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Trajectory mapping: 
A tool for validation of trace gas observations 

Gary A. Morris, • James F. Gleason, 2 Jerald Ziemke, 3 and Mark R. Schoeberl 2 

Abstract. We investigate the effectiveness of trajectory mapping (TM) as a data validation tool. 
TM combines a dynamical model of the atmosphere with trace gas observations to provide more 
statistically robust estimates of instrument performance over much broader geographic areas than 
traditional techniques are able to provide. We present four'detailed case studies selected so that the 
traditional techniques are expected to work well. In each case the TM results are equivalent to or 
improve upon the measurement comparisons performed with traditional approaches. The TM re- 
sults are statistically more robust than those achieved using traditional approaches since the TM 
comparisons occur over a much larger range of geophysical variability. In the first case study we 
compare ozone data from the Halogen Occultation Experiment (HALOE) with Microwave Limb 
Sounder (MLS). TM comparisons appear to introduce little to no error as compared to the tradi- 
tional approach. In the second case study we compare ozone data from HALOE with that from the 
Stratospheric Aerosol and Gas Experiment TT (SAGE TT). TM results in differences of less than 5% 
as compared to the traditional approach at altitudes between 18 and 25 km and less than 10% at 
mutud•b between 25 and 40 1 .... ,._ ,1__ ,1_:..4 case btuuy we bnuw mat uzun• l•Ill. 111 tlll• LIIIIIA 

from HALOE data using TM compare well with profiles from five European ozonesondes. In the 
fourth case study we evaluate the precision of MLS H20 using TM and find typical precision un- 
certainties of 3-7% at most latitudes and altitudes. The TM results agree well •vith previous esti- 
mates but are the result of a global analysis of the data rather than an analysis in the limited 
latitude bands in which traditional approaches work. Finally, sensitivity studies using the MLS 
H20 data show the following: (1) a combination of forward and backward trajectory calculations 
minimize uncertainties in isentropic TM; (2) although the uncertainty of the technique increases 
with trajectory duration, TM calculations of up to 14 days can provide reliable information for use 
in data validation studies; (3) a correlation coincidence criterion of 400 km produces the best TM 
results under most circumstances; (4) TM performs well compared to (and sometimes better than) 
traditional approaches at all latitudes and in most seasons; and (5) TM introduces no statistically 
significant biases at altitudes between 22 and 40 km. 

1. Introduction 

An important part of the scientific method is establishing the 
reliability of experimental data. Many instruments can be cali- 
brated in the laboratory both before and after making measure- 
ments, providing an accurate assessment of changes in the 
instrument's performance over the observation period. For exam- 
ple, one of the most extensive validation studies to date is the 
Balloon Ozone Intercomparison Campaign (BOIC) [Hilsenrath et 
al., 1986]. During this campaign a suite of instruments designed 
to measure ozone were calibrated in the laboratory, gathered to 
fly on the same balloon payload, and then recalibrated in the 
laboratory after flight. The campaign provided some of the most 
thorough assessments of ozone measurement quality to date. 
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Unfortunately, such thorough studies cannot be feasibly per- 
formed for instruments in space. While careful evaluation of in- 
strument performance can take place in the laboratory before 
launch, evaluation generally cannot be conducted in the labora- 
tory after launch, the shuttle solar backscatter ultraviolet 
(SSBUV) instrument being a notable exception [Hitsenrath et al., 
1993]. 

Most satellite instruments utilize some type of calibration, ei- 
ther viewing an internal source (like a blackbody) or an external 
source (like the Sun or cold space). For example, the Cryogenic 
Limb Array Etalon Spectrometer (CLAES) closed its doors once 
a month to view a stable, known blackbody source for calibration 
purposes [Roche e! al., 1993], and the Improved Stratospheric 
and Mesospheric Sounder (ISAMS) carried on board an internal 
calibration target [Rodgers et at., 1996] as well as cells contain- 
ing the target trace gas species for use in the pressure modulator 
radiometry technique [Taylor, 1983; Taylor, et at., 1993]. While 
such instruments provide an internal consistency check on the 
data, the problem of external calibration remains. Most measure- 
ments from space are forced to rely upon indirect determinations 
of instrument performance. 

Although satellite instruments pose substantial challenges to 
the evaluation of their performance, they do provide significant 
advantages over their in situ counterparts. Satellite instruments 
are capable of providing global coverage, including measure- 
ments over remote regions. Little in situ data is returned over the 

17,875 



17,876 MORRIS ET AL.: TRAJECTORY MAPPING 

oceans or in the Southern Hemisphere, owing to the sparse distri- 
bution of ground stations. In addition, in situ data sets are likely 
to be quite limited temporally. For example, ozonesondes pro- 
vide high-resolution profiles of ozone but are typically launched 
only a few times a month. Satellite instruments tend to provide 
lower spatial resolution than in situ measurements do but can 
achieve a wide range of spatial and temporal resolutions depend- 
ing upon the instrument type and satellite orbit. The geographic 
and temporal advantages of satellite instruments compliment the 
high spatial resolution of in situ measurements. Overcoming the 
validation issues associated with satellite measurements therefore 

becomes an essential task in producing a valuable, reliable data 
set. 

The use of trajectory calculations in interpreting satellite data 
has become increasingly popular over the last several years. The 
technique was first applied to map the sparse Halogen Occulta- 
tion Experiment (HALOE) data set, expanding the coverage pro- 
vided by the solar occultation instrument [Pierce et al., 1994]. 
Morris et al. [ 1995] applied the technique to mapping data from 
the Microwave Limb Sounder (MLS) and CLAES. Neither of 
these studies, however, produced uniformly gridded data. Sutton 
et al. [1994], Newman and Schoeberl [1995], and Schoeberl and 
Newman [1995] all developed the reverse-domain-filling (RDF) 
to create uniformly gridded maps of satellite data by initializing 
trajectories on a uniform grid and then assigning constituent val- 
ues to the grid points using back trajectory encounters with satel- 
lite observations. Trajectory calculations have also been 
frequently used in chemical box model calculations [Kawa et al., 
1993; Morris et al., 1998] and to infer chemical loss of ozone 
during the Arctic winter season [Manney et al., 1995; Rex et al., 
1998]. Given their widespread application, it is important to de- 
velop a better understanding of the limitations of trajectory cal- 
culations and the magnitudes of the errors they introduce in order 
to correctly interpret the results of such studies. 

In this paper, we investigate the trajectory-mapping (TM) 
technique for use in evaluating satellite instrument performance. 
We divide the paper into three parts. In section 2, we examine 
the use of TM in studies designed to assess the accuracy of satel- 
lite observations. In section 3 we examine the use of TM in 

studies designed to evaluate the precision of satellite observa- 
tions. Finally, in section 4 we present sensitivity studies that in- 
vestigate the impact on results achieved using TM of changes in 
trajectory calculation duration, correlation criteria, latitude, alti- 
tude, and season. 

2. Accuracy Assessment: The Problems 
of Comparing Two Data Sets 

In this section we review previous approaches to the problem 
of assessing satellite instrument accuracy postlaunch. We then 
describe the application of TM to the problem and apply the tech- 
nique to three case studies: a comparison of HALOE and MLS 
ozone data, a comparison of HALOE and Stratospheric Aerosol 
and Gas Experiment II (SAGE II) ozone data, and a comparison 
of HALOE ozone data with ozonesondes. 

2.1. Traditional Approaches 

In sections 2.1.1 and 2.1.2 we review previous efforts to assess 
instrument performance using rare coincidences between obser- 
vations from two different instruments or using zonal means of 
the data from two different instruments. We will refer to these 

two approaches to data validation as "traditional" approaches. 
2.1.1. Coincident comparisons. A number of strategies have 

been designed in an attempt to validate satellite data. Previous 
assessments of instrument accuracy have utilized comparisons of 

satellite observations with correlative measurements from radios- 

ondes [Rind et al., 1993], balloons [Russell et al., 1996a; Veiga et 
al., 1995], rockets [Roche et al., 1996], space shuttle instruments 
[Kumer et al., 1996], ground-based microwave radiometer meas- 
urements [Conner et al., 1996], other satellite instruments [Cun- 
noMet al., 1996], and lidar [Singh et al, 1996; Bailey, et al., 
1996]. In each case, correlation criteria are established to define 
"coincident" observations as those made within a specified dis- 
tance and time of one another. Spatial separations are typically 
hundreds of kilometers while the time between such measure- 

ments can range from minutes to days or longer. Atmospheric 
changes occurring on smaller spatial and temporal scales often re- 
sult in apparent disagreements between the data. As one exam- 
ple, McDermid et al. [ 1990] attempt to use a variety of ground- 
based measurement techniques to help validate SAGE II ozone 
measurements. Out of the three coincident cases shown, only one 
demonstrates good agreement. The authors attribute the dis- 
agreements observed in the other two cases to meteorology in or- 
der to discard them, and then the authors conclude that the SAGE 
II ozone agrees with the ground measurements to within 5%. 
Clearly, additional coincidences or a more thorough analysis of 
the meteorology would enhance our confidence in such conclu- 
sions. 

2.1.2. Zonal means. Another technique for evaluating satel- 
lite accuracy involves the comparison of zonal means. Zonal 
mean satellite data have been compared to gridded meteorologi- 
cal analyses [Gille et al., 1996], other satellite instruments 
[Remedios et al., 1996], and model results [Lopez-Valverde et al., 
1996; Nightingale et al., 1996]. While more statistically satisfy- 
ing than coincidence studies, zonal mean analyses have their own 
shortcomings. First, longitudinal gradients are lost in the zonal 
averaging. Second, in some cases the temporal difference be- 
tween the measurements used to compile the zonal average maps 
is quite large. Third, the comparisons of zonal mean data are 
limited to specific latitudes. 

