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Abstract. This paper analyzes the effects of the solar rota-1 Introduction
tional (27-day) irradiance variations on the chemical compo-
sition and temperature of the stratosphere, mesosphere arfthe variation of solar radiation reaching the Earth atmo-
lower thermosphere as simulated by the three-dimensionadphere with a period of approximately 27 days is caused by
chemistry-climate model HAMMONIA. Different methods the longitudinally inhomogeneous distribution of magnetic
are used to analyze the model results, including high resofield structures on the surface of the rotating Sun. The magni-
lution spectral and cross-spectral techniques. To force theude of this variation is spectrally dependent and varies with
simulations, an idealized irradiance variation with a constantime. During periods of maximum solar activity it occasion-
period of 27 days (apparent solar rotation period) and withally approaches the order of magnitude of the amplitude of
constant amplitude is used. While the calculated thermal andhe 11-year solar cycle but it is small for periods of minimum
chemical responses are very distinct and permanent in the ugsolar activity.
per atmosphere, the responses in the stratosphere and mesox 27-day solar induced signal is clearly identifiable in the
sphere vary considerably in time despite the constant forcingmiddle and upper atmosphere. The unambiguous identifica-
The responses produced by the model exhibit a non-lineafion of the response to solar variations on the 11-year and
behavior: in general, the response sensitivities (not amplijonger time scales requires the analysis of very long time-
tudes) decrease with increasing amplitude of the forcing. Inseries. These are not easily available. Knowledge on ampli-
the extratropics the responses are, in general, seasonally dgrde and phase characteristics of the response of the atmo-
pendent with frequently stronger sensitivities in winter than spheric thermal structure and chemical composition to the
in summer. Amplitude and phase lag of the ozone response7-day solar forcing is easier to derive and is useful for bet-
in the tropical stratosphere and lower mesosphere are in sater understanding atmospheric photochemical processes. Be-
isfactory agreement with available observations. The agreecause the periods of the 27-solar variation and of its harmon-
ment between the calculated and observed temperature recs are close to the typical periods of wave-like disturbances
sponse is generally worse than in the case of ozone. occurring in the middle atmosphere, the possible interaction
of the solar and planetary wave signals is an interesting issue.
Effects of the 27-day solar cycle on temperature and chem-
ical composition of the middle atmosphere were studied
through analyses of space observations that mainly concen-
trated on ozone and temperature responses in low latitudes
(e.g. Hood, 1984, 1986, 1987; Gille et al., 1984; Chandra,
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Fleming et al., 1995; Zhou et al., 1997, 2000; Hood andmodels. Generally, the characteristics of the model results for
Zhou, 1998, Ruzmaikin et al., 2007). Keckhut and Chaninstratospheric and lower mesospheric responses are consistent
(1992) analyzed Rayleigh lidar temperature data. To retrievewith the relatively broad ranges derived from experimental
the 27-day signal in these atmospheric quantities, differentlata. However, one should note significant differences in the
methods were used: spectral analysis and filter techniquegesults obtained with different 2-dimensional models (Flem-
for the identification of 27-day signals, correlation and cross-ing et al., 1995; Chen et al., 1997; Zhu et al., 2003). Fur-
spectral analysis for estimating the phase (time lag) of a sigthermore, using a 3-dimensional chemistry-climate model,
nal relative to the solar radiation variations, averaging, specWilliams et al. (2001) found a negative lag for the temper-
tral analysis, and linear regression analysis for estimating th@ture response in the upper stratosphere, which contradicts
amplitude and sensitivity of a response to changes in solamost two-dimensional model results and observational stud-
radiation. ies. In the case of the middle mesosphere, significant differ-
Most observational studies show that the maximum sensiences in amplitude and phase exist between simulated (Sum-
tivity (and amplitude) of the tropical stratospheric ozone re-mers et al., 1990; Chen et al., 1997) and observed tempera-
sponse occurs at about 40 km altitude. The maximum ozonéure responses.
response to a 1% change in solar radiation at the wavelength In this paper, we present results of several simulations per-
of 205 nm (i.e. the sensitivity) varies from 0.2 to 0.6% (Hood, formed with the three-dimensional chemistry-climate model
1984, 1986; Hood and Cantrell, 1988; Hood et al., 1991;HAMMONIA (Hamburg model of the neutral and ionized
Hood and Zhou, 1998, 1999; Zhou et al., 2000). The phasatmosphere). The response of temperature, ozone, and re-
lag of the tropical stratospheric ozone response depends dated chemical species to the 27-day cycle forcing is ana-
altitude. Several studies suggest that the ozone response lafyzed from the surface to the lower thermosphere. One of
solar forcing by a few days at an altitude of 30 km but leadsthe objectives of this paper is to study the time and latitude
the forcing by a few days at an altitude of 50 km (Keating et dependence of the atmospheric response and thereby to pro-
al., 1985, 1987; Eckman, 1986b; Hood, 1986, 1987, Hoodvide a more complete picture than most earlier studies which
and Cantrell, 1988; Fleming et al., 1995; Zhou et al., 1997;concentrated primarily on the equatorial region. Another aim
Hood and Zhou, 1998). Fewer studies are available for theof the present study is to assess the respective merits of dif-
mesosphere. However, most of them indicate that the sensferent analysis methods that are used to identify 27-day so-
tivity of the ozone response increases with height above 554ar signals. It will be shown that the model produces vari-
65 km altitude (Keating et al., 1985; Eckman et al., 1986b;ations with periods in the vicinity of 27 days also in sim-
Keating et al., 1987; Hood et al., 1991). At 65-75km, the ulations that do not include a 27-day forcing. Further, we
ozone response is approximately in opposite phase with thevill present a case of a possible interference of the 27-day
variations in solar irradiance (Keating et al., 1987; Hood etsignal with atmospheric wave disturbances of a period close
al., 1991; Chandra et al., 1994; Fleming et al., 1995). to 16 days, and we will describe non-linearities associated
Observations suggest that the maximum response of thaith the atmospheric response. Another aim of the paper is
tropical temperature to the 27-day solar variation occurs beto assess whether the model produces ozone and temperature
tween 50 and 60 km (Hood, 1986, 1987; Hood and Cantrellresponses to rotational solar irradiance variations that agree
1988; Keckhut and Chanin, 1992; Chen et al., 1997; Hoodwith observations.
and Zhou, 1998), or even at about 70km (Keating et al., Section 2 provides a brief description of the numerical
1987; Keckhut and Chanin, 1992). The maximum sensi-model and of the different simulations. The methods for the
tivity of the upper stratospheric temperature response is ohnalysis of the model results are described in Sect. 3. The
about 0.16 K per 1% change in solar radiation at 205 nmsolar forcing data are presented in Sect. 4. In Sect. 5, we dis-
(Hood, 1986, 1987; Hood and Cantrell, 1988; Hood andcuss the results of the numerical experiments and compare
Zhou, 1998). There are however significant differences bethem to observations. Conclusions can be found in Sect. 6.
tween the phase lags of temperature responses derived from
different data sets. The lag at the maximum response altitude
varies from 4-7 days for Nimbus SAMS data (Hood, 1986, 2 Description of the model and model experiments
1987; Keating et al., 1987; Hood and Cantrell, 1988) to near
zero in the case of lidar and UARS MLS data (Keckhut andHAMMONIA is a global 3-dimensional chemistry-climate
Chanin, 1992; Hood and Zhu, 1998). model extending from the surface to the thermosphere with
Numerical simulations of the tropical ozone and temper-the upper boundary at about 250 km. It is an extension to-
ature responses to the 27-day solar forcing have been pewards higher altitudes of the ECHAMS5 (Roeckner et al.,
formed with 1-dimensional (Eckman, 1986a; Brasseur et2003, 2006) and MAECHAM5 (Giorgetta et al., 2006;
al., 1987; Summers et al., 1990; Chen et al.,, 1997), 2-Manzini et al., 2006) general circulation models. Several
dimensional (Brasseur, 1993; Fleming et al., 1995; Chen ehew parameterizations had to be implemented in HAMMO-
al., 1997, Zhu et al., 2003) and 3-dimensional (Williams et NIA in order to account for important processes that occur
al., 2001; Rozanov et al., 2006) photochemical-dynamicalin the mesosphere and thermosphere (e.g. solar heating at
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wavelengths down to 5nm, non-LTE effects in the infrared For convenience, model results are presented as a func-
cooling, heating in the near-infrared @®ands, molecu- tion of geometric altitude. However, this quantity represents
lar heat conduction and diffusion of tracers, and the iona pseudo-pressure coordinate because it is calculated from
drag). As the model includes a full formulation of tropo- model pressure coordinates using latitude dependent 5-year
spheric dynamics and physics, it is producing internal vari-annual mean vertical temperature distributions.
ability in a wide range of frequencies. It has been shown
that the model variability compares well with observed at-
mospheric variability in the cases of the northern winter3 Methods of analysis
stratosphere (Manzini et al., 2006), and of the global meso-
sphere and lower thermosphere (Offermann et al., 2007). Thén principle, the atmospheric response to some forcing can be
model dynamics and physics are interactively coupled withstudied much easier with numerical experiments than in the
the MOZART3 chemistry scheme (Kinnison et al., 2007) that real atmosphere because a) model output can be produced ac-
includes 48 compounds and 153 gas phase reactions in thgording to the needs of the analysis, and b) experiments with
version. HAMMONIA has already been applied for studying and without forcing can be compared. From a purely tech-
the atmospheric response to the 11-year solar cycle (Schmid'tiCa| point of view, any difference between simulations with
et al., 2006; Schmidt and Brasseur, 2006). A detailed modefnd without 27-day forcing is due to this forcing. However,
description is given by Schmidt et al. (2006). due to the chaotic nature of the atmosphere as represented
As in the latter study, the model is run with a spectral trun-in climate models, any small difference in forcing or initial
cation of T31 (corresponding approximately to a horizontal conditions of two simulations will lead to arbitrarily differ-
resolution of 3.7%3.75 degrees) with 67 layers in the ver- ent model simulations. Therefore statistical techniques are
tical. We have performed three 6-year simulations of whichneeded to estimate if a physical relation between forcing and
we interpret only the last 5 years. The cases reported here af@odel response is likely. The model results are analyzed by

