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Photochemical calculations along air mass trajectories during
ASHOE/MAESA

R. Bradley Pierce,! Jens-Uwe Grooss,> William L. Grose,' James M. Russell III,3
Paul J. Crutzen,* T. Duncan Fairlie,’ and Gretchen Lingenfelser ¢

Abstract. The practicality of conducting photochemical calculations along trajectories of
air masses is investigated. An isentropic trajectory package is used in conjunction with a
detailed photochemical model to compare predictions of the mean chemical content of air
masses initialized with the Halogen Occultation Experiment (HALOE) data with coincident
in situ observations from instruments onboard the ER-2 aircraft. Comparisons are made
for 10 ER-2 flights originating from Christchurch, New Zealand, during the May to June
and October 1994 Airborne Southern Hemisphere Ozone Experiment/ Measurements for
Assessing the Effects of Stratospheric Aircraft (ASHOE/MAESA) deployments. Between
54 and 84 coincidences are found, depending on the species measured. Correlations
between the ER-2 and HALOE air mass/box model calculations are high (0.56-0.90) for
most species considered except for H,O (0.14) and HCI (0.24). Statistically significant
low biases in the prediction of HC], H,O, and OH are found. Kolmogorov-Smimov (KS)
significance tests are used to quantify the agreement between the distribution of species
observed by the ER-2 and predicted by the HALOE trajectory/ photochemical model. The
model predictions agree with the observed variance within the distributions at significance
levels greater than 0.80 (greater than 80% confidence that the predicted and observed
variance are identical) for H,O, ClIO, O3, and NO,,. The impact of computational errors

in the trajectory calculations and measurement uncertainty in the computed confidence
levels are investigated using Monte Carlo techniques. Computational trajectory errors
are found to play a small role in reducing confidence levels. The error analysis shows
that the HALOE trajectory/photochemical model calculations reproduce the large-scale
variability found in the in situ ER-2 constituent measurements to within the expected
uncertainties in the HALOE observations for all species considered. It is concluded that the
combined trajectory/photochemical model is an effective tool for interpreting in situ aircraft
observations within the global perspective provided by remote satellite measurements.

Introduction

Satellite measurements provide a global perspective of the
distribution of the average stratospheric trace gas concen-
trations within the finite field of view of a remote sensor.
In situ high-altitude aircraft measurements provide a high-
resolution perspective of the distribution of trace gas con-
centrations along the aircraft flight path. By effectively com-
bining measurements from these different platforms, we can
increase the spatial range of atmospheric variability which
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can be studied. Satellite occultation instruments have a field
of view which is typically many hundreds of kilometers in the
horizontal and a few kilometers in the vertical direction. Air-
craft in situ measurements can be obtained at horizontal res-
olutions of as high as a few hundred meters. Comparisons of
remote measurements with in situ measurements of relatively
higher precision and accuracy provide a means of evaluating
the ability of satellite measurements to characterize the aver-
age behavior of a finite air mass. In addition, the comparisons
are useful for assessing the value of in situ measurements for
characterizing the global distribution of atmospheric trace
gases. In this investigation we examine the feasibility of us-
ing trajectory and photochemical box model calculations to
compare in situ and remote measurements of photochem-
ically active species along the aircraft flight path. Data
obtained from instruments onboard the ER-2 high-altitude
research aircraft during the Airborne Southern Hemisphere
Ozone Experiment/ Measurements for Assessing the Effects
of Stratospheric Aircraft (ASHOE/MAESA) campaign and
the Halogen Occultation Experiment (HALOE) onboard the
Upper Atmospheric Research Satellite (UARS) platforms are
considered.
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Most comparisons between measurements and photo-
chemical box model predictions of the behavior of photo-
chemically active species have been restricted to the upper
stratosphere and lower mesosphere since the mixing ratios
of key species such as O3 are under photochemical control at
these altitudes and the detailed dynamical history of the air
mass is less important. Photochemical predictions of upper
stratosphere and lower mesosphere O3 concentrations have
been extensively compared with remote sensor observations
[Natarajan and Callis, 1989; McElroy and Salawitch, 1989;
Eluszkiewicz and Allen, 1993; Siskind et al., 1995], includ-
ing recent comparisons with HALOE observations [Crutzen
et al., 1995]. Comparisons between Atmospheric Trace
Molecule Spectroscopy (ATMOS) measurements and pho-
tochemical predictions for a number of species, including
NO, NO;, HCl, have been conducted by Natarajan and Cal-
lis [1991]. Comparisons with ATMOS showed that the pre-
dicted profiles were generally within the uncertainty of the
observations although significant discrepancies in the sunset
NO2/NO ratio were found.

Photochemical model calculations were used during the
European Arctic Stratospheric Ozone Experiment (EASOE)
to interpret balloon, ground based, and satellite measure-
ments of the lower stratosphere. Photochemical predictions
along isentropic back trajectories originating from the EA-
SOE observations were used to study chlorine activation
[Lutman et al., 1994]. Comparisons of predicted ClO, pro-
duction with C10 measurements from the Microwave Limb
Sounder (MLS) were in qualitative agreement, although the
predicted ClO was lower than observed by MLS. Part of this
difference arose because the photochemical model only ac-
counted for the chlorine activation that occurred during the 10
day back trajectories. Photochemical studies of the effects
of volcanic aerosols on NO; during EASOE were able to
reproduce the vertical distribution of NO, measured by Sys-
teme d’ Analyse par Observation Zenithale (SAOZ) balloons
when heterogeous chemistry on polar stratospheric cloud
(PSC) and sulfate aerosols was included in the calculations
[Lateltin et al., 1994]. Initialization of the photochemical box
model is a major uncertainty in the EASOE studies since the
initial species concentrations were unknown. Photochemical
box model calculations have been highly successful in repro-
ducing the observed distribution of hydrogen, nitrogen, and
chlorine radicals along ER-2 flight paths in the lower strato-
sphere during the Stratospheric Photochemistry, Aerosols,
and Dynamics Expedition (SPADE) campaign [Salawitch et
al., 1994]. In these calculations the photochemical model
is constrained by in situ observations of long-lived precur-
sors, temperature, and pressure. The concentrations of diur-
nally varying species are then predicted by the box model.
The success of these calculations demonstrates the ability
of constrained photochemical models to predict much of the
observed behavior of diurnally varying species.

