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Abstract. Trends in NQ derived from a 45 year integra- 1 Introduction

tion of a chemistry-climate model (CCM) run have been

compared with ground-based M@neasurements at Lauder It has been recognised for some time that the reactive species
(45° S) and Arrival Heights (78S). Observed trends in NO ~ NOx are important in the altitude range from approximately
at both sites exceed the modelled trends WONthe pri- 20km to 35km in determining the concentration of strato-
mary source gas for stratospheric NOThis suggests that Spheric ozoneGrutzen 1970. NOx destroys ozone through
the processes driving the N@rend are not solely dictated the catalytic cycle shown in Reactiorfy @and @).

by changes in DO but are coupled to global atmospheric

change, either chemically or dynamically or both. If CCMs

are to accurately estimate future changes in ozone, it is im- NO + 03 > NO; + O @)
portant that they comprehensively include all processes af- NO2+0 — NO + QO 2
fecting NQ, (NO+NGQ;) because NQconcentrations are an (net) 3+ 0 — 2 O, ?3)

important factor affecting ozone concentrations. Comparison _

of measured and modelled N@ends is a sensitive test of  In the lower stratosphere (approximately 10 km to 20 km)
the degree to which these processes are incorporated in ttge most significant influence of NGs its interaction with
CCM used here. At Lauder the 1980-2000 CCMNf2nds  the CIQ, and BrQ ozone loss cycles via the formation of
(4.2% per decade at sunrise, 3.8% per decade at sunset) digservoir species CIONGand BrONQ. NO; also reacts
lower than the observed trends (6.5% per decade at sunris#/ith OH (Eq. 4), reducing the HQ concentration and thus
6.0% per decade at sunset) but not significantly different ainhibiting the HQ, catalysed destruction of ozone.

the Z level. Large variability in both the model and mea-

surement data from Arrival Heights makes trend analysis 0#\102 +OH+M — HNOz + M. )

the data difficult. CCM predictions (2001-2019) of pié Oxidation of NO (Reaction %) is the ma-

LauderandArrivaIHeightsshowsignificantreductionsinthejOr source  of stratospheric NO (NO+NO;

rate of increase of N©compared with the previous 20 years +NO3+HNO3+2N,05+HNO4+CIONO,+BrONO,)  and
(1980-2000). The model results indicate that the partitioning, o nce NQ (Minschwener et a1993.

of oxides of nitrogen changes with time and is influenced by
both chemical forcing and circulation changes. N,O + O(*D) — 2NO. (5)

N2O concentrations are predicted to continue to increase
over the coming century due to anthropogenic surface emis-
sions, mostly attributed to agricultural nitrogen fixation
(IPCC, 20013, WMO, 1999. Trends in the concentration of
atmospheric MO for the period 1980 to 1988 have been es-
Correspondence tad. Struthers timated to be +0.250.05% per yearlPCC (2000, p253).
(h.struthers@niwa.co.nz) Zander et al(1994) quote a trend in MO of +0.33:0.04 %
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per year based on remote measurements made at Jungfrau-High quality measurements of NGCslant column den-
joch from 1984 to 1996. In contrast to,, stratospheric  sities have been routinely made at Lauder, New Zealand
halogen concentrations are expected to decline over the con{45° S) since 1980 Johnston and McKenziel989 and
ing 50 years as anthropogenic emissions of halogenatedrrival Heights, Antarctica (7738S) since 1982 NicKen-
ozone-depleting compounds decrea®9&MO, 2003. It is zie and Johnstqnl984 Keys and Johnstgril986 1988.
therefore important to understand the combined effect ofThe measurements are taken at twilight (sunrise and sun-
changing halogen and N@oncentrations on the future evo- set). Measuring at a solar zenith angle (SZA) of 90th
lution of the ozone layer. zenith sky viewing geometry increases the sensitivity of the
Randeniya et al(2002 studied the effect of increasing observed columns to stratospheric N@mounts $olomon
N2O and methane on northern mid-latitude ozone columnset al, 1987).
for the period 2000—2100 using the CSIRO two dimensional Liley et al. (2000 studied the Lauder N&data set using
chemical model Randeniya et al.1997. Their model re- least squares regression. Indices of QBO, ENSO, solar cycle
sults show partial recovery of ozone columns through to theand the El Chichon and Pinatubo volcanic events in addi-
middle of the century due to reductions in halogen concen-+ion to the NGQ annual cycle and secular trend were fitted to
trations. This is followed by reduction in ozone columns the measured Ng&time-seriesLiley et al. (2000 concluded
from 2050 to 2100 whichiRandeniya et al(2002 attribute  that the mean F0SZA linear trend in NQ over Lauder from
to increased destruction of ozone by NOnodulated by 1980 to 1999 was-b1% per decade (sunrise trend £24,
the amount of methane present in the model. Methane consunset trend 4:61.5 % per decade). These trends are signifi-
centrations influence the ozone recovery through the photoeantly greater than the trend in® estimated to be between
oxidation of methane by halogen radicals in the lower strato-2.5% and 3.3% per decad&/MO, 1999. As N,O is the
sphere and above 20km through changes in OH concendominant source of stratospheric i@his result implies that
trations leading to changes in the rate of conversion ofthere has been a dynamical or chemical change at southern
NO, to HNO3. Comparing model ozone profiles for 2100 mid-latitudes which has increased N@isproportionately.
with profiles from 2000,Randeniya et al(2002 find in- Using 1995-2002 Fourier Transform Infra-Red (FTIR)
creases in lower stratospheric 0zone concentrations over thmeasurements at Kitt Peak (31M), Rinsland et al(2003
2000-2100 integration. This is explained by a reduction inderived an NQ trend of 10.35.5% (2r) per decadeLiley
the amount of ozone destroyed by halogen catalytic cycleset al. (2000 show however, that using short time periods in
However, the recovery in lower stratospheric ozone is offsetregression analyses results in large uncertainties in the trends
by reductions of up to 7% in ozone concentrations in the mid-and therefore the results &insland et al.(2003 cannot
dle stratosphere due to increasedN@talytic destruction of  be meaningfully compared with those lofey et al. (2000
ozone. or those presented here. M@ata derived from a com-
Modelling future ozone change requires realistic repre-bination of FTIR and differential optical absorption spec-
sentations of the anticipated changes iny\dDd halogens, troscopy measurements taken at the Network of the Detec-
in addition to the many other interacting chemical and dy-tion of Stratospheric Change (NDSC) station at Jungfrauo-
namical components of the stratospheric system. Threejoch (46.53 N) have been analysed and suggest a linear
dimensional coupled chemistry-climate models (CCMs) areincrease for the period 1985-2001 of-3% per decade
designed to capture the interaction between climate chang@VMO, 2003. These results suggest that the N@end be-
and changes in atmospheric chemistry and are now beconing greater than the O trend is unlikely to be a local feature
ing important tools in the prediction of future stratospheric at Lauder but is likely to be of global extent.
chemistry and dynamics\(MO, 2003. To have confidence Fish et al.(2000 used a column model to determine the
in CCM predictions of future stratospheric change, it is nec-sensitivity of southern mid-latitude NQo changes in strato-
essary to assess their reliability. An important methodologyspheric temperature, ozone and water vapour. A number of
for validating components of atmospheric chemical modelspossible mechanisms that could change the amount af NO
is comparison of long time-series of modelled and measuredelative to the amount of D were identified:
amounts of trace gases.
Since climate models underpinning all CCMs are chaotic
and exhibit unforced variability, comparisons of CCM output  _ changes in stratospheric circulation
with observations are necessarily statistical in nature. Al-
though comparisons between CCM output and observations — changes in the shape of the meanJ\fofile
on individual days are not meaningful in anything other than
a climatological sense, the response of the model to long term
forcings should agree with the response observed in the real Changes in the partitioning of NOcould arise due to
atmosphere. For this reason, long time-series of observachanges in ozone, temperature, stratospheric water vapour
tions are required to compare the modelled response to atand sulfate aerosol. The focus Bfsh et al.(2000 was
mospheric forcings\/MO, 2003. to determine whether changes in the partitioning of NO

