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Abstract. In order to improve the current understanding
of the dynamics of ammonia (NH3 ) in a major industrial
and urban area, intensive measurements of atmospheric NH3
were conducted in Houston during two sampling periods
(12 February 2010–1 March 2010 and 5 August 2010–25
September 2010). The measurements were performed with
a 10.4-µm external cavity quantum cascade laser (EC-QCL)based sensor employing conventional photo-acoustic spectroscopy. The mixing ratio of NH3 ranged from 0.1 to 8.7 ppb
with a mean of 2.4 ± 1.2 ppb in winter and ranged from 0.2 to
27.1 ppb with a mean of 3.1 ± 2.9 ppb in summer. The larger
levels in summer probably are due to higher ambient temperature. A notable morning increase and a mid-day decrease
were observed in the diurnal profile of NH3 mixing ratios.
Motor vehicles were found to be major contributors to the
elevated levels during morning rush hours in winter. However, changes in vehicular catalytic converter performance
and other local or regional emission sources from different
wind directions governed the behavior of NH3 during morning rush hours in summer. There was a large amount of variability, particularly in summer, with several episodes of elevated NH3 mixing ratios that could be linked to industrial facilities. A considerable discrepancy in NH3 mixing ratios existed between weekdays and weekends. This study suggests
that NH3 mixing ratios in Houston occasionally exceeded
previous modeling predictions when sporadic and substantial
enhancements occurred, potentially causing profound effects
on particulate matter formation and local air quality.
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Introduction

