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Abstract

We explore the potential of ozone observations to constrain transport processes in
the tropical tropopause layer (TTL), and contrast it with insights that can be obtained
from water vapour. Global fields from Halogen Occultation Experiment (HALOE) and
in-situ observations are predicted using a backtrajectory approach that captures ad-5

vection, instantaneous freeze-drying and photolytical ozone production. Two different
representations of transport (kinematic and diabatic 3-month backtrajectories based
on ERA-Interim data) are used to evaluate the sensitivity to differences in transport.
Results show that mean profiles and seasonality of both tracers can be reasonably
reconstructed. Water vapour predictions are similar for both transport representations,10

but predictions for ozone are systematically higher for kinematic transport. While for
global HALOE observations the diabatic prediction underestimates the vertical ozone
gradient, for SCOUT-O3 in-situ observations the kinematic prediction shows a clear
high bias above 390 K. We show that ozone predictions and vertical dispersion of the
trajectories are highly correlated, rendering ozone an interesting tracer for aspects of15

transport to which water vapour is not sensitive. We show that dispersion and mean
upwelling have similar effects on ozone profiles, with slower upwelling and larger dis-
persion both leading to higher ozone concentrations. Analyses of tropical upwelling
based on mean transport characteristics, and model validation have to take into ac-
count this ambiguity. In turn, ozone may provide constraints on aspects of transport in20

the TTL and lower stratosphere that cannot be obtained from water vapour.

1 Introduction

The tropical tropopause layer (TTL) plays an important role for climate, as changes
therein due to increasing greenhouse gases may affect troposphere-stratosphere ex-
change of radiatively active trace gases (Highwood and Hoskins, 1998; Gettelman25

and de Forster, 2002; Fueglistaler et al., 2009a). However, the relative importance
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of different transport processes in the TTL such as deep convection, large-scale up-
welling, and horizontal exchange with the extratropics remains a matter of debate.
Chemistry Climate Models and Chemical Transport Models may be suitable tools to
understand and quantify these processes. However, model validation is subject to un-
certainties arising from ambiguities in the processes that control the model’s dynamical5

and tracer fields. That is, two processes may have a similar impact on a model’s tracer
fields, and agreement with observations alone does not validate the model’s particular
choice of the parameterisation of the two processes.

Water vapour and ozone in the TTL are both controlled to leading order by rela-
tively simple processes. For water vapour, the region of minimum temperatures around10

the tropical tropopause poses strong constraints on the amount of water entering the
stratosphere (Brewer, 1949; Holton and Gettelman, 2001; Bonazzola and Haynes,
2004; Fueglistaler et al., 2005). For ozone, Avallone and Prather (1996) showed that
in the tropical lower stratosphere the chemistry is dominated by ozone production from
photolysis. Correspondingly, the annual cycle in lower stratospheric ozone concen-15

trations has been linked to the annual cycle in upwelling of the stratospheric residual
circulation (Randel et al., 2007), but seasonal variations in in-mixing of extratropical air
masses may also play an important role (Konopka et al., 2009, 2010).

Here, we combine transport as represented by backtrajectories based on European
Centre for Medium-range Weather Forecasts (ECMWF) ERA-Interim data (Simmons20

et al., 2006; Uppala et al., 2008) with simple models of physical and chemical pro-
cesses controlling water vapour and ozone. Fueglistaler et al. (2005) and Fueglistaler
and Haynes (2005) showed that the mean, the annual cycle and interannual variability
of water entering the stratosphere in the tropics can be reconstructed from trajecto-
ries, assuming that the lowest temperature in the backward history of an air parcel25

(here a trajectory) determines its water vapour mixing ratio. A similar approach was
shown to give good agreement also with water vapour in-situ measurements in the
TTL (Schiller et al., 2009). For ozone, trajectory reconstruction methods are less es-
tablished. Previous work includes reconstrutions of tropical ozone observations based
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on passive tracer transport (Legras et al., 2003; Pisso and Legras, 2008), and based
on a simplified, one-dimensional trajectory approach (Konopka et al., 2009).

Here, we use the full 4-dimensional transport as given by trajectories to predict both
annual mean and annual cycle of tropical mean ozone concentrations, and to predict
ozone concentrations from in-situ measurements during the SCOUT-tropical aircraft5

campaign over Darwin/Australia (Brunner et al., 2009). We contrast results for ozone
with the corresponding results for water vapour in order to address the following ques-
tions: (i) Can ozone in the TTL be predicted by photochemical production and transport
based on trajectories, and how does the quality of the prediction compare with the re-
sults for water vapour? (ii) Which processes control TTL ozone concentrations in the10

model calculations? (iii) What can be learnt from ozone and water vapour predictions
regarding transport in the TTL?

The paper is structured as follows. Section 2 provides a description of data and
methods, and Sect. 3 shows the model predictions for water vapour and ozone, and
comparison to observations. Section 4 discusses how transport affects ozone and15

water vapour model calculations, and Sect. 5 discusses the results, and how they may
affect conclusions from model validation and process studies.

