GEOPHYSICAL RESEARCH LETTERS, VOL. 38, L04802, doi:10.1029/2010GL046146, 2011

Quantifying spatial and seasonal variability in atmospheric
ammonia with in situ and space-based observations

Robert W. Pinder,' John T. Walker,' Jesse O. Bash,' Karen E. Cady—Pereira,2
Daven K. Henze,> Mingzhao Luo,* Gregory B. Osterman,* and Mark W. Shephard®

Received 18 November 2010; revised 5 January 2011; accepted 10 January 2011; published 18 February 2011.

[1] Ammonia plays an important role in many biogeo-
chemical processes, yet atmospheric mixing ratios are not
well known. Recently, methods have been developed for
retrieving NH; from space-based observations, but they
have not been compared to in situ measurements. We have
conducted a field campaign combining co-located surface
measurements and satellite special observations from the
Tropospheric Emission Spectrometer (TES). Our study
includes 25 surface monitoring sites spanning 350 km across
eastern North Carolina, a region with large seasonal and
spatial variability in NH;3. From the TES spectra, we retrieve
a NHj; representative volume mixing ratio (RVMR), and we
restrict our analysis to times when the region of the atmo-
sphere observed by TES is representative of the surface
measurement. We find that the TES NH; RVMR qualita-
tively captures the seasonal and spatial variability found in
eastern North Carolina. Both surface measurements and
TES NH; show a strong correspondence with the number
of livestock facilities within 10 km of the observation. Fur-
thermore, we find that TES NH; RVMR captures the
month-to-month variability present in the surface observa-
tions. The high correspondence with in situ measurements
and vast spatial coverage make TES NH; RVMR a valu-
able tool for understanding regional and global NHj; fluxes.
Citation: Pinder, R. W., J. T. Walker, J. O. Bash, K. E. Cady-
Pereira, D. K. Henze, M. Luo, G. B. Osterman, and M. W. Shephard
(2011), Quantifying spatial and seasonal variability in atmospheric
ammonia with in situ and space-based observations, Geophys.
Res. Lett., 38, 1L.04802, doi:10.1029/2010GL046146.

1. Introduction

[2] Ammonia (NH3) is the atmosphere’s most abundant
alkaline compound and plays an important role in several
biogeochemical processes [Seinfeld and Pandis, 1998]. In
the presence of nitrate or sulfate, ammonia enhances the
formation and growth of particles [Napari et al., 2002],
which impact the earth’s climate [Abbatt et al., 2006] and
are statistically correlated with human health effects [Pope,
2000]. When deposited in sensitive ecosystems, ammonia
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contributes to acidification [Pearson and Stewart, 1993] and
eutrophication [Paer! et al., 2002].

[3] Despite the importance of ammonia, the sources,
sinks, and transport are poorly understood [Schlesinger,
2009]. Ammonia emissions are largely from agriculture
and are driven by farming practices and weather. The largest
removal process is deposition to surfaces; however, the
biosphere can re-emit ammonia in complex ways [Massad
et al., 2010]. Furthermore, ammonia is difficult to measure
in situ at relevant mixing ratios (<10 ppbv) [von Bobrutzki
et al., 2010]. The in situ measurements that are available
show high levels of spatial and temporal variability [ Carmichael
et al., 2003; Walker et al., 2004].

[4] Recent efforts have used remote sensing techniques to
measure NH; from the Tropospheric Emission Spectrometer
(TES) [Beer et al., 2008] on the Aura satellite and the
Infrared Atmospheric Sounding Interferometer [Clarisse
et al., 2009, 2010] on the MetOp-A satellite. TES orbits
the Earth in 98 minutes, advancing 22 degrees westward on
every orbit and returning to the same location every sixteen
days. The solar time of overpass is approximately 1:30 and
13:30. Each observation has a viewing area of approxi-
mately 5.3 km x 8.3 km, providing a dataset that far exceeds
the spatial and temporal coverage of any in situ monitoring
efforts. However, much of the NH; is near the surface,
which is challenging to detect from space. To use the vast
TES dataset for environmental monitoring, it is critical to
test it using in situ measurements.