— direct emission of NQ

— changes in the partitioning of NO
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could explain the observed trend in NOThe model was day reference spectra to remove Fraunhofer absorption lines
forced with observed changes in ozone, temperature and waresent in sunlight. Each twilight measurement is also cor-
ter vapour and a 2.5% per decade increase@.N'he model  rected for the Ring effectQGrainger and Ring1963 using
failed to reproduce the observed pl@end (model trends the “offset Ring” approachJphnston and McKenzj@989.
+4.0+0.6% per decade at sunrise, +2@4% per decade at The instruments at Lauder and Arrival Heights have been
sunset). Including a 20% decrease in stratospheric aeros@alibrated and intercompared to the standard required of the
in the model forcing gave N&trends in agreement with ob-  Network for Detection of Stratospheric Change (NDSC).
servations (model trends +5:9.6% per decade at sunrise,  Model ozone and 20 hPa temperatures are also compared
+4.3+0.4% per decade at sunset). with measurements as changes in these quantities have been
McLinden et al.(2001) used a combination of a three- identified byFish et al(2000 andMcLinden et al(2001) as
dimensional chemical transport model, a static columnbeing important in determining changes in NO'he 20 hPa
chemistry model and a radiative transfer model to generatdevel approximately coincides with the peak in the N©ix-
NO; slant column densities and compared the change in théng ratio and was therefore used as the level for the temper-
columns over a 20 year time period with the Lauder,N®- ature comparison. It has been showfeys and Johnstgn
servations. Their results show a trend in N@f 4.3% per 1986 that NG, slant columns measured over Arrival Heights
decade for a prescribed increase igNof 3% per decade. correlate strongly with stratospheric temperatures.
Differences in the trends of NCand NO were attributed to Modelled ozone data are compared with the NIWA assim-
the less than equivalent conversion gito NG, and repar-  ilated ozone data-seBodeker et al.2001). This data-set
titioning of NOy due to ozone and halogen changes. The sencontains total column ozone values derived from a combina-
sitivity of their system to temperature and aerosol changesion of TOMS and GOME satellite measurements which are
was also investigatedvicLinden et al.(2001) show that the  corrected against the global ground-based network of Dob-
trend in NG vertical column density varies diurnally with son spectrophotometers. NCEP/NCARa(nay et al, 1996
large changes in the slant column density trends at sunrisg0 hPa temperature data are used for the temperature com-
and sunset. parison.
Both the studies oFish et al.(2000 andMcLinden et al.
(2007 do not explicitly model the influence of circulation
changes on N@amounts. They use rather different models 3 Least squares regression analysis
and forcings to estimate NOslant column density trends.
Both conclude that their models reproduce the observegl NOLinear trends in the N@slant column density time-series
trend but differ in their conclusion as to why there is a dis- are calculated using a least squares regression model. The
tinction between the trends in N@nd NO. More work is ~ regression model has been applied to ozone time-series in
required to fully understand the mechanisms responsible foprevious studiesodeker et al.1998 2007).
the observed difference in trends. A number of forcings are known to influence the southern
In this paper we calculate NGslant column densities for Mid-latitude stratosphere:
Lauder and Arrival Heights using results from the Unified
Model with Eulerian Transport and Chemistry (UMETRAC),
a three-dimensional CCM. NQralues are derived from a 40
year simulation of the model, (1980 to 2019). Model NO
slant columns for Lauder and Arrival Heights are compared _ 11 year solar cycle
with the measurements for the period 1980 to 2000 to test
the model’s ability to reproduce the greater than than pro- — Volcanic injection of sulfate aerosol and water vapour.
portional increase in N@relative to NO that has been ob- For the time period 1980-2000, two volcanic events
served in the measurements. The UMETRAC predictions of occurred which were significant for the southern mid-
NO; trends at Lauder and Arrival Heights for the period 2001 latitude stratosphere, ElI Chichon (1982) and Pinatubo
to 2019 are introduced and discussed in light of the 1980 to  (1991).
2000 model/observation comparison.

