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Supplement:
Inter-comparing Observations of Atmospheric HCl
and Inferring the Global Cly Distribution
D.J. Lary1,2, Darryn Waugh3, Anne Douglass2, Rich Stolarski2, Paul Newman2,
Mark Schoeberl2, Hamse Mussa4

1. Equivalent PV latitude - potential
temperature coordinates

Because a major component of the variability of trace
gases is due to atmospheric transport it makes sense to use
a co-ordinate system that ‘follows’ the large scale flow pat-
tern to perform our analyses [Schoeberl et al., 2000]. In this
study Equivalent PV latitude - potential temperature coor-
dinates are used.

Under adiabatic conditions air parcels move along isen-
tropic surfaces (surfaces of constant potential temperature,
θ) Taylor [1960]; Danielsen [1961, 1968]; Danielsen et al.
[1970]. So when considering tracer fields θ is a suitable ver-
tical coordinate. McIntyre and Palmer [1983, 1984]; Hoskins
et al. [1985]; Hoskins [1991] have shown the value of isen-
tropic maps of Ertel’s potential vorticity (PV) for visualising
large scale dynamical processes. PV plays a central role in
large scale dynamics where it behaves as an approximate
material tracer Hoskins et al. [1985].

As a result, PV can be used as the horizontal spatial coor-
dinate instead of latitude and longitude McIntyre [1980a, b];
Leovy et al. [1985]; Butchart and Remsberg [1986]; Schoeberl
et al. [1989]; Schoeberl and Lait [1992]; Norton [1994]; Lary
et al. [1995]. PV is sufficiently monotonic in latitude on an
isentropic surface to act as a useful replacement coordinate
for both latitude and longitude, reducing the tracer field
from three dimensions to two. These ideas have already led
to interesting studies correlating PV and chemical tracers
such as N2O and O3 Schoeberl et al. [1989]; Proffitt et al.
[1989]; Lait et al. [1990]; Douglass et al. [1990]; Proffitt et al.
[1993]; Atkinson [1993]. A key result of these studies is that
PV and ozone mixing ratios are correlated on isentropic sur-
faces in the lower stratosphere, as was first pointed out by
Danielsen Danielsen [1968].

Since the absolute values of PV depend strongly upon
height and the meteorological condition, it is useful to nor-
malise PV and use equivalent PV latitude (φe) as the hor-
izontal coordinate instead of PV itself. φe is calculated by
considering the area enclosed within a given PV contour on
a given θ surface. The φe assigned to every point on this PV
contour is the latitude of a latitude circle which encloses the
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same area as that PV contour. Therefore, for every level
in the atmosphere φe has the same range of values, −90◦

to 90◦. This provides a vortex-tracking, and indeed a flow-
tracking, stratospheric coordinate system. In this study we
have used UKMO meteorological analyses.

2. Using PDFs for Intercomparisons

A key issue in this paper is inter-comparing the various
observational datasets. In the traditional approach to inter-
comparison, we require coincidence in space and time. This
strong constraint dramatically reduces the statistical sam-
ple sizes we can deal with. In addition, the definition of
‘coincident observations is not clearly defined.

Since the number of ‘coincidences in conventional satel-
lite intercomparison is typically small, it is useful to take
a complementary view that considerably relaxes the coin-
cidence requirements, such as PDFs of trace gases. The
PDFs of two sets of consistent measurements of the same
trace gas should be the same, if the statistical ensembles are
chosen appropriately. The requirement of strict spatial and
temporal co-location is relaxed in favor of ‘statistical co-
location’, in which ensembles of measurements are chosen
so that they sample about the same geographical region at
about the same time under the same dynamical conditions.

The PDFs give a clear indication of biases: they show up
as a shift of the PDFs. To be effective, the method requires
a sufficiently large ensemble of measurements. In this paper,
we choose to consider an entire month of data and to spec-
ify the spatial domain in terms of equivalent PV latitude -
potential temperature coordinates. In the scatter diagrams
shown in the Figure 1 of the paper and Figure 1 of this
supplement we plot the median values of the PDF of one in-
strument against the median values of the PDF of another
instrument. The use of equivalent PV latitude - potential
temperature coordinates is particularly useful in improving
the effective latitudinal coverage of sparse observations such
as those made by solar occultation or in-situ platforms. In
this paper, our analysis starts with the launch of UARS and
continues up to the present.

It is worth noting that PDFs have been used in a variety
of tracer studies. These range from considering dispersing
tropospheric pollutant plumes in the planetary boundary
layer [Mylne and Mason, 1991; Rotach et al., 1996; Geor-
giadis et al., 1998; Franzese et al., 1999; Ferrero et al., 2001;
Yee and Biltoft , 2004], running water channels [Bara et al.,
1992] and clouds [Yee et al., 1994], pollutant emission rates
[Ridolfi et al., 2003] to tracer transport and stratospheric O3,
CH4, N2O, CO, CO2, and PV [Pierrehumbert , 1994; Yang ,
1995; Sparling and Schoeberl , 1995; Sparling et al., 1997;
Rood et al., 2000; Sparling , 2000; Pierrehumbert , 2000; An-
drews et al., 2001; Sparling and Bacmeister , 2001; Hu and
Pierrehumbert , 2001, 2002; Gao et al., 2002; Johnson et al.,
2002; Strahan, 2002; Neu et al., 2003; Hsu et al., 2004] tracer
age and transit time [Holzer and Hall , 2000; Andrews et al.,
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2001; Holzer et al., 2003] and estimation of representative-
ness uncertainty in chemical data assimilation [Lary , 2003].
Using PDFs for validation has been found useful by the Aura
instrument teams, for example [Froidevaux et al., 2005].

