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The role of the solar irradiance variability in the evolution of the middle
atmosphere during 2004-2009
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[1] Recent measurements by the Spectral Irradiance Monitor (SIM) and the Solar Stellar
Irradiance Comparison Experiment (SOLSTICE) onboard the Solar Radiation and Climate
Experiment satellite have revealed the spectral solar irradiance (SSI) changes in the
ultraviolet between 2004 and 2009 to be several times higher than it was shown by all
previous SSI measurements and reconstructions. In this paper, we simulate the Os, OH, and
temperature responses to solar irradiance variability using four different SSI data sets trying
to define which one gives the best agreement between the simulated and observed
responses. First, we apply the 1-D radiative-convective model with interactive
photochemistry to determine the regions of the atmosphere where the O;, OH, and
temperature are most sensitive to the spectrum discrepancies between the different SSI data
sets. As the comparison with observations can be only made taking into account dynamics
and all known forcings of the atmosphere, we then apply the 3-D chemistry-climate model
SOCOL to simulate the atmosphere evolution from May 2004 to February 2009. We
compare the modeled OH, O3, and temperature changes with atmospheric data measured
by several space instruments. Overall, the comparison shows that the atmospheric changes
simulated with the 3-D SOCOL model driven by the SIM and SOLSTICE SSI are closest

to the atmospheric measurements.
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1. Introduction

[2] UV solar radiation partly penetrates down to the
middle atmosphere, triggering various photochemical and
physical processes which influence atmospheric composi-
tion, dynamics, temperature, and structure [e.g., Brasseur,
1993; Fleming et al., 1995; Rozanov et al., 2002; Egorova
et al., 2005; Smith and Matthes, 2008; Tsutsui et al., 2009;
Oberldinder et al., 2012; Shapiro et al., 2012].

[3] For the last few decades, spectral solar irradiance (SSI)
was measured by a number of satellite instruments [e.g.,
Brueckner et al., 1993; Thuillier et al., 2003; Pagaran
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et al., 2011] as well as reconstructed using different techni-
ques [Lean et al., 2005; Krivova et al., 2009; Shapiro
et al., 2011a]. In spite of the increased availability of obser-
vational data, the discrepancies between different measure-
ments are not getting smaller. The data obtained by the
Spectral Irradiance Monitor (SIM) and the Solar Stellar
Irradiance Comparison Experiment instruments onboard
the Solar Radiation and Climate Experiment (SORCE) satellite
[Rottman et al., 1993, 2005] reveal that the UV variability
during down branch of the 23rd solar cycle (2004-2009) can
be several times higher in comparison with other SSI data
and that the signs of the solar irradiance trends due to the
11 year activity are different in the visible and UV regions
[Harder et al., 2009]. Moreover, the solar irradiance vari-
ability measured by the Spectral Irradiance Monitor (SIM)
and the Solar Stellar Irradiance Comparison Experiment
(SOLSTICE) is different in their common part of the
spectrum (210-290 nm).

[4] The 210-290 spectral range covers the Herzberg
continmuum (200—242 nm) and the Hartley band (200-310 nm).
The impact of the radiation in these spectral bands on
photochemistry strongly affects the middle atmospheric
state and composition. In particular, they influence the
ozone concentration and temperature [e.g., Brasseur,
1993; Rozanov et al., 2006]. The comparison of the O3
and temperature responses to the solar irradiance variability
made using the different SSI data sets was under active
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discussion for the last few years [e.g., Cahalan et al., 2010;
Haigh et al.,2010; Merkel et al., 2011; Swartz et al., 2012].
These studies revealed a strong divergence between the
responses obtained with the different SSI data sets. These
investigations were made using idealized atmospheric con-
ditions, as, for example, the analysis made by Haigh et al.
[2010], which was based on 2-D model simulations. In other
studies, 3-D models were used, but some important compo-
nents of the atmospheric variability, such as quasi-biennial
oscillation (QBO), chlorine trend, sea surface temperature
(SST) changes, and greenhouse gas variability, were not
taken into account. The exclusion of the dynamics and the
atmospheric variability makes extracting of the solar signa-
ture from the modeled time series easier. However, if we
want to compare our results with observations, we need to
use the comprehensive 3-D models, including all possible
forcings, in order to obtain a more realistic representation
of the atmospheric evolution. This is especially important
for the timescales that are comparable with the variability
of the used forcings.

[5] In this paper, we study the atmospheric response to
solar irradiance variability using four different SSI data sets
(SIM, SOLSTICE-based composites, Lean et al. [2005]
reconstruction, and constant solar forcing). First we apply
a 1-D chemistry-climate model (CCM) to understand which
photochemical mechanisms are responsible for the diver-
gence in the OH, O3, and temperature atmospheric responses
calculated with the different SSI data sets and determine
heights where this divergence is the strongest. To compare
with observations, we then simulate the atmospheric evolu-
tion using the 3-D chemistry-climate model SOCOL that
takes into account QBO, chlorine trend, sea surface temper-
ature changes, and greenhouse gas variability.

[6] Insection 2, we describe the data used for our analysis.
We present the results of the 1-D modeling in section 3 and
of the 3-D modeling results in section 4. The comparison
with atmospheric measurements is shown in section 5. We
summarize our conclusions in section 6.

