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Abstract. To investigate the effects of decadal solar vari- 1 Introduction
ability on ozone and temperature in the tropical stratosphere,
along with interconnections to other features of the mid- |t has been proposed that variations in Ultra Violet (UV) ir-
dle atmosphere, simultaneous data obtained from the Haloradiance associated with the 11-year solar cycle affect the
gen Occultation Experiment (HALOE) aboard the Upper At- thermal and chemical structures of the middle atmosphere.
mospheric Research Satellite (UARS) and the StratospheriChanges in UV irradiance can influence these structures in
Aerosol and Gas Experiment Il (SAGE II) aboard the Earththe middle atmosphere through modification of photochemi-
Radiation Budget Satellite (ERBS) during the period 1992-cal dissociation rates with associated effects on ozone (Hood,
2004 have been analyzed using a multifunctional regression986; Huang and Brasseur, 1993; Fleming et al., 1995).
model. In general, responses of solar signal on temperaSolar radiations between 200nm and 240nm are primar-
ture and ozone profiles show good agreement for HALOEily responsible for formation of ozone in the stratosphere.
and SAGE Il measurements. The inferred annual-mean so€hanges in irradiance influence directly the heating rates of
lar effect on temperature is found to be positive in the lowerequatorial upper stratosphere. Subsequent changes in strato-
stratosphere (max 1420.5 K/ 100 sfu) and near stratopause, spheric temperature and wind resulting from this perturba-
while negative in the middle stratosphere. The inferred so+ion in radiative heating could propagate downward, affect-
lar effect on ozone is found to be significant in most of the ing the tropospheric circulation and climate (Haigh, 1996,
stratosphere @21.1-4+1.6%/100 sfu). These observed re- 1999; Rind et al., 2002). An 11-year solar modulation
sults are in reasonable agreement with model simulationsof stratospheric ozone would have an impact on chemical
Solar signals in ozone and temperature are in phase in thand thereby thermal structures of the stratosphere and meso-
lower stratosphere and they are out of phase in the uppesphere (Brasseur et al., 1987; Wuebbles et al., 1991; Haigh,
stratosphere. These inferred solar effects on ozone and tem-996). For this reason, solar-induced changes in strato-
perature are found to vary dramatically during some monthsspheric ozone are critical for determining the exact nature
at least in some altitude regions. Solar effects on temperaof the atmospheric response to solar variability.
ture are found to be negative from August to March between A number of both modeling and observational studies have
9mb-3mb pressure levels while solar effects on 0zone argeported the effects of 11-year solar variability on ozone and
maximum during January-March near 10 mb in the North-temperature over the low-latitude regions (Callis and Nealy,
ern Hemisphere and 5 mb—7 mb in the Southern Hemisphere,987; Stolarski et al., 1991; Brasseur, 1993; Fleming et al.,
1995; Haigh, 1996). To assess the potential impact of so-
. ) lar UV changes on stratospheric ozone, both the 2-D pho-
Keywords. lonosphere (Solar radiation and cosmic ray ef-y,chemical transport models (Brasseur, 1993; Haigh, 1994:
fects) — Atmospheric composition and structure (PressureFleming et al., 1995) and the General Circulation Models
density and temperature) — Meteorology and atmospheric dy;g civis) (Shindell et al., 1999) have been used. These studies
namics (Middle atmosphere dynamics) predict a maximum change of around 2—4% near 40 km with
gradually decreasing changes above and below this height.
There are model simulations focused on the solar response on
Correspondence tdS. Fadnavis total ozone whose main contribution comes from the lower
(suvarna@tropmet.res.in) stratosphere (Jackman et al., 1996; Zerefos et al., 1997). The
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observed changes in total ozone associated with 11-year solémwer stratosphere with a strong signal near 25km. Keck-
variability are within 1-2% according to analyses of ground- hut et al. (2005) reported a 1-2 K positive effect in the mid-
based (Angell, 1989; Miller et al., 1992; Zerefos et al., 1997) dle and upper stratosphere. Dunkerton et al. (1998) found a
and global satellite ozone records (Chandra and McPeters;1.1-K response to the solar cycle integrated over the alti-
1994; Hood, 1997; Randel et al., 1999). Predicted changes itude range 29-55 km. In agreement with the 2-D (Brasseur,
ozone column amounts arel.5% with small seasonal vari- 1993; Haigh, 1994) and GCM (Shindell et al., 1999) model
ation. The Solar Backscattered Ultra Violet (SBUV) ozone predictions, the overlap-adjusted MSU-SSU data show a so-
column data also show a solar signal o1.5-2% in the lar effect of 0.2-0.8 K over tropical stratosphere with a max-
global mean total ozone (Hood, 1997). Ozone profiles ob-imum (0.8 K) near 40 km (Ramaswamy et al., 2001; Hood
tained from Nimbus 7 SBUV during the period 1980-1995 and Soukharev, 2001).
indicate an increase 6£4% from solar minimum to solar Using HALOE temperature data, Remsberg and Deaver
maximum in the tropical upper stratosphere. In the upper(2005) analyzed the solar cycle response over the latitude
