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Abstract. We introduce the improved Freie Univeddit 2000) and therefore cannot be expected to be the cause for
Berlin (FUB) high-resolution radiation scheme FUBRad and the observed decadal changes in Earth’s surface temperature.
compare it to the 4-band standard ECHAMS5 SW radiation However, variations in the ultraviolet (UV) part of the solar
scheme of Fouquart and Bonnel (FB). Both schemes are valspectrum, which is important for ozone production and mid-
idated against the detailed radiative transfer model libRad-dle atmosphere heating, range from 8% at 200 nm to about
tran. FUBRad produces realistic heating rate variations dur5% from 220 nm to 260 nm, 0.5% around 300 nm, and 0.1%
ing the solar cycle. The SW heating rate response with theabove 400 nm (e.g., Lean et al., 1997; Woods and Rottman,
FB scheme is about 20 times smaller than with FUBRad and®2002). Much larger variations are observed at shorter wave-
cannot produce the observed temperature signal. A reductiolengths (over 50% at 120 nm, 10-15% from 140-200 nm),
of the spectral resolution to 6 bands for solar irradiance andvhich are mainly absorbed in the higher atmosphere (meso-
ozone absorption cross sections leads to a degradation (rephere and thermosphere).
duction) of the solar SW heating rate signal by about 20%.  As has been shown in past modeling studies (e.g. Brasseur,
The simulated temperature response agrees qualitatively993: Haigh, 1994; Fleming et al., 1995), 11-year solar UV
well with observations in the summer upper stratosphere angrradiance variations have a directimpact on the radiation and
mesosphere where irradiance variations dominate the signabzone budget of the middle atmosphere. In order to account
Comparison of the total short-wave heating rates undeifor these changes a model needs to include spectrally re-
solar minimum conditions shows good agreement betweerolved solar irradiance changes as well as ozone changes due
FUBRad, FB and libRadtran up to the middle mesosphereao enhanced photo-chemical production (e.g., Larkin et al.,
(60—70km) indicating that both parameterizations are well2000). According to a recent study by Shibata and Kodera
suited for climate integrations that do not take solar variabil-(2005) the solar forcing of temperature can be regarded as
ity into account. linearly composed of UV and ozone changes. In the annual
The FUBRad scheme has been implemented as a submean Shibata and Kodera found the UV forcing to be dom-
submodel of the Modular Earth Submodel System (MESSy).inant and over twice as large as the ozone forcing around
the stratopause and above, while the ozone forcing is dom-
inant below 5hPa where the UV forcing is negligible. At
summer solstice however, the ozone forcing in the polar up-
per stratosphere reaches the same magnitude as the UV forc-
ing (Langematz and Matthes, 2007 Matthes et al. (2003)
showed that general circulation models (GCMs) considering
spectral variations between different phases of the 11-year
stand the influence of solar variability on climate, the con- solar cyclg shovy a clear direct solar signal in the temperg-
tribution of anthropogenic effects to climate change can pelure and circulation of the upper stratosphere. These studies
better estimated. Variations in the total solar irradiance (TSI)Clearly demonstrate that the wavelengths important for ozone

over the 11-year solar cycle are small (0.08%) (e.ghkch,

1 Introduction

Understanding solar variability effects on climate is an
important topic in current studies with state-of-the-art
chemistry-climate models (CCMs). If it is possible to under-

_ 1L angematz, U. and Matthes, K.: Sensitivity of the 11-year solar
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absorption need to be taken properly into account for solaiSect. 3 we validate the FUBRad scheme against the origi-
variability studies. nal ECHAMS5 SW radiation scheme and a detailed radiative