Solar occultation instruments such as SAGE II and HALOE 

can only make their observations in two latitude bands each day. 
Over the course of 10-15 days the instruments will sweep across 
most latitudes. The sparse nature of such data sets virtually re- 
quires the use of zonal mean comparisons for data validation pur- 
poses. Conner et al. [1996] compared zonal mean SAGE II 
measurements (1986-1990) and Limb Infrared Monitor of the 
Stratosphere (LIMS, 1979) ozone measurements with those of 
ISAMS (1992). Clearly, substantial differences between the data 
sets exist owing solely to the real atmospheric differences be- 
tween the observation periods of 1979, the late 1980s, and 1992. 
Similarly, Russell et al. [1993] compared zonal mean HALOE 
measurements from May 1992 with measurements of the same 
constituents made by the Atmospheric Trace Molecule Spectros- 
copy Experiment (ATMOS) in May 1985, a full 7 years earlier. 
In addition to the large temporal separation, the data were sepa- 
rated in latitude by 5 ø . While in each case the authors were only 
trying to demonstrate qualitative confirmation of the newer 
measurements, the value of such comparisons is clearly limited. 
Finally, we must be aware that the HALOE latitude/pressure 
plots, such as those found in the work of Russell et al. [1996b], 
are not synoptic: their production requires at least 2 weeks of ob- 
servations, with each latitude observed on a different day. 

This paper explores the effectiveness of an alternative method 
for evaluating postlaunch instrument performance. Using the 
trajectory-mapping technique [Morris et al., 1995], we can assess 
the quality of satellite data at a wider range of latitudes and times 
than that assessed by previous techniques. After reviewing the 
trajectory-mapping (TM) technique, we apply it to three case 
studies. 

In the first case we compare HALOE and MLS ozone meas- 
urements. MLS itself passively observes microwave emissions 
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from the limb of the atmosphere. MLS observations have a verti- 
cal resolution of-6 km and a horizontal resolution of-400 km X 

400 km. Since MLS is a limb emission instrument, it provides 
relatively good coverage (>1300 measurements) on a daily basis. 
The probability of coincidences using traditional techniques is 
relatively high in such a case, so we expect the traditional meth- 
ods outlined above to perform well. The comparison of HALOE 
and MLS ozone measurements therefore provides a test case to 
evaluate the magnitude of the errors introduced by TM. Our re- 
sults indicate that TM increases the number of coincidences as 

compared to the traditional approach without negatively affecting 
the uncertainty of the comparisons. 

In the second case we compare HALOE and SAGE II ozone. 
Since both instruments are solar occultation instruments, the two 
data sets are quite sparse. The nature of these data sets makes 
comparisons using traditional techniques difficult. We demon- 
strate that TM substantially increases the number of coincidences 
between the two satellite instruments and expands the latitude 
range of coincidences beyond traditional techniques. Further- 
more, by taking into account dynamical variability, the trajectory 
technique often improves the statistics of coincident comparisons 
relative to more traditional approaches. We also demonstrate that 
the impact of the length of the trajectory calculations on the un- 
certainty of the comparisons is relatively small for calculations of 
up to 2 weeks and that the use of combined forward and back- 
ward calculations tends to minimize errors incurred through the 
trajectory technique (a more detailed examination of these sub- 
jects can be found in section 4.1). 

In the third case we compare HALOE ozone observations to 
measurements provided by ozonesondes at five European sta- 
tions. We demonstrate that TM provides an appropriate and reli- 
able approach to comparing observations made by instruments of 
highly different character: satellite observations from space and 
in situ observations from balloons. This comparison highlights 
the advantages provided by TM over traditional validation tech- 
niques. 

2.1.3. Review of the trajectory-mapping technique. In 
brief, TM takes advantage of quasi-conserved quantities follow- 
ing air parcel motion, namely the mixing ratio and potential tem- 
perature. Several authors have noted that the latter of these is 
reasonably well conserved along air parcel trajectories for 5-10 
days [Schoeberl and Sparling, 1994; Sutton et al., 1994; Morris et 
al., 1995]. The technique was first applied to satellite data by 
Pierce et al. [ 1994]. To creme a synoptic trajectory map from sat- 
ellite data, we initialize an air parcel in our model at the time and 
location of each satellite observation. The model then isentropi- 
cally advects these air parcels forward or backward in time to the 
time at which we desire an output synoptic map. By including 
several days of observations and using a combination of forward 
and backward calculations, we greatly enhance the density of 
coverage in our trajectory maps. Furthermore, by accounting for 
dynamical changes in the atmosphere between observation times, 
TM provides better representations of the measured constituent 
fields than those from asynoptic schemes. TM can be straight- 
forwardly applied to the validation of data and the production of 
synoptic maps, as outlined below and demonstrated in our case 
studies. For all the studies presented in this paper, we use the 
trajectory model of Schoeber! and Sparling [ 1994]. 

To compare data from two instruments, we first create a series 
of synoptic trajectory maps from one of the data sets (generally, 
the instrument that provides better coverage). We then sample 
the synoptic maps created from the first instrument at the times 
and locations of the observations of the second instrument. We 

consider those trajectory-mapped measurements appearing within 
a specified distance of the observations of the second instrument 
to be coincident. A maximum time difference between the obser- 

vations can also be specified to limit the duration of trajectory 
calculations. 

Ideally, we would create a trajectory map at the time of each 
new observation by the second instrument. In so doing, we ac- 
count for movement of air parcels in which the first instrument 
made its observations. Because of the number of observations 

satellites make daily, however, this practice becomes somewhat 
impractical, even for solar occultation instruments, which record 
30 observations per day. Instead, we produce trajectory maps 
twice per day using data from both instruments, at midnight and 
noon Universal time (UT). All the new observations from the 
second instrument appearing in a given trajectory map are then 
compared with the surrounding, trajectory-mapped measurements 
from the first instrument. Observations from the second instru- 

ment are thus advected for less than 12 hours by the model. Mor- 
ris et al. [1995] demonstrate that advection over such short 
timescales should have little impact on our calculations. This pro- 
cedure can be applied to comparisons of a wide variety of data 
sets, including aircraft, satellite, and balloons. 

Morris et al. [1995] have previously outlined and demon- 
strated this technique for data validation in a comparison of water 
vapor data from the Halogen Occultation Experiment (HALOE) 
and the Microwave Limb Sounder (MLS) aboard the Upper At- 
mosphere Research Satellite (UARS). In sections 2.2-2.4 we 
more rigorously and quantitatively evaluate the effectiveness of 
the technique in validating ozone profiles by estimating the mag- 
nitude of the uncertainties introduced when employing the TM 
technique. To evaluate the uncertainty inherent in the technique 
itself, we compare the results achieved through TM with those 
achieved using the traditional approaches under circumstances in 
which the traditional approach is expected to perform well. Ob- 
served differences in the results may then be mainly attributed to 
the use of TM in performing the comparisons. 

2.2. Case Study 1: HALOE Versus MLS Ozone 

We have applied the TM technique to the problem of compar- 
ing HALOE (Version 18) and MLS (Version 4) ozone measure- 
ments during the 8-day period, September 23-30, 1996. MLS 
provides a relatively dense data set containing -1300 measure- 
ments per day. HALOE provides-30 observations per day, 
evenly divided between the two latitude bands in which the solar 
occultations occur. The relatively high density of the MLS ob- 
servations should permit traditional validation techniques to per- 
form well. Therefore, comparing the results achieved with TM to 
the traditional results, we can derive an estimate of the uncertain- 
ties introduced by TM. MLS data below 46 hPa were excluded 
from this study as per the recommendation of Froidevaux et al. 
[1996]. 

Figure 1 shows a scatterplot of MLS observations made within 
12 hours of and within 400 km of HALOE observations against 
those HALOE observations for data on the 800 K (-30 km) po- 
tential temperature surface. The results shown in Figure 1 there- 
fore represent the type of results that a traditional, coincident data 
validation approach can achieve. 

Next, we apply TM to the same data validation problem. Each 
MLS measurement was initialized as a single parcel in the tra- 
jectory model and then advected forward and backward in time 
for 1.5 days using analyzed wind fields from the U.K. Meteoro- 
logical Office (UKMO). The MLS trajectory maps were then 
sampled using the HALOE observation pattern. Those MLS ob- 
servations advected to within 400 km of the new HALOE obser- 

vations are considered to be coincident. We choose a coincidence 

criterion of 400 km because this distance is approximately the 
size of the MLS observation footprint and this magnitude coinci- 
dence criterion appears to minimize uncertainties in TM, as 



17,878 MORRIS ET AL.' TRAJECTORY MAPPING 

11 

lO 

9 

8 

A 

•NH 
AEQ 
BSH 

7 

7 8 9 10 11 

HALOE (ppmv) 
Figure 1. Microwave Limb Sounder (MLS) versus Halogen Oc- 
cultation Experiment (HALOE) using traditional coincidence 
criteria of 400 km separation and 12 hour maximum time differ- 
ence for ozone data gathered on the 800 K potential temperature 
surface (-30 km) during September 23-30, 1996. NH indicates 
coincidences in the Northern Hemisphere (20ø-90øN), EQ indi- 
cates coincidences in the equatorial region (20øS-20øN); and SH 
indicates coincidences in the Southern Hemisphere (20ø-90øS). 

shown by the sensitivity study in section 4.2. The average of the 
nearby MLS observations is then compared with the HALOE ob- 
servations. Figure 2 shows a scatterplot of the trajectory-mapped 
MLS ozone versus the HALOE observations on the 800 K (-30 
km) potential temperature surface. The trajectory technique has 
increased the number of coincidences between the two data sets 

providing coincidences at locations inaccessible to the traditional 
technique. 

