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Ammonia is a unique constituent of the terrestrial atmosphere in that it is the only gaseous base. Ammonia
readily forms aerosols and, by virtue of its high solubility, controls the pH of cloud droplets and precipitation.
Over the past year a ground-based solar viewing infrared heterodyne radiometer has been used at Langley
Research Center to infer the vertical distribution of ammonia. Ground level in situ measurements of ammonia
have also been obtained to supplement the profile data. The ammonia profiles have been analyzed and in-
terpreted with a one-dimensional photochemical model of the troposphere to assess the sources and sinks of

NH,. -

" Introduction

MMONIA (NH,) is a key gas in the troposphere, yet it is
one of the most poorly understood and one of the most
difficult to measure.!2 Ammonia is the only gaseous base
constituent of the atmosphere, an environment of acid
constituents, e.g., sulfuric acid (H,SO,) and nitric acid
(HNO;) which result from the -oxidation of several an-
thropogenic gases, e.g., sulfur dioxide (SO,) and nitrogen
dioxide (NO,), respectively.- By virture of its high solubility,
NH,; controls the pH of cloud droplets and the acidity of rain
and snow. Ammonia may also play a significant role in
determining the rate of conversion of gaseous sulfur dioxide
to sulfate aerosols since it controls the acidity of the system.3
Ammonia readily reacts with gaseous nitric acid and sulfuric
acid to form ammonium nitrate (NH,NO;) and ammonium
- sulfate [(NH,),SO,] aerosols. Preliminary epidemiological
studies suggest that ammonia-containing aerosols may have
adverse effects on health. In addition, ammonium aerosols
may modify the radiative budget of our planet, and NH, itself
may affect climate due to its absorption in the thermal in-
frared around 10 um, the middle of the atmospheric win-
dow.4 Ammonia has been suggested as a significant source of
stratospheric nitrogen oxides (NO,).® Stratospheric NO,
controls the levels of ozone in the stratosphere, which shields

the surface from deadly solar ultraviolet radiation.

While there are fundamental deficiencies in our un-
derstanding -of the sources and sinks of NH,, it does appear
that NH, is biological in origin with the Earth’s surface the
primary source of NH,, with different processes controlling
the production of NH, in different regions. In England, urine
from domestic animals may be the dominant source of NH,.6
Volatilization of NH; from undisturbed (nonfertilized) land!
and from fertilized agricultural fields”® are additional
sources of ammonia. Thermodynamic equilibrium
calculations indicate that the atmospheric equilibrium mixing
ratio of NH, should be about 1073.% The measured at-
mospheric mixing ratio of about 1x10-%, a 26 order of
magnitude enhancement over the theoretical equilibrium
mixing ratio, is a testimonial to the ability of micro-organisms
to maintain drastic disequilibrium conditions in the chemistry
of natural systems. In addition to the volatilization of man-
made nitrogen agricultural fertilizer, other anthropogenic
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sources of NH; may be industrial activity!® and coal con-
version and combustion processes.%!! In the future, the
production of NH,; from anthropogenic activities -may
significantly increase, as the use of nitrogen agricultural
fertilizer continues its exponential worldwide increase and as
we switch to greater dependence on coal.

Most of our early knowledge concerning the concentration
of tropospheric NH; is due to in situ measurements of Georgii
and Muller. 2 These measurements indicate that NH, exhibits
great temporal and spatial variability. Georgii and Muller 2
found that the ground concentration of NH; was about a
factor of 3 higher on warm days than on cool days. In ad-
dition, they found that the concentration of NH, decreased
rapidly with altitude, reaching a constant background con-
centration at an altitude of about 1.5 km on winter days and
at about 3 km on warm days.

The purpose of this paper is to discuss results from a
program designed to study the factors controlling - the
production and vertical distribution of NH,. This study,
initiated in March 1979, is being conducted at the NASA
Langley Research Center using a solar viewing Infrared

. Heterodyne Radiometer (IHR) and two in situ ammonia

sampling instruments. Vertical profiles of atmospheri¢
ammonia have been inferred from the spectrally resolved
solar absorption data obtained using the IHR. The in situ
measurements -have been obtained from ground-based sites to -
supplement the IHR data and to extend our measurement
capability to periods of cloud cover (which precludes the use
of the IHR) and to conditions which produce ammonia levels
below the sensitivity of the I[HR (less than 0.5 ppbv). Results
from our measurements show a seasonal variation in am-
monia with minimum NH; levels in the winter months and
maximum NH; levels in the spring. Results over two years
also suggest that the seasonal background concentration is
strongly dependent upon meteorological conditions. In-
terpretation of our results with respect to the factors that:
control the surface concentration and the vertical distribution
of ammonia is also discussed.

