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Modeling of nitrogen species measured by CRISTA 

M. Riese •, V. Ktill •, X. Tie 2, G. Brasseur 3, D. Offermann •, 
G. Lehmacher 4, and A. Franzen s 

Abstract. We present an analysis of odd nitrogen species 
measured by the CRISTA experiment during the Space Shuttle 
mission STS 66 in November 1994. Observations of several 

nitrogen species are compared with modeled fields obtained 
from three-dimensional simulations performed with a chemical 
transport model (CTM). A sequential trace gas assimilation 
system is used in order to constrain the simulations by CRISTA 
observations of long-lived species, and total amounts of 
stratospheric nitrogen (NOy) derived from measurements of 
individual nitrogen components (NO2, N2Os, HNO3, and 
CIONO2). Comparisons of measured and modeled NOy species 
focus on significant diurnal variations and intense longitudinal 
variations observed by CRISTA. 

(CRISTA) experiment in early November, 1994. A sequential 
trace gas assimilation technique is used to constrain simulations 
of individual nitrogen species by measured distributions of 
long-lived species and by total amounts of stratospheric 
nitrogen (NOy) derived from CRISTA observations of indi- 
vidual nitrogen compounds. The observations are assimilated 
into a three-dimensional chemical transport model (CTM), 
which combines the chemistry and the transport codes of the 
NCAR ROSE model [e.g. Rose and Brasseur, 1989] with 
analyzed wind and temperature fields provided by the U. K. 
Meteorological Office (UKMO) [Swinbank and O'Neill, 1994]. 
Through this approach, the simulations account for the dynam- 
ical conditions prevalent during the observation period of 
CRISTA. 

1. Introduction 

Stratospheric ozone losses primarily result from catalytic 
cycles involving odd nitrogen, odd chlorine, odd hydrogen, and 
odd bromine. Reactions involving odd nitrogen (NO,, = NO + 
NO2) species are the dominant stratospheric ozone sink around 
--25 km altitude [e.g. Crutzen, 1970]. For this reason, a detailed 
understanding of the partitioning of the nitrogen family is 
crucial for quantitative determinations of ozone destruction 
rates. The nitrogen partitioning can be significantly influenced 
by heterogeneous reactions [e.g. Solomon et al., 1996]. For 
example, heterogeneous hydrolysis of N2Os is an important sink 
of NOx in the lower stratosphere [e.g. Fahey et al., 1993]. The 
reaction also substantially alters the effect of other cycles since 
the ratios of odd hydrogen members (OH/HO2) and of odd 
chlorine members (CIO/C1ONO2) are controlled by NO,,. 

Analyses of the nitrogen partitioning have been performed 
based on aircraft and balloon observations with limited geo- 
graphical coverage [e.g. Salawitch et al., 1994; Sen et al., 
1998]. The results suggest that the partitioning of NOy species 
relevant for stratospheric ozone destruction is reasonably 
understood, at least for conditions with high aerosol loading. 
Analyses of satellite data provide global coverage and reveal a 
gradual increase of the NOy/NOx ratio in the post-Pinatubo 
stratosphere, consistent with model predictions [e.g. Morris et 
al., 1997; Danilin et al., 1999]. However, to date the nitrogen 
partitioning obtained from satellite observations has only be 
investigated in terms of zonally averaged values or single 
profile data based on box models or two-dimensional models. 

This paper presents three-dimensional simulations of nitro- 
gen species obtained from the first flight of the Cryogenic 
Infrared Spectrometers and Telescopes for the Atmosphere 
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2. Observations 

The CRISTA instrument uses the limb-scanning technique to 
measure global distributions of thermal emissions of selected 
trace gases. For high horizontal resolution three telescopes are 
used that sense the atmosphere simultaneously. The vertical 
resolution of the measurements is about 2.5 km. The measure- 

ment technique allows observations during both daytime and 
nighttime. 

The first [light of the instrument was performed during the 
Space Shuttle mission STS 66 in November, 1994 [Offermann 
eta!., 1999; Riese et al., 1999a]. The instrument was operated 
for eight days (November 4-12, 1994) and provided atmos- 
pheric distributions of numerous trace gases with unprece- 
dented horizontal resolution for a limb-scanning instrument 
(typically 6 ø in longitude and 3 ø in latitude). Previous 
stratospheric studies based on CRISTA observations have used 
measured values of O.•, CH4, N20, CFC-I 1, HNO•, and 
CIONO2. The present analysis includes, in addition, obser- 
vations of NO2 and N205. 

