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Abstract

We have used a three-dimensional (3-D) off-line chemical transport model (CTM) to
investigate long-term changes in stratospheric NO2. The basic model was integrated
from 1977 to 2001 using ECMWF (European Centre for Medium-Range Weather For-
casts) ERA-40 reanalyses. Additional model runs were performed which assimilated5

HALOE observations of long-lived tracers to constrain the model trace gas distributions.
Assimilation of a single long-lived species (CH4) improves not only the distribution of
all other long-lived species, via tracer-tracer correlations, but also shorter lived radical
and reservoir species. Assimilation of the long-lived species corrects for errors in the
model, due to horizontal transport from the ERA-40 reanalyses, and allows a more10

direct test of the model’s chemistry.
The basic model significantly underestimates the observed column NO2 from mid-

latitude ground-based sites in the mid-late 1990s. The mean underestimate is ∼26 %
for summertime values between 1992 and 1998. Moreover, as the model agreement is
better in the early 1990s, it underestimates the increasing trend throughout the decade.15

However, when the model assimilates HALOE CH4 data both comparisons are greatly
improved. The mean model-observation difference reduces to 8 % for summertime val-
ues and the trend improves. This indicates that given realistic wind fields to constrain
the tracer transport, the model chemistry and aerosol schemes are able to reproduce
the observed trends in NO2.20

Implications of this for using analysed wind fields to determine dynamical ozone
trends are discussed. Ozone trends derived directly from transport models forced by
analysed winds are likely subject to similar errors.

1 Introduction

Nitrogen dioxide (NO2) plays a key role in stratospheric chemistry. It is directly involved25

in the major stratospheric odd-oxygen loss cycle and it also interacts with other key
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species in the odd-hydrogen, chlorine and bromine families. It is therefore important
to observe its distribution and long-term changes and to be able to simulate these
changes accurately in global chemistry models.

The longest records of stratospheric NO2 have been obtained from ground-
based observations. Liley et al. (2000) presented results from the early 1980s un-5

til 2000 at Lauder, New Zealand (45◦ S) which showed overall increases of around
5±1 %decade−1. WMO (2006) updated these Lauder trends through 2006 and ob-
tained values of 6.2±1.8 %decade−1 sunrise (a.m.) and 5.7±1.1 %decade−1 sunset
(p.m.). WMO (2006) also derived trends from IR absorption studies of midday column
NO2 (Mahieu et al., 2000) from the Jungfraujoch (46.3◦ N) from 1985. For these data10

the equivalent analysis as the Lauder data gave a trend of only 1.5±1.0 %decade−1.
Therefore, the observed trend in the Southern Hemisphere appears significantly larger
than in the Northern Hemisphere.

The source of stratospheric NOy, and therefore NO2, is N2O. Tropospheric N2O in-

creased at a rate of 2.4 %decade−1 from 1986–2005 (WMO, 2011). Fish et al. (2000)15

and McLinden et al. (2001) used photochemical models to analyse the observed NO2
trend at Lauder. They concluded that the larger trend in NO2 compared to N2O could be
largely accounted for by the impact of ozone depletion which contributed an additional
2.5 %decade−1.

Off-line 3-D models have been used to study long-term trends and variability in20

stratospheric ozone. These studies make use of the availability of reanalysis data sets
such as the ECMWF (European Centre for Medium-Range Weather Forcasts) ERA-40
(Uppala et al., 2005) or ERA-Interim (Dee et al., 2011). Feng et al. (2007) used the
SLIMCAT 3-D CTM and ERA-40 reanalyses to study changes in mid-latitude strato-
spheric ozone from 1977–2004. Their study mainly focused on the role of increasing25

halogens on ozone trends but they noted that errors in the analysed winds used to force
the model caused apparently spurious variations in model chemical species. While the
CTM could still be used for chemical experiments, these variations really seemed to
preclude the use of the analyses to derive long-term dynamical trends.
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Chemical data assimilation has been increasingly used over the past 20 years as
a means of using atmospheric observations to formally constrain models. Early studies
included the work of Fisher and Lary (1995) who used a box model with a simplified
photochemical scheme and assimilated observations along trajectories. Subsequent 3-
D model studies included Levelt et al. (1998), who used a Kalman filter approach, and5

Errera and Fonteyn (2001) who used a variational method. Chemical data assimilation
is now employed routinely at meteorological forecasting centres such as the ECMWF
(Dethof, 2003).