[5] Accordingly, for ten months we have co-located in
situ surface NH; measurements and TES transects over a
region of high ammonia emission variability in eastern
North Carolina in the United States. Our goal is to quanti-
tatively test if the spatial and temporal patterns found in the
remote sensing data match the in situ NH; measurements.
Our analysis shows, for the first time to our knowledge, a
high level of correspondence between space-based and in
situ observations of NHj.

2. Methods

[6] To understand the extent to which the TES NH;
retrievals can characterize the spatial and temporal vari-
ability in NH3 mixing ratios, we conduct our comparison
with in situ measurements over eastern North Carolina. As
shown in Figure 1, this region has substantial variability in
NH; emissions [ Walker et al., 2004]. Eastern North Carolina
is a major agricultural production area with more than
9 million hogs, 30 million turkeys, and 100 million chickens
produced in 2007 [U.S. Department of Agriculture, 2009].
However, counties surrounding the major agricultural areas
are much less developed, feature designated wilderness
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Figure 1. Counties in Eastern North Carolina are color-
coded by emission density. The co-located TES transects
and in situ measurements range from areas of low to high
ammonia emission density. These transects span 300 km.

areas, and have much lower ammonia emissions. The region
has significant seasonal changes in temperature — the mean
July temperature is 27°C and the mean January temperature
is 6°C. For these reasons, we expect large spatial and tem-
poral gradients in the NH; mixing ratio.

[7] We have designed a sampling strategy to capture these
gradients. As shown in Figure 1, we have scheduled TES
transects to range from the low emission areas to regions of
high emission density. We have co-located the in situ
samplers with the locations of the TES observations and
named this surface measurement network CAMNet. The
study began in February 2009 and continued until November
2009.

2.1.

[8] The vertical sensitivity of TES tropospheric ammonia
retrievals vary from profile-to-profile depending on tem-
perature contrast, cloud cover, and NH; amount, but the
region of maximum sensitivity is usually between 700-
900 hPa. Since ammonia has a limited amount of vertical
information (typically ~1 piece of information), we compute
for comparison purposes a Representative Volume Mixing
Ratio (RVMR), which is the average NH; mixing ratio over
the region of the atmosphere where TES is sensitive. A
complete discussion and evaluation of the RVMR retrieval
approach is available from M. Shephard et al. (TES
Ammonia Retrieval Strategy and Observations: Global and
Regional Examples of the Spatial and Seasonal Variability
of Ammonia, manuscript in preparation, 2011). Briefly, the
TES retrieval has a positive mean bias of 0.5 ppbv and the
minimum detection limit of 1 ppbv. We limit our study to
cases where the cloud optical thickness <1.

Space-Based Measurements

2.2. In Situ Measurements

2.2.1. Carolina Ammonia Monitoring Network
(CAMNet)

[v] Two-week integrated ground-level NH; concentra-
tions were measured at 25 sites (Figure 1) using the ALPHA
passive sampler [Tang et al., 2001]. The sampler consists of
a 6 mm long, 21 mm inner diameter FEP Teflon tube. One
end contains a 5 um PTFE membrane, through which NHj
gas diffuses and is adsorbed onto an acid-coated collection
filter located at the other end of the diffusion path. The
membrane prohibits particle collection and forms a quasi-
laminar layer of air adjacent to its outer surface which serves
to establish a turbulence-free diffusion path between the
membrane and the collection filter. Samplers were deployed
in duplicate at each measurement location in an open bottom
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rain shelter fixed at a height of 1.5 m above ground. A
complete description is available in the auxiliary material.'
2.2.2. Warsaw

[10] Our analysis also includes higher temporal resolution
(30-minute average) NH; concentrations measured during a
previous study near Warsaw, NC (Figure 1), conducted
between June 18 and August 22, 2002 [ Walker et al., 2006].
Briefly, NH; concentrations were measured using a Thermo
Environmental Instruments Model 17C chemiluminescence
NO,/NHj; analyzer [Thermo Environmental Instruments,
Inc., 2002). Walker et al. [2006] provides a detailed
description of the experiment.