As a measure of the quality of the two techniques, we compute 
the root-mean-square (RMS) difference between the HALOE and 
MLS data sets. We define RMS to be 

RMS= Yi -xi 
i= Nxi 

where the Yi are the average of the trajectory-mapped MLS ob- 
servations in the vicinity of the HALOE measurement (xi) and N 
is the total number of HALOE measurements that can be vali- 

dated. For HALOE-MLS water vapor comparison at this altitude, 
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Figure 2. As in Figure 1, MLS versus HALOE, but using the 
trajectory-mapping (TM) approach. Trajectory calculations are 
limited to 1.5-day duration. Advected MLS measurements within 
400 km of the Stratospheric Aerosol and Gas Experiment II 
(SAGE II) observations are considered coincident. 

the RMS statistic shows a slight increase for the trajectory tech- 
nique (3.4%) relative to the traditional technique (3.0%). 

We repeat this study at six vertical levels between 550 K (-23 
km) and 1200 K (-40 kin). Table 1 summarizes the RMS differ- 
ences between the data sets. The data show that TM substantially 
increases the number of coincidences over the traditional ap- 
proach. In particular, TM provides coincidences in the Southern 
Hemisphere, where traditional techniques cannot. 

The data in Table 1 suggest that TM does not significantly in- 
crease or decrease the uncertainty as compared to the traditional 
technique. This result is not surprising given that MLS makes 
more than 1300 measurements each day. The spatial and tempo- 
ral differences between MLS and HALOE measurements are 

likely to be relatively small. As a result, the penalty incurred for 
not accounting for the dynamics in the MLS-HALOE compari- 
sons is not large, and the traditional approach produces satisfac- 
tory results. Nevertheless, the significant increase in correlated 
observations between MLS and HALOE through the use of tra- 
jectory techniques provides an incentive for their use in this case 
as well. In particular, the geographic area over which intercom- 
parisons of the data can be made is expanded through the use of 
the TM technique. We believe this geographic advantage of TM 
over the traditional approach warrants its use even in cases for 

Table 1. Root-Mean-Square Statistic and Number of Coincidences in the Southern Hemi- 
sphere, Equatorial Region, and Northern Hemisphere for HALOE-MLS Intercomparisons 

1.5-Da 7 Trajectory Mapping Traditional Approach 

Theta, K RMS, % SH EQ NH RMS, % SH EQ NH 
550 14.0 6 65 21 13.5 0 53 4 

600 5.8 5 68 22 6.1 0 53 4 

700 7.2 5 71 23 7.2 0 53 4 

800 3.4 5 73 26 3.0 0 53 4 

1000 3.4 6 73 23 3.6 0 53 4 

1200 5.4 6 68 24 4.5 0 53 4 

See text for definition of RMS statistic. Southern Hemisphere (SH) is 20ø-90øS, equatorial re- 
gion (œQ) is 20øS-20øN, and Northern Hemisphere (NH) is 20ø-90øN). HALOE, Halogen Occulta- 
tion Experiment; MLS, Microwave Limb Sounder. 



MORRIS ET AL.' TRAJECTORY MAPPING 17,879 

90 o 

60 o 

300 
• 0 ø 

.30 ø 

-60 ø 

-90 ø 

* HALOE ß - 

_ 

e _ 

55 65 75 85 95 105 115 

Day of 1995 
Figure 3. The latitudes at which HALOE and SAGE II make their observations between February 26 and April 
19, 1995. We examine those close coincidences that occur around 60øN and 35øS on March 19 (day 78) in this 
study. The dark lines denote SAGE II observation latitudes while the light lines denote HALOE observation lati- 
tudes. The dashed lines indicate sunrise observations while the solid lines indicate sunset observations. 

which the traditional approaches work well. Traditional ap- 
proaches must extrapolate results achieved at a single latitude or 
over a limited range of latitudes to global data sets. Agreements 
between the data sets at one latitude, however, do not necessarily 
indicate a global agreement between the data sets. TM therefore 
can better provide validation as a function of latitude than can 
traditional techniques. 

We also note from the data in Table 1 that the disagreements 
between the data sets appear largest at the lower altitudes, de- 
crease through a minimum around 800 K, and then increase again 
above 800 K. The increase above 800 K is likely due to the di- 
minishing validity of the conservation assumptions in the trajec- 
tory technique (discussed further in case study 2 in section 2.3). 
Increases in uncertainties below 800 K are consistent with vali- 

dation work on the MLS ozone data reported by Froidevaux et al. 
[1996]. 

2.3. Case Study 2' HALOE Versus SAGE II Ozone 

A more difficult challenge to traditional validation techniques 
is presented by attempts to compare two sparse data sets. We 
now compare SAGE II (version 5.93) and HALOE (version18) 
ozone measurements from February 26 to April 19, 1995, herein- 
after referred to as the March 1995 period. Figure 3 shows the 
HALOE and SAGE II data-gathering pattern for this time period. 
We note that for most of this time period, HALOE and SAGE II 
are making measurements at different geographic locations. 
During four periods, however, they are measuring at the same 
latitude on the same days: March 6 (day 65), March 12-22 (days 
71-81), March 28-31 (days 87-90), and April 11 (day 101). 
Over the HALOE and SAGE II data records, the number of coin- 
cidences observed during this time period is relatively large, 
which makes this period a best-case scenario for using traditional 
validation techniques to compare two data sets. For most of the 
record, HALOE and SAGE II do not often make measurements in 
the same latitude bands at the same time. 

2.3.1. Traditional approaches' Coincident comparisons. 
When HALOE and SAGE II retrieve ozone in the same latitude 

bands, the traditional coincidence approach enjoys its greatest 
chance of success. Figure 4 shows a scatterplot of the coincident 
ozone measurements retrieved by HALOE and SAGE II at the 
800 K level over the entire March 1995 period. If we consider 

HALOE and SAGE II to be coincident when the HALOE meas- 

urement is made within 400 km and 12 hours of the SAGE II ob- 

servation, we find 151 coincidences (a stricter time criteria of 10 
hours limits the number of coincidences to just eight). Therefore 
roughly 10% of the 1500 measurements made by each HALOE 
and SAGE II over our study period can be correlated in this way. 

Furthermore, the coincident approach can only comment on 
the relationship between the two instruments in the restricted 
latitude bands of concurrent observation. Figure 5 depicts the 
number of coincidences between HALOE and SAGE II observa- 

tions as a function of latitude in 5 ø latitude bins. The starred line 

in Figure 5 represents the traditional approach. Traditional com- 
parisons in the Northern Hemisphere (Figure 5a) are basically re- 
stricted to a 15 ø latitude band around 60øN. Only six 
observations satisfy the coincidence criteria in the Southern 
Hemisphere (Figure 5b) during the entire study period. Such in- 
frequent coincidences hamper validation efforts. The temporal 
differences between and sparse nature of the two data sets virtu- 
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Figure 4. HALOE versus SAGE II ozone using traditional coin- 
cidence criteria of 400 km separation and 12 hour maximum time 
difference for data gathered on the 800 K potential temperature 
surface during the period February 26 through April 19, 1995. 



17,880 MORRIS ET AL.: TRAJECTORY MAPPING 

a 

lOO 

8o 

4o 

2o 

o 

- [ •(Trod. (114) . . A - 
- [ 0 1.5-Doy TM. (.11.,5) ½' • - 
• / A3-Doy TM (.173) ' I/•i - 
l- / [] 7-Doy TM (2.39) i // /I 

0 o 30 ø 60 ø 90 ø 
Latitude 

100 

80- 

6O 

_ 

_ 

40- 
_ 

_ 

20 [•- 

of_ 
0 o 

Trod. (6) 

3-Day TM ( mA7-Day TM ( 
+ 14-Day TM (1.57) 

30 ø 60 ø 90 ø 
Latitude 

Figure 5. Distribution of coincidences occurring March 12 through April 5, 1995 at 800 K using traditional criteria 
and the trajectory-mapping approach as a function of latitude: (a) Northern Hemisphere and (b) Southern Hemi- 
sphere. Note that the trajectory approach greatly expands both the number of coincidences and the latitude range 
over which they occur. 

ally necessitate the use of zonal means to produce meaningful 
comparisons. 

2.3.2. Traditional approaches: Zonal mean comparisons. 
Figures 6a and 7a show the standard zonal mean ozone profiles 
from HALOE and SAGE II for the 64ø-66øN and 29ø-35øS lati- 

tude bands, respectively, in which both instruments make meas- 
urements during the period March 18-20, 1995. Each zonal 
mean consists of 45 sunset profiles. Figures 6b and 7b show the 
corresponding percent differences between the HALOE and 
SAGE II observations The traditional results correspond to the 
lines connected by the squares (D). The agreement between the 
two data sets appears quite good (to within 5%), particularly 
above 18 km. Disagreements lower down may be due to the 
presence of aerosols. 

