Introduction





Nitrogen oxides such as NO and  NO2  (NOx=NO+NO2) are important contributors to regional and global environmental pollution.  It is estimated that as much as 50% of total NOx in the atmosphere is emitted from the anthropogenic activities of fossil fuel combustion and biomass burning [Roberts, 1995].  This percentage will obviously be larger in the regional atmosphere near industrial areas.  The environmental impact of NOX includes the photochemical production and destruction of ozone (O3), human respiratory diseases, as well as lake and soil acidification via wet deposition of  HNO3.  High levels of ozone, such as those found in the urban troposphere, are toxic to humans and vegetation. The role of tropospheric ozone in climate change is important since on a per molecule basis, ozone is almost 2000 times more effective as a greenhouse gas than CO2 [Crutzen, 1995].  In addition, the coupling between O3 and OH in the troposphere dictates the atmosphere’s oxidative power, and thus effects its ability to break down reduced compounds emitted into the troposphere [Crutzen, 1995].  Most tropospheric ozone is produced in situ by reactions involving NO2.  As a result, anthropogenic NOx emissions have the potential to effect large changes in the composition of the atmosphere.  Currently, there are two major gaps in our understanding of the chemical and physical mechanisms governing global tropospheric NOx.  First, we have too few observations of NO���x and of  the species that act as chemical reservoirs of NOx, such as organic nitrates.  Second, current instruments do not have the sensitivity and specificity to accurately explore the remote atmosphere where mixing ratios of NOx can be as low as 1ppt.  This lack of understanding of  NOx, and its reservoir species such as organic nitrates, severely limits our abilities to assess the impact of anthropogenic activity on not only tropospheric ozone production but also on regional and global environmental pollution in general. 





We have designed, built, and deployed a field instrument to make in-situ measurements of NO2 over a ponderosa pine plantation located 50 miles east of Sacramento in the Sierra Nevada foothills.  Our instrument utilizes a laser-induced fluorescence (LIF) technique to make direct, fast, and sensitive measurements of NO2 in the troposphere.  We have demonstrated a detection limit for NO2 of 10 ppt/minute and have made continuous measurements from August 1998 through October 1998.  Our technique has advantages over the current suite of instruments designed to study this pollutant in that it is spectroscopically specific towards NO2 detection and therefore void of problems related to interferences from other species.  Our instrument is transportable, compact, and fully autonomous easing the task of making regional studies such as the current campaign as well as for making global observations in the future.  In the current campain, measurements of NO2, NO and total reactive nitrogen (NOy), O3, radiation, as well as a suite of volatile organic compounds are being made allowing us to investigate many aspects of the atmosperic composition at this rural location downwind from a major urban area.  This proposal demonstrates the capabilities of our LIF instrument to make accurate, precise (<10%), and fast (>1Hz) measurements of NO2 by showing recent data from the current campaign.  We also illustrate our plans for the next campaign at this site in the summer of 1999.  We propose to use our LIF instrument to make relaxed eddy correlation flux measurements of NO2 in addition to making continuous measurements of NO2 concentrations, and to characterize organic nitrates by their thermal decomposition to NO2.





The role of NO2 in regional and global pollution is strongly coupled to its reaction with volatile organic compounds and its conversion into reservoir species such as organic nitrates.  The loss of NO2 due to dry or wet deposition to the surface has not been well studied as flux measurements have been difficult to carry out using current measurement techniques that are subject to interferences (Munger, et al 1996).  Thus, to gain insight into the future impact of pollution on the environment we must have more observations of NO2, a better understanding of its chemistry and transport via organic nitrates, and we must determine the magnitude of NO�2 deposition to the surface.  The new instrument we have developed will enhance our understanding of the influence of regional pollution on global scale atmospheric chemistry by addressing these issues. 





NO2 is at the center of the problem.  For example, the ozone isopleth diagram, shown in Figure 1, illustrates the strong coupling between NO2 and hydrocarbons and the nonlinearity of ozone production under conditions typical of the urban regions in the United States.




















				Figure 1 Ozone Isopleths from Jeffries


























	Organic nitrates, formed under conitions of high NOx and VOC’s levels have a profound influence on global tropospheric O3 and on the atmosphere’s oxidative capacity.  It has been found that NO and NO2 add to organic peroxy radicals forming stable organic nitrates and peroxy organic nitrates, respectively. [Atkinson, 1994; Roberts, 1990].  The formation of organic nitrates (see below) can impact O3 formation in the troposphere in several ways.