2. Description of the Applied Data Sets

2.1. SSI Data Sets

[7] For our analysis, we used four SSI data sets: two mea-
sured, one theoretical, and one reference. We term the data
sets as follows:

I. “NO SUN”: SSI was kept constant to values
corresponding to January 2004.

2. “NRL”: SSI reconstructed by Lean et al. [2005].

3. “SIM”: composite which contains the SORCE
SOLSTICE data from 121 to 210 nm and the SIM data
from 210 to 750 nm.

4. “SOLSTICE”: composite which contains the SORCE
SOLSTICE data from 121 to 290 nm and the SIM data
from 290 to 750 nm.

[8] We analyze the data for the period from May 2004 to
February 2009 as the shortwave (210-310nm) SIM data
are only available for this period of time. We used the
SOLSTICE data up to 290 nm and the SIM data from 210 nm
according to the recommendations of the SORCE team.

[¢] Two of the used data sets are based on measurements
of the solar irradiance by the SIM and SOLSTICE instru-
ments onboard the SORCE satellite, which was launched
on 25 January 2003. The SOLSTICE instrument, which is
a follow-up to the SOLSTICE onboard Upper Atmospheric
Research Satellite (UARS) launched in 1991 [Rottman
et al., 1993], measures the daily spectral irradiance with
absolute accuracy of 5% and with relative accuracy of
0.5% per year in the spectral range from 115 to 320 nm
[McClintock et al., 2005]. The SIM instrument is a newly
designed spectrometer that measures the irradiance in the
visible and near-infrared from 300 to 1600nm with an
additional UV channel (200-300 nm) that overlaps with the
SOLSTICE irradiance measurements [Harder et al., 2000].
In this paper, we used the reported SIM irradiance in the vis-
ible range. The absolute accuracy of the SIM instrument at
visible wavelengths is about 2%. The relative accuracy is
about 300 ppm (1o) for wavelengths greater than 500 nm.
It decreases to shorter wavelengths and reaches approxi-
mately 0.5% at 310nm and is then signal-to-noise limited
at 220nm to about 1%. To provide redundancy and self-
calibration capability, SIM contains two completely
independent and identical (mirror-image) spectrometers;
the relative accuracy is based on detailed comparisons
of these two spectrometers during the April 2004 to
November 2007 (3.45 years) time frame and are valid through
the time period considered in this paper and are consistent with
the values quoted in Harder et al. [2009]. A detailed descrip-
tion of the SIM instrument was published by Harder et al.
[2005a, 2005b], and the measurement equations for the degra-
dation corrections are presented in the Auxiliary Materials
section in Harder et al. [2009].

[10] The SSI reconstruction by Lean et al. [2005] is based
on different proxies of the solar activity. It employs the
sunspot area records to represent the sunspot darkening
and Mg II, Ca II, and f10.7 indices to represent the facular
brightening [Lean, 1997; Lean, 2000; Ermolli et al., 2012].
Below 400nm, the contrast is calculated by employing
UARS/SOLSTICE observations, while above 400 nm, they
are based on the model by Solanki and Unruh [1998]. The
reconstruction covers the spectral range 120 nm to 100 um.

[11] The NRL, SIM, and SOLSTICE SSI changes
between May 2004 and February 2009 at 120-450 nm are
presented in Figure 1. In the 200-350 nm range, the variability
measured by SOLSTICE and SIM is significantly stronger
than the variability yielded by the NRL model. At the same
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Figure 1. The SSI relative changes between May 2004 and
February 2009 for the SIM, SOLSTICE. and NRL data.



SHAPIRO ET AL.: THE SSI ROLE IN THE ATMOSPHERE EVOLUTION

time, the SIM and SOLSTICE SSI variabilities are also
different in the range where their spectra overlap. The SSI
measured by SIM is more variable than the SSI measured
by SOLSTICE at 210-235nm. At this interval, the SIM
data have a lower signal-to-noise ratio than the data measured
by the SOLSTICE instrument. These discrepancies between
the different SSI data sets influence photolysis rates and, as a
result, influence atmospheric chemistry and temperature
[Brasseur and Solomon, 2005].

2.2. Atmospheric Measurements

[12] For atmospheric constituents, we used the data
obtained by three instruments.

[13] Sounding of the Atmosphere using Broadband Emission
Radiometry (SABER) instrument [Russell et al., 1999] onboard
the Thermosphere, Ionosphere, Mesosphere, Energetic
and Dynamics (TIMED) spacecraft that was launched
in December 2001. It scans the atmospheric limb and measures
the emitted infrared radiation at some spectral bands. For
this analysis, we used 2 months averaged Oz and tempera-
ture profiles from version 1.07. As August SABER data,
we used the data averaged over August and September.

[14] Scanning Imaging Absorption Spectrometer for
Atmospheric Cartography (SCIAMACHY) instrument
[Burrows et al., 1995; Bovensmann et al., 1999] onboard
the Environmental Satellite (Envisat) spacecraft that was
launched on 1 March 2002 into a Sun synchronous polar orbit.
The mission formally ended on 9 May 2012. SCIAMACHY
is a spectrometer that was designed to measure scattered,
reflected, or transmitted sunlight. In our study, we use Os
profiles from version 2.5.