Traditional techniques identify real differences between the 
observed HALOE and SAGE II ozone data, for reasons yet to be 
entirely determined. Nevertheless, the traditional techniques 
leave something to be desired. In order to build-up enough coin- 
cidences to be statistically meaningful, traditional techniques 
must either use relaxed temporal and spatial criteria or combine a 
substantial number of months of SAGE II and HALOE data. In 

the former case, local meteorology can significantly affect the 
validation. In the latter case, seasonal and annual variations and 
trends in the data could skew the analysis. 

The importance of determining the cause of the discrepancy 
and which of the two measurements is correct is clear: much cur- 
rent research involves the determination of ozone trends with an 

accuracy of the order of a percent or two per decade [e.g., Stolar- 



MORRIS ET AL.' TRAJECTORY MAPPING 17,881 

a 

= 30 

ß 25 

• 20 

15 

0 

b 

= 30 

ß 25 

• 20 

15 

days 

weeks 

months 

2 4 6 8 10 -20-10 0 10 20 
O• (ppmv) % Difference 

SAGE [] HALOE O HALOE,3 A HALOE7 + HALOE 14 

Figure 6. HALOE versus SAGE II ozone in the Northern Hemisphere for March 19, 1995: (a) Zonal mean profiles 
between 400 and 1200 K (15-40 km) using traditional (HALOE) and trajectory-mapping (TM) coincidence criteria. 
For the trajectory case, 3-day (HALOE3), 7-day (HALOE7), and 14-day (HALOE14) calculations are shown. (b) 
Percent differences between the HALOE and SAGE II zonal mean ozone profiles and the approximate photochemi- 
cal lifetime of odd oxygen as a function of altitude. 

ski et al., 1991; Hollandsworth et al., 1995]. We must therefore 
have a similarly precise estimate of the accuracy of the measure- 
ments that go into these trend calculations. 

2.3.3. Trajectory-Mapping Approach. Plate 1 shows a syn- 
optic trajectory map of the HALOE measurements on the 800 K 
potential temperature surface for 1200 UT on March 19, 1995. 
To produce this map, the model advects 4 weeks of HALOE data 
(March 5 to April 2) with a combination of forward and backward 
trajectory calculations using balanced winds calcuated from the 
National Centers for Environmental Prediction (NCEP) mete- 
orological analyses [Randel, 1987; Newman et aL, 1988]. The use 
of both forward and backward trajectories tends to minimize the 
impact of errors incurred in the passive advection scheme used in 
isentropic trajectory calculations due to diabatic or photochemical 
effects (see section 4.1). Each HALOE measurement is initial- 
ized in the model as a tightly packed cluster of five parcels (small 
dots in Plate 1) and advected to 1200 UT on March 19. Superim- 

posed on the map are the SAGE II observations (large triangles) 
gathered on March 19. We consider those HALOE parcels within 
400 km (see section 4.2 for a discussion of the sensitivity of our 
results to this choice) of and observed within 1.5 days of the 
SAGE II measurements to be coincident. As shown in the work 

of Morris et aL [1995], the advection of parcels over short time 
periods (like 1.5 days) should not lead to substantial errors. No- 
tice that by using TM, we substantially enhance the coverage 
provided by the HALOE data as compared to that which results 
from 1 day of solar occultation observations (e.g., the SAGE II 
data that appear as triangles in Plate 1). 

Figure 8 shows a scatterplot of coincident, 1.5-day, trajectory- 
mapped HALOE averages versus the individual SAGE II obser- 
vations for the March 1995 period. First, we notice an increase in 
the number of coincidences as compared to those found in Figure 
4 (the longer the trajectory calculations, the larger the increases, 
as shown in Table 2). The increased number is due, in part, to the 
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Figure 7. Same as Figure 6 but for the Southern Hemisphere. 
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Figure 8. HALOE versus SAGE II during the period February 
26 through April 19, 1995, using trajectory-mapping (TM) ap- 
proach. Trajectory calculations are limited to a 1.5-day duration. 
Advected HALOE measurements within 400 km of the SAGE II 

observations are considered coincident. Comparisons are done 
using ozone data gathered on the 800 K potential temperature sur- 
face (-30 km). NH indicates coincidences in the Northern Hemi- 
sphere, while SH indicates coincidences in the Southern 
Hemisphere. Compared with Figure 4, the TM approach yields 
substantially more coincidences than the traditional approach. 

fact that we are no longer restricted to the latitude bands of coin- 
cidence. The trajectory technique permits the comparison of 
measurements outside those latitude bands. Figure 5 shows the 
latitude distribution of the coincident measurements as a function 

of the maximum trajectory advection duration. As discussed in 
section 2.3.1, the starred line shows the distribution of traditional 
coincidences. Notice that the traditional coincidences are con- 

fined to the narrow latitude bands of overlap (one in the Northern 
Hemisphere and one in the Southern Hemisphere) between the 
observations of the two instruments. Using TM, we substantially 
expand the latitudes of intercomparison, so that using 14-day cal- 
culations, we provide comparisons at essentially all latitudes from 
70øS to 80øN. We can therefore comment on the agreement be- 
tween HALOE and SAGE II at latitudes outside those at which 

they concurrently measure. 
Further, the impact of the technique on the uncertainty of our 

comparisons is small if not beneficial. Table 2 lists the standard 
correlation coefficients r and RMS differences between HALOE 

and SAGE II ozone observations on the 800 K surface during the 
March 1995 time period as computed using traditional and tra- 
jectory-mapping approaches. We define the correlation coeffi- 
cient to be 

•(xi-•)(yi-7) 
i=1 

r= N N 2 • I(i=•l(Xi-'•)2)(i•l(Yi-'' ) 
where the x, are the trajectory-mapped average of HALOE meas- 
urements near SAGE II observations, • is the mean of the xi, y, 
are the SAGE II observations, and y is the mean of the y,. Notice 
that the RMS errors associated with trajectory advection periods 
of up to a 7-day duration are actually smaller than those found 
using the traditional coincident comparison technique. This be- 
havior is due at least in part to the asynoptic nature of the tradi- 
tional comparisons. In order to produce more than eight 
coincidences over the 6-week study period, we were forced to 

employ a 12-hour temporal coincidence criteria. During March 
1995 at 800 K (-10 hPa or-•30 km), mean wind speeds from 
NCEP are 18-20 m/s (or 68-72 km/hr). Over the course of the 
12 hours between HALOE and SAGE observations, the HALOE 
observation will move an average of around 800 km. Such dis- 
tances are twice our correlation circle radius of 400 km, which 
suggests that the instruments may frequently make their meas- 
urements in entirely different air masses. The TM approach takes 
into account the dynamical motion occurring in the atmosphere 
between the time of the two measurements, thereby reducing the 
meteorological component of the observed variance. The ob- 
served increase in RMS errors for the 14-day trajectory calcula- 
tions above traditional coincident RMS errors is consistent with 

known diabatic timescales over which the isentropic calculations 
used in this analysis become unreliable [e.g., Morris et al., 1995]. 

To further examine the effect of our trajectory calculations on 
the uncertainty of our comparisons, we extend our analysis verti- 
cally to include nine levels between 400 and 1200 K (15-40 km). 
At each level we examine zonal means of the SAGE II and 

HALOE data from March 18-20, 1995, when the two instruments 
are observing at the same latitudes in both the Northern Hemi- 
sphere (64ø-66øN) and the Southern Hemisphere (29ø-35øS). 
Figures 6a (Northern Hemisphere) and 7a (Southern Hemisphere) 
show zonal mean profiles of the'raw HALOE and SAGE II data 
as well as the 3-day, 7-day, and 14-day trajectory-mapped data 
from 1200 UT on March 19, 1995. Figures 6b and 7b show the 
percent difference between HALOE and SAGE II ozone meas- 
urements as given by 

% difference = 100 x 
(HALOE-SAGE II) 

SAGE II 

Again, the two raw zonal mean profiles generally agree to within 
5% throughout the profile in both hemispheres. Both the North- 
ern Hemisphere (winter) and the Southern Hemisphere (summer) 
studies indicate that the 3-day case is virtually indistinguishable 
from the raw zonal mean comparison above 20 km. The 7-day 
case shows less than a 7% difference throughout the profile, even 
in the winter hemisphere, while the 14-day case still shows less 
than a 10% difference. Between 18 and 25 km, where the lifetime 
of ozone is long, the trajectory method appears to result in differ- 
ences of less than 5% as compared to the standard zonal mean re- 
sults. 

Figure 7b shows a clear trend in the Southern Hemisphere 
ozone profile shape with increasing integration periods: the 
longer the integration time, the farther away from the simple 
zonal mean the trajectory-mapped profile becomes. Furthermore, 

Table 2. Correlation and Root-Mean-Square Statistics 
and Number of Coincidences in the Southern Hemisphere 
and Northern Hemisphere for HALOE-SAGE II Inter- 
comparisons 

Method r RMS, % SH NH 

Traditional 0.87 10.4 6 145 

1.5-day TM 0.93 8.0 31 156 

3-day TM 0.90 8.4 58 247 

7-day TM 0.84 10.0 146 437 

14-day TM 0.80 12.2 337 601 
See text for definition of RMS statistics. TM indicates tra- 

jectory-mapping approach. All comparisons are performed on 
the 800 K potential temperature surface. HALOE, Halogen 
Occultation Experiment; SAGE II, Stratospheric Aerosol and 
Gas Experiment II. 
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Figure 9. Comparison of zonal mean, trajectory mapped HALOE ozone profiles using 7-day forward only (•), 7- 
day backward only (+), and 7-day combined ([2) trajectory calculations. (a) Zonal mean profiles. (b) Percent differ- 
ence between HALOE and SAGE II 

the disagreement of the trajectory-mapped HALOE data with 
SAGE II observations becomes more negative at the altitude of 
the peak in the ozone mixing ratio profile (•-30 km) and more 
positive below the peak. The neglect of diabatic processes and 
photochemistry in our analysis, particularly at the higher alti- 
tudes, is responsible for part of the increased uncertainty. TM is 
therefore best used in regions where the constituent lifetime is 
long and the magnitude of the diabatic circulation is relatively 
small. Both conditions are better satisfied below 27 km. 