As the third most abundant nitrogen-containing compound
and predominant gaseous base in the atmosphere, ammonia (NH3 ) plays an important role in atmospheric chemistry.
It has many anthropogenic (e.g. agricultural crops, mineral
fertilizers, and biomass burning) and natural (e.g. animals,
oceans, and vegetation) sources in the environment. For rural
and agricultural areas livestock remains the largest category
in its emission inventory (Clarisse et al., 2009). However, in
urban and more developed areas, industrial and motor vehicle activities contribute to significant increases in local or regional NH3 levels (Fraser and Cass, 1998; Kean and Harley,
2000; Kean et al., 2009; Hsieh and Chen, 2010).
Gaseous NH3 is normally present in the atmosphere at
trace concentration levels ranging from parts per trillion to
parts per billion (ppb). From a perspective of environmental
concern, NH3 is a precursor of particulate matter (PM) because it can lead to the production of ammonium salts (e.g.
(NH4 )2 SO4 , NH4 HSO4 , and NH4 NO3 ) through chemical reactions with sulfuric and nitric acid formed by oxidation of
sulfur dioxide and nitrogen oxides, respectively (Sutton et al.,
2008). Formation of these salts may lead to homogeneous
aerosol nucleation (McMurry et al., 2005). These secondary
inorganic materials typically account for a large portion of
fine particle mass (Malm, et al., 2004). Additionally, recent
studies have shown that excess NH3 can provide sufficient
aerosol alkalinity that gaseous nitrous acid will form particulate nitrite (Song et al., 2009). The resultant PM has significant implications for regional air quality, human health,
atmospheric visibility, cloud formation, radiation budget, climate patterns, and nutrient cycling. Despite this, NH3 is
not regulated under the National Ambient Air Quality Standards by the United States Environmental Protection Agency
(EPA), which poses substantial difficulties and rigorous challenges to its emission reduction. Moreover, governmental air
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quality monitoring network sites often do not regularly measure ambient NH3 concentrations.
Previous NH3 studies conducted near forests or agricultural areas with strong NH3 emission sources such as dairy
operations, animal housing, livestock facilities, and slurry lagoons observed higher than average NH3 concentration levels (Aneja et al., 2001; Kawashima and Yonemura, 2001;
Pryor et al., 2001; Mount et al., 2002; Ferm et al., 2005;
Sarwar et al., 2005; Wilson and Serre, 2007; Rumburg et
al., 2008; Clarisse et al., 2010). Relevant measurements performed at some urban sites in Europe, Asia, and North America indicate that the dynamics of NH3 mixing ratios are determined by many factors including meteorology, traffic patterns, gas-particle partitioning, and surface-atmosphere exchange (Brook et al., 1997; Bari et al., 2003; Lin et al., 2006;
Nowak et al., 2006; Edgerton et al., 2007; Ianniello et al.,
2010; Saylor et al., 2010).
Measurement of NH3 is difficult because it is readily converted to particulate ammonium and easily adsorbed onto
surfaces. Traditional techniques employ passive samplers
such as annular diffusion denuders with off-line analysis
such as ion chromatography (Hoek et al., 1996; Burkhardt
et al., 1998; Matsumoto and Okita, 1998; Erisman et al.,
2001; Olszyna et al., 2005; Smith et al., 2007). Drawbacks
of these methods often include low time resolution, poor
sensitivity, and human-induced errors. Recently researchers
have developed more sophisticated and reliable on-line NH3
sampling systems using chemical ionization mass spectrometry or laser spectroscopy with improved temporal resolution
and detection limits (Fehsenfeld et al., 2002; Li et al., 2006;
Nowak et al., 2007; Pogány et al., 2010).
Data regarding NH3 levels for the industrial and urban area
of Greater Houston are still very limited. According to a photochemical model, the estimated NH3 mixing ratios for the
Houston area are in the range of 1 to 15 ppb (Pavlovic et al.,
2006). The same study suggested NH3 -rich conditions over
southeast Texas. The only published study on NH3 measurements in Houston reported airborne observations below and
above the planetary boundary layer (PBL) using a 14-day
data set from aircraft measurements during the 2006 Texas
Air Quality Study (Nowak et al., 2010). In that study, NH3
mixing ratios typically ranged from 0.2 to 3 ppb, but specific
plumes with elevated NH3 levels (5 to 80 ppb) were related to
point source emissions near the highly industrialized Houston Ship Channel (HSC). The NH3 enhancement was also
coincident with a decrease in nitric acid (HNO3 ) mixing ratios and an increase in particulate nitrate concentrations, indicating that ammonium nitrate was formed in these plumes.
The paucity of data makes it crucial to improve the current
understanding of the dynamics of NH3 in Houston and to
further investigate the effects of NH3 on local and regional
air quality. As a result, intensive NH3 measurements were
made using a sensitive and selective 10.4-µm external cavity
quantum cascade laser (EC-QCL)-based sensor employing
conventional photo-acoustic spectroscopy.
Atmos. Chem. Phys., 11, 9721–9733, 2011
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2.1

