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Fig. 1) are also very different, with the Lean data set showing tempera-
tures 0.3–0.4 K greater in 2004 than in 2007 at the top of the model
domain, whereas the SIMdata set produces a peakwarming of 1.8K at
the summer polar stratopause. These temperature differences are
qualitatively similar to, but about 50% larger than, those estimated
by ref. 12 with an idealized forcing in a full climate model, possibly
owing to the broader spectral resolution imposed and the lack of
ozone–temperature feedback in that model version.

The very different scenarios produced by the two spectral data sets
suggest they might be distinguishable in observational records. A
multiple regression analysis has been carried out of deseasonalized
monthlymean ozone data from theMicrowave Limb Sounder (MLS)
instrument on the EarthObserving System (EOS) Aura satellite. Four
regression indices were used: a constant, two orthogonal indices
representing the quasi-biennial oscillation (which dominates ozone
variability in the tropical stratosphere)13 and a solar index con-
structed from SIM data integrated over 200–400 nm. Motivated by
the model results (Fig. 2), we chose two spatial regions, both span-
ning the tropics, one at altitude 10–6.8 hPa, where themodel predicts
the largest difference 2004–2007, and one at 0.68–0.32 hPa, where the
model shows largest negative values. Figure 3 shows the raw data and
the fits reconstructed from the four regression components; it also
shows (in red) the derived solar component, which is statistically
significant at.95% at the upper levels and.99% at the lower levels
(see Supplementary Information).

Over the period from the late 1970s to the late 1990s tropical ozone
at altitudes 35–50 km decreased by about 9% (ref. 13) in response to
increasing concentrations of active chlorine species. Since about
2000, however, the trend in chlorine has reversed and ozone has
stopped declining. Stratospheric cooling by greenhouse gases has
probably also contributed to the ozone trend reversal by slowing
the chemical reactions that destroy it14. Over the short period of
the present study it is not possible statistically to differentiate these
factors from each other, or from any solar influence. Nevertheless, it
seems likely that the Sun is important in the apparent decrease in
ozone below 45 km from 2004 to 2007. The change in sign near 45 km
is also more consistent with the modelled response to the SIM spec-
tral variations than to the Lean spectra. Previous analyses13,15 of the
solar signal in ozone, averaged over approximately 2.5 solar cycles
(1979 to 2005 or 2003), have not shown this structure. This suggests
that the declining phase of solar cycle 23 is behaving differently to
previous solar cycles or possibly that the solar cycle exhibits different
behaviours during its ascending and descending phases.

To understand the different spatial structures, and magnitudes, of
the modelled ozone responses we consider photochemical processes.
The sharp decrease in ozone above 45 km with the SIM spectra
(Fig. 2b) is consistent with it being in photochemical steady state
with the dominant sinks, that is, increased levels of HOx and O.
These losses are compensated by the greater production of Ox

through photodissociation of O2 in theHuggins band and this domi-
nates the loss lower down. Furthermore, the ozone decreases produce
a self-healing effect wherebymore ultraviolet radiation is transmitted
to lower levels, resulting in greater O2 photolysis and thus more O3.
(See Supplementary Information.)

To assess the sensitivity of our results to uncertainty in the mea-
sured irradiance values at 200–240 nm (see Fig. 1) we carried out
another set of experiments (not shown) in which the switchover from
SOLSTICE to SIM was imposed at 240 nm (rather than 200 nm).
There are differences in detail in the resulting temperature and ozone
fields but the general picture is the same: reduced ozone in the upper
stratosphere and mesosphere and a positive peak in the middle stra-
tosphere. Therefore there is uncertainty in the magnitude of the
response but this does not affect our conclusions with respect to
the impact on the middle atmosphere. It also has little bearing on
the radiative forcing estimates now presented.

The response of tropospheric and surface climate to variations in
solar activity is an important consideration in the attribution of
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Figure 2 | Modelled difference in ozone between December 2004 and
December 2007. Estimates of the percentage difference (2004–2007) in
zonal mean ozone concentration (labels on contour lines in per cent)
produced by themodel using solar spectra from the Leanmodel (a) and SIM/
SOLSTICE data (b).
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Figure 3 | Time series of AURA-MLS v2.2 ozone concentrations. The data
(solid black lines) are percentage anomalies of tropical (22.5 uS–22.5 uN)
deseasonalized monthly means from August 2004 to November 2007. The
values reconstructed from the 4-component regression model are shown as
dashed lines. The solar component of the regression is shown in red. Other
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; An influence of solar spectral variations on radiative
forcing of climate
Joanna D. Haigh1, Ann R. Winning1, Ralf Toumi1 & Jerald W. Harder2

The thermal structure and composition of the atmosphere is deter-
mined fundamentally by the incoming solar irradiance. Radiation
at ultraviolet wavelengths dissociates atmospheric molecules, ini-
tiating chains of chemical reactions—specifically those producing
stratospheric ozone—and providing the major source of heating
for the middle atmosphere, while radiation at visible and near-
infrared wavelengths mainly reaches and warms the lower atmo-
sphere and the Earth’s surface1. Thus the spectral composition of
solar radiation is crucial in determining atmospheric structure, as
well as surface temperature, and it follows that the response of the
atmosphere to variations in solar irradiance depends on the spec-
trum2. Daily measurements of the solar spectrum between 0.2 mm
and 2.4 mm,made by the Spectral IrradianceMonitor (SIM) instru-
ment on the Solar Radiation and Climate Experiment (SORCE)
satellite3 since April 2004, have revealed4 that over this declining
phase of the solar cycle there was a four to six times larger decline
in ultraviolet than would have been predicted based on our pre-
vious understanding. This reduction was partially compensated in
the total solar output by an increase in radiation at visible wave-
lengths. Here we show that these spectral changes appear to have
led to a significant decline from 2004 to 2007 in stratospheric
ozone below an altitude of 45 km, with an increase above this
altitude. Our results, simulated with a radiative-photochemical
model, are consistent with contemporaneous measurements of
ozone from the Aura-MLS satellite, although the short time period
makes precise attribution to solar effects difficult. We also show,
using the SIMdata, that solar radiative forcing of surface climate is
out of phase with solar activity. Currently there is insufficient
observational evidence to validate the spectral variations observed
by SIM, or to fully characterize other solar cycles, but our findings
raise the possibility that the effects of solar variability on temper-
ature throughout the atmosphere may be contrary to current
expectations.