Finally, Figure 9 shows the impact of only using either for- 
ward or backward trajectory calculations. Here, we examine the 
effect on the zonal mean of the 7-day trajectory-mapped HALOE 
ozone data in the Northern Hemisphere on March 19. The "0" 
line represents the zonal mean profile calculated from forward- 
only trajectories, the "+" line represents the zonal mean deter- 
mined from backward only trajectories, and the "[]" line repre- 
sents the combined trajectory approach. In Figure 7b, we show 
the percent differences between the TM HALOE and SAGE II 
observations relative to SAGE II. Biases are clearly introduced 
when unidirectional trajectory calculations are employed: for- 
ward-only calculations tend to preserve mixing ratios longer than 
is warranted. In regions of descending air motion, the biases re- 
sult in ozone values too high above the ozone peak and too low 
below it. The reverse is true for the backward-only calculations. 
As Figure 9 demonstrates, the biases of the forward- and back- 
ward-only calculations tend to offset one another. The combina- 
tion of forward and backward trajectories therefore minimizes the 
biases and approximately doubles the number of parcels available 
to construct trajectory maps compared with either the forward or 
backward calculations alone. These results are supported by the 
sensitivity study using MLS water vapor described in section 4.1. 

2.4. Case Study 3' HALOE Versus Ozonesondes 

As a further demonstration of the validity of TM, we compare 
satellite ozone data from HALOE with ozonesondes. Figure 10 
shows a comparison of ozone profiles derived from trajectory- 
mapped HALOE data (constructed as described in section 2.3.3) 
with those observed by ozonesondes. The composite sonde pro- 
files are constructed from an average of ozonesonde observations 
at five nearby European stations: Hohenpeissenberg (48øN, 1 IøE), 
Legionowo (52øN, 21øE), Lindenberg (52øN, 14øE), Payerne 

(47øN, 7øE), and Praha (50øN, 15øE). Gridded ozone fields are 
produced for 1200 UT (the same time as the sonde measure- 
ments) on March 22 and April 5, 1995, from the trajectory- 
mapped HALOE data using a Barnes scheme. The gridded maps 
are then interpolated to the sonde locations and averaged over the 
same five stations. Note that we have not had to create zonal 

mean HALOE or SAGE II data for comparison with the sondes, a 
process that would have eliminated real longitudinal structure in 
the satellite data fields. The profiles show remarkably good 
agreement from 400 K (•-15 km) to 800 K (•-30 km). 

3. Precision Assessment: The Problem of 

Evaluating Data From a Single Instrument 

In assessing satellite data precision, previous efforts have re- 
lied upon an analysis of output from retrieval codes, observed 
data variability in the tropics, and comparison of measurements 
made near the same location on consecutive orbits. While the 

first approach produces estimates for every measurement, it does 
not incorporate any information external to the specific retrieval 
of interest to substantiate its conclusions. The latter two ap- 
proaches are discussed in detail in the UARS Validation Special 
Issue of the Journal of Geophysical Research (1996). A brief re- 
view of these two techniques follows. 

3.1. Previous Approaches 

The Upper Atmosphere Research Satellite (UARS) orbits the 
Earth -15 times each day at an altitude of 585 km in a plane in- 
clined 57 ø with respect to the equator. The orbit precesses at a 
rate of 5 ø per day, providing coverage of all local times above a 
given geographic region about once every 36 days. The orbit 
permits the Microwave Limb Sounder (MLS) to observe latitudes 
between •-80 ø in one hemisphere and 34 ø in the other. Approxi- 
mately every 36 days, UARS performs a yaw maneuver. This 
spacecraft maneuver is required to keep the instruments mounted 
on the "cold side" of the spacecraft in shade. The yaw maneuver 
effectively switches the primary hemisphere of study for the limb 
sounding instruments. The latitude bands that occur at the ex- 
treme limits of observation contain the highest spatial density of 
measurements. 
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Figure 10. Comparison of ozone profiles constructed fi'om trajectory-mapped HALOE data with a mean ozone 
profile from five European ozonesondes (see text for details). 

Figure 11 shows the observation pattern of a single day of 
MLS measurements during a north looking UARS time period. 
Figure 12 shows a magnified view of a small region from 240 ø to 
360 ø E and from 60 ø S to 10 ø N depicting the geographic overlap 
of two successive orbits. The close proximity of points both in 
space (less than 100 km) and in time (-1.6 hours) near the ex- 
treme latitudes of observation supports the assumption that such 
pairs of observations were made in the same air mass. Such data 
could then be used to empirically estimate instrument precision. 

Figure 11. Map showing the typical observation pattern of MLS 
on a single day. 

These close coincidences only occur at the extreme latitudes of 
observation and thus only permit evaluation of measurement pre- 
cision at two latitudes during each UARS period. The technique 
has been attributed to Rodgers et al. [1996], and a complete dis- 

v,1 x , ' 

Figure 12. Close-up of the MLS observation pattern in central 
South America. Notice the two boxed regions that each contain a 
pair of MLS observations made within 96 min and 100 km of one 
another. Such observation pairs have been used to assess instru- 
ment precision. 
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cussion of the approach appears in the work of Lahoz et al. 
[1996]. 

The other approach for estimating precision examines the vari- 
ability of tropical observations on a single day. Under the as- 
sumption that a tropical trace gas field in the stratosphere is 
relatively homogeneous, the variance of observations in a narrow 
tropical latitude band can be interpreted as an estimate of the pre- 
cision of the observations. Lahoz et al. [1996] rely upon this 
technique to provide their estimates of single-profile precision for 
MLS water vapor, which range from 3 to 7%. 

3.2. Trajectory-Mapping Approach 

We now apply the trajectory-mapping technique to the prob- 
lem of determining the precision of MLS water vapor data. We 
choose water vapor for its long lifetime in the middle to lower 
stratosphere, although in principle, the technique can be applied 
equally well to any dynamically conserved trace gas species. We 
examine water vapor retrievals during 10, 1-week-long periods 
between December 1991 and April 1993. Our analysis includes 
both hemispheres during the late winter/early spring season, the 
Northern Hemisphere in early winter, and the Southern Hemi- 
sphere in early summer. 

3.3. Case Study 4: MLS Water Vapor Data 

For this study we use Version 4 MLS water vapor data. Pub- 
lished validation of Version 3 MLS water vapor data suggests 
single-profile precision estimates of 3-7% for altitudes between 
46 and 0.22 hPa [Lahoz et al., 1996]. Level 3 data are interpo- 
lated from the standard UARS pressure surfaces onto six isen- 
tropic surfaces between 550 and 1200 K using NCEP temperature 
data. Trajectory calculations are run adiabatically using the 
NCEP balanced winds. 

We employ the TM technique to produce maps of the MLS 
water vapor field every 12 hours. The newest (+ 6 hour) MLS 
observations are then compared to an average of the nearby, ad- 
vected MLS observations. The technique used here is almost 
identical to that outlined earlier (section 2.1.3) with one excep- 
tion: instead of comparing the new observations of one instru- 
ment to the advected observations of another, a single instrument 
provides the data for comparison against itself. We examine two 
statistics in the evaluation of the precision of the measurements: 
the RMS difference and the bias. The RMS error is defined as in 

section 2.2, and the bias is given by 

where Yi are the averages of the trajectory-mapped MLS data 
near the newest MLS observation (x,) and N is the total number of 
MLS observations that have trajectory-mapped coincidences. In 
general, we employ a combination of forward and backward tra- 
jectory calculations for several reasons. First, the use of the com- 
bination of forward and backward trajectories increases the 
density of data by utilizing observations made both before and 
after the time of interest. Second, isentropic calculations neglect 
diabatic effects, which, as noted earlier, can have a significant ef- 
fect on air parcel motion in the stratosphere on a timescale of 
-5-7 days [Morris et al., 1995; Schoeberl and Sparling, 1994; 
Sutton et al., 1994]. For example, Manney et al. (1995) found 
significant vertical motion of from 3-7 K/day decreases in poten- 
tial temperature associated with episodes of low ozone in the 
northern midlatitudes. By including both forward and backward 
trajectory calculations, we minimize the impact of neglected dia- 

batic processes. We investigate this hypothesis further in a sensi- 
tivity study described in section 4.1. 