Instrumentation
The Infrared Heteljodyne Radiometer

The high spectral resolution available from optical
heterodyne instruments is typically achieved through the use
of one or more narrow bandpass intermediate frequency (IF)
filters. These filters are generally selected to coincide with
particular portions. of the infrared (IR) spectrum that have
been shifted by the heterodyne process into the microwave
frequency region. This is illustrated in Fig. 1a where a syn-
thetic atmospheric spectrum of the ¢Q(6,6) ammonia line is
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shown along with the relative position of the laser local
oscillator (LO) and six IF channels. Note that because of the.
image property of heterodyne radiometers, the output from
each IF channel is the sum of the radiation over the spectral
regions (o —rp/cxBp/2¢) and (P g +vp/cxBip/20)
where 7| is the LO wave number, »j; the center frequency of
the IF filter, and B, the IF filter bandpass. Thus, analysis of
data from a heterodyne radiometer must account for
radiation from both of these sidebands.

The ammonia profiles reported here were obtained from
solar absorption measurements at the six IF channels shown
in Fig. la along with a seventh channel (described below)
which provided a normalizing reference signal. The average
solar radiance /; detected in the jth IF channel can be ex-
pressed as ‘

Li=17;e7y, @
where I; is the unattenuated solar radiance, 7, the at-
mospheric continuum transmittance related to molecular (i.e.,
water vapor) and aerosol absorption and scattering, and Tie
the noncontinuum molecular transmittance. Note that each
parameter identified in Eq. (1) is considered to be averaged
~over the upper and lower sideband of the given channel.
Normalization of the solar radiance detected in each IF
channel by that observed in the reference channel is required
to minimize errors associated with the continuum interference
effects 7, and the fluctuations in the source intensity I7.
Accordingly, the desired quantity is the atmospheric trans-
mission ratio given by

Ry =1, /1" ()

where 7% is the atmospheric transmissivity due to molecular
line absorption at the reference channel wavelength. Equation
(2) is obtained from Eq. (1) only if the source radiation and
atmospheric continuum -transmittance are equal at the
wavelengths for the reference and jth signal channel.

The IHR provides for a reference and the six signal
channels through the use of two BC180, laser LOs. The
reference and signal LO are the R(8) transition at 920.2194
cm ! and R(18) transition at 927.3004 cm ~!, respectively.
Effects on the measured R; due to the more abundant isotope
of CO, are minimized by using *C'¢0, LOs; and for these
LO transitions, the contribution to R; due to the combined
effects of water vapor continuum,”l solar radiation, and
contributions due to atmospheric '3C!%Q, is negligible.
Moreover, analysis of lower resolution atmospheric ab-
sorption spectral'* and synthetic spectral calculated using
available molecular line parameters from -McClatchey et al. 1%
indicates that contributions to Eq. (2) from other interfering
species is also negligible.
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Vertical profiles of ammonia are inferred from a set of R;’s
measured simultaneously at different positions on an ab-
sorption feature. Collisional broadening of the absorption
feature providing the mechanism by which the spectrally
resolved transmission ratios are coupled to an altitude region.
The altitude dependence of the absorption coefficient for each
channel serves as the weighting function and a plot of altitude
vs the normalized absorption coefficient for a given IF
channel (Fig. 1b) indicates the vertical sensitivity that can be
obtained. The upper altitude limit available from this
technique is governed by the decrease in the collisional
broadening effects as the pressure decreases with altitude. For
ammonia, the upper limit is around 30 km where the
collisional and Doppler - broadened half widths are ap-
proximately equal.