2 Data and method

2.1 Trajectory calculations

We reconstruct water vapour and ozone from backtrajectories calculated with the20

Chemical Lagrangian Model of the Stratosphere (CLaMS) trajectory model (McKenna
et al., 2002a,b; Konopka et al., 2007). Two different calculations for vertical transport
(diabatic and kinematic trajectories) allow us to study the impact of differences in model
transport on predicted tracer fields.

The diabatic trajectories refer to a transport representation with potential tempera-25

ture θ as vertical coordinate. Cross-isentropic vertical velocity θ̇=dθ/dt is taken from
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the forecast total diabatic heating rate, being the sum of all-sky radiative heating and
all other diabatic heating terms, including latent heat release (see e.g., Fueglistaler
et al., 2009b; Ploeger et al., 2010). Conversely, kinematic trajectories use the reanaly-
sis vertical wind ω=dp/dt as vertical velocity. The ω-wind is calculated from the small
residual between the large horizontal wind terms in the continuity equation, and it is5

known that the (instantaneous) ω-field from analysed data is noisy, giving higher dis-
persion for kinematic trajectories than diabatic trajectories (e.g., Schoeberl et al., 2003;
Wohltmann and Rex, 2008). Note that for ERA-Interim used here, the differences in
transport between diabatic and kinematic trajectories are much smaller than for the
older ERA-40 data (Liu et al., 2010).10

Trajectories are started on the 15th day of each month of the year 2002 in the trop-
ical lower stratosphere on the 400 K potential temperature level on a regular grid with
1◦×1◦ latitude/longitude spacing, between ±20◦ latitude, and are integrated backwards
in time for 90 days. For the comparison with in-situ measurements during the tropi-
cal SCOUT-O3 campaign (Brunner et al., 2009), the trajectories are started along the15

research aircraft (M55 Geophysica) flight tracks every second and are integrated back-
wards in time for 60 days. We include all observations of both local and transfer flights
equatorwards of ±20◦ latitude in our analysis, except for the two flights on 30 November
2005 (11 flights in total) when a single deep convective storm was repeatedly probed.

Sensitivity to the length of the integration period has been evaluated by comparing20

results obtained from 5 month integration for the global fields, and 90 days for the com-
parison with in-situ measurements. In the following, we show results and conclusions
only for those aspects of the calculations that are insensitive to trajectory length.

In order to facilitate interpretation of results, we group the model predictions of water
vapour and ozone according to the pathway of the trajectories, as illustrated in Fig. 1.25

The separation criterion is the minimum potential temperature encountered along the
trajectory. The ensemble of trajectories that can be traced back to below 350 K poten-
tial temperature is called the “troposphere-to-stratosphere transport” (TST) ensemble
(Fueglistaler et al., 2004), the remainder the “stratospheric” ensemble. This separation
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proves useful because for the TST ensemble both water vapour and ozone are largely
independent of initial conditions for these tracers. That is, water vapour for TST is
given by the minimum saturation mixing ratio. For ozone, the integrated production
along trajectories is of the same order of magnitude as the initialisation ozone mixing
ratio. Conversely, the tracer predictions of the non-TST ensemble strongly reflect initial5

conditions. That is, the minimum saturation mixing ratio encountered along trajectories
that stay in the stratosphere is often 30% and higher (see below) than the initialisa-
tion value for water vapour, and hence the predicted value is the initialisation value.
For ozone, production along the path of the non-TST ensemble does play a role, but
because of the generally much larger ozone concentrations in the stratosphere than in10

the troposphere, the initial concentration often dominates the predicted concentrations.

2.2 Water vapour model

We predict water vapour in the TTL (at the end point, in forward-time, of the trajectories)
based on the minimum saturation mixing ratio encountered along the trajectory. It is
known that stratospheric water vapour predictions based on the minimum saturation15

mixing ratio from ERA-Interim data are drier than observed (James et al., 2008; Liu
et al., 2010). We follow the approach of James et al. (2008) and introduce a “nucleation
barrier” of 130% relative humidity. This nucleation barrier is well within the uncertainties
of ice nucleation, and supersaturation with respect to ice is frequently observed (e.g.,
Krämer et al., 2009). But we emphasize that the point here is simply to achieve better20

agreement with measurements without any claim about cloud microphysical aspects.
The trajectories are initialised with ERA-Interim water vapour mixing ratios. Model
results for TST trajectories are independent of this initialisation, but for the stratospheric
ensemble, relative humidity along the trajectory frequently stays below 130%, such
that the predicted water vapour for this ensemble essentially reflects initial conditions.25

Model results are interpreted only in terms of differences between the two trajectory
methods.
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2.3 Ozone model