The peak of themost recent ‘11-year’ solar cycle (identified as num-
ber 23) occurred 2000–2002, and from then until about December
2009 the Sun’s activity declined. Figure 1 shows the difference between
2004 and 2007 in solar spectral irradiance measured by SIM. This is
quite unlike that predicted by multi-component empirical models,
based on activity indicators such as sunspot number and area, as
exemplified by that of Lean5 (also shown in Fig. 1). The SIM data
indicate a decline in ultraviolet from 2004 to 2007 that is a factor of
4 to 6 larger than in the Lean data and an increase in visible radiation,
compared with a small decline in the Lean data. Other empirical
models6,7 show larger-amplitude variations in the near-ultraviolet than
does the Lean model but none reflect the behaviour apparent in the
SIM data. Also shown in Fig. 1, for wavelengths 116–290 nm, are inde-
pendent measurements made by the Solar Stellar Irradiance Com-
parison Experiment (SOLSTICE) instrument on SORCE. The data

from SIM and SOLSTICE both indicate substantially more ultraviolet
variability than does the Leanmodel. SIM calibration, and instrument
comparisons, are discussed in detail in ref. 8.

To investigate how these very different spectral changes might
affect the stratosphere, experiments have been carried out using a
two-dimensional (latitude-height) radiative-chemical-transport
model of the atmosphere9. This model includes detailed representa-
tions of photochemistry and radiative transfer and has been used in
many studies involving radiation-chemistry interactions10,11. (See
Supplementary Information for further details.) This type of model
produces realistic simulations of the upper stratosphere (above about
25 km) but is less reliable at lower altitudes where photochemical
time constants are longer and a more accurate representation of
transport processes is required. The results below come from four
model runs using solar spectra derived from the SIM measurements
(with SOLSTICE data for wavelengths less than 200 nm) and those
produced by the Lean model, each for both 2004 and 2007.

In Fig. 2 we present latitude–height maps of the difference between
2004 and 2007 in December ozone concentrations. The Lean spectral
data produce a broad structure of ozone concentrations greater in
2004 than in 2007, with maximum values of around 0.8% near
40 km, whereas the SIM data produce a peak enhancement of over
2% in low latitudes around 35 km, along with significant reductions
above 45 km. The predicted temperature differences (Supplementary
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Figure 1 | Difference in solar spectrum between April 2004 and November
2007. The difference (2004–2007) in solar spectral irradiance
(Wm22 nm21) derived from SIM data4 (in blue), SOLSTICE data8 (in red)
and from the Lean model5 (in black). Different scales are used for values at
wavelengths less andmore than 242 nm (see left and right axes respectively).
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Fig. 1) are also very different, with the Lean data set showing tempera-
tures 0.3–0.4 K greater in 2004 than in 2007 at the top of the model
domain, whereas the SIMdata set produces a peakwarming of 1.8K at
the summer polar stratopause. These temperature differences are
qualitatively similar to, but about 50% larger than, those estimated
by ref. 12 with an idealized forcing in a full climate model, possibly
owing to the broader spectral resolution imposed and the lack of
ozone–temperature feedback in that model version.

The very different scenarios produced by the two spectral data sets
suggest they might be distinguishable in observational records. A
multiple regression analysis has been carried out of deseasonalized
monthlymean ozone data from theMicrowave Limb Sounder (MLS)
instrument on the EarthObserving System (EOS) Aura satellite. Four
regression indices were used: a constant, two orthogonal indices
representing the quasi-biennial oscillation (which dominates ozone
variability in the tropical stratosphere)13 and a solar index con-
structed from SIM data integrated over 200–400 nm. Motivated by
the model results (Fig. 2), we chose two spatial regions, both span-
ning the tropics, one at altitude 10–6.8 hPa, where themodel predicts
the largest difference 2004–2007, and one at 0.68–0.32 hPa, where the
model shows largest negative values. Figure 3 shows the raw data and
the fits reconstructed from the four regression components; it also
shows (in red) the derived solar component, which is statistically
significant at.95% at the upper levels and.99% at the lower levels
(see Supplementary Information).

Over the period from the late 1970s to the late 1990s tropical ozone
at altitudes 35–50 km decreased by about 9% (ref. 13) in response to
increasing concentrations of active chlorine species. Since about
2000, however, the trend in chlorine has reversed and ozone has
stopped declining. Stratospheric cooling by greenhouse gases has
probably also contributed to the ozone trend reversal by slowing
the chemical reactions that destroy it14. Over the short period of
the present study it is not possible statistically to differentiate these
factors from each other, or from any solar influence. Nevertheless, it
seems likely that the Sun is important in the apparent decrease in
ozone below 45 km from 2004 to 2007. The change in sign near 45 km
is also more consistent with the modelled response to the SIM spec-
tral variations than to the Lean spectra. Previous analyses13,15 of the
solar signal in ozone, averaged over approximately 2.5 solar cycles
(1979 to 2005 or 2003), have not shown this structure. This suggests
that the declining phase of solar cycle 23 is behaving differently to
previous solar cycles or possibly that the solar cycle exhibits different
behaviours during its ascending and descending phases.