stratosphere of low latitudes, changes associated with the s@ones from 40N to 40 S, divided into 10 deg wide latitu-
lar variation increase with altitude and attain a maximumdinal belts. Over the upper stratosphere they reported a so-
value near 43km (McCormack and Hood, 1996; Chandralar signal with amplitudes varying from 0.72 to 1.18 K. The
and McPeters, 1994). In the equatorial middle atmosphereorrelation between the solar cycle and stratospheric tem-
SBUV ozone for the period 1979-1993 (McCormack and perature has been studied by Loon and Labitzke (1999) and
Hood, 1996; Lee and Smith, 2003) and SAGE Il ozone for Crooks and Gray (2005), who suggested a possible inter-
the period 1984-1998 (Lee and Smith, 2003) show the exaction between the solar cycle and the QBO signal. Very
istence of a negative solar response near 30km. Lee anféw studies have been reported on the inter relationship of
Smith (2003) reported that this may be associated with thelecadal solar response in temperature and ozone (Saraf and
Quasi-Biennial Oscillation (QBO) and two major volcanic Beig, 2003; Hood et al., 1993). Decadal solar variations
eruptions: El Chichon in 1982 and Mount Pinatubo in 1991. of ozone and temperature were in phase in the upper strato-
In support of this suggestion, they ran a 2-D model simula-sphere and they were out of phase in the lower stratosphere
tion considering 11-year solar flux variations as only external(Saraf and Beig, 2003). Saraf and Beig (2003) have in-
forcing (without QBO or volcanic effects) and this showed vestigated these interconnections for the lower stratosphere.
positive peak values in the equatorial upper stratosphere. liHowever, their study was limited to a specific region.
contrast to the negative solar response in SBUV and SAGE Il As evident from the above discussions, although a num-
observations (Lee and Smith, 2003), 2-D and GCM modelber of scattered modeling and limited observational results
studies predict a strong positive response-2+4% near the  are available, they differ considerably. Simultaneous inter-
stratopause. Similarly, over lower stratosphere these modelsomparison of solar signal in ozone and temperature has not
predicted that the solar response is much smaller than obsebeen adequately archieved so far. Moreover, seasonal varia-
vational records. The Nimbus 7 SBUV ozone profile datation in the solar signal of temperature and ozone using satel-
show that changes in ozone associated with solar variabiltite data has not yet been attempted. Here in order to narrow
ity at the 40-50-km altitude range are larger by a factor of 2down the uncertainty and to address the above-mentioned
compared to these model predictions (Hood and Soukharewroblem, an attempt has been made to study the solar ef-
2001). fect on ozone and temperature for all stratospheric altitudes
Similar to ozone, there are substantial differences betweewver the tropical belt, as revealed from a variety of simulta-
the observational and model predicted solar effects on temneous measurements made by the HALOE and SAGE Il in-
perature. Fourteen years (1980-1995) of National Meteorostruments from 1992 to 2004. Results obtained are compared
logical Center (NMC) temperature data show a temperaturevith earlier available results and discussed in detail.
increase of 1-2 K from solar minimum to solar maximum,
from lower to upper stratosphere, passing through a nega-
tive value~—1K near 32 km (McCormack and Hood, 1996; 2 Data and analysis
Ramaswamy et al., 2001). In the lower stratosphere, the so-
lar effect in a 2-D model is much smaller than the observedThe vertical structure of middle atmospheric temperature
changes (Brasseur, 1993). In agreement with the NMC obas well as the concentrations of ozone and other species
servations, SSU/MSU satellite measurements (Hood, 2004 as been monitored by HALOE from October 1991 to the
Observatorie-Haute-Provence (OHP) lidar records (Keckhupresent. The operation of the HALOE instrument has been
etal., 1995), and rocket records (Kokin et al., 1990) recordederminated by the end of 2005. Since HALOE is a solar
a negative solar effect near 30 km. This alteration in sign withoccultation instrument, measurements are only made during
altitude is likely due to dynamical effects (Balachandran andlimb-viewing conditions (sunrise and sunset). The latitudi-
Rind, 1995). On the other hand, Labitzke et al. (2002) andnal coverage of these measurements is from3@ 80 N
Labitzke (2001) reported a temperature increase of 1-2 Kover the course of a year. The UARS orbit has an inclina-
from solar minimum to solar maximum in the equatorial tion of 57 and a period of about 96 min. This results in
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the measurement of thirty profiles per day at two quasi-fixed In order to remove the effects of signals other than the 11-
latitudes (one corresponding to sunrise and the other correyear solar cycle — that is, natural periodic signals like the
sponding to sunset). Data on temperature and ozone volum@BO and ENSO, as well as the linear trend in solar irra-
mixing ratio are stored as NETCDF files on the NASA web- diance - we use a regression model, which is an extended
site: http://haloethree.larc.nasa.gov/download/ version of the model of Stolarski et al. (1991) and Randel