�  


First, the above reactions radical termination steps, but more importantly the formation of organic nitrates remove NOx.  Second, nitrates and peroxy nitrates are stable reservoirs for NOx at lower temperatures.  As a result, they are able to undergo long range transport in the troposphere [Shepson, et al., 1996; Roberts, 1995; Roberts, 1990].  Thus, organic nitrates have the potential to remove reactive nitrogen from a polluted environment and transport it to a remote environment, where, upon thermally dissociating to give NO2, ozone can be produced.


	A potentially important organic precursor is isoprene, one of the most abundant and reactive biogenic hydrocarbons. Due to its extreme reactivity, isoprene has the potential to form several nitrates as well as increase the production efficiency of ozone not only in the urban atmosphere but also in the remote troposphere where a pollution plume from an urban area can interact with a large flux of biogenically emitted isoprene. [Shepson, et al., 1996; Paulson, 1995; Sillman, 1995].  Studies have found that organic nitrates make up at least 15% of isoprene oxidation products [Paulson, 1995].  It is also known that reaction of OH with alkenes, such as isoprene, produces (-hydroxy alkyl peroxy radicals which can react with NO or NO2 to form (-hydroxy nitrates and (-hydroxy peroxy nitrates respectively [Paulson, 1995; Shepson, et al., 1996].  This class of nitrates has an increased solubility due to the presence of the (-hydroxyl group.  The increased solubility can significantly increase the rain-out rates of these nitrates.  If the rain-out rates are a significant loss rate, (-hydroxy nitrates may act not as reservoir species for NOx but as sinks [Shepson, et al., 1996].  





Experimental





	NO2 mixing ratios in the troposphere can vary by several orders of magnitude from levels of 100ppb in the urban troposphere to levels as low as 1 ppt in the remote troposphere.  Current techniques are able to detect NO2 below 100 ppt/20sec, however, these techniques are indirect in that they first convert NO2 to NO and then detect NO [Munger et al., 1996; Singh et al., 1996].  Indirect techniques are subject to interferences from species other than NO2� that can be converted to NO.  The instrument we are proposing would not have such questions surrounding its accuracy as we will measure NO2 directly by laser-induced fluorescence.  The need for a direct, spectroscopically specific technique has been called for in recent years by several groups examining the needs for tropospheric chemistry [e.g. Parrish & Buhr, 1993] as well as by those groups studying NO2 [e.g. Crawford, et al., 1996; Ridley et al., 1994].    


	The instrument we propose to build (Figure 2) using laser-induced fluorescence (LIF) to detect NO2 has several advantages over other approaches.  As noted above, the LIF technique is direct and specific.  NO2 will not be converted to other species before detection, and the fluorescence signal is derived from a rovibronic transition unique to NO2.  It will be sensitive, precise, and accurate.  We expect detection limits better than 10ppt/20sec and to achieve 5% accuracy.  The instrument will be designed for use from aircraft and ground based platforms.  It will be fully autonomous, lightweight (<200 lbs) and compact (<0.5 m3).  In addition our sampling rate and response time will be fast.  Data will be collected at 8 Hz and the flow rate will be high enough such that sample in the detection cell will be exchanged at twice this rate.  As noted earlier, fast response time is necessary in order to obtain reliable information on the temporal distribution of NO2 which may be changing rapidly in a pollution plume. 


	A pulsed narrow bandwith (0.06 cm-1) tunable dye laser with an 8kHz repetition rate, 25 ns temporal width, 80 (J/pulse, and light of 585 nm will be used to excite NO2 to a narrow rovibronic feature.  This feature at 17086 cm-1 is a pair of overlapping rotational lines in the (430) A2B2 ( (000)X2A1 vibronic band.  Red-shifted fluorescence at (>700 nm will then be imaged onto a single photon counting silicon avalanche photodiode.  A multipass cell will be used to increase the laser fluence in the region imaged onto the detector.  Diagnostics (power, line width, frequency, temperature, and pressure) will be monitored throughout the instrument in order to maintain an accurate and precise calibration.  We will also take advantage of the long fluorescence lifetime of NO2.  The pressure in the sample chamber will be reduced to 3 Torr and a gated detection scheme will count single photons from NO2 after excluding the prompt (first 100 ns) chamber, rayleigh, and raman scatter.  This method results in a background noise of less than 10 counts/sec (a 95% reduction), while collecting 90% of the NO2 fluorescence.  A signal count rate of 1 count/ppt/sec, which we will achieve, on top of a background noise count rate of 10 counts/sec yields a signal to noise ratio, S/N=S/((S+2B), of  7.5 for 10 ppt in 20 seconds.