To understand the different spatial structures, and magnitudes, of
the modelled ozone responses we consider photochemical processes.
The sharp decrease in ozone above 45 km with the SIM spectra
(Fig. 2b) is consistent with it being in photochemical steady state
with the dominant sinks, that is, increased levels of HOx and O.
These losses are compensated by the greater production of Ox

through photodissociation of O2 in theHuggins band and this domi-
nates the loss lower down. Furthermore, the ozone decreases produce
a self-healing effect wherebymore ultraviolet radiation is transmitted
to lower levels, resulting in greater O2 photolysis and thus more O3.
(See Supplementary Information.)

To assess the sensitivity of our results to uncertainty in the mea-
sured irradiance values at 200–240 nm (see Fig. 1) we carried out
another set of experiments (not shown) in which the switchover from
SOLSTICE to SIM was imposed at 240 nm (rather than 200 nm).
There are differences in detail in the resulting temperature and ozone
fields but the general picture is the same: reduced ozone in the upper
stratosphere and mesosphere and a positive peak in the middle stra-
tosphere. Therefore there is uncertainty in the magnitude of the
response but this does not affect our conclusions with respect to
the impact on the middle atmosphere. It also has little bearing on
the radiative forcing estimates now presented.

The response of tropospheric and surface climate to variations in
solar activity is an important consideration in the attribution of
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Figure 2 | Modelled difference in ozone between December 2004 and
December 2007. Estimates of the percentage difference (2004–2007) in
zonal mean ozone concentration (labels on contour lines in per cent)
produced by themodel using solar spectra from the Leanmodel (a) and SIM/
SOLSTICE data (b).
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Figure 3 | Time series of AURA-MLS v2.2 ozone concentrations. The data
(solid black lines) are percentage anomalies of tropical (22.5 uS–22.5 uN)
deseasonalized monthly means from August 2004 to November 2007. The
values reconstructed from the 4-component regression model are shown as
dashed lines. The solar component of the regression is shown in red. Other
components are shown, along with the solar component, in Supplementary
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The impact of solar spectral irradiance variability
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[1] This study presents the impact of solar spectral
irradiance (SSI) variability on middle atmospheric ozone
over the declining phase of solar cycle 23. Two different
types of spectral forcing are applied to the Whole
Atmosphere Community Climate Model (WACCM) to
simulate the ozone response between periods of quiet and
high solar activity. One scenario uses the solar proxy
recons t ruct ions model f rom the Naval Research
Laboratory (NRLSSI), and the other is based on SSI
observations from the Solar Radiation and Climate
Experiment (SORCE). The SORCE observations show 3–
5 times more variability in ultraviolet (UV) radiation than
predicted by the proxy model. The NRLSSI forcing had
minimal impact on ozone, however, the higher UV
variability from SORCE induced a 4% reduction in ozone
concentration above 40 km at solar active conditions. The
model result is supported by 8 years (2002–2010) of
ozone observations from the Sounding of the Atmosphere
using Broadband Emiss ion Radiometry (SABER)
instrument. The SABER ozone variations have greater
similarity with the SORCE SSI model simulations. The
model and satellite data suggests that the ozone response is
due to enhanced photochemical activity associated with
larger UV variability. Citation: Merkel, A. W., J. W. Harder,
D. R. Marsh, A. K. Smith, J. M. Fontenla, and T. N. Woods
(2011), The impact of solar spectral irradiance variability on middle
atmospheric ozone, Geophys. Res. Lett., 38, L13802, doi:10.1029/
2011GL047561.

1. Introduction

[2] The SSI is an important factor in establishing the
Earth’s atmospheric composition and structure. The com-
bined solar spectral irradiance observations from the Solar
Stellar Irradiance Comparison Experiment (SOLSTICE) and
the Spectral Irradiance Monitor (SIM) on the SORCE sat-
ellite provide trends of the UV, visible and near‐IR vari-
ability simultaneously. Although the time series of the
SORCE data does not cover a full solar cycle, the mea-
surements indicate a factor of 3–5 larger UV variability
between year 2004 (solar active) and year 2007 (solar quiet)
than that of semi‐empirical models of SSI [Harder et al.,

2009]. The SIM irradiance measurements have an accuracy
of better than 2% [Harder et al., 2010]. Based on the
comparison of the two independent SIM channels, long‐
term uncertainty in the 200–300 nm region is ∼0.5–0.1%,
from 310–400 nm it is ∼0.2–0.05%, and in the 400–1600 nm
range it is better than 0.05%. Currently there is no direct
validation through independent irradiance observations that
have a physically based degradation correction [Harder et al.,
2009, auxiliary material]. We present a modeling study on
the impact of SORCE SSI variability on middle atmospheric
ozone.
[3] Up to the present time, most climate and solar cycle

related modeling studies have relied on solar input spectra
that are scaled by long‐term proxies of solar activity such as
the F10.7 radio flux [Marsh et al., 2007; Randel and Wu,
1999] or an equivalent Mg II core‐to‐wing [Soukharev
and Hood, 2006]. A more dependable solar model em-
ploys solar irradiance reconstructions based on combined
sunspot and facular proxy indicators (predominately the
photometric sunspot index and the Mg II index) such as the
Naval Research Laboratory SSI model (NRLSSI) [Lean,
2000]. The NRLSSI model has recently been employed
as solar input for climate model inter‐comparison studies
[Eyring et al., 2010; Morgenstern et al., 2010]. However,
solar observations from the SORCE instruments shows that
there is more spectral variability over the declining phase of
solar cycle 23 than previously estimated. The SORCE data
show that the SSI values for wavelengths with brightness
temperatures greater than 5770 K brighten with decreasing
solar activity, whereas those with lower brightness tem-
peratures show a dimming. These results indicate that dif-
ferent parts of the solar atmosphere contribute differently to
the TSI with the behavior in the deep photospheric layers
giving an opposing and nearly compensating trend in the
upper layers of the sun. These observed effects are not
captured in semi‐empirical SSI models [Harder et al.,
2009]. We investigate the impact of enhanced spectral var-
iability on middle atmospheric ozone with simulations using
WACCM, a comprehensive chemical climate model. Si-
mulations that use a proxy‐based solar model are compared
and contrasted to a simulation that uses solar irradiance
observations compiled from SOLSTICE (110–240 nm) and
SIM (240–2400 nm) [McClintock et al., 2005; Harder et al.,
2010, and references therein]. This study applies a state‐of‐
the‐art global circulation model (GCM) with interactive
chemistry to investigate more thoroughly the responses
found by Haigh et al. [2010]. In addition, we present
observational analyses of ozone measurements reported by
the TIMED‐SABER instrument. The observed ozone var-
iations in the lower mesosphere have major features in

