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Abstract. The Global Ozone Monitoring by Occulta- to 80km where the semiannual terms start to grow. In the
tion of Stars (GOMOS) instrument onboard the Europeanequatorial MLT the semi-annual terms dominate the temporal
Space Agency’s ENVISAT satellite measures ozone,NO evolution whereas in the mid-latitude MLT annual and semi-
NOs3, H20O, O,, and aerosols using the stellar occultation annual terms compete evenly. In the equatorial stratosphere
method. Global coverage, good vertical resolution and thehe QBO dominates the time development but the solar term
self-calibrating measurement method make GOMOS obseris too weak to be determined. In the MLT above 85km
vations a promising data set for building various climatolo- the solar term grows significantly and ozone has 15-20%
gies and time series. In this paper we present GOMOS nightdependence on the solar cycle. For Nielow 32 km the
time measurements of ozone, Bl@nd NG during six years  annual summer maxima dominates at mid-latitudes whereas
2002-2008. Using zonal averages we show the time evoluin the equatorial region a strong QBO prevails. In northern
tion of the vertical profiles as a function of latitude. In order mid-latitudes a strong solar term appears in the upper strato-
to get continuous coverage in time we restrict the latitudi- sphere. For N@the annual variation dominates giving rise
nal region to 50 S-50 N. Time development is analysed by to summer maxima. The N{distribution is controlled by
fitting constant, annual and semi-annual terms as well as saemperature and ozone.

lar and QBO proxies to the daily time series. Ozone data
cover the stratosphere, mesosphere and lower thermosphere
(MLT). NO2 and NG; data cover the stratosphere. In addi-
tion to detailed analysis of profiles we derive total column

distributions using the fitted time series. GOMOS (Global Ozone Monitoring by Occultation of Stars)
The time-independent constant term is determined with gs a stellar occultation instrument onboard the ENVISAT
good accuracy (better than 1%) for all the three gases. Theatellite (see Bertaux et al. (1991, 2000, 2004); Bertaux et al.
median retrieval accuracy for the annual and semi-annua{2010); Kywla et al. (2004); ESA (2001), http://envisat.esa.
term varies in the range 5-20%. For ozone the annual termgt/handbooks/gomos/ and other articles of this special vol-
dominate in the stratosphere giving early winter ozone max-ume). GOMOS measurements start at altitude of 130 km and
ima at mid-latitudes. Above the ozone layer the annual termshe first few measurements are used to determine star’s undis-
change the phase which results in ozone summer maximurfurbed spectrum (the reference spectrum). The horizontal
up to 80km. In the MLT the annual terms dominate up transmission spectra are calculated from the star spectra mea-
sured through the atmosphere and the reference spectrum.
The integration time is 0.5 s, which gives the altitude sam-
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measures during day and night but only nighttime measure11-16% (19-63 km). From comparisons with other satellite
ments have been validated so far. instrument we can mention, for example, the extensive ACE
The spectral ranges of GOMOS detectors are 248—690 nmyalidation study in Dupuy et al. (2009) and the GOMOS-
755-774nm, and 926-954 nm, which make it possible toMIPAS comparison including also mesospheric altitudes in
retrieve vertical profiles of @ NO,, NOz, H,O, Oy, and  Verronen et al. (2005). GOMOS NQmeasurements have
aerosols. In this work we are concentrating a5y 802, NO3 been compared with HALOE in Hauchecorne et al. (2005),
and they are retrieved from the UV-visible spectral rangewith MIPAS in Verronen et al. (2009) and with ACE-FTS
248-690nm. The retrieved ozone profiles have 2 km verin Kerzenmacher et al. (2008). For N@e have validation
tical resolution below 30 km and 3km above 40km. NO with a balloon borne instrument in Renard et al. (2008).
and NG have 3 km vertical resolution at all altitudes. The In this work we use GOMOS dark limb measurements
details of the retrieval algorithms and data quality are dis-only by requiring the solar zenith angle at the tangent point to
cussed in Kydla et al. (2010); Tamminen et al. (2010), http: be greater than 1071n Fig. 1 we have shown the distribution
llenvisat.esa.int/dataproducts/gomos and in other articles aff GOMOS nighttime measurements during 2002—2009. The
this special volume. good coverage of the winter poles and the missing coverage
GOMOS measurements provide a possibility to investi- of the summer poles are evident. During May—June 2003 and
gate nighttime global vertical distributions of ozone, NO December—August 2005 GOMOS suffered from a malfunc-
and NGQ distributions from the tropopause up to the meso-tioning of the pointing system. In 2003 this can be seen only
sphere and even to the lower thermosphere (ozone only). Was a moderate decrease in the number of measurements but
have earlier presented ozone distributions for the year 20081 2005 a real gap in the measurements was produced. New
in Kyrola et al. (2006) and N§ and NQ distributions in ~ pointing system related problems appeared during 2009 but
Hauchecorne et al. (2005). Now we can extend the analythis study is restricted to 2002—2008. The instrumental prob-
sis over the six year period 2002—2008. The longer periodems of GOMOS have forced to restrict the azimuth range
makes it possible to study various natural cycles in the dataof the pointing system from the original10° to 90° (mea-
We will retrieve annual and semi-annual variation as well assured with respect to the antivelocity vector of ENVISAT) to
variation due to the solar cycle and the quasi-biennial oscil-a window of 20 with a variable center. These changes mean
lation (QBO). The period consider is, however, too short tothat the selection of stars has not been constant during the
study anthropogenic trends in data. Besides providing newiime frame of this study.
insights to the atmospheric dynamics and chemistry, the anal- The solar zenith angle limit 107together with the abil-
ysis gives valuable information about the GOMOS productity of GOMOS to follow and measure stars outside the or-
quality and the consistency of the data sets. bital plane of ENVISAT leads to a variation in the local hour
In Sect. 2 we present the selection of data used for analof measurements. This is important for measurements of
ysis. The method used in the time series fitting is detaileadiurnally varying constituents N§) NOsz and ozone in the
in Sect. 3. Sections 4-6 show results for ozone» Ndd MLT. ENVISAT crossing times of the equator are 10:00 and
NOs, respectively. For each gas we present first time evolu22:00local time. GOMOS tangent point local times cover
tion of profiles using monthly and 20-degree latitudinal av- 1.5h in the equator and 3h at mid-latitudes as shown in
erages. The times series fitting is based on daily data anffig- 2.
10-degree latitudinal averages. We show the time-averaged To assure the reliability of GOMOS data during the whole
constant term and various cyclic components of the verticaime period considered, we have paid special attention to the
profiles. We also calculate vertical column densities usingguality of retrievals from each star individually. In Kjta
the time series fits of profiles. et al. (2006) we studied the quality of GOMOS measure-
ments during 2003 and found that stars with magnitude
weaker than 1.9 (i.e. magnitude larger than) and cooler than
2 Selection of data 7000 K may easily fail to capture the whole ozone profile 15—
100 km. During the course of time GOMOS S/N-ratios have
Like for all new instruments, a lot of effort has been tar- decreased due to aging of the instrument. We have examined
geted to GOMOS geophysical validation and comparisonsdata quality for the 6 year period 2002—-2008 and compared,
with results from other satellite instruments. GOMOS datafor example, time series formed by individual stars. In or-
validation activity has been carried out since the summer ofder to guarantee data quality and consistency over the whole
2002. A comprehensive validation of ozone profiles againstime period considered we have removed all 0zone measure-
ground-based and balloon-borne instruments has been prenents from 57 different stars. The temperatures and magni-
sented in Meijer et al. (2004). Results show that in darktudes of these stars fulfill approximately the limits mentioned
limb GOMOS ozone profile data agree very well with the above. For N@, and NQ all stars were used without regard
correlative data: between 14 and 64 km altitude their differ-of magnitude or temperature of the stars. In all data sets we
ences show only a small (2.5-7.5%) negative bias (GOMOSejected occultations with the obliquity angle (derived from
smaller than the correlative data) with a standard deviation othe angle between the occultation plane and the orbital plane
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Fig. 1. Monthly number of dark limb occultations (solar zenith Local hour