— EINifio southern oscillation (ENSO)

— Quasi-biennial oscillation (QBO)

The regression model is designed to allow fitting of indices
for the above forcings, in addition to fitting the seasonal cycle
2 Measurements and linear trend in the data. Inclusion of additional, higher
order Fourier components to the basis function describing
The NG measurement technique and retrieval algorithmthe trend allows the model to fit seasonally varying trends
are discussed byohnston and McKenzi€l989 andLiley in the data. A description of the indices for the externally
et al. (2000. The automated scanning spectrometers meaforced basis functions (ENSO, QBO, solar cycle and volca-
sure wavelengths from 435 nm to 450 nm with a spectral reshoes) within the regression model is givenBodeker et al.
olution of 1.2nm. Twilight spectra are ratioed with mid- (1998.

www.atmos-chem-phys.org/acp/4/2227/ Atmos. Chem. Phys., 4, 22382004
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The residual terms from the fitting may be autocorrelated Importantly for this study, the rate of increase giNwas
leading to an underestimation of the uncertainty in the re-fixed at +2.6% per decade for the entire length of the inte-
sulting trends. An autocorrelation model is applied to thegration (1980 to 2019). The model uses a parameterisation
residuals to correct for any autocorrelation. to determine the amount of N(present at each time step,

For the observational record, all basis functions (ENSO,based on the transport of a conserved tracer and the com-
QBO, solar cycle volcanoes) are included in the regres-pact relationships dPlumb and Ko(1992. In a subsequent
sion analysis. For the model time-series, only the ENSOstep, the model partitions the N@ccording to the chemi-
and QBO terms are applied (in addition to the annual cy-cal scheme within the model. The global rate of increase of
cle (offset) and linear trend). The model does not include anNOy is fixed to the rate of increase irp® (2.6% per decade)

11 year solar cycle and uses an invariant, background sulbut local rates of increase in NGnay differ from this in re-
fate aerosol field. The non-orographic gravity wave forcing sponse to circulation changes in the model via changes in the
scheme within the model produces a QBO in the tropicalconserved tracer.

zonal winds Gcaife et al. 2000. Mean, equatorial zonal Results used in this paper come from a 45 year integration
winds produced by the model at 50 hPa were used to genelof UMETRAC (1975 to 2019), with the first five years used
ate the model QBO basis function. as model spinup. The 1IS92a IPCC scenario was used to deter-

mine greenhouse gas concentrations {CCH; and NO).
Halogen concentrations were taken from W10 (1999

4 Model description assessment. Observed sea surface temperatures (SST) were
) . used in the model from 1975 to 1999. For years after 1999,
4.1 The coupled chemistry-climate model sea surface temperature data were taken from simulations of

a coupled ocean-atmosphere version of the UM.

Global fields of the 15 chemical tracers, 6 long-lived
species and chemical families and temperature are output
from UMETRAC every five days at 00:00 UT. These data
‘are used as input for the UMETRAC column model which
produced NQ profiles.

UMETRAC uses the Met Office’s Unified Model (UM)
(Cullen and Davies199]) as the underlying climate model.
The model has a resolution of 378ongitude), 2.8 (lat-
itude) and 64 vertical levels from the surface to 0.01 hPa
A non-orographic gravity wave forcing schemWdrner and
Mclintyre, 1999 is used to parameterise gravity wave break-
ing.

The UMETRAC chemistry scheme is based on a families
approach Austin, 1991). 15 chemical tracers and one dy-
namical tracer are advected by the model. The dynamicafince the output from the 45 year UMETRAC integration
tracer is used to parameterise the long lived specig®, H provided only concentrations of chemical families, an off-
CHa, Cly, Bry, H,SQs and NG. The chemistry scheme Ii.ne'chemical model was .required' fo determine the parti-
includes 65 gas phase chemical reactions, 9 heterogeneoti§ning amongst the chemical families output from the full
chemical reactions and 27 photolysis reactions. A pschree-dimensional model. Vertical profiles of chemical fam-
scheme based on liquid ternary solutions and water ice andies and daily mean temperature for the grid boxes covering
a simple sedimentation scheme are also part of the model-auder and Arrival Heights were extracted from the UME-
Chemical reaction rates are taken fr@aMore et al(1997) TRAC output and used as initial conditions for the column
andSander et al{2000. model. The chemistry scheme within the column model

There are some differences between the UMETRAC condS identical to the chemical scheme used in the full three-
figuration used in this paper and the configuration used indimensional model.
previous work Austin and Butchart2003. These include The column model was run for one day to establish the
a new tracer advection scheme, the chemistry scheme beinyOz diurnal cycle. The chemical time step was reduced from
applied over the whole vertical domain of the model rather15 min in the full three-dimensional model to 3 min for the
than being restricted to the stratosphere and lower mesosolumn model. This allows N@profiles to be calculated
sphere, two additional chemical tracers are included (CO anavith a SZA resolution of 1, ensuring the diurnal cycle of
CH30OO0H) and an extension of the chemical reaction set.  the model is adequately represented in the radiative transfer