1Laboratory for Atmospheric and Space Physics, University of
Colorado at Boulder, Boulder, Colorado, USA.

2Atmospheric Chemistry Division, National Center for Atmospheric
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  et	
  al.	
   Nature,	
  2010	
   IC2D	
  model/SC	
  Ozone	
  

Cahalan	
  et	
  al.	
   GRL,	
  2010	
   GISS	
  ModelE/Trop.	
  Temp.	
  

Merkel	
  et	
  al.	
  	
   GRL,	
  2011	
   WACCM/SC	
  ozone	
  &	
  TIMED	
  
SABER	
  

Ineson	
  et	
  al.	
   Nature	
  Geosci.,	
  
2011	
  

HadGEM3/NAO	
  

Oberländer	
  et	
  
al.	
  

GRL,	
  2012	
   EMAC-­‐FUB/Strat.	
  temp	
  

Swartz	
  et	
  al.	
   ACP,	
  2012	
   GEOS	
  CCM/	
  Strat.	
  Ozone	
  &	
  
temp	
  

Wang	
  et	
  al.	
   PNAS,	
  2013	
   WACCM/MLS	
  	
  &	
  grnd	
  based	
  
hydroxyl	
  

Shapiro	
  et	
  al.	
   JGR,	
  2013	
   SOCOL/SC	
  response	
  

Wen	
  et	
  al.	
  	
   JGR,	
  2013	
   GISS	
  ModelE/Temp.	
  response	
  

Ineson	
  et	
  al.	
   (in	
  prepara5on)	
   HadGEM3/NAO/CMIP5	
  study,	
  
Maunder	
  Minimum	
  response	
  

Understandably,	
  this	
  discovery	
  revitalized	
  the	
  irradiance	
  and	
  atmospheric	
  	
  
modeling	
  communi5es.	
  Lots	
  of	
  recent	
  modeling	
  ac5vity!	
  	
  

Modeling	
  studies	
  focusing	
  	
  
on	
  SSI	
  implica5ons:	
  

  Photochemistry	
  

  	
  Radia5ve	
  response	
  
  	
  Circula5on	
  -­‐	
  NAO	
  
  “Top	
  down”	
  vs	
  “Bojom	
  up”	
  

SSI	
  Solar	
  Forcing	
  and	
  Earth	
  Atmospheric	
  Response	
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I. Ermolli et al.: Spectral irradiance and climate 3967

(a) (b)

Fig. 10. Differences for January between 2004 and 2007 averaged over the tropics from 25◦ S to 25◦ N for different atmospheric models
using the NRLSSI data (solid lines) and the SORCE/SIM and SORCE/SOLSTICE data (dashed lines) for (a) the shortwave heating rate in
Kelvin per day (Kday−1) and (b) the temperature in Kelvin (K). For details please see text.
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Fig. 11. As Fig. 10 but for the ozone response in percent.

the tropospheric AO and NAO already respond to lower UV
irradiance variations over the 11 yr cycle, as is shown in
Langematz et al. (2013) who obtained a similar AO/NAO
response from a transient EMAC-FUB simulation for the pe-
riod 1960–2005 using NRLSSI data as TOA input. The signal
is seen also in Matthes et al. (2006), but in equilibrium simu-
lations with NRLSSI as TOA input. As shown by Ineson et al.
(2011), these patterns imply that the solar cycle effect on the
AO/NAO contributes to a substantial fraction of the typical
year-to-year variations and provides therefore a potentially
useful source of improved decadal climate predictability for
the Northern Hemisphere. Note that the response is regional
and is negligible on the global average. However, a caveat is
that the 11 yr solar cycle variability cannot be forecasted into
the future (on a daily, yearly or decadal timescale).

Even though the solar variability on timescales longer than
the 11 yr solar cycle is beyond the scope of this paper, we
should note here again that the Sun is the fundamental en-
ergy source of the climate system. As such, the low solar
activity in the past few years (compared to the previous 6
solar cycles) and its possible implications for future climate
evolution has attracted the attention of both scientists and the
public (e.g. Lockwood et al., 2010; Schrijver et al., 2011;
Jones et al., 2012; Rozanov et al., 2012).