The density profile p(z) is inferred from R; through the use
of an iterative inversion technique with successive ap-
proximations to p(z) at altitude z given by 16

PR+ (2) =0k () { 1 KH (@) WR, /RS [Tx@ ®
7 J

where K7 is the normalized absorption coefficient for am-
monia averaged over channel j, and R; and R¥ are the
measured and the kth approximation to the normalized
transmission ratio, respectively. The inversion process starts
with an initial ammonia profile p°(z). The transmission ratio
Rj‘-’ is calculated and compared with the measured R;. If the
rms difference between Rj’<c and R; is greater than the system
noise, a new approximation to p(z) is calculated using Eq. (3).

For each iteration on p*(z), the calculated RJ’-‘ is obtained
using a line-by-line computer model for all transmittance and
absorption calculations. This model considers both Lorentz
and Voigt line shapes and includes temperature and pressure
effects on spectral line strengths and half widths. With the
exception of the single ammonia line observed here, line
parameter data for the:inversion algorithm were obtained
from McClatchey. ! The data for the observed ammonia line
are given as: line center=927.32323 c¢m-',!7 line
strength =4.09 X 10 ~¥? ¢m ~!/(molecule cm?),!5 foreign gas
broadened half width=0.08 cm ~!/atm.'® The atmospheric
model in the inversion algorithm includes H,O, CO,, and
NH, profiles along with a pressure and temperature profile.
The H,O0, pressure, and temperature profiles were obtained
from the U. S. Standard Atmosphere Supplements, 1962, for
30° N latitude and the appropriate climatological period.
Little error is expected from the use of a standard H,O profile
since the reference channel provides near cancellation of
water vapor effects on the transmission ratio. Further, the
small lower state energy of the ammonia transition used here
(i.e., E”=283.276 cm ~')!® coupled to the temperature
dependence of the Lorentzian half width and the rotational
partition function minimizes errors associated with the
temperature profile. The analysis reported by Seals and
Peyton!® concludes that temperature profile bias errors as
large as =5 K introduce inversion errors of less than +0.25
ppbv.

The IHR, described in detail by Peyton et al.'® is shown
'schematically in Fig. 2. The optical package consists of two
Dicke-switched radiometer sections which share a common
input lens, reference blackbody source, and calibration
source. The solar radiance is collected using a 2 in. diam

_ (f/6.5) zinc selinide lens which focuses the incoming radiance

onto two high-speed photovoitaic HgCdTe photomixers
(provided by D. L. Spears, MIT Lincoln Laboratories). These
two photomixers and their corresponding CO, laser LOs
provide the reference and ammonia absorption channels. A
long pass optical filter, which cuts in at 8 um, limits the
amount of solar radiance reaching the photomixers. The
infrared Dicke switch alternately switches the field of view of
each photomixer between the solar radiance and the reference
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Fig.2 Schematic of the Infrared Heterodyne Radiometer IHR). -

blackbody. Approximately 10% of the radiation from each
LO is directed onto its respective photomixer. During
alternate half cycles of the Dicke switch, radiation from the
sun or reference blackbody is combined with the LO radiation
via the beamsplitter. The calibration mirror is used to insert a
variable 300-1300 K calibration blackbody into the optical
path. )

The radio frequency (RF) heterodyne signal from the
photomixer monitoring attenuation due to atmospheric
ammonia is amplified using a broadband (5 MHz to 2 GHz)
IF amplifier and then power split into six channels. Each
channel contains a preselected IF filter, RF square-law
detector, and a lock-in amplifier referenced to the Dicke-
switch frequency. With the exception of the power splitter, a
similar train of electronics is used in the reference channel.
The IF filters utilized here were selected to maximize the SNR
while providing an optimum distribution of weighting func-
tions. They. were centered at 150, 550, 650, 1450, and 1900
MHz from the R(18) LO, and 55 MHz from the R(8) reference
LO. The 1900 MHz channel, located on the wing of the NH,
feature, had a bandwidth of 500 MHz; all the remaining
channels had a 100 MHz bandwidth.