the following: different methods. The purpose of the analysis is not only
_ o ) to detect a 27-day signal in the atmosphere and calculate its
— S0: without 27-day variation in solar forcing, amplitude and phase characteristics, but also to prove that the

detected atmospheric response is related to the solar forcing.
We begin with relatively simple methods such as the cor-
— S27*3: with a 27day forcing with tripled amplitude relation and filter techniques used in many previous stud-
(only in the spectral range 120—740 nm). ies. Subsequently we apply different high resolution spec-

. . . . . tral methods. To smooth the time series and remove the

The latter case is used to improve the signal-to-noise ratiq, |\ ual and semi-annual cycles and long-term changes, high

Lognalri]nzzzlt?/r identification of the response and to study Sand low-frequency Kaiser-Bessel filters and their combina-

o . . tion (as a band pass filter) are used (Harris, 1978). To fa-

. The 27-day variation in speciral extrat_e rrestna_l solar 13 cilitate the comparison with earlier analyses of observational

d'af‘ce % (U from the extreme UV to the infrared is usgd as.data, in Sect. 5.1 and 5.7, deviations from 35-day running av-

an mput parameter at thg upper model boundgry._ This vari, rages (representing a rectangular filter) are analyzed instead
ation is prescribed as a sinusoidal 27-day oscillation arouncg

th d di latitud d i ¢ " f the results of the Kaiser-Bessel fiters.
e mean ( ep.en ing on latitude and time of year) spectra Linear correlation and regression coefficients are calcu-
solar fluxes §:

lated for different time shifts between the filtered time series
S, (t) = So + Aj sint/27). and the solar forcing. A linear regression analysis provides
the most probable linear relationship between variables. A
Here, ¢ is the time in days (set to zero for 1 January, linear regression coefficient is a measure of sensitivity of
00:00 UT, of the first interpreted year of the simulations). one (dependent) variable to changes in another (independent)
The wavelength-dependent amplitude,, Af this variation  variable. The squared value of an associated linear correla-
is calculated as described in Sect. 4. Although the 27-daytion coefficient defines the fractional portion of the variance
amplitudes for different wavelngths and the ratios of theseof the dependent variable to to the linear effects of the in-
amplitudes may change with time, in the model experimentsdependent variable (see e.g. Bendat and Piersol, 1980). The
we assume an idealized forcing represented by one harmonicorrelation coefficients are analyzed in Sect. 5.1, while ozone
with the amplitude kept constant during the entire model in-and temperature sensitivities to the 27-day forcing, which are
tegration. We also assume the phase of solar variations testimated as regression coefficients corresponding to maxi-
be independent on wavelength since the phase differences atum correlation, are discussed in Sect. 5.7.
wavelengths below about 300 nm are observed to be small. To estimate amplitudes and periods of variations within a
These simplifications are aimed at reducing the degree obroad range of time scales, and to analyze their time evolu-
complexity to better understand the response to solar forction, a wavelet transform technique (see e.g. Astaf’eva, 1996;
ing. Torrence and Compo, 1998) is used (Sect. 5.2). A wavelet