The present work analyzes monthly mean temperature ang"d Cobb (1994). The general expression for the regression
ozone profiles over the tropics (38-30 N) for the period ~ Model equation can be written as follows:
January 1992 to August 2004 and for the pressure levels fron@(t’ 2) = a(z) + B(z)Trend?) + y(z2) OBO(1)+
54 mbar to 0.8 mbar — i.e. an approximate altitude range of .
20 to 50 km. Analysis has been performed over latitudinal d(z)Solart) + (z)ENSQ(r) + residr) , (1)
belts of 0-30N and 0-30S separately. In a selected lati- whered(t,z) are monthly mean temperature or ozone volume
tudinal belt 5-15 data points are available for a month. Onmixing ratios. The model uses the harmonic expansion to
average, there are about 6 sunrise/sunset measurements ig&lculate coefficients, 8, y, ands. The harmonic expansion
month during the years 1992 to 1998. However, since 1999or «(t) is given as:
the sampling of data for some months (like January) is poor. )
Hence, results of January should be concluded with precau® () = AO + Al cosor + A2 sinwr + A3 COS 2t
tion. However, for other months, sampling is much better. +A4 sin 2wt + A5 cos 3ot + A6 sin 3wt + A7 cos 4ot

HALOE does not retrieve temperature at altitudes above  +A8sin4wr, )
5mb, but rather uses the temperature estimates from the Na- _ .
tional Centre for Environmental Prediction (NCEP) analysis where w=2r/12; AD, AL, A2 ....... are constants and

There is good agreement between the HALOE and NCEP(tzl’2 ) IS the_ time indexa, f, , 8 and? are cal-
. . . . culated at every altitude and hence they are altitude (pressure
temperatures in their altitude region of overlap (35km-

40 km) (Remsberg et al., 2002). Sunrise and sunset data arlgvel) (z) dependentin Eq. (1). For a particular altitude (pres-

- ; sure level) these are calculated for every month and hence are

separately analyzed to avoid interference due to diurnal cy-. .
cle. However, measurements are made at different periodtsIme dependantin Eq. (2). .

) , As a QBO proxy, QBO (t), we use Singapore monthly-

of the month (for example, in January 1992, profiles are ob-mean QBO zonal winds (m/s) at 30mbar. For the solar

tained at. the end of the ’.“OT‘”‘ while in January 1993 prOfiIeSflux time series solar (t), we use the Ottawa monthly-mean
are obtained at the beginning of the month). This may als 10.7 solar radio flux (’standard flux units (sfu)). As an

lead to minor tidal mterferenc:es. Sunrlsg apd sunset solar e ENSO oroxy ENSO (f) we use the Southern Oscillation In-
fects are averaged over a 0230 belt. Similarly, they are

averaged over a 03 belt dex (SOI), which is the Tahiti (¥8S, 150 W) minus Darwin

' (13 S, 13T E) monthly-mean sea-level pressures (mbar).

Along with HALOE measurements, the SAGE Il measure- Here,a(z) B(2) y(2),05(z) ande(z) are the time-dependent,

ments (version 6.2) for ozone and temperature are obtaineglo_month, seasonal, trend, QBO, solar flux and ENSO co-
over the same period and region. The SAGE Il sensor wagfficients, respectively, and resid (t) represents the residues
launched in October 1984. This instrument uses the solap, noise. The model performs multiple regression analyses
occultation technique to measure attenuated solar radiatiogt time series at each given pressure level. In the present
through the Earth’s limb. Hence, it vertically scans the limb study, the solar effect on stratospheric sunrise temperature
of the atmosphere during spacecraft sunsets and sunrisegng sunset temperature are obtained separately at each given
The 57 inclined orbit of the ERBS spacecraft evenly dis- stratospheric pressure level, using the above-mentioned mul-
tributes the SAGE Il measurements every 24 longitude tjfunctional regression model. Sunrise and sunset solar coef-
along a slowly shifting latitude circle. Ozone measurementssicients are then averaged to obtain a single solar coefficient
are carried out in a channel centered at 600 nm (Cunnold e4t each level. Similar analysis is done for the ozone time

al., 1989). Over the course of roughly 1 month, SAGE Il series. Solar coefficients obtained are significant at the one

recorded observations at latitudes betweeh3®@&nd 80N.  sigma error level (68.3% confidence level). The time series

Thus, about 15 profiles for each event, at sunrise and sunsegf zona| mean, latitudinally averaged (0230and 0-30 S)

but on a different day are available each month at a given latiALOE sunrise and sunset temperatures over the period Jan-

itude. The data used in the present study are available on th,g:ary 1992-August 2004 at 10 mbard2 km) are shown in

website:http://badc.nerc.ac.uk/data/sage2 Fig. 1. It indicates adequate sampling over the selected lati-
Sunrise and sunset data are analyzed separately to avotddinal belts.

diurnal cycle interference. Sunrise and sunset solar effects Both HALOE and SAGE Il instruments are solar occulta-

are then averaged over the tropical belts of 0#80Sim- tion instruments, where measurements are made only during

ilarly, they are averaged over the belt of 0230 Zonally  limb-viewing conditions (sunrise and sunset). Their latitu-
averaged, monthly-mean data are thus used for each pressulaal coverage is from 8@ to 80 N over the course of a
level in our analysis. year. About 15 profiles for each event, at sunrise and sunset
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Fig. 1. Time series of zonal mean (0-38) and (0-30 S) sunrise and sunset HALOE temperature over the period January 1992—August
2004 at 10 mb+{32 km).