During the measurement program, routine checks on the

performance of the IHR -were conducted using a variable .

temperature (300-1300 K) blackbody to verify the linearity
and determine the response of the IHR. A complete
calibration (i.e., 6-10 temperature settings) was normally

conducted each day with a repeat of the high (1300 K) and low-

points (300 K) before and after each data run. Measurements
were also performed to verify the accuracy of the ammonia
line parameters used in the inversion algorithm by comparing
the measured and calculated transmissivity of a cell con-
taining pure ammonia and ammonia broadened by an at-
mosphere of nitrogen. These transmissivity measurements
were obtained using the IHR and a 1300 K blackbody source.
Agreement between the measured and the calculated pressure
broadened transmissivity using the ammonia parameters
noted above was about 4%. It is felt that the major source of
error for these measurements was due to uncertainties in
determining the pressure of ammonia after introduction of
nitrogen into the absorption cell. Figure 3 shows a similar set
of measurements for a wider range of optical depths obtained
by using pure ammonia. The comparison between the
measured and calculated transmissivity is shown for the IF
channel near the ammonia line center (i.e., »;z =650 MHz)
and the wing channel (v = 1900 MHz). Note that since pure
ammonia was used, a self-broadening half width of 0.63
cm ~!/atm has been used in the calculations. !5 A similar set
of results were obtained when using the sun as a source after
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Fig. 3 Comparison of the theoretical and experimental transmittance
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removing atmospheric effects. As a final check on the IHR
data a series of simultaneous IHR and aircraft in situ am-
monia measurements were conducted in June 1979.20 Teflon
packed in situ sampling tubes (described below) were mounted
on a Cessna 402 and air samples collected at altitudes of 1.6
and 3 km. The inferred profiles from the IHR and the in situ
data indicated ammonia levels in the 1-2 ppbv range, with the
in situ data points generally contained within the uncertainty
envelope of the IHR profiles., These coordinated
measurements represent the first validation of the ability of
the IHR to measure atmospheric ammonia remotely.

In Situ Monitors

Ground level in situ measurements of ammonia were
performed using two sampling techniques to preconcentrate
ambient ammonia and a photoacoustic cell for quantitative
analysis of the collected ammonia. Both sampling con-
figurations were developed and field tested under EPA
programs.21-22 With both sampling systems, collection and
preconcentration of ammonia are accomplished by drawing
ambient air through a collection tube containing a medium
that preferentially adsorbs ammonia. The amount of am-
monia collected is proportional to the sample flow rate, the
efficiency of collection, the collection time, and the ammonia
concentration.

In one system, the air sample passes first through a Teflon
prefilter to eliminate particulate interference and then
through a quartz tube containing Teflon beads (.e.,
Chromosorb T). Studies by McClenney and Bennett2! have
shown that the Teflon-packed tubes selectively adsorb am-
monia with a collection efficiency greater than 95%. The
ammonia loading, -however, is limited to 60 ng and the
collection times must be less than 40 min. Additional studies
by Harward et al.? have shown that care must be exercised in
using the particulate filters since ammonia can be released or
removed by the filter material depending upon its prior ex-
posure to ammonia. Results reported by Harward et al.?
indicate that an equilibrium condition must be established on
the filter material to avoid contamination of the air sample.
Accordingly, for all data reported here, ambient air was
routinely drawn through the filter for approximately 20 min
prior to installing the Teflon-packed. collection tube in the
collection system. Sampling times with the collection tube in
place typically ranged 15-30 min with a flow rate of 11/min.

The second type of collection tube used during the latter
portion of the measurements reported here consists of a
hollow quartz rod coated on its interior with WO, which acts
as the adsorbing medium for ammonia. The advantage of this
type of tube over the Teflon-packed tube is twofold. First,
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with the proper combination of tube length and flow rate, 2
few, if any, particulates are collected, thereby eliminating the
need for the particulate filter upstream of the collection tube.
Second, the release time of the adsorbed ammonia is
decreased by approximately an order of magnitude, thereby
increasing the preconcentration factor. This results in an
increase in sensitivity or, conversely, a decrease in the sam-
pling time. .

Desorption of ammonia collected on both types of
collection tubes is accomplished by heating the tube. Since the
ammonia is released over a time interval which is short
compared to the collection time, preconcentration of am-
monia occurs. The ratio of the collection time to release time
(i.e., preconcentration factor) is typically 15-20 for the
Teflon-packed tubes, and 150-200 for the WO, -coated tubes.