— S27: with a 27-day forcing of realistic amplitude
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transform of a one dimensional signal involves decompo-by a factor of two. However in our case of in general non-
sition of a signal over a basis obtained from a soliton-like sinusoidal signals we use a heuristically obtained factor. The
function by dilation and translation. A wavelet basis func- variance corresponding to a spectral peak is calculated by in-
tion has zero mean and is localized both in time (or space}egrating a power spectrum over a frequency range limited by
and frequency spaces. In this study we use the Morlet bathe frequencies corresponding to half of the maximum spec-
sis function. A wavelet transform allows analyzing signal tral density. The factor needed to derive the amplitude from
properties simultaneously in physical (time, coordinate) andthe variance is calculated applying this method to the spec-
frequency spaces. Mathematically it is defined as convolutrum of a sinusoidal signal. We derived this factor for re-
tion of a signal with a scaled and translated basis functioncalculation of square root variance to amplitude of a signal.
Therefore, the wavelet transform can be also used for bandGiven the amplitudes of the solar forcing and atmospheric
pass filtering (see Gruzdev and Bezverkhny, 2005). In orderesponses, the sensitivities of the responses are calculated
to exclude loss of data at the edges (beginning and end) of théSect. 5.5). It should be emphasized that the sensitivity ob-
time series, the series are continued beyond the edges wittained by this approach is only associated with a response at
an autoregression approach (Gruzdev and Bezverkhny, 200@he forcing period(s).
2005). It should be noted that wavelet transform analysis has Further, we use a high-resolution cross-spectral analysis
worse spectral resolution but provides better localisation inbased on the maximum entropy method (Jones, 1978) to
time than spectral analysis. check whether or not atmospheric 27-day variations are re-
To study the spectral composition of the time series,lated to the 27-day solar forcing. In particular, coherence and
the high resolution spectral analysis method suggested bphase spectra are considered. The spectral coherence can be
Bezverkhny (1986; see also Gruzdev and Bezverkhny, 2000interpreted as a correlation coefficient between two time se-
2005) is used. The method provides an estimate of the species defined at each frequency (Jenkins and Watts, 1969). The
tral density by applying an autoregression filtering and aphase spectrum gives a phase difference (time lag) between
Fourier decomposition into spheroid wave eigenfunctions.two time series for each frequency.
The method has the same spectral resolution but posessesThe model as well as real atmosphere produces variabil-
better stability of spectral estimates compared with those ofty within a broad frequency range, so that not all variations
the well-known maximum enthropy method. with periods close to 27 days are necessarily related to so-
Together with the spectral analysis, we use a spectral-timgar forcing. We consider such a relation as highly likely
analysis which is an application of a spectral method forif (1) the spectral coherence between this response and the
shorter time periods within a running window. In particular, 27-day forcing is high (squared coherence between 0.7 and
this approach allows to assess the time evolution of power) and (2) the frequency dependence of the phase spectrum
spectra and the seasonal dependence and interannual vaig-smooth in the close neighborhood of the 27-day period.
ability of the spectral composition of a signal. Compared See Sect. 5.4. for the discussion of spectral coherences
to wavelet analysis, spectral-time analysis provides a betteand Sect. 5.6 to 5.8 for the discussion of phase lags com-
spectral resolution, while the wavelet analysis reveals indi-puted by this method. An important advantage of a cross-
vidual variations. spectral analysis over correlation (or regression) analysis is
Running and seasonally averaged ozone and temperatukfat a transform of an input signal to a response needs not be
spectra are analyzed in Sect. 5.3. Spectral-time analysis aiondispersive to obtain meaningful results (see e.g. Bendat
solar flux data is presented in Sect. 4. The frequency bandand Piersol, 1980).
width of the seasonal power spectra is¥0~* day 1, which
corresponds to the period bandwidth of 0.3 days in the case
of a 27-day period. 4 Analysis of the 27-day variation in solar irradiance
If spectral analysis reveals a dominating oscillation in a  data
time series, Fourier harmonic analysis can be used to calcu-
late amplitudes and phases of this oscillation and its superin order to establish the amplitude, of the idealized 27-
hamonics as done for the solar flux data in Sect. 4. day solar forcing, we analyzed the spectral solar fluxes kindly
The results of the spectral analysis are further used to estiprovided by Judith Lean, Naval Research Laboratories, USA,
mate the amplitudes of the atmospheric responses to the solar the range 120.5-739.5 nm. The data consist of daily mean
forcing. Since an integration of a spectrum over frequencyvalues with a spectral resolution of 1 nm for the period 1990—
gives a variance of a time series (Jenkins and Watts, 19692000 from an empirical model (Lean et al., 1997, 2000)
integration over a frequency band in the neighborhood of abased on measurements made by the Solar Stellar Irradi-
sharp spectral peak gives a variance of variations with peance Comparison Experiment (SOLSTICE) onboard the Up-
riods corresponding to this spectral maximum. The squareger Atmosphere Research Satellite (UARS). A power spec-
root of this variance is related to the mean amplitude of thetrum analysis over the 11-year period reveals a strong sig-
respective variations. Theoretically, the variance of a sinu-nal with a mean period of about 26.5 days. The second har-
soidal signal is equal to the squared amplitude multipliedmonic is weaker than the main harmonic by a factor of 5-10
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Figure 1a shows the time-dependent spectral density of the
solar 205 nm flux. Significant variations in the amplitude of
near-27-day variability can be identified. The spectral den-
sity corresponding to the solar activity maximum near 1990

is larger by a factor of 4 than the density for the following
solar maximum near 2000, resulting in an amplitude ratio of
2to 1. The amplitudes during solar minimum{995-1997)

are approximately an order of magnitude smaller than durin

the 1990 solar maximum. The period of this solar variatio

also changes slightly with time.
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Fig. 2. Correlation coefficients betwega, c) ozone andb, d)

Qemperature near-27-day variations and the 27-day sinusoidal solar

orcing for the tropical belt 20S-20 N. (a, b) Simulation with ap-
plied 27-day forcing, (c, d) simulation without 27-day forcing. All

. shown correlation coefficients are statistically significant at the 95%
To calculate the amplitudes and phases of the 27-day Cyjq,¢|. ysig ’

cle and its harmonics we choose the period January to June

1990. Figure l1a shows that the period of the solar varia- ) )
tion increases during this period. Amplitudes and phases oPnly to detect 27-day signals, but also to assess the relation
the 27-day and higher harmonics have been calculated by 8f these signals to the solar forcing.

harmonic analysis (decomposition into discrete Fourier row). All model data used for the analysis are daily and zonally
The amplitudes of the 27-day and 13.5-day harmonics foraveraged.

the period January to June 1990 are shown in Fig. 1b. In

the model simulations, we use the 27-day oscillation ampli-5.1  Correlations of 27-day variations in tropical ozone and
tudes calculated for this half-year period as amplitudgs temperature with the solar forcing

for our idealized 27-day solar forcing. Higher harmonics are

neglected. One can suppose that, if the 27-day solar forcing produces

any response in the atmosphere, this response should be co-
herent with the forcing for a sufficiently long time (i.e., dur-
ing several 27-day cycles). A frequently applied way to as-
sess the relation between atmospheric short-term variations
Unlike 1-D and 2-D models, HAMMONIA produces internal and the 27-day solar forcing is to derive the linear correla-
variability in dynamical variables that cover a broad spectraltions between atmospheric and solar variations. In order to
range. This variability on the one hand should lead to morefacilitate the comparison with results of earlier studies we
realistic results. On the other hand it significantly compli- apply 35-day running averages to time series of model out-
cates the analysis of 27-day solar signals since internal atput and calculate deviations from the running means. Then
mospheric disturbances may have periods close to the forowe calculate the correlation coefficients between the devia-
ing. In this section we begin the analysis by methods thattions and the solar forcing for different time lags. Note that
are commonly used for this kind of study. However, later smoothing of the deviations is unnecessary in our case be-
we present a combination of spectral methods that allows notause of the one-line spectrum of the prescribed sinusoidal

5 Model results and their discussion
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of ozone and the temperature dependence of its production.
The negative response around the mesopause is in contrast to
a positive response observed in the simulations of the 11-year
cycle effect with the same model (Schmidt et al., 2006). The
ozone response at the mesopause to 11-year solar variability
is considered to be influenced by downward molecular dif-
fusion of atomic oxygen produced by strongly varying O
photodissociation in the thermosphere. However, the char-
acteristic time scale of the change of atomic oxygen at the
mesopause associated with molecular diffusion is of the or-
Model day Model day der of one month. Therefore, the ozone response to 27-day
variability is dominated by local photochemical processes.
The maximum of the temperature correlation coefficient
of about 0.3 close to the stratopause5Q km) in Fig. 2b
and its position are in rather good agreement with studies
of Hood (1986), Hood and Cantrell (1988), and Hood and
Zhou (1998). The temperature response is a direct effect of
increased UV irradiance combined with stronger absorption
: . . by the increased ozone concentration in the stratosphere.
forcing. Resglts obt_alned with the use Qf smoothed and The results of the correlation analysis presented in Fig. 2a
unsmoothed “"?e SEeries are very S'm'!a“ Fig. 2a and b Shov‘é\nd b suggest that the simulated ozone and temperature sig-
the_ correspondm_g correlation cqeﬁ‘lments as a function 0fnals in the middle and upper atmosphere are closely related
altitude and the time lag for troplcz_;ll (averaged over 29 to the 27-day solar forcing. However application of the same
ZOO.N) 0zOne anq tempgraturg variations calculated for thetechniqueto ozone and temperature data obtained in the sim-
entire S-year period of simulation S27. ulation that does not include a 27-day forcing (SO, Fig. 2c
The maximum value of the correlation coefficient for ang d) yields coefficients that are in some regions of similar
ozone is about 0.5 at 35 km (Fig. 2a). This is within the rangemagnitude as the coefficients derived from S27, especially in
Of maXimum C0rre|ati0n Coefﬁcients reported f0r ozone at athe case Of temperature_ Due to the Significant |ength Of the
similar altitude in the observational studies by Hood (1986),time series, all correlation coefficients derived from simula-
Hood and Cantrell (1988), Fleming et al. (1995), and Hoodtions S0 and S27 in Fig. 2 are statistically significant. This

and Zhou (1998). It is slightly smaller than the maximum resuylt calls for the application of more sophisticated analysis
correlation coefficients obtained in the (2-D and 3-D) model methods.