Experimental methods
Instrument

For the purpose of the NH3 environmental study a widely
tunable EC-QCL, emitting a maximum optical power of
72 mW (Daylight Solutions Inc, Model 21106-MHF-001),
was employed as a spectroscopic source. The single mode
frequency output of the EC-QCL can be coarsely tuned from
933 to 1006 cm−1 with a minimum step size of 0.01 cm−1 . In
order to perform high resolution spectroscopy, a sinusoidal
voltage, with a maximum amplitude of 100 V, can be applied
to the EC-QCL piezo element enabling mode hop free tuning
within ∼1 cm−1 . An amplitude modulated photo-acoustic
spectroscopy (AM-PAS) technique was employed to monitor atmospheric NH3 at trace concentration levels. The stateof-the-art photo-acoustic detector used two balanced electret
microphones placed in a 9.1-cm differential resonant photoacoustic cell. The amplitude modulation of the laser beam
was performed by a mechanical chopper wheel operating
at 1.8 kHz to match the resonance frequency of the photoacoustic cell at the selected working pressure of 220 Torr.
The NH3 sensor architecture is depicted schematically in
Fig. 1.
In order to improve and obtain a detection limit of single
ppb levels required for sensitive atmospheric NH3 measurements, the optical beam was passed through the cell three
times. A pyroelectric detector placed after a 10-cm reference
cell filled with 0.2 % of NH3 at 30 Torr was used to compensate for possible EC-QCL wavelength drift, as well as to
monitor its power. The pressure inside the system was kept
at 220 Torr while the flow rate was maintained at 175 ml min.
In order to minimize NH3 adsorption onto surfaces and to
prevent water vapor condensation in the sensor, the sensor enclosure was heated to 38 ◦ C. All tubing was made of
Teflon® , and a particle filter was placed before the inlet to
avoid undesirable contamination. In the present study, the
965.35 cm−1 absorption line of NH3 was chosen. This frequency was the optimal selection for the AM-PAS technique
based on laser power, absorption strength, and minimized
water vapor and carbon dioxide interferences. Under ambient conditions, these interferences were negligible compared
to the signal from NH3 .
For the sensor calibration, a certified mixture of 5 parts per
million (ppm) of NH3 in nitrogen was used. To determine atmospheric concentration levels of NH3 , each acquired sample scan was compared with the 5 ppm NH3 reference scan
by implementing a LabView-based general least-square (LS)
linear fitting algorithm. The linear LS procedure yields a fit
coefficient value, which generally indicates to what extent
each sample scan represents a reference scan. If the coefficient is equal to one, the NH3 mixing ratios for both reference
and sample scans are identical. However, the linear fitting algorithm does not take into account the minimum detection
limit of the sensor which was obtained after performing the
www.atmos-chem-phys.net/11/9721/2011/
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Fig. 1. The mid-infrared AM-PAS-based sensor platform for atmospheric NH3
detection used in this study.

Fig. 1. The mid-infrared AM-PAS-based sensor platform for atmospheric NH3 detection used in this study.

Allan variance analysis. Therefore, an error/uncertainty of
0.72 ppb acquired after averaging the data over 300 s needs
to be included in the calculation of atmospheric NH3 levels.
Meanwhile, pure nitrogen was used to obtain related spectral
data for the zero line.
Field tests demonstrated that the time response of the NH3
sensor was on the order of seconds to one minute, which is
sufficient to capture plumes during environmental measurements, and no NH3 losses were observed according to the detected signals when a standard of 5 ppm NH3 was employed.
Big events usually last less than one hour. For example, after
putting fingers close to the sensor inlet as a test, NH3 mixing ratios are rapidly elevated to ∼30 ppb, which is related
to the NH3 generation from human skin. The subsequent
decay to the baseline takes ∼30 min according to a 90 % recovery from the peak signal. In addition, the majority of the
sampling inlet was heated using autotransformators and was
made as short as possible to minimize the sites for NH3 to
stick.
To investigate the long-term stability of the NH3 sensor, a
set of data was acquired in the laboratory while pure nitrogen
was flushed through the sensor photo-acoustic cell and an
Allan deviation analysis, defined as the square root of the
Allan variance, was performed. The results of this analysis
show that the NH3 detection limit can be obtained at subppb concentration levels when the acquired data points are
averaged for 1000 s. For environmental monitoring purposes,
where sensor time response is not a critical parameter, a long
data averaging time is usually beneficial for the improvement
of measurement accuracy because some noise sources can be
removed by the averaging process. The minimum detection
www.atmos-chem-phys.net/11/9721/2011/

limit of the NH3 sensor used for real-time measurements in
the field was 3.4 ppb for a five-second acquisition time. The
Allan deviation plot flattens out approximately after 300 s.
Therefore an averaging time of 5 min is the optimal selection
in terms of the measurement accuracy. A NH3 concentration
level detection limit of 0.72 ppb was achieved after averaging
the data over 300 s.
2.2