Gil et al. (2008) presented observations of column NO2 from the subtropical site
of Tenerife (28◦ N, 344◦ E) from 1993 to 2006. Their study included comparisons of10

the mean annual cycle in column NO2 with mean results from SLIMCAT simulations
from 1996–2000. They found that the basic model, forced by ERA-40 meteorology
but with free-running chemistry, underestimated the observed column by up to 12 %
at sunrise and 25 % at sunset. However, they found that by assimilating stratospheric
CH4 observations into the model, to constrain the model long-lived tracer distributions,15

they got much better agreement with the observations at this site over the mean annual
cycle.

This paper investigates the modelled long-term trend in stratospheric column NO2 at
a range of mid-latitude and subtropical sites. As in Gil et al. (2008) we use the SLIMCAT
3-D CTM in both chemically free running and data assimilation modes. We extend on20

the observation-based study of Gil et al. (2008) by analysing the modelled trends over
the period 1992–2002, by studying a range of stations and by investigating the cause
of the model improvements when assimilation of a long-lived tracer is included.

Section 2 describes the model and experiments. Section 3 discusses the model
results and Sect. 4 summarises our conclusions.25
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2 Model and experiments

2.1 SLIMCAT 3-D CTM

SLIMCAT is an off-line 3-D CTM described in detail by Chipperfield (1999). The model
has been used in many past studies of stratospheric chemistry and has been shown
to perform well at simulating key chemistry and transport processes. The model uses5

a hybrid σ-θ vertical coordinate (Chipperfield, 2006) and extends from the surface to
a top level which depends on the domain of the forcing analyses. Vertical advection in
the θ-level domain is calculated from diabatic heating rates using a radiation scheme
which gives a better representation of vertical transport and age-of-air even with ERA-
40 reanalyses (Chipperfield, 2006). The model contains a detailed stratospheric chem-10

istry scheme including a treatment of heterogeneous reactions on liquid aerosols, nitric
acid trihydrate (NAT) and ice (Chipperfield, 1999). The current details of the chemistry
scheme are as described in Feng et al. (2005, 2011).

2.2 Model experiments

In the experiments described here the 3-D model was run with 32 levels from the15

surface to approximately 60 km at two different model resolutions, 5.6◦ ×5.6◦ and
2.8◦ ×2.8◦. The model was forced using the 6-hourly 60-level ECMWF (re)analyses.
From 1 January 1977 to 31 December 2001 we have used the standard ERA-40 prod-
uct (Uppala et al., 2005). After this date we have used the operational analyses which
are subject to periodic update. Time-dependent monthly fields of liquid sulfate aerosol20

for 1979–1999 were taken from WMO (2002). When the model simulations extended
beyond 1999 the aerosol was kept constant at the 1999 values. The time-dependent
surface mixing ratios of source gases were also taken from WMO (2002).

Strahan and Polansky (2006) discussed the resolution required in their CTM in or-
der to give an accurate representation of stratospheric tracer transport. They con-25

cluded that a realistic representation of transport barriers requires a model grid of 2◦
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latitude×2.5◦ longitude. However, these values are likely to be model-dependent. Mod-
elled tracer distributions will be affected by the advection scheme used. In SLIMCAT
we use the Prather (1986) scheme which conserves second-order moments and has
low numerical diffusion. As the model is formulated on isentropic levels in the strato-
sphere this also gives a clearer separation of vertical and horizontal tracer transport5

which reduces tracer mixing. Our CTM also averages the ECMWF analyses (available
as spectral coefficients) onto the particular model grid used in a method which reduces
noise that can occur when interpolating grid point winds. For these reasons we find that
SLIMCAT can give a reasonable representation of stratospheric tracers at resolutions
lower than 2◦ ×2.5◦. Nevertheless, in this study we also investigate the impact of model10

resolution.
The model was initialised on 1 January 1977 using output from a 2-D model and

integrated until the end of 2001 in a series of experiments (see Table 1). Run A used
the basic model at a model resolution of 5.6◦ ×5.6◦. Run B was performed from 1991
and was the same as run A but included assimilation of chemical data using the method15

described in Chipperfield (2003).
The SLIMCAT assimilation scheme uses a sub-optimal Kalman filter (a sequential

assimilation scheme), previously described by Khattatov et al. (2000). The scheme
uses observations from the HALOE instrument (Russell et al., 1993), from which four
long-lived chemical species are used; O3 (Bruehl et al., 1996), HCl (Russel et al.,20

1996), H2O (Harries et al., 1996), and CH4 (Park et al., 1996) (all version 19). These
data are available on ∼15 sunrise/sunset profiles per day. The latitude of these HALOE
observations varies over the course of a couple of months.