During solar maximum (hereafter: solar max) years thetransfer model. In Sect. 4 the impact of 11-year variations in
solar UV irradiance is enhanced, which leads to additionalsolar UV irradiance on the SW radiation balance is studied
ozone production and heating in the stratosphere and abovéor the FUBRad and ECHAMS5 schemes while Sect. 5 shows
By modifying the meridional temperature gradient the heat-the corresponding temperature responses. In Sect. 6 the re-
ing can alter the propagation properties for planetary andsults are summarized and discussed, including an estimate of
smaller-scale waves that drive the global circulation. Thusuncertainties in the solar radiative response induced by de-
the relatively weak, direct radiative forcing of the solar cy- grading the spectral resolution in the SW radiation schemes.
cle in the upper stratosphere could lead to a larger indirect
dynamical response in the lower atmosphere through a mod-
ulation of the polar night jet and the Brewer-Dobson circu-2 The FUBRad scheme
lation (Kodera and Kuroda, 2002). This has recently been
confirmed in a GCM study by Matthes et al. (2004) who as- The FUBRad scheme has been designed for use in a middle
cribed the successful simulation of solar variability effects atmosphere (MA) GCM. It operates in the stratosphere and
in their GCM partly to the high-resolution short-wave (SW) mesosphere between 70 and 0.01hPa (18 and 80km) and
radiation parameterization and partly to the prescription oftakes the relevant radiative processes in this altitude range
realistic equatorial winds throughout the stratosphere. Thdnto account. FUBRad has been updated from the version
transfer of the solar signal from the stratosphere to the tropodescribed in Matthes et al. (2004). It uses 49 spectral in-
sphere is subject of current model and observational studietervals in the UV/VIS between 121.56 and 683nm. Ab-
that suggest different mechanisms: a modulation of the Arc-sorption by ozone (§) between 206 and 362nm is calcu-
tic oscillation (AO) at middle to high latitudes, changes in lated using spectral irradiances suggested by WMO (1986)
vertical motion and precipitation in the tropics, and changesand Sander et al. (2003). Temperature-independent absorp-
in tropospheric mid-latitude baroclinic activity (e.g., Kodera, tion cross sections are taken from Molina and Molina (1986)
2002, 2004; Haigh et al., 2005; Matthes et al., 2006). Suchvhere available (206-347 nm) and from WMO (1986) be-
dynamical changes can feedback on the chemical budget éfeen 347-362nm. Absorption in the Chappuis bands is
the atmosphere because of the temperature dependence of tfiéed to the WMO heating rates following Shine and Rick-
chemical reaction rates and transport of chemical species. aby (1989). Their factor F has been refitted to F=322%/m

In order to simulate the dynamical and chemical feedback0 avoid overlap with the Near Infrared interval starting at
mechanisms associated with solar irradiance variations it i$80 nm.
essential to calculate the direct, relatively weak additional Heating by molecular oxygen ¢ in the Schumann-
radiative forcing in the upper stratosphere as accurate as pofunge bands and continuum is calculated using the approach
sible. This requires radiation codes with sufficient spectralof Strobel (1978). The contribution of the Lymanline is
resolution in the SW bands, as for example pointed out byparameterized using effective cross sections depending on
Matthes et al. (2004) or Egorova et al. (2004). However, forthe G slant column as suggested by Chabrillat and Kockarts
computational efficiency most GCMs use radiation schemeg1997). The energy of absorbed photons is not completely
with only a few spectral intervals to calculate SW heating converted to thermal energy, but can also be stored as chem-
rates. ical energy, or be emitted as airglow. Energy losses due to

The aim of this paper is to demonstrate the improvementgirglow are accounted for by using the efficiency factors of
of the radiative solar signal in the stratosphere that can béMlynczak and Solomon (1993) for the Lymantine, the
achieved when using SW radiation schemes with a sufficienHartley bands and the Schumann-Runge continuum. Table 1
number of spectral intervals. We first introduce in Sect. 2 agives the details of the spectral intervals in FUBRad.
radiation parameterization with high spectral resolution, the As FUBRad operates in the MA (well above the cloud
FUBRad SW radiation scheme for the middle atmospherdevel), backscattering of solar radiation is considered only
(MA). The code considers 49 spectral intervals in the UV for Oz in the Chappuis and Huggins bands (Strobel, 1978).
and visible (VIS) part of the solar spectrum. This resolution FUBRad can be run both as offline model and as interac-
represents in a way an upper limit of spectral resolution fortive submodel of the ECHAM5/MESSy climate model sys-
use in a climate model. Note that the term “high-resolution” tem (dckel et al., 2005).
was chosen with respect to a GCM radiation scheme, and To obtain UV/VIS heating rates for the full vertical do-
does not refer to the (much higher) spectral resolution of amain of the GCM (including the troposphere), FUBRad has
stand-alone radiation code. FUBRad has been implementebdeen coupled at 70 hPa to the SW radiation parameterization
into the ECHAMS5/MESSYy climate model (Roeckner et al., of Fouquart and Bonnel (1980) (hereafter denoted as FB)
2003; dckel et al., 2005) as a submodel of the MESSy sub-which is the standard SW radiation scheme in the ECHAM5
model RAD4ALL, which represents the standard ECHAM5 GCM (Roeckner et al., 2003). For a validation of the FB
radiation scheme in a MESSy conform implementation. Inscheme see Wild and Roeckner (2006). The FB scheme
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Table 1. FUBRad wavelength intervals in the shortwave radiation above 70 hPa.