Sampling site

The NH3 sensor was deployed in a trailer atop an 18-story
(∼65 m above ground level) building (North Moody Tower)
located on the University of Houston (UH) main campus.
This spot was selected because it is affected by many local point, line, and area emission sources from almost all
wind directions. The site is considered highly urban without
agricultural activities. It is ∼2.5 miles southeast of downtown Houston and ∼7 miles southwest of the HSC. The laser
system was capable of unattended operation with continuous
data acquisition for extended periods of time. Remote access
enabled the real-time monitoring of the sensor performance.
Meteorological parameters (e.g. temperature and relative humidity) as well as mixing ratios of other important air pollutants (e.g. oxides of nitrogen (NOx ), total reactive nitrogen
species (NOy ), carbon monoxide (CO), and sulfur dioxide
(SO2 )) are measured routinely by the UH research group at
this location (Day et al., 2010; Lefer and Rappenglück, 2010;
Lefer et al., 2010; Luke et al., 2010). Information regarding
measurement techniques is provided in Table 1.
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Table 1. Measurement techniques for air pollutants and meteorological parameters.
Parameter

Measurement technique

Temperature
Relative humidity
Wind speed
Wind direction
NOx
NOy
CO
SO2
PBL height

Campbell Scientific HMP45C Platinum Resistance Thermometer
Campbell Scientific HMP45C Humicap® 180 Capacitive Relative Humidity Sensor
Campbell Scientific 05103 R. M. Young Wind Monitor
Campbell Scientific 05103 R. M. Young Wind Monitor
Thermo Electron Corp. 42C Trace Level NO-NO2 -NOx Analyzer (Chemiluminescence)
Thermo Electron Corp. 42C-Y NOy Analyzer (Molybdenum Converter)
Thermo Electron Corp. 48C Trace Level CO Analyzer (Gas Filter Correlation)
Thermo Electron Corp. 43C Trace Level SO2 Analyzer (Pulsed Fluorescence)
Vaisala DigiCORA Tethersonde System

Table 2. Statistics of NH3 data collected during the two sampling
periods (<DL indicates numbers below the detection limit).
NH3 mixing ratio (ppb)

Mean
Standard deviation
Maximum
Minimum
Median
10th Percentile
25th Percentile
75th Percentile
90th Percentile

Winter

Summer

2.42
1.16
8.72
0.10 (<DL)
2.21
1.16
1.59
3.17
3.80

3.07
2.87
27.10
0.16 (<DL)
2.37
0.73
1.35
3.89
5.55
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3.1

Results and discussion
Seasonal variation

As mentioned above, measurements were conducted in both
winter and summer. Figure 2 presents a time series of hourlyaveraged NH3 mixing ratios during two sampling periods
(12 February 2010–1 March 2010 and 5 August 2010–25
September 2010) and indicates a large amount of variability
and several episodes of elevated NH3 levels. The statistics of
the two data sets are listed in Table 2.
Mixing ratios of NH3 were elevated in summer (mean of
3.1 ± 2.9 ppb) compared to winter (mean of 2.4 ± 1.2 ppb)
leading to an inference that ambient temperature has a strong
effect on NH3 levels. The average temperatures during the
winter and summer sampling periods were 9.5 ± 2.2 ◦ C and
28.7 ± 1.9 ◦ C, respectively. This observation agrees well
with previous studies that found that temperature-dependent
sources and/or processes affected seasonal variations of NH3
concentrations (Yamamoto et al., 1995; Lee et al., 1999;
Aneja et al., 2000; Robarge et al., 2002; Lin et al., 2006;
www.atmos-chem-phys.net/11/9721/2011/
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20

Fig. 3. Diurnal profiles of NH3 and CO mixing ratios as well as temperature and relative humidity during the two sampling periods. The
bottom whisker, box bottom, line inside the box, box top, and top whisker represent the 10th, 25th, 50th, 75th, and 90th percentiles of the
data, and the continuous lines represent mean values, respectively. (a) 12 February–1 March 2010; (b) 5 August–25 September 2010.

