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Diurnal Variation of Nitric Oxide in the Upper Stratosphere

Two recent measurements of the temporal variation of nitric oxide at constant altitude near 40 km are reported. The observations were made at float altitude with a balloon-borne chemiluminescence detector together with in situ ozone measurements. The first measurement was made at 44øN on September 17, 1987, at an altitude of 40 km from before sunrise until 1000 LT. The second observation was made at the same latitude on June 18, 1988 at 39 km from 0800 to 1230 LT. The precision of the NO measurements is about 10% at these altitudes, obtained through a more accurate determination of the sample flow rate at pressures down to 2 mbar with a reduced ozone/oxygen flow rate. At an altitude of 40 km, nitric oxide was observed to start increasing very rapidly at sunrise when the solar zenith angle reached about 95 ø . After the rapid initial buildup, the rate of NO increase stabilized for 3 hours at about 1.2 ppbv/hour. Near 1100 LT at 39 km in summer the NO mixing ratio was observed to become nearly constant. These features of the diurnal variation of NO are in accord with the temporal variation expected from a time-dependent zero-dimensional photochemical model. Mixing ratios of NOy and N205 have been determined from the measured temporal variation of NO at 39.5 4-0.5 km, using the photochemical model of Pirre et al. (1989). These derived values of the NOy and N205 mixing ratios, 15.54-5.0 ppbv and 1.44-0.6 ppbv, respectively, are in good agreement with other recent measurements by balloon-borne and space-borne infrared experiments. C10 + NO -• C1 + NO2 which competes with the reaction (R•) C10 + O --• C1 + Reaction (R2), together with reaction (R2) Cl + O3 -• ClO + O2 (R3) completes the well-known catalytic cycle of ozone destruction. The role of reaction (R1) is pronounced in the upper stratosphere, where NO is relatively abundant. In the lower stratosphere, reaction NO2 + C10 + M -• C1ONO2 + M (R4)

INTRODUCTION

The catalytic reaction cycle of atomic oxygen and ozone with nitric oxide (NO) and nitrogen dioxide (NO2) is estimated to be the major loss process for ozone throughout the stratosphere below about 40 km [e.g., McElro•t and Salawitch, 1989]. In addition, these oxides of nitrogen (NO=) interact with reactive chlorine species in the following way: NO reacts with C10 through the reaction becomes important in temporarily sequestering both C10• and NO•. Since there is interaction between reactive species of chlorine and nitrogen, it is predicted that the rate of ozone destruction by an increase in stratospheric chlorine depends critically on the NO• or NO• concentration [e.g., [START_REF] Isaksen | Ozone perturbations by enhanced levels of CFCs, N20, and CH4: A two-dimensional diabatic circulation study including uncertainty estimates[END_REF]].

In the daytime upper stratosphere, nitric oxide (NO) be- Observations of the diurnal variation of NO in the upper stratosphere are very limited; however, at lower altitudes, more observations have been made, mainly with in situ chemiluminescence NO detectors [e.g., [START_REF] Ridley | Sunrise measurements of stratospheric nitric oxide[END_REF][START_REF] Kondo | Measurement of nitric oxide from 7 to 32 km and its diurnal variation in the stratosphere[END_REF][START_REF] Kondo | Di-urnal variation of nitric oxide at 32 km: Measurements and interpretation[END_REF]Kondo et al., , 1989a, b] (see [START_REF] Kondo | Di-urnal variation of nitric oxide at 32 km: Measurements and interpretation[END_REF] for a more complete set of references). [START_REF] Ridley | Stratospheric odd nitrogen: Nitric oxide measurements at 32 ø N in autumn[END_REF] measured the temporal variation of NO at 40 km near sunset. [START_REF] Roscoe | Simultaneous measurements of stratospheric NO and NO2 and their comparison with model predictions[END_REF] observed the temporal variation of NO between 32 and 43 km in the morning hours, as well as in the afternoon, using a balloon-borne infrared emission radiometer. To investigate the photochemistry of odd nitrogen, precise measurements of NO in the morning are very important because photodissociation of the various reservoir species, such as N2Os, occurs at that time.

comes
The NO measurements reported here are more accurate than previous determinations using the chemiluminescent technique.
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We have significantly improved the precision of chemiluminescent NO measurements, mainly through a more precise determination of the flow rates relevant to our balloon-borne chemiluminescence detector [Kondo et al., 1989c]. Here the diurnal variation of NO at about 40 km from sumise through midafternoon is reported. Quantitative comparison of the observed results with a photochemical model is described. A detailed analysis of the observed and calculated diurnal NO variation allowed estimates to be made of the NO w and N2Os mixing ratios. 
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The NO• values discussed above are summarised in Table 4. In Figure 10 None of these measurements were made simultaneously, so the difference of 2-3 ppbv could be due to natural variability caused by dynamical transport.