Band Gas Wavelength (nm)  Number of intervals
Lymanw (o)} 121.6 1
Schumann-Runge continuum >0 125.0-175.0 3
Schumann-Runge bands 20 175.0-205.0 1
Herzberg cont./Hartley bands (@3 206.2-243.9 15
Hartley bands Q 243.9-277.8 10
Huggins bands (9] 277.8-362.5 18
Chappuis band (9] 407.5-682.5 1
total: 49

as implemented in the ECHAM5 GCM resolves only one spectrum. The major difference to FUBRad is the UV/VIS
spectral interval in the UV/VIS part of the spectrum (250- spectral resolution, with 49 intervals in FUBRad compared
680 nm) but takes scattering processes on clouds into accoutd only one broad interval in ECHAMS5. Note that a recent
which are important in the troposphere. Technically the cou-update of the FB scheme by Cagnazzo et al. (2007) splits
pling is achieved by first calculating absorption in the down- the UV/VIS spectrum into 3 bands (instead of 1 band in FB)
ward beam down to 70 hPa with FUBRad. The transmissivitythereby extending the UV range from 250 nm to 185 nm. In
on the FUBRad levels is determined and used as input for theur study we use for comparison the standard ECHAMS 4-
FB radiation scheme. The trospospheric albedo can then bband scheme with 1 UV/VIS band. A discussion of the re-
calculated (fraction of outgoing to incoming flux at the up- sults from the different ECHAMS SW codes will follow be-
permost FB level) and used as input for the backscatterindow.

calculations of FUBRad. The upward optical path is calcu-

lated using the diffuse flux approximation factor of Lacis and 3.2 libRadtran

Hansen (1974).

To obtain solar heating rates for the full solar spectrum (in-libRadtran is a comprehensive radative transfer package
cluding the near-infrared, NIR) FUBRad uses NIR-heatingWwhich has been developed and described in detail by Mayer
rates derived from the FB parameterization in 3 spectral in-and Kylling (2005). libRadtran is used by a variety of groups
tervals between 680 and 4000 nm at all levels. Inthe N§R O Which is documented by more than 100 peer-reviewed pub-
H,0, CO,, CH4, N2O, CO and @ are taken into account. lications to date (sekttp://www.libradtran.org/publications.
Aerosols and cloud particles are considered at all intervals. html). In a number of intercomparisons, in particular in the

FUBRad calculates SW heating rates every time step. Th&/V/VIS spectral range, libRadtran has shown its accuracy
code has been optimized for the implementation into the— for a list of references please refer to Mayer and Kylling
ECHAM5/MESSy model and uses about 7% of the total (2005). For the application in this paper libRadtran has been

computing time of the basic model system. operated in line-by-line mode. LLand G absorption cross
sections had to be extended down to 120 nm. This was done

following the recommendations by the International Union
3 Validation of Pure and Applied Chemistry (IUPAC) (Atkinson et al.,