but on a different day, are available each month at a giver8 Results
latitude. Although there are similarities in the observations
made by HALOE and SAGE Il instruments, analyzed results3.1 Solar effect on ozone
may differ because of many reasons. Their spatial coverage
may differ over the selected latitudinal belt (for example, for To estimate the seasonal distribution, solar regression coeffi-
a month, HALOE may view 10-2%5 and SAGE may view cients for each month are averaged for all the years. These
12-30 S). Their sampling period may differ (for example, averaged monthly coefficients are further averaged to obtain
during December 2002, SAGE |l does not sample any datan annual regression coefficient at that level. The vertical
over 0-30 S, where as HALOE samples 8 points during the variation of the annually-averaged solar effect on HALOE
same month and over same belt). Moreover, each instrumergnd SAGE Il ozone over 0—-3MN and 0-30S belts are
makes measurements at different periods in a month, whiclshown in Figs. 2a and b, respectively, along with the one
may give rise to tidal error. sigma error limit. These results are compared with the so-
Because of the limited duration of the data records (13lar component obtained from the SBUV data (McCormack
years), there is the possibility of aliasing between solar cycleand Hood, 1996), 2-D model simulations (Brasseur, 1993;
variability and the nonlinear trend. Regression analysis usedHaigh, 1994), 1-D model simulation (Fleming et al., 1995)
may not distinguish between a true signal in response to thand a GCM (Shindell et al., 1999). According to our anal-
11-year solar cycle and the signal in response to the otheysis, the solar effect on HALOE and SAGE Il ozone is
geophysical forcing on quasi-decadal time scales. Longenegative near 23 mb~26 km) and then positive over the
observational data records, at least 2—3 decades, are necasst of the stratosphere, in both hemispheres and is statis-
sary to isolate the solar cycle precisely. tically significant for almost all the heights. The magni-
In the discussion that follows, we group pressure levelstude of the solar coefficient varies with altitude. Over the
27 mb-10mb £ 25km-32km) as the middle stratosphere 0—3C N latitudinal belt (Fig. 2a), solar effects on HALOE
and 10 mb-0.8 mb¢32 km-50 km) as the upper stratosphere ozone are negligible at 27 mb-25 km), increasing to a max-
and the seasons as: Winter: December—January—Februammum of 4+1.6%/100 sfu by around 10 mb-82 km), and
Spring: March-April-May; Summer: June-July—August; declining above that level. It remains almost constant at
Autumn: September—October—November. 241.1%/100 sfu in the middle stratosphere and then becomes
insignificant near the stratopause. Solar effects on SAGE Il
ozone exhibit similar variations as those seen in the HALOE
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Fig. 2. The vertical distribution of annual mean solar coefficient of ozone (%/100 sfu) as obtained in the present study (— HALOE profile)
and & SAGE Il profile) are compared with the results from SBUV data (McCormack and Hood, 1996), indicated by the scatter plot (=), 2-D
model (Haigh, 1994) (-X-), 1-D model (Fleming et al., 1995) (-+), GCM (Shindell et al.,1999) (--), 2-D model (Brasseur, 1993) ( -) over (a)
0-3C N (b) 0-30C S latitudinal belts.

profile in the middle stratosphere, except for an additionalstratospheric ozone for 3-4 years after the eruption (Lee and
peak near 2 mb—3 mb. The reason for this peak could be tha®mith, 2003). In support of this suggestion, they ran a 2-D
both HALOE and SAGE Il observations are made at a dif- model simulation considering the 11-year solar flux variation
ferent period in a month and the sampling period of these in-as only external forcing (without QBO or volcanic effects)
struments also differs. This can give rise to tidal error, whichand this showed positive peak values in the equatorial upper
amplifies with an increase in altitude. Spatial coverage ofstratosphere. Study of ozonesonde data from various stations
these instruments can differ for a month over a selected latiin India shows a solar effect 6f4-15%/100 sfu over the
tudinal belt. middle stratosphere, with a maximum near 32 km (Saraf and

In general, HALOE, SAGE I, 2-D, 1-D models and GCM Beig, 2003). Although the amplitude of the solar effect is

) o e - much higher than in the present study (which may be due
profiles show similar variations and positive solar response

over 22 mb-0.7 mb (27 km—50 km). In the upper stratosphergo the specific locations of the ozonesonde observations), the

of the 0—30 N belt, 2-D model simulation (Brasseur, 1993; peak near 32 km is consistent with our analysis.

Haigh, 1994) and GCM (Shindell et al., 1999) profiles lie  Figure 2b exhibits the vertical profile of the annual mean
within one sigma error limit of the HALOE profile. In con- solar effect on ozone over the 03B belt. Similar to the
trast to HALOE, SAGE II, 2-D, 1-D models and GCM re- 0-3C N latitudinal belt, the solar effects in the HALOE
sults, SBUV (McCormack and Hood, 1996; Lee and Smith,and SAGE Il ozone are negative near 23 mb (26 km) which
2003) and SAGE Il (Lee and Smith, 2003) ozone data indi-then increase to a maximum of=0.95%/100 sfu near 3 mb
cate a negative solar effect in the equatorial middle strato{~40km) in the SAGE Il profile and-20.78%/100 sfu near
sphere. This apparent negative effect has been attributed bmb (~38 km) in the HALOE profile, and declines above
QBO and two major volcanic eruptions, separated by abouthat level. In general, HALOE and SAGE Il profiles show
9 years. Both eruptions occurred after the solar maximum insimilar variations. Their variabilities are within the one
the SBUV and SAGE Il data periods. The volcanic effect on sigma error limit of each other in the middle stratosphere and
the solar cycle analysis of ozone variability, using multiple near stratopause, while a significant difference can be seen
regressions, is expected to be significant. These major volenly in the upper stratosphere. The maximum differences in
canic eruptions enhanced the amount of stratospheric aerostteir magnitude are observed near 2-3 mb. Similar to the O—
loading in the equatorial lower stratosphere, which induced30° N belt, the 2-D model (Haigh, 1994) and GCM (Shindell
intensified upward motion and reduced the equatorial loweret al., 1999) simulation profiles agree well with the HALOE
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Fig. 3. Vertical distribution of the monthly variation of the solar coefficient (%/100 sfu) obtained from the HALOE ¢ap@8e3C N (b)
0-3C S. Monthly variation of 1 sigma error (%/100 sfu) in the solar effect on ozone is over-plotted with thin lines.