2.3. Chemical Transport Modeling

[11] To further interpret the comparison between the in
situ and space-based measurements, we analyzed a five year
simulation (2002-2006) from the Community Multi-scale
Air Quality (CMAQ) Model. CMAQ includes advection,
dispersion, gas and aqueous chemistry, aerosol thermody-
namics and deposition on an Eulerian grid spanning the
continental United States with 36 km horizontal resolution.
A description and evaluation of this simulation are provided
by Appel et al. [2010].

2.4. Comparing In Situ and Space-Based
Measurements

[12] Because the TES retrieval and the in situ measure-
ments are not sampling the same airmass, we would not
expect perfect agreement using a direct comparison of the
paired data. A more nuanced approach is necessary. Each of
the differences between the two sampling methods are
described below.

[13] First, the CAMNet measurements are an integrated
average of the ammonia concentration over a two-week
period, while TES instantaneously samples the atmosphere
at the time of overpass at approximately 1:30 and 13:30
solar time every 16 days. There is substantial daily vari-
ability in the NH; concentration, so we examined in situ
measurements [Walker et al., 2006] conducted for all of
2002 at half-hourly time intervals at Warsaw, North
Carolina. We calculated the correlation between the mea-
surement at the time of overpass with the average of all
measurements one week before and after the time of over-
pass. At the daytime overpass, we find the correlation
between the Warsaw half-hourly surface measurement and
the Warsaw two-week average surface measurement to be
0.40. However, during the night, the variability increases
considerably, and the correlation decreases to 0.07.

[14] We extend this analysis across the range of condi-
tions found in our study area, by sampling the NH; mixing
ratio from the CMAQ simulation at the same location,
month, day and hour as TES and CAMNet, for all instances
when TES and CAMNet overlap. Although the CMAQ
simulation does not include the same year as the observa-
tions, we have analyzed five years of simulation in order to
estimate the climatological properties. We find the correla-
tion between the CMAQ NH; mixing ratio at the daytime
TES overpass and the CMAQ two week average is 0.68.
This correlation is higher than at Warsaw, in part because it
includes the spatial and seasonal variability present across

'Auxiliary materials are available in the HTML. doi:10.1029/
2010GL046146.
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Figure 2. Comparison of CMAQ modeling results from 2002-2006 and Warsaw surface measurements sampled at the
same frequency as TES and CAMNet. The correlation between two-week average and ammonia mixing ratio at time of

TES daytime overpass are shown for each dataset.

the measurement sites. Because TES and CAMNet are
sampling the atmosphere in different ways, we do not expect
a pair-wise comparison to yield a correlation of one.

[15] Second, the ammonia surface concentrations have
substantial diurnal variability. From the Warsaw data, the
median ratio of the two-week average concentration to the
concentration at the daytime overpass is 1.4 (95% confi-
dence interval 1.1-1.7). Hence, we would expect the TES
NH; to be lower than the two-week average concentration.
To address this concern, we scaled the TES NH; by 1.4 for
the seasonal and spatial comparisons below.

[16] Third, the in situ measurements are sampling a single
location, while the TES observations include a viewing
window 5.3 km x 8.3 km. The in situ samplers are inten-
tionally located far enough from any livestock facility such
that the measurement is representative of the average con-
centration over a region at the same spatial scale as the TES
window. However, the viewing area does not cover exactly
the same place every time, so we remove cases when the
surface observation is not located within a TES window. To
further address this issue, for each surface monitor and
centroid of the TES viewing window, we classify the
CAMNet and TES observations by number of livestock
production facilities located within 10 km.