[15] Microwave Limb Sounder (MLS) instrument onboard
the Aura satellite. Aura was launched on 15 July 2004 on a
Sun synchronous near-polar orbit. MLS observes the
thermal emission from the Earth’s limb in spectral intervals
with centers at 118 GHz, 190 GHz, 240 GHz, 640 GHz, and
2.5 THz [Waters et al., 2006]. In this work, we use version
3.3 for O3 and temperature [Livesey et al., 2011].

[16] Solar Backscatter Ultraviolet Radiometer (SBUV) is a
family of nadir-oriented instruments on NOAA weather
satellites [Heath et al., 1975]. SBUV measures the UV
irradiance scattered by the Earth’s atmosphere. This allows
monitoring the concentration and vertical distribution of
atmospheric ozone. In this paper, we used the data obtained
by NOAA-17, which operated from 2002 to 2010 and
measured the irradiance in the 160-406 nm spectral range.

[17] In addition, for the comparison of dynamical influences,
we use ERA INTERIM [Dee et al., 2011], which is one of the
three and the latest global atmospheric reanalysis produced by
the European Centre for Medium-Range Weather Forecast.
The data are based on the observations by the different
instruments (e.g., radiosondes, balloons, aircraft, and satellites).
It extends from 1979 to the present and describes the state of
the atmosphere, land, and ocean-wave conditions.

3. 1-D Modeling

3.1.

[18] The 1-D radiative-convective model with interactive
neutral and ion chemistry (RCMC) is applied in our study.
The model was developed by Egorova et al. [1997] and
Rozanov et al. [2002]. It is coupled to the ion chemistry

Model Description and Experimental Setup

module described by Ozolin et al. [2009]. The model
consists of the radiation, chemistry, convective adjustment,
and vertical diffusion modules. The atmosphere is divided
into 40 layers that extend from the ground to 100 km. The
input solar spectrum covers the wavelength range from 121
to 750nm and is divided into 73 intervals. The model
computes the temperature profile and the distribution of 43
neutral chemical species of the oxygen, nitrogen, hydrogen,
carbon, chlorine, and bromine groups and 48 ions (31 positive
and 17 negative). The chemical solver utilizes the implicit
iterative Newton-Raphson scheme [Rozanov et al., 1999].
The reaction coefficients are taken from Sander et al. [2006]
for neutral atmospheric components and from Kopp [1996]
and Kazil [2002] for ionized species in the ionosphere. The
convective adjustment is treated according to Egorova et al.
[1997]. The vertical turbulent transport of long-lived species
was calculated using typical annual mean values of the eddy
diffusion coefficients. The radiation scheme of Fomichev
et al. [1998] was applied to treat mesospheric nonlocal
thermodynamic equilibrium processes.

[19] In our study, we applied the 1-D model to tropical atmo-
sphere. The SIM, SOLSTICE, and NRL SSI data sets described
in section 2.1 were used to calculate the photolysis and heating
rates which force the model. All runs were executed for
50 years. Repeated monthly SSI for November 2004 and
November 2007 was used for the simulations. All experi-
ments started from the same initial atmospheric conditions.

3.2. Results

[20] The OH, O3, and temperature responses to the different
solar variabilities calculated as a difference between November
2004 and November 2007 values are presented in Figure 2. We
will refer to the responses as OH, Os, or temperature-SSI data
sets. The OH, O3, and temperature responses increase from
20 to 40km. O3-SIM grows stronger than Os-SOLSTICE
and O;-NRL at these heights (Figure 2b). At about 38 km,
05-SIM has its local maximum. Higher up to 50 km, the OH
and temperature responses (Figures 2a and 2c) still grow,
while the O3 responses start to decrease. O3-SIM and
O3-NRL are equal at about 50km. The O; responses
decrease from 50 to 70 km. At about 70 km, they have their
minimum. From 70 to 80km, the O; responses grow. In
contrary to this, the OH responses have their maximum at
about 70 km and decrease from 70 to 80 km. The temperature
responses have the local maximum at about 50 km. Higher up
to 70km, the responses fall and grow again up to 80km.
Temperature-SIM and temperature-SOLSTICE are especially
strong. O3-NRL is in good agreement with the results obtained
by Haigh et al. [2010]. O3-SIM is similar to the results by
Haigh et al. [2010] up to 40km, but higher, the response
calculated by Haigh et al. [2010] is smaller than the one
obtained by our model.

[21] To estimate the influence of the particular spectral
intervals on the atmospheric response, we performed a few
additional experiments with the SSI data. During each
experiment, we drive the model with SSI that changes only
in some specific spectral regions, while the SSI in the other
part of the spectrum is kept constant.