Previous studies have demonstrated that trajectory/photo-
chemical box model techniques can be an effective means
of tracking the large-scale evolution of air masses. Austin et
al. [1987] compared the mixing ratios of photochemically
active and inert gas concentrations predicted from a cou-
pled trajectory/photochemical model, initialized with obser-
vations from the Limb Infrared Monitor of the Stratosphere
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(LIMS), against subsequent LIMS observations of the same
air mass. These comparisons demonstrated a sound physi-
cal basis for the use of combined trajectory/photochemical
models for periods of 6 to 10 days for both disturbed and
undisturbed northern hemisphere conditions. Cross correla-
tion coefficients between modeled and observed NO, mixing
ratios were significant (0.05 significance level or better) at all
but the lowest isentropic level considered (500 K). O3 cross
correlations were not significant in the middle and lower
stratosphere (below 850 K). Comparisons between initial
and subsequent observations of middle stratosphere (700 K)
air masses observed by HALOE during the southern hemi-
sphere spring showed high correlations for long-lived species
for periods of up to 10 days [Pierce et al., 1994]. The im-
provement in the HALOE correlations compared to LIMS
is likely a result the higher precision of the HALOE data
and the use of assimilated winds instead of gradient winds
derived from geopotential height data from the Stratospheric
Sounding Unit (SSU). These studies establish the ability of
trajectory techniques to predict the large-scale evolution of
stratospheric air masses.

Taken as a whole, previous trajectory and photochemi-
cal studies show that each component of a trajectory/photo-
chemical model can predict the behavior of the atmosphere
when data at similar spatial scales are used to test and con-
strain the models. High-resolution in situ data from in-
struments onboard the ER-2 during ASHOE/MAESA and
contemporaneous HALOE observations of southern hemi-
sphere middle latitudes during 1994 provide an opportunity
to quantitatively evaluate the effectiveness of using a trajec-
tory/photochemical box model to link satellite and in situ
observations of photochemically active species in the lower
stratosphere. This set of observations allow us to evaluate tra-
jectory/box model predictions, constrained by horizontally
averaged satellite data and large-scale winds and tempera-
tures, with much higher resolution in situ data. In a related
paper [Grooss et al., this issue] the trajectory/photochemical
model is used to examine the springtime recovery of HCl
in the southern hemisphere polar vortex, thereby extending
observations of the Antatctic polar vortex beyond the flight
range of the ER-2.

Trajectory/Box Model Description

The trajectory model uses a fourth-order Runge-Kutta
scheme with a 20 min time step to predict the displace-
ment of air masses using linearly interpolated winds and
temperatures. Winds and temperatures were obtained from
operational analyses provided by the United Kingdom Mete-
orological Office (UKMO) (courtesy of Terry Davies) during
ASHOE/MAESA. Input data for the photochemical model
was saved for photochemical calculations at 1 hour incre-
ments. Trajectory/box model calculations were conducted
for the second (May-June 1994) and fourth (October 1994)
ASHOE deployments. These deployments correspond to
periods during which the Antarctic polar vortex is develop-
ing (second deployment) and decaying (fourth deployment).
During the second deployment, a total of 327 southern hemi-
sphere HALOE occulations occurred between 940513 and
940604 (YYMMDD format is used to denote flight days)



PIERCE ET AL.: PHOTOCHEMICAL CALCULATIONS ALONG AIR MASS TRAJECTORIES

when UKMO analysis were available for trajectory calcu-
lations. Isentropic trajectories at each HALOE observation
point were initialized on the 460 K isentropic surface, which
was near the mean value of the constant potential tempera-
ture leg of the ER-2 flights during this deployment. Trajecto-
ries for each occultation were predicted until 940604. Only
sunset HALOE occulations were made in the southern hemi-
sphere during May-June 1994 and those observations where
restricted to middle latitudes. During the fourth deployment,
a total of 471 southern hemisphere HALOE occulations oc-
curred during the period from 940924 to 941018 for which
UKMO analyses were available. Trajectories were computed
on the 480 K isentropic surface during this deployment to ac-
count for the higher potential temperatures sampled by the
ER-2. HALOE sunrise and sunset observations spanned
the entire southern hemisphere during the fourth deployment
with extensive observations within the Antarctic polar vor-
tex. Because of operational constraints at Christchurch, New
Zealand, 1200 GMT UKMO analyses were used for the tra-
jectory calculations during the second deployment and 0000
GMT UKMO analyses were used during the fourth deploy-
ment.

The photochemical box model uses an implicit numer-
ical integration scheme developed by Gear [1971] with a
self-adjusting time step length. The commercial package
FACSIMILE [Curtis and Sweetenham, 1987] is used to eas-
ily facilitate changes in reactions considered. The model
includes 38 chemical species, a standard reaction scheme
with 69 gas phase reactions (8 termolecular, 57 bimolecular,
4 thermal decay), including the methane oxidation chain and
22 photolysis reactions. The heterogeneous chemistry in/on
ternary H>SO4/HNO3/H;0 solution aerosols is parameter-
ized from results of a thermodynamic model [Carslaw et al.,
1995a,b] on the basis of measurements of Hanson and Rav-
ishankara [1994]. Heterogeneous chemistry on crystalline
NAT and ice PSCs is also incorporated. The model uses cur-
rently recommended kinetic reaction rates [DeMore et al.,
1994]. The photolysis rates are calculated by a spherical ge-
ometry scheme that was developed by Lary and Pyle [1991].
Integrations of the kinetic reaction equations are performed
along a given HALOE air mass trajectory using tempera-
ture, pressure, and position information obtained from the
trajectory package. For a more detailed description of the
photochemical box model, see Muller et al., [1993, 1994].

HALOE observations of O3, HyO, CH4, NO, NO,, and
HCI are used to initialize the box model directly. Overhead
column O3 is held constant along the air mass trajectory and is
determined from the initial HALOE sounding. The remain-
ing species are determined from a combination of HALOE
data, fixed ER-2 correlations, and monthly climatologies
of the latitude-pressure distributions of species obtained
from the Max Planck Institute for Chemistry (MPIC) two-
dimensional model [Gidel et al., 1983; Bruhl and Crutzen,
1993; Grooss et al., 1994]. Total inorganic chlorine, Cl,
(:=HC1+CIONO,+ClO+2Cl1,0,+HOCI+CI+2Cl,) is derived
from HALOE HF data using the monthly mean relationships
between HF and Cl,, from the two dimensional model. A cu-
bic polynomial fit of the two-dimensional model Cl,, and HF
data is used with seasonal and latitudinally dependent coeffi-
cients [Muller et al., 1996]. Once Cl, has been inferred from
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the HALOE HF data, CIO; is obtained from the inferred Cl,,
minus the observed HCI. The uncertainty of this estimate of
CIO, may be quite large, since it is the difference between
two large quantities with both model and measurement un-
certainties. The relative partitioning of ClO and CIONO,
within the ClO,, species is obtained from two-dimensional
model climatology.