Water vapour concentrations in the chemistry module weremodel for the calculation of slant column densities.
taken from the UARS reference atmosphere project (URAP) Over the one day integration of the column model, the
reference atmospherdt{p://code916.gsfc.nasa.gov/Public/ NO, concentrations will differ from the corresponding NO
Analysis/lUARS/urap/home.htinhnd held fixed over the in- concentrations calculated in the full UMETRAC model due
tegration. Stratospheric aerosol was derived from the aerosdb the use of the diurnal mean temperature profile. Using

4.2 UMETRAC column model

surface area densities given in Table 8.8VéfO (1991). simple sensitivity tests, it can be shown that these inconsis-
Again, the aerosol amounts were held constant over theéencies between the full model and the off-line column model
model integration. have little impact on the slant column densities due to the

Atmos. Chem. Phys., 4, 2227239 2004 www.atmos-chem-phys.org/acp/4/2227/
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Fig. 1. Comparison of UMETRAC modelled (black) and observed (grey) R®, slant column density time-series for Lauder (1980—
2000). Upper left panel sunrise, lower left panel sunset. A subset of the data is shown in the right hand panels to illustrate the estimated
errors in the model and observed values and the data frequency.

small diurnal temperature variations in the lower and middlethe UMETRAC column model were used to construct a two-
stratosphere where the slant column weighting is greatest. dimensional profile grid. This was then interpolated to the
Finally, the NQ profiles calculated by the column model relevant altitude and solar zenith angle along each scattered
were interpolated from terrain following model levels to alti- light path. The slant column for the solar zenith angle of
tude surfaces from the ground to 72 km in 500 m steps. 90° was calculated by integrating the amount of N@ver
all light paths scattered from the zenith.

4.3 Radiative transfer model

In transforming the measured NGlant column densitiesto 5 Discussion of Lauder results

vertical column densities, some prior knowledge of the verti-

cal profile shape is requireicKenzie et al.1991). Assum- 5.1 Lauder NQ time-series

ing a vertical profile shape in an air mass factor calculation

can lead to errors due to the seasonal and annual variation dfhe time-series of modelled and measured,Nant col-

the true vertical profile, which the assumed profile shape mayumn densities for Lauder are shown in Flg.The model re-

not capture. In this work the slant column densities were cal-sults capture the absolute value of theNstant columns and

culated using the radiative transfer model (RTM) developedthe amplitudes of the seasonal cycle in Nior both sunrise

by Schofield et al(2003 from the profiles determined by and sunset very well. The model in general underestimates

UMETRAC. This allows direct comparison of slant column the observed slant columns for both the sunrise and sunset

densities derived from UMETRAC output with observations. time-series. The agreement for the sunset case is somewhat
The RTM constructs a model atmosphere using temperaworse than the sunrise which implies that the model has a

ture, pressure and ozone profiles taken from the UMETRACsuppressed Ngdiurnal cycle.

column model. The RTM uses a spherically curved atmo- The right hand panels of Fig. show a subset of the data

spheric geometry, divided into discrete atmospheric shellsto illustrate more clearly the data frequency and estimated er-

For this study, ninety 1km thick shells were used to de-rors. The time period (August and September 1988) was cho-

scribe the model atmosphere. The effects of refractionsen as representative of the whole data record, excluding the

Rayleigh scattering, Mie scattering and molecular absorptime periods affected by the EI Chichon and Pinatubo erup-

tion at a wavelength of 450 nm (see Sedtwere included tions. Observation errors are estimated at<L@® molec

in the RTM path description of the Nzenith-sky measure- cm~2 + 5% of the observed value. This prescription comes

ment. Refractive indices were taken fraucholtz(1995. from an analysis of the error characteristics of the measured
A single scattering approximation was used for the zenith-spectra and the retrieval algorithm used to derive the NO
sky viewing geometry. slant column measurements.

The diurnal variation of the N@profile adds complexity The regression model used to fit the time-series requires

to the slant column density calculation. The variation of thean error estimate associated with each input data point. In
NO, abundance along the slant path with solar zenith anthe absence of an ab initio estimate of the error in the model
gle is explicitly taken into account. NQprofiles at ? so- NO; slant column densities, errors are prescribed using the
lar zenith angle intervals between°3@nd 97 calculated by = same error estimate as that used for the observations.

www.atmos-chem-phys.org/acp/4/2227/ Atmos. Chem. Phys., 4, 22382004
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Fig. 2. Lauder NG slant column density time-series with the mean annual cycle removed. Observed residuals (grey) have been offset by
+3 units and the model residuals (black) offset-by units for clarity. The time-series have been thinned by retaining data only when both
observation and model values are present on a given day. Right hand panels show the mean annual cycles (1980-2000) for sunrise (top) ar
sunset (bottom).