The main effect of sequential chemical data assimilation on the SLIMCAT model is
to correct for any model transport errors. As all tracers in the model are overwritten at25

the surface and advected into the stratosphere, problems with transport will cause the
distribution of tracers to be wrong, e.g. incorrect age-of-air.

There are key constraints within SLIMCAT to allow the assimilation of 4 long-lived
tracers to impact all chemical species in SLIMCAT. The first constraint is on the
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modelled long-lived tracers. Plumb and Ko (1992) showed that there are compact cor-
relations between the mixing ratios of long-lived tracers in the stratosphere. As shown
in Chipperfield et al. (2002), these relationships can be used to constrain the model
allowing the assimilated tracers to impact all the other long-lived tracers in the model.

Another key constraint is on HCl. It is known from measurements of atmospheric5

halocarbons concentrations, e.g. Chlorofluorocarbons (CFCs), that there is a limit on
Cly of around 3.6 ppbv for 1990 conditions (WMO, 2006). Therefore, assimilated HCl
is constrained so that its value does not exceed that expected from the modelled Cly.
As all long-lived tracers are constrained either through assimilation or tracer-tracer
correlations, the shorter lived species are simply affected through the model chemistry.10

Run C was the same as run B but without assimilation of O3. This allows us to
investigate the impact of ozone changes on NOx partitioning. Run D was the same
as run A but at a higher resolution (2.8◦ ×2.8◦). This is to investigate the impact of
other possible sources of transport error related to the moderate resolution of the basic
model.15

3 Results

Section 3.1 compares the model runs with independent observations and assesses
the model improvements in relevant trace species after chemical data assimilation.
Section 3.2 investigates the impact of assimilation on the long-term variation of model
tracers. Section 3.3 discusses what the model runs show for the long-term trends in20

column NO2. Finally, Sect. 3.4 discusses what these model results imply for the use of
off-line CTM’s in investigating long-term trends in ozone.

3.1 Comparison with independent observations

Figure 1 shows comparisons of long-lived tracers, HCl and O3 from the 3 low resolution
model runs with ATMOS observations in November 1994. While the modelled CH4 and25
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H2O profiles from run A are reasonable, the assimilation of the HALOE data improves
the model–observation fit. Although it is not assimilated, the preservation of the model
long-lived tracer-tracer correlations (Chipperfield et al., 2002) means that in runs B and
C the model N2O profile is also in much better agreement with the ATMOS data. Below
about 30 hPa, where O3 is relatively long-lived, run B, which assimilates O3, agrees5

better with the ATMOS data. Above this altitude the short lifetime of O3 means that
there is essentially no direct impact of assimilating it.

Figure 2 shows comparisons of shorter lived species from the model runs with AT-
MOS data. None of these species is directly assimilated. The assimilation process can
affect their distribution by modifying the abundance of the long-lived total families NOy10

and Cly through the tracer-tracer correlations (as in N2O and CH4 in Fig. 1). For NO and
NO2 below ∼10 hPa, the assimilation runs B and C show improved agreement with the
ATMOS profiles. This is the region which will be most important for the column contri-
butions. For HNO3, the most abundant NOy reservoir species in the lower stratosphere,
the profile comparison is again improved in runs B and C through improvements in the15

NOy profile.
Figure 3 shows comparisons of column HNO3 from 4 ground-based stations during

1997 and 1998. Column HNO3 is the largest component of column NOy in the strato-
sphere and so an indicator of modelled changes in this long-lived tracer. At all the
stations the assimilation runs have larger column HNO3, consistent with the “descent”20

seen in the N2O profiles in Fig. 1. This leads to improved comparisons with the obser-
vations at all sites with a marked improvement at Lauder and Arrival Heights. Overall
the assimilation of long-lived tracers has improved the column comparison for this key
NOy species.