[22] In our first experiment, we drive the model allowing
SSI changes only in the 121-200nm spectral range. It
covers the Ly-o line (121.6nm) and Schumann-Runge
bands (175-200nm). As both SIM and SOLSTICE data
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Figure 2. The (left) OH, (middle) O;, and (right) temperature responses obtained with the SIM,
SOLSTICE, and NRL data between November 2004 and November 2007. The responses were calculated
for the variability at (a—c) 121-750 nm, (d—f) 121-200 nm, (g—i) 200-240 nm, (j—1) 240-300 nm, and

(m—o0) 300-350 nm spectral bands.

contain the SOLSTICE irradiance at wavelengths shorter
than 200 nm, we analyze the atmospheric responses obtained
with the SOLSTICE and NRL data. At 2040 km, OH, O3,
and temperature (Figures 2d-2f) do not show any sensitivity
to the considered spectral range, although in the main
experiment (121-750nm), there is a response at these
heights. Thus, we can conclude that the radiation at
121-200nm does not penetrate below 40km. At higher
altitudes (40—70km), the enhancement of the radiation
at 121-200 nm forces the water vapor photolysis (H,O +Av —
H+ OH for A <200 nm) and, hence, the OH production. As the
SOLSTICE data at 121-200 nm is more variable than the NRL

irradiance, OH-SOLSTICE is larger than OH-NRL. At about
70 km, the OH responses obtained during this experiment are
equal to the OH responses calculated in the main experiment.
Then, we can conclude that the OH changes at this height are
forced by the irradiance variability at 121-200nm. The
increase of OH strengthens HO, catalytic cycles and, as a result,
accelerates the O destruction. In opposite, the O, photolysis
(O, +hv—20 for A<242.4nm) leads to the Oz produc-
tion. Thus, on the one hand, the high SOLSTICE irradiance
variability leads to the larger O; loss by the water vapor
photolysis, but on the other hand, it also influences the O;
production by the O, photolysis. At 40-60 and about
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80 km, the O3 production dominates the destruction, and
the larger SOLSTICE variability at 121-200 nm leads to
larger O3—SOLSTICE in comparison with O3;-NRL. Both
O, and Oj photolysis heat the atmosphere (Figure 2f),
and the temperature changes are positive. Temperature-
SOLSTICE is larger than temperature-NRL due to the
higher variability of the SOLSTICE SSI. It was shown by
Shapiro et al. [2011b] that the Ly-o line irradiance does
not influence the layers below 60 km. Thus, we can conclude
that the OH, O3, and temperature changes at 40—60 km
shown in Figures 2d-2f are forced by the variability at
122-200 nm.

[23] In our second experiment, we considered the influence
of the 200240 nm spectral range on the middle atmospheric
response. For this purpose, we forced the model by the solar
variability at 200-240 nm, while the irradiance at 121-200
and 240-750nm was kept constant. As one can see from
Figure 1, the strongest disagreement between the SSI data sets
is in the Herzberg continuum (200-242nm), which also
overlaps with part of the Hartley band (200-310 nm). While
the irradiance at the Herzberg continuum forces the Oy
production, the Hartley band irradiance enchantment leads
to the O5 destruction by O3 photolysis (O3 +hAv— 0,+0
('D)). The O; responses obtained in this experiment are
positive at 20-80 km. Thus, we can conclude that the Os
production dominates the destruction at these heights. The
maximum of the Oj response is at about 40 km. Both O,
and O; photolysis lead to the atomic oxygen production.
As a result of the photolysis, the temperature increases
within the 20-70 km altitude range (Figure 2i), while the
atomic oxygen production leads to an increase of the OH
concentration via reaction O(' D) + H,O — 20H (Figure 2 g)
at the 35—70km altitude range. The OH and temperature
maximum positive responses are at about 45km. Below
40km, the photolysis role is weakening. This leads to
the decrease of the O; and temperature responses. The OH
response becomes negative as the OH production cannot
compensate the OH destruction (e.g., by methane oxidation
CH4+OH — CH3+H,0). The SIM data are the most
variable at the 200240 nm range. As a result, the OH, Og,
and temperature responses calculated with the SIM data
are larger than the responses calculated with NRL and
SOLSTICE data sets.

[24] The influence of the 240-300 nm spectral range on the
middle atmospheric is analyzed during our third experiment.
The radiation at these wavelengths cannot trigger the O, pho-
tolysis, while the O5; photolysis can be easily forced by this
irradiance. The absence of the O; production by O, photolysis
and the Oj destruction by the Oj; photolysis lead to the
negative O; response at 20—-80 km (Figure 2 k). The O3 pho-
tolysis forces the OH production (O('D)+H,0 — 20H)
as well as NOx and ClOx production by the production
O('D). Therefore, the OH response is positive at 20-60 km
and has a maximum at about 35 km (Figure 2j). The heating
of the middle atmosphere by the O; photolysis leads to
the positive temperature response at 20-80km (Figure 21).
From 40 to 20km, the OH, O3, and temperature responses
are weakening. This can be explained by substantial absorption
of 240-300 nm radiation at these altitudes. The SOLSTICE
and SIM irradiance difference is not large for this spectral
range as the difference between these two data sets and the
NRL data. As a result, the responses obtained with SIM and

SOLSTICE data are similar and stronger than the responses
calculated using the NRL time series.