angle greater than 10yin 28 August 2002—-8 August 2009 as a

function of time and latitude. Measurements have been collected=ig. 2. Number of occultations as a function of the local time for
monthly to the 10 latitudinal grid. Occultations that have ended be- GOMOS dark limb occultations (solar zenith angle greater than
fore the 20 km tangent height or that have the obliquity angle largerl07°) in 2004 for two latitude belts. The red line® 5-5 N, the
than 80 have been disregarded. The grid cells that have fewer tharblue line: 46 N-5C° N.

2 measurements carry white colour.

the weighted mean and the median). The uncertainty of the

median value is estimated by the formula
of ENVISAT) larger than 80. The total number of dark limb y

occultations 2002—-2008 were then 277 449 forN@d NG (q3—q1) N
A —

= 1
and 173223 for ozone. o . . 0 1.349/N\ 2(N - 1) 1)
In the monthly and daily time series plots and analysis we o
have adopted the following data gridding: The quartile distancgs — g1 (g3 andgi are 75% and 25%

percentiles, respectively) has been divided by 1.349 in order
— Vertical: data is linearly interpolated to a uniform 1km {0 take into account the relationship of the quartile distance to
grid 15-100km. Flagged data points are not used inthe standard_ deylat|0n in the normal distribution limit. Thl_s_
the analysis. Ozone profiles from 57 cool and dim starsScaled quartile distance is also usgd to measure the variability
of data. The last factor, wher¥ is the number of cases,
takes into account the inefficiency of the median estimator
N . . . see http://mathworld.wolfram.com/StatisticalMedian.html).
- La_tltuqllnal: n monthl_y time series we _have usec 20 ( The nF:inimum number of measurements needed for stazis-
latitudinal bar_1ds. In time Series analy5|§ we have useqical estimation has been setto 5. For smaller number of mea-
10leegrclee latitude banqs with t_he exceiptlpn_ m;the efqua'surements we have ignored the contribution. Typical median
:ﬁge:eg?otnlS%g:ég E'v?/—ggreei%“seesazgiglsclj:tz vgir:jes ;:_ num.ber of measurements in the equatorial ZO—Qegree Ia_ltitu.de
ist li)jlt is 280 in a month. In a day the corresponding median is
The GOMOS data used for this analysis are produced by
— Zonal: data are zonally averaged in latitude bands menthe ESA Level 2 operational processor version 5. This ver-
tioned. sion deviates only slightly from the earlier processor ver-
sion 4. The upcoming version 6 improves the level 1 calibra-
— Time: we have used monthly time step to present thetion and implements the so-called full covariance matrix in
overall behaviour of profiles in time. The time period is the spectral inversion. The calibration update may somewhat
28 August 2002—8 August 2009. In time series analysisalleviate the problem with weak and cool stars and then in-
daily step is used. The time period is1 September 2002-crease the number of useful occultations. The full covariance
31 August 2008. matrix will make the GOMOS error estimates more realistic.
In this work we will not use error estimates in analysis. We
As a statistical average we have used median as the medig@xpect, therefore, that the results obtained in this work can
is more robust against outliers than the normal mean estimade compared to earlier results and that they remain relevant
tor (see Kybla et al. (2006) for the comparison of the mean, for future studies using the upcoming processor version.

were not used in statistical calculations.
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15 . The purpose of the normalisation in Eq. 3 is to make all the
coefficients directly comparable with each other. Moreover,
by selecting the time period to be exactly whole number of
years (6 years 1 September 2002—31 August 2008) the time
average of the serigst equals to the constant term. Notice
that this average differs from the time average of the mea-
sured GOMOS data because of gaps in data whereas the time

- ‘ \ series in Eq. (2) is defined for all the days of the time period
MM% considered.