profile in the upper stratosphere. In general, the HALOE andregion, with a pocket of negative coefficients during March
SAGEII profiles are in good agreement with the 2-D model and September near 27 mbZ5km). In the middle strato-
and GCM simulations but not with the SBUV results. sphere, not much seasonal variation is seen, consistent with
The HALOE and SAGE Il profiles show similar variations the results of Brasseur (1993) over the tropics. In the 18 mb—
in the respective belts. These profiles show good agreemertmb (~28 km—33 km) region, a strong, positive solar coeffi-
in the middle stratosphere (they lie within the error bars of cient with values greater than 6%/100 sfu are observed dur-
each other) while they differ in the upper stratosphere. So-4ng the months of January, February and March, in the North-
lar signals in the HALOE and SAGE Il ozone show a peak in ern Hemisphere. Similar high values are observed during
both the 0-30N and 0-30 S belts at different altitudes. The these months but at higher altitudes3mb) in the Southern
HALOE profile exhibits a peak near 10mb (32km) in the Hemisphere. The effect of these high positive values can be
Northern Hemisphere and rea# mb (38 km) in the South- seen as a peak in the annual mean profile. Oscillation of a
ern Hemisphere. Over the 039 belt, the solar response 3-5 month periodicity is observed above 2mb in both hemi-
in the SAGE Il ozone shows two maxima, one near 10 -mbspheres.
(similar to HALOE) and another near the 3-mb level. In  Figures 4a and b show monthly distributions of the solar
the Southern Hemisphere it shows only one peak near the 3effect on SAGE Il ozone over 0-30I and 0-30 S belts, re-
mb pressure level. Interestingly, the maximum solar effectspectively. The corresponding one sigma error limit is over-
on ozone (HALOE and SAGE II) near 10 mb in the North- plotted with thin lines. A strong positive solar coefficient
ern Hemispheric belt and near 7 mb—4 mb in the Southerrwith values greater than 6%/100 sfu is observed near 10 mb
Hemispheric belt, as observed in the present analysis, haveuring January, February and March over the G-8Melt,
not been reported previously. This aspect is related to thevhich is observed at higher altitudes4 mb) in the South-
seasonal distributions of the solar effect on ozone (see Disern Hemisphere. Such a strong, positive solar coefficient is
cussion section). also observed in the solar effects on the HALOE ozone over
Figures 3a and b show the monthly variation of the solarSimilar pressure levels of respective latitudinal belts. The
effect on ozone (%/100 sfu), as obtained from HALOE, over monthly distribution of solar effects on SAGE Il ozone is
0-30 N and 0-30S, respectively, for the 27 mb—0.8mb quite similar to that of the HALOE ozone over the 0=30
pressure levels~25km-50km). The corresponding one belt while their structure differs over the 039 belt. Os-
sigma error limit is over-plotted with thin lines. Over both cillation of a 3-5 month periodicity is observed above 2 mb
the northern and southern belts, a positive solar coefficientn both hemispheres.
of ~2—-6%/100 sfu is observed in most of the stratospheric
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SAGEIl ozone (0-30N SAGEIl ozone (0-30S
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2006-07-D3-11:45

Fig. 4. Vertical distribution of monthly variation of solar coefficient (%/100 sfu) obtained from SAGE Il otanp@-30 N (b) 0-3C S.
Monthly variation of 1 sigma error (%/100 sfu) in the solar effect on ozone is over-plotted with thin lines.

3.2 Solar effect on temperature ern Hemisphere. The vertical profile of the solar coefficients
obtained from the SAGE Il temperature shows similar varia-

. o . tions as that of the HALOE profile over the respective belts,
The vertical variations of the annual mean solar regressmrbxcept for a minimum solar response near 5mb (37 km) in-

coefficient,§(z), deduced from HALOE and SAGE Il tem- o4 of 10mb (32km). In both 0-38 and 0-30'S belts
peratures over the 0-30l and 0-30'S belts, are shown in e AL OF and SAGE I profiles lie within the one sigma er-
Figs. 5a and b, respectively, with a one sigma error limit. it of each other, except in the region of minimum solar

Figure 5 also shows the results obtained by Rocke.tsonde ar\%sponse. The variation of the HALOE and SAGE Il vertical
SSU/MSU temperature (Keckhut et al., 2005), National IVle'profiles, as obtained in present study, are broadly consistent

teorological Center (NMC) temperature (McCormack and it the NMC (in the Northern Hemisphere) and the SBUV