4.3 Discussion of CCM results

We described the impact of NRLSSI and SORCE data, which
represent the lower and upper boundaries of SSI solar cy-
cle estimated variations, on the atmosphere and climate as
depicted in CCM simulations. The NRLSSI reconstructions
provide the standard database for simulations of the recent
past and future (e.g. SPARC-CCMVal, 2010; Taylor et al.,
2012). The atmospheric response with respect to this stan-
dard data set is compared to that derived from a different SSI
estimate to understand not only the single model responses,
but also to point out the importance and robustness of so-
lar cycle signals for climate simulations. In particular, it is
worth mentioning that an enhanced spectral resolution in the
radiation codes leads to enhanced sensitivity in the response.
We also described the important role of solar induced ozone
changes for the amplification of solar effects on atmospheric
composition, circulation and climate.
Model simulations using the SORCE measurements as

compared to the NRLSSI model show larger (by a factor
of two) SW heating and temperature signals. The lower ir-
radiance in the visible range during higher solar activity than
at minimum activity in the SORCE measurements does not
affect the increase in total radiative heating. Recent atmo-
spheric model simulations with enhanced spectral resolution,

www.atmos-chem-phys.net/13/3945/2013/ Atmos. Chem. Phys., 13, 3945–3977, 2013

GEOS	
  CCM	
  
IC2D	
  
SOCOL	
  
WACCM	
  
MMM	
  

Ozone	
  response	
  (max-­‐min)	
  to	
  SORCE	
  and	
  NRLSSI	
  

Percent	
  ozone	
  variability	
  due	
  to	
  solar	
  

Compiled	
  Modeling	
  Results	
  
In	
  the	
  Ermolli	
  et	
  al.	
  2013	
  ACP	
  paper,	
  Katja	
  Majhes	
  (GEOMAR,	
  Germany)	
  compiled	
  
the	
  results	
  of	
  these	
  modeling	
  studies.	
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   Ques5ons	
  and	
  Debate	
  
Now	
  there	
  is	
  sugges5ve	
  evidence	
  of	
  this	
  surprising	
  SC	
  signal	
  in	
  mesospheric	
  
ozone	
  measurements	
  that	
  you	
  can	
  only	
  get	
  if	
  more	
  UV	
  variability	
  is	
  
incorporated	
  into	
  atmospheric	
  models.	
  Lots	
  of	
  ques5ons	
  and	
  debate.	
  

Solar	
  ques5ons:	
  	
  
	
  	
  -­‐	
  Integrity	
  of	
  the	
  SORCE	
  dataset	
  (Degrada5on	
  correc5ons?)	
  
	
  	
  -­‐	
  Why	
  do	
  previous	
  measurements	
  at	
  these	
  wavelengths	
  disagree	
  with	
  SORCE?	
  
	
  -­‐	
  Can	
  we	
  use	
  a	
  solar	
  spectrum	
  scaled	
  by	
  a	
  variability	
  proxy	
  (TSI,	
  MgII,	
  Lyman	
  α,	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  F10.7)	
  as	
  a	
  standard	
  to	
  characterize	
  the	
  sun	
  in	
  atmospheric	
  models?	
  
	
  -­‐	
  Do	
  all	
  wavelengths	
  vary	
  the	
  same	
  way	
  as	
  TSI?	
  
	
  -­‐	
  How	
  good	
  do	
  the	
  solar	
  measurements	
  need	
  to	
  be?	
  Gaps	
  in	
  5meseries?	
  
	
  -­‐	
  Does	
  this	
  variability	
  only	
  pertain	
  to	
  SC23-­‐24	
  or	
  has	
  it	
  been	
  there	
  all	
  along?	
  

Atmospheric	
  ques5ons:	
  
	
  -­‐	
  Integrity	
  of	
  the	
  ozone	
  measurements.	
  Why	
  haven’t	
  we	
  seen	
  this	
  signal	
  before?	
  
	
  -­‐	
  Why	
  is	
  the	
  mesospheric	
  signal	
  out	
  of	
  phase	
  with	
  solar	
  cycle	
  and	
  different	
  than	
  
	
   	
  stratospheric	
  ozone?	
  
	
  -­‐	
  Is	
  this	
  a	
  special	
  solar	
  cycle?	
  Is	
  it	
  in	
  previous	
  measurements?	
  
	
  -­‐	
  What	
  does	
  this	
  mean	
  for	
  the	
  modeling	
  community?	
  Is	
  a	
  SSI	
  proxy	
  good	
  enough	
  
	
  	
  	
  	
  for	
  atmospheric	
  modeling	
  studies?	
  Are	
  we	
  missing	
  important	
  SC	
  variability?	
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  The	
  modelers	
  -­‐	
  want	
  the	
  solar	
  physicist	
  to	
  give	
  them	
  something	
  to	
  
put	
  in	
  their	
  models.	
  Most	
  models	
  have	
  been	
  upgraded	
  to	
  included	
  
SSI	
  on	
  a	
  daily	
  cadence.	
  	
  

  The	
  solar	
  physicist	
  -­‐	
  want	
  the	
  modelers	
  to	
  tell	
  them	
  how	
  good	
  they	
  
need	
  to	
  measure	
  the	
  Sun.	
  	
  
•  	
  Good	
  enough	
  is	
  different	
  depending	
  on	
  the	
  model,	
  atmospheric	
  

region	
  studied,	
  type	
  of	
  model	
  (photochemistry,	
  radia5ve).	
  

  Work	
  in	
  progress:	
  We	
  are	
  having	
  a	
  workshop	
  next	
  month	
  with	
  the	
  
NCAR	
  folks	
  to	
  discuss	
  this	
  very	
  thing.	
  

	
   	
   	
  Interes5ng	
  Conundrum	
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Understanding	
  Mesospheric	
  Ozone	
  Variability	
  
Top	
  of	
  the	
  atmosphere	
  ozone~	
  1%	
  of	
  total	
  column	
  

–  Dominated	
  by	
  photochemistry.	
  

–  Photochemical	
  life5me	
  is	
  hours.	
  
–  Strong	
  diurnal	
  component.	
  Local	
  5me	
  is	
  

important	
  for	
  solar	
  cycle	
  analysis.	
  

–  More	
  UV	
  causes	
  more	
  loss	
  of	
  ozone	
  at	
  
solar	
  maximum.	
  Loss	
  due	
  to	
  photolysis	
  
and	
  cataly5c	
  cycles	
  with	
  OH	
  and	
  H.	
  	
