed also in the majority of the flights
here, often in a monotonic fashion with a steep slope as
shown in Figure 13a, reaching near-zero levels at the top of
the ascent. Figure 13b shows three ascent and descent profiles
which show that the rate of decrease with altitude can be
steep to modest to near zero. Figure 14 shows the altitude
profiles from experiments from various flights in which the
height of the boundary layer (BL), as determined from on-
flight measurement of meteorological parameters, is also
shown. It should be recognized that the demarcation of the
boundary layer is often diffuse rather than abrupt and
certainly much broader than the width of the vertical lines
in the figure might indicate. Low-altitude HCHO mixing ratios
were not necessarily lower over the ocean: in the data
presented, the highest HCHO mixing ratio at low altitudes
is seen in sample 7 (Figure 14), when the urban plume was
advected over the Gulf. All of the measurements shown were

FIGURE 12. Selected parameters measured during the flight depicted in Figure 11. The flight coordinates (Alt., Lat., Long.; the blue line,
gray short and long dashed lines, respectively) all refer to the left ordinate; only the terminal axis values are shown for latitude and
longitude. All trace gas and condensation nuclei counts refer to the right ordinate. The numeric designations on the top abscissa refer
to numbered locations on the flight track in Figure 11. The right panel shows an expanded view of the brief period covering the plume
traverse.
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made between 2:00 and 3:30 p.m. EST, the window within
which highest HCHO mixing ratios generally occurred in
Tampa, except for 3 and 10, which were carried out just before
noon and just after 7 p.m., respectively. In the latter case, the
aircraft followed the urban plume out over the Gulf as evening
descended. It will be noted that 1, 3, 5, and 6 represent profiles
over the same location: the ground chemistry supersite at
Sydney. Flights 1 and 3 represent very similar meteorological
conditions except earlier and later in the same day; in the
latter case, the HCHO level starts lower and decreases
monotonically through a relatively low BL,while in the former
case the HCHO levels becomes constant around the BL,
before dropping again; this latter pattern is quite commonly

observed, either over land (1, 8) or over the Gulf (4, 7, 10).

Profiles 5 and 6, at the same location on different days, also

have certain similarities, in that at low altitudes HCHO levels

are relatively invariant and drop abruptly approximately just

after or before the top of the BL is reached. Brief disconti-

nuities just as the BL is reached (2, 9), are also observed: in

both of these cases the top of the BL was sharply defined.

Profiles 9 and 10 represent rather unique cases in this data

set where the HCHO mixing ratio increases with altitude until

approximately the top of the BL is reached; the concentration

then drops abruptly. In both cases, NOy profiles followed an

identical pattern, suggesting a buoyant plume origin.

FIGURE 13. (a) Decrease in the mixing ratio of HCHO with altitude is readily observed in the trough and hat patterns during successive
ascent and descent over the Gulf, (b) vertical HCHO profiles over both land and the sea in a series of spiral up/down experiments near
Tampa, FL.

FIGURE 14. Illustrative altitude profiles of HCHO over land (black) and water (blue trace) near Tampa, FL. Points 1, 3, 5, and 6, profiles
over Sydney, FL (ground measurement site) on different days; 2, over Gandy Bridge in Old Tampa bay; 4, over the Gulf, 35 km N of Largo;
7, over the Gulf, 15 km SW of St. Petersburg; 8, 6 km W of St. Petersburg; 9, near shore, 8 km SW of Apollo Beach; and 10, over the Gulf,
50 km W of Osprey. The approximate location of the boundary layer is indicated by double-ended vertical arrows.
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The monitoring results using NDSH instruments to
measure ambient levels of HCHO on a semi-continuous basis
have been shown in five cities. Agreement of this method
with TDLAS and DOAS methods when sampling the same
air masses indicates its viability as an inexpensive compact
alternative. Analysis of HCHO results with concurrently
collected data from other multiple urban locations confirm
contributions from both primary sources such as automobiles
and the photochemical origin of secondary HCHO. Form-
aldehyde is not efficiently washed out by precipitation at
least in the present ground-based studies. Trapping of
precursor emissions in urban canyons can lead to sustained
photochemical production over several days. As with many
other trace pollutants, meteorological circulation patterns
can have a profound influence on the observed concentra-
tions, especially in coastal cities. The decrease of HCHO
mixing ratios with altitude, particularly above the boundary
layer, takes place in urban areas, just as it has been reported
to occur in remote maritime regions. The data set presented
here can be used as a benchmark for future measurements
if the use of formaldehyde precursors such as methanol or
methyl tert-butyl ether as oxygenated fuel additives increase
in the future. For ground-level measurements, a time
resolution of 10 min, as practiced with the current NDSH
instruments, seems to be adequate for the near future.
However, the best time resolution of 2 min attainable with
these instruments is not adequate for measurements from
an aircraft. This response time needs to be improved by an
order of magnitude to be attractive for aircraft use. Never-
theless, convenient, affordable measurement methods make
it easier to generate data with greater spatial and temporal
resolution, which allow better diagnostic testing of air quality
simulation models. The latter then provide the basis for
iterative improvement of the models; these results ultimately
guide regulatory decisions.
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(39) Mücke R.; Scheumann, B.; Slemr, J.; Slemr, F.; Werle, P.
Measurements of formaldehyde by tunable diode laser spec-
troscopy and the enzymatic fluorometric method: An inter-
comparison study. Infrared Phys. Technol. 1996, 37, 29-32.

(40) Fried, A.; Lee, Y.-N.; Frost, G.; Wert, B. P.; Henry, B.; Drummond,
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Ch.; von Kuhlmann, R.; Holzinger, R.; Williams, J.; Lelieveld, J.;
Warneke, C.; de Gouew, J.; Heland, J.; Zierels, H.; Schlager, H.
Formaldehyde over the eastern Mediterranean during MINOS:
Comparison of airborne in-situ measurements with 3-D model
results. Atmos. Chem. Phys. 2003, 3, 851-861.

Received for review October 26, 2004. Revised manuscript
received March 29, 2005. Accepted April 29, 2005.

ES048327D

VOL. 39, NO. 13, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 4783