Quantitative analysis of the adsorbed ammonia from either
type of collection tube was performed using a photoacoustic
cell with a Helmholtz resonator?* and a CO, laser. The
desorbed ammonia was carried into the photoacoustic cell
using a continuous flow of helium through the collection tube
during the heating cycle. Since the photoacoustic technique
detects ammonia directly via absorption of CO, radiation
tuned to an ammonia absorption feature, interfering effects
from other species which may also be adsorbed during the
collection process are minimized. Studies by McClenny and
Bennett?! comparing detection of the desorbed gas via
chemiluminescence and photoacoustic detection and by
Harward et al.?® comparing photoacoustic detection using
BC160, and 2C1¢0, laser transitions substantiate the high
degree of specificity for the collection and detection system.
Moreover, comparison studies conducted at the Langley
Research Center show good agreement between the two
collection techniques.?® During our studies both the R(18)
13C16Q, transition at 927.3004 cm ~! and the R(30) 2C160,
transition at 1084.6352 cm ~! have been used for analysis of
collected samples.

Calibration of the collection and photoacoustic system was
performed using a triple-dilution system similar to that
described by Baumgardner? to establish a known con-
centration of ammonia in a flow of clean humidified air. The
amount of ammonia injected into the airstream was based on
the permeation of ammonia through Teflon tubing with the
permeation rate being determined by periodic measurements
of the weight loss from the tube. By maintaining the per-
meation tube at a constant temperature and a constant flow
rate throughout the dilution and collection system, various
nanogram loadings of ammonia were obtained simply by
varying the sampling time from the dilution manifold. The
integrated response from the photoacoustic system is linearly
proportional to the amount of ammonia collected.
Calibration of the overall in situ system was conducted
throughout the measurement program for both types of
collection tubes. For the Teflon-packed collection tubes the
reproducibility associated with each calibration point was
approximately 20%, with a laser power on the order of 1 W.
For the WO;-coated tubes the reproducibility was ap-
proximately 5% for the same laser power. The minimum
detectable concentration for the Teflon collection tubes is
~0.25 ppbv, and for the WO, system it is less than 0.08 ppbv.

Measurements

The measurement program reported here began at Langley
Research Center during the latter part of March 1979. The
initial measurements, performed with the THR, were sup-
plemented with ground level in situ measurements beginning
in August 1979. The IHR was located in a laboratory area
with a 20 cm heliostat on the roof to track and direct solar
radiation into the laboratory. Throughout the year the solar
viewing angle was generally limited to about 80 deg from the
zenith for both sunrise and sunset. Results from both the IHR
and in situ measurements illustrating the seasonal variability
in atmospheric ammonia observed from March 1979 through
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April 1980 are shown in Figs. 4 and 5. The shaded areas
shown in Fig. 4 contain approximately 90% of the profiles
that were obtained during the indicated time period. The
shaded area at the far left of this figure represents the sen-
sitivity limits of the current IHR. Each profile contained
within the shaded area was inferred from four sets of the
transmission ratios, R;, measured over approximately 1 h.
For each set of data, two initial profiles—one a constant 25
ppbv and the other a constant 0.3 ppbv—were used to initiate
the inversion algorithm. In general, the difference between the
profiles resulting from each initial guess was less than 0.05
ppbv at all altitudes. For-each inversion profile, the rms
residual between the calculated and measured transmission
ratios was less than 0.01. The profiles for the four sets of R;
are grouped together and make up a single profile envelope
(e.g. shown as dashed curve in Figs. 9 and 10). The width of
this envelope is taken to be the uncertainty for an individual
profile. Each in situ data point shown in Fig. 5 represents the
average of three to six 30 ‘min samples taken throughout a
normal 8 h work day.

The summer to winter seasonal variations suggested by the
results shown in Figs. 4 and 5 are similar to those reported by

" Georgii and Muller,'> namely, a significant drop in the

ammonia concentration from summer to winter. This type of
seasonal decrease is not entirely unexpected since the major
source of ammonia is believed to originate from biological

sources which are less active during winter. Of particular

interest, however, are the relatively high levels of ammonia
observed during the latter part of March 1979 (Fig. 4). This
trend of high levels (~ 10 ppbv at the surface) followed by a
decrease to lower relatively constant levels in the summer time
period, is similar to that reported by Peyton et al.!® Peyton’s
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measurements, performed on Long Island, N. Y., in 1976
during the initial engineering test of the THR, indicated a
surface level of ~12 ppbv in March 1976 with a decrease to
~0.2 ppbv by July 1976.