Hood, 1996), SBUV (McCormack and Hood, 1996), 2- iy hoth hemispheres ) observational results in the middle
D model simulations (Brasseur, 1993 and Haigh, 1994).q 4t05phere. The derived solar effects in the HALOE and
and one-dimensional Fixed Dynamical Heating (FDH) ra- gAGE || temperatures are smaller than the 2-D, FDH and
diative model simulations (McCormack and Hood, 1996). sgy results in the upper stratosphere and the SSU/MSU
Figure 5a shows that the solar coefficient obtained fromyqq 1t (Keckhut et al., 2005) in the middle stratosphere over
the HALOE temperature is found to be significant in the i hemispheres. The differences in the magnitudes of so-
lower (below 18 mb that is below 28km) and upper strato-|5; coefficients obtained by different workers could be due
sphere (above 2mb that is abové3 km), butitis insignif- ¢, yhe gifference in the latitudinal region considered in each
icant in the mid-stratosphere over the 0=BDbelt. Over study. The 2-D results by Brasseur (1993) are %t 5the

the 0-30 S belt the HALOE profile shows similar varia- 5_p rasuits by Haigh (1994) are over 03 the SSU/MSU
tions but it is significant almost throughout the stratosphere.oq its are over the sub-tropics and the NMC results are over
Over both belt_s the solar response in HALOE temperature i%he entire globe. What is worth noting is that the shape of
found to be highest+1.1+0.23 K/100 sfu) at about 27mb 0 ertical profiles is largely consistent with the results ob-
(~25km). This starts decreasing and becomes negligiblgaine here. Present results indicate (over both hemispheres)
between 7mb-2mb (35km—43km). Above 2mb (abovey minimum solar coefficient around 10 mby32 km) in the

43 km), it again increases with height and reachesla' valugya| o profile and 5mb 437 km) in the SAGE Il temper-
of ~0.7:£0.3 K/100 sfu near the stratopause. The miniMum 4y e profile, where the coefficient becomes negative. It is

solar response in the HALOE temperature is more prominen‘nsignificant in the HALOE and SAGE Il profiles over the
in the Southern Hemisphere as compared to that in the North-
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Fig. 5. The vertical distribution of the annual mean solar coefficient of temperature (K/100 sfu) as obtained in the present study (- HALOE
profile) and £ SAGE Il profile) are compared with Rocketsonde (Keckhut et al., 20Q5%) (SSU/MSU (Keckhut et al., 2005) (-+-), NMC

results (McCormack and Hood, 1996) (), FDH model results (McCormack and Hood, 1996) (-*-), 2-D model results (Brasseur, 1993) (-)
and 2-D model results (Haigh, 1994) Y over(a) 0—-3C N (b) 0-3C S latitudinal belts.

0-3C N belt. It is significant in the SAGE Il profile and in- reported in Remsberg and Deaver (2005). This could be due
significant in the HALOE profile over the 0-38 belt. The to an averaging of responses in the temperature profiles over
change in temperature from NCEP to the HALOEBan-  the entire tropical belt. From the ERA-40 data set for the
nel, near 5mb+37 km), may affect these altitudes. This period 1979-2001, Crooks and Gray (2005) found a pos-
may be the reason why the HALOE profile shows solar min-itive solar effect throughout the tropical stratosphere, with
imum at a different pressure level than that of the SAGE Il an amplitude of 1.75K, peaking at 43km. In the middle
profile. A negative solar response is also evident in thestratosphere solar coefficients were observed to vary from
SBUV, NMC and FDH model profiles, as shown in Fig. 5. 0.18 to 0.81 K/100 sfu over different Indian stations (Saraf
Such negative solar response is also observed over norttand Beig, 2003). Using radiosonde and rocketsonde data,
ern latitudes in satellite derived profiles (Ramaswamy et al. Angell (1991) estimated a solar cycle variation of approx-
2001), in the OHP lidar record (Keckhut et al., 1995) and inimately 0.2 K-0.8K, from the lower to upper stratosphere.
a rocket record (Kokin et al., 1990) near 30 km. Balachan-The overlap-adjusted SSU plus MSU data sets deduce a so-
dran and Rind (1995) reported that this alternation of the sigrilar component of the order of 0.5K to 1.0 K throughout the
of the solar signal could be due to a dynamical effect. Con-low-latitude stratosphere (Hood and Soukharev, 2001). Ra-
sistent with the present results, Hood (2004) found a positivenaswamy et al. (2001) reported a solar signah@%.5 K—
temperature response maximizing at the stratopause. Later, 1.0 K in the Nash (SSU 15X) satellite data. These results are
decreases to 0K and —1 K at 34 km and 32 km, respectively.broadly in agreement with ours.