Nitrogen species are initialized using HALOE NO, NO,
and the compact correlation between NO, (:= HNO3+NO+
NO;+NO3+2N,05+HO,NO,) and CH,4 as measured by the
reactive nitrogen and ALIAS instruments [Fahey et al., 1989;
Webster et al., 1994]. The seasonal change in the NO,/CH4
correlation is accounted for using the NO,/CH4 correlation
from a flight on 940603 for the second and the 941010
NO,/CH4 correlation for the fourth deployment. A linear
least squares best fit of NO, and CH4 observations from the
ER-2 on these flight days is used to infer NO, from HALOE
measurements of CHyq. NOj is the only component of the
photochemical box model which is initialized with informa-
tion from the ER-2 measurements. The relative partitioning
between the remaining species in the NO, family (mainly
HNOa) is taken from two-dimensional model climatologies.
Fahey et al. [1989] found denitrification of about 75% of
the expected NO, value from mid-latitude NO,/N,O corre-
lations within the polar vortex during 1987 Airborne Arctic
Ozone Experiment (AAOE) campaign. During the fourth
ASHOE deployment, NO, concentrations within the polar
vortex are reduced by 75% of the middle latitude value for
the same CH4 mixing ratio to crudely account for denitrifi-
cation within the polar vortex. HALOE observations with
CH,4 values of less than 1.0 ppmv at 460 K are considered
to be within the polar vortex [see Grooss et al., this issue,
Figure 1]. Radicals with short lifetimes such as O, O(!D),
OH, HO,, Cl, Br, rapidly adjust themselves to photochemical
equilibrium and are therefore initialized at zero concentra-
tion. All other chemical species are initialized directly from
two-dimensional model climatologies.

Determination of Coincident Pairs

Coincidence criteria of (+/-) 1 hour, 10° longitude, 1°
latitude, and 20 K potential temperature were used to de-
termine which HALOE air mass trajectories were included
in the comparison with the ER-2 flight path data. These
criteria result in a total of 84 coincidences, although ER-2
data for all species are not available for each flight. In situ
potential temperature [Chan et al., 1989] and latitude and
longitude are used in conjunction with the predicted latitude
and longitude to determine coincidences between the ER-2
flight path and HALOE trajectories. HALOE trajectory/box
model predictions are compared with in situ measurements
of nine species by instruments onboard the ER-2: HCI [Web-
ster et al., 1994], CHy [Webster et al., 1994], C10 [Anderson
et al., 1989] HO, and OH [Wennberg et al., 1995], NO and
NO, [Fahey et al., 1989], Os [Proffitt et al., 1989] and HO
[Kelly et al., 1989].

Figure 1 shows the coincident trajectories and ER-2 flight
paths for each of the flights used in the comparison. Ten ER-2
flights are considered, five flights during each of the second
and fourth deployments. All flights used in this compari-
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Figure 1. Forward trajectories (small dots) from HALOE occultation measurements (large dots) which are
coincident with ER-2 flights (solid line) originating from Christchurch, New Zealand during the second

and fourth 1994 ASHOE/MAESA deployments.

son originated from Christchurch, New Zealand and sampled
mid-latitude and vortex edge air masses with the exception of
the 940528 flight during the second deployment which sam-
pled subtropical air masses. During the second deployment
(flight days 940523, 940524, 940528, 940601, 940603), co-
incident trajectories are restricted to mid-latitude orbits on
the equatorward flank of the polar night jet and originate

from mid-latitude HALOE observations. During the fourth
deployment (flight days 941003, 941005, 941010, 941013,
941016), more coincidences occur near the edge of the po-
lar vortex, and some of the coincident trajectories originate
from subtropical HALOE observations (flight days 941013,
941016). Figure 2 shows the observed O; mixing ratios
along the ER-2 flight path together with the predicted O3
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Figure 2. In situ measurements of O3 mixing ratio (solid line) sampled at 1Hz by the NOAA Aeronomy
Laboratory dual-beam UV-absorption ozone photometer (courtesy of Mike Proffitt) and predicted O3
mixing ratios for coincident trajectories (diamonds) for each flight shown in Figure 1.
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mixing ratios for coincident trajectories from the HALOE
trajectory/box model for each flight. The ASHOE/MAESA
ER-2 flights typically began between 2000 GMT and 2200
GMT, (0600 and 0800 LT) and include an isentropic south-
bound leg, a dive between 2400 GMT and 2600 GMT (1200
and 1400 LT) and then a cruise climb during the northbound
return leg. Most coincidences occur during the southbound
isentropic leg of the flight. Qualitatively, the agreement
between the predicted and the observed O3 mixing ratios ap-
pears to be quite good inspite of the significant small-scale
variability of the in situ ER-2 data. These figures illustrate
the wide range of observed and predicted O3 mixing ratios
sampled during the two deployments.