Normalised proxy
o

A linear trend term is manifestly missing from the time
series Eq. (2). Looking at the solar proxy in Fig. 3 we can
see that in the time period considered, the time smoothed
solar proxy deviates only slightly from a linear trend. The
linear and solar term are, therefore, highly similar. We have
A B 5= P = a5 selected the solar term over the linear term as the former has

Time (year) more structure in time and therefore stronger “fingerprint”.

In the case of stratospheric ozone the annual term in
Fig. 3. Normalised daily proxies (see Eq. 3) as a function of time. EQ. (2) can be justified because of the annual variation of the
The solar F10.7 cm radio flux (red line) serves a solar proxy. TheBrewer-Dobson meridional circulation and the annual vari-
winds at 10hPa (solid green line) and 30hPa (dashed green linegtion of the solar insolation. In the mesosphere the merid-
are proxies for the QBO effects. ional pole-to-pole circulation changes the direction semi-
annually and this is one justification for the semi-annual term
in Eg. (2). Adding higher harmonic terms does not signifi-
cantly improve the quality of fits.

The time series analysis is based on the fitting the daily me- !nstéad of the harmonic terms we could have used physi-
dian profileso (z, ) (z=altitude,r=time) in each latitude belt cally more direct proxies. For example, the strength of the

05K /\

r A : : - ) Yo b

3 Methods

with the following model: Brewer-Dobson circulation has been explained by the esti-
it mate of the Eliassen-Palm flux at 100 hPa in Dhomse et al.
p(z,1)= (2006). We tested this possibility but no additional benefit in
c(2) +5(2) F107(t) +q1.(2) Fap(t) +q2(2) Fiu(t) fitting was obtained.
2 Retrieving the time series coefficients is done by using the
+Z(“" (z)cosnwt) + b, (z)Sin(rwr)) ) weighted least squares fitting. The weights are the estimated
e data covariances for each day. In our analysis we use the

number densities (at geometrical altitudes) because they are
. ; . . the natural units for densities retrieved from GOMOS mea-
geophysical pr'OX|esF10~7, the SOI"?“ 10.7 cm radio floux, 'S& surements. We have also experimented with fitting mixing
proxy for solar influence on the middle atmosphdféoo and ratio data but no clear improvements in the fit quality were
3, are the equatorial winds at 10 hPa and at 30 hPa, respegvident. The monthly time series of the mixing ratios on
tively. They are proxies for quasi-biennial effects (QBO). pressure surfaces can be found at http:/fmilimb.fmi.fi/.

The observational basis for these pI’OXies are discussed in The qua“ty of the f|tt|ng has first been Checked Visu_
Harris et al. (1999) and WMO (2007) and references thereing|ly. More quantitative measures used are the error estimates
We have normalised the solar and QBO terms in Eq. (2) agrom fitting. We have checked the autocorrelation functions

_ _ _ for the fitting residuals and found them reasonably close to
FO =250 =S ON/(fmax= fmin) ®) normal. We have also studieg? values and the coeffi-
where <> represents average over the six year period congient of determinationk? (see http://en.wikipedia.org/wiki/
sidered. Normalised proxies are shown in Fig. 3. Note thatCoefficientof_determination). The last mentioned quantity
for the solar term many authors have adopted a conventiomas turned out to be the most useful measure. The signifi-
where changes are measured in one hundred F10.7 unitgance of the time series components have been investigated
F10.7 values have decreased from about 180 units in ZOOBy fitting various component configurations and inspecting
to 67 units in 2008 i.e., the change is 113 units. Note alsathe changes in th&2 values. As a final check for results we
that the declining phase of the solar cycle during our data pehave done fitting using also monthly time series. Monthly

riod has been unusually long. A time delay in a QBO proxy and daily fits give generally fitting components that are very
is often introduced for non-equatorial regions. Using two close to each other.,

QBO terms, that are almost in quadrature in time (see Fig. 3),
makes the time delay unnecessary.

where w = 27/36525 (1/day). This series includes three
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ig. 5. Monthly ozone number density in the MLT in three latitude

Fig. 4. Monthly ozone number density in the stratosphere in three
Cgelts as a function of time and altitude. The density is scaled by

latitude belts as a function of time and altitude. The density is scale
2om-3 i :
by 1012cm™S. The time covered is 1 August 2002-31 December 108 cm=3. The time covered is 1 August 2002-31 December 2008.

2008. Latitude belts: 30N-5C° N (top), 10 S—1C N (middle), Latitude belts: 30N—50° N (& 10 S-10 N (middle). 30 S—
30° S-50 S (bottom). White space in the panels means that thereSOOIéJ (bottomj (top), (middle),

are not enough data available.

4 Ozone In Fig. 7 we have shown the relative variability of the
ozone monthly time series as a function of time and altitude
In Fig. 4 we show the time development of the ozone num-in three latitude belts. We have subtracted the variability of
ber density in the stratosphere based on monthly medians aritie estimated retrieval errors of GOMOS data. Below 20 km
20-degree latitude belts. The evident variation in time is athe variability is high but otherwise the overall variability in
seasonal cycle at mid-latitudes. During winter and spring thethe stratosphere is low. The median over latitudes and times
ozone layer moves downwards and quite a sharp peak prdn the stratosphere is 5.5% (the same average for retrieval
trudes towards the tropopause in early winter at the northermrrors is 0.6%). Somewhat higher variability appears at mid-
mid-latitudes. At the same time ozone densities in the layerdatitudes during the winter times. In the MLT a very high
increase. At southern mid-latitudes these changes are someariability can be seen around the ozone minimum 75-85 km
what smoother. These changes are consequences of the larged reduced variability around the ozone maximum at 90 km.
scale Brewer-Dobson circulation of ozone from the equato-The median over latitudes and times in the MLT is 19% (the
rial region to high-latitudes. During summer the ozone layersame average for retrieval errors is 1%).
retreats to higher altitudes. The equatorial ozone layer re- How does the diurnal variation of ozone affect these re-
mains relatively stable in time. sults? In Fig. 8 we have shown the diurnal variation of ozone
Figure 5 shows the time development of ozone in the MLT. at three altitudes as estimated from the NCAR ROSE model
A clear semi-annual variation of the second ozone maximumsee also SABER results in Huang et al., 2008). The diurnal
appears at all latitudes. The strongest variation and highvariation can safely be ignored in the stratosphere but not in
est values are seen in the equatorial distribution with maxthe MLT. The diurnal variation affects the variability through
ima around the equinox times. At higher latitudes the semi-the local hour sampling distributions shown in Fig. 2. The
annual peaks seem to be slightly merging through the wintekariability caused by these distributions is 2—4% at 90 km.
season. The spring peak seems to form at somewhat highethe difference in the mean of the two sampling distributions
altitude than the fall peak. During the six years of observa-is below 3% at 90 km.