First, we calculate the precision of the MLS water vapor data 
using a traditional approach on data gathered during the period 
December 13-24, 1992. For the purposes of this case study, we 
define traditional coincidences in a manner similar to that of La- 

hoz et al. [1996] to be those MLS observations made on succes- 
sive orbits near the turnaround points within 0.1 day and 100 km 
of each other. Under such circumstances, the two observations 
have overtapping fields of view. Figure 13 shows a scatterplot of 
such pairs of observations for the 800 K potential temperature 
surface (-30 km). As Figure 13 shows, the traditional approach 
demonstrates a good agreement between such pairs of measure- 
ments, with an RMS error of 4.3%. Over the 11-day time period 
the traditional approach yields 302 coincidences, all of which oc- 
cur in the two narrow latitude bands at the extreme limits of the 

MLS geographic coverage: one near 80øN and one near 34øS. 
We then repeat the analysis for five other potential tempera- 

ture surfaces: 550, 600, 700, 1000, and 1200 K. On each level 
we calculate the zonal mean RMS statistic in each 1 ø latitude 

band. The results appear in Plate 2. As Plate 2 demonstrates, 
only the two, narrowly defined latitude bands contain tradition- 
ally defined coincidences. The traditional approach demonstrates 
a good agreement between the coincident MLS observation pairs, 
with RMS errors of less than 6% throughout the profiles at both 
latitudes. 

We next apply the trajectory-mapping technique to the same 
data using 3-day trajectory calculations and a 400-km coinci- 
dence criterion. Figure 14 shows a scatterplot of the trajectory- 
mapped predictions versus the MLS observations for the 800 K 
level. We first notice substantially more coincidences (14,310) 
using the TM technique than found in Figure 13 using the tradi- 
tional approach. The magnitude of the RMS error is 4.9%, 
slightly higher than that found using the traditional approach. 
Given the close proximity in time and space of the traditionally 
coincident pairs, this result is not surprising: we expect the tradi- 
tional approach to perform at its best under such circumstances. 
The trajectory results, however, are not limited to two narrow 
latitude bands. The trajectory approach produces comparisons for 
nearly every MLS observation, regardless of its latitude. We also 
note from Figure 14 that the x variable shows more variance than 

O• "•:'."' 
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Figure 13. Scatterplot of coincident MLS water vapor observa- 
tions on the 800 K potential temperature surface for the 11-day 
period of December 13-24, 1992 as determined using a tradi- 
tional approach. 
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Plate 2. Zonal mean profiles of the root-mean-square difference between the MLS water vapor observation pairs 
noted in Figure 12 as determined using the traditional approach during the period December 13-24, 1992. Notice 
that such pairs occur in only two, narrowly defined latitude bands at the geographic extrema of the observations. 
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Plate 3. Zonal mean cross section of the root-mean-square difference between trajectory-mapped MLS water vapor 
data and new observations during the period December 13-24, 1992. Trajectory mapping produces estimates of 
measurement precision at all observed latitudes. 
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the y variable does. This effect can be attributed to the fact that 
the y variable represents an average of observations nearby the 
observation that appears as the x variable data point. As a result, 
outliers are more likely to appear in the x variable than in the y 
variable, owing to the effect of averaging on the latter. 

As with the traditional case, we then repeat the TM analysis 
for the other five potential temperature surfaces. On each level 
we calculate the zonal mean RMS statistic in 5 ø latitude bands. 

The results are shown in Plate 3. Even a cursory examination of 
Plates 2 and 3 reveals that the trajectory-mapping technique 
greatly expands the latitude range over which estimates of data 
precision can be made as compared to the traditional approach. 
The trajectory results indicate data precision of the order of 
3.5-6% in the tropics and fairly consistent 6% estimates through 
the midlatitudes. The highest precision uncertainties are found 
near 60øN and 33-km altitude, with values near 9%. The location 
of this region closely coincides with the latitude and altitude of 
the polar night jet core during this time period. The relatively 
large magnitude of the RMS statistic in this region is probably a 
result of the dynamics, which create a region of very strong gra- 
dients in both the wind fields and the trace gas constituents. We 
might expect that shorter trajectory calculations or smaller corre- 
lation distances would reduce the RMS statistic. Sensitivity 
studies of both of these quantities (not shown), however, demon- 
strate very limited effects on the results in this case. We therefore 
conclude that the assumption that both the trajectory-mapped and 
new observations occur in the same air mass is breaking down. 
Real geophysical variability is responsible for the observed in- 
crease in the precision statistic. In this case the precision statistic 
must be interpreted as consisting of both a random error compo- 
nent and a component representing the variability present in the 
real atmosphere. 

Plots similar to Plate 3 can be produced using the TM tech- 
nique for other seasons as well. The summer/fall hemisphere (not 
shown) is characterized by precision uncertainties of 3-6%, with 
low values at high latitudes, low latitudes, and high altitudes. 
The winter/spring hemisphere (not shown) is characterized by 
4-7% precision uncertainties with locally higher levels near the 
polar night and subtropical jets. 

4. Sensitivity Studies 

Additional studies investigate a number of parameters in an 
attempt to establish the reliability of the TM technique and quan- 
titatively evaluate the uncertainties introduced by the technique in 
its estimates of the precision uncertainty of the MLS water vapor 
data. Among the questions to be investigated are the following: 
What is the effect of changing the duration of the trajectories used 
in the construction of the trajectory maps? What is the effect of 
changing the geographic correlation criteria on the TM results? 
Are there any biases introduced by the trajectory technique? 
How do the results change if only forward trajectory calculations 
are used in the construction of the trajectory maps? How do the 
results vary from season to season? Are there hemispheric differ- 
ences? We will attempt to address these questions in sections 
4.1-4.3. 

4.1. Sensitivity to the Trajectory Direction and Duration 

We demonstrate the importance of using a combination of 
forward and backward trajectory calculations through a detailed 
examination of the long-duration TM study of December 1992. 
In this study, trajectory maps of MLS water vapor were produced 
using calculations of up to a 14-day duration. Again, traditional 
coincidences are defined to be those MLS observations made on 

successive orbits near the turnaround points within 0.1 day and 
100 km of each other. Trajectory-mapped coincidences are de- 

fined to be those advected measurements that fall within a circle 

of radius 400 km around the new MLS observation. We examine 

two effects: the direction of the trajectory calculations (forward, 
backward, or both) and the duration of the trajectory calculations. 

We first examine the effects of the duration of the trajectory 
calculations on the RMS and bias statistics for a 14-day, forward 
and backward combined trajectory run from December 1, 1992, 
to January 5, 1993. A week-long period in the middle (December 
15-22, 1992) is used in the subsequent analysis. This week of re- 
sults consists of 2-week trajectory calculations in both the for- 
ward and backward directions. The profiles are constructed from 
averages of all MLS data that meet both the traditional and tra- 
jectory coincidence criteria. (These data points occur only in the 
two narrow latitude bands near 80øN and 34øS in which the tradi- 

tional coincidences occur.) A comparison of these profiles, 
which appears in Figure 15, therefore indicates the impact of the 
long-duration trajectory calculations on the results. The tradi- 
tional approach is plotted as the solid line. The trajectory ap- 
proach is shown for three different calculation durations: 3 days, 
7 days, and 12 days. For the 12-day calculation, only trajectories 
of 10.5-13.5 days duration are included. Similarly, for the 7-day 
calculation, only trajectories of 5.5-8.5 days duration are in- 
cluded, and for the 3-day calculation, only trajectories of 1.5-4.5 
days duration are included. Thus the profile corresponding to the 
12-day trajectory calculation consists of coincidences of new 
MLS observations with observations that have been advected 

forward or backward in the trajectory model for 10.5-13.5 days. 
Over such long periods of time, the accumulated errors due to un- 
certainties in the wind fields and diabatic effects, which have 
been ignored in our isentropic calculations, become important, re- 
sulting in the observed increase in the RMS statistic seen in Fig- 
ure 15a. Nevertheless, Figure 15b suggests that a combination of 
forward and backward calculations results in a bias that does not 

change with time. We test this hypothesis more thoroughly be- 
low. 

In addition, Figure 15b suggests that the biases introduced by 
the trajectory calculations in this study are less than 0.5%, on av- 
erage, throughout the profile. The apparent lack of bias in the 
trajectory results may be explained as follows. Under the as- 
sumption that diabatic effects act to change the local mixing ratio 
of a trace gas species roughly linearly over short periods of time, 
the inclusion of both "future" and "past" data in trajectory maps 
(through a combination of backward and forward trajectory cal- 
culations, respectively) acts to minimize the bias inherent in the 
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Figure 14. As in Figure 13 except here we apply the trajectory- 
mapping technique. 
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Figure 15. Comparison of (a) the root-mean-square and (b) the bias statistics (see text) between the traditional ap- 
proach and the trajectory-mapping (TM) approach using calculations of 3 (TM3), 7 (TM7), and 12 (TM12) ___ 1.5 days 
for the week-long study period of December 15-22, 1992. The trajectory results use a combination of forward and 
backward calculations. None of the biases are statistically significantly different from zero. 

isentropic assumption. Errors that accumulate in the forward 
trajectory calculations are offset by errors that accumulate in the 
backward calculations. Trajectory maps constructed with both 
forward and backward calculations therefore provide a fairly ac- 
curate reflection of the present distribution of a trace gas species 
in the atmosphere. 

The effect of the neglected diabatic heating is reflected in the 
RMS statistic, however, which increases steadily with the dura- 
tion of the trajectory calculations, as can be seen in 
Figure 15a. The 3-day trajectory results show -1% higher RMS 
differences than the traditional results, while the 7-day trajectory 
results show -2% higher, and the 12-day trajectory results show 
-2.5-3% higher RMS differences throughout the profile. The 
magnitude of the error introduced by the duration of the isen- 
tropic trajectory calculations will clearly be a function of the ver- 
tical gradient of the trace gas species being mapped and the 
strength of the diabatic heating at the time and location of the 
analysis. The numerical results from this study therefore should 
not be considered to represent the magnitude of the error intro- 
duced by all trajectory calculations of such duration during all 
seasons. Furthermore, the data in Figure 15 reflect the errors in- 
curred by using only calculations of a particular duration. In gen- 
eral, trajectory maps are not constructed in the manner outlined 
above. Instead, a 7-day trajectory map consists of trajectory cal- 
culations of lengths 0-7 days instead of only calculations of 
5.5-8.5 days. Therefore the results of Figure 15 provide an upper 
limit to the errors inherent in a typical 7-day trajectory map of 
MLS water vapor. 