Ianniello et al., 2010; Saylor et al., 2010). For example, natural emissions of NH3 (e.g. vegetation and volatilization of
animal waste) increase in strength with increasing temperature. In addition, colder conditions favor particulate ammonium formation while higher temperatures in summer shift
the thermodynamic equilibrium towards the gas phase, consequently elevating gaseous NH3 levels.
3.2

Diurnal variation

Auxiliary data collected atop the Moody Tower were incorporated into data analyses to assist in the NH3 source identiwww.atmos-chem-phys.net/11/9721/2011/

fication in Houston. For example, primary pollutants such as
NOx and CO emitted from tailpipes are usually used as indicators of vehicular emissions. Figure 3 shows a set of box
plots that indicate the diurnal profiles of NH3 and CO mixing ratios as well as temperature and relative humidity during the two sampling periods. Generally, NH3 mixing ratios
increased in the morning and peaked at 08:00 CST in winter and at 11:00 CST in summer, respectively, while the CO
peak also was observed during morning rush hours as a consequence of large vehicular emissions in combination with
the lingering effect of a shallow nocturnal boundary layer.
Note that the CO peak appeared two hours later in winter
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Fig. 4. Diurnal profiles of the ratio of NOX to NOY during the summer of 2010 (5 Aug
– 25 Sep).
Fig. 4. Diurnal profiles of the ratio of NOx to NOy during the sum-

mer of 2010 (5 August–25 September).

(08:00 CST) than in summer (06:00 CST), which may be attributed to seasonal traffic conditions resulting from different human activity patterns. Then the mixing ratio of NH3
quickly decreased and reached the minimum value around
mid-day, suggesting that some removal and/or dilution mechanisms play critical roles at that time. Recurring increases in
NH3 were observed in the early afternoon; the bimodal trend
was more pronounced in summer compared to winter. A second enhancement in CO mixing ratios can be observed with
increasing traffic between 17:00–21:00 CST, followed by a
decrease at night due to the decrease of sources. The mixing
ratio of NH3 remained relatively depleted at night in winter,
while a gradually slow increase in NH3 mixing ratios during
nighttime in summer was observed. Replicate measurements
were conducted in the winter of 2011 (1 February–10 March)
and indicate similar wintertime dynamics of NH3 .
As shown in Fig. 4, in summer, the ratio of NOx to NOy , an
indicator of the photochemical age of air masses or plumes,
reached the minimum value at mid-day (13:00 CST) when
the decrease in NH3 mixing ratios also occurred. Given the
strongest solar radiation in the middle of the day, some sinks
related to the intense photochemical processes is a likely explanation for the noticeable decrease at mid-day.
In summer, NH3 mixing ratios increased not only after
sunrise but also between midnight and 06:00 CST. However, the magnitude was much smaller, and the rate was
much slower compared to the sharp morning increase. Small
amounts of emissions (from a relatively small number of
sources) into a shallow nocturnal boundary layer could lead
to the increasing mixing ratios.