3.2 Long-term variations25

Figure 4 shows the timeseries of model CH4 at 56 hPa (∼20 km) and 3.2 hPa (∼40 km)
averaged over the Northern and Southern Hemisphere mid-latitudes. The differences in
the model runs are only apparent after the assimilation of HALOE data begins in 1992.
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Also shown in Fig. 4 is the HALOE v19 monthly mean satellite data averaged over
this same region. The small differences between run B (and run C which is essentially
identical and not shown) and the observations are due to the data being assimilated
profile by profile at the specific time of observation, while the plot shows a simple
average of HALOE data, and the fact that the assimilation scheme considers errors5

in the observation and model before producing a best “analysis”. For this long-lived
tracer, variations in the model timeseries in run A reflect changes in the model transport
which in turn come from the forcing ECMWF analyses. As discussed in Feng et al.
(2007), some of this dynamical variability may be real while some may result from
changes to the Numerical Weather Prediction (NWP) assimilation system or changes10

to the data being assimilated by it. The long-term variation produced by the model and
ERA-40 analyses from, say, 1992–2002, is not realistic. In contrast, assimilating CH4
constrains the model to have a realistic trend in this species, albeit with a large jump
when assimilation starts.

Figure 5 is a similar plot comparing the model with the assimilated HALOE H2O.15

Again run A shows significant differences with respect to the observations which indi-
cate an unrealistic long-term trend.

3.3 Long-term NO2 variations

Having shown that long-term chemical data assimilation in the model can improve the
modelled distribution of key NOy species, and correct for transport errors, we now20

investigate the implications for long-term modelled NO2 variations. Figures 6 and 7
show the comparison of modelled sunrise and sunset column NO2 for 1992–2000 from
4 stations: Jungfraujoch, Issyk-Kul, Tenerife and Lauder. The data were obtained as
part of the Network for the Detection of Atmospheric Composition Change (NDACC,
http://www.ndacc.org). The observations are characterised by an annual cycle (larger25

at midlatitudes) and an increasing trend. This increasing trend is due both to increasing
stratospheric NOy due to increasing N2O and decreasing aerosol following the eruption

12031

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/12023/2012/acpd-12-12023-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/12023/2012/acpd-12-12023-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.ndacc.org


ACPD
12, 12023–12050, 2012

Long-term NO2

changes in a 3-D CTM

L. N. Gunn 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
|

of Mt Pinatubo in 1991. As noted in the introduction, there is also a contribution from
the effect of decreasing ozone (Fish et al., 2000; McLinden et al., 2001).

The comparison of the basic model run A with the observations is quite poor espe-
cially in the late 1990s. The model captures the annual cycle but significantly underes-
timates the magnitude of the summertime maximum (e.g. by ∼26 % averaged over all5

stations). Column NO2 in run A does increase during this period but not by as much as
in the observations. Evidently this modelled NO2 trend in run A is therefore too small.

Both of the moderate resolution model runs which include chemical data assimilation
show much better agreement throughout the whole period shown. The improvement is
especially marked in the late 1990s. The modelled summertime maximum is now in10

good agreement with the observations (e.g. an underestimation of ∼8 %). Moreover,
the modelled NO2 trend over this period agrees with the observations. Note the im-
provement in modelled NO2 in runs B and C is due to improvements in the modelled
distribution of NOy via its correlation with the long-lived tracer CH4. The chemical par-
titioning of NOy, and indeed the production of NOy from N2O is still determined by the15

model chemistry. Therefore, the NO2 comparison is still testing many aspects of the
model.

The improved agreement in the modelled NO2 column following data assimilation
is quantified in Table 2. Averaged over all observation times between 1992 and 2000
run A underestimates the measurements at Jungfraujoch, Issyk-Kul and Lauder. At20