10 10 The observed time-series in F@clearly show the reduc-
L [ Observations (1981-2000) tion in NO, amounts following the Pinatubo eruption. This
L T o effect is also seen to a lesser extent for the EI Chichon erup-
tion (1982). This reduction in N®occurs via the hydroly-
sis of bOs to HNOz on the volcanic sulphate aeroséid-
51— 5 driguez et al.1991). N2Os is an important night-time N©
i reservoir and therefore removal of stratospher©lcauses
denoxification of the stratosphere. Other interannual vari-
ability is evident in the observational record. In contrast the
model results show little variation other than the short term
daily variability and a linear trend.
4 The right hand panels of Fi@.show the mean annual cy-
cles for the four Lauder data-sets. As indicated above, the
model slant columns underestimate the observed data with
the sunrise comparison being in better agreement than the
5 -5 sunset case. For both cases the amplitude of the modelled
mean annual cycle is consistent with observations with the
Flg 3. Seasonally independent trends in @er Lauder in % per whole Cyc|e offset lower (by approximate|yx]]_016 molec
decade, derived from observations and UMETRAC model results.s;—2 for sunrise and 210 molec cnt2 for sunset). A
Also given are the estimated trends in globglNover the same constant shift of the modelled mean seasonal cycle NG

time periods and the observed and modelled trends in ozone and.. . .
temperature (temperature trends are shown in K/decade). The errorstlve to observations suggests that too little N® present

are+20. Note, model NO trends are the prescribed global value |n. the model. This does ,nOt explam the Suppre§S|on Of. the
and thus has no error associated with them. diurnal cycle. More work is required to fully explain the dif-

ferences between the modelled and observed mean annual
cycles.
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The observed data and model results from Eigiere re-
sampled to produce new time-series in which values were5.2 Lauder past trends and factors affecting them
only retained for a given day, if both modelled and observed
slant columns were present on that day. This processing reSeasonally independent linear trends in the observation and
moves sampling biases when comparing modelled and obmodel time-series, calculated using the least squares analysis
served time-series. Figushows these time-series, with algorithm are given in Fig3.
the mean annual cycles removed to show more clearly fac- The NG trends derived from observations differ from the
tors influencing the variability in the data. For clarity, the results ofLiley et al. (2000 (5% per decade) even though
observation and model time-series are offset by +3-aBd the same observational data-set was used in both analyses.
(x10*® molec cnT?), respectively. This is because different time periods were used in the two
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Fig. 4. Annually varying NQ trends for Lauder for the period 1980—2000. The grey shaded region represenisuhec2tainty range in
the trends derived from model output. Error bars on the observed trends intli2zate

analysesl(iley et al. (2000 studied the period 1981-1999). e 1. Lauder — seasonally independent UMETRAC model
The 26 parameter model with autocorrelation (AC) correc-yends in NG, N,O, ozone, temperature, NyGnd HNGQ; for the

tion used byLiley et al. (2000 for the period 1981-1999 periods 1981-2000 and 2001-2019. Trends are given in percent per
most closely resembles the regression model used in thigecade (temperature trends are shown in K/decade). The quoted
study. Applying our regression model to the Lauder mea-errors aret2o.

surements for the period 1981-1999 gives lineap@nds

that agree with the results bfley et al. (2000. Model (1981-2000) Model (2001-2019)
The model NQ results underestimate the N@ends de- am pm am pm

rived from the measurements for both sunrise and sunset but NO2 4.2+1.8 3.8+12 2.2£1.8 0.96:1.3

the model and observed trends do agree within thericer- N,O 26 26

tainty range. The trends derived from observations are sig- ozone _3.3+0.7 1.3:0.8

nificantly higher than the observed trends ipON(assumed Temperature —0.16+0.14 —0.18+0.18

to be between 2.5 and 3.3% per decade). This resultis in  NOy 2.5+1.1 2.71.2

agreement with the conclusions boley et al. (2000. The HNO3 1.8+1.3 3.4£15

model results show a significant difference (at tel@vel)
in the NG and NO trends for the sunset case only. The
NO; results from Fig3 indicate that UMETRAC is not fully
capturing the magnitude of the change in relative amounts oGolomon 1986. Therefore their concentrations can be in-
NOz and NO seen in the observations over the period 1980fluenced by both circulation changes and in-situ chemical
to 2000. This will be discussed more fully in Sebt2.1  processing. The concentrations of these species in turn con-
where the seasonally dependentN€2nds are examined.  trol the concentration of N® To further investigate the role
Fish et al.(2000 andMcLinden et al.(2001) both show  these species have in determining trends irpNQhe model,
that modelled N@ trends are sensitive to changes in 0zoneNO, and HNQ; vertical column densities (vcds) were calcu-
and temperatureFish et al.(2000 suggest this is primarily  lated from the model output. Every five days Nénd HNQ
due to the reaction, vertical column densities were taken from the model output
and the regression model applied to these time-series to de-
NOz + O3 > NO3 + Oz, ©)  termine linear trends for the period 1980-2000.
which has a strong temperature dependence. To have confi- Modelled NG, and HNG seasonally independent trends
dence in the modelled NCQtrends it is therefore important at Lauder for the period 1980-2000 were calculated to be
for the model to reproduce observed ozone and temperatur€2.5£1.1% per decade and +#8.3% per decade, respec-
trends. The model slightly overestimates the seasonally intively (Tablel). The 2.5% per decade trend in Ni@atches
dependent negative ozone trend (see Bigdthough the dif-  the global rate of increase in2® and is significantly less
ference from observations is within the Bncertainty range. than the observed trends in NO
Temperature trends agree well with both the observations and The fact that HNQ@ is increasing at a lower rate than WO
model showing a small negative 20 hPa temperature trendsuggests that the higher trend in N@ver the period 1980—
Both the observed and modelled temperature trends are n@&000 is gained at the expense of Hy@nd therefore the par-
significantly different from zero at thes2level. titioning in NO, over this period is shifting towards the more
The NQ, chemical family and HN@ are relatively chemically active NQ species and away from the HNO
long lived tracers in the lower stratospheirgsseur and reservoir. Additional analysis is required to determine what
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fraction of the difference between the Nl@d HNG; trends Predicted NG trends (2001-2019) are lower than the
can be attributed to circulation changes and what fraction oftrends for the period 1980-2000 even though th®Nrend

the difference is due to chemical forcing. stays the same. This difference is statistically significant at
the 2 level for the sunset case. Both the absolute and rela-