[17] Fourth, the TES RVMR is not an estimate of the NHj3
mixing ratio at an exact elevation, nor is it the integrated
NH; column density. Rather, the RVMR estimates the
mixing ratio averaged over a portion of the atmospheric
column where the instrument is sensitive. Most of the
daytime sensitivities peak between the surface and 800 hPa,
which is usually within the turbulent boundary layer for this
region. We expect the NH; concentration to be well mixed
across the turbulent boundary layer, so we expect a high
level of correspondence between CAMNet and TES RVMR
daytime overpasses.

[18] Most nighttime retrievals have maximum sensitivity
near the surface. At night, vertical mixing declines, causing
larger NH; concentrations near emissions sources and

greater spatial and temporal variability [Walker et al., 2004].
This increased variability is not resolved by the two-week
integrated average CAMNet measurements, so we restrict
the rest of our analysis to daytime TES retrievals that have
maximum sensitivity between the surface and 800 hPa.

[19] Finally, to compare the in situ NH; concentration to
the TES NH; mixing ratio, we convert the in situ mea-
surements to a mixing ratio (ppbv) using standard pressure
and monthly mean temperature measured at Warsaw, NC.

3. Results

[20] There are 78 overlapping pairs of CAMNet and TES
NH; observations. Figure 2 shows the relationship between
NH; at the time of TES overpass and the two-week average
for the CMAQ model, Warsaw measurements, TES, and
CAMNet datasets. The correlation between the daytime TES
and the two-week averaged CAMNet NHj is 0.55, between
the correlation in the Warsaw and CMAQ datasets. Also, the
median ratio of the CAMNet NH; to the daytime TES
RVMR is 1.6, where at Warsaw the 95% confidence interval
for this ratio is 1.1-1.7.

[21] It is challenging to draw meaningful conclusions
from this pair-wise comparison between CAMNet and TES,
because they are sampling the atmosphere in different ways.
Accordingly, we examine the seasonal and spatial patterns
by grouping these data in time and space.

3.1. Seasonal Variability

[22] When the daytime TES RVMR and CAMNet NH;
are paired and averaged for each month, both datasets have
higher values in the Summer and lower values in the Spring
and Fall. Figure 3 shows the monthly-averaged values for
each dataset, as well as the 95% confidence interval for the
mean, calculated using the student t-test. Comparisons for
June, September, and October are not available due to
cloudy conditions that prevented valid retrievals. We find
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Figure 3. (left) Average daytime TES RVMR and CAMNet NHj; observations by month of year for all months with more
than three TES observations. The number of overlapping pairs for each month is shown in parenthesis. (right) Average day-
time TES RVMR and CAMNet NH; binned by number of animal facilities within 10 km. Error bars denote the 95th per-

centile confidence interval for the mean.

that the April and November mean values are statistically
different than the mean values for May—August.

3.2. Spatial Variability

[23] We also find a strong correspondence between the
number of livestock facilities and both the TES RVMR and
CAMNet observations. Figure 3 shows the average daytime
TES RVMR and CAMNet NH; binned by number of animal
facilities within 10 km. This includes hog and poultry pro-
duction facilities, which are the largest sources of ammonia
emissions in this region. There are also considerable fertil-
ized crop lands, but these are spatially correlated with live-
stock operations. The observations with less than 5 animal
facilities have NH; mixing ratios statistically different than
the observations with more than 20 animal facilities.

4. Conclusions

[24] Tt is critically important to evaluate space-based
observations using in situ measurements, yet this requires a
nuanced approach. Because the in situ measurements in this
study have an integrated sampling period of two weeks, we
are not able to evaluate the large mixing ratios during night
observed by TES. Future studies comparing nighttime in situ
and space-based measurements of NHj3 should focus on
sampling at greater temporal frequency to better understand
this phenomenon.

[25] During the day, we find there is a strong correspon-
dence between the region of the atmosphere observed by
TES and the surface measurements. For the first time, our
analysis reveals that the TES observations are able to cap-
ture the seasonal and spatial patterns found in the surface
measurements. The vast amount of information available
from TES NHj; is a valuable tool for understanding spatial
and temporal patterns of NHj.
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