For ozone, trajectories are initialised with ozone mixing ratios from ERA-Interim (for
TST trajectories, the value at 360 K potential temperature is taken), and subsequent
integration of the dominant production (oxygen photolysis, see Avallone and Prather,
1996) and loss (through HOx radicals, see e.g., Osterman et al., 1997). For the photol-5

ysis calculation with the CLaMS photolysis scheme (Meier et al., 1982; Becker et al.,
2000), a climatological ozone field (Grooß and Russell, 2005), based on measure-
ments from HALOE is used as background, and the HOx fields are taken from a model
(CLaMS) based climatology. All calculations shown here include the loss from reac-
tion with HOx, but we show in Appendix A that neglecting the loss process would not10

change results significantly.
This simple ozone model captures the most important chemical processes control-

ling ozone in the tropical lower stratosphere and around tropopause levels, but not
further below in the troposphere.

For those trajectories that cannot be traced back to the troposphere and which are15

initialised with stratospheric ozone concentrations, the initial value is often larger than
the integrated production. As such, results are sensitive to initial conditions. We eval-
uate the sensitivity to ozone initial conditions with a calculation where we use a zonal
mean HALOE ozone climatology (further detailed in Sect. 2.4) instead of the ERA-
Interim ozone field as initial condition. In the region of interest, ERA-Interim ozone20

concentrations are generally higher compared to the HALOE climatology and results
based on the two initialisations yield a corresponding offset. Differences will be dis-
cussed in detail but, similarly to the case of water vapour, the emphasis of this paper is
on differences in model predicted ozone between the two trajectory calculations, and
these differences are robust to variations in initial conditions.25
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2.4 Observations

We compare the model predictions for water vapour and ozone against observations
from different sensors and platforms. For the reconstructions of tropical mean fields
and profiles, we compare the model predictions with observations from the Halogen
Occultation Experiment (HALOE, version 19 data) (Russell et al., 1993). HALOE mea-5

surements of water vapour and ozone are binned into zonal mean, monthly means
averaged over the period 2001–2005, using the method of Grooß and Russell (2005).
For comparison with “tropical” mean profiles and timeseries, data are averages be-
tween 20◦ S–20◦ N in latitude. For the sensitivity calculation with respect to initial con-
ditions, the HALOE data is binned on a regular grid in equivalent latitude (grid spacing10

of 15◦), with equivalent latitude defined according to Nash et al. (1996).
For ozone, we also show measurements from the Southern Hemisphere Additional

Ozone (SHADOZ) (Thompson et al., 2007) network, whereby we used a subset of
seven stations as defined in Randel et al. (2007) to construct a “tropical mean” profile.

For the comparison with in-situ measurements, we use the Fast In-Situ Hygrometer15

(FISH) (Zöger et al., 1999) total water measurements and the ozone measurements
from the Fast OZone ANalyser (FOZAN) (Ulanosvky et al., 2001) obtained during the
SCOUT-tropical campaign (as explained above). Further, we calculated a “typical”
profile of water vapour and ozone from HALOE data for the period and region cov-
ered by the SCOUT-tropical campaign. To this end, we average all HALOE measure-20

ments obtained between 15 November and 15 December 2005 within the region of
80◦≤longitude≤160◦ and −15◦≤latitude≤10◦).

3 Ozone and water vapour in the TTL

Figure 2 shows the annual cycle of water vapour and ozone at 400 K, averaged be-
tween ±20◦ latitude. Model predicted mean water vapour mixing ratios are in agree-25

ment with observations as expected from the configuration of the model (Sect. 2.2).
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The slight phase shift between model calculations and observations is similar to that
reported by Fueglistaler et al. (2005). Of relevance here, however, is the fact that the
diabatic and kinematic model calculations give fairly similar results.

For ozone, the model predictions roughly span the range from low-biased (diabatic
calculations using HALOE initialisation) to high-biased (kinematic calculations using5

ERA-Interim initialisation). The differences between predicted ozone concentrations
follow a simple pattern: calculations initialised with HALOE yield lower concentrations
than those initialised with the ERA-Interim ozone field, and the kinematic calculations
yield higher concentrations than those based on the diabatic trajectory calculations.
Importantly, the differences between kinematic and diabatic calculations (about 20%10

for either initialisation) are much larger for ozone than for water vapour.
The seasonality of the model predicted ozone fits observations reasonably well, with

a tendency to overestimate the amplitude in particular for the diabatic trajectory calcula-
tions. Overall, however, agreement with observations is reasonable in particular if one
bears in mind the observational uncertainty between HALOE and SHADOZ estimates,15

evident from the difference between HALOE and SHADOZ mean concentrations and
their variance in Fig. 2b. The most interesting result is the difference between the cal-
culations based on kinematic and diabatic trajectories, with kinematic predicted ozone
concentrations significantly higher than diabatic.

Figure 2c shows the predicted ozone mixing ratios based solely on the initial val-20

ues, i.e. the passively advected ozone. The figure shows that the different initialisation
accounts for much of the difference between the full model calculations.