5.2.1 Annually varying N@trends tive differences between trends for the two periods are larger
for the sunset case.

Figure4 shows the seasonally dependentN€&nds calcu- NOy and HNGQ; vertical column density trends for the pe-

lated by adding two Fourier components (annual and semiriod 2001-2019 are compared with the 1980—2000 trends in

annual) to the basis function describing the trend in the re-Tablel. It is clear from Tablel that the shift in NG trends

gression modelRodeker et al.1998. The trends are taken from 1980-2000 to 2001-2019 is associated with a change

as a percentage of the daily mean. That is, the trends are caln HNOj3 trends between the two periods. As was the case

culated in units of molec cn? per decade and then taken as for the 1980-2000 period, it is a change in partitioning of

a percentage of the annual mean over the whole period (givethe NG, that is resulting in the less than proportional rate of

in the right hand panels of Fig). increase in NQ@relative to NQ (and NO) rather than local
The results shown in Figt indicate that for much of the  changes in the amount of N®@elative to NO.

year, the model N@trends are in good agreement with the  Quantification of how chemical changes (for example

trends derived from observations. The greatest differencefalogen loading and ozone) and circulation changes affect

occur in spring time for both sunrise and sunset cases, wherROy partitioning requires additional analysis of model re-

the model is underestimating the trends seen in the observaults which is outside the scope of this paper.

tions. The model underestimation of the springtime increase It should be reiterated that the results shown here are for

in NO is the cause of the model failing to fully reproduce a solar zenith angle of 90 McLinden et al.(2001) show

the difference between the seasonally independent®N@  that the trends in N@vary significantly with solar zenith

N20O trends for the period 1980 to 2000 (see By. angle. Itis therefore to be expected that different conclusions
The same regression model (with seasonally dependermnay be drawn from analysis of data at different solar zenith

basis functions for the linear trend term) was used to fit theangles.

modelled and measured ozone and 20 hPa temperature time-

series. The seasonal cycle in ozone and 20hPa tempera- | . . .

ture trends was reproduced well by the model (not shown)® Discussion of Arrival Heights results

Therefore ozone and temperature were ruled out as the cau

of the model underprediction of springtime N®ends.

Differences in the timing of the vortex breakup and subse-priva| Heights slant column density comparisons are shown
quent mixing of vortex anq mld—latltU(_je air can also be ruled;, Fig. 5. Twilight (SZA=9C°) data at Arrival Heights are
out as the cause of the differences in the modelled and obgpy available during the autumn (17 February to 21 April)
served Lauder springtime NQrends. Generally, the mixing  ang spring (22 August to 25 October). Because of the large
of vortex air to mid-latitudes occurs in early Summaftic,  annyal cycle, daily and seasonal variability and the discon-
2004, from approximately day 288 (15 October) which is tinyous nature of the data, it is difficult to assess the level of
after the maximum in the trend d!ﬁerencgs (apprommatelyagreement in the data from Fi.
day 240-28 August). The model, if anything, tends to delay Figyre6 shows the processed Arrival Heights time-series
the breakup of the Antarctic polar vortex further reinforcing comparison with the annual mean removed (see Sett.
this conclusion. and Fig.2). Significantly less data are available for Arrival

Stratospheric N@amounts have been shown to be sen-gjghts than for Lauder because of the limited period of
sitive to changes stratospheric water vapokisii et al,  twilight (spring and autumn) at Arrival Heights and gaps in
200Q McLinden et al, 2001). Measured trends in strato- the observation record, particularly in the years 1982-1989.
spheric water vapour are uncertaBPARG 200Q Rosenlof  poth the observed and modelled data for Arrival Heights
etal, 2001, Randel et a.2004. In this study, UMETRAC  ghow greater variability about the mean than the Lauder data.
used a fixed climatology of stratospheric water vapour which - There is good qualitative agreement between observations
may contribute to the discrepancy between modelled and obang model for the mean seasonal cycle at both sunrise and

%?1 Arrival Heights NQ time-series

served NQ trends. sunset. However, during autumn, the model tends to system-
o atically underpredict the observations, possibly for reasons
5.3 Model predictions: Lauder 2001-2019 discussed in Sect.

Table1 (and Fig.3) compares the seasonally independent,6.2  Arrival Heights NQ trends

predicted NQ@ model trends for the period 1 January 2001

to 31 December 2019 with the model trends for the period 1Regression analysis of the Arrival Heights data is compli-
January 1980 to 31 December 2000. cated by the discontinuous nature of the data. We analyse the
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autumn and spring data separately as the chemical and dyver Arrival Heights. Eposidic events of anomalously cold
namical regimes during the two seasons are markedly differstratospheric air over Arrival Heights are associated with
ent and therefore the N@esponse is expected to be different transport of air from the cold vortex core to Arrival Heights,

for the two seasons. No seasonal components were includedhich generally sits below the relatively poorly mixed edge
as part of any of the basis functions used in the regressionf the polar vortex.

model. The temperature basis function was generated by tak-

The basis function describing the effect of the El Chichoning daily Arrival Heights 20hPa temperatures from the
eruption was not used in the regression analysis of the ArNCEP/NCAR reanalysis data-set and fitting them using the
rival Heights data because the first observation available isame regression model as is used for the N&a. The resid-

30 August 1982, approximately five months after the El Chi- ual temperatures from this fitting were then used as the tem-
chon eruption. The El Chichon basis function would include perature basis function for the regression analysis of thg NO
only a decay term and can potentially induce spurious trendlata. The same process was applied to the model 20 hPa tem-
results if included. peratures to generate the model temperature basis function.