Not only does a PDF characterize the tracer distribution,
its shape tells us about mixing barriers, how complete the
mixing is, and chemical processes such as ozone depletion
Sparling [2000]; Pierrehumbert [2000]; Strahan [2002]; Neu
et al. [2003]. For example, a narrow peak in the concentra-
tion PDF indicates that the air is well mixed and significant
variability generating processes have not recently occurred
(e.g. long range transport). A multi-modal distribution in-
dicates air of different origins (e.g. polar and mid-latitude).
In general, broad peaks indicate recent variability generating
processes such as photochemistry or transport (horizontal or
vertical). Chemical processes such as ozone depletion will
lead to an asymmetric broadening of the PDF towards low
ozone values. Good examples of these different cases are
shown for POAM observations of ozone by Strahan et al.
Strahan [2002].

3. Neural Network

Neural networks are algorithms that can ‘learn’ the be-
havior of a wide variety of systems. The first computa-
tional model for an artificial neuron was proposed by McCul-
loch and Pitts in 1943. Neural networks have been trained
to perform complex functions in diverse fields of applica-
tion including pattern recognition, identification, classifi-
cation, failure anticipation by public utilities, ionospheric
forecasting, credit checking, speech and vision control sys-
tems, environmental studies, and tracer-tracer correlations
[Krasnopolsky et al., 1995; Gemmill and Krasnopolsky , 1999;
Müller et al., 2003; Lary and Mussa, 2004]. It is timely to
extend the applications to infer the Cly distribution.

The general artificial neuron model has five components.
The first thing an artificial neuron does is to compute the
weighted sum of its inputs. The weights are real-valued
numbers that determine the contribution of each input. The
goal of neural network training algorithms is to determine
the ‘best’ possible set of weight values for the problem under
consideration. Finding the optimal set is often a trade-off
between computation time, minimizing the network error,
and maintaining the network’s ability to generalize. De-
pending on the goals, the complexity of neuron models may
vary from simple threshold functions to complex simulations
with thousands of variables described by complicated non-
linear equations.

Computational neural networks are composed of simple
elements operating in parallel. Typically a neural network
accepts a set of inputs in the input layer and provides a set
of outputs in the output layer. Usually there are one or more
hidden layers. The hidden layers are additional to the input
and output layers and are not connected externally. The
hidden layers are used to improve the performance of the
neural network. As in nature, the network function is deter-
mined largely by the connections between elements. We can
train a neural network to perform a particular function by
adjusting the values of the connections (weights) between
elements. Commonly neural networks are trained so that a
particular input leads to a specific target output. In this
supervised learning process, a large number of input/target
pairs comprise the training data set, which should sample
the entire input and output data space. The network weights
are adjusted based on a comparison of the output and the
target, either after presentation of each single pattern (in-
cremental training) or all patterns in the training set (batch
training). This procedure is repeated until the network out-
put matches the target to the desired accuracy.

After the training has been done, the network can general-
ize these results to unknown input data, effectively perform-
ing a nonlinear, weighted, multi-dimensional interpolation.

In this study we use a multilayer perceptron feed-forward
network with 20 nodes in the hidden layer and a non-linear
output layer using a Kalman filter training algorithm. There
was good convergence within 10 training epochs. A neural
network was used as the mapping is multivariate and non-
linear in HCl, equivalent PV latitude and potential temper-
ate. The Kalman filter training algorithm [Lary and Mussa,
2004] was used for its excellent convergence behavior.
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Comparisons of different Cly estimates
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Figure 1. Panel (a) shows a scatter plot of all contemporaneous Cly observations made by ACE v2.2 (i.e. HCl+ClONO2)
compared to the Cly estimate when we use Aura MLS HCl instead of ACE v2.2 HCl. As would be expected from the pa-
per’s Figure1 panel (g) there is good agreement between the two Cly estimates. Good meaning to within the measurement
uncertainties. If we now use the observed HCl from UARS HALOE or Aura MLS and the neural network to infer Cly we
also get good agreement with the observed Cly as can be seen in panels (b) and (c). Finally, if we compare the two neural
network estimates based on UARS HALOE HCl and Aura MLS HCl we also get good agreement as can be seen in panel
(d). The dark blue line in each case is the ideal 1:1 curve if the instruments were agreeing perfectly. The green and cyan
are linear fits with and without accounting for the observation uncertainties.
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Southern Hemisphere Cly Annual Average Profiles
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Northern Hemisphere Cly Annual Average Profiles
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Figure 2. Panels (a) and (c) show annual average profiles of different Cly estimates for the southern hemisphere. Panels
(d) and (e) show the corresponding profiles for the northern hemisphere. The effects of the limited training data set for
the neural network mapping from HCl to Cly is evident at higher latitudes above the 700 K isentropic surface. This will
no doubt be improved as the length of the data record from ACE increases.