Figure 2d shows the predicted ozone based only on chemistry along the trajectories.
We note that for all calculations, the integrated production over the 3-month trajectory
period is about half (and less) that of the initialisation field. The differences between25

diabatic and kinematic ozone predictions due to chemistry and passive transport are of
the same order of magnitude. Also, the seasonality of predicted ozone concentrations
is not a result of chemical production along these 3-month trajectories, but of passive
transport of the initialisation values. The chemical production along the 3-month back
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trajectories yields a semiannual cycle that arises from the annual cycle of the Earth’s
inclination.

An integration length of 90 days for trajectories started on 400 K potential tempera-
ture in the tropics is close to the expected mean transport time from the upper tropo-
sphere to this level. Hence, one may suspect that the lack of an annual cycle in the5

TST-ensemble in Fig. 2d arises from truncation of the age-spectrum (compare Hall and
Plumb, 1994; Waugh and Hall, 2002) at a value close to the mean transport timescale.
However, sensitivity calculations using 5 month instead of 3 month back trajectories
give very similar results (not shown). This result supports the argument of Konopka
et al. (2009, 2010) that the annual cycle in lower stratospheric ozone is a consequence10

of more in-mixing of stratospherically old air during the boreal summer months.
This detailed analysis shows that for the model predictions of the annual cycle of

ozone at 400 K, the total difference (difference in initialisation with identical fields, and
chemical production) between the volume mixing ratios of the kinematic and diabatic
calculation is about 50 ppbv (parts per billion by volume), which is similar to the differ-15

ence arising from using different initialisation fields.
We next analyse profiles of model predicted ozone and water vapour for the ob-

servations during the tropical SCOUT-O3 campaign. Figure 3a shows the FISH total
water profile, HALOE water vapour profile, and the model water vapour predictions.
Figure 3b shows the same information for ozone. Note that the flight track portions20

used for these profiles are not identical for the two species, as instruments were not
always operational at the same time.

For water vapour, the in-situ measurements are drier than HALOE at tropopause lev-
els (375–395 K potential temperature). The model predictions are generally within the
range of in-situ observations (though a dry tendency is noted for levels below 400 K),25

and the difference between kinematic and diabatic model calculations around 400 K is
larger than in the calculations of the annual cycle (Fig. 2a).

For ozone, the in-situ measurements and HALOE measurements agree quite well.
For the ozone model predictions, we find again the same pattern with respect to
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initialisation and trajectory type as seen in the annual cycle (Fig. 2b). An interesting
difference between the SCOUT-O3 ozone profile prediction (Fig. 3b) and the prediction
for the annual cycle at 400 K (Fig. 2b) is that the differences between diabatic and kine-
matic calculations (i.e. red versus black lines of either initialisation) are much larger
than the differences between the two initialisations (i.e. solid versus dotted of either5

trajectory type).
Figure 3c shows the same analysis for tropical mean ozone concentrations. As

before, the diabatic trajectories yield lower ozone mixing ratios than the kinematic tra-
jectories, and the calculations initialised with HALOE ozone yield lower values than
those with ERA-Interim ozone. Further, the figure shows that the model predictions of10

the TST-ensemble are very similar between kinematic and diabatic trajectories, which
confirms that the differences in the predicted ozone field are driven by the stratospheric
trajectory ensemble.

3.1 Importance of stratospheric trajectories

We use the separation of trajectories into TST trajectories and purely stratospheric15

(those that cannot be traced back to below 350 K) trajectories to address the question
whether the differences between model predictions can be attributed to any of these
two subsets. The right part of the panels of Fig. 3a and b show the TST fractions for
the calculations. The diabatic trajectories have generally a higher TST-fraction than the
kinematic due to the higher vertical dispersion of the latter (further discussed below).20

Up to about 390 K potential temperature, model predictions are dominated by TST
trajectories (with low initial ozone, irrespective of the initialisation field), while above
the results are increasingly dominated by the stratospheric ensemble.

Figure 4 shows the probability distribution functions (PDFs) of the differences be-
tween measurements and model predictions for the in-situ profiles of water vapour and25

ozone between 390 and 420 K. The figure shows that for water vapour, the distributions
are slightly skewed (for diabatic/kinematic to negative/positive differences), and that the
shapes of the PDF are broadly similar for kinematic and diabatic trajectories, as well as
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for the TST-ensemble of the kinematic trajectories (grey shading). For ozone, the figure
shows that the kinematic trajectory calculation has a distinct tail of very high biases.
Comparison with the PDF of the TST-ensemble shows that this tail of high biases is
entirely due to stratospheric trajectories. In the case of the diabatic trajectories, no tail
of very high biases is observed (note logarithmic scale).5

To summarise, our analysis shows that model predictions of ozone are sensitive to
initialisation and transport, and that it is in particular the stratospheric trajectory ensem-
ble that is most sensitive to these factors. While the sensitivity to the initialisation field
is not surprising, the much higher sensitivity to transport of ozone than water vapour
suggests that ozone may be an ideal tracer to study important aspects of transport that10

observations of water vapour cannot resolve.