  	
  

Mesospheric	
  ozone	
  influenced	
  by	
  the	
  solar	
  radia5on	
  
in	
  the	
  200-­‐300nm	
  band.	
  (produc5on	
  and	
  loss)	
  

Herzberg	
  Con5nuum	
  (200-­‐242nm)	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  J2	
  rate:	
  O2	
  Photolysis	
  	
  O3	
  produc5on	
  

Hartley	
  Bands	
  (200-­‐300nm)–	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  J3	
  rate	
  -­‐	
  O3	
  Photolysis	
  	
  O3	
  loss	
  

Herzberg	
  
Con5nuum	
  

Hartley	
  
bands	
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TIMED/SABER	
  Ozone	
  –	
  12	
  years	
  of	
  ozone	
  data	
  

•  Data	
  now	
  spans	
  from	
  2002	
  –	
  2013	
  (12	
  years	
  of	
  data)	
  

•  Recently	
  updated	
  to	
  Version	
  2	
  –	
  Reprocess	
  all	
  results	
  

•  9.6μm	
  channel	
  –	
  O3	
  emission	
  measurements	
  

•  Version-­‐2	
  data	
  validated	
  by	
  A.	
  Smith	
  (NCAR)	
  2012.	
  Known	
  systema5c	
  
bias	
  compared	
  to	
  other	
  ozone	
  measurements.	
  Bias	
  is	
  constant	
  over	
  
5me,	
  so	
  does	
  not	
  influence	
  differences.	
  

We	
  can	
  now	
  look	
  at	
  the	
  ascending	
  phase	
  of	
  
solar	
  cycle	
  24.	
  Did	
  the	
  mesosphere	
  respond?	
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  Ozone	
  measurements	
  in	
  previous	
  solar	
  cycles	
  
Ques5on:	
  Why	
  have	
  we	
  not	
  seen	
  this	
  mesospheric	
  ozone	
  behavior	
  in	
  
previous	
  solar	
  cycles?	
  

Solar cycle variation of stratospheric ozone: Multiple

regression analysis of long-term satellite data sets

and comparisons with models

B. E. Soukharev1 and L. L. Hood1

Received 22 January 2006; revised 28 June 2006; accepted 24 July 2006; published 31 October 2006.

[1] Previous multiple regression analyses of the solar cycle variation of stratospheric
ozone are improved by (1) analyzing three independent satellite ozone data sets with
lengths extending up to 25 years and (2) comparing column ozone measurements with
ozone profile data during the 1992–2003 period when no major volcanic eruptions
occurred. Results show that the vertical structure of the tropical ozone solar cycle response
has been consistently characterized by statistically significant positive responses in the
upper and lower stratosphere and by statistically insignificant responses in the middle
stratosphere (!28–38 km altitude). This vertical structure differs from that predicted by
most models. The similar vertical structure in the tropics obtained for separate time
intervals (with minimum response invariably near 10 hPa) is difficult to explain by
random interference from the QBO and volcanic eruptions in the statistical analysis. The
observed increase in tropical total column ozone approaching the cycle 23 maximum
during the late 1990s occurred primarily in the lower stratosphere below the 30 hPa level.
A mainly dynamical origin for the solar cycle total ozone variation at low latitudes is
therefore likely. The amplitude of the solar cycle ozone variation in the tropical upper
stratosphere derived here is somewhat reduced in comparison to earlier results. Additional
data are needed to determine whether this upper stratospheric response is or is not larger
than model estimates.

Citation: Soukharev, B. E., and L. L. Hood (2006), Solar cycle variation of stratospheric ozone: Multiple regression analysis of long-
term satellite data sets and comparisons with models, J. Geophys. Res., 111, D20314, doi:10.1029/2006JD007107.

1. Introduction

[2] The observed solar cycle variation of stratospheric
ozone is a key constraint on climate models that include
solar variability as a forcing mechanism and that account for
the existence of the stratosphere [Haigh, 1994, 1996;
Shindell et al., 1999; Rind, 2002]. It is also important to
determine and understand the solar cycle variation of ozone
so that anthropogenic trends, including possible evidence
for an ozone ‘‘recovery,’’ can be more accurately evaluated
using existing, temporally limited data records [Newchurch
et al., 2003; Steinbrecht et al., 2004a, 2004b; Cunnold et
al., 2004]. Although not absolutely confirmed because of
the limited record length, a solar cycle ozone variation
appears to be present when column ozone time series data
are averaged over low latitudes. To illustrate this, Figure 1
compares monthly column ozone data averaged over 35!S
to 35!N to a daily time series of the core-to-wing flux ratio
of the Mg II line at 280 nm, a close proxy for solar
ultraviolet flux at wavelengths near !200 nm that are
important for molecular oxygen dissociation and ozone

formation in the stratosphere [Heath and Schlesinger,
1986; Viereck and Puga, 1999].
[3] Observational estimates of the 11-year ozone re-

sponse as a function of altitude and latitude have been
reported by a number of analysts based mainly on Solar
Backscattered Ultraviolet (SBUV) data and Stratospheric
Aerosol and Gas Experiment (SAGE) I and II data using
multiple regression methods [Chandra, 1991; Hood et al.,
1993; Chandra and McPeters, 1994; McCormack and
Hood, 1996; Wang et al., 1996]. For example, analyses of
SBUVand SAGE records with lengths as long as !16 years
indicated that the mean low-latitude response in the upper
stratosphere (1–3 hPa) is in the range of 2 to 4% but
decreases to zero or slightly negative values in the middle
stratosphere (5 to 10 hPa) before increasing again in the
lower stratosphere [McCormack and Hood, 1996; Lee and
Smith, 2003; Hood, 2004]. On the basis of a combination of
Total Ozone Mapping Spectrometer (TOMS) data and
SBUV data, it was proposed [see Hood, 1997, Table 1]
that most (!85%) of the solar cycle variation of column
ozone at low latitudes occurs in the lower stratosphere
(pressures "30 hPa).
[4] In contrast to the observational results summarized