Because the N@slant columns are correlated with 20hPa  Figure7 gives the linear, (autumn—upper panel and spring—
temperature, particularly in the springdys and Johnstgn  lower panel) trends in N& N2O, ozone and temperature for
1986, an additional basis function was added to the regresArrival Heights from the model and observations for the pe-
sion model which describes 20 hPa temperature anomaliesod September 1982 to October 2000. It is evident from this
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20 20 The chemically and dynamically disturbed high latitude
Autumn - (17 February to 21 April) spring on the other hand, shows some deviations from previ-

o

% L -

g5 B e ous results (Fig7 lower panel). As expected, the negative

f% 10 — N g% —{10 ozone trends are significantly larger than the autumn case

8 sl § E; . and as mentioned previously, the pN@ends are closer to

g 70 SE { = ] the N;O trends than for autumn.

g0 | il =1 0

g i g l g[ l 2 w s 6.3 Model predictions: Arrival Heights 2000—2019

c = o) o -

T = = 10 The predicted (2001-2019) NOozone and temperature
20 2 trends for Arrival Heights are shown in Tal#l@nd Fig.7. As

- ing - (22 August to 25 Octob - . . . . .
. Spring - (22 August to 25 October) . with the autumn model/observation comparison discussed in

| the previous section, the autumn model predictions are sim-
10 ilar to the Lauder results (see Taldlg NO, increases at a
greater than equivalent rate with respect tgONor the pe-
riod 1982—-2000. This is followed by a shift to a less than
equivalent increase in NOfor 2001-2019. The change in
NO; trends is associated with a change in ozone trends from
a negative trend of-4.1% per decade to a small positive
10 trend (+1.9:4.3% per decade).

- . Spring NG trends for both the 1982—2000 period and the
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B e 2001-2019 period are close to the@trend applied to the

20 _ 0 model. There is a small decrease in the 2001-2019 predicted
S iaidoni 1 trends relative to the 1982-2000 results but the difference

-2 [ ] Mode (20002019) - is less than the autumn case. The large change in model

ol s ozone trends {13.7416.6% per decade to +H(11.0%

L - per decade) in this case is not associated with a significant
-3 -3 change in N@ trends.
Table?2 gives the autumn and spring N@nd HNG; ver-
Fig. 7. Autumn (upper panel) and spring (lower panel) trends in tical column trends derived from Arrival Heights model out-
NO2, N2O, ozone and temperature derived from observations andyyt. HNQ; trends follow a similar pattern to the Lauder data
model results for Arrival Helghts_. Trends are given in % per decade(See Tablel), with a change from low values for 1982-2000
(temperature trends are shown in K/decade). The error&2se to higher values for the 2001-2019 period, the change in
HNOs trends being mirrored by the changes in N@nds.
figure that the 2 uncertainties in the derived trends for both A problem with this picture arises in the autumn data,
the observations and model are large compared to the trendshere the predicted trend in NOs 5.4% per decade, ap-
themselves. Although there is agreement between modellegroximately equal to the HN&trend of 5.2% per decade. If
and observed trends for all cases it is difficult to attribute anyNOy and HNG; trends only were controlling the NQrends,
significance to the comparison given the large uncertainties.then the predicted N£trend would also be expected to be
Modelled and observed autumn N®ends (F|g7 upper close to 5.4% per decade, rather than apprOXimately 1% per
panel) are greater than the spring Nt€ends. It is expected decade as predicted by the model.
that increases in NDand NQ in the springtime polar re- It is clearly important to try and reduce the uncertainty
gions will be offset to some extent by denitrification (and associated with the regression model's estimates of linear
denoxification) of the lower stratosphere which is implied by trends from the Arrival Heights data. At this time, the large
these results but the amounts have not been quantified. Al§vel of uncertainty means no significant conclusions can be
is the case with the Lauder comparison, the model underpredrawn from the Arrival Heights data. A more thorough in-

dicts the rate of increase in NQelative to the observations Vvestigation of the sources of variability in the Arrival Heights
in all cases. data is required.

The autumn N@ trends shown in Figz are similar to the
Lauder results from Flgﬁ The ozone _and 2_OhPa t_empera- 7 Conclusions
ture results are also similar. Thus, at high latitudes in autumn,
the stratosphere is showing a similar response in,M@one 7.1 Lauder
and temperature to mid-latitudes. This is expected given the
quiescent and well mixed nature of the summer and autummodel slant column densities compare well with the mea-
extratropical stratosphere. sured 90 slant columns. Both the annual cycle and diurnal
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Table 2. Autumn and spring trends in NQN2O, ozone, temperature, N@nd HNG; derived from model results for Arrival Heights for
the periods 1982—-2000 and 2001-2019. Trends are given in % per decade (temperature trends are shown in K/decade). The quoted errol
aret2o.