The difference between the typical application (described 
above) and that presented in Figure 15 can be seen in the results 
of another sensitivity study, shown in Figure 16. Here the results 
are separated into the two latitude bands in which traditional co- 
incidences occur. Figure 16a demonstrates that near the southern 
subtropical barrier the trajectory results are consistently better 
than the traditional approach throughout the profile, while Figure 
16b shows that at high northern latitudes the RMS statistic for 
trajectory approach is less than 1% different from the traditional 
approach throughout the profile. In general, the trajectory results 
are consistent with and often better than the traditional approach 
in assessing instrument precision, even at places and times when 

the traditional approach works very well. The TM technique, 
however, has a significant advantage over the traditional ap- 
proach in its far broader scope of geographic coverage. 

Many studies using trajectory techniques have applied unidi- 
rectional isentropic calculations. This approach is inherently 
flawed owing to the nonconserved nature of the advected trace 
gas as well as to the neglected diabatic effects. Here, we illus- 
trate an important advantage gained by using bidirectional tra- 
jectory calculations. Figure 17 shows the RMS and bias statistics 
for the unidirectional forward- and backward-only calculations 
corresponding to the long-term study of December 1992 pre- 
sented in Figure 15 and discussed above. Again, the solid "*" 
line represents the traditional results, while the other lines repre- 
sent the trajectory results ("+" for 3-day TM, "0" for 7-day TM, 
and "A" for 12-day TM). We note that both the forward only 
(solid lines) and backward only (dashed lines) trajectory calcula- 
tions introduce RMS errors of nearly the same magnitude for cal- 
culations of the same duration. The biases, however, tend to be in 
opposite directions between the two unidirectional calculations as 
compared to the combined results shown in Figure 15. 

This result is consistent with the fact that our isentropic tra- 
jectory calculations neglected diabatic effects. Outside of the 
tropics, forward-only trajectories neglect the descent of air rela- 
tively rich in water vapor, resulting in a low bias compared to the 
actual observations. Conversely, backward-only trajectories re- 
sult in a high bias compared to the actual observations. By using 
a combination of forward and backward trajectory calculations, 
we successfully counter the impact of the uncertainties introduced 
in the long, unidirectional trajectory calculations, as hypothesized 
earlier. A similar argument can be made for the accumulation of 
numerical errors over time within the trajectory model as well. 
Studies using the isentropic RDF technique with unidirectional 
trajectory calculations may therefore incur a bias in the mapped 
constituent field due to neglected chemical and diabatic effects. 

4.2. Sensitivity to Correlation Distance 

One important parameter in TM is the separation distance 
between two measurements that are assumed to be correlated. 

Historically, correlation distances have ranged from a few meters 
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Figure 16. Zonal mean plots of the average root-mean-square (RMS) error statistic (see text) for the period De- 
cember 15-22, 1992, as determined using traditional and trajectory-mapping approaches. Trajectory calculation 
durations of 1.5, 3, 5, 7, 10, and 14 days are shown by the thin lines. The traditional results are indicated by the 
thick line. (a) The RMS profile near the southern subtropical boundary (-30øS) Upper Atmosphere Research Satel- 
lite (UARS) tumaround. (b) The RMS profile at the high northern latitude (-80øN) UARS turnaround. The dotted 
line indicates the number of coincidences achieved with the 14-day trajectory-mapping technique. 

in the Balloon Ozone Intercomparison Campaign [Hilsenrath et 
al., 1986] to 1000 km or more for validation of HALOE [Park et 
al., 1996] and SAGE II data [Veiga et al., 1995]. Larger correla- 
tion distances tend to increase the number of coincident meas- 

urements (which acts to decrease the RMS statistic), but they also 
increase the variance (which acts to increase the RMS statistic) 
owing to the inclusion of pairs of observations that are, in fact, 
made in different air masses. In TM a similar trade-off exists 

between correlation distance and uncertainty. 
Figure 18 summarizes the sensitivity of the RMS statistic to 

correlation distance under all conditions. Data from 10, 7- to 11- 
day study periods have been compiled to construct Figure 18. 
These 10 periods are December 13-24, 1991; January 
29-February 7, 1992; March 4-15, 1992; April 11-21, 1992; 
September 4-15, 1992; October 4-15, 1992; December 13-24, 

1992; January 18-29, 1993; March 4-15, 1993; and April 4-13, 
1993. Again, only those coincidences found using both the tradi- 
tional and trajectory techniques are included in the analysis, 
thereby restricting the results to those four narrow latitude bands 
in which the traditional approach produces coincidences: -80øS, 
•-34øS, •34øN, and •-80øN. These restrictions on the comparisons 
produce the most favorable results possible using the traditional 
approach. Again, by comparing our TM results with the tradi- 
tional results in these cases, we can effectively estimate the mag- 
nitude of the uncertainty associated with the TM technique itself. 
The 3-day trajectory calculations were used in all five cases test- 
ing the sensitivity of the trajectory results to correlation circle 
size. 

Figure 18 indicates that in general, the largest and smallest 
correlation distances result in the largest RMS differences. Cor- 
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Figure 17. As in Figure 15 but with forward-only (solid lines) and backward-only (dashed lines) trajectory calcu- 
lations plotted separately. (a) Root-mean-square statistic. (b) Bias statistic. See text for definitions. 
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Figure 18. Comparison of the root-mean-square and bias statistics between the traditional and trajectory approach 
using correlation distances of 200, 400, 600, 800, and 1000 km. (a) Root-mean-square statistic. (b) Bias statistic. 
See text for definitions. As in Figure 15, none of the biases are statistically significantly different from zero. 

relation circles with radii of 400 or 600 km seem to consistently 
produce the smallest RMS differences throughout the profile. A 
similar study by Rex et al. [1998] revealed that the best results in 
their validation of ozonesonde observations using trajectory cal- 
culations occurred for coincident pairs with separation distances 
of less than 400 km, supporting the results obtained here. Below 
30 km the trajectory approach appears to produce smaller RMS 
differences than the traditional approach does regardless of the 
correlation distance. Between 30 and 35 km, trajectory results 
are comparable to the traditional approach. Near 38 km the tra- 
jectory results again show improvement compared to the tradi- 
tional approach. While some seasonal and latitudinal dependence 

can be seen in the data, the 400-km correlation criterion is not 
found to increase the RMS statistic by more than 1% as compared 
to other correlation distances in any season at any altitude. 

Although there appears to be a systematic drift toward nega- 
tive biases with larger correlation circle sizes in Figure 18, neither 
the drift nor the bias profiles themselves are statistically signifi- 
cant (standard deviations of the bias range from 3 to 6%, an order 
of magnitude larger than the bias itself). Furthermore, we have 
no reason to expect such a systematic trend in the bias with larger 
correlation distances, nor should we expect such a trend to be ob- 
served in other constituents. These results essentially demon- 
strate that nowhere in the profile between 22 and 40 km is a 
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Figure 19. Comparison of the 3-day trajectory mapping root-mean-square precision against that derived using the 
traditional approach in the four latitude bands in which the traditional approach can be applied. See text for details. 
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statistically significant bias introduced by the 3-day trajectory 
calculations in large-scale studies covering all seasons. 

We observe a common quality to the RMS profiles depicted in 
Figures 15, 17, and 18: relative maxima near 23 and 28 km and 
relative minima near 25 and 35 km. Version 4 MLS water vapor 
data are retrieved only on every other UARS pressure level, 
which implies that the actual MLS data are found near 22, 27, 32, 
38, and 43 kin. Data at other UARS levels result from a linear 
interpolation of the adjacent levels. In our study we apply a cubic 
spline to the data to derive the MLS water vapor at the isentropic 
levels used in this study. The fact that the minima appear farther 
from the actual retrieved levels than the maxima suggests that our 
interpolation scheme is not responsible for the relative maxima in 
the RMS profiles. In fact, it is likely that our interpolation 
scheme has acted to reduce errors inherent in the retrievals them- 

selves and that the actual errors may be somewhat larger than 
thbse represented here.. Version 5 MLS water vapor data, which 
recently have been released, provide MLS data on all the UARS 
pressure levels. The new data should lead to improved vertical 
interpolation between levels and probably better overall results. 

4.3. Sensitivity to Geographic Location and Season 

The quality of the TM results depends upon the quality of the 
meteorological analyses. The impact of the choice of meteoro- 
logical analysis has been investigated by Morris [1994]. How- 
ever, a detailed discussion of the impact of the meteorological 
analyses on the trajectory results is beyond the scope of this 
work. A future paper will examine this issue and a methodology 
for applying TM to evaluating the quality of the wind field analy- 
ses. Previous work, however, indicates that while individual tra- 
jectories may diverge quite rapidly between model runs using 
different wind field analyses, an ensemble of trajectories main- 
tains the same gradients in an advected trace gas field for long pe- 
riods of time [Morris et al., 1995]. We therefore expect our 
results to be generally applicable to trajectory calculations re- 
gardless of the wind field analysis employed. Particular dynami- 
cal events may be better captured by one wind field analysis than 
another, in which case the selection of the wind field analysis in- 
put into the trajectory model may affect the results. The optimal 
choice of wind field analysis for any individual event must be 
determined on a case-by-case basis. 