4 Diabatic versus kinematic transport

4.1 Origin of air parcels

The bulk transport characteristics for TST trajectories calculated from ERA-Interim data
are quite similar for kinematic and diabatic trajectories (Ploeger et al., 2010; Liu et al.,15

2010). Figure 5 shows the position of the global (top panels) and in-situ trajectories
(bottom panels) when tracing them back in time for 60 days. The main differences
observed here, already noticed by Ploeger et al. (2010) and Liu et al. (2010), are the
higher vertical dispersion and the occurrence of descent in the equatorial lower strato-
sphere for the kinematic trajectories. Consequently, the positions where the kinematic20

model calculations are initialised are more widespread than those of the diabatic cal-
culations. The figure shows that the differences are particularly prominent for the case
study of the SCOUT-O3 tropical campaign.

The differences in dispersion between ERA-Interim kinematic and diabatic trajectory
calculations arise both from larger “noise” in the instantaneous vertical wind field than25

diabatic heating rates, and from large-scale and time-mean systematic differences in
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vertical transport (see also Ploeger et al., 2010, Fig. 6). For example, the inner trop-
ics where the ERA-Interim vertical ω wind field reveals net subsidence show up very
prominently in Fig. 5b.

In the following, we demonstrate that ozone is a remarkable tracer for dispersion,
and that much of the differences between kinematic and diabatic model predictions5

are a direct consequence of the sensitivity of ozone to trajectory dispersion, caused
by inhomogeneities in the wind field. In addition to model predictions of ozone, we
calculate the vertical “dispersion” of trajectories in terms of their variance in potential
temperature after 3 months of an ensemble of back trajectories started in a given lon-
gitude/latitude grid box. For each bin the mean potential temperature variance (see10

Sparling et al., 1997) is defined as

〈δθ2〉= 〈(θ−〈θ〉)2〉, (1)

and hence measures the vertical spread of the trajectory ensemble. Note that the
integration over 3 months is longer than is commonly done, in order to obtain a measure
that can be directly compared to the ozone predictions (which are also initialised after15

3 months).
Figure 6 shows the dispersion (a) and ozone (b) results for a typical calculation where

trajectories are started on 400 K on 20 November 2005. The figure shows the anoma-
lies (after subtraction of the mean value over the “tropics”) of the differences between
kinematic and diabatic trajectory calculations. This calculation eliminates mean biases20

in ozone and dispersion, and leaves only the spatial pattern in differences between the
two calculations. The correspondence between the dispersion and ozone anomalies is
very good, with larger vertical dispersion being positively correlated with larger ozone
concentrations. The region over Northern Australia where the SCOUT-O3 campaign
took place stands out as a region of maximum differences in both vertical dispersion25

and predicted ozone between kinematic and diabatic transport. In the following, we
show that the correlation is robust, but that the geographical location of maxima vary
with time, such that model comparisons with in-situ data as shown in Fig. 3b may give
different results for different campaigns.
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Figure 7 shows similar information for trajectory calculations started once per month
in 2002, expressed as a correlation plot. The x-axis is the kinematic–diabatic difference
in potential temperature variance (dispersion), while the y-axis is the corresponding dif-
ference for water vapour (a) and ozone (b). Each symbol represents one horizontal bin
(as defined in Fig. 6) for one month. The figure shows that for water vapour no corre-5

lation is observed (correlation coefficient r=−0.03), whereas for ozone the correlation
between ozone and dispersion differences is high, with correlation coefficient r=0.84.
The red symbols are the twelve monthly data points for the area over Northern Aus-
tralia. This region has always a high difference in ozone and dispersion, but is not
always the location of the maximum difference. Similarly, the region of the Maritime10

continent (green data points) is also a region of a generally high difference although it
is not the case for the calculation for 20 November 2005 (Fig. 6).

5 Discussion

5.1 The difference between water vapour and ozone

The higher sensitivity of ozone than water vapour to relatively small differences in trans-15

port as between ERA-Interim kinematic and diabatic trajectories is primarily caused by
the much larger vertical and horizontal gradients of stratospheric ozone than water
vapour. With current tropospheric methane concentrations the maximum increase in
stratospheric water vapour is about a doubling of water vapour entry mixing ratios. Con-
versely, net ozone production maximises in the tropical lower stratosphere, increasing20

ozone entry volume mixing ratios from about 100 ppbv by a factor 100 to about 10 ppmv
(parts per million by volume) around 10 hPa. Consequently, even small differences in
the initialisation positions and pathways of the stratospheric trajectory ensemble have
a large impact on predicted ozone, while they have only a small effect on water vapour.