2004) which lists the most reliable sources for absorption
To validate the FUBRad radiation scheme we compareCross section data according to current knowledge.
SW heating rates calculated by FUBRad with those from O absorption for the additional spectral regions was com-
the ECHAMS5 4-band SW radiation code of the standardpiled from different sources: The Schumann-Runge con-
ECHAMS version (Roeckner et al., 2003) and from a de- tinuum follows Ogawa and Ogawa (1975) between 108
tailed radiative transfer code, libRadtran (Mayer and Kylling, and 160nm and Yoshino et al. (2005) between 160 and
2005). 175nm. In the Lymarn: region, 121.4-121.9nm, high-

Calculations for all models were performed using identi- resolution data from Lewis (1983) is used. Temperature-

cal profiles of pressure, temperature, Q,, H,O, CG; and dependent cross sections in the Schumann-Runge bands

N>O concentrations recommended by the CCMVal project. (175-205nm) are taken from Minschwaner et al. (1992).
The recommended Herzberg continuum from Yoshino et
3.1 The ECHAMS short-wave radiation code al. (1988) is added to the Schumann-Runge spectral lines.
The same source provides the Herzberg continuum in the
The ECHAM5 SW radiation code is based on the FB pa-wavelength range 205-240 nm. 3 @bsorption cross sec-
rameterization for the UV/VIS and NIR parts of the solar tions are temperature-dependent above 185 nm (Molina and

www.atmos-chem-phys.net/7/5391/2007/ Atmos. Chem. Phys., 7, 53002007
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Fig. 1. Daily-mean, short-wave heating rates in K/day for 15 Jan-
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adopted from Chabrillat and Kockarts (1997). Identical ex-
traterrestrial irradiance was used for libRadtran and FUBRad
based on the solar variations of Lean (2000). In addition to
trace gas absorption, Rayleigh scattering and surface reflec-
tion was considered. The Rayleigh scattering cross section
by Bodhaine et al. (1999) was used for that purpose. ldenti-
cal Lambertian surface albedos were used for libRadtran and
FUBRad. The radiative transfer was solved with the accurate
plane-parallel disort method by Stamnes et al. (1988).

3.3 Comparison

SW heating rates were calculated by the three schemes for
different solar zenith angles as well as daily mean heating
rates using weighted solar zenith angles as recommended by
CCMVal. Figurel shows examples for the SW heating rates,
integrated over the spectral interval 121-683 nm, for 15 Jan-
uary at 88 S, 45 S and the equator. The NIR is omitted as
FUBRad and ECHAMS5 use identical parameterizations for
this interval and its contribution to the total SW heating rate
in the MA is relatively small. The curve denoted FUBRad
shows the heating rates obtained by converting the energy
of each absorbed photon into thermal energy (i.e. omitting
the efficiency factors for airglow). This is consistent with
the treatment of absorbed energy in libRadtran and in the FB
scheme.

Up to 1 hPa there is close agreement between all codes.
Maximum SW heating occurs at the stratopause and reaches
nearly 10.5 K/day at the equator and 14.2 K/day &t89e-
viations from libRadtran are overall smaller with FUBRad
than with ECHAMS5, with FUBRad calculating slightly
larger heating rates at the stratopause. Below 1hPa the
largest deviation from libRadtran is 0.3 K/day for ECHAMb5
around 40km, which is less than 4% of the total heat-
ing rate at this level. Good agreement was also found
for single solar zenith angles (see also supplementary
online material: http://www.atmos-chem-phys.net/7/5391/
2007/acp-7-5391-2007-supplement)zip

Above 0.1hPa libRadtran and FUBRad show consider-
ably larger heating rates than the ECHAMS5 code. This is
due to the fact, that in contrast to FUBRad and libRadtran,
the ECHAMS5 scheme does not consider absorption by O

uary at the equator, 45 and 83 S (left hand side) and deviations which dominates in the upper mesosphere.

to libRadtran (right hand side). Shown for the spectral interval 121—
683 nm for minimum solar irradiance.