In general, our direct NOy measurements agree with those of the ATMOS experiment, as can be seen in Figure 10 In conclusion, it can be said that the present measurement of NO is in reasonable agreement with the photo chemical model. An observed increase in NO during the early morning hours is somewhat larger than that predicted. However, the differences between the observed and predicted values are within the uncertainties in the measurements of NO, o•.one, and temperature, and in the reaction rate coefficient of RS. The and N205 mixing ratios, determined from the model using the present NO measurements, agree well with other recent observations.

  • concentration and the photochemical partitioning among the NO• species. The dominance of NO in the NOy family during the daytime is discussed later when the measurements are compared to the model calculations of Pirre et al. [1989]. Since NO• has a photochemical time constant of about a month in the upper stratosphere [Shirnazaki, 1984], it is constant on the time scale of a day in the same air mass. Consequently, the diurnal variation of NO is caused by change in the NO/NO• ratio which results from photodissociation of reservoir species such as N20• and C1ONO2, and by variation in the NO/NO2 ratio. In order to investigate the complex chemistry of odd nitrogen in the stratosphere under changing conditions of solar illumination, precise measurements of the diurnal variation of NO in the same air mass are needed.

  the instrument was modified to achieve better precision at 40 km. Detailed descriptions of the chemiluminescence NO detector used for the present experiments have been presented by KonHo et al. [1989a, b, c]. Fluctuations of the zero level of the instrument have been used to obtain an estimate of 25 pptv as the detection limit of the NO instrument for 10 s of operation. This value was confirmed during the nighttime flight in 1987, as described later. For NO mixing ratios above the detection limit the major sources of error in the NO measurements are the uncertainty in the mixing ratio of NO in the N2 gas used for calibration during flight, and the mass flow rates of the NO calibration gas and of the sample air. The fluctuation level of the signal is not significant during daytime NO measurements. One of our gas bottles with an NO concentration of 1.98 ppmv used for calibration has been evaluated recently at the NOAA Aeronomy Laboratory where this value was confirmed within an accuracy of 3% (D. W. Fahey, private communication, 1990). Estimates of the uncertainties in the NO measurements are given in Table 1. The precision of the NO measurement derived by adding these uncertainties is about 10%. For the second balloon experiment in 1988 the NO instrument was further modified to measure NO N by adding a gold converter [KonHo e• al., 1990]. A schematic diagram of the NO/NO w instrument is shown in Figure 1. The sample air is drawn through the inlet by a Roots pump directly to the reaction chamber for NO measurements. In an alternative measurement mode, sample air first passes through a gold converter heated to 300øC to reduce NO w into NO catalytically, upstream of the reaction chamber. In order to maintain a high conversion efficiency of NO w to NO, purified carbon monoxide (CO), passed through charcoal and Teflon filters, is mixed with
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 4568 Fig. 1. Schematic diagram of the NO/NOy instrument used for the flight on June 18, 1988. MLV, magnetic latch valve; MFC, mass flow controller; CPR, constant pressure regu-

  jot species of NOy other than NO= are HNO3 and N2Os, as indicated in Figure 9. Assuming 100% errors in estimating the co..c•..•io..• o• •o• •p•ci•. • [NO•]/[NO•] •io • •0 km at 0600 LT has an uncertainty of 11%, thus leading to an error of 30% in the estimate for NO•, including the 10% in NO• of 60% and 45%, respectively.

  these calculated NO• mixing ratios are shown together with our directly measured NOy concentrations during ascent on June 18, 1988. NO• mixing ratios from the Atmospheric Trace Molecule Spectroscopy (ATMOS) instrument [Russell et al., 1988] are also shown in Figure 10; the measurements were made on board Spacelab 3 at 30øN and 48øS in May. The ATMOS instrument determined each major species of the NO• family by infrared absorption spectra measurements through the llmb of the Earth's atmosphere. The NO• mixing ratio measured by the ATMOS instrument near 40 km at 30øN and 48øS in May are listed in Table 5; the average of these values at 39.5 km is 15.8 4-0.9 ppbv. This value is in very good agreement with our average NO• value of 15.5 4-5.0 ppbv for September and June; our June value of 16.5 ppbv at 44øN is especially close to the ATMOS May value of 16.7 ppbv at 30øN. The estimated error of the ATMOS data at 39.5 km is 13%. The agreement of our NOy values with the ATMOS measurements indicates that the model of Pirre et •1.[1989] presents a reasonable description of reactive nitrogen in the upper stratosphere at mid-latitudes.T'he A'rNlu• values of NO• agree with our direct measure-