The small-scale variability in the in situ ER-2 measure-
ments arises due to a combination of large-scale chaotic
advection [Pierce and Fairlie, 1993], resulting in the de-
velopment of thin filaments of air of vortex and subtropical
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originin close proximity and differential advection by small-
scale disturbances such as gravity waves [Pfister et al., 1993;
Bacmeister et al., 1996]. Because of the chaotic nature of the
large-scale filamentation process and the inability to resolve
small-scale disturbances in global analyses of wind and tem-
perature, it is unlikely that the HALOE trajectory/box model
predictions can account for the detailed structure observed
by the ER-2. Therefore we restrict ourselves to a comparison
between the HALOE trajectory/box model predictions and
the mean ER-2 mixing ratios within the coincidence window.
Averaging the ER-2 flight track data within the coincidence
window results in a set of prediction/observation pairs for
each flight. The resulting predicted and observed samples
have an equal number of data points, which greatly sim-
plifies the statistical analysis. In the following discussion,
"observed ER-2 data" will refer to the average ER-2 mixing
ratio within the coincidence window unless otherwise stated.
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Figure 3. Scatterplots of observed (ER-2) and predicted HCI, H>O, O3, NO,,, and CH, mixing ratios for
coincident trajectories during the second (+) and fourth (*) deployments. Cross-correlation coefficients
(r) and mean differences (Diff) are indicated in the top left corner for each constituent. The number of
coincident pairs (n) for each constituent is also indicated. In situ data are provided by Chris Webster (HCI,
CH,), David Fahey (NO, ), Mike Proffitt (O3), and Ken Kelly (H2O). The in situ data have been averaged
within the coincident window to facilitate intercomparison.
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Figure 4. Scatterplots of observed (ER-2) and predicted HO,, ClO, OH, and NO mixing ratios for
coincident trajectories during the second (+) and fourth (*) deployments. Cross-correlation coefficients
(r) and mean differences (Diff) are indicated in the top left corner for each constituent. The number of
coincident pairs (n) for each constituent is also indicated. In situ data are provided by Jim Anderson (C1O),
Paul Wennberg (OH and HO,), and David Fahey (NO). The in situ data have been averaged within the

coincident window to facilitate intercomparison.

Averaging within the coincidence window typically results
in a 2° latitude average along ER-2 flight track due to the
predominately north/south orientation of the flight tracks.

Statistical Analysis

The number of coincident pairs during each flight was
considered too small for reliable flight-by-flight statistical
comparison. Instead, the coincident pairs for all flights (both
second and fourth deployments) were combined into one
sample. This increases the range of atmospheric variability
included in the statistical samples and allows us to evalu-
ate whether the HALOE trajectory/box model predictions
can account, in an average sense, for the range of behavior
observed by the ER-2 during dynamically active southern
hemisphere early winter and spring periods.

Scatterplots of the observed and predicted concentrations
of long-lived species (O3, H,O, NO,, CHy4, and HCI) for both
the second and the fourth deployments are shown in Figure
3. Scatter plots of the observed and predicted concentra-
tions of diurnally varying species (HOz, OH, CIO, NO) are
shown in Figure 4. Both observed and predicted concentra-
tions of O3 and NO, were higher, while the concentration
of CH4 was generally lower during the fourth deployment.
This indicates that the concentration of long-lived species
such as O3, CHy, and NO,, are being controlled by seasonal
descent of mid-latitude air which brings higher concentra-
tions of O3 and NO,, and lower concentrations of CH4 down

to ER-2 altitudes. Water vapor and HCI have much weaker
vertical gradients in mid-latitudes and consequently do not
show significant seasonal trends. The observed increase in
O3 and NO, and constant HO suggests that the coincident
air masses observed during October were not significantly af-
fected by heterogeneous polar processes, which would have
led to NO, and H,O reductions due to PSC sedimentation,
and reductions in O3 due to chlorine-catalyzed ozone de-
struction. The observed and predicted increase in the pho-
tochemically active species (HO;, Cl10, OH, NO) between
the second and the fourth deployments arises from seasonal
changes in the solar zenith angle of the coincident air masses.
The agreement between the trends in the observed and pre-
dicted concentrations demonstrates the ability of the HALOE
trajectory/box model to predict the temporal behavior of both
long-lived and diurnally varying species.

Cross correlations and mean differences

Cross-correlation coefficients (r) and mean differences
(observed-predicted) for the combined data sets were com-
puted for the coincident observation/prediction pairs. These
are indicated for each species in Figures 3 and 4. Observed
and predicted HO,, OH, NO, O3, CH4, and NO, concen-
trations are all highly correlated, while the predicted and
observed ClO are reasonably well correlated. The reduced
correlation for C1O may be due to the lower signal to noise
ratio of the ER-2 observations for the low Cl1O mixing ratios
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Figure 5. Probability density distributions (PDFs) of observed (solid line) and predicted (dashed line) HCI,

H,0, 03,NO,, and CHy mixing ratios for coincident
Kolmogorov-Smirnov (KS) significance levels wit

trajectories during the second and fourth deployments.
h (KS) and without (dKS) mean differences in the

observed and predicted mixing ratios are indicated in the top left corner for each constituent. The number
of coincident pairs (n) for each constituent is also indicated.

in the coincident air masses. Water vapor and HCI compar-
isons show poorer correlations. The low correlations for H,O
and HC] arise partly because of the small range of variability
in these species for the coincident air masses. Significance
levels for the correlation coefficients were determined using
the Student’s T test. The correlation coefficients are statisti-
cally significant at the 0.05 significance level for all species
except for H>O.

The statistical significance of the agreement between
the mean concentrations was determined using the Mann-
Whitney ranked sum (RS) test of means [Pratt and Gibbons,
1981]. The HALOE trajectory/box model predictions of
mean Os, C10, NO, HO,, and NO,, concentrations are sig-
nificant at the 0.05 significance level. RS significances for
HCl, H,0, CHy, and OH are less than 0.05 and indicate
statistically significant low biases for these species.

Kolmogorov-Smirnov significance tests

The Kolmogorov-Smirnov (KS) test [Gibbons, 1985] is
used to determine the likelihood that the observed and pre-
dicted mixing ratio distributions arose from the same par-
ent population. The Kolmogorov-Smirnov test is similar to
the more familiar chi-squared test except that the maximum
difference between the two sample’s cumulative probability
density function (PDF) is used instead of the maximum dif-
ference between the PDFs. The KS statistic provides a more
quantitative measure of the agreement between the predicted
and the observed mixing ratios than either the Student’s T or
RS tests provide. To compute the cumulative PDFs, we fol-
low Gibbons [1985]. The KS significance is obtained from
an asymptotic approximation for the exact two-sided KS
null distribution which is valid for large n [Pratt and Gib-



13,160
ASHOE li&IV ho2 PDF (n=49)
15[ KS=0.259 ~ __ER2 |
dKS=0.169 _ _HALOE

g g
g g
g g
(e e

2000 4000 6000 8000

ho2 (x1e15)
ASHOE I1&IV clo PDF (n=58)
KS=0.915  __ER2
20} dKS=0.915 — _HALOE |
[ [
=] =
g 10} g
'S [T
5
| T LT
0 20 40 60 80 100 120

clo (pptv)

PIERCE ET AL.: PHOTOCHEMICAL CALCULATIONS ALONG AIR MASS TRAJECTORIES

ASHOE l1&IV oh_ PDF (n=49)

KS=0.020 __ER2
151 dKs=0.169 _ _HALOE |
10
5. .
0 . e .
0 200 400 600 800 1000

oh_(x1e15)

ASHOE lI&IV no_ PDF (n=61)

50 'KsS=0.080 —_ER2
dKS=0.274 _ _HALOE

a0} ]

30}

20}

10}

0 o . .