studies by Fleming et al. (1995), Williams et al. (2001), and
Zhu et al. (2003). However, the magnitude of these corre5.2 Wavelet transform analysis
lation coefficients depends crucially on the type of filtering
applied to the original time series. With respect to the phaseéAnother problem of analyzing the atmospheric response to
of the signal, there is a good correspondence between our réhe 27-day solar forcing is the possibility of intrinsic atmo-
sults presented in Fig. 2a and the results of satellite ozonépheric variations with periods close to the period of the forc-
data analysis by Fleming et al. (1995, Fig. 1) and by Zhouing. Figure 3 shows results of a wavelet analysis of ozone
et al. (1997, Fig. 7). The three figures exhibit similar phaseconcentrations at 40 km and 90 km altitude at HCfor the
shifts with altitude in the stratosphere and a secondary maxS27 and SO simulations, respectively. Figure 3a and b show
imum in the mesosphere that is in an opposite phase to théhat variations with a period of 27 days are accompanied by
forcing. However, while this maximum occurs at about 65 to variations with other periods (in particular in the disturbed
70km in Fleming et al. (1995) and in our study, it is closer winter stratosphere). Moreover, there is significant interan-
to 50 km in the study by Zhou et al. (1997). A more detailed nual variability of the signals with periods close to 27 days.
comparison with observations can be found in Sect. 5.8.  Note e.g. the weaker signal during the first than during the
The stratospheric ozone response is explained e.g. b econd summer in Fig. 3a. Figure 3c and d show that ozone

Brasseur et al. (1987) as a combined effect of the increasetiariations with periods close to 27 days can occur (again in
photodissociation of ©for increased UV irradiance and the Particular in the winter stratosphere) also in the case with-
temperature dependence of ozone production and loss rate@ut solar forcing. At both altitudes the variability on a time
The negative effect in the mesosphere is caused by the irscale close to 27 days is increased in the simulation with so-
creased OH production via the photodissociation of water@" forcing. But it seems impossible to clearly distinguish
vapor by Lymane radiation (e.g. Brasseur et al., 1993). internal and forced variability with this filtering technique.
The negative response that occurs in our simulations in the

mesopause region and above is due to the photodissociation

Fig. 3. (a, b)Module of the wavelet transform of the ozone mixing
ratios at (a) 40km and (b) 90 km altitude at°30 for two model
years for the simulation with applied 27-day forcirfg, d) as (a, b)
but for the simulation without 27-day forcing. Units: percent of the
5-year mean value.
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Th  thi bl is th lativel IFig. 5. Logarithm of the seasonal mean spectral density of the rel-
e reason of this problem is the relatively poor spectral e z0ne content (ozone mixing ratios divided by their 5-year

resolution of any filter. A filtered variation with fixed period  ayerage values for the same altitude) as a function of altitud@Jor
may be rglated to van_anons within a more or less broad banthecember—February at the equatb), June—August at the equator,
around this exact period. (c) December—February at %8I, and (d) June—August at 5ON.

Units of spectral density: day.
5.3 Spectral analysis

We can deduce from the previous sections that methods pro- o .
viding better spectral resolution would be usefull for analysisProminent when the forcing is introduced. Theoretically, two
of the atmospheric response to 27-day solar forcing. In the€XPlanations can be provided: &) The 27-day forcing affects
following, high-resolution spectral and cross-spectral analy-2n mhgrent state of the atmosphere, and its free oscllllat|on
sis methods are applied. properties ch_ange. b) _Thg response to the 27_—day f_orc!ng can
Figure 4a—d show the results of a spectral-time ana|ysi§nteract'nonllne.'arl)_/ with |ntr|n5|_c at_mospherlc qscnlatlons,
of 0zone mixing ratios for the altitudes of 35 and 100 km at 9€nerating oscillations at combination frequencies. A com-
the equator and 50N for the simulation S27, while Fig. 4 Pined variation with a period close to 16-20 days but out
and f show results for SN from the simulation without 27-  ©f phase with the original variation may attenuate it. It is
day forcing (S0). Figure 4a—d exhibit distinctive 27-day sig- difficult to establish which hypothesis is more likely. How-
nals in the middle stratosphere and in the mesopause layefVel non-linear interactions of the 27-day signal with other
There is no repeated 27-day signal in ozone in the case withintrinsic atmospheric variations may explain the lntermlttent
out forcing, although the spectral analysis reveals variationgharacter of the model response to the 27-day forcing. Ac-
with periods close to 27 days, for example in winters 3 andc0rding, e.g. to Chandra (1985), and Ebel et al. (1988), the
4 at 35km, and in winters 3 and 5 at 100km. A striking gtmosphen_c response to 2?—day forcing is presuma.bly modi-
feature of the 27-day signal in Fig. 4a—d is its intermittent fied by.stat|or_1ary and transient planetary waves which are of
character. There is significant seasonal and interannual var VeTY intermittent character themselves.
ability of the 27-day signal in both mid-latitudes and tropics.  Figure 5 shows altitude profiles of ozone power spectra at
Since the amplitude of the applied 27-day forcing is constanthe equator and 3N averaged over four three-month peri-
with time the 27-day ozone signal is probably influenced byods of December—February and five three-month periods of
internal atmospheric dynamics. One intriguing feature in theJune—August, respectively. As it might be expected the equa-
simulations at 50N is the presence of strong wintertime os- torial responses in winter and summer are similar. In the
cillations with periods between 16 and 20 days in the casemid-latitude stratosphere, the signal is easier to identify in
without forcing (Fig. 4e and f). These appear much lesssummer, when the intrinsic variability is significantly smaller
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than in winter. As in Fig. 4, strong variations are not only o8

identifiable at exactly 27 days but also at very close periods.
At 50° N and at about 40 km, e.g., two distinct maxima ap-
pear in the power spectrum at frequencies slightly longer and |
shorter than 27 days. Ebel et al. (1981) have suggested tha 4| |
an amplitude modulation with semi-annual or annual peri- ]
ods may lead to such a shift of the original 27-day signal. %90 80 30 5 30 60 9% -90 60 30 & 30 60 90
Although it is very likely that the strong features with peri- Latitude Latitude

ods close to 27 days are indicative of a response to the solar

variability our analysis method provides no proof for this as- Fig. 7. (a, b) Altitude-latitude distributions of the squared coher-
sumption. This difficulty is underlined by the spectra for the ence calculated between the standard 27-day forcing and (a) ozone,
case without forcing (see Fig. 4 for running spectra, seasonadnd (b) temperature, respectively, d) As (a, b) but for the case of
spectra not shown) that indicate some power for internal vari-enhanced 27-day solar forcing.

ability with periods close to 27 days.

Altitude (km)

40

5.4 Spectral coherence analysis matically below 105 km. This difference between ozone and
temperature corresponds to different values of the correla-
We conclude from the previous section that the spectral analtion coefficients in Fig. 2. In the case of ozone, no coherence
ysis itself does not distinguish between the response to 27is observed below 30 km while, in the case of temperature,
day solar forcing and intrinsic atmospheric variations with two areas of non-zero coherence are derived for the lower
close periods. However, atmospheric variations related to thetratosphere (S0N) and the lower troposphere (equator), re-
27-day solar forcing should be coherent with the forcing overspectively.
long time periods. This cannot be expected for intrinsic vari- Note that the coherence spectra are derived here for the
ations. High values of spectral coherence at periods close tentire simulation period of 5 years. Seasonally calculated
27 days should thus be a clear indication for a solar forcingcoherence spectra are not meaningful. First, to provide suf-
effect. ficient spectral resolution, a cross-spectral analysis requires

The cross-spectral technique can also be applied in théonger time series than spectral analysis (see e.g. Jones,
case of more complicated forcing. If the forcing has signif- 1978). Second, a season contains only three 27-day cycles,
icant higher harmonics the responses at corresponding freand three variations with a period close to 27 days may be
guencies, if existing, are expected to be coherent with theseoherent with the solar variation (with arbitrary phase lag)
harmonics as well. even without being related to the forcing.