The differences between the summer level observed in the
Hampton, Va. area and in the Long Island area may be due to
climatological conditions or the impact of the more heavily
industrialized regions surrounding Long Island. As noted by
Levine et al.® and discussed below, these ‘‘enhanced’’ levels
of ammonia could be the results of rapid volatilization of
ammonium nitrate fertilizer applied to agricultural fields
several weeks prior to the beginning of our measurements.
That the same seasonal trend has been independently observed
at two different East Coast locations suggests that this is an
annual perturbation on a lower more constant (e.g., for a
- given season) background level of ammonia. If this is indeed
the case, our measurements also suggest that the magnitude of
this perturbation, as well as the seasonal background con-
centration of ammonia, may be strongly dependent upon
climatological conditions. Note, for example, the in situ data
for the 1980 February to March time period (Fig. 5). The
levels of ammonia, while clearly showing an increase over the
November to January values, do not reach the same values
observed in March 1979 (Fig. 4) or in March 1976.1°
Measurements with the IHR during this same time period also
indicated ground level ammonia concentrations on the order
of 1 ppbv. Moreover, the background ammonia concentration
observed during the summer time period in 1980 was
significantly lower than during the previous summer and was,
for the most part, below the sensitivity limits of the IHR (e.g.,
see the far left shaded area in Fig. 4). ‘

Figure 6 illustrates the differences in the ground level
ammonia concentrations obtained from in situ measurements
at Langley Research Center in 1979 and 1980. It is interesting
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to note that in situ measurements. of ammonia obtained at
Research Triangle Park, N. C., during July and August 1978
by McClenny and Bennett?! showed ammonia concentratjons
in the 1.5-5 ppbv range in the absence of rain, while
measurements at the same location during July 19802% showed
ammonia concentrations similar to those observed at the
Langley site in the August to September 1980 time frame.

Analysis by Dawson! shows that ammonia emission from
soil is a strong function of both soil temperature and the soil
volume/moisture ratio. The temperature dependence may
account, in part, for the seasonal variability observed.
However, the relatively high values noted in February 1980
are unexpected, based solely on temperature considerations.
Figure 7 shows the monthly precipitation in inches of water
for the Hampton, Va. area from January through September
for 1979 and 1980 along with the record mean for the past 40
years. In 1979 the total precipitation through September was
approximately 57% above the record mean, while in 1980
through September the total precipitation was 21% below the
record mean. Even though no direct measurements of soil
moisture are available for the area surrounding the Langley
sampling site, the precipitation data provide a relative in-
dication of the moisture available in 1979 and 1980. Soil
moisture plays an important role in the biological production
of ammonia as well as aiding in the release of ammonia via a
pumping action during evaporation.?’” The lower ammonia
levels we have observed (and those observed by McClenny)
throughout 1980 may be a direct consequence of lower soil
moisture resulting fromless than average rain fall in the
Hampton area in particular and the entire Southeast in
general. :

The Source and Photochemistry of Ammonia

We believe that the enhanced surface levels of NH, (10
ppbv) that we measured in March 1979 resulted from the
rapid volatilization of ammonium nitrate fertilizer applied to
agricultural fields several weeks prior to the beginning of the
measurement program. Within two months after the initiation
of the measurement program, the surface levels of NH,
returned to what we assume to be local background levels. A
model to quantitatively explain the emission of NH; from
uncultivated (nonfertilized) soil to the atmosphere has been
developed by Dawson.! In Dawson’s model, ¢‘exchangeable’’
NH, * is supplied to the soil primarily by bacterial decom-
position of the biomass, with trace amounts ( ~ 1%) supplied
by precipitation and dry deposition. Once in the soil, the
NH, * can undergo nitrification, forming NO; ~ which can
either be assimilated into the biomass or be denitrified,
forming gaseous N, and N,O which are returned to the at-
mosphere. The other route for the NH, * in the soil is the
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Fig. 9 Effect of the vertical eddy diffusion coefficient, K,
(em2.5~1), on the distribution of tropospheric ammonia (typical

August 1979 profile is indicated by broken line envelope).
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formation of gaseous NH, via volatilization which depends
on the soil moisture, type, pH, and temperature.?®
Agricultural nitrogen fertilizer, e.g., ammonium nitrate, is an
additional source of ‘‘exchangeable’” NH, * (see Fig. 8).
Under optimum volatilization conditions, more than 50% of
the ‘‘exchangeable’ soil NH,* can form gaseous NH,
(although such a high value would be atypical for efficient

agricultural practice).! The production of NH, via'

volatilization is rapid, occurring within several weeks of the
application of nitrogen fertilizer.? Hence, we attribute the
high surface levels of NH; measured in late March 1979 to the
volatilization of NH, * supplied by the application of am-
monium nitrate fertilizer to the agricultural fields.