0.00 0.10 0.20 0.30 0.40 0.50

no_ (ppbv)

Figure 6. PDFs of observed (solid line) and predicted (dashed line) HO,, ClO, OH, and NO mixing
ratios for coincident trajectories during the second and fourth deployments. Kolmogorov-Smirnov (KS)
significance levels with (KS) and without (dKS) mean differences in the observed and predicted mixing
ratios are indicated in the top left corner for each constituent. The number of coincident pairs (n) for each

constituent is also indicated.

bons, 1981]. Because the KS test is sensitive to outlying data
points, we removed those ER-2 and HALOE trajectory/box
model pairs which lie more than 2 standard deviations from
the linear best fit of the data shown in Figures 3 and 4. This
results in the loss of no more than 3 to 5 coincidence pairs,
depending on the species considered.

Figures 5 and 6 show predicted and observed mixing ratio
PDFs and KS significance levels (KS) for each constituent
during the second and fourth deployments. KS significance
levels are also shown after the mean biases between the pre-
dicted and the observed concentrations have been removed
(dKS). Both observed and predicted distributions of photo-
chemically fast species such as HO, and OH show very broad
distributions with no single clear peak. This reflects the wide
range of local zenith angles sampled along the ER-2 flight
path during the second and fourth deployments. The NO
distribution shows a strong peak at low NO mixing ratios in
both the observed and the predicted distributions. The low
NO mixing ratios were observed during the second deploy-
ment. Two-dimensional model calculations of the diurnal
cycle of NO and OH [M. Natarajan, personal communica-
tion, 1996] indicate that the differences between the OH and
the NO distributions can be accounted for by differences
in the early morning increases in these constituents. During
May at 56° S, NO concentrations show a relatively slow early
morning rise from 0.0 ppbv to maximum near 0.1 ppbv by
noon (time period for isentropic leg of ER-2 flights), while
OH concentrations show a relatively rapid morning rise from
0.0 pptv to 0.25 pptv by noon. Consequently, there is a high

likelihood of sampling very low NO and intermediate OH
(and intermediate HO,) mixing ratios during the second de-
ployment. The predicted distributions of Oj, NOy, and CIO
are in good qualitative agreement with the observed distri-
butions. The predicted and observed distributions of these
species are all skewed toward lower mixing ratios due to
the frequent sampling of mid-latitude air masses (with lower
mixing ratios) and less frequent sampling of more poleward
air (with higher mixing ratios). Both the observed and the
predicted CH, distributions are bimodal with a secondary
peak at lower CH, mixing ratios. The secondary peak in the
HALOE PDF occurs at mixing ratios between 0.9 and 1.0
ppmv, while the secondary peak in the ER-2 PDF occurs at
mixing ratios between 1.0 and 1.1 ppmv. The bimodal PDFs
arise from flights during the fourth deployment where fila-
ments of vortex air were frequently encountered in middle
latitudes. The HALOE CH, was lower than the ER-2 CHy
in these vortex filaments. There is a qualitative disagreement
between the shape of the predicted and observed distributions
of HC] with a much wider range of observed HCl mixing ra-
tios than is predicted. Predicted HCI tendencies were low for
the coincident trajectories, so these differences most likely
reflect the relatively coarse vertical resolution (3 km) of the
HALOE HCl retrievals used to initialize the box model. The
mean H,O bias is quite evident in the histograms although
the predicted distribution appears to capture the variance of
the observed H,O distribution reasonably well.

The predicted and observed PDFs agree at 0.05 signifi-
cance level for HO,, C10, Os, NO,, CH4, and NO. This is
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consistent with the results of the Student’s T and RS tests ex-
cept for CH,, which showed a statistically significant mean
low bias in the RS test. The RS test only measures the agree-
ment between the means of the distributions, while the KS
test measures the agreement between the overall distribu-
tions. The bimodal nature of the CH4; PDFs suggests that a
single mean does not adequately represent the distribution of
CH,4 mixing ratios, and consequently the KS test is a more
robust estimate. The predicted and observed PDFs disagree
at the 0.05 significance level for HCI, H,O, and OH. This
disagreement is due to low biases in the predicted distribu-
tions since these species also failed the Mann-Whitney test
of equal means. The actual KS significance is generally
less than 0.50, and consequently there is a strong likelihood
(greater than 50%) that the predicted and observed distribu-
tions are not identical. The ClO prediction shows the highest
significance level (0.915) in spite of the large uncertainties
in the initial C1Q,, partitioning during the box model initial-
ization.

KS significance is, in general, much higher when the mean
biases between the predicted and observed distributions are
removed. Only HO; shows a dKS significance which is
less than its KS significance. This counterintuitive result
can occur if mean errors are acting to offset rms errors in
the HO, prediction. The dKS significances indicate that the
variance within the predicted and observed distributions are
identical at the 0.05 significance level for all species. Actual
dKS significance levels are greater than 0.80 for H>O, CIO,
03, and NO,. The large difference between the KS and dKS
significance for H,O can be understood from the statistically
significant low bias found for H,O. The large differences
between KS and the dKS for Oz and NO, indicate that even
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small biases in these species can have a large impact in the
computed KS significance levels.