For the TST-ensemble, we find that both ozone and water vapour are relatively insen-25

sitive to the choice of the transport representation. For water vapour, the insensitivity
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arises from the “loss of memory of initial conditions” as a trajectory approaches the
minimum saturation mixing ratios at the tropical tropopause. The difference in the dis-
tribution of the position of minimum saturation mixing ratios between kinematic and
diabatic ERA-Interim trajectories induces only minor differences in model predicted en-
try mixing ratios (see also Liu et al., 2010). In agreement with previous work (Krüger5

et al., 2008) we find that the patterns of distribution of minimum saturation mixing ratio
of TST-trajectories identified by Bonazzola and Haynes (2004) and Fueglistaler et al.
(2005) is a robust feature of TST.

The model predictions of ozone for TST trajectories only are insensitive to trans-
port pathways, because for ERA-Interim kinematic and diabatic trajectories the typical10

pathways and times to rise into the stratosphere are very similar. Also the sensitivity
to initial conditions is much smaller for ozone predictions from TST than to predictions
from stratospheric trajectories, because for TST the relative importance of integrated
production compared to passive transport is higher than for stratospheric trajectories.

5.2 Mean transport and dispersion in the TTL and lower stratosphere15

Variations in tropical stratospheric upwelling are a direct consequence of variations in
the strength of the wave-driven stratospheric circulation (Holton et al., 1995). Analysis
of the “atmospheric tape recorder signal” of tropical stratospheric water vapour (Mote
et al., 1996) for estimates of upwelling, and model validation is a standard practice.
Avallone and Prather (1996) showed that in principle the same information can be20

obtained from the vertical gradient in tropical lower stratospheric ozone. Randel et al.
(2007) and Konopka et al. (2009) further studied the relation between upwelling and
ozone, and the possible role of horizontal, quasi-isentropic in-mixing.

Our results using the full 4-dimensional transport as represented by trajectories sug-
gest that diabatic dispersion may play a significant role for tropical lower stratospheric25

ozone concentrations. Consequently, analyses based on a model of the timescale of
mean transport may be misleading as the “tail” of the stratospheric age-of-air distribu-
tion may have a large influence on tropical lower stratospheric ozone mixing ratios.
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Figure 8 shows the tropical mean observed profiles and the kinematic and diabatic
model predictions using the ERA-Interim ozone field as shown in Fig. 3c. The figure fur-
ther shows the profile of predicted ozone for the diabatic trajectory calculations where
the model diabatic heating rates were multiplied with a factor 0.7. This procedure re-
duces to some extent dispersion, but its main effect is a reduction in mean upwelling5

by about 30% (see Liu et al., 2010). The figure shows that the diabatic calculation with
30% reduced upwelling gives an ozone profile that is virtually identical to that of the
kinematic calculation despite its much lower vertical dispersion.

Since neither true dispersion nor upwelling velocity in the TTL are known exactly, it
is not possible to precisely deduce any one of the two parameters from ozone alone.10

Rather, it may be that the combination of phase propagation of the water vapour tape
recorder signal with the annual cycle in ozone concentrations allows one to determine
both mean upwelling and dispersion accurately. Such an analysis, however, is beyond
the scope of the calculations used here based on relatively short trajectory integration
periods (in order to capture the water vapour phase propagation, trajectories would15

have to be started throughout the lower stratosphere and integrated for much longer
periods).

5.3 Constraints for the lower stratospheric circulation

Our analysis suggests that a combination of ozone and water vapour may be able to
constrain transport in the TTL and lower stratosphere better than water vapour alone20

(e.g., Mote et al., 1998). In particular, the possibility that very deep convection over-
shooting its level of neutral buoyancy induces a diabatic downwelling over regions of
intense convection (Sherwood, 2000) remains a subject of interest that has not yet
been conclusively resolved.

The calculations presented in this paper yield ambiguous results with respect to this25

question. As emphasised throughout this paper, due care should be taken when inter-
preting absolute values of predicted ozone and water vapour concentrations. However,
the following aspects are noteworthy in this context.
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The ERA-Interim vertical ω wind shows net downwelling over the equatorial strato-
sphere (but note that averaged over the full tropics, the net motion is ascent). It is
presently not clear why there is some downwelling and it is, evidently, not clear whether
this downwelling is real or an artefact of the ERA-Interim assimilation procedure. In any
case, comparison between the kinematic and diabatic trajectory caclulations, with the5

vertical ω-wind field showing downwelling and the diabatic heating in the same reanal-
ysis showing broad upwelling throughout the tropics, may allow some insight about the
implications of downwelling on ozone.