tions the second maximum seems to be weakening. In order to get a more quantitative view into the systematic
The overall latitudinal distribution of ozone at 20km and  4riations of the ozone distribution in time, we have carried

at 90km is shown in Fig. 6. The 20km surface dissectsqt 4 time series analysis of the ozone number density pro-
the ozone layer at mid-latitudes and shows the winter-springijes in the latitude range 5&-50 N. The latitudinal limits

ozone maxima but lies below the ozone layer at the equatoryye gych that there are no seasonal gaps in data (as would be
The 90 km surface is inside the second ozone layer at all latiy, polar areas). Figure 9 shows an example of the time se-

tudes. During the equinox times the second 0zone maximuMyies fitting to the ozone number density data at 90 km in the

appears at all latitudes, other times it is concentrated Moreyir dinal belt 40 N-5¢° N. The figure also includes the cor-
above the winter pole. responding fit residual and the individual fitting components.

www.atmos-chem-phys.net/10/7723/2010/ Atmos. Chem. Phys., 10, 77237738, 2010
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Fig. 7. Monthly ozone variability in 15-100km in three latitude
belts as a function of time and altitude. The variability shown is the
quartile distance of data subtracted by the quartile distance of th(?_.ig_ 9. An example of the @ number density fitting at 90 km in
retrieval errors (the factor 1/1.349 of Eq. (1) included). The values400 N—5C° N. Time axis unit is day. In the upper panel GOMOS
are relative to the median yalues and in %. Latitude beltS:\B0 measurements are shown by the blue dots and the fit by the black
50°N (top), 10 S-10' N (middle), 30 S-50'S (bottom). line. The residual is shown by red dots. All three scaled by scaled
by 1 cm™3. In the lower panel the identifications are: Annual

) . . . _(aq andb; contributions): dashed red, Semi-annugl @éndb, con-
The solar, QBO and harmonic terms are in relative units W'thtributions): dashed blue, QBO I and g, contributions): solid

respect to the constant term (not shown in this figure). Fig-green, solars): solid magenta. The components have been scaled

ure 9 shows that the fit at 90 km is able to follow reasonablyby a constant coefficient and given in %. The constant term itself

well the large semi-annual oscillation of ozone and it alsohas not been shown.

shows a declining mean ozone content from the solar term in

the MLT. The fit fails to replicate the high ozone values seen

above the sinusoidal maxima (for high values of ozone in theshow the stratospheric main ozone layer and the secondary

MLT, see Smith et al., 2008). ozone layer in the MLT. Besides the two maxima, the deep
The constant term profileg(z) in Eq. 2) at different lat- o0zone minimum around 80 km is noteworthy. The strato-

itudes are shown in Fig. 10 and Fig. 11. The constant termspheric and MLT contributions are nearly symmetric with

has a low median fitting uncertainty of 0.16%. The profiles respect to the equator. The main peak altitude is latitude

Time (year)

Atmos. Chem. Phys., 10, 7723-7738, 2010 www.atmos-chem-phys.net/10/7723/2010/



E. Kyrola et al.: GOMOS trace gases 2002—-2008 7729

100 50

©
(8]

m)

45 -

©
o

85

Altitude (k
8

80

I

75

Altitude (km)
W
o

40

(&)
=]

25¢

20

Altitude (km)
@
o

n
(&)}

Ratio (%) Ratio (%) Ratio (%)

ee—— - — ——
-40  -30 20 -10 0 10 20 30 40
-40  -30 -20 10 0 10 20 30 40

)

n
o

Fig. 12. Fitting components for ozone as a function of altitude in
three latitude belts in the stratosphere. All amplitudes have been

. . ! . . given as a ratio between the original amplitude in Eq. (2) and the
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Latitude (deg