Figure 6 shows altitude-dependent squared coherence Altitude-latitude distributions of squared coherence be-
spectra obtained for ozone and temperature at the equator adeen ozone and temperature, respectively, and the 27-day
at 50 N, respectively. In the thermosphere the squared cosolar forcing are shown in Fig. 7a—d for two cases: with stan-
herence at period of about 27 days has high values for ozondard (S27) and with enhanced (S27*3) forcing. The cross-
and temperature. In the mesosphere and stratosphere, hospectral analysis was performed for each altitude and each
ever, the coherence for ozone decreases, particularly & 50 latitude of the model grid. The spectral coherence is plot-
latitude, while relatively high values remain in some layersted if the coherence maximum is found within the 26—-28
over the equator. Coherence values for temperature drop draay period range. If there is no coherence maximum in this
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Fig. 8. (a—d)Altitude-latitude distributions of the ozone sensitivity Fig. 9. As Fig. 8 but for the case of temperature. Units: K/(%
to (a, b) standard and (c, d) enhanced 27 day solar forcing duringhange of 205 nm irradiance).

(a, c) December—February and (b, d) June-August. Units: %/(%

change of 205 nm irradiance).

5.5 Sensitivity of the response to the 27-day solar forcing

Since the magnitude of the real 27-day solar forcing changes
range the coherence value is set to zero. Shown in Fig. with time and since observational studies cover different time

are only areas with squared coherence larger than 0.5. Theeriods, the sensitivity of the response to the 27-day solar
strengthening of the 27-day forcing by a factor of 3 signifi- f0rcing is a more convenient quantity than the amplitude.
cantly increases the coherence of the response in the upp&lere, the sensitivity for species responses is defined as per-
stratosphere and lower mesosphere, especially in the cas&ntage change in the concentration per 1% change of the
of temperature. The coherence is generally low below 3p-Solar 205 nm radiation while for temperature it is defined as
40 km and close to 70 km. In the case of standard forcing, thdh® temperature change (in K) per 1% change of the solar
squared coherence values are large (higher than 0.7) in thg0S nm radiation. _
thermosphere (above 100-105 km) at all latitudes in the case !N Figs. 810 we present seasonally dependent altitude-
of temperature and above 80 km at all non-polar latitudes ifatitude distributions of response sensitivities estimated from
the case of ozone. For enhanced solar forcing, the Ozonépe(?t_ral analysis. If a spectral estimate i_s statistically in-
and temperature responses are also highly coherent with trignificant or if the coherence value obtained from cross-
forcing in the upper stratosphere and lower mesosphere. |,§pe_ctral analysis is _Iess than a threshold value the sensitiv-
the case of temperature, this is limited to tropical and mid-ty IS not plotted. Since seasonal coherence values are not

latitudes while it extends to very high latitudes in the case of@vailable, coherences calculated for the whole period of the
ozone. simulation were used. The threshold value for squared co-

herence is chosen to be equal to 0.5 for the case of standard
A comparison of the spectral coherences in Fig. 7a and27-day solar forcing (S27) and to 0.7 for the case of enhanced
b with the correlation coefficients in Fig. 2a and b revealsforcing (S27*3).
that e.g. in the case of ozone at altitudes below 30km non- Figures 8 and 9 show December—February and June—
zero correlations can be calculated in regions of incoherenAugust sensitivities of ozone and temperature, respectively,
signals. We should also emphasize that unlike correlatiorto the standard and enhanced 27-day solar forcing. The
analysis (see Fig. 2c and d) the cross-spectral analysis has nstrongest ozone sensitivity of more than 10%/% is charac-
revealed any coherent response in the case without forcing.teristic for the thermosphere. Local altitude maxima of the
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() OH

It is interesting to note that the temperature sensitivity to
the 27-day forcing near the tropical stratopause is of the same
order of magnitude as the sensitivity of the temperature re-
sponse to the 11-year solar cycteQ.1 K/%) calculated with
the same model (Schmidt et al., 2006). The heating rate pro-
duced by the short wavelength part of solar spectrum (120-
680 nm) exhibits a 27-day variation with local altitude max-
imum of its power spectrum in the stratopause layer. One
probable reason for the similar temperature responses to the
two solar variations with different periods in the layer of
maximum radiative heating is the short infrared relaxation
time (about a week according to Mlynczak et al., 1999).

Atomic oxygen (Fig. 10a) has its maximum response of

about 1 %/% in the upper mesosphere. Unlike for ozone, the
O(P) sensitivity decreases with altitude in the thermosphere.

Water vapor is dissociated through short wave UV
(Lyman<). Its response to the 27-day solar forcing is re-
Fig. 10. Altitude-latitude distributions of the sensitivities @) liably deteCted. only a}bove 75km (Fig. 10b) where the Watgr
O@P), (b) water vapor(c) OH, (d) NO, (€) NO,, and(f) HNOs to vapor conten_t is rela_ltlvelys_mall. The water vapor response in
enhanced 27 day solar forcing during December—February. UnitstN€ €xtratropical latitudes is seasonally dependent above ap-
%/(% change of 205 nm irradiance). proximately 90 km, with a maximum sensitivity in the sum-

mer hemisphere.

Atmospheric hydroxyl, which is produced in the meso-
sensitivity are noted in the upper mesosphere and in the upsphere and thermosphere as a product of the water vapor
per stratosphere. It is worth to note the nonlinearity of thephotolysis, has response maxima of about 1%/% in the upper
ozone response, especially for layers in the neighborhood ofmesosphere-lower thermosphere (Fig. 10c). Since the verti-
40 and 80 km where the sensitivity decreases with increaseal distribution of OH has a maximum in the upper meso-
ing forcing. Over the tropics the ozone sensitivity in the up- sphere, the large amplitude in the OH response during sum-
per stratosphere is about 0.5-0.6%/% for the standard forcingner may be identifiable in ground-based observations of hy-
case and about 0.3%/% for the case of enhanced forcing. droxyl emissions.

Figure 8 exhibits that in the thermosphere the sensitivity of  Nitric oxide has its absolute maximum response of about
the ozone response is larger during winter than during sum2%/% between 90 and 100 km in the summer hemisphere
mer. This seems to be also the case around the stratopaug&ig. 10d), where the nitric dioxide response has a weak lo-
However, the criteria of statistical significance and high co-cal maximum (Fig. 10e). The absolute maximum of thesNO
herence are not met everywhere at these altitudes. sensitivity occurs at about 85 km altitude and is probably re-

The sensitivity of the temperature response has no signifiated to the reaction with OH. The stratospheric maxima in
icant seasonal dependence in the thermosphere (Fig. 9). INO and NQ sensitivities (about 0.4%/%) are observed in
the upper mesosphere, the strongest mid-latitude responshe layer of maximum N@concentration near 30 km altitude
seems to occur in summer while in the upper stratospherand may thus be identifiable by column N@®easurements.
it occurs during winter (Fig. 9c, d). This latter feature corre-  An interesting feature in the nitric acid response is a
sponds well to the winter extratropical maximum of ozone mid-latitude winter maximum of about 2%/% in the upper
sensitivity in the same layer shown in Fig. 8. As for the stratosphere-stratopause layer (Fig. 10f). The same feature
ozone response, the temperature response is nonlinear. |8 observed in the southern hemisphere winter. These sensi-
the lower mesosphere, the maximum temperature sensitivtivity maxima occur at the same location as the maxima in
ity at the equator is about 0.4 K/% for the standard forcing,ozone (Fig. 8a, c¢) and temperature (Fig. 9¢). An absolute
while it is only of the order of 0.15K/% for the case of the maximum of the HNQ@ sensitivity of 3 %/% is noticed in
enhanced forcing. the upper mesosphere layer where the HNOncentration