Autumn Spring

Model (1982-2000) Model (2001-2019) Model (1982-2000) Model (2001-2019)

am pm am pm am pm am pm
NO, 47+75 3.%489 1.06t7.3 1.28.0 3.6:40 2AH44 2.H30 1.6t3.2
N>O 2.6 2.6 2.6 2.6
Ozone —4.3+4.6 1.9+4.3 —-13. 71124 1.6t11.0
Temperature 0:80.5 0.Gt0.72 —0.4£3.2 —0.5£4.5
NOy 2.35.0 5.4:7.6 4.6:4.0 3.0t7.6
HNO3 1.2+3.1 5.2t4.1 —0.6+4.6 6.0t5.1

cycle are reproduced by the model. Systematic underpredicmine the nature of the coupling between theNf@rtitioning
tion of the measurements by the model is most likely due toand other variables within the model.

an underprediction of the amount of NOAlthough this af-

fects the absolute values of the N€lant columns, the per- 7.2 Arrival Heights

centage trends from the model are not directly affected by

any mis-specification of the NGamounts. As was the case with the Lauder comparison, the model re-
Modeled and measured linear trends for the period 1980-sults at Arrival Heights reproduce well the measured sea-
2000 agree within the®uncertainty range, for both the sun- sonal and diurnal cycles of NOslant column densities at
rise and sunset cases. Both the model and measuremen§ginrise and sunset. Autumn model results consistently un-
show a greater rate of increase of NE@mpared with NO  derestimate the measured values. The most likely reason for

suggesting a change in the partitioning of the oxides of ni-this is an underestimation of the amount of \i@the model
trogen over Lauder. Model NOand HNG; trends over the  during this season.

same period confirm that, in the model, there is a change in | 5rqe variability in both the measured and modeled slant
partitioning of the NQ family from the reservoir HN@t0  ,ymn densities result in large estimates in the errors of the
the more chemically active NCspecies. trends in NQ, ozone and temperature relative to the trends
The largest discrepancy between modeled and measuratiemselves. This makes interpretation of the trend results
NO trends occurs in springtime when model pt@ends are  difficult and care must be taken in assigning significance to
lower than the trends derived from measurements for boththe conclusions drawn.
sunrise and sunset cases. The annually varying trends still Aytumn trend results for Arrival Heights are similar to the
agree at the@ level. It is not clear at this time what is caus- annually averaged results from Lauder. Ni@creases at a
ing the model to underpredict the N@ends during thistime  ¢5ster rate than PO (and NG in the model) for the period
of the year. Polar vortex air mixing into mid-latitudes does 1980-2000, followed by a decrease in the@nds for the
not occur until early summer which rules out vortex air being 5091-2019 period. Modeled HNOndicates that the parti-
the cause. Failure of the model to capture changes in chemioning of NO, follows a similar course to the Lauder results
istry or dynamics or both could explain the discrepancy inyyith an increase in the relative amount of Né the expense
NO; trends. of HNOs up to approximately the year 2000. This change is
Significant changes in the rate of increase ofN@t a  reversed in the model for the period 2001-2019.
SZA of 90) are predicted by the model for the period 2001~ For the chemically and dynamically active Antarctic
2019 compared with the period 1980-2000. Trends iNO gpring, secular changes in N@artitioning are less pro-
are greater than the trends in® (and NQ) for the pe-  nounced. N@, HNO; and NO (NOy) trends are all simi-
riod 1980-2000 with a reverse for the period 2001-2019.|51 over the whole period of the integration. Denitrification
Changes in the Nptrends are associated with changes in of the polar stratosphere is an important process which oc-
HNO;z trends, the ratios N(INOy and HNG/NOy being an-  cyrs during the winter/spring period and is expected to sig-
ticorrelated. nificantly influence the trends in the oxides of nitrogen over
Concurrent changes in ozone and stratospheric halogeArrival Heights during spring. Currently the model uses a
trends are also found in the model results when comparsimple NAT/ice sedimentation scheme using a fixed sedi-
ing the 1980-2000 period with 2001-2019 but without addi- mentation velocity as thus are not expected to capture the
tional sensitivity experiments it is not possible to fully deter- full detail of this process.

www.atmos-chem-phys.org/acp/4/2227/ Atmos. Chem. Phys., 4, 22382004



2238 H. Struthers et al.: Past and future NO

Results from both Lauder and Arrival Heights demonstrateDeMore, W., Sander, S., Golden, D., Hampson, R., Kurylo, M.,
that changes in N@slant column densities derived from Howard, C., Ravishankara, A., Kolb, D., and Molina, M.: Chem-
UMETRAC output follow the observed trends for the period ical kinetics and photochemical data for use in stratospheric mod-
1981-2000. This suggests processes influencing the nitrogen €lling, Tech. Rep. Evaluation number 12, Pasadena, Ca, 1997.
chemistry within the model are reasonably well representedFsh. D, Roscoe, H., and Johnston, P.: Possible causes of strato-
Interestingly, the model prediction of the trends in Néhd spheric NQ trends observed at Lauder, New Zealand, Geophys.
HNOs for the period 2001-2019 show a reversal compare Res. Lett., 27, 3313-3316, 2000.

d~ . . . o
. . ) Grainger, J. and Ring, J.: Lunar luminescence and solar radiation,
with the period 1981-2000. NQrends are predicted to fall Space Res., 3, 989, 1963.

below the MO trends, associated with an increase in thepcc: pcc, Climate Change 2001: The Scientific Basis, Contribu-
HNOs trends indicating a shift in the partitioning of NO tion of Working Group 1 to the Third Assessment Report of the
away from it’s active form at Lauder and Arrival Heights (au-  Intergovernmental Panel on Climate Change, Tech. rep., Cam-
tumn) over the coming two decades. Additional analysis of bridge, UK, 2001.

the model data is required to examine to what fraction of theJohnston, P. and McKenzie, R.: M@bservations at 455 during
change in N@ and HNG; trends can be attributed to circu- the decreasing phase of solar cycle 21, from 1980 to 1987, J.

lation changes and what fraction is associated with chemical G€ophys. Res., 94, 3473-3486, 1989.
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