Atmos. Chem. Phys., 11, 9721–9733, 2011

3.3

Correlation between NH3 and vehicular emissions

Since the introduction of three-way catalytic converters, motor vehicles have become significant contributors to elevated
NH3 levels in urban areas. When NOx is over-reduced inside the converters, post-catalyst NH3 will be formed. Many
studies observed this phenomenon. In Los Angeles, Fraser
and Cass (1998) estimated an average NH3 emission rate of
61 mg per km driven for a vehicle fleet driving under rich
air-fuel conditions in a roadway tunnel. In San Francisco,
Kean and Harley (2000) reported reductions in NOx and CO
emissions but large increases in NH3 concentrations (with an
emission factor of 475 mg per liter of fuel consumed) after
catalytic converters were installed widely on automobiles.
In Rome, Perrino et al. (2002) found a strong correlation
between NH3 and CO, and at traffic sites, NH3 concentrations were five times larger than at background sites. In New
York City, Li et al. (2006) conducted NH3 measurements at
a school. Many NH3 spikes were observed during rush hour
periods. In addition, increased NH3 concentrations on school
days compared to non-school days were associated with increased traffic volumes.
In order to examine the relationship between NH3 and CO
in this study better, Fig. 5 summarizes hourly average NH3
and CO data during the two sampling periods. To eliminate potential interferences, we removed the “outlier plumes”
leading to elevated NH3 levels from sources other than traffic emissions for Figs. 5 and 6. The mixing ratios of NH3
larger than 95th percentile of the data are considered as the
“outlier plumes” for the analysis in this study. The determination of non-traffic sources is based on the analysis of
other auxiliary data and meteorological parameters. Detailed
descriptions can be found in the following sections. Generally, these plumes occurred during the daytime on weekdays
when the sampling site was downwind of specific emission
sources. Resultant episodes of high NH3 mixing ratios were
very large compared to other periods of the measurements.
www.atmos-chem-phys.net/11/9721/2011/
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As shown in Fig. 5, winter morning enhancements in NH3
were coincident with enhanced CO, indicating that motor vehicles are likely a major emission source of NH3 in Houston
during this period; no such concurrent increases were observed in summer. This phenomenon is further illustrated
by the linear regressions given in Fig. 6 that show a moderate correlation (R 2 = 0.58, p < 0.001) between NH3 and CO
during morning rush hours (06:00–10:00 CST) in winter but
no relationship (R 2 = 0.02, p = 0.09) in summer. Figure 7
shows the diurnal profiles of NOx and NOy mixing ratios
in summer that exhibit trends similar to that for CO, with a
significant increase during morning rush hours and a second
small peak appearing in the late afternoon. The temporal gap
between the NH3 peak and NOx and NOy peaks in the morning further confirms that vehicular emissions were not major
sources of NH3 in summer.
It is hypothesized that this seasonal difference is related
to changes in vehicular catalytic converter performance as a
function of ambient temperature. In winter, engines more
frequently run under high-load conditions in order to reach
and maintain the optimal operating temperature. This potentially induces fuel-rich combustion which favors reducing
processes on the catalyst surface. As a result, more NH3
is produced in vehicle exhaust (Shelef and McCabe, 2000;
Heck and Farrauto, 2001; Defoort et al., 2004; Heeb et al.,
2006). Additional emission sources of NH3 present in summer also may obscure the correlation between NH3 and CO.
Another explanation for the inconsistent NH3 -CO relationship between seasons is that air masses transported from
different wind directions to the Moody Tower have distinct
characteristics. As shown in Fig. 8a, the wind mainly blew
from the SE (William P. Hobby Airport and highways) during morning rush hours in winter, while the wind mainly
blew from the NE (HSC) during morning rush hours in sumwww.atmos-chem-phys.net/11/9721/2011/
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Fig. 7. Diurnal profiles of NOX and NOY mixing ratios during the summer of 2010 at
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mer. It is assumed that air transported from the SE contains
more primary combustion species than air transported from
the NE despite the highly industrial nature of the HSC. The
prevailing wind direction shifted at the sampling site during
other time periods of the day.
Morning increases in NH3 mixing ratios were notable
throughout the measurement periods. For example, the
morning increase in winter appeared to be associated with
motor vehicular activities. However, many factors may be
responsible for this behavior. It can be seen in Fig. 3 that
there were significant changes in temperature and relative humidity beginning at 06:00 CST, when NH3 mixing ratios also
began to increase quickly. It is possible that the evaporation
of dew associated with increasing temperature releases NH3
into the atmosphere, especially in summer when the early
morning relative humidity was higher compared to winter.
Ellis et al. (2011) also pointed out that the natural emissions
of NH3 from vegetation and soil through photosynthetic processes might be important contributors to a morning increase.
−
In this work, PM sulfate (SO2−
4 ) and nitrate (NO3 ) data are
currently unavailable, so the effect of gas-particle partitioning on gaseous NH3 concentrations cannot be clarified. Figure 9 illustrates the diurnal profile of the PBL height in summer. It can be seen that the PBL height remained low and
did not begin to break up until 07:00 CST. Therefore, vertical
mixing of NH3 from the residual layer is eliminated as a potential major contributor to the morning increase.
Atmos. Chem. Phys., 11, 9721–9733, 2011
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Fig. 8. (a) Wind direction (WD) distributions during morning rush hours (06:00–10:00 CST) and (b) the dependence of NH3 mixing ratios
Fig. 8. (a) Wind direction (WD) distributions during morning rush hours (06:00-10:00 CST) and (b) the dependence of NH3 mixing ratios on
on wind direction.
wind direction.