[25] The last experiment is performed for the Huggins bands
(300-350 nm). Both SIM and SOLSTICE composites contain
the Huggins bands from the SIM data. Thus, we compare the
responses obtained with the SIM and NRL SSI. The Huggins
band irradiance is responsible for the O3 destruction by
05+ hv— 0,+0CP) for A>320nm or O3 +hv —0,+0
('D) for <320 nm. As it was shown in our previous exper-
iment, the O; photolysis leads to the negative O; response
(Figure 2n), while the OH (Figure 2 m) and temperature
(Figure 20) responses forced by the O3 photolysis are positive.
The SIM variability at this spectral band is substantially larger
than the NRL variability (Figure 1). Thus, OH and temperature
responses obtained with SIM SSI are larger than the ones
calculated with the NRL irradiance. O3-SIM is smaller than
O3 NRL. It should be noticed that all responses obtained
during this experiment are very weak at 20-45km and
negligible at 45-80 km.

[26] We do not present the influence of the 350—750 nm
spectral range on the middle atmosphere because one can
see that the sum of the responses obtained during all four
experiments is similar to the value of the corresponding
responses calculated in the main experiment. Thus, we can
conclude that the irradiance at 350—750 nm does not strongly
influence the middle atmosphere.

4. The 3-D Modeling

4.1.

[27] The chemistry-climate model SOCOL is a combination
of General Circulation Model MAECHAM4 [Manzini and
Bengtsson, 1996] and the atmospheric chemistry transport
model MEZON [Rozanov et al., 1999, 2001; Egorova et al.,
2003]. It is a spectral general circulation model with T30
horizontal truncation. SOCOL has 39 vertical layers that cover
the atmosphere from the surface to 0.01 hPa (about 80 km)
altitude. The input solar spectrum is from 121 to 750 nm.
The photolysis rates are calculated every 2 h, but heating and
cooling rates are obtained every 15min. The MEZON part
simulates 41 chemistry species from the oxygen, hydrogen,
nitrogen, chlorine, and bromine groups. In addition, 16 hetero-
geneous reactions on/in surface aerosol and polar stratospheric
cloud particles are taken into account. The chemical solver is
based on the pure implicit iterative Newton-Raphson scheme.
For the chemical species calculations, the time-dependent
CO,, CHy4, N>O, and ODS mixing ratios are prescribed. SST
and sea ice distribution were prescribed according to Rayner
et al. [2003] with a monthly resolution. The horizontal and
vertical winds, temperature, and humidity in the troposphere
are calculated in the MAECHAM4 part for the MEZON
part, while the MEZON part calculates the 3-D fields of
O; and stratospheric H,O for the net radiative heating
MAECHAM4 calculations. The Singapore measurements
of zonal wind profiles were used to nudge the QBO according
to Giorgetta [1996].

[28] For this study, the four SSI data sets described in
section 2.1 were used to calculate the monthly photolysis
rates from January 2004 to February 2009. The NO SUN rates
were obtained using repeated January 2004 SSI. The monthly
data observed by the SIM instrument are only available from

Model Description and Experimental Setup
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May 2004. Therefore, both SIM and SOLSTICE composites
used in this study are based on the SIM and SOLSTICE SSI
correspondingly from May 2004. To prolong these composites
to January 2004, we based the SOLSTICE and SIM compo-
sites for January—April 2004 on the NRL SSI data. To avoid
any shifts in the simulated time series, the latter were scaled
to the SIM (SOLSTICE) data for May 2004. The SSI data
are usually normalized to one astronomical unit. As the
aim of this work is comparison of the modeled results with
atmospheric measurements, we renormalized the data back
to the normal orbital parameters.

[29] We carried out an ensemble of five transient runs for
each data set. The ensemble members were started with a
slightly different initial CO, concentration.

[30] In this study, we consider the simulated middle
atmosphere evolution of the tropical mean (18°N-18°S)
OH, O3, and temperature from May 2004 to February 2009.

4.2. Results

[31] As described in section 3.2, the 200—240 nm spectral
interval variability is very important for the OH, O3, and
temperature changes in the stratosphere. In our analysis,
we use the irradiance at 230 nm as a proxy for the solar var-
iability. The 230 nm irradiance is chosen because it belongs
to the two important for the middle atmosphere spectral
ranges: Herzberg continuum and Hartley band. The influence
of the ranges on the middle atmosphere was broadly dis-
cussed in section 3.2. We calculate the irradiance anoma-
lies, which are deviations from the mean value over the
period from May 2004 to February 2009, for SIM, SOLSTICE,
and NRL irradiance at 230 nm (Figure 3). One can see that
the NRL irradiance shows the weakest variability (about
1%), while the SIM and SOLSTICE data are more variable.
The variability as measured by SIM reaches approximately
7%, while the variability yielded by SOLSTICE is about
5%.

[32] The NO SUN data contain all atmospheric variability,
except the variability forced by the solar activity. Then using
the multiple regression analysis, we can extract the solar
signatures from the time series simulated with the NRL,
SOLSTICE, and SIM SSI to estimate the pure effect of the
SSI variability on the atmospheric response. Our regression
model is as follows:

a | | |
g 5.0 E F
©1e 4.0 5 E
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Figure 3. The SSI anomalies for 230nm calculated
with the SIM, SOLSTICE, and NRL data from May 2004
to February 2009.

Y(O)=a+bxx(t) +c*x(t)

where ¢ is time; x; () is the irradiance at 230 nm; x,(?) is OH,
O3, or temperature obtained from the NO SUN run; and ¥(¢)
is OH, O, and temperature calculated with the different
SSI data sets. We consider the period from May 2004 to
February 2009.