100

90

80

nents vary considerably as a function of altitude. The median
(over latitudes 50S-50 N and altitudes 20—100 km) uncer-
tainty values are in the range 5-15%. The annual amplitudes
(a1 andby) dominate over the semi-annual ones &ndb-).
Below 25 km the annual amplitude increases (absolute value)
at all latitudes towards the tropopause. At the equator the in-
crease takes place below the ozone layer but at mid-latitudes
it is inside the ozone layer. The two componeitsgndb;)
have the same sign and this leads to the winter maxima of
e st s ol ozone in both hemispheres. The amplitude is larger at north-
o Dersitg o ern than at southern latitudes. The second increase of the an-
nual amplitudez; takes place at mid-latitudes in 30—35 km
Fig. 11. The O; constant factor(z) as a function of altitude for ~ giving rise a summer maximum. There is an interesting deep
several latitude belts. The panel in left shows constant profiles 15-minimum at mid-latitudes in the annual oscillation around
100 km at different latitudes. The upper right panel shows the same&5 km.
profiles in the MLT (values scaled by 80and the lower right panel In the MLT below 70 km the firstdz) annual term domi-
in the stratosphere (values scaled bj%0 nates at mid-latitudes all other amplitudes being small. The
annual amplitude (absolute value) reaches 75% in south and
50% in north at 75 km. Notice that these amplitudes have
dependent whereas the MLT structure (minimum and the Se%pposite Signs when Compared to the annual amp"tudes in
ond maXimUm) is almost independent of latitude. If we cal- the ozone |ayer below 25 km. They lead to summer maxima.
culate the total ozone from the constant term in the range 15he signs are changed again when the mid-latitude annual
100 km the ozone column is 244 Dobson units in the equaterms go through zero at 80 km and reaches new maxima
tor, 264 Dobson units in south mid-latitudes and 271 Dobsorpf 85% (south) and 60% (north) around 83 km. The semi-
units in north mid-latitudes. annual amplitudes start to increase after 75 km at all latitudes.
The annual, semi-annual, QBO and solar amplitudes forln the equator the first semi-annual componen) ¢(apidly
the stratosphere are shown in Fig. 12 and for the MLT inincreases up to 85% at 82 km and then slowly decreases at
Fig. 13. The relative uncertainties of the harmonic compo-higher altitudes. At 90 km it is 50% and dominates over other
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Fig. 13. Fitting components as a function of altitude in three latitude . . . .
belts in the MLT. All amplitudes have been given as a ratio betweenFig. 14. The daily vertical partial ozone columns as a function of
the original amplitude in Eq. (2) and the the constant te(m in time and latitude. The columns are calculated from the time se-

Eq. (2) and given in %. Line identifications: Annuah(andby): ries. The upper panel gives the partial column in 80-100km and
solid and dashed red, respectively. Semi-annugbhdb,): solid the lower panel the partial column in 15-100 km. The unit in both
and dashed blue, respectively, sole. (solid magenta. The QBO  figures is Dobson unit (89x 101® molecules cm?).

values are not shown. The zero value line has been shown by a thin

black line. Left: 56 S—40 S, Middle: 10 S-10 N, Right: 40 N—

50° N. spring maxima and low ozone values in the equator. The

lowest values in this altitude limited column distribution are
seen around PN during winter. In the MLT the semi-

amplitudes. This gives maximum ozone density in the begin-annual variation prevails everywhere with largest columns at
ning of April and October. At mid-latitudes around the sec- the equator. The overall structure replicates the zigzag pat-
ond maximum the annual and semi-annual amplitudes havgern already seen in Fig. 6. The equatorial ozone in the MLT
nearly the same (absolute) value. The density shows a miXhows a decreasing trend.
of annual and semi-annual cycles. An example was shownin The results obtained above can be compared with the ear-
Fig. 9. lier results in literature. The limitation of the present data set

The minor components of the time series are the solar ango the declining part of the very peculiar solar cycle 23 must
QBO terms. We have studied changes in Rfevalues for e remembered when results are compared with time series
the fitting time series Eq. (2) where solar, QBO or both arecovering several solar cycles. Results about the annual and
eliminated. In the equatorial area up to 40 km the two QBOsemi-annual cycles are hard to find as the time series are usu-
terms considerably improve the quality of the fitting. The ally deseasonalized before the regression analysis. In Perliski
solar term improves the fits only in the MLT above 85km et al. (1989) the authors show annual and semi-annual am-
(equator and north) and above 90 km (south). Everywhergjitudes in the stratosphere based on SBUV 1978-1987 mea-
else the solar and QBO contributions to the fits are small.  surements and a two-dimensional photochemical model. The

In the equatorial stratosphere QBO terms have relativelycorresponding amplitudes (of mixing ratios) from GOMOS
large values of 8-9% between 20 and 40km. The mediarand SBUV are quite similar.
uncertainty (over altitudes) of the QBO terms is 3.5%. The The physical and chemical processes behind the strato-
QBO shows two cell structure with maxima around 25 km spheric variations of ozone are discussed in detail in Perliski
and 38km. In the MLT the solar term grows with altitude et al. (1989) and in Ko et al. (1989) and summarised in
reaching 20-25% at 100 km with the median relative uncer-Brasseur and Solomon (2005) and in Dessler (2000). The
tainty of 8-10% above 85km. At the second ozone maxi-explanation for the strong semiannual signal in the MLT has
mum the solar contribution is almost zero in the SH but 17—peen sought from the semi-annual change of the pole-to-pole
19% at the equator and northern mid-latitudes. meridional circulation and from the semi-annual variation of

The fit for the ozone times series is defined for all timesthe diurnal tide (see Smith (2004) and references therein).
during the 6 years period, for all latitudes®3®-50 N and  The former affects the $0 amount and therefore the cat-
for all altitudes 15-100 km. Therefore, it is possible to cal- alytic reactions of hydrogen with ozone. The solar tide af-
culate various vertical column distributions. Fig. 14 showsfects O-related ozone chemistry (production and loss) and
the ozone columns in 15-100 km and in 80-100km. Thetemperature. In the stratosphere and MLT the chemical mod-
“total” column shows clearly the mid-latitude ozone winter- elling predicts anticorrelation of temperature and ozone.

Atmos. Chem. Phys., 10, 7723-7738, 2010 www.atmos-chem-phys.net/10/7723/2010/



E. Kyrola et al.: GOMOS trace gases 2002—-2008 7731

o
=)
S

[

40

Altitude (km)

W
o

Altitude (km)
Altitude (km)

@
<)

25 X \ ( "
\\ il
2\
\ 05
20 Z\ \
el 11 0 11 0 1
Correlation Correlation Correlation 03 04 05 06 o7 08 0
Time (years)

Fig. 15. Correlations of the monthly ozone median densities with
the monthly median temperatures (from ECMWF) as a function of Fig. 16. Monthly NO, number density in the stratosphere in three

altitude. Left: 30 S-50 S, Middle: 10 S-10 N, Right: 30 N— latitude belts in 2002—-2008 as a function of time and altitude. The
50° N. Line identifications: DJF: blue, MAM: red, JJA: green, density is scaled by f&tm3. The time covered is 1 August 2002—
SON: cyan. 31 December 2008. Latitude belts: °39-5C° N (top), 10 S—

10° N (middle), 30 S-50 S (bottom).