Table 1 summarizes the results of the statistical tests with
the combined data sets and also presents results for the sec-
ond and fourth deployments. For the combined data sets
the Student’s T, Mann-Whitney, and KS tests all support the
hypothesis that for coincident air masses the distribution of
HO,, ClO, NO,, and NO mixing ratios predicted by the
HALOQE trajectory/photochemical box model are identical
to the distribution observed by the ER-2 (averaged within
the coincidence window) at the 0.05 significance level. The
dKS tests support the hypothesis that the predicted and ob-
served variances are identical for all species considered. The
Mann-Whitney and KS tests establish with 95% confidence
that there is a mean low bias in the predicted concentrations
of HCI, H;0, and OH mixing ratios. The Student’s T and KS
tests indicate that the predicted and observed CH, distribu-
tions are identical at the 0.05 significance level although the
Mann-Whitney test indicates a statistically significant low
bias in the HALOE CHy. The disagreement between the KS
and the Mann-Whitney tests for CH4 are most likely due to
the bimodal nature of the CHy distribution. The agreement
between the observed and the predicted distributions appears
to be somewhat better during the fourth deployment than
the second: dKS significance for O; and OH were greater
than 0.95 during the fourth deployment; HO,, O3, C10, CHy,
and OH dKS significance were all much higher during the
fourth deployment than during the second deployment; and
only HC1, H,O, and NO dKS significance were much higher
during the second deployment than during the fourth de-
ployment. However, the number of coincident observations
during the fourth deployment was considerably less than dur-

Table 1. Summary of Statistical Analysis for the Second Deployment (ASHOE II), Fourth Deployment (ASHOE IV), and

Combined Samples (ASHOE II and IV)

ASHOE I ASHOE IV ASHOE II and IV

n r dx KS dKS n r dx KS dKS n T dx KS dKS

HO. 34 062 658. 001 004 22 066 556. 0.04 0.84 54 090 617 026 0.17
HCI 42 032 010 001 040 27 009 008 001 0.05 69 024 0.09 00 0.10
HO 45 021 059 00 045 39 016 0.77 00 020 84 014 0.67 00 092
ClIO 42 062 69 076 0.16 20 046 19 0.07 030 62 056 -40 092 092
O3 4 058 012 012 0.62 40 043 -010 054 098 84 079 002 043 081
OH 31 083 630 056 0.11 22 024 114 00 098 53  0.89 84. 002 0.17
NO, 42 052 -042 015 091 22 049 -1.1 004 084 64 072 -065 039 093
NO 42 094 -002 003 075 22 052 003 036 0.19 64 0.89 0.0 008 0.27
CHs 45 067 003 006 042 39 074 009 0.01 054 84 082 006 024 069

n = number of coincident trajectories, r = cross correlation coefficients,(dx)= mean differences, KS = Kolmogorov-Smirnov significance
levels, and dKS = Kolmogorov-Smimov significance levels with mean differences removed for observed (ER-2) and predicted HO2(x 1e15),
HCI (ppbv), H,O(ppmv), CIO (pptv), Oa(ppmv), OH (x1el5), NO, (ppbv), NO (ppbv), and CHs(ppmv) mixing ratios.



13,162

ing the second deployment. KS significance levels are very
sensitive to the number of data points so that comparison be-
tween the two deployments should be approached with cau-
tion.

Error Analysis

The computed KS and dKS significance levels, while high
enough to support agreement between the predicted and the
observed distributions, are not high enough to establish with
a greater than 95% confidence that the two distributions
are equal. Therefore it is useful to examine the impact of
known error sources on the KS significance levels to deter-
mine whether we can account for the computed levels of
significance. The impact of numerical trajectory errors and
HALOE measurement uncertainty are investigated here. The
sensitivity of the photochemical box model calculations to
assumptions regarding the extent of denitrification, aerosol
amount and partitioning within the Cl10, species are dis-
cussed by Grooss et al., [this issue].

Numerical trajectory errors

The impact of numerical trajectory errors in the photo-
chemical predictions was investigated in a case study for the
941016 flight. In this case study we investigate the impact
of displacement errors in the ability of the trajectory pack-
age to predict the distribution of potential vorticity (PV) on
the 480 K isentropic surface. Since PV is largely conserved
at ER-2 altitudes, it can be treated as a tracer, and the dis-
tribution of PV should provide a reasonable representation
of the distribution of the longer-lived species considered in
this intercompatison. A grid of 2000 parcels was initialized
at 0000 GMT on 941016 in the neighborhood of the ER-
2 flight track with 0.1° meridional spacing between 45° S
and 63° S and 1° longitudinal spacing between 165° E and
175° E. Fifteen day backtrajectories were computed for each
parcel. Forward trajectories originating at the parcel’s loca-
tion at 0000 GMT for each day of the backtrajectory were
then computed. These simulations provide us with a set of
15 backward/forward forecasts of the initial parcel location
which range in length from 2 to 30 days. Each parcel was
initialized with PV at the parcel’s location which was derived
from UKMO analyzed winds and temperatures. The PV at
the initial parcel location on 941016 is considered the "truth."”
The analyzed PV at the predicted parcel location is consid-
ered the "predicted” PV. Differences between the predicted
and the true PV arise due to errors in the predicted location
of the parcels. The displacement errors in this case study
can only be caused by numerical errors in the trajectory cal-
culation since identical winds are used in the backward and
forward trajectories, and the same distribution of PV is used
for both true and predicted PV samples.

Morite Carlo simulations were conducted to determine the
impact of numerical trajectory errors on the computed KS
statistics by extracting 100 random samples out of the true
and predicted PV distributions for each backward/forward
forecast. Sample sizes of 10, 100, and 1000 were consid-
ered. Figure 7 shows the resulting expected KS significance
as a function of the age of the air mass for the three sample
sizes. The vertical bars indicate the standard deviation of
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Figure 7. Expected Kolmogorov-Smirnov (KS) significance
levels as a function of age of the trajectory due to compu-
tational errors in the trajectory calculation. One hundred
Monte Carlo predictions of the distribution of potential vor-
ticity in the neighborhood of the ER-2 flight path on 941016
were conducted for each age. Mean KS significance are
shown for three different sample sizes (n=10 squares; n=100
asterisk, and n=1000 diamonds). The standard deviation of
the Monte Carlo simulations are denoted by vertical bars.