Molina, 1986). Below 185nm, temperature-independent
data from Ackerman (1971) is used. To completely resolve
all relevant spectral features, more than 10 000 wavelength

A comparison of the maximum SW heating rate in Jan-
uary with other radiation codes (from the GRIPS solar cycle
study, Matthes et al., 2003, and two more recent CCM stud-
ies) reveals that FUBRad lies with 14.7 K/day inbetween the
range from 12.5 to 18.0 K/day of the other models. Reasons
for the heating rate differences may be found in the details
of the SW codes used in the models as well as the treatment

are included between 121.4nm and 683 nm, with a step obf ozone in the simulations. The FUBRad SW heating rate
0.001 nm in the Lymaiae region, 0.003 nm in the Schumann- was calculated using prescribed WMO ozone fields. It is in
Runge bands, and otherwise 0.1 nm below 400 nm and 1 nrexcellent agreement with the WMO reference calculations of

above 400 nm. The spectral shape of the extraterrestrial ir
radiance in the Lymam-region (121.4-121.9 nm) has been

Atmos. Chem. Phys., 7, 539340Q 2007

14.5K/day as shown in Shine and Rickaby (1989), and does
not reveal any systematic biases.
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In summary, the comparison with the independent line- FUBRad
by-line radiation model shows that both parameterizations 80 =—=———=== 0.01
(FB and FUBRad) capture the SW heating rates in the strato- ;0 F————2 =
sphere and lower mesosphere well enough to allow realisz [ L 0.1

tic climate simulations up to about 60—70 km altitude. We = 601
thus cannot support the results of Cagnazzo et al. (2007) whog 50
found an increase of the SW heating rates in their extendedcg

LL
[ody] eunsssud

6-band FB scheme of up to 1.8 K/day at the summer pole © 40 10
stratopause, when compared to the 4-band FB scheme, rex 301 3o
sulting in a better agreement with their line-by-line calcula- ‘% 20
tions. Our results show an underestimation of the SW heating °© 0- 100
rate in the ECHAMS5 4-band FB scheme at the summer pole 1 '228
;tratopause of only Q.2 K/day \./vhen. compargd to the Ime—py— 90S _ 60S 305 EQ_ 30N 60N 90N
line model. These discrepancies will be subject of a detailed
radiation scheme intercomparison to be performed within the ECHAMS
CCMVal activity next year. This will include both line-by- 80 0.01
line radiation codes as well as GCM radiation codes. 70

é, 607 0.1 ©
4 Solar cycle effect on SW heating rates %; 50 > . i’ %
To study the influence of variations in UV irradiance dur- E= 40— 000 (5
ing the 11-year solar cycle, we have calculated zonal-mean, x 30 10 %
daily-mean short-wave heating rates with the offline ver- £ , | r30 o
sions of the FUB (including efficiency factors for airglow) & ' - 100
and ECHAMS radiation codes. Standard input data recom- 107 - 300
mended by the CCMVal project were used including zonal- 11 ; ; . ; ; 850
mean temperature, {QFortuin and Langematz, 1994) and 90S  60S  30S Iatliz’c%de SON 60N 90N

H>0 distributions. CQ, CHg4, N2O and CFCs are uniformly
mixed. Clouds and aerosols are not included. The com-
putation was performed under 15 January conditions. TwoFig. 2. Daily-mean, zonal-mean short-wave heating rate differ-
calculations were carried out with prescribed variations inences between solar maximum and minimum in K/day for 15 Jan-
UV irradiances at the top of the atmosphere for either solauary. Top: FUB radiation scheme, contour interval 0.03 K/day.
max or solar min conditions according to Lean (2000). As Bottom: Fouquart and Bonnel radiation scheme, contour interval
we are only interested in the effect of the different radiation 0-005 K/day.
schemes on the resulting heating rates, we only impose UV
changes and no solar-inducegd @riations over the solar cy-
cle. This means that the resulting SW heating rate differenceghermal energy. The heating rate differences reach maxima
are somewhat smaller than would be the case if SW heatingf 0.15 K/day at the stratopause and up to 0.4 K/day at 80 km.
due to solar induced £had been considered as well. Largest differences between solar max and min occur in the
Figure 2 shows SW heating rate differences between so-Upper mesosphere, where FUBRad slightly underestimates
lar min and solar max calculated with the FUBRad (top) solar cycle variability. Inclusion of airglow efficiency fac-
and the ECHAMS (bottom) schemes. In FUBRad two peakstors has a negligible effect on the heating rate differences
occur, one centered at the stratopause summer pole reachi the model domain (not shown). In contrast to FUBRad,
ing 0.21 K/day, and a second extending over the whole upECHAMS, with one spectral band in the UV/VIS spectrum,
per summer mesosphere reaching 0.4 K/day. In contrast, th& not able to capture solar cycle variations.
ECHAMS scheme produces only one peak at the stratopause. Figure4 shows the total SW heating rate difference over
With a maximum SW heating rate difference of 0.01 K/day a solar cycle at the equator as well as the contributions of
the solar signal in ECHAMS is about 20 times weaker thanthe different @ and G absorption bands. In the upper
in FUBRad. In Fig3we compare the SW heating rate differ- mesosphere above about 0.03 hPa the solar signal is domi-
ences between solar max and min of FUBRad and ECHAMb5nated by absorption at the Lymanwavelength leading to
with those derived from libRadtran for an equatorial profile. the maximum in SW heating rate differences at the model
Over the full vertical domain of the GCM (up to 0.01 hPa), top of FUBRad (Figs3 and2). As the ECHAM5 scheme
we find excellent agreement between FUBRad and libRaddoes not consider absorption at wavelengths shorter than
tran, both assuming total conversion of radiative energy to250 nm, it does not reproduce the mesospheric maximum.