above, most models that account for radiative and photo-
chemical effects of observed solar UV spectral irradiance
changes have predicted that solar cycle percent ozone
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for each of the three satellite data sets were averaged over
the 25!S to 25!N latitude band and the averaged time series
were then analyzed using the same multiple regression
model (1). Results are plotted in Figure 8 as vertical profiles
of the solar minimum to maximum regression coefficient
with 95% confidence error bars for each data set. It is seen
that the basic features of the SBUV(/2) tropical ozone

response (Figure 8a) are also present in the SAGE II
response (Figure 8b) and in the HALOE response
(Figure 8c). In the lower stratosphere, a statistically signif-
icant positive response is obtained with a percent amplitude
that increases with decreasing altitude (with the exception of
the lowest level for the SAGE II data, which may be less
reliable). In the middle stratosphere, the 2-s error bars

Figure 8. Solar cycle ozone regression coefficients (expressed as percent change from solar minimum
to maximum) for (a) the SBUV(/2) data set, (b) the SAGE II data set, and (c) the HALOE data set. The
regression coefficients were obtained by applying equation (1) to 3-month time series averaged over the
25!S to 25!N latitude band.

Figure 7. Same format as Figure 5 but as calculated from the UARS HALOE zonal mean time series
(1992–2003).
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3.3. Solar Cycle (or SC-Like) Responses of HALOE
Ozone and Temperature

[40] In order to obtain estimates of the actual response of
atmospheric ozone and temperature to a proxy for the direct
forcing from the UV flux, their sets of responses from
Figures 9a and 11a have been adjusted by the amount that
they were not exactly in phase from Figures 9b and 11b.
Those adjustments were made by multiplying the responses
by the factor, cos [2p p/11], where p is the deviation of
phase of the maximum (in years) from January 1991. Even
after applying the adjustments, there is good continuity
among the ozone responses from the 130 separate time
series. Then, the separate 11-year responses for ozone of
Figure 9a were averaged for the latitude bins that extend
from 25!S and 25!N, and those profiles are shown in
Figure 12. The corresponding, SC-like response profile is
shown as well, but there is very little difference between
them. There is good similarity between the results in
Figure 12 and the SC response profile obtained from the
seasonally averaged HALOE data points over the same
latitude range of Soukharev and Hood [2006, Figure 14],
if one excludes their analyzed value at about 35 km. There
is also good agreement with the findings of Fadnavis and
Beig [2006] for the HALOE ozone.
[41] The magnitude and variation of the HALOE response

profiles agree very well with the response at low latitudes
from the representative, zonal-mean models of Brasseur
[1993, Figures 9a and 14a] and of Huang and Brasseur
[1993, Figure 8a]. They also agree qualitatively with the
results of Austin et al. [2007] and of several other zonal-
mean models, as shown by Soukharev and Hood [2006,
Figure 14]. In addition, there is qualitative agreement for
this HALOE ozone response versus the responses from a
number of chemistry/climate models that have an explicit
solar forcing [Austin et al., 2008]. On the other hand, there

are model/HALOE data differences in the character of the
ozone responses with latitude and altitude that may be due,
in part, to not accounting properly for the chlorine response
in the present HALOE analyses [e.g., Marsh et al., 2007;
McCormack et al., 2007].
[42] Lee and Smith [2003] analyzed both the SAGE II and

SBUV data for a solar cycle response. Their results from
SAGE II are similar to the zonal mean contour values of
Figure 9a, at least for the upper stratosphere at most
latitudes; their results from SBUV do not agree as well
though, especially in the tropics (see also the analyzed
results from SAGE and SBUV of Soukharev and Hood
[2006]). Lee and Smith [2003] conducted model studies of
the SC response, but modified to account for the relative
phases of the QBO over specific decades. The interaction
with the QBO in their model leads to larger positive
responses in the subtropical upper stratosphere of both
hemispheres, but their results are also sensitive to the
QBO indexes that they employed. However, it is noted that
for the present HALOE analyses the interactions with the
QBO and its associated subbiennial term have been
accounted for to first order on the basis of the structure of
those terms in the HALOE time series. Austin et al. [2007]
were able to simulate the minimum ozone response at about
20 to 30 hPa, but not the analyzed, sharply increasing
response at about 50 hPa in Figure 12. The model simu-
lations reported by Marsh et al. [2007, Figure 8] indicated a
positive ozone response near 50 hPa at low latitudes for the
period of 1979 to 2003, but not for the longer period of
1950 to 2003. It is presumed that the large lower strato-
spheric ozone response from the HALOE data is not directly
related to solar cycle changes in UV flux.
[43] The SC-like, maximum minus minimum responses

for ozone (in percent) and for temperature (in K) are
summarized in Table 2 for the region of the stratopause
and for three distinct latitude zones, 45!S to 35!S, 15!S to
5!N, and 25!N to 45!N. For the tropical latitude zone the
adjusted ozone response is small and not significant, while
the associated temperature response is 1.0 K and highly
significant. For the middle latitude zones the ozone response
varies between 1.9 and 2.8% and is highly significant, while
the temperature response decreases to near zero.

4. Trends in HALOE Ozone

[44] Figure 13 shows the linear trends (in %/decade)
obtained from the MLR analyses of the HALOE ozone.
Darker shading is where those terms have a CI of greater
than 90%; lighter shading denotes a CI between 70 and
90%. The trends are near zero in the upper stratosphere
across most of the latitude domain and for this 14-year time

Figure 12. Profiles of the 11-year and the SC-like,
maximum minus minimum responses (in percent) for the
tropical to subtropical ozone from HALOE. The solid curve
is the model result for 5!N from Brasseur [1993].