�Figure 2.  Current proposed LIF instrument for NO2 detection


	


	We have already demonstrated a detection limit of 20 ppt/20 sec with a signal to noise of 2.  Our plans to improve on this value are as follows.  First, we will increase the solid angle of signal that we detect by a factor of 2 by placing the collection lens closer to the center of the detection cell.  We will also increase the path length through the detection cell by at least 1.5 times by increasing the number of passes.  Furthermore, we plan to use an avalanche photodiode detector in place of the photomultiplier tube which will increase the quantum efficiency by a factor of about 5.  Together these improvements should increase our signal to noise by 15 times yielding a detection limit of 1.3 ppt/20 sec with a signal to noise of 2.  Preliminary experiments show that our instrument provides reliable and precise data as judged by our sensitivities to NO2 fluorescence and N2 Raman which are consistent over time.


	Organic nitrates will be measured by quantitative conversion to NO2 upon thermal dissociation.  To this end, we will attach a variable temperature chamber just prior to the LIF detection axis for NO2.  We will calibrate by introducing the nitrates of interest in the laboratory and study the temperature dependence of their thermal dissociation to NO2.  We have already synthesized PAN, one of the more important organic nitrates, and we will demonstrate the capabilities of this new approach with it.  By flowing known amounts of PAN through the system at various temperatures we will determine the amount of NO2 that is produced at different temperatures for a given concentration of PAN.  Furthermore, we will determine the temperatures necessary to completely dissociate the organic nitrates.  Our instrument will be able to measure ambient NO2 plus NO2 derived from thermally dissociated organic nitrates by passing the sample through the variable temperature vessel.  In the field we can then compare measurements of ambient NO2 to NO2 detected in air sampled through the variable temperature chamber giving us information about the amount of  NO2 tied up in its reservoir species.  We can then correlate these measurements to GC-MS data showing the organic constituents in the air sample being measured.  Together, these measurements should allow us to determine the amounts of important organic nitrates in the atmosphere and the degree to which they produce NO2 upon thermal dissociation.





***In addition, we will measure the total concentration of organic nitrates in source and sink regions to study the competition between transport and decomposition.  We intend to characterize the nitrates by their production of NO2 upon thermal dissociation using our LIF instrument.  With a variable temperature chamber attached to the detection axis of the LIF instrument we will be able to thermally dissociate all organic nitrates and thus determine the amount of NO2 tied up in these important reservoirs.  The degree to which organic nitrates are involved in the physical transport and subsequent release of NO2 in the troposphere is an important question to answer if we wish to understand the ultimate fate of NOx�.





Summary


	


	NO2 plays a central role in regional and global environmental pollution.  In particular, the production of tropospheric ozone arises from reactions that involve NO2.  Tropospheric ozone is a major component of photochemical smog, is toxic to plants and humans at levels found in the urban areas, and is a efficient green house gas.  Most pollution control strategies are aimed at lowering tropospheric ozone levels and so understanding the precursors’ chemistry and distributions is fundamental to predicting the future effects of this atmospheric pollutant.  We are currently limited by too few observations of NO2 to make valid conclusions on its environmental impact. Organic nitrates have been shown to be important reservoirs for NOx and play a role in the transport of NO2 from the urban to remote troposphere.  Current techniques to measure NO2 in the atmosphere are indirect and thus subject to interferences.  We propose a direct, spectroscopically unique, sensitive (1count/ppt/sec), precise (1%), and accurate (<5%) instrument to detect NO2 in the troposphere.  Preliminary results show that our background noise count rate can be lower than 10 counts per second, and that our instrument can reliably and reproducibly detect NO2 fluorescence.  We also propose to study the importance of several organic nitrates such as PAN and those nitrates most commonly formed from the oxidation of isoprene.  Using a variable temperature vessel in tandem with our LIF instrument, we will be able to characterize these nitrates by their production of NO2 upon thermal dissociation and measure their sum total concentrations in the atmosphere.  Gaining an understanding of NO2 in the troposphere will undoubtedly improve our ability to predict and plan for the future environmental impact of anthropogenic activity.
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