www.atmos-chem-phys.net/7/5391/2007/ Atmos. Chem. Phys., 7, 53002007
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80

0.01 pact of the spectral resolution of the prescribed solar irradi-
ance. The 49 SW intervals of FUBRad were grouped into
6 broader intervals (Lyman-alpha, Schumann-Runge bands
and continuum, Herzberg continuum, Hartley bands, Hug-
o gins bands and Chappuis bands). For each group the mean
percentage change in the top of atmosphere solar flux be-
tween solar max and min was determined using Lean (2000)
data. This variation was then uniformly applied to all subin-
tervals within the group. This procedure effectively reduces
the number of irradiance intervals from 49 to 6. The spec-
tral variation of the absorption cross sections was however
retained. It was found that the “smearing” of the spectral
variation of the UV/VIS irradiance between solar max and
min leads to a weakening of the SW heating rate differences
at the stratopause by about 16—-18% at different latitudes in
the summer hemisphere. In Test2, we used the same broad-
: A - ECHAMS 1 band grouping as in Test1 (Lyman-alpha, Schumann-Runge
0] | TEST1 bands and continuum, Herzberg continuum, Hartley bands,
‘ . = — — . TEST2 Huggins bands and Chappuis bands). However in addition to
, SRR P Test1, we applied constant ozone absorption cross sections
-01-005 0 005 01 015 02 025 03 035 04 045 05 according to Shine and Rickaby (1989) thus degrading the
heating rate difference (K/day) spectral resolution of the optical parameters. This leads to a
further decrease of the solar SW heating rate signal resulting
Fig. 3. Difference in daily-mean, short-wave heating rates betweenIn a 239% reduction at the stratopause compared to libRadtran

solar maximum and solar minimum in K/day. Displayed for 15 and the 49-band FUBRad scheme.

January at the equator for the spectral interval 121-683nm. The This comparison shows that the accuracy of the calculated

profiles displayed in gray (TEST1 and TEST2) show results of sen-radiative response to solar cycle variations depends on the

sitivity tests with reduced spectral resolution (see text for details). spectral resolution of the SW radiation code. The 49 bands of
the FUBRad scheme certainly represent an upper resolution
limit applicable in a global climate model. On the other side,

Comparison with libRadtran (not shown) suggests that thej to 3 bands are certainly insufficient to simulate the solar

contribution from the Schumann-Runge bands and continsignal in SW heating rates. The optimal resolution depends

uum is underestimated in FUBRad by a factor of 2. This on the accuracy required for individual studies and on the
explains the deviations in the upper mesosphere in &ig. available computer resources.