Model simulations by Huang and Brasseur (1993) found Monthly variations in the vertical profile of the solar coef-
less than a 1.5-K increase in temperature due to an increadeient in the HALOE temperature over 038 and 0-30 S
in solar activity associated with the 11-year solar cycle. Atare plotted in Figs. 6a and b, respectively; the corresponding
mid stratospheric levels, 13 mb—3 mb (30 km—40 km), the ob-one sigma error limit is over-plotted with thin lines. The most
served variability (in HALOE SAGE Il SBUV and NMC) is  obvious feature is that both the 030 and 0—30 S belts ex-
less than the model predictions. From the HALOE temper-hibit strong, negative solar response-@ K/100 sfu) during
ature, the solar coefficient derived by Remsberg and DeaveAugust—October between 15 mb—3 mb, with a minimum am-
(2005) varies from 0.72 K to 1.18 K over tropics (1@ide plitude near 10 mb~32km). The solar response over the
belts) in the upper stratosphere (35km-50km). Solar coef0—-30 N belt shows another minimum near 4 mb38 km).
ficients obtained in the present study are smaller than thos@ negative solar response, although insignificant, persists
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Fig. 6. Vertical distribution of the monthly variation of the solar coefficient (K/100 sfu) obtained from HALOE tempe(aj@e30 N (b)
0-3C S. Monthly variation of 1 sigma error in the solar effect on temperature is over-plotted with thin lines.
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Fig. 7. Vertical distribution of monthly variation of solar coefficient (K/100 sfu) obtained from SAGE Il tempergthde-30° N (b) 0-3C S.
Monthly variation of 1 sigma error (K/100 sfu) in the solar effect on temperature is over-plotted with thin lines.
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until March in the Northern Hemisphere and throughout the Monthly mean variation of solar responses in ozone and
year in the Southern Hemisphere. Cyclic variation with 3—temperature obtained from respective instruments show a
5 month periodicity is evident above 2 mb43km) in the  similarity in prominent features over both hemispheres.
northern belt. This is also observed in the SAGE Il tempera-Both HALOE and SAGE Il ozone show an enhanced so-
ture over the 0—30N belt. lar response near 10 mb-82km) in the Northern Hemi-
Figures 7a and b exhibit the monthly variation of so- sphere, and-—7 mb—4 mb in the Southern Hemisphere dur-
lar coefficients for the SAGE Il temperature over 080  ing January—March (winter and beginning of spring). In both
and 0-30'S, with one sigma error limit over-plotted with hemispheres, HALOE and SAGE Il temperatures show a
thin lines. Similar to the HALOE temperature strong, neg- hegative solar response from August to February while keep-
ative coefficients €2 K/100sfu) are also observed during ing the strong amplitude during August-October (late sum-
August-October near 15 mb—3 mb with a minimum near 5 mbmer and early autumn) at 10mb and at 5mb, respectively.
(~37km) over northern and southern belts. These negativét is interesting to note that over both hemispheres, the so-
coefficients persist until February in both the hemisphereslar response in temperature shows a dip (10 mb HALOE and
In the Northern Hemisphere cyclic variation of 3-5 months, 5mb in SAGE ) during August to October (autumn) while
periodicity is observed near the stratopause. In general, poghe solar response in ozone shows an enhancement during the
itive responses are found for almost all months except forfollowing season (winter) at similar altitudes.
August-March at some pressure levels. These dips in tem- The cyclic variation of 3-5 months periodicity is quite

perature, are also reflected in the annual mean profile, whicfprominent in the altitudes above 2mb in the HALOE and
could be due to the dynamical effect. SAGE Il ozone over both belts, while in the solar response

If we compare monthly mean variations of solar responsel© temperature 3-5 month periodic variations can be seen in
in temperature deduced from HALOE and SAGE Il instru- the SAGE Il and HALOE only in the Northern Hemisphere.

ments over the Northern Hemisphere, the prominent com- It is evident from_ Figs. 3 and 6 thgt the solar response of
mon features are the dips in temperature near 4 mb—5mie HALOE ozone is out of phase with the HALOE temper-
during August to October and the 3—-5 months cyclic vari- gture in the upper stratosphere. However, they are in phase

ations near the stratopause. Their structure over rest of thi®! the middle stratosphere (between 27mb and 18 mb). A
stratosphere differs. The probable reasons may be that otsimilar phase relationship is also observed in the SAGE II

servations are made at different periods in the month, or ifZone and temperature (Figs. 4 and 7). Saraf and Beig (2003)
the sampling periods these instruments also differ, or differ-2/S0 reported a significant in phase relation between the so-
ent latitudinal coverage occurs for a month within the belt, |ar component of the temperature and ozone in the middle
Similarly, over the 0-30S belt common features of the solar Stratosphere over different Indian stations, which is reason-

signal in the HALOE and SAGE Il temperature shows good ably in agreement with the present results. The correlation
agreement. between the solar component of the ozone and the solar com-

ponent of the temperature shows a positive correlation in the
middle stratosphere and a negative correlation in the upper
) ) stratosphere. The reason may be that since the majority of
4 Discussion the apparent solar cycle variation of ozone takes place in the
lower stratosphere (Hood, 1997; Wang et al., 1996), ozone
Annual mean solar responses on HALOE and SAGE Il 0zon€ncreases from solar minimum to solar maximum. This in-
are in good agreement in the middle stratosphere. Howevegrease in ozone will lead to an increase in UV absorption and
they differ in the upper stratosphere. The reasons for thigherefore in temperature. Temperature also increases from
disagreement could be that their observations are made &olar minimum to solar maximum. Hence, the solar compo-
different periods in the month, and the sampling period ofnent of the ozone is positively correlated to the solar response
these instruments differs, which may give rise to tidal error. of the temperature in the lower and middle stratosphere. In
Tidal interference amplifies at higher altitude. Another rea-the upper stratosphere the solar response of the ozone to the
son could be their different latitudinal coverage in a month gplar Cyc|e takes p|ace through a temperature dependence of
within the selected belt. reactions (1) O+@—>20;, (2) O+Op+M—>O3+M. The tem-
Annual mean solar response in the HALOE and SAGE Il perature increases from solar minimum to solar maximum.
temperatures are in good agreement through out the strat@®zone changes are anti-correlated to the temperature varia-
sphere. In the upper stratosphere the solar response dions due to the inverse dependence of the above photochem-
HALOE and SAGE Il ozone exhibits a disagreement, ical reaction rates of ozone on temperature (Saraf and Beig,
whereas their solar responses in temperature are in good003). Therefore, the solar component of the ozone and so-
agreement. The reason for the agreement in the upper strattar component of temperature are anti-correlated in the up-
sphere could be due to the inclusion of NCEP estimateger stratosphere, which is highest near the stratopause where
above 5mb in the HALOE temperature profiles, which re- temperature variation due to solar flux is also high.
duces the effect of tidal interferences.
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Our statistical analysis of the annual mean response 0b6f data recorded (13 years), the regression analysis used may
HALOE ozone (over 0-30N and 0-30S belts) to the 11- notisolate the true signal in response to the 11-year solar cy-
year solar cycle matches reasonably with the 2-D model anatle from other nonlinear geophysical forcing, such a QBO.
the GCM profiles, as compared to SAGE |l ozone profile. Longer observational data records, at least for 2—-3 decades,
The agreement between the solar responses in the HALOBre necessary to isolate the effect of the solar cycle precisely.
ozone to the model simulated results is particularly good over
the upper stratosphere compared to the middle stratosphere.