The correlation of GOMOS monthly ozone and monthly
temperature (from ECMWF) in the stratosphere is shown inmid-latitudes. The “N@ layer” around 30 km starts to ex-
Fig. 15 for four seasons and three latitude regions. In thepand in early winter mainly towards the tropopause but also
equatorial region the correlation is for all seasons positivein a lesser amount to higher altitudes. The maximum extent
below 30 km and changes then to negative. This change cais reached during midsummer. After the maximum the layer
be understood as the transition from the region of dynami-contracts from the lower side while the upper boundary still
cal control to the region of chemical control (see Brasseurincreases. The minimum of the layer is reached in late fall. In
and Solomon, 2005). Mid-latitude correlations show similar the equatorial band a weak semi-annual cycle prevails. The
transitions but not in so uniform way. variability of the NG distribution (not shown) is around 20%
There are many studies on solar cycle effects on stratoat the maximum 30 km. The median over latitudes and times
spheric ozone profiles. Reviews of the results can be foundn the stratosphere is 25% (the same average for retrieval er-
in Harris et al. (1999) and in WMO (2007). In our quite a rorsis 13%). The diurnal variation of N@nd NG; from the
short data set it was not possible to extract the solar respond8CAR ROSE model is shown in Fig. 17. The variability due
in the stratosphere. Using longer satellite data series the sdo the diurnal variation is 3-6%. The difference in the mean
lar effect has been successfully retrieved in Randel and Wif the two sampling distributions is below 4%.
(2007); Soukharev and Hood (2006); Jones et al. (2009). In In Fig. 18 we show an example of the time series fitting
the MLT the solar cycle has been estimated only by vari-in the 46 N-5C N latitude band at 30 km. In this case GO-
ous model simulations. In Marsh et al. (2007) the WACCM3 MOS data are reasonably well fitted with the annual term
simulations indicate 50% increase in the ozone mixing ratiodominating.
from the solar minimum to the solar maximum. In our case The constant term in Figs. 19 and 20 shows a robust dis-
the changes in number densities at the second maximum ateibution around 30km. The median fitting uncertainty is
at most 20%. 0.4%. The maximum values are reached at mid-latitudes.
Many studies have dealt with QBO effects in stratosphericThe overall distribution is quite symmetric with respect to
ozone profiles. Reviews of the results can be found in Harthe equator. The partial column 20-50 km from the con-
ris et al. (1999) and in WMO (2007). GOMOS results agreestant term peaks at mid-latitudes with 5B0°cm~2 in
about the two cell structure in the equatorial stratosphere dissouth and 5.210'°cm~2 in north. The equator column is
cussed, for example, in Randel and Wu (2007). 3.9x10%cm 2.
The fitting components are shown in Fig. 21. At mid-
latitudes the annual amplitude1) is around 10-15% at
5 NO; the maximum (30km) and grows to 60-80% below the
maximum. The annual variation has been analysed from
The nighttime distribution of N@from GOMOS measure- the chemistry and dynamics viewpoints in Bracher et al.
ments is shown in Fig. 16. A clear annual cycle is visible at(2005) and Brohede et al. (2007). At the equator the largest
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Fig. 18. An example of the N@ number density fitting at 30 km in

Fig. 20. The NG, constant factor profiles(z) as a function of
altitude for several latitude belts. The profile values are scaled by

10°.

the 40 N-5C N latitude band. Time axis unit is day. In the upper
panel GOMOS measurements are shown by the blue dots and the fit
by the black line. The residual is shown by red dots. All three scaledth : :
X o e QBO is 18% at the equator around theNfaximum. A
by scaled by 1®cm=3. In the lower panel the identifications are: Q 0 d o
second, smaller peak can be found at 43 km. At mid-latitudes

annual g1 andb4 contributions): dashed red, Semi-annugl &nd . :
by contributions): dashed blue, QBO d1(andg, contributions): the QBO impactis small. The solar term at the equator shows

solid green, solarsj: solid magenta. The components have been N€gative values (i.e. more N@uring the solar minimum) in
scaled by a constant coefficient and given in %. The constant tern29—40km 10%. At southern and northern latitudes negative

itself has not been shown. values are also seen below 35km. In south and at the equa-

tor the solar term is small in the upper stratosphere but at the

northern latitudes the solar term grows to 30% in the upper
harmonic is semi-annual termy) with the amplitude of 6%. stratosphere. In Hood and Soukharev (2006) authors anal-
The median uncertainty of the harmonics varies 4-12%.  yse NG content at altitudes 32-53 km using HALOE results

Both the solar and QBO term improve the quality of the in 1991-2003. They found in the equatorial region negative

NO, fits. The median uncertainties for solar and QBO are invalues of 10% around 35km and 20% around 50 km. GO-
the range of 14-21%. The QBO has a similar nodal struc-MOS results agree with the first finding but do not show the
ture at the equator as ozone had. The maximum amplitude dfarge solar impact in the upper equatorial stratosphere.

Atmos. Chem. Phys., 10, 7723-7738, 2010 www.atmos-chem-phys.net/10/7723/2010/
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Fig. 21. NO, fitting components as a function of altitude in three
latitude belts in the stratosphere. All amplitudes have been given agjg. 22. The daily vertical partial N@ column in 20-50km as a
a ratio between the original amplitude in Eq. (2) and the the con-fynction of time and latitude. The column is calculated from the

stant ternr(z) in Eq. (2) and given in %. Line identifications: An-  time series and scaled by Hamolecules crm2.
nual @1 andb1): solid and dashed red, respectively, Semi-annual

(a2 andby): solid and dashed blue, respectively, QBO 10 hfa ( 50
and 30 hPaqp): solid and dashed green, respectively, solgr (
solid magenta. The zero value line has been shown by a thin black
line. Left: 50 S—40 S, Middle: 10 S—1C N, Right: 40 N-5C° N.