The maximum of the SW heating rate differences over a so-
lar cycle around the stratopause is due to the combined ef-
fect in the Herzberg, Hartley, and Huggins absorption bands.
While the Hartley bands dominate the SW heating at thed Temperature response to solar cycle variations
stratopause reaching 0.08 K/day, the contribution from the
Huggins bands is only half that size and is responsible forTo determine the temperature response caused by the
the SW heating rate difference at lower altitudes in the stratochanges in SW heating rates, we have performed two 25-
sphere as also shown by Larkin et al. (2000). The contribu-month perpetual January experiments using the FUBRad
tion of the Chappuis band is negligible. and ECHAMS radiation schemes online as submodels of the
The spectral resolutions of the FUBRad radiation schemeeCHAM5/MESSy model. We have prescribed the same O
(49 bands in the UV/VIS) and of the FB scheme (one broadclimatology and concentrations of uniformly mixed species
band in the UV/VIS) can be regarded as the upper and loweas in the offline experiments and use fixed climatological
resolution limits used in GCM SW radiation codes. Other sea surface temperatures.,®and clouds are determined
GCM radiation parameterizations use spectral resolutions ointeractively. The model was run at a horizontal resolu-
a few UV/VIS bands, generally less than 10 bands (see e.dgion of T42 corresponding to a quadratic Gaussian grid of
Matthes et al., 2003). In order to obtain an estimate on how2.8> x 2.8, with 39 vertical levels reaching from the ground
many intervals a radiation scheme should consider to realup to 0.01 hPa (80 km). Note that this version of the model
istically capture solar cycle variations we have performeddoes not produce a self-consistent Quasi-Biennial Oscillation
two tests. The resulting heating rate differences at the equalQBO) in the equatorial stratosphere. Solar irradiance at the
tor were added to Fig. 3 (dotted line: Testl; dashed-dottednodel top was prescribed using constant solar max and solar
line: Test2). The first test was designed to assess the immin values as described for the offline experiments in Sect. 4.
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Fig. 4. Differences of short-wave heating rates between solar maximum and solar minimum irradiance in K/day. Daily mean for 15 January
at the equator. Total and contribution of the spectral intervals.

The differences in zonal mean temperature between the sdhat the additional warming due to the solar induced ozone
lar max and min experiments are shown in Edor January.  increase at solar max is of the order of 0.4 to 0.5K in the
Consistent with the SW heating rate differences in EAg. tropical upper stratosphere. Adding both contributions yields
temperatures are higher during solar max throughout the ata magnitude of the temperature signal that is in good agree-
mosphere except for small regions in the troposphere and twaent with observations. It must be noted however that due
statistically insignificant regions in the NH for the FUBRad to the different data sources and analysis methods, uncertain-
scheme (Fig. 5, top). Statistically significant temperature dif-ties exist in observational estimates of the solar signal which
ferences reach 0.5-1.0 K around the tropical stratopause arcbmplicate the validation of the simulated response. E.g.,
throughout the upper stratosphere and lower mesosphere e annual mean solar temperature signal in the upper tropi-
the Southern (= summer) Hemisphere (SH). Compared taal stratosphere ranges between 1.0K and 1.75 K in different
the FUB-CMAM solar cycle experiments which used the obervational analyses (W. Randel, personal communication;
previous version of the FUBRad scheme (Matthes et al.Crooks and Gray, 2005). Interestingly, the model, when us-
2004), there are two improvements: a stronger and signifiing FUBRad, simulates a secondary tropical warming maxi-
cant warming of the upper mesosphere in summer, replacmum in the lower stratosphere. This maximum is also seen
ing the unrealistic cooling of the old model, and a significantin NCEP/CPC observations (Kodera and Kuroda, 2002) and
warming of the tropical mesopause of 1 K. Both signals canother model studies (e.g., Matthes et al., 2004). The fact that
be attributed to the extension of the radiation code by UVit occurs in time slice solar cycle experiments, without QBO
absorption in the Lymae- line. A statistically significant and with fixed SSTs adds to the discussion which processes
secondary temperature maximum of 0.2K is located in theare needed in order to reproduce this feature (see e.g. Austin
tropical lower stratosphere around 20 km. et al., 200%; Matthes et al., 2007, for further details on this