For analyses of chemically active species it is especially 
important to consider the local solar time (LST) distribution of 
the observations. Figure 1 shows solar local times for the center 
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Figure 1. Local solar time (LST) distribution of the center tele- 
scope at points around an orbit for November 9, 1994. 
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telescope at points around an orbit for Nov. 9, 1994 (day 313). 
Measurements at the ascending portion (upleg) were made 
mainly during daytime, while measurements at the descending 
portion (downleg) were made mainly during nighttime. At each 
latitudinal circle, observations of each telescope were obtained 
at two different local solar times (LST) with a maximum local 
time difference of 12 hours at the equator. However, 
observations in the latitudinal region of the northern and 
southern turning points of the orbital track provide information 
over a relatively large portion of the diurnal cycle. In addition, 
the LST shifts by -22 minutes per day at a given latitude and 
the LST sampling of the three telescopes is somewhat different. 

The sequential trace gas assimilation system uses a 
horizontal resolution of 2.5" in latitude and 5.6 ø in longitude, 
and a vertical resolution of about 2.7 km. Due to the high 
spatial resolution of CRISTA, trace gas concentrations are 
frequently updated at all model grid points inside the 
atmospheric region sampled by the instrument. Details of the 
assimilation of long-lived species are given by Riese et al., 
1999b. The next section describes an extension of the trace gas 
assimilation technique to chemical families (NOy, Clx, Ox), 
which is used in order to constrain simulations of chemically 
active species such as N205 and NO2. 

3. Sequential data assimilation 
The assimilation is based on the "observed" densities of 

families, which are estimated from measurements of individual 

components. The reactive nitrogen reservoir (NOy) is estimated, 
for example, from the observed nitrogen components (NOy •) 
and the relative contribution of each component to total NOy as 
predicted by the model (hereafter eq). The model predictions of 
the nitrogen partitioning are evaluated at the locations (altitude 
z, longitude X, latitude dp) and the local solar times (LST) of the 
observations. An estimate of the "observed" NOy amount 
(NOy?•i) is performed for each measured nitrogen component 
NOy •. The best estimate of the "observed" NOy value is 
obtained by weighting the different estimates inversely with 
their errors 02. Finally, best estimate for NOy is inserted into the 
model by the sequential assimilation procedure. 

Since the observed NOy members (NO2, HNO3, N205, and 
C1ONO2) are not directly inserted into the model, their values 
will only be in good agreement with corresponding model 
results, if the partitioning ratios predicted by the model are in 
good agreement with the partitioning ratios measured by 
CRISTA. 

The model predictions of the nitrogen partitioning are 
basically a function of the atmospheric aerosol loading and 
kinetic parameters of key gas-phase reactions (e.g. Rt: NO2 + 
OH + M ---> HNO3; R2: OH + HNO3 ---> NO.• + H20). As 
discussed by Osterman et al., [1999], gas-phase kinetic 
parameters of DeMore et al., [1994] result in better agreement 
between modeled and observed nitrogen species than kinetic 
parameters provided by DeMote et al., [1997], mainly due to a 
slower rate of reaction R•. Recent studies [e.g. Gao et al., 1999] 
demonstrate that best agreement is achieved when using newly 
measured rate constants [Brown et al., 1999a,b] for reactions Rl 
and R2. 

To test the sensitivity of the modeled nitrogen species to the 
aerosol loading and to the values of the kinetic parameters, four 
test cases have been defined: Case At is based on the newly 
measured rate constants and on aerosol surface densities 

obtained from SAGE II observations during October, 1994; for 
case A2 heterogeneous reactions are neglected; case Bt uses the 
newly measured rate constants and aerosol loading measured by 
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Figure 2. Comparison of measured (symbols) and simulated 
zonal mean profiles (30"N to 50"N) of nitrogen components for 
early nighttime conditions (19 LT). The left panel shows results 
for N205 and NO2, while the right panel shows CIONO2, HNO.•, 
and NOy values. For details concerning the model cases A•, A2, 
B i, and B2 see text. 

HALOE; case B2 is based on HALOE aerosol and kinetic 
parameters of the JPL-94 compilation. 

Comparisons of measured (symbols) and modeled (lines) 
mixing ratio profiles of four nitrogen components are presented 
in Figure 2. Midlatitude (30"N to 50"N) zonal averages 
calculated from individual profile measurements and corre- 
sponding forecasts of the constrained model are shown for early 
nighttime conditions (19 LST). The upper panel of Figure 2 
demonstrates the importance of heterogeneous reactions on 
sulfate aerosols at altitudes below 10 mbar (30 km). The neglect 
of heterogeneous reactions in case A2 results in a considerable 
overestimate of the amount of N205 and NO2. More realistic 
results are obtained in cases A• and Bt. Compared to the large 
influence of the aerosol loading assumed for the simulations, 
the sensitivity of N205 and NO2 to assumptions made for the 
gas-phase rate constants (case B2) is rather small. In the next 
section some results of case B• are discussed in terms of 
significant diurnal variations and large horizontal variations. 