the KS significance levels found in the Monte Carlo simula-
tion for each parcel age. For small sample sizes (n=10) the
expected KS significance decreases slowly to about 0.75 for
30 day trajectories. The 0.95 significance level is within the
standard deviation of KS significance for small sample sizes
out to 30 days. For intermediate sample sizes (n=100) the
expected KS significance is within 1 standard deviation of the
0.95 significance level out to 14 days and then drops quickly
down to near 0.40. For large sample sizes (n=1000) there is
a nearly uniform reduction of the expected KS significance
until they drop below the 0.05 significance level at day 18.
The n=100 sample size is most representative of the num-
ber of HALOE trajectory/box model and ER-2 coincidences
found during the second and fourth deployments. Therefore
for the sample sizes considered, this case study suggests that
numerical trajectory errors did not make a significant impact
on the computed statistics for trajectories less than 15 days
old. However, if larger samples had been obtained, numer-
ical trajectory errors could lead to a large reduction in the
statistical significance of the agreement between computed
and predicted distributions of long-lived species.
Coincident trajectories range in age from 13 hours to 20
days, 11 hours with a distribution which is skewed toward
shorter times (not shown); 78.5% of the coincident trajec-
tories are less than 15 days old, and 61.9% are less than
10 days old. Monte Carlo simulations were conducted to
estimate the impact of numerical trajectory errors on the
expected KS significance for the distribution of ages for co-
incident trajectories. KS significance tests were applied to
100 random samples of size n=84 (the number of coincident
trajectories) of the true and predicted PV distributions. The
random samples were constructed by sampling each forecast
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using the number of coincident parcels with ages equal to
the individual PV forecast’s length to determine the number
of times each forecast was randomly sampled. With this
procedure, each sample PV forecast within the Monte Carlo
simulations has an age distribution which is equal to the age
distribution of the coincident trajectories in the combined
ER-2/HALOE data set. The Monte Carlo simulations show
that when the distribution of ages in the coincident trajec-
tories are considered, the expected KS significance for the
agreement between the true and predicted PV is 0.889(+/-)
0.005 for typical numerical trajectory errors. These numeri-
cal trajectory errors provide an upper limit to the confidence
level of the trajectory/box model predictions which is some-
what below the 0.95 significance level.

HALOE measurement uncertainties

HALOE measurement uncertainties contribute to errors in
the trajectory/box model predictions for long-lived species
such as HCI, H,0, O3, CH4, and NO, and for photochem-
ically active species such as NO (for short trajectories) due
to errors in the box model initialization. A comprehensive
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Figure 8. Expected Kolmogorov-Smirnov (KS) significance
levels (solid line) and standard deviations (vertical bars) due
to HALOE measurement uncertainty as a function of the rms
amplitude of imposed random errors for HCI, H,0, O3, NO,,
and CHy. The computed KS (asterisk) and dKS (diamond)
significance are also shown. The rms error associated with
the computed KS and dKS significance is the quoted HALOE
measurement uncertainty. One hundred Monte Carlo esti-
mates of the KS significance levels were determined for each
specie and rms error amplitude by introducing random errors
into the observed (ER-2) mixing ratio.
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Figure 9. Expected Kolmogorov-Smirnov (KS) significance
levels (solid line) and standard deviations (vertical bars) due
to HALOE measurement uncertainty as a function of the rms
amplitude of imposed random errors for HO;, C10, OH, and
NO. The computed KS (asterisk) and dKS (diamond) signif-
icance are also shown. For NO the rms error associated with
the computed KS and dKS significance is the quoted HALOE
measurement uncertainty. For species predicted by the pho-
tochemical model (HO,, ClO, OH) the rms error associated
with the computed KS and dKS uncertainty is 50% or less
depending on whether the computed significance levels fall
within one standard deviation of the expected mean KS. One
hundred Monte Carlo estimates of the KS significance levels
were determined for each specie and rms error amplitude by
introducing random errors into the observed (ER-2) mixing
ratio.

program has been carried out by the HALOE science team
to estimate errors and validate HALOE data through Monte
Carlo analyses and comparisons with correlative measure-
ments. Estimates of random errors include instrument noise,
pointer/tracker noise, and random errors in the retrieval of
interfering gases (e.g., CH4 and H;O in the HCI channel).
Systematic errors considered include radiance calculation
errors, bias due to removal of electronic effects in the data,
temperature/pressure uncertainty, and biases due to system-
atic errors in interfering gases. The estimated accuracies
(combination of random and systematic uncertainty) in the
lower stratosphere are 20% for HCI [Russell et al., 1996],
10% for H,O [Harries et al., 1996], 15% for Oy [Bruhl et
al., 1996], 20% for CH, [Park et al., 1996], and 25% for NO
[Gordley et al., 1996].

The impact of measurement errors on the confidence in
the prediction will vary depending on the species considered
because of the different characteristics of the distribution ob-
served by the ER-2 for each constituent. Monte Carlo simu-
lations were conducted to examine the impact of uncertainty
inthe HALOE observations on the computed KS significance
levels. In these experiments, random errors with rms values
ranging from 5 to 50% (1 to 10% for H,0) were introduced
into the observed (ER-2) distribution for each constituent.
This observed plus random error sample serves as a proxy
for HALOE observations with a prescribed rms error ampli-
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tude. An "expected" KS significance level was determined
using 100 samples for each rms error value for each species.
Figures 8 and 9 show the expected KS significance level as a
function of rms error for each species considered. The stan-
dard deviations of the Monte Carlo simulations are indicated
by vertical bars. The computed KS and dKS significance
levels (from Figures 5 and 6) are also shown.

The rms error for the computed KS and dKS significance
level is the quoted HALLOE uncertainty for HCI, H,O, Os,
CH4, NOy (using HALLOE CHy4 uncertainties), and NO. The
rms errors for those species not measured by HALOE (HO»,
ClO, OH) are equal to the lowest rms error with expected
KS significance within (+/-) 1 standard deviation of the com-
puted KS significance, or 50%, whichever is the smaller, and
therefore provide an estimate of the rms error in the predicted
mixing ratio for these species.

As discussed earlier, HO,, ClO, and OH have relatively
broad distributions. This feature makes these constituents
relatively insensitive to rms errors in the prediction as indi-
cated by the gradual decrease in the expected KS significance
levels with increasing rms error. O3 and NO, show inter-
mediate decreases, while HCI, CH4, and H,O are the most
sensitive to rms errors due to the narrow range of observed
mixing ratios and the bimodal nature of the CH4 mixing ratio
distribution. Consequently, the expected KS significance for
HCI, CH4, and H,O decreases rapidly with increasing rms
errors.