Tenerife run A overestimates the observations due to an overestimate in winter not
capturing the timing of the annual cycle at this sub-tropical station. Except for Tenerife,
following data assimilation the observation-model difference decreases significantly. At
Jungfraujoch the difference decreases from 19 %/22 % in run A to −7 %/−1 % in run
B and −1 %/+2 % in run C. The agreement at Issyk-Kul also improves considerably25

but the model agreement is not as good as at Jungfraujoch. While the model shows
similar values at these two stations, which are at similar latitudes, the observations at
Issyk-Kul are larger than at Jungfraujoch.
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Figures 6 and 7 also include the high resolution run D. This was only run for the
beginning of the 1990s, but it can be seen that the higher resolution does not make
any significant improvements to the model agreement with the observations. While
chemical data assimilation could correct for a range of transport errors, the results
from run D indicate that the main source of transport error in run A is not due to its5

resolution, but a consequence of the information in the analysed winds.
The difference in column NO2 between runs B and C is small. This indicates that

the impact of changing model O3 through assimilation is not a significant cause of the
model improvement. The concentration of O3 does affect the daytime NO2 abundance,
i.e. via the [NO] : [NO2] partitioning. However, the ozone field from the free-running10

model (run A) is realistic enough in the important altitude region (20–30 km) that any
improvement via assimilation causes only a small change to column NO2.

The nighttime conversion of NO2 to N2O5 is determined by the following reactions:

NO2 +O3 → NO3 +O2 (1)

NO2 +NO3 +M → N2O5 +M (2)15

N2O5 itself can thermally decompose to reform NO2 + NO3:

N2O5 +M → NO3 +NO2 +M (3)

If the rate of Eq. (2) is fast at night, and Eq. (3) is not important, we can place nighttime
NO3 in steady state and the rate of loss of NO2 becomes:

−d[NO2]

dt
= −2k1[NO2][O3]20

so the overall decay of NO2 between sunset and sunrise is:

[NO2]sr= [NO2]ss exp(−2k1[NO2][O3])

Therefore, the ratio of sunset : sunrise NO2 is determined by atmospheric tempera-
ture (via k1) and the concentration of O3. Figure 8 shows the observed ratio of column
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sunset : sunrise NO2 for 4 stations from 1997–1998, along with results from the 3 model
runs. The observations show a sunset : sunrise column ratio of about 1.0–2.0. There is
an apparent annual cycle in the ratio at Lauder with highest values in late winter/spring.
This could be associated with low ozone and cold temperatures associated with high
latitude ozone loss. Smaller variations are seen at Jungfraujoch. At Tenerife there is5

an apparent annual cycle with larger ratios in late autumn/winter. The observed ratio
at Issyk-Kul shows high variability, with large ratios in winter. The model shows less
variability in the sunset : sunrise column ratio than the observations. It does capture the
annual cycle at Lauder but misses the enhanced values at Tenerife and Issyk-Kul. The
modelled ratio is very similar between runs A and C. All model runs used the same10

temperature fields and the O3 fields in these 2 runs in the altitude region important
for the NO2 column are also similar. The modelled ratio from run B, which assimilates
ozone, is slightly smaller. However, this does not impact the agreement with the ob-
servations. The overall fair long-term agreement between the model and observations,
however, indicates that this aspect of NO2 chemistry, i.e. the nighttime decay, is well15

modelled. This supports the argument that the improvements seen in model column
NO2 in Figs. 6 and 7 is due to changes in NOy, and not a chemical effect.

An important result from Figs. 6 and 7 is the implication for the cause of the modelled
NO2 trend. Given the poor agreement of run A it would have been tempting to question
whether the modelled aerosol trend was realistic. However, runs B and C use the same20

aerosol values and can reproduce the observations. Overall the results point to the
cause of the poor agreement in run A being principally due to the transport related
errors in the forcing ERA-40 winds.

3.4 Ozone

Analysed wind fields are used to quantify the role of dynamics in long-term changes in25

column ozone (WMO, 2006, 2011). This can be via their use to force long-term CTM
simulations or via direct diagnosis of dynamical quantities. The results presented here
add a further note of caution to the process of taking long-term reanalysis datasets and
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using them to derive trends. Even when created with a constant assimilation system,
the reanalyses may have discontinuities when different datasets become available for
assimilation.

More specifically, the results presented here show that the modelled midlatitude
ozone trends from the basic model would not be realistic in the 1990s. Feng et al.5

(2007) presented long-term ozone variations from a run very similar to run A. The
long-term ozone change was expressed as a percentage anomaly relative to 1980
(their Fig. 4). While the model captured the overall long-term change from 1980–2002
there were periods where the model disagreed significantly, e.g. an overestimate in
the late 1980s and an underestimate in the early 1990s. Indeed, Fig. 4 of Feng et al.10

(2007) shows that model run A has a too strong increase in column ozone from 1993 to
around 1998. As we are now able to assimilate a long-lived tracer from 1991 onwards,
we can interpret this underestimate of O3 in the early 1990s as being due, at least in
part, to errors in the long-term variations in ERA-40 analyses. Unfortunately, we cannot
repeat the “anomaly” analysis of Feng et al. (2007) as we do not have observations to15

constrain the assimilation runs back to 1980.