[33] According to the results obtained with the 1-D model
and discussed in section 3.2, the strong middle atmospheric
response can be found at about 41 (3 hPa), 46 (1.5 hPa), and
70 (0.05 hPa) km altitude. Thus, we analyze the OH, Os, or
temperature solar signatures (b*x,(¢)) calculated as ensemble
means for these heights. Although the response at 70 km is
mostly forced by the variability at the Ly-o line, the correlation
between the Ly-o line and the 230 nm irradiance measured
by the SOLSTICE instrument is high, and we can use the
irradiance at 230 nm as a proxy at 70 km.

[34] The OH, O3, or temperature solar signatures with 1o
deviations are presented in Figure 4. As discussed in section
3.2, the OH production, O5 destruction, and temperature
enhancement at=70km is mostly forced by the H,O
photolysis, which is driven by the Ly-a line irradiance.
Both used SIM and SOLSTICE composites contain the
SOLSTICE Ly-a line irradiance, whose variability is different
from the NRL Ly-a line irradiance variability (Figure 1). In
agreement with 1-D-modeled results (Figures 2a and 2b),
there is the difference between the OH responses obtained
with the different SSI (Figure 4a), while the O; responses
are similar at these heights (Figure 4d). The signs of the
obtained OH and Oj responses are consistent with the
1-D-modeled results presented in Figures 2a and 2b. The 1o
deviations calculated for the temperature responses are so
large that one cannot clearly define the differences between
the responses obtained with different SSI as well as compare
the obtained results with 1-D model simulations.

[35] In agreement with the 1-D-modeled results
(Figures 2a—2c), the OH and temperature solar signatures
at~41 and =46 km are in phase with the solar irradiance
variability (Figures 4b, 4c, 4 h, and 4i), as well as the O;
solar signatures at~41km due to the O, photolysis that
dominates the O3 photolysis at these heights. Besides, at
41 and ~46km, the 1-D-modeled SIM and SOLSTICE
OH responses are different from OH-NRL (Figure 2a).
The 3-D-modeled solar signatures show similar behavior
(Figures 4b and 4c). The large 1o deviations obtained
for the temperature time series do not allow us to confi-
dently estimate the differences between the temperature
responses calculated with the different SSI.

[36] The crossing point of the NRL and SOLSTICE O3
responses calculated with the 1-D model is at ~ 38 km, while
03-SIM at this height is larger than the NRL and SOLSTICE
responses. Higher Os-SOLSTICE obtained with the 1-D
model is smaller than O3-SIM and O3-NRL and, at about
50 km, becomes negative. The O3 solar signatures calculated
with the 3-D model at=41km show similar behavior to
the 1-D-modeled responses at about 35 km (Figure 4f). At
46 km, 3-D- and 1-D-modeled O3 solar responses can be
qualified as similar.

[37] At some heights, the 1c deviations calculated for the
responses are so large that we cannot confidently distinguish
the differences between the responses. However, one can see
that the 1-D- and 3-D-modeled responses are overall in
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Figure 4. The (left) OH, (middle) O;, and (right)

temperature solar signatures calculated with SIM,

SOLSTICE, and NRL data at about (a, d, g) 70 km, (b, e, h) 45 km, and (c, f, i) 40 km. The error bars cor-

respond to 1o deviations.

agreement. The differences between the 1-D and 3-D
responses can be attributed to the dynamics presented in
the 3-D model (e.g., changes in Brewer-Dobson circulation
can affect the O; and temperature responses).

5. Comparison With Atmospheric Measurements

[38] The OH, O3, and temperature observations used for the
comparison were described in section 2.2. The solar signatures
discussed in section 4.2 cannot be used for the comparison due
to the absence of the NO SUN observed atmospheric time
series that would be necessary for the regression model. There-
fore, we analyze the tropical mean (18°S—18°N) OH, O3, and
temperature percentage differences between the data obtained
during the periods of the high and low solar activities for all
data sets. The differences are calculated for both simulated
and observed data. For the comparison of the modeled and
simulated differences in the similar dynamical states, we
consider the periods corresponding to the same QBO phases.
In this study, we compare the modeled and observed responses.

Although the modeled time series are available from
May 2004, August 2004 is better covered by atmospheric
measurements. Thus, in this section, we study the differences
between OH, Os, and temperature calculated in August 2004
and August 2008 as these two periods correspond to the same
QBO phase, as well as the differences between O3 obtained
in July 2004 and July 2008.