Similar non-linearities occur in the responses of otheris very small. It corresponds to a similar maximum in NO
chemical species. Figure 10 shows sensitivities SRp(wa-
ter vapor, OH, NO, N@, and HNQ for December-February 5.6 Phase characteristics of the response
in the case of the enhanced forcing (since for this case results
are available for larger areas). The phase characteristics of the atmospheric 27-day signals
presented here are obtained from phase spectra for the sim-
ulation with enhanced forcing (S27*3). They are similar
to characteristics for the S27 simulation but available for

20+
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Latitude

o
90 -60 30 0 30 60 90 -90-60-30 O 30 60 90
Latitude Latitude

Atmos. Chem. Phys., 9, 59634, 2009 www.atmos-chem-phys.net/9/595/2009/



A. N. Gruzdev et al.: Effect of solar rotational variation on the atmosphere 605

larger areas. Like spectral coherence, phase characteristics Figure 11f exhibits a vertical gradient of the phase of the
have been calculated as an average over the whole simuldNO response in the mesosphere and lower thermosphere.
tion period. This explains differences between the coveragéfhe NO phase changes from about a quarter-period lead rel-
of phase and sensitivity patterns. ative to the solar forcing at 60 km through being in oppo-
Figure 11 shows altitude-latitude distributions of the time site phase at 100km to a quarter-period lag at 120km. A
lags of 27-day variations for temperature and for the chemi-strong vertical gradient of the phase of the NO response is
cal species treated in the previous section, relative to the scalso derived for the stratospheric heights of 25—-35 km. This
lar forcing. In general, the annual mean phase lags exhibitvertical structure in the NO phase reflects a variety of pro-
only weak latitude dependence. In the case of ozone, onlgesses influencing the NO balance in different parts of the
the mesopause region (90-100 km) is characterized by a peatmosphere, among which are Bnd NO photolysis in the
culiar time regime. In low and mid-latitudes, ozone leads theupper atmosphere, HENOy chemistry in the mesosphere,
radiation variation by 10 to 12 days (which means that varia-and NQ photolysis and ozone photochemistry in the strato-
tions with phase opposite to the phase of ozone variations lagphere.
the radiation variation by 1.5 to 3.5 days), while in the polar  The altitude structure of the phase of the N@sponse
region this lead is of about 6 to 8 days (opposite phase variis simpler than that of NO (Fig. 11g). In the stratosphere,
ations lag the radiation variations by 5.5 to 7.5 days). Thesehe NQ, response is almost in phase with the 27-day solar
polar regions correspond to areas of a high ozone sensitivityariation. Figure 11h shows that changes in HN@Mat are
shown in Fig. 8c and d. However, to understand this fea-approximately out of phase with N@hanges in this layer)
ture, an analysis of the phase’s seasonal dependence woutday be responsible for the phase of the stratospherigigO
be necessary. A phase flip at mid-latitudes as observed bgponse (via photolysis of HN$D. In the thermosphere, NO
Ruzmaikin et al. (2007) is not clearly identifiable in our re- variations are approximately out of phase with the solar forc-
sults. ing. In the upper mesosphere, where hydroxyl is highly sen-
Atomic oxygen is produced mainly by photolysis of ozone sitive to the 27-day solar forcing (see Fig. 10c) and in phase
in the stratosphere and lower mesosphere and by the phawith it (Fig. 11e), NQ variations lead the solar oscillations
tolysis of molecular oxygen at higher altitudes. An inter- by up to a quarter-period.
esting feature of the atomic oxygen response in the upper Figure 11h shows that increase in short-wave solar radia-
stratosphere and lower mesosphere is a latitude gradient afon during the 27-day cycle results in a decrease in strato-
the response phase that changes from a lead in the NH to gpheric HNQ due to photodissociation (with a response lag
lag in the SH (Fig. 11c). The &) response above 75km of 1-2 days). In the upper mesosphere, the phase of the
lags behind the solar cycle, and is approximately a quarterHNOs response is close to the phase of the;NE@sponse.
period out of phase with the cycle in the neighborhood of
the mesopause where the 27-day variations of atomic oxy5.7 Comparison of results from spectral and linear regres-
gen and temperature are approximately in phase with each  sion analysis
other (cf. Fig. 11b). As it may be expected, the’P) re-
sponse above 85 km is approximately in opposite phase witlCross-spectral analysis is not the only way to identify a given
the response of molecular oxygen. atmospheric signal as likely to be of solar origin. This can be
The water vapor response above 70km leads the solaalso done in the time domain with the help of time progres-
forcing by 6 to 11 days (opposite phase variations lag by 1 tesive linear correlation (or regression) analysis or correlation
7.5 days), depending on altitude (Fig. 11d). In the mesopausanalysis applied to sequential short time series (Hood, 1987;
layer, HO variations are almost in opposite phase to the so-Hood and Cantrell, 1988). Additional information that is
lar variation. more local in time can be provided by a cross-wavelet analy-
The hydroxyl response in the mesosphere and upper stratsis (Bezverkhny and Gruzdev, 2007). The basic requirement
sphere is typically in phase with the 27-day solar forcingis a more or less constant phase lag of the atmospheric re-
(Fig. 11e), which is explained by the fact that water vapor sponse relative to the solar forcing regardless of the analyzed
photolysis is a major source of OH at these altitudes. In thetime interval.
mesopause layer, OH variations lead solar oscillations by 3— It is useful to compare sensitivities of ozone and temper-
4 days. Above this level, phases of the OH response changature responses to the 27-day solar forcing obtained from
abruptly with altitude. Very different responses of OH at dif- spectral analysis with results obtained from linear regression
ferent altitudes to solar forcing have also been observed iranalysis, since in most previous studies only the latter ap-
the 11-year solar cycle numerical experiments (Schmidt eproach was used. However, one should not expect similar
al., 2006). This was attributed to the fact that the OH chem-results due to several causes. First, the definitions are differ-
istry involves very different chemical reactions with different ent. In the case of spectral estimates, the sensitivity is cal-
temperature dependencies that vary substantially with alticulated based on the amplitude of the response (see Sects. 3
tude. and 5.5). In the case of linear regression estimates, devia-
tions of all magnitudes contribute to the regression. Thus,
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Fig. 11. Altitude-latitude distributions of the phase lag of t{& ozone,(b) temperature(c) O(P), (d) water vapor(e) OH, (f) NO, (g)
NO,, and(h) HNOg3 responses to the 27-day solar forcing. Units: day. A response lags (leads) the forcing if the lag is positive (negative).

these estimates are affected by small-magnitude (and, probaften larger during DJF than during JJA, although the sea-
bly, statistically less significant) variations. The latter point is sonal difference in ozone sensitivity is small between 25 and
underlined by the small correlation coefficients in Fig. 2. The 70 km altitude. The largest seasonal difference, that is only
second and probably more important reason for the differrevealed by linear regression analysis, has been obtained for
ence between the spectral and linear regression sensitivity ethe case of standard forcing for the temperature sensitivity
timates is the difference in the spectral range of the responsdselow 80 km and for the ozone sensitivity above 70 km.
considered by the two methods. The spectral estimates are Another important feature is the nonlinearity of the re-

related only to a response occurring within a relatively nar-sponses for the two seasons: the sensitivities derived by
row frequency range around the forcing period of 27 days. Inthe two methods are usually smaller for the stronger forc-
contrast, the linear regression analysis (even combined withhg (compare thin blue and red curves with appropriate thick
band-pass filtering) involves variations from a much broadercurves)_ The largest difference between standard and en-

frequency range. hanced forcing cases has been obtained for the temperature
Figure 12 shows the altitude distribution of ozone and tem-Sensitivity during DJF, with smaller sensitivity values above
perature sensitivities for the tropical belt (28-20 N) esti- 85 km for the weaker forcing (according to regression analy-

mated by the two methods. Note that Fig. 12b uses otheBiS)-

units for temperature sensitivity than Fig. 9 (%/% instead of Annual mean sensitivities lie (according to regression
K/%) in order to allow a further comparison with observed analysis) usually, but not necessarily, between the sensitiv-
values. Shown in Fig. 12 are the results obtained by the lineaities for the two seasons (compare green curves with appro-
regression method for all three different forcing amplitudespriate solid blue and red curves).