The dKS significance level is the most appropriate statistic
to compare with the expected KS significance since there was
no mean bias imposed in the Monte Carlo simulations. Com-
puted dKS significance for all species observed by HALOE
are within 1 standard deviation of the expected KS signifi-
cance or better for the quoted HALOE uncertainties, although
the computed dKS uncertainty for NO is near the minimum
expected KS significance for a 25% error. HALOE measure-
ment uncertainty does not fully account for the computed KS
significance level for NO because this gas has a large diurnal
variation and most trajectories are longer than 1 day. These
results indicate that the computed levels of KS significance
for the predicted distributions of H,O, HCI, O3, NOy, CHy,
and NO are primarily determined by uncertainties in the ini-
tial HALOE measurement. The computed KS significance
for ClO is consistent with a 15% rms error in the CIO pre-
diction. The computed KS and dKS significance for HO,
and OH indicate that the rms errors in predictions of these
species are larger than 50%.

Case Study for 941010 Flight

To illustrate the utility of the HALOE air mass/photochemical

box model calculations in characterizing the distribution of
stratospheric trace species, we present a case study for the
flight of 941010. This southbound flight out of Christchurch,
New Zealand, extended to nearly 70° S, encountering the
edge of the polar vortex at the southern-most portion of the
outbound flight leg (see Figure 1). HALOE made extensive
measurements within the Antarctic vortex prior to 941010.
The HALOE air mass/photochemical calculations allow us
to map these observations forward in time to 941010 and ex-
tend the latitude range of southern hemisphere observations
beyond what is available from in situ measurements. Pre-
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dicted concentrations of trace species on the 480 K isentropic
surface at 0000 GMT on 941010in a longitude band between
150° E and 150° W were selected for this case study.

Plate 1 shows the observed and predicted distributions
of HCI, O3, H;0, ClO, and inferred distributions of Cl,
and CIONO; plotted as a function of latitude. Only the
southbound, constant potential temperature leg of the ER-
2 flight is shown. The ER-2 data has been restricted to
those observations with potential temperatures between 460
K and 500 K. The ER-2 Cl, is inferred from ATLAS N,O
[Loewenstein et al., 1989] following the procedure described
by Webster et al., [1993]. CIONO; is inferred from the
difference between Cl,, and HCI+CIO for both the ER-2 and
the HALOE air mass/photochemical box model. The edge
of the polar vortex is located at approximately 70° S at the
longitude of the flight on 941010. During this flight the
ER-2 encountered a filament of air near 50° S which had
originated from the edge of the polar vortex [see Fairlie et
al., this issue, Figure 1]. This filament is seen as a narrow
peak of high Os, CIO, Cl,, and CIONO; in the ER-2 data.
The agreement between predicted and observed mixing ratios
of HCl, O3, CIO, Cl,, and CIONO, are quite good for this
particular flight. The HALOE air mass calculations capture
the rapid decline in O3 observed by the ER-2 at the edge
of the vortex very well. The filament of vortex edge air is
seen as high Os, CIO, Cly, and CIONO; near 55° S in the air
mass mixing ratios. The predicted water vapor mixing ratios,
although low, capture the dehydration within the interior of
the polar vortex. The agreement between the inferred Cl,, and
CIONO; is quite good, this suggests that the initial chlorine
partitioning in the photochemical model is reasonable. High
HCI and low C1O mixing ratios are associated with low O3
mixing ratios within the interior of the vortex. This is a
consequence of the rapid conversion of ClO and CIONO,
into HCI as the polar vortex recovers in the late Antarctic
spring. Grooss et al. [this issue] examines the role of the
low O3 mixing ratios in the Antarctic springtime chlorine
deactivation in more detail.

Conclusions

High-resolution in situ data from instruments onboard the
ER-2 and contemporaneous HALOE observations of south-
ern hemisphere middle latitudes during ASHOE/MAESA
1994 have been used to quantitatively evaluate the effective-
ness of using a trajectory/photochemical box model to predict
the dynamical and photochemical evolution of air masses ob-
served by HALOE and thereby link the satellite and in situ
observations of photochemically active species in the lower
stratosphere. Statistical analysis of the agreement between
predicted and observed concentrations of HO,, HCI, H,O,
Cl0, 03, OH, NO,,, CH,4, and NO along ER-2 flight paths
during the second (May-June) and fourth (October) deploy-
ments was performed for coincident HALOE trajectories.

The statistical tests support the hypothesis that the distri-
bution of mixing ratios predicted HALOE trajectory/ photo-
chemical box model are identical to the distribution observed
by the ER-2 (averaged within the coincidence window) at
the 0.05 significance level for HO,, C10, O3, NO,,, CHy, and
NO. The statistical tests also support the hypothesis that the
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Plate 1. Observed and predicted distributions of HCI, O3, H,0, ClO, and inferred distributions of Cl,, and
CIONO, p]otted as a function of latitude for the 941010 ﬂlght Predicted concentrations of trace species
on the 480 K isentropic surface at 0000 GMT on 941010 in a longitude band between 150° E and 150°
W are shown as red diamonds. The ER-2 data is shown as a blue line and has been restricted to those
observations with potential temperatures between 460 and 500 K.

predicted and observed variances within the distributions are

" identical at the 0.05 significance level for all species consid-
ered. However, the tests establish with 95% confidence that
there are mean low bias in the predicted concentrations of
HC], H,0, and OH mixing ratios of 0.09 ppbv, 0.68 ppmv,
and 0.09 pptv, respectively.

The KS test, which measures the overall agreement be-
tween two sample distributions, was used to quantify the
agreement between the predicted and the observed distribu-
tion of species along the ER-2 flight path. The actual KS
significance levels were less than 0.50 for all species con-
sidered except C1O (KS=0.915), and consequently there is
a strong likelihood (greater than 50%) of a Type II error
(accepting the hypothesis when it should be rejected). The
KS significance levels were generally much higher when the
mean biases between the predicted and observed distribu-
tions are removed. dKS significance levels are greater then

0.80 (less than 20% chance of Type II error) for H,0, CI10,
O3, and NO,,.

An analysis of the sources of errors in the predictions
indicates that numerical trajectory errors are not the pri-
mary determinate of the KS significance levels for the num-
ber of coincidences obtained during the second and fourth
ASHOE/MAESA deployments. Instead, uncertainty in the
initial HALOE measurement accounts for the majority of
the difference between the predicted and the observed dis-
tributions for all species. Overall, the results of this inter-
comparison suggest that the trajectory/box model calculation
successfully carried the information contained in the initial
HALOE observations forward in time to the ER-2 flight track
and even added useful information about the global distribu-
tion of Cl0, CIONO», and Cl,. This study shows that the
trajectory/box model predictions are a useful tool for linking
satellite and in situ observations of the lower stratosphere.
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