After the period of rapid volatilization (covering our
measurement period from late March through early April
1979), simultaneous IHR and ground-based and aircraft in
situ NH; measurements? indicated that the level of 1 ppbv
was reached by the beginning of June. From June until
August the surface level did not significantly change. During
this time period, the measured vertical profiles of NH; were
characteristic of the typical profile envelope shown in Fig. 9
(e.g., the dashed curve). Consequently, to gain some insight
into the atmospheric processes that control the vertical
distribution of NH; through the troposphere, we assume that
the August measurements are typical of the steady-state local
troposphere background profile. Numerical simulations of
the August measurements were performed using a steady-state
tropospheric photochemical model that includes 29 at-
mospheric gases grouped into the following species families:
oxygen species [O5, O, and O(!D)], nitrogen species (NO,
NO,, HNO,, HNO,, NO,, and N,O;), ammonia species
(NH,, N,H,, N,H;, N,H,, NH, and NH,), carbon species
(CH,;00H, H,CO, CH,0, CH,0,, HCO, and CH,), and
hydrogen species (H,0,, H, OH, and HO,). Profiles for
H,0, H,, CO, and CH, are specified as input parameters.

The model includes 75 photochemical and chemical reactions. .

The vertical profiles of long-lived tropospheric gases [O;,
NO,(NO +NO,), HNO,, NH,;, N,H,, N,H;, N,H,,
CH,OO0H, and H,0, ] are calculated between the surface and
the tropopause (10 km) by the simultaneous solution of the
species continuity and flux equations. The species continuity
equation is expressed as

36,/3z=P,~L ;M @)

where ¢, is the flux of the ith species, represented by the flux
equation

¢;= — K _M(3f;/0z) - (5
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J; is the species mixing ratio defined as
Ji=n;/M (6)

The other terms in these equations are: P;=the chemical
production terms for the ith species; L, =the chemical loss
terms of the ith species; M =the total number density of the
atmosphere; and K, =the eddy diffusion profile in the
troposphere.

For chemically short-lived species [O, O(! D), HNO,, NO,,
N,Os, NH, NH,, H,CO, CH;0, CH,;0,, HCO, CH;, H,
OH, and HO,], we can assume photochemical equilibrium
and thus the species continuity equation becomes

P—LifiM=0 )
or

fi=P;/LM (8
In our calculations, we have included the following
homogeneous (gas to gas) reactions for NH, [the loss of NH,
due to photodissociation (A=<230 nm) important in the
stratosphere is negligible in the troposphere] (reaction rates

taken from Hampson and Garvin® are in units of cm3s ~1:
‘NH; +OH—NH, +H,0; K=2.3x10""2exp(—800/T) (9)
NH; +O—NH, +OH; K=6.6x10"'2exp(—3300/7) (10)
NH, +O(!'D)—~NH, +OH; K=2.5x10-10 an

The homogeneous loss of NH, was found to be controlled
by Eq. (9), with Eqgs. (10) and (11) resulting in a negligible loss

of NH;. Our calculated OH profile decreases from 2x 106

cm ~3? at the surface to 1 x 106 cm ~3 at 10 km. For this OH
profile, the characteristic time for homogeneous loss due to
OH varied from about 40 days at the surface to about 180
days at 10 km. The major source of OH in the troposphere is
the reaction between O('D) and H,O via B

O(ID)+HZO—~20H; K=23x10-1 12)