  , although our values are somewhat smaller between 20 and 24 kin. In the lower stratosphere, extensive observations of NO• with a chemiluminescence NO detector combined with a gold catalytic converter have been made on board the ER 2 aircraft (D. M. Murphy et al., unpublished manuscript, 1990). In Figure 10 the range of values obtained at altitudes between 17 and 21 km and between latitudes 30 ø and 45øN is indicated as a large
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 1112 Fig. 11. Profile of the NOv/ozone ratio. Solid circles are the values listed in Table 1. Triangles are from the measured values of NO v and ozone during ascent on June 18, 1988. See text.

TABLE 1 . Uncertainties in NO and NO w Measurements

 1 

	Parameter	Uncertainty %
		NO	NO w
	Zero level	<0.1	5'
	Mixing ratio of		
	NO cal gas	3	3
	Cal gas flow rate	2	2
	Sample air flow rate	5 $	20*
	Conversion efficiency	...	2
	Fluctuation of signal	1 •	3'

the sample air [Bollinger et al., 1983; Fahey et al., 1985]. The efficiency of conversion of NO2 into NO has been measured in the laboratory to be 0.994-0.02 at pressures between 7 and 60 mbar [Kondo et al., 1990]. The sensitivity of the NO w system for NO is calibrated during the flight periodically in the same way as for the NO measurement. The zero level of the NO w sys- tem is determined by adding compressed purified air near the entrance of the inlet tube. The NO w measurement system of this NO/NO w instrument is described in detail by Kondo et al. [1990]. The instrument used in the 1988 •ght can be switched by telecommand from the NO to the NO w measurement mode and vice versa during a flight. In 1988 it was operated in the NO w mode during ascent between 12 and 28 km and in the NO mode afterward. The sources of errors that affect the pre- cision of the NO w measurements and their estimated values are listed in Table 1. The uncertainty of the flow rate of the sample air for NO w measurements is significantly larger than that for NO measurements, due to a much reduced flow rate through the converter, especially at pressures lower than 30 mbar. By summing these uncertainties the precision of NO w measurement is estimated to be 35% at 28 km and 25% at 20 kin. In both flights, ozone was measured in situ on board the gondola with a UV photometer from the University of Houston [Robbins, 1985; Robbins et al., 1990] to an accuracy of about 4.5% and with a chemiluminescent ozone instrument from Ser- vice d'A•ronomie [Airnedieu and Barat, 1981; Airnedieu, 1983; Airnedieu et al., 1987] to an accuracy of about 4.10%.

  

TABLE 3 . Uncertainties in the Reaction Rate Coefficients and the Concentration of the Related Species Calculated for 40 kin.

 3 

		Uncertainty %
	]NO2	30
	k3	40
	k4	20
	kx4	30
	kxs	20

TABLE 4 . Summary of the Derived NOy and N20• Mixing Ratio, and NOy/ozone Ratio, and the Measured Os Mixing Ratio

 4 

			Date	Lat. Temp. A_lt.	NO•	N20•	Os	NO•/ozone
				øN	øK	km	ppbv	ppbv	ppmv	x 10 -s
		Sept. 17,1987 44	246	40.2 14.5 +4.3 1.2 +0.4 5.75 +0.3	2.52 +0.76
		June 18, 1988 44	259	39.1 16.5 +5.0 1.6 +0.6 5.40 +0.3	3.06 +0.92
		Oct. 4, 1985 44	227	32.5 18.5 +8.4 2.2 +1.2	7.0 +0.4	2.64 +1.19
		July 29, 1987 32	225	26.0 14.0 +8.5 1.9 +1.2	6.4 +0.3	2.19 +1.34
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NO) (ppbv) Fig. 10. Comparison of NO• mixing ratio values from several sources. Solid circles are those obtained from the present NO observations (see Table 1), and the triangles are the direct measurements during ascent on June 18, 1988. Open circles are ATMOS data at 30øN in May [Ruzzell et al., 1988]. The large square labeled "ER 2 Data" indicates the range of values by D. M. Murphy et al. (unpublished manuscript, 1990). ments at 26 km, but NO• values estimated from the NO obser- vations (indirect values) at 32.5 and 26 km are 2-3 ppbv larger.

  

TABLE 5 . NO•, Mixing Ratio Altitude Mixing Ratio ppbv
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	km	30øN	48øS
	41.5	16.7 +2.3	12.9 +1.7
	39.5	16.7 +2.2	14.9 +1.2
	37.5	16.2 +2.1	16.3 +1.8
	From Ruzzell et al., [1988].
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