(S0, 827, S27*3). In the first case, the response sensitiv- There is a striking difference in the altitude ranges where
ities were obtained assuming a fictitious 27-day forcing ascoherent signals are identified by spectral and linear re-
in simulation S27. For regreSSion estimates, deviations frorfgression methods, respective|y' especia”y for temperature_
35-day running means of ozone and tempearure were used &pecifically, the combination of spectral and cross-spectral
in Sect. 5.1. Note that linear regression and correlation estignalyses has revealed solar-related 27-day variations in tem-
mates of sensitivities and phase lags are presented in Figs. J&rature only in very limited stratospheric and mesospheric
and 13 for the two seasons DJF (December—February) anfleight ranges while, according to the linear regression anal-
JJA (June—August) as well as for the annual mean. ysis, such variations occur at most atmospheric heights in-

First of all, a significant seasonality has to be noted ofcluding troposphere (Fig. 12b).
the ozone and temperature sensitivities derived by spectral The difference between the spectral and linear regression
as well as linear regression methods (compare red curvesstimates of sensitivities is usually large below 100 km (com-
with appropriate blue curves in Fig. 12). The sensitivities arepare dashed curves with appropriate solid curves). This
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Fig. 12. (a)Ozone andb) temperature sensitivities (%/(% change of 205 nm irradiance)) to 27-day solar forcing from model calculations,
averaged over 205-20 N and derived by two methods. Blue, red, and green colors indicate sensitivities for December—February, June—
August, and the annual mean, respectively, for the cases of standard (S27, thin curves) and enhanced (3*S27, thick curves) forcing derivec
with the help of spectral (dashed curves) and linear regression (solid curves) methods. Black solid curves correspond to the annual mear
sensitivities derived by the linear regression analysis for the case without forcing (S0). In the latter case, the standard forcing amplitude was
assumed to derive sensitivities. Shown are only values that are statistically significant at the 95% level. The legend is valid for Fig. (a) and

(b).

difference is probably attributed to the causes discussedariations from the troposphere to the middle stratosphere
above. Note, for example, the very large difference betweer(Fig. 12) with the solar forcing.
the spectral and regression estimates of the ozone sensitivity Figure 13 compares altitude distributions of the phase lags
around 80 km during JJA in the case of standard forcing thabf 20° S—20 N ozone and temperature responses to standard
occurs in the layer of low correlation between ozone vari- (thin color curves) and enhanced (thick color curves) 27-day
ations and solar forcing (cf. Fig. 2a). In the upper atmo- solar forcing, as estimated by cross-spectral analysis for the
sphere with clearer atmospheric response, linear regressicemnual mean (yellow curves) and by linear correlation anal-
estimates are only slightly larger than spectral estimates (nogsis for the annual mean (green curves), DJF (blue curves)
shown). and JJA (red curves). Black curves correspond to the lags of
In the case of enhanced forcing, spectral estimates of serthe fictitious “response” obtained by the correlation method
sitivities are usually smaller than linear regression estimatesfor the case without 27-day forcing.
This is unlike in the case of standard forcing. Note, forexam- Ozone phase lags estimated by the linear correlation
ple, a significantly smaller ozone sensitivity during JJA in the method for the two seasons and the annual mean for stan-
upper mesosphere (75-85 km) according to linear regressioflard and enhanced forcings agree with each other within 1-2
analysis than derived by spectral analysis. days above 30 km while very large differences in the lags are
Figure 12 shows that the linear regression technique cafoted below 30km, i.e. in the height range where a solar-
provide a response even in the case without applied 27-dafelated signal in ozone has not been identified by the spec-
solar forcing (black curves). The sensitivity of this temper- tral method. Phase lag values of the temperature response
ature “response” can regionally reach the magnitude of thd0 standard forcing change significantly with season below
real response. It is worth to note that, unlike the regressiont00km (according to the linear correlation analysis). Sea-
method, spectral analysis usually provides sensitivity esti-sonal lag values of the temperature response to enhanced
mates only for altitudes where the real response is larger thafPrcing are less variable with season above 40km but very
the fictitious response. The criteria of spectral coherence andariable below 25km. Note that the cross-spectral analysis
phase spectrum (see Sect. 3) impose further limitations ofas not identified any temperature variations coherent with
the altitude range of reliably detected response. For examsolar forcing below 40 km.
ple, with these criteria it is not possible to relate the 27-day
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Fig. 13. Phase lags ofa) ozone andb) temperature responses from model calculations averaged o¥&-20 N. Yellow curves corre-

spond to the lags derived by the cross-spectral analysis for the annual mean while green, blue, and red curves correspond to the lags derive
by the linear correlation analysis for the annual mean, December—February, and June—August, respectively, for the cases of standard (S27
thin curves) and enhanced (3*S27, thick curves) forcing. Black curves correspond to the lags of the “response” obtained by the linear corre-
lation method for the case without 27-day forcing. A response lags (leads) the forcing if the lag is positive (negative). Shown are only values
corresponding to statistically significant sensitivities presented in Fig. 12.

The lags derived by the two methods for the annual mean Figure 13b shows that, according to results of cross-
(yellow and green curves in Fig. 13) are in very good agree-spectral analysis, the thermal response to the 27-day solar
ment above 120 km (not shown in Fig. 13). Below 120 km forcing (of standard amplitude) occurs in the upper strato-
there are systematic differences between lag values derivesphere and around the mesopause 2—3 days earlier than cal-
by the different methods as well as between lag values deeulated with the linear correlation method.
rived by cross-spectral analysis for the cases of standard
and enhanced solar forcing. According to results of cross5.8  Comparison with observations
spectral analysis, ozone in the upper stratosphere responds to
the 27-day solar variation (simulation S27) 2-3 days earlieractyal rotational solar forcing is not constant with time and
than when it is derived from linear correlation analysis. The goes not occur at a single (27-day) period. It occurs over
phase difference is generally less for the enhanced forcing. 3 range of periods centered on (roughly) 27 days with an
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Fig. 14. Comparison ofa) ozone andb) temperature sensitivities (%/(% change of 205 nm irradiance)) derived by the linear regression
method from model calculations averaged ovet 2020 N for the annual mean (color and black curves) with observations in the tropical
region (horizontal bars). Blue, red, and green curves correspond to sensitivities for local midnight, local midday, and diurnal mean quantities,
respectively, for the case of standard forcing (S27). Black curves correspond to the case without forcing (S0). Green and black curves are
repeated from Fig. 12.

amplitude strongly varying in time. Forcing occurs also at similar up to about 65 km. Above this altitude, the observed
periods near 13 days (which is the second harmonic). Thezone sensitivities and phases correspond indeed best to sim-
model simulations presented here can therefore not be corulated midday values.

sidered as fully realistic. The comparison of model and ex-

; . The spread of the experimental results in Figs. 14 and 15
perimental results is nevertheless usefull.

is in general larger for temperature than for ozone. Figs. 14a
Figures 14 and 15 present sensitivities and phase lags aind 15a show that the ozone sensitivities and phases derived
ozone and temperature responses derived in different obsefrom our model calculations for local midday conditions are
vational studies. The majority of these sensitivity and lag generally within the range of values suggested by observa-
estimates was obtained by the linear regression (or correlations throughout the height range where observations are
tion) method. Horizontal error bars in Fig. 14 are standardavailable except for a thin layer at about 75 km where the ob-
deviations from the mean observed values. Colour curves irservations indicate a much smaller sensitivity than the model.
Figs. 14 and 15 show annual mean sensitivities and phasklodel and observations reveal a local maximum of the ozone
lags derived from model results from the S27 experiment bysensitivity close to 40 km altitude and values of similar mag-
linear regression (correlation) methods based on local midhitude at around 80km. The model reproduces nicely the
night (blue curves) and local midday (red curves) data as welphase shift from 5 days lag in the mid stratosphere to 0 days
as on diurnally averaged data (green curves). Black curvetag around the stratopause and the sharp phase shifts from “in
show sensitivities and lags for the case without forcing as inphase” to “in anti-phase” and back at around 65 and 80 km,
Figs. 12 and 13. respectively. It should be noted that the sensitivity of the fic-
L . titious ozone response for the case without forcing is out of
Sensitivities and phase lags of calculated responses in the

stratosphere are practically indipendent (or weakly deloen_range suggested by observations although the altitude depen-

dent for temperature) on time of day while in the upper lay- dence of its phase lag in 30—50 km stratospheric layer is gen-

ers the diurnal variations of the responses can be significante.rally similar to that suggested by observations and model