To test the sensitivity of the calculated NH, profile to the
OH profile, calculations were performed for a standard H,O
vapor profile at 30° N3! from the U. S. Standard Atmosphere
Supplements, and for profiles of one-half and two times the
standard H,O profile. The resulting changes in both the OH
and NH, profiles were negligible. The heterogeneous loss
term (gas to solid loss) represented by k* includes the loss of
NH,; due to rainout and dry deposition. The exact details of
heterogeneous loss of NH, are not known and, hence, all
heterogeneous losses are modeled by a single characteristic
loss term k*, which is assumed to be constant from the surface
to 5 km and to decrease by a factor of 3 for each kilometer
above 5 km. The heterogeneous loss term k* is related to the
characteristic time constant for heterogeneous loss 7* by
k*=1/7*. Model calculations were made with values of k*
corresponding to values of 7* ranging 1-150 days to determine
the sensitivity of the NH, profile to the choice of .k*. The
steady-state continuity equation was solved for the NH,
mixing ratio subject to the lower (z=0 km) and upper (z= 10
km) boundary mixing ratios based on the August IHR NH,
profile shown in Fig. 9, which was assumed to represent the
steady-state local tropospheric background of NH,.

The effect of K, on the calculated NH, profile is shown in
Fig. 9. NH, profiles have been calculated for values of
K,=0.5x10%, 1x10°, and 5x10° cm2-s-!. These
calculations were performed for k* corresponding to 7* =150
days. Comparison of our calculations with the measurements
indicates a K, value in excess of 2x 10° cm?-s ~!, with a best
fit for a value of K, of 5x10° cm?-s ~'. The imposed upper _
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Fig. 10 Effect of the characteristic time constant for heterogeneous
loss, 7* (day), on the distribution of tropospheric ammonia (typical
August 1979 profile is indicated by broken line envelope).

boundary conditions unrealistically turns. the NH, profile
back into the measurement envelope for values of K, less than
2% 105 cm?-s —! (this numerical artifact incorrectly suggests
the existence of an upper tropospheric source of NH;). A K|
value of 2x10° cm?-s~! corresponds to a characteristic
transport time of about 35 days, while a K, of 5x10° cm2-

s ~1 corresponds to atransport time of about 15 days. It.

should be kept in mind, however, that the IHR NH,
measurements may be biased since they are obtained only on
clear, sunny days. Increased solar insolation and heating on
such days will lead to increased local convective activity,

~ particularly during the spring and summer when our
measurements were obtained. :

The effect of 7* on the calculated NH, profile is shown in
Fig. 10. Again, the imposed upper boundary coadition
unrealistically turns the NH,; profile back ‘into the
measurement envelope. These calculations were performed
for K, =5x105 cm?-s ~!. The best fit is for a 7* in excess of
10 days, with the lower values of 7* resulting in profiles
significantly below the NH,; measurement below 6 km. These
best fit 7* values may also be related to the biasing in the [HR
measurements. Since the measurements are obtained on clear
days, we are selectively eliminating from our data base
periods of precipitation, cloudiness, and poor visibility—all
periods of possible enhanced heterogeneous loss.

Conclusion

Ammonia is an important tropospheric gas which plays a
large role in the photochemistry of the troposphere. It affects
the acidity of rain and snow, readily forms ammonium
aerosols, and controls the conversion of gaseous SO, to
sulfate aerosols. Ammonia may affect climate due to its
strong absorption ‘around 10 um, the middle of the at-
mospheric window. Ammonia has also been suggested as a
significant source of stratospheric nitrogen oxides (NO,),
which control levels of ozone in the stratosphere.

We are just beginning to understand the physical, chemical,
and biological processes that control the levels of ammonia in
the troposphere. The measurements and interpretations
presented in this paper suggest that an anthropogenic activity,
i.e., the application of ammonium nitrate fertilizer, may have
a. major impact on the local ammonia budget.. Our
measurements also suggest that the magnitude of this impact,
as well as the seasonal background concentration of am-
monia, is strongly dependent upon. the climatological
parameters which affect soil conditions. Further research in
this area is clearly indicated.
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interactions. A principal factor eventually solidifying the field was the need, beginning approximately twenty years ago, to
develop a basis for predicting the aerodynamics of space vehicles passing through the upper reaches of planetary at-
mospheres. That factor has continued to be important, although to a decreasing extent; its importance may well increase
again, now that the USA Space Shuttle vehicle is approaching operating status.
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better means for enriching uranium for use as a fuel in power reactors. A third factor, and one which surely will be of long
term importance, is that fundamental developments within this field have resulted in several significant spinoffs. A major
example in this respect is the development of the nozzle-type molecular beam, where such beams represent a powerful
means for probing the fundamentals of physical and chemical interactions between molecules.
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