4. Results and Discussion 

The local solar time (LST) distribution shown in Figure 1 
indicates that most information about diurnal variations of 

chemically active species is contained in observations per- 
formed in the latitudinal region of the northern and southern 
turning points of the orbital tracks. Figure 3a shows CRISTA 
values of NO2 at 3.16 mbar measured during Nov. 7 (day 311) 
in the latitudinal band from 50øN to 60øN (red points). Note that 
observations of other nitrogen species are not available at this 
altitude level. The LST coverage of the combined measure- 
ments includes the day to night transition (terminator), where 
steep gradients in the diurnal variation of NO2 occur. The large 
scatter of the observations is mainly due to latitudinal gradients 
and intense zonal variations caused by dynamical processes. 
The CRISTA observations were performed during a dynam- 
ically disturbed period characterized by large wave activity and 
exchange of tropical and extratropical air in form of planetary- 
scale tongues (see e.g. Plates 6 and 7 of Riese et al., 1999b). 
Figure 3a also shows observed values averaged over the time 
step of the model (black symbols). The observations are 
compared to a zonally averaged diurnal cycle obtained from the 
model (red line). The night/day ratio is of the order of 3-4 for 
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(lowest panel), only measurements on the downleg are given. 
The model well reproduces the shape of the polar vortex in the 
HNO3 distribution. In the northern hemisphere two pronounced 
planetary-scale tongues can be seen in both observations and 
model results. Another weaker tongue of tropical air extends 
across the South American continent into the Indian Ocean. The 

overall agreement of the observed and the modeled structures is 
remarkable. The most notable difference is the overestimation 

of HNO3 by the model in the tropics. The observed CIONO,_ 
distributions exhibit important diurnal variations, which are 
well reproduced by the model. The model also reproduces 
significant horizontal structures at middle latitudes, which 
resemble the structures observed in HNO3. For N205, the 
overall agreement is considerably worse. In particular, the 
model overestimates the amount of N,-Os at high latitudes, 
probably due to an underestimate of the aerosol loading. This 
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Figure 3. (a) Comparison of measured and modeled diurnal 
variations of nitrogen species at 3.16 mbar (50"N to 60"N). 
Single observations of NO• are given by red points. Mean 
observed NO• values are also shown (black symbols). 
Corresponding zonally averaged model results are given by 
colored lines (red: NO,_, green: HNO3, blue: N,-Os, violet: 
CIONO,-). For more details see text. (b) Same as Figure 3a but 
lbr the 10 mbar level. Single observations are shown for HNO3 
(green points) and CIONO,- (violet points). Mean observed 
values are shown for all species (colored symbols). 

both model results and observations. Simulated values of 

unmeasured species such as NO• (NO2 + NO), HNO3, CIONO2, 
and N2Os are also shown in Figure 3a. Figure 3b presents the 
same comparison but for the 10 mbar level, where CRISTA 
observations of NO2, HNO3, N•_Os, and CIONO2 are available. 
Shown are averaged values for all species (colored symbols) as 
well as single observations of HNO3 (green points) and 
CIONO2 (violet points). At this pressure level, the night/day 
ratio is larger in the observation than in the model. 

Comparisons of horizontal distributions of measured and 
modeled NOy species are presented in Figure 4 lbr Nov. 6 (day 
310) at 22.5 mbar. The left panel shows the observation, while 
the right panel shows the model forecast at the instrument 
sampling grid, i.e. at the locations and times of the obser- 
vations. The HNO3 distributions (upper panel) contain all 
measurement points of Nov. 6 (upleg and downleg), since no 
major diurnal variations are present at this altitude level. 
CIONO2 observations on the upleg were separated from 
observations on the downleg (2 "• and 3 "a panel). For N205 
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Figure 4. Comparison of measured and modeled nitrogen 
species for Nov. 6, 1994, at 22.5 mbar. Shown are distributions 
of HNO3, CIONO2 (upleg), CIONO2 (downleg), and N205 
(downleg). The distributions were obtained by interpolating the 
trace gas values onto a regular grid with 64 x 72 grid points 
(longitude x latitude). The interpolation has been performed by 
applying a two-dimensional weighting function, which re- 
sembles a triangle function with a half width of 8" in longitude 
and 4" in latitude. Blank areas indicate grid points where no 
measured data are available inside the nonzero region of the 
weighting function. For more details see text. 
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discrepancy becomes even larger when aerosol surface densities 
provided by SAGE II (case A•) are used. 

In general, good correspondence between measured and 
observed structures is found. Sequential assimilation of chem- 
ical families appears to be an attractive method to analyze 
satellite observations of short-lived species, especially to check 
on our understanding of photochemical processes involving 
individual family members. 
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