To evaluate the performance of the TM technique as a function 
of latitude and season, we again use the MLS water vapor data 
and restrict our analysis to those latitudes and times when the tra- 
ditional approach produces coincidences. Figure 19 summarizes 
the results of our comparison in each of the four latitude bands in 
which traditional coincidences occur. Plotted in Figure 19 is the 
difference between the RMS statistic for the MLS observations as 

determined with the TM technique and that determined with a 
traditional approach. Negative values indicate smaller RMS val- 
ues for the trajectory technique than for the traditional approach. 
The lines for January, March, and April represent average results 
from the two, 1-week study periods in 1992 and 1993. The line 
for December represents the average results of the two, 1-week 
study periods in 1991 and 1992. The lines for September and 
October represent the results from the lone, 1-week study period 
in 1992. The trajectory results employ 3-day calculations and a 
400-kin correlation circle radius. 

Figure 19 demonstrates that the TM technique provides a con- 
sistent improvement in the subtropics throughout the profile 
compared to the traditional technique, with the possible exception 
of the northern subtropics in spring near 30 km. At high southern 
latitudes the TM technique appears to be comparable to the tradi- 
tional approach in the summer and fall seasons, although some- 
what worse than the traditional approach in September. The 
explanation for this result probably lies in the quality of the wind 

field analyses: the sparse nature of the meteorological data that 
provide input for the meteorological analyses in the Southern 
Hemisphere results in larger wind field uncertainties. The fact 
that TM yields somewhat larger RMS errors as compared to the 
traditional approach in this case is therefore not surprising. 

At high northern latitudes the trajectory results are consistent 
with results from the traditional approach throughout the profile. 
While the meteorological data in the Northern Hemisphere are 
more densely sampled than those in the Southern Hemisphere, the 
dynamics in the Northern Hemisphere are much more active. 
Larger diabatic descent rates and sharper gradients in the con- 
stituent and wind fields are found in the Northern Hemisphere 
than are found in its southern counterpart. These factors can lead 
to large uncertainties in the isentropic trajectory calculations. 
Nevertheless, the results of our study of MLS water vapor indi- 
cate that the TM technique produces results consistent with the 
traditional approach in those latitude bands where both tech- 
niques can be successfully applied. Again, it is important to keep 
in mind that we have compared the trajectory results to the results 
from the traditional approach at times and locations favorable to 
the latter technique. The results therefore represent a worst case 
scenario for the performance of the trajectory technique against 
the traditional approach. The trajectory technique is capable of 
producing results at times and places inaccessible to the tradi- 
tional approach, as best demonstrated by Plates 2 and 3. 

5. Summary and Conclusions 

We have applied the TM technique with good results in sev- 
eral case studies and examined the sensitivity of the results 
yielded by the technique to a variety of parameters. TM proved 
effective in the comparison of one sparse data set with one dense 
satellite data set (HALOE and MLS ozone), the comparison of 
two sparse data sets (HALOE and SAGE II ozone), the compari- 
son of satellite data with balloons (HALOE versus ozonesondes), 
and the establishment of instrument precision using a single data 
set (MLS water vapor). Taking advantage of dynamical informa- 
tion, TM has allowed us to improve and expand our comparisons 
beyond the brief periods and narrow latitude bands of overlap that 
usually restrict traditional techniques. 

In the MLS-HALOE comparison study the TM approach in- 
creased the number of coincidences and greatly expanded the 
range of latitudes at which coincidences occurred as compared to 
the traditional approach. Of particular importance, these advan- 
tages were achieved without a corresponding significant increase 
in the uncertainty of the comparisons. The TM results compare 
favorably with results achieved using traditional approaches in a 
study designed so that the traditional approaches would perform 
well. The 1.5-day trajectories showed less than 1% differences in 
the RMS statistic as compared with those found using a tradi- 
tional approach. These results enhance our confidence in the re- 
sults achieved by the trajectory-mapping technique in studies 
where the traditional approaches do not generally perform well. 

We next applied the TM technique to the comparison of two 
sparse data sets. The TM technique showed significant advan- 
tages over the traditional approach in the comparison of ozone 
data from SAGE II and HALOE. The TM technique substantially 
increased the number of coincidences while often decreasing the 
uncertainty as compared to the traditional coincidence approach. 
The latter effect can be attributed to the fact that TM accounts for 

the dynamical motion between the observation times, which tra- 
ditional approaches have previously ignored. Even the 14-day 
trajectory calculations, for which we know the diabatic effects 
cause significant departures from isentropic trajectories, did not 
appear to significantly increase the uncertainty of the compari- 
sons. The technique works best below 27 km, where the lifetime 
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of ozone is fairly long and the magnitude of the diabatic circula- 
tion is relatively small. In this region of the lower stratosphere, 
the assumptions of the conservation of ozone and potential tem- 
perature along the calculated trajectories work best. 

Comparison of zonal means of the trajectory-mapped HALOE 
data to traditionally calculated SAGE II zonal mean data demon- 
strated that the trajectory technique has little negative impact. 
Unlike the traditional zonal means, however, the trajectory tech- 
nique preserves longitudinal structure in the ozone field that is 
lost in zonal averaging validation. Comparison of the trajectory- 
mapped data with ozonesondes also showed good agreement, 
further establishing the ability of TM to validate variability in 
constituent fields on a regional scale. 

We applied TM to the problem of determining the precision of 
the MLS water vapor data set. The MLS observation pattern pro- 
vides coverage with a relatively high density of observations. In 
two latitude bands near the geographic limits of observation, the 
MLS measurements on successive orbits occur within 96 lnin and 

100 km of one another, making the application of a traditional 
comparison technique highly successful. We compared results 
obtained using the TM approach to data within the same narrowly 
defined latitude bands. In these latitude bands our analysis dem- 
onstrated that the trajectory results are generally consistent with 
the traditional approach. Only in the high-latitude, Southern 
Hemisphere, low-altitude, winter case does the trajectory ap- 
proach yield higher RMS errors than the traditional approach 
does. Considering that such tests have been performed under a 
best-case scenario for the traditional technique, the TM approach 
performs impressively well. The major advantage of the TM 
technique over the traditional technique is that we can ascertain 
the precision uncertainty of the MLS data over the entire latitude 
range in which the observations are made, unlike the traditional 
approach that is restricted to only those latitude bands where co- 
incidences occur. 

Results from a number of sensitivity studies permit us to opti- 
mize our technique as well as to quantify the related uncertainties. 
We investigate the sensitivity of our trajectory results to several 
important parameters: the duration and direction (forward or 
backward) of integration of trajectories, the maximum distance 
between trajectory-mapped measurements considered to be coin- 
cident, and the latitude and season of the trajectory calculations. 

Forward-only and backward-only trajectory calculations intro- 
duce biases, owing to diabatic motions (which are neglected in is- 
entropic trajectory calculations) and photochemical changes in 
species concentration. By applying a combination of forward and 
backward trajectory calculations, the uncertainties of longer tra- 
jectory calculations can be minimized. The longer the duration of 
the trajectory calculations, the greater the uncertainty introduced 
in the RMS statistic. The bias statistic in bidirectional trajectory 
calculations, however, does not appear to increase with the tra- 
jectory duration. We therefore recommend the use of a combina- 
tion of forward and backward trajectories for all isentropic 
trajectory-mapping calculations. The use of unidirectional isen- 
tropic calculations can produce significant errors on relatively 
short timescales, owing to neglected chemical and diabatic ef- 
fects. 

A variety of correlation distances were tested for altitudes 
between 20 and 40 km under a wide range of geographic and sea- 
sonal conditions. Under most circumstances the 400-km correla- 
tion distance resulted in the smallest RMS errors. While some 

variation exists in the results as a function of altitude, latitude, 
and season, under no circumstance did the 400-km correlation 
distance produce an RMS statistic with a magnitude more than 
1% greater than the smallest RMS statistic associated with some 
other correlation distance. We therefore recommend, in general, 
a 400-km correlation distance with data sets such as the MLS 

water vapor data. 

We also conclude that while the shorter-duration trajectory 
calculations generally produce results with smaller precision un- 
certainties, longer-duration calculations (of up to 14 days) do not 
necessarily result in substantial increases in precision uncertainty 
estimates. In fact, only at high latitudes in the winter season do 
the longest trajectory calculations seem to significantly increase 
uncertainty estimates. The temporal breadth of our analysis al- 
lows us to conclude that the trajectory approach is as good as if 
not better than the traditional approach throughout the year with 
the exception of September in the Southern Hemisphere. These 
same studies suggest that the increased number of correlated ob- 
servations gained through the use of longer trajectory calculations 
offsets the increased uncertainty introduced through longer mod- 
eled advection periods. Our sensitivity studies help establish the 
magnitude of the uncertainties introduced by the TM technique it- 
self as well as the conditions under which the application of the 
technique is most appropriate. 

Our study provides confidence in the application of the TM 
technique to data validation at latitudes beyond those at which the 
traditional technique can be successfully applied. The TM tech- 
nique can thereby provide reliable estimates of measurement ac- 
curacy and precision for entire data sets rather than relying upon 
extrapolation of results achieved through the validation of a small 
subset of the data through traditional techniques. TM is a power- 
ful, reliable tool for data validation studies. 
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