Note that the x-axis ranges vary in panels.

Altitude (km)

Figure 22 shows the NfXotal column in 20-50 km. Clear
annual summer maxima at mid-latitudes and minimum val-
ues in the equatorial region. The maximum regions seem to
be slightly inclined on the time-latitude plane with the maxi-
mum delayed towards higher latitudes.

Altitude (km)

50

8

Altitude (km)

@
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6 NO3

The number density distribution of GOMOS N@easure- Time (years)

ments is shown in Fig. 23. The “NfJayer” shows a re-

markable extent in vertical with the maximum at 40 km. At Fig. 23. Monthly NO3 number density in the stratosphere in three

the mid-latitudes a clear annual cycle is evident with a clearatitude belts in 2002-2008 as a function of time and altitude. The

asymmetry between southern and northern latitudes. Théensity is scaled by ¥&m~3. The time covered is 1 August 2002—

maxima seem to appear at the same time through the layepl December 2008. Latitude belts: “30-5C° N (top), 10°S—

The equatorial N@shows a semi-annual cycle with maxima 19 N (middie), 36 S-50'S (bottom).

at the equinox times. The maxima have more variation than

the o-nes at m|d-|at|tu_des. The vaniability of the BGis- . The latitude distribution and profiles of the constant term

tribution (not shown) is around 30% at 40 km. The median are shown in Fig. 25 and Fig. 26. The median fitting uncer-

variability over latitudes anq times in the': stratosphere i; 56% ainty is 0.6%. T.he constant 'tem.1 shows a remarkable anvil

(the_: same average for ret_rlev_al errors 1s 36%)'. _The dlurnashape with a large latitudinal extent at the maximum density

varla'Flon of N(.% IS sh_own |r; Fig. 17._The varl'c_1b|I|ty due to region around 40km and a deep vertical extent around the

the diurnal var_|at|op 'S 2_4/0' The dlffereonce in the mean Ofequator. The distribution is nearly symmetric with respect

the .tWO sampling d|str|k.)u-t|ons is below 3%. to the equator. The total column from the constant term 25—
Figure 24 shows a fitting example at 40 km (the number50 km peaks in the equator with the columna*2cm-2.

density maximum) at the southern mid-latitude$ 8850 S. At southern mid-latitudes the column is 2602 cm-2 and

The variation at these latitudes can be explained to a Iarg%t northern mid-latitudes 251082 cm—2.

part by the annual term. The solar and QBO terms are very

small.
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Fig. 24. An example of the N@ number density fitting at 40 km
in 40° S-50C S. Time axis unit is day. In the upper panel GOMOS Fig. 25. The NO; constant terna(z) of the time series as a function
measurements are shown by the blue dots and the fit by the blackf latitude and altitude. The scale is 1@m=3.
line. The residual is shown by red dots. All three scaled by scaled
by 10/ cm~3. In the lower panel the identifications are: Annual 50
(a1 andb4 contributions): dashed red, Semi-annual éndb, con-
tributions): dashed blue, QBO %44 and ¢, contributions): solid
green, solars(): solid magenta. The components have been scaled
by a constant coefficient and given in %. The constant term itself
has not been shown.
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The other time series coefficients are shown in Fig. 27.
The annual termd) dominates strongly the time evolution
outside the equatorial region with the maximum amplitude of
60% in south and 40% in north. In the equatorial region the
semi-annual amplitude is around 15% dominating the varia- |
tion. The median uncertainties of the harmonic components
are 6-20%. The inclusion of the QBO improves the fit only
in the equatorial region and has at the N@aximum 10% 25
amplitude. The solar term does not make difference in the ' Density (G
fit even if the contributions in Fig. 27 are large. The median
estimated uncertainty for the solar term is 30% and for therig. 26. The NOy constant terme(z) as a function of altitude for
QBO 27-54%. several latitude belts. The profile values are scaled By 10

Figure 28 shows the total N{xolumn in 25-50km. The
total column shows clear semi-annual variation in the equato-
rial region and annual summer maxima with strongest max-Wherep is the neutral density. The coefficieby is the rate
ima at the southern latitudes. coefficient for NQ+O3 — NO3+O2 andbiz for NO3+NO,

As pointed in Hauchecorne et al. (2005), the fNO *+M — N2Os+M. Both depend on temperature. We have cal-
density is controlled by a temperature sensitive reactionculated the ratio Eq. (4) using GOMOS monthly data for the
NO2+03—NO3+0s. The correlation between temperature same latitude belts used in FIgS 4 and 23. Taklng the median
and NG is shown in Fig. 29 The correlation in 30-45km over times the experimental and theoretical value are inside
is h|gh except the at mid-latitudes during winter when very 20% from each other below 40 km for all latitude regions but
little NO3 can be found. deviate strongly at higher altitudes.

During nighttime ozone and Nfare nearly in equilib-
rium and their ratio can be approximated by (Eq. (5.173)
in Brasseur and Solomon, 2005)

Altitude (km)

w
(&)

PNO; b9

4
po;  pb12 @
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Fig. 29. Correlations of the monthly GOMOS NQOmedian den-

Fig. 27. NOg fitting components as a function of altitude in three gjias with the monthly median temperatures (from ECMWF) as
latitude belts in the stratosphere. All amplitudes have been given as nction of altitude. Left: 30S—-50 S. Middle: 10 S—1G N

a ratio between the original amplitude in Eq. (2) and the the CON-Right: 30° N=5C° N. Line identifications: DJF: blue, MAM: red,
stant terne(z) in Eq. (2) and given in %. Line identifications: An-  j35. green, SON: cyan.