Table 2. SC-Like, Max Minus Min Responses for Ozone and
Temperaturea

P (hPa)

35!S to 45!S 15!S to 5!N 25!N to 45!N
Ozone T(p) Ozone T(p) Ozone T(p)

0.85 1.9 0.1 0.0 0.9 2.1 0.1
1.2 2.0 0.1 !0.2 1.1 2.8 !0.1
1.7 2.7 !0.2 0.1 1.0 2.6 0.1
aOzone given in percent, and temperature given in Kelvin units.
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1991-­‐2005	
  

HALOE	
  

Regression	
  analysis	
  results	
  
SAGE	
  SBUV	
  

Reason	
  

Historical	
  ozone	
  data	
  comprised	
  of	
  occulta5on	
  
data	
  or	
  only	
  measure	
  up	
  to	
  50km.	
  

The	
  solar	
  signal	
  is	
  “washed	
  out”	
  due	
  to	
  the	
  mixing	
  
of	
  source	
  and	
  loss	
  mechanisms	
  in	
  a	
  photochemical	
  
dominate	
  region	
  of	
  the	
  atmosphere.	
  (sunrise	
  and	
  
sunset)	
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Solar	
  Mesosphere	
  Explorer	
  –	
  1982	
  -­‐	
  1989	
  

•  UV	
  ozone	
  channel	
  	
  (Rusch	
  et	
  al.	
  1984)	
  
	
  	
  	
  	
  	
  Solar	
  irradiance	
  measurements.	
  

	
  (Rojman	
  et	
  al.	
  1982)	
  

•  SME	
  covers	
  parts	
  of	
  solar	
  cycle	
  21-­‐22	
  
	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  Good	
  ozone	
  measurements	
  

	
  	
  	
  	
  between	
  1982-­‐1986	
  

•  Day5me	
  (3pm)	
  limb	
  profiles	
  of	
  	
  
	
  	
  	
  	
  	
  ozone	
  with	
  good	
  global	
  coverage.	
  

•  SME	
  ozone	
  measurements	
  are	
  
analyzed	
  consistent	
  with	
  SABER	
  	
  

	
  	
  	
  	
  	
  analysis.	
  

(Woods	
  and	
  Rojman	
  1997)	
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Solar	
  Irradiance	
  variability	
  2	
  decades	
  apart	
  

LISIRD	
  site	
  

Courtesy	
  of	
  Jerry	
  Harder	
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Summary	
  
•  Sugges5ve	
  evidence	
  that	
  UV	
  variability	
  in	
  the	
  240-­‐260nm	
  range	
  and	
  mesospheric	
  ozone	
  

from	
  SC	
  21	
  are	
  consistent	
  with	
  SC	
  23-­‐24.	
  Has	
  it	
  been	
  there	
  all	
  along?	
  Further	
  evidence	
  that	
  
this	
  signal	
  is	
  real.	
  

•  Mul5ple	
  modeling	
  studies	
  show	
  that	
  increased	
  UV	
  variability	
  as	
  observed	
  by	
  SORCE	
  (both	
  
SIM	
  and	
  SOLSTICE)	
  helps	
  to	
  resolve	
  differences	
  between	
  modeled	
  ozone	
  and	
  observa5ons	
  
in	
  the	
  mesosphere.	
  	
  

•  The	
  UV	
  variability	
  is	
  probably	
  somewhere	
  in	
  between	
  NRLSSI	
  and	
  SORCE,	
  however	
  it	
  is	
  
apparent	
  that	
  the	
  atmosphere	
  is	
  sensi5ve	
  to	
  this	
  difference.	
  When	
  compiling	
  SSI	
  proxy	
  
model	
  please	
  consider	
  that	
  this	
  type	
  of	
  variability	
  in	
  the	
  UV	
  majers	
  in	
  the	
  mesospheric	
  
photochemistry.	
  

•  Need	
  to	
  approach	
  the	
  issue	
  from	
  both	
  direc5ons.	
  Atmospheric	
  modelers	
  and	
  solar	
  
physicists/modelers	
  need	
  to	
  work	
  together	
  to	
  constrain	
  this	
  variability	
  .	
  The	
  atmospheric	
  
modelers	
  can	
  perform	
  case	
  studies	
  to	
  fine	
  tune	
  the	
  response	
  to	
  different	
  solar	
  variability	
  	
  
but	
  this	
  can’t	
  be	
  used	
  to	
  validate	
  the	
  solar,	
  can	
  only	
  be	
  used	
  as	
  a	
  guideline.	
  Wavelength	
  
dependent.	
  

•  Importance	
  of	
  the	
  con5nua5on	
  of	
  mesospheric	
  ozone	
  measurements	
  in	
  the	
  future.	
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Thank You! 
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Analyze	
  SABER	
  as	
  if	
  Occulta5on	
  Experiment	
  

Night	
  Day	
   Par5al	
  Day-­‐Night	
  

-­‐	
  

When	
  SABER	
  is	
  analyzed	
  with	
  only	
  measurements	
  taken	
  at	
  “occulta5on”	
  local	
  5mes:	
  
	
  Solar	
  signal	
  is	
  washed	
  out	
  and	
  response	
  is	
  more	
  similar	
  to	
  night	
  results	
  	
  

Annual	
  Mean	
  Difference	
  
	
   	
  25S-­‐25N	
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Analyze	
  WACCM	
  at	
  Occulta5on	
  local	
  5mes	
  

Night	
  Day	
   Par5al	
  Day-­‐Night	
  

When	
  WACCM	
  is	
  analyzed	
  with	
  only	
  measurements	
  taken	
  at	
  “occulta5on”	
  local	
  5mes:	
  
	
  	
  Solar	
  signal	
  is	
  washed	
  out	
  and	
  response	
  is	
  more	
  similar	
  to	
  night	
  results.	
  

Confirms	
  results	
  from	
  SABER.	
  

Modeled	
  ozone	
  results	
  