The model calculations based on diabatic trajectories and initialised with HALOE
have a general tendency to give a profile that is low biased when compared to the10

HALOE tropical profile as well as the HALOE or FOZAN profiles for the SCOUT-O3
campaign (Figs. 2b, 3b and c). Conversely, the calculations initialised with HALOE and
using kinematic trajectories for transport yield good agreement for the tropical mean
ozone profile (Figs. 2b, 3c). However, for the SCOUT-O3 campaign, where one would
expect the largest impact from downwelling because of the proximity to the maritime15

continent region, the kinematic trajectories that include downwelling (Fig. 5b) yield
a large high bias (Fig. 3b), which argues against the occurrence of equatorial lower
stratospheric downwelling.

Hence, the calculations presented here remain inconclusive with respect to this par-
ticular problem. We anticipate progress if it were possible to constrain the timescale of20

troposphere-to-stratosphere transport to better than the ±30% required to bring ozone
predictions of diabatic and kinematic trajectories into agreement (note that from the
water vapour tape recorder, ascent from tropopause to about 10 hPa can be estimated
fairly precisely, but not for the region around the tropopause, see also Liu et al., 2010).

6 Conclusions25

In this paper, we have combined 3-month backtrajectories with a simple chemical
model of ozone production, and of dehydration. We find that for a 3-month timescale of
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integration of backtrajectories, results for ozone are sensitive to initial conditions. Due
to some uncertainty in lower stratospheric ozone concentrations (measurements from
different sensors and platforms differ on the order of 10–20%), we have refrained from
interpreting absolute values of model predictions. Rather, we have emphasised differ-
ences between model calculations using kinematic and diabatic trajectories. The re-5

sults show that ozone is very sensitive to dispersion, much more so than water vapour.
A robust result is that the larger the dispersion, the higher the model predicted ozone
concentration. Ozone concentrations are also sensitive to the rate of diabatic ascent,
and consequently there exists some ambiguity between rate of ascent and smaller-
scale mixing. It is expected that this ambiguity also affects the conclusions that can be10

drawn from a comparison of observed ozone and that of Chemistry Climate Models.
We expect that comparison between observed and modelled ozone could provide new
constraints on transport in the TTL and lower stratosphere if it were possible to deter-
mine the timescale of ascent across the TTL more accurately than currently published
estimates.15

Appendix A

Effect of production, loss and transport on ozone

We illustrate the effect of production, loss and transport on backtrajectory predicted
ozone in the upper TTL and lower tropical stratosphere. In Fig. 9a the effect of chemi-20

cal loss ∆O3(loss) is shown for diabatic February-August (black/red) trajectories. Con-
clusions based on kinematic trajectories are identical. The effect of chemical loss is
calculated from the difference between reconstructed ozone without chemical loss in-
cluded, and reconstructed ozone (initialisation+production+loss). Figure 9a shows the
frequency of occurrence distribution of chemical loss for the February-August trajectory25

ensembles (black/red). The distributions for TST trajectories only are shown as grey
(February) and red (August) shadings. There is a short tail of the distributions at larger
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positive values, which is not present in the TST distributions. Thus, chemical loss has
a larger effect on in-mixed (stratospheric trajectories) compared to tropical (TST tra-
jectories) air. However, the peaks are narrow and centred near zero, showing that the
additional effect of ozone loss reactions, is negligible.

The net effect of chemistry ∆O3(chem), calculated as frequency of occurrence of5

the difference between reconstructed ozone and passively transported ozone (initiali-
sation mixing ratios) for the same trajectory ensembles as above, is shown in Fig. 9b.
Obviously, for tropical air (TST) production (net chemistry≈production, as seen above)
strongly modifies the initialisation values, in many cases by more that 50%. For in-
mixed air (stratospheric trajectories; difference between lines for all and for TST) pro-10

duction accounts for only a few percent of the final mixing ratios, which therefore almost
equal the large stratospheric initialisation values.
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Zöger, M., Schiller, C., and Eicke, N.: Fast in situ hygrometers: a new family of balloonborne
and airborne Lyman-α photofragment fluorescence hygrometers, J. Geophys. Res., 104,25

1807–1816, 1999. 22560

22575

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/22553/2010/acpd-10-22553-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/22553/2010/acpd-10-22553-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 22553–22584, 2010

Transport validation
using different

tracers

F. Ploeger et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Lower
Stratosphere

Troposphere

TTL

CP -Layer

380 K

360 K

340 K

Tropopause

convection

BD-circulation

mixing

�

�

TST (dehydr.)
trajectory

stratospheric
trajectory

Initial.
H2O / O3

��×
initialization location

(grid point/flight track)