4 Conclusions

We have used the SLIMCAT off-line 3-D chemical transport model to investigate long-
term changes in stratospheric nitrogen dioxide in the mid-latitude lower and upper
stratosphere. The CTM was forced using ECMWF ERA-40 reanalyses from 1977 until20

the end of 2001. Further model experiments used the assimilation of a long-lived tracer
to constrain the model chemical fields. The assimilation of this single long-lived species
(CH4) improves not only the distribution of all other long-lived species, via tracer-tracer
correlations, but also shorter lived radical and reservoir species.

The basic model significantly underestimates the observed column NO2 from mid-25

latitude ground-based sites before about 1998. The mean underestimate is around
26 % for summertime values between 1992 and 1998. Moreover, as the model
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agreement is worse in the late 1990s, it underestimates the increasing trend later in the
decade. However, when the model assimilates HALOE CH4 data both comparisons are
greatly improved. The mean model-observation difference at northern mid-latitudes is
now only 8 % for summertime values between 1992 and 1998. Results from a higher
resolution model show very similar results to the basic non-assimilation models. This5

shows that the transport errors in the model cannot be improved simply by increasing
the resolution but are more fundamentally linked to the information contained in the
winds used to force the model.

These results have implications for the use of analysed winds in determining the dy-
namical contribution to column ozone changes, especially when using them to force10

a transport model. Clearly, modelled column ozone changes will be sensitive to errors
in the analysed winds. Unfortunately, the availability of long-lived tracer data for assim-
ilation does not extend over the long period typically used for stratospheric ozone trend
studies (e.g. 1980 to present day).

Assimilation of the long-lived species corrects for transport errors in the model (i.e.15

from the ERA-40 reanalyses) and allows a more direct test of the model’s chemistry.
With this constraint, it appears that our current understanding of atmospheric chemistry
can then quantitatively reproduce observed long-term column NO2 changes. However,
the period over which this study can be performed is limited by the availability of suitable
tracer observations to assimilate. This study shows that long-term, continuous, global,20

height-resolved observations of at least one long-lived tracer would be a very useful
constraint on 3-D CTM studies and can effectively correct for model transport errors.
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Table 1. SLIMCAT CTM experiments.

Run Dates Chemical assimilation Resolution

A 1977–2002 None 5.6◦ ×5.6◦

B 1991–2002 HALOE CH4, H2O, HCl, O3 5.6◦ ×5.6◦

C 1991–2002 HALOE CH4, H2O, HCl 5.6◦ ×5.6◦

D 1991–1993 None 2.8◦ ×2.8◦
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Table 2. Mean percentage difference in column NO2 between observations and SLIMCAT
model runs from 1992–2000.

Run A Run B Run C
Sunrise Sunset Sunrise Sunset Sunrise Sunset

Jungfraujoch 19 % 22 % −7 % −1 % −1 % 2 %
Issyk-Kul 45 % 48 % 4 % 21 % 11 % 25 %
Tenerife −30 % −11 % −30 % −29 % −27 % −28 %
Lauder 22 % 15 % 3 % 7 % 12 % 12 %
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Fig. 1. Observed profiles of (a) N2O, (b) CH4, (c) H2O, (d) HCl and (e) O3 from ATMOS on November
8, 1994 for 36.4◦N, 93.8◦E (top) and 47.6◦N, 7.7◦E (bottom). Also shown are model results from runs
A (blue line), B (red line) and C (green line). For H2O only model stratospheric tracer values are shown.
On the top panel there is no available ATMOS data for HCl.
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Fig. 1. Observed profiles (from left to right) of N2O, CH4, H2O, HCl and O3 from ATMOS on 8
November 1994 for 36.4◦ N, 93.8◦ E (top) and 47.6◦ N, 7.7◦ E (bottom). Also shown are model
results from runs A (blue line), B (red line) and C (green line). For H2O only model stratospheric
tracer values are shown. On the top panel there is no available ATMOS data for HCl.
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Fig. 2. As Figure 1 but for (a) NO, (b) NO2, (c) N2O5, (d) ClONO2, and (e) HNO3.
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Fig. 2. As Fig. 1 but for (from left to right) NO, NO2, N2O5, ClONO2, and HNO3.
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Fig. 3. Observed column HNO3 (molecules cm−2) for 1997-1999 (+ marks) at (a) Jungfraujoch (46.3◦N,
7.6◦E), (b) Mauna Loa (19.5◦N, 156.0 ◦W), (c) Lauder (45.0◦N, 169.7◦E) and (d) Arrival heights
(77.8◦N, 166.7◦E). Also shown are model results from runs A (blue line), B (red line) and C (green
line).