3.4

Source identification

In order to evaluate the effect of local or regional sources on
atmospheric NH3 levels, Fig. 8b illustrates the dependence
of NH3 mixing ratios on wind direction for the duration of
both sampling periods. The wind rose is divided into 16
sectors, and the data correspondingly are grouped into 22.5◦
intervals. The polar plots present the median mixing ratio
in each bin, showing increased NH3 levels were often associated with the wind blowing from NE or E in the direction of the HSC where numerous petrochemical refineries are
densely located. The estimated NH3 emissions in that area
were approximately 0.25 t per hour during the 2006 Texas
Air Quality Study (Mellqvist et al., 2007). Large NH3 conAtmos. Chem. Phys., 11, 9721–9733, 2011

centrations near industrial facilities were also noted by some
other studies, including that of Hsieh and Chen (2010) who
measured NH3 levels elevated compared to ambient background levels by a factor of 50–150 in three heavily industrialized parks in south Taiwan.
Large weekday-weekend differences in NH3 and CO mixing ratios were observed throughout the measurements as
shown in Fig. 10. Enhanced NH3 values on weekdays compared to weekends are probably due to increased industrial
activity between Monday and Friday when most of the “outlier plumes” occurred. Brooks et al. (2010) concluded that
the HSC is a major emission source of mercury species
in Houston, and concentrations measured atop the Moody
Tower were much higher on weekdays than weekends. CO
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2010.

values displayed a similar behavior with the substantially
smaller morning rush hour maximum on weekends with decreased traffic volumes. It is also noted that CO mixing ratios
between midnight and 04:00 CST were higher on weekends
than weekdays in summer. This may be attributed to vehicular emissions related to some late night human activities in
warm seasons.
The diurnal profile of SO2 mixing ratios in summer is illustrated in Fig. 11 and exhibits a morning increase starting
from 05:00 CST and peaking at 09:00 CST, followed by a
slight increase in the early afternoon and a decrease for the
remainder of the day. In August, some rapid NH3 increases
were found to be synchronous with similar SO2 increases
when the wind blew from the SW (as verified by both wind
direction and Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT, Draxler and Rolph, 2011) backward
trajectory analysis), the direction of the second largest coalfired electricity generating station in the US. Since 2000, this
plant has employed the selective catalytic reduction (SCR)
technique to control NOx emissions (Peischl et al., 2010); in
SCR, a large amount of NH3 is used as a reducing reagent.
Occasional NH3 slips into the atmosphere during SCR processes may contribute to the coincident enhancements in
NH3 and SO2 mixing ratios, suggesting the co-emission from
a point source. Interestingly, Nowak et al. (2010) did not observe similar spikes of NH3 in the plume from this power
plant during the summer of 2006.
In addition, the EPA Positive Matrix Factorization (PMF)
3.0 (Paatero and Tapper, 1994; Paatero, 1997) model was
used to conduct source attribution. Results clearly show that
in summer the HSC (62.5 %) is the largest source category
followed by power plants (35.5 %) and automobiles (2 %).
Because volatile organic compound data used in the model
were collected at a local ambient air quality monitoring station in the HSC area operated by the Texas Commission on
Environmental Quality instead of at the Moody Tower due
to the current unavailability of data from co-located instruments, these results must be viewed as preliminary.
www.atmos-chem-phys.net/11/9721/2011/