[39] Asthe modeled time series are calculated as the ensemble
of five transient runs, we can estimate the statistical significance
of the atmospheric changes between August (July) 2004 and
August (July) 2008 using the Student’s two-tailed ¢ test. The
analysis is performed to find the areas in latitude-altitude
space where the NO SUN response is not significant, while
the response obtained with the other SSI data sets shows
significance of more than 0.95. It would mean that there is
a significant atmospheric response to the solar variability in
that area. At the same time, there is no significant difference
between the dynamical states of the atmosphere corresponding
to August (July) 2004 and August (July) 2008. We name it the
“Solar significant” case.
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[40] The significance of the OH differences between
August 2004 and August 2008 is presented in Figures 5a—5d.
One can see that the “Solar significant” case can be found at
55-70km for the OH differences calculated with all SSI
data sets and at 40-45km for the OH differences obtained
with the SIM and SOLSTICE data. Then we calculated 1o
deviations for the OH difference means to estimate
the scattering within the ensemble members obtained with the
3-D model SOCOL (Figure 5e). At 55-70 and 40-45km,
the NO SUN OH change is significantly different from the
OH change calculated with other SSI data sets. At 55-70,
the difference between the NRL OH change and the OH
changes obtained with the SIM and SOLSTICE data is
more than 1o, while the discrepancy between the SIM and
SOLSTICE OH changes is not significant. The photochemical
reasons of the difference between the responses obtained with
different SSI at these heights were broadly discussed in section
3.2. The patterns of the OH changes calculated with the 1-D
(Figure 2a) and 3-D models are similar, while the values of
the 3-D changes are slightly higher. This can be explained
by the mismatch of the time points used for the 1-D and 3-D
modeling or by the influence of the dynamics (e.g.,

Brewer-Dobson circulation) presented in the 3-D model
on the results. The comparison of the 3-D OH modeled
changes with the MLS OH changes between August
2004 and August 2008 is presented in Figure 5 f. The verti-
cal profile of the OH changes obtained with the MLS data is
noisy at 55-70km. This renders the comparison of the
modeled and observed OH changes at these heights impos-
sible. At 43—45km, the MLS OH changes are close to the
SIM and SOLSTICE OH changes.

[41] Figures 6a—6d illustrate the statistical significance of
the O3 differences between August 2004 and August 2008.
The tropical areas at 35-45 and 65-80km correspond to
the “Solar significant” conditions. However, as 80km is
the last and, therefore, less trustable SOCOL layer, we will
consider the differences at 65—70 km. Figure 6e shows 1o
deviations of the Oz changes calculated with the 3-D
SOCOL model. At 35-45km, only the difference between
the SIM and NO SUN O; changes can be qualified as
significant, while at 65-70 km, the NO SUN Oj; change is
different from the O; changes calculated with all other data
sets. The O; changes calculated with the 3-D model are
slightly larger than the Oj responses calculated with the
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Figure 5. The statistical significance of the OH changes between August 2004 and August 2008 calcu-
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the modeled OH changes. (f) Comparison of the modeled OH changes with the MLS OH changes.
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1-D model at 35—45 km (Figure 2b), while at 45-70 km, the
3-D-modeled O3 changes are similar to the 1-D O3
responses. The comparison of the obtained results with
observations is shown in Figure 6f. The SABER O;
changes coincide with the SIM-, SOLSTICE-, and NRL-
modeled O3 changes at 40—45 km, while the O; changes
obtained with other observations are larger than the mod-
eled changes but can be qualified as similar to the SIM
O3 changes. The O3 changes calculated from the observa-
tions are substantially larger than the modeled O; changes
at 35-40km. This difference can be due to some atmo-
spheric processes, which happen in this period of time
and are not taken into account by the model. At 65-70km,
the difference between the Os changes modeled with the
SIM and SOLSTICE SSI and observed by MLS is less than
the 1o. The SABER Oj changes are smaller than the O;
modeled changes at these heights. The SABER O; changes
are closer to the O3 changes calculated with the SIM and
SOLSTICE SSI. The O3 changes at about 70km are in
good agreement with the results obtained by Merkel et al.
[2011] for daytime data.

[42] The statistical significance of the temperature differ-
ences between August 2004 and August 2008 is shown in
Figures 7a—7d. The tropical areas at 35-40 and 50-55km
can be qualified as the “Solar significant” case for all considered
data sets. The SIM and SOLSTICE temperature changes are
also significant at 70 km. The SOLSTICE temperature changes
are significant at 5570 km. The modeled temperature changes
with 1o deviations are presented in Figure 7e. At about
53-55km, 1o difference is found between the NO SUN
temperature changes and the changes calculated with the
SOLSTICE and SIM SSI, as well as between the SOLSTICE
and NRL temperature changes. The SOLSTICE temperature
changes are different from the NO SUN and NRL changes at
55-70km. If we take into account the 1o deviations, the
temperature changes calculated with the 3-D model at about
53-55km can be qualified as similar to the 1-D results
(Figure 2c). At 70 km, there is no any difference between the
SIM and SOLSTICE temperature changes, while the 1o
difference can be found between the NO SUN and SOLSTICE
temperature changes. The comparison of the modeled changes
with the temperature data is shown in Figure 7f. At 70 km,
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both MLS temperature changes are close to the modeled
temperature changes calculated with the SIM and SOLSTICE
SSI, while SABER temperature changes are slightly larger
than the SIM changes. At 55-70km, the SABER and MLS
changes are larger than the changes calculated with the
SOLSTICE SSI. The SABER and MLS changes are close to
the modeled temperature changes calculated with the SIM
and SOLSTICE SSI at 53-55 km. At 35-40km, the modeled
temperature changes obtained with the different SSI are
similar between each other. Then we could not define the
SSI data set that shows the best agreement between observed
and modeled responses, which is the main aim of this work.
Then the comparison of the temperature results obtained with
the model and observations at these heights is not important.
However, it is interesting to notice that the temperature
changes obtained from the observed data are larger than the
changes calculated with the SOCOL model at these heights.
The O; changes show similar behavior: the changes obtained
from the observations are larger than the changes calculated
with the model. To estimate the temporal evolution of the O3
and temperature differences at about 38 km, we calculate these
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differences between all months of 2004 and all months of
2008 correspondingly (Figure 8). One can see that the Os
and temperature differences calculated between Augusts are
outliers. All O5 differences obtained from the observations in
August are substantially stronger than the modeled O differ-
ences (Figure 8, top). The ERA INTERIM and MLS tempera-
ture differences between Augusts (Figure 8, bottom) are
substantially smaller than the differences obtained between
other months. The SABER data are averaged over 2 months
(August and September), which could be the reason why the
considered O differences increase and temperature differ-
ences decrease are weaker in these data. The O; and tempera-
ture changes between the high and low solar activity periods
calculated with the 3-D SOCOL model are not substantially
different from the changes obtained with other most known
CCM [Ermolli et al., 2012]. Thus, we can conclude that this
discrepancy between the O3 and temperature August changes
obtained with the model and observations are due to some
process, which is not taken into account by climate modeling.