21

Fig. 3. Observed column HNO3 (molecules cm−2) for 1997–1999 (+ marks) at Jungfrau-
joch (46.346.3◦ N, 7.646.3◦ E), Mauna Loa (19.546.3◦ N, 156.046.3◦ W), Lauder (45.046.3◦ N,
169.746.3◦ E) and Arrival Heights (77.846.3◦ N, 166.746.3◦ E). Also shown are model results
from runs A (blue line), B (red line) and C (green line).
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Fig. 4. Variation of CH4 mixing ratio (ppmv) from 1980-2002 for model runs A (blue dashed) and
B (red dashed) for (a) 35◦ N–60◦ N at 3.2 hPa (∼40 km), (b) 35◦ S–60◦ S at 3.2 hPa, (c) 35◦ N–60◦ N at
56 hPa (∼20 km), and (d) 35◦ S–60◦ S at 56 hPa. The model lines have been smoothed with a 12-month
running mean. Run C is not shown and is essentially identical to run B. Also shown are monthly mean
observations from HALOE (+) from 1992 onwards.
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Fig. 4. Variation of CH4 mixing ratio (ppmv) from 1980–2002 for model runs A (blue dashed)
and B (red dashed) for 35◦ N60◦ N at 3.2 hPa (∼40 km), 35◦ S60◦ S at 3.2 hPa, 35◦ N 60◦ N at
56 hPa (∼20 km), and 35◦ S60◦ S at 56 hPa. The model lines have been smoothed with a 12-
month running mean. Run C is not shown and is essentially identical to run B. Also shown are
monthly mean observations from HALOE (+) from 1992 onwards.
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Fig. 5. As Figure 4 but for H2O (ppmv). HALOE data is plotted from 1992 onwards.

23

Fig. 5. As Fig. 4 but for H2O (ppmv). HALOE data is plotted from 1992 onwards.

12047

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/12023/2012/acpd-12-12023-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/12023/2012/acpd-12-12023-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 12023–12050, 2012

Long-term NO2

changes in a 3-D CTM

L. N. Gunn 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. 6. Observed sunrise vertical columns of NO2 (molecules cm−2) from 1992 to 2000 at (a) Jungfrau-
joch (46.3◦N, 7.6◦E), (b) Issyk-Kul (42.6◦N, 77.0◦E), (c) Tenerife (28.0◦N, 343.0◦E), and (d) Lauder
(45.0◦N, 169.7◦E), along with results from model runs A (blue line), B (red line), C (green line) and
D (purple line, until end 1992).
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Fig. 6. Observed sunrise vertical columns of NO2 (molecules cm−2) from 1992 to 2000 at
Jungfraujoch (46.3◦ N, 7.6◦ E), Issyk-Kul (42.6◦ N, 77.0◦ E), Tenerife (28.0◦ N, 343.0◦ E), and
Lauder (45.0◦ N, 169.7◦ E), along with results from model runs A (blue line), B (red line), C
(green line) and D (purple line), until end 1992.
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Fig. 7. As Figure 6 but for sunset column NO2.
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Fig. 7. As Fig. 6 but for sunset column NO2.
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Fig. 8. Ratio of sunset:sunrise NO2 vertical columns for observations (+) and 5 model runs for 1997-
1998 for (a) Jungfraujoch, (b) Issyk-Kul, (c) Tenerife and (d) Lauder.
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Fig. 8. Ratio of sunset:sunrise NO2 vertical columns for observations (+) and 3 runs for 1997–
1998 for Jungfraujoch, Issyk-Kul, Tenerife and Lauder.
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