×�
freeze-drying to

H2Osat

Fig. 1. Schematic of method used in this paper (see text). Figure shows troposphere-to-
stratosphere transport (TST trajectories) and purely stratospheric trajectories. The upwelling
branch of the stratospheric Brewer-Dobson (BD) circulation is displayed as a thick grey arrow,
quasi-horizontal stratosphere-troposphere exchange as a grey wavy arrow, particular isen-
tropes as thin grey dashed, the tropopause as a grey solid line. The Cold Point (CP) layer
between 360 and 380 K is coloured light-grey. The black arrows characterising the typical
backtrajectories point backwards in time. The blue dot illustrates the location where dehydra-
tion to the local minimum saturation water vapour mixing ratio (H2Osat) occurs along the TST
backtrajectory. Green dots illustrate the initialisation of backtrajectories with ECMWF (HALOE)
water vapour and ozone at the end points.
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Fig. 2. Monthly mean, tropical mean (20◦ S–20◦ N latitude) mixing ratios at 400 K for (a) water
vapour and (b) ozone from HALOE (averaged for years 2001–2005; grey solid lines, with range
of ±1-standard deviation as vertical bars), and from SHADOZ (1998–2006; for ozone only,
grey dotted line and grey shading for range of ±1-standard deviation). The model predictions
based on initialisation with ERA-Interim are shown as solid lines, and with initialisation based on
HALOE as dashed lines (for ozone only); calculations based on kinematic trajectories in black,
diabatic trajectories in red. (c) Predicted ozone concentrations based on initial conditions only
(i.e. passively advected ozone); same conventions as in (b). (d) Predicted ozone concentrations
based on chemistry along trajectories; same conventions as in (b). All lines are harmonic fits
to the monthly mean values, using annual and semi-annual harmonics.
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Fig. 3. Mean water vapour (a) and ozone (b) profiles during the SCOUT-O3 campaign, in 5 K
potential temperature bins. In-situ observations are from the FISH (water vapour, black dots;
grey range 1-standard deviation) and FOZAN (ozone, black dots, grey range 1-standard devia-
tion) instruments. Grey solid lines (bars show 1-standard deviation) are HALOE water vapour
and ozone measurements during the SCOUT-O3 campaign (see text). Model predictions based
on kinematic (black) and diabatic (red) trajectories with initialisation based on ERA-Interim
are shown as solid, with ozone initialisation based on HALOE as dashed curves. Panels on
righthandside show TST fractions (criterion 350 K potential temperature, see text). (c) Profiles
of tropical mean ozone concentrations from HALOE, SHADOZ and the 4 model calculations
as labelled. Thin dashed red/black lines are ozone predictions from the TST ensemble with
initialisation from HALOE ozone.
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Fig. 4. Probability distribution functions (PDFs) of differences between observed and re-
constructed water vapour (a) and ozone (b) between 390 and 420 K. The bin size is 25 ppbv
(0.1 ppmv) for ozone (water vapour). Dashed lines show the means of the distributions. The
grey shading shows the PDF for the kinematic TST ensemble.
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Fig. 5. (a and b) Locations of backtrajectories in the latitude/potential temperature plane
60 days prior to the start time (left: diabatic; right: kinematic), started on 400 K potential tem-
perature surface between ±20◦. End points of stratospheric trajectories are in black, of TST
trajectories (see text) in grey and the starting locations (400 K) in green. The number f de-
notes the fraction of stratospheric (non-TST) trajectories. (c and d) Same as (a and b), but for
SCOUT-O3 trajectories.
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Fig. 6. Anomaly (from tropical mean) of kinematic–diabatic dispersion 〈δθ2〉 difference (a)
and ozone difference (b) at 400 K on 20 November 2005. Data is binned into 13◦×90◦ latitude-
longitude bins. Red/blue indicates positive/negative anomaly. Note that pattern varies with time
(see also Fig. 7).
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Fig. 7. (a) Correlation between difference in model predicted water vapour and difference in
dispersion (quantified from potential temperature variance 〈δθ2〉, see text), with difference de-
noting the difference between kinematic and diabatic backtrajectory calculations, started in the
tropics on 400 K potential temperature once per month over the year 2002. Each symbol repre-
sents the water vapour and dispersion difference for one grid box of 13◦×90◦ latitude/longitude
(compare Fig. 6). (b) As (a) but for ozone. Red/green data points in both panels refer to the
grid box over Northern Australia and the Maritime continent region (see Fig. 6). The correlation
coefficient r is shown in each panel.

22582

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/22553/2010/acpd-10-22553-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/22553/2010/acpd-10-22553-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 22553–22584, 2010

Transport validation
using different

tracers

F. Ploeger et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 8. Mean tropical ozone profiles, reconstructed from trajectories (diabatic; diabatic with
vertical velocity multiplied by a factor 0.7; kinematic), HALOE and SHADOZ observations.
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Fig. 9. (a) Effect of chemical ozone loss, calculated from difference between trajectory recon-
structed ozone from photolytical production only (O3/prod) and from both photolytical produc-
tion and HOx-loss, for February (black) and August (red), started at 400 K (see text). Frequency
of occurrence for TST trajectories only is shown as grey shaded/red dashed area for February-
August. (b) Net effect of chemistry, calculated as difference between trajectory reconstructed
and passively transported (initialisation, O3/init) ozone. The bin size is 1% and 5% in (a) and
(b), respectively. Black/red dashed lines show the means of the distributions.
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