There is a considerable degree of variability in atmospheric
NH3 mixing ratios in the Houston atmosphere. Some unexpected events were observed during summertime measurements, indicating that local or regional sources present
in Greater Houston affected the observational results at the
Moody Tower. For example, the laser sensor recorded a significant and lasting increase in NH3 mixing ratios (∼21 ppb)
on 14 August 2010, when a major accident occurred during
the same time period on the Gulf Freeway (Interstate 45) in
Houston, only two miles from the sampling site. The elevated concentration levels are assumed to be associated with
NH3 generation from a chemical fire resulting from the collision of two 18-wheeled tankers/cargo vehicles, one carrying fertilizer (trimethylammonium) and pesticide (dimethylamine). To our knowledge, this is the first time that an accidental release of NH3 has been detected remotely and in realtime by an optical sensor. Similar observations were reported
by Nowak et al. (2010) who found elevated NH3 mixing ratios up to 80 ppb in a plume due to an industrial accident in
Baytown, along the HSC.
Another episode of elevated NH3 levels (∼22 ppb) occurred on 7 September 2010, which might be related to the
transport of emissions from the Gulf of Mexico during Hurricane Hermine. The storm led to strong wind (∼20 miles
per hour) blowing from the SE, and HYSPLIT backward trajectories showed that before arriving at the Moody Tower, air
masses passed by some industry in the Texas City area, approximately 40 miles SE of Downtown Houston. The fast air
movement decreased the probability of physical and chemical losses in the plumes prior to their arrival in Houston.
Some previous studies have shown increased concentrations
of halogen containing compounds in the atmosphere associated with emissions from the ocean during storm/hurricane
activities (Varner et al., 2008); enhanced emissions from the
Gulf cannot be eliminated in this case.
The third notable event occurred on 17 September 2010
when the sampling site was downwind of the HSC in the
morning. The NH3 levels were elevated to ∼27 ppb while no
concurrent enhancements in mixing ratios of other air pollutants were observed. However, specific NH3 sources in that
heavily industrialized area cannot be identified on the basis
of the data presented here.

4

Conclusions

In this work we demonstrated atmospheric NH3 measurement results using a 10.4-µm EC-QCL-based sensor employing conventional photo-acoustic spectroscopy with a minimum detection limit below 1 ppb. Time resolved (5 s) measurements of atmospheric NH3 were conducted atop the
Moody Tower during two sampling periods in 2010; data
were averaged to five minutes. NH3 mixing ratios ranged
Atmos. Chem. Phys., 11, 9721–9733, 2011
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from 0.1 to 8.7 ppb with a mean of 2.4 ± 1.2 ppb in winter
and ranged from 0.2 to 27.1 ppb with a mean of 3.1±2.9 ppb
in summer. The results showed apparent seasonal variations,
Atmos. Chem. Phys., 11, 9721–9733, 2011

Weekdays
Weekends

with elevated levels in summer compared to winter. Vehicular emissions were found to be major contributors to the
morning rise in the diurnal profile of NH3 mixing ratios in
winter. There was no correlation between NH3 and primary
combustion pollutants such as CO, NOx , and NOy during
morning rush hours in summer, which might be attributed
to changes in catalytic converter performance as a function
of ambient temperature and influences by some other local
or regional sources of NH3 . There was a large amount of
variability in atmospheric NH3 mixing ratios observed at our
sampling site, particularly in summer. Notable spikes were
associated with transport from a coal-fired power plant, a
chemical fire on an adjacent highway as a result of the crash
of a tanker carrying agricultural chemicals, transport from
the heavily industrialized HSC, transport from the Gulf of
Mexico during Hurricane Hermine, and other potential ambient sources. The large weekday-weekend differences in
NH3 mixing ratios are likely due to more industrial activities
between Monday and Friday, presumably in the HSC area,
which has been shown to be a predominant emission source
of NH3 . Unfortunately, source attribution is confounded by
factors such as boundary layer dynamics, meteorology, and
the lack of sufficient emission inventory data. In the future,
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particle composition data and HNO3 data will be used to better characterize the importance of NH3 with respect to PM
formation in Houston.
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