[43] Additionally, we consider the O5 differences between
July 2004 and July 2008 to compare the modeled and observed
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results at 35-40 km. The statistical significance of the O3 differ-
ences is shown in Figures 9a-9d. The “Solar significant” case
can be found in the tropics at about 3642 km for the changes
calculated with the SIM and SOLSTICE SSI. In Figure 9e,
we show the calculated O3 changes with 1c deviations. One
can see that the significant difference can be found between
the NO SUN and SIM O; changes at about 37 km. The SIM
and SOLSTICE Oj; changes at 36-42km are similar. The
comparison of the modeled O; changes with observations
is presented in Figure 9 f. At 37 km, the SABER Oj; changes
(averaged over June and July) coincide with the SIM and
SOLSTICE O; changes. The SCIA and SBUV O; changes
at this height are stronger than the O3 changes calculated
with the model but can be qualified as similar to the
SIM O; changes. Our results and the results obtained by
Merkel et al. [2011] for the daytime O; changes are in good
agreement at 37 km.

6. Conclusions

[44] We analyze the OH, Os, and temperature evolution in
the middle atmosphere from May 2004 to February 2009.
We apply the 1-D RCMC and 3-D SOCOL models to
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calculate the changes with the different SSI data sets.
The simulations with the 1-D model allow us to estimate
the atmospheric heights where one can expect the strongest
discrepancy between the OH, O3, and temperature responses
to different SSI.

[45] We simulate the OH, O3, and temperature solar signa-
tures using the 3-D SOCOL model. We find that the 1-D and
3-D simulated responses overall are in agreement, although
at some heights, there are some divergences.

[46] We compare the OH, O3, and temperature changes
between August 2004 and August 2008 modeled with the
different SSI. The comparison is made at the heights where
the changes are statistically significant. Then we compare
the modeled and observed changes with the purpose to
find the SSI data set, which gives the best agreement with
the atmospheric measurements. The comparison shows the
following.

1. The NO SUN OH changes are different from the
changes obtained with the other SSI data sets at 4045
and 55-70km. The NRL OH changes are different
from the SIM and SOLSTICE OH changes at 55-70 km.
The comparison with the measurements shows
that the MLS OH changes are similar to the OH
changes modeled with the SIM and SOLSTICE
data at 43—45 km.

. The NO SUN O; changes are different from the O3

changes obtained with other SSI at 65-70km. At

35-45 km, the NO SUN and SIM Oj; changes are different.

The comparison with the atmospheric measurements

shows that the MLS O; changes are similar to the SIM

and SOLSTICE Oj3 changes at 65-70 km. At 40-45 km,
the SABER O; changes and the O; changes simulated
with NRL, SIM, and SOLSTICE SSI are comparable.

The NO SUN temperature changes are different from

the temperature changes calculated with SIM and

SOLSTICE SSI at 53-55km. At these heights, the

NRL and SOLSTICE temperature changes are also

distinguishable. At 70 km, there is a difference between

the temperature changes modeled with the NO SUN and

SOLSTICE data. The comparison with the atmospheric

measurements shows that the MLS temperature changes

are similar to the changes calculated with the SIM and

SOLSTICE data at 70km. At 53-55km, the SABER

and MLS temperature changes and the changes modeled

with the SIM and SOLSTICE data are comparable.

[47] At 35-40km, the O3 changes obtained from the
observations are substantially larger than the modeled
changes. The O; changes calculated between other months
of 2004 and 2008 do not show such behavior. Therefore,
for the comparison of the O3z modeled changes with observa-
tions at 35-40 km, we analyze the O5 differences calculated
between July 2004 and July 2008. The NO SUN and SIM
O3 changes are different at 37 km. The SABER O3 changes
obtained between July 2004 and July 2008 at about 37 km
are similar to the SIM and SOLSTICE O3 changes.

[48] Thus, our analysis shows that in the most of cases, the
observed OH, O3, and temperature changes are in reasonable
agreement with the changes modeled with the SIM and
SOLSTICE SSI
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SCIAMACHY Oj; changes.
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