. : results for the case with solar forcing.
Since ozone and temperature observations were made dur-

ing sunlight hours, local midday values of the simulated re- There is a satisfactory agreement between model and ex-
sponses are more appropriate for comparison with observgperimental estimates of the temperature sensitivity in the

tions than nighttime or diurnal mean values. The sensitivi-middle stratosphere (25—-40 km) and lower mesosphere (50—
ties and phases calculated for different local times are very65 km) (Fig. 14b). Above about 80 km, our simulation and
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Fig. 15. Comparison of the phase lags @) ozone andb) temperature responses derived by the linear correlation method from model
calculations averaged over 28-20 N for the annual mean (color and black curves) with observations in the tropical region (horizontal
bars). Blue, red, and green curves correspond to lags for local midnight, local midday, and diurnal mean quantities, respectively, for the
case of standard forcing (S27). Black curves correspond to the case without forcing (S0). Green and black curves are repeated from Fig. 13
A response lags (leads ) the forcing if the lag is positive (negative). Only those model lag values are shown that correspond to statistically
significant sensitivities presented in Fig. 14. Note that the sharp phase shift at 75 km in the red curve in (a) is due to adding a period value
(27 days) to the phase lag for easier comparison with the observations.

the only observational study available exhibit principal dif- sponse for the simulation without forcing exceeds the ampli-
ferences not only in the magnitude of temperature responstude calculated with the forcing.
but also in its altitude dependence. It is worth to note the

large discrepancy of different experimental estimates of thet | result ncerning the ph f the temperature r n
temperature response in the mid mesosphere, i.e. just in the_ esults concerning the phase of the temperature response

layer where, according to the linear regression analysis o 'gh 185?;' (C)Ir(;eeg:gupe((s)n;arlller;)a[ﬁrogld_fsea t§|m£era£:]r§ﬂ:z;
model results, the amplitude of the fictitious temperature re->PONSE 1ag COSE 10 2€ro or small posilive values.
group (larger) exhibits a significant altitude dependence of

One can distinguish between two groups of experimen-
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the phase with a lag in the middle stratosphere and a leadphere. Dameris et al. (1986) and Ebel et al. (1988), us-
in the upper mesosphere. The simulated temperature phaseg a three-dimensional mechanistic model, found that the
lag lies between the values suggested by the two groups afesponse to a 27- and 13-day solar forcing prescribed at
observations. However, above 75km, there is a significanthe stratopause may propagate downward depending on the
discrepancy between the model estimates and the results dlackground wind and on the planetary wave distribution.
the only observational study available for this altitude (Hood lvanovskii and Krivolutskii (1979) suggested the possibility
et al., 1991). It is interesting to note the similarity in the al- of resonant excitation of traveling planetary waves caused by
titude dependence of temperature response phases suggesg&tday solar forcing. This was confirmed by Krivolutsky et
by the major group of observations and the phase of the fictial. (2003), who derived a resonant response in a hemispheric
tious temperature response derived from model calculationsnodel atmosphere, and attributed it to a non-zonality of the
without 27-day solar forcing (black curve in Fig. 15b). ozone distribution. Pogoreltsev et al. (2002), however, could
To our knowledge, the only study of chemical parametersnot confirm the existence of global free modes in the mid-
other than ozone is provided by Keating et al. (1986) who an-dle atmosphere with periods close to 27 or 13 days. Luo
alyzed 27-day variations in stratospheric HN&hd NG us- et al. (2001) have observed wind oscillations of 20—40 day
ing the Nimbus 7 LIMS measurements. These authors foungberiods in the mesosphere and lower thermosphere and sug-
that NG and HNQG; concentrations at 10 hPa80km) cor-  gested a possible solar origin. All these possible influences
relate and anti-correlate, respectively, with 27-day UV solarcan not be confirmed by our present analysis.
variations. These results are in qualitative agreement with
results from our model (see Fig. 11g and h).

5.9 The dynamical response to solar 27-day forcing 6 Conclusions

Some features of the calculated response may be difficult tyVe have presented a first modeling study of the atmospheric
explain invoking only photochemical and radiative mecha-&ffect of the 27-day solar rotational variation, using a 3-
nisms, and not taking into account the possible role of dy_dlmensmnal chemistry climate model that covers the atmo-
namical processes. For example, the enhanced sensitivity giPhere from the surface to the thermosphere. To analyze the
the stratospheric ozone response in the middle and high lati@tmospheric response to the 27-day solar forcing, we used
tudes during wintertime (Fig. 8) points to the likely important @ Variety of spectral and cross-spectral analysis techniques,
role of the circulation (see also Ruzmaikin et al., 2007). Senn addition to the linear correlation and regression methods
sitivity maxima for temperature, nitric acid, and ozone are used in most previous observational and modeling studies.
derived for the same location (compare Figs. 8a, 9¢c, and 10f The HAMMONIA model used in this study produces a
as well as Figs. 8b and 9d), thereby suggesting the existenderoad spectrum of internal atmospheric variability including
of a common cause. Furthermore, the amplitudes of this winferiods close to 27 days. Apparent signals derived by linear
tertime mid-latitude ozone response for the enhanced forccorrelation (and regression) analysis may represent a part of
ing case are similar to the amplitudes derived for the stanthe internal atmospheric variability. The combination of high
dard forcing case (while the associated sensitivities differ byresolution spectral and cross-spectral methods allows identi-
about a factor of 3, compare Fig. 8a and ¢ as well as Fig. 8dying 27-day variations in the atmosphere which are actually
and d). These features might be easier to explain by an efrelated to the solar forcing. These methods can also be used
fect of the 27-day solar variation on the atmospheric circula-to estimate the amplitude and the phase of the response.
tion. However, cross-spectral analysis has not revealed near- Our analysis shows that, while the calculated thermal and
27-day variations in zonal mean daily mean values of zonalchemical responses are very distinct and permanent in the up-
meridional and vertical wind components coherent with theper atmosphere, the responses in the stratosphere and meso-
forcing. One probable reason is that the 27-day effect in cir-sphere are intermittent and depend probably on the dynami-
culation is masked under Eulerian and/or diurnal averagingcal state of the atmosphere. By analyzing a somewhat differ-
and another approach is needed for analyzing such effects. ent set of 3-D numerical experiments, Rozanov et al. (2006)
At present, the possible response of the atmospheric dyeame to a similar conclusion in particular for the strato-
namics to 27-day solar forcing remains an open questionspheric temperature response. In an observational study,
Applying cross-spectral analysis to temperature and geopoRuzmaikin et al. (2007) have suggested the possibility of
tential height with the 10.7-cm solar radioflux Ebel and phase drifts in the stratospheric ozone response that may
Schwister (1983) showed that there is an evidence of a realso lead to the intermittent appearance of signals. Ear-
sponse of the planetary wave field to solar rotational forc-lier, Hood (1987) found varying solar-related signals in ob-
ing at various periods (13.6 to 27.5 days) at all levels fromserved ozone and temperature variations in the upper strato-
the lower troposphere up to the middle stratosphere. It wasphere and lower mesosphere but these changes are attributed
speculated that modulation of planetary waves might be ario changes in solar forcing. It is worth to emphasize that
efficient process of spreading the solar signal in the atmothe intermittence of the atmospheric response in our model
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