) ) o discussion).
The simulated temperature differences in Fig. 5 (top) can Again, consistent with the SW heating rate differences in

only qualitatively be compared wiih observations, as the ef'Fig. 2 no statistically significant warming during solar max

fect of sq:gr.tmdtu%gd oz_l?r:we \ﬁnatmr;s Ih&clist been ntiglectgd ;Ewat is comparable to the simulations with FUBRad and ob-
our sensitivity studies. Thus the moaeled lemperature Signase ., 4tions can be detected for the ECHAMS scheme (Fig. 5,

in the stratosphere should be expected to be smaller than i . .
. . ottom). In contrast to the FUBRad scheme, the simulation
the observations. Kodera and Kuroda (2002) found in Na- )

tional Centers for Environmental Prediction/Climate Predic-Wlth the ECHAMS scheme shows statistically significant
tion Center (NCEP/CPC) data a warming of the tropical up-
per stratosphere close to 1K in January; Randel (pers. COMs deker. G.. Bithl. C. Butchart. N. Chipperfield, M., Deushi, M.
munication) also analyzed a warming of 1.0K for annual Fomiche’v, Vv L, G,iorg;etta, M. A éray, L. Kodéra, ’K., Kinni,son’,
mean conditions in Stratospheric Sounding Unit (SSU) meap  wanzini, E., Marsh, D., Matthes, K., Nagashima, T., Shibata,
surements. The temperature signal in our study (without sok | Stolarski, R. S., Struthers, H., and Tian, W.: Coupled chemistry

lar induced ozone effect) reaches 0.5K only. However, inclimate model simulations of the solar cycle in 0zone and tempera-
a companion study, Langematz and Matthes (2b@Rpw  ture, J. Geophys. Res., in review, 2007.

2Austin, J., Tourpali, K., Rozanov, E., Akiyoshi, H., Bekki, S.,
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FUBRad tran, and should produce realistic results in climate integra-
tions.

For solar cycle simulations, however, a radiation scheme
with higher spectral resolution is recommended. Our study

= 509 ?D demonstrates that the SW part of the solar spectrum needs
S 507 § to be adequately resolved in order to perform realistic solar
= 40 ® cycle experiments. The variability in irradiance is unequally
304 - = distributed over the wavelength range with much higher vari-
g 20 : g ability at shorter wavelengths. For low-resolution schemes
o e the irradiance changes need to be integrated over a wide spec-
10'}9/\? OL tral range which leads to an underestimation of the variabil-
14 n 07 00— “  nlgso ity in SW heating rates. In our example profile we found
90s 60S 30S EQ 30N 6ON  9ON 20 times stronger variability in heating rates with the high-
resolution parameterization at the stratopause, in very good
80 =5 agreement with a line-by-line calpulation. An estimate of_ th_e
20 effect of reduced spectral resolution showed that the radiative
= response to 11-year solar cycle variations is underestimated
=, 607 g by about 20% in a 6-band UV/VIS radiation scheme with re-
$ 501 ¢ @ duced spectral resolution of the solar fluxes as well the ozone
= 1/ 5 absorption cross sections.
© — In addition to this, it is important to include the absorp-
3 301 gjn tion by G, in the Lymane band in order to simulate the ef-
E 20+ 100 fect of solar variability on the mesosphere. Solar induced
° 104 1300 changes in mesospheric temperatures may influence vertical
14 | . 0. ¢ 9 ( L850 motions associated with the Brewer-Dobson Circulation and
90S 60S 30S EQ 30N 60N  9ON thus have non-local effects further down in the atmosphere.
latitude We have shown that the updated FUBRad parameterization,
[ Jos% IMoo% introduced in this paper, is suitable for solar cycle studies, as

the temperature response to solar cycle variations is in good
Fig. 5. Longterm-mean temperature difference between solar maxqualitative agreement with observations.
imum and solar minimum integration in K. Calculated from perpet- The FUBRad scheme is available as a submodel to be used
ual January experiments with the FUBRad (top) and Fouquart ancby MA GCMs or CCMs and has been implemented into the

Bonnel (bottom) radiation schemes. Contour interval 0.5K. Shad_ECHAMS/MESSy model for solar cycle studies
ing: 95% and 99% significance levels, calculated with Student’s '
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