nual @, andby): solid and dashed red, respectively, Semi-annual
(a2 andby): solid and dashed blue, respectively, QBO 10 hfa (

and 30 hPaq): solid and dashed green, respectively, solgr (
solid magenta. The zero value line has been shown by a thin blacllzerent stars. For ozone we found 57 stars that were not able

line. Left: 5> S—40 S, Middle: 10 S—10 N, Right: 40 N-5(° N. {0 provide consistent ozone profile data in 15-100km for

Note that the x-axis ranges vary in panels. the whole 6 year period. For NCand NG all stars were

found useful in the 20-50 km height range. The latitudinal

area analysed was restricted t693-50 N to get continu-

ous time coverage. The polar regions were not investigated

as night (or day) measurements alone cannot provide con-

tinuous coverage. Studies of GOMOS measurementgpf O

NO2, and NQ in the polar regions can be found, for exam-

ple, in Verronen et al. (2006), Sefla et al. (2007), &tard

et al. (2009), and Sofieva et al. (2009).

We analysed the daily time series 0§, ONO,, and NG

- profiles by fitting the series by a time independent constant
term, annual and semi-annual terms, a solar proxy and two

56 QBO proxies. We did not include a linear trend term in our
model because the length of the data set turned out to be too

A A 15 short to distinguish the linear variation and the solar varia-

45

40

+35

130

Latitude (deg)

tion. The fitting has been based on daily median values in
10 latitude belts. The fit was also performed using monthly val-
% 04 G0 o0 o7 0 ues and the results were found to be close to daily results.
Time (years) . . .

The importance of the various terms was examined by calcu-
lating R? and x 2 values for fits. For all three constituents the
constant term, annual and semi-annual term were easily de-
termined. For ozone the QBO terms were found important in
the equatorial stratosphere. Because of the shortness of the
period considered, the fitting of the solar term did not make
7 Conclusions significant improvement in the stratospheric ozone time se-

ries but in the MLT we found large declining trends from
In this paper we have analysed 6 years of GOMOS meathe solar contribution. For Nfboth the QBO and the so-
surements of @ NO,, and NQ. We constructed monthly lar term improved the fits at all latitudes. For lOnly the
and daily time series for the vertical profiles using GOMOS QBO improved the fit. The N@distribution below 40 km
nighttime measurements. The daily time series were first exwas found to be controlled to a large extent by temperature
amined for consistency by comparing time series from dif-and ozone. Notice that a paper by Hauchecorne et al. (2010)

Fig. 28. The daily vertical partial N@ column in 25-50km as a
function of time and latitude The column is calculated from the time
series and scaled by ¥®molecules crm?.
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in this special volume investigates the role of QBO and tem-
perature in tropical ozone, NGand NG distributions mea-
sured by GOMOS.

E. Kybla et al.: GOMOS trace gases 2002—2008

by occultation of stars: an overview of GOMOS measurements
on ENVISAT, Atmos. Chem. Phys. Discuss., 10, 9917-10076,
doi:10.5194/acpd-10-9917-2010, 2010.

In our analysis we have not taken into account the Spe_Bracher, A., Sinnhuber, M., Rozanov,.A.,.and Burrows,.J. P.: Using
cial local hour sampling patterns of GOMOS. This omission & Photochemical model for the validation of M®atellite mea-
may affect the latitude distributions of MLT ozone and strato- Zug;rgfzgssa;gilﬁleg%rlltgi(;gpz_gggﬁggé?’Z%torgos' Chem. Phys.,
spheric NQ and NG. The O_Ii“r”a' effect could be addressed Braéseur, G. IS. aﬁd éolomon, S. Aeronomyy of th.e Middle Atmo-
by classifying data according to the local hour of measure-  gpnere, Springer, Dordrecht, 3rd revised and enlarged edn., 2005.
ment but this obviously reduces the statistical accuracy ofgrohede, S., McLinden, C. A., Berthet, G., Haley, C. S., Murtagh,
results. D., and Sioris, C. E.: A stratospheric N@limatology from

The GOMOS data set presented here can provide new Odin/OSIRIS limb-scatter measurements, Can. J. Phys., 85,
valuable nighttime climatologies for £ NO,, and NG 1253-1274, doi:10.1139/P07-141, 2007.
profiles. Preliminary yearly climatological data sets canBrohede, S., McLinden, C. A., Urban, J., Haley, C. S., Jonsson,
be found at http://fmilimb.fmi.fi/. For stratospheric ozone A I, @nd Murtagh, D.: Odin stratospheric proxy NOy mea-
there are already several climatologies like Fortuin and Surements and climatology, Atmos. Chem. Phys., 8, 5731-5754,
Kelder (1998); Brunner et al. (2006); Randel and Wu (2007); , 00/10-5194/0p 85731:2008, 2008, = = =~
McPeters et al. (2007); HaSS|er etal. (2008). Indljret al. Bodel’<er, G E.: Varia’bilit,y and trer’1ds in t,otal and verti’call’y re-
(2_006) we havg made comparison of GOMOS ?003 results solved stratospheric ozone based on the CATO ozone data set,
with the Fortuin-Kelder results but the comparison of the Atmos. Chem. Phys., 6, 4985-5008, doi:10.5194/acp-6-4985-
present 6 year GOMOS data set with the aforementioned cli- 2006, 2006.
matologies requires a new study. The GOMOS MLT ozoneDessler, A.: The chemistry and physics of stratospheric ozone, Aca-
data climatology is unique but a similar data set can be con- demic Press, 2000.
structed from SABER measurements. Comparisons of MLTDhomse, S., Weber, M., Wohltmann, 1., Rex, M., and Burrows,
data with models will be very interesting as many processes J. P.: On the possible causes of recent increases in northern

in the MLT are still much more uncertain than the ones in
the stratosphere. For NQhere exist a recent climatology
of Brohede et al. (2007, 2008). The NGOMOS data set
is unique as most of the other instruments need sunlight to
work and there is very little N@during daytime.
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