The solar response on the upper stratospheric SAGE Il ozone
agrees qualitatively with the HALOE and model simulated 5 conclusions
results. The reasons for this agreement, especially over the

3mb-0.8 mb £40Im-50 km) pressure levels, could be that h q q
at these levels ozone is nearly in a state of photochemicaT e HALOE and SAGE Il temperature and ozone measure-

equilibrium, where transport effects are less important, andnelnt(s)are usclad for ';her:].mveﬁstlgaélon of the 11-year S0 .Iar SIg-
ozone photochemistry is accurately simulated by these mod™& .I ur analysis of this effect gmonstrates abpohsﬁlvle ar(n)—
els. The annual solar effect on 0zone obtained in the preserfY& r€sPonse in temperature and ozone over both belts (0—

study is stronger near 10 mb82 km) anc~3 mb (~40 km) 30° N and 0-3059S). The annually averaged signal in ozone
than that predicted by models. This discrepancy in this re—(HALOE and SAGE Il) is found to be of the order of around

gion could be due to less penetration of UV radiation in the1:|:0'5 to 4£1.6%/100 sfu and highly significant in most

Herzberg continuum (200 nm—-240 nm) caused by greater atPf the stratospheric regiens. The deduced solar response
sorption at higher altitudes. Therefore, ozone becomes les3f the HALOE ozone is in a general agreement W'th. the
sensitive to photochemistry (Brasseur and Simon, 1990) an AGE Il ozone. Over Fh_e 0-3M belt the solar signal in
the distribution of ozone is controlled primarily by dynam- the HALOE ozone exhibits a pronoupced peak near 10mb
ics (McCormack and Hood, 1996). Dynamical phenomenon(N32 km) and in the SAGE Il ozone it shows an enhance-
may be responsible for the observed peak. ment near 10mb+{32 km)_ and3 _mb{v40 km). In the South-

The annually averaged solar effect on temperature ob€™" Hemisphere solar signals in the HALOE and SAGE Il

tained in the present study (SAGE Il and HALOE, ovef BD ozone show an enhancement near 3mb. The solar response
and 0-30 S belts) is stronger near 27 mb (25 km) and weaker" the HALO,E ozone shows a very good agreement with
in the upper stratosphere, as compared to model resulté.he model simulated results in the upper stretosphere. A
In contrast to model results, a weak (statistically insignifi- solar effect of 0.4:0.23 to 0.8:0.46 K/100sfu is observed

cant), negative solar effect is observed near 10&2(km) in the lower and upper stratospheric temperature (HALOE

in HALOE and 5mb {37 km) in SAGE II. Monthly dis- and SAGE Il), with a negative response in the middle strato-
tributions of solar effects on temperature reveal that thisSPNere. Annual mean solar signals deduced from HALOE
negative response takes place during August to March, peaNd SAGE Il temperature are in good agreement throughout
tween 18mb—3mb (28 km—40km), with a minimum dur- the stratosphere. Annual solar response in temperature shows

ing August-October near 10 mb in HALOE and near 5mb @ diP néar 10mb~32km) in the HALOE profile and 5mb
(~37km) in SAGE Il (~43km) in SAGE Il profile. The solar effect on temperature

eindicates a negative response during August-March, with a
minimum during autumn, while the solar effect on ozone in-
dicates a high positive solar effect in the middle stratosphere
guring following season (winter). This dip in the tempera-

As noted above, our analysis finds that a feature in th
annually averaged solar effect on ozone at 10 mb (ON30
and 3mb (0-30S) is much stronger than predicted in the
I e, S0, PO 1015 e afctand peak i e ozoneefctmay beatrbuted 0.
levels, the annual mean solar effect on temperature becom nam_|eal _phenomenon. More deteuled |.nvest|gat|on of this
negative at 10 mb in HALOE and 5 mb-87 km) in SAGE Il _pOSS|b|I|ty is r_1eede.d. The solar S|gnal_ in ozone shows an
temperature profiles. The change over of temperature fronlln-phase relationship with temperature in the middle strato-
NCEP to the HALOE C® channel near 5mb may affect sphere. They are out of phase in the upper stratosphere.
these pressure levels and this may be the reason for an ob-

served negative minimum near 10 mb instead of 5mb. The .
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