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Stratospheric effects of 27-day solar ultraviolet 
variations: The column ozone response and 
comparisons of solar cycles 21 and 22 

L. L. Hood 

Lunar and Planetary Laboratory, University of Arizona, Tucson 

S. Zhou 

National Oceanic and Atmospheric Administration, Camp Springs, Maryland 

Abstract. Two unresolved observational issues concerning the response of strato- 
spheric ozone to 27-day solar ultraviolet variations are as follows: (1) the amphtude 
of the column ozone response and whether it is consistent with the predictions of 
current two-dimensionM stratospheric models and (2) whether the ozone profile 
response in the upper stratosphere differed appreciably during the solar cycle 22 
maximum period (around 1990) as compared with the solar cycle 21 maximum 
period (around 1980). To investigate these issues, two separate 4-year intervals 
(1979 - 1982 and 1989 - 1992) of daily zonal mean Nimbus 7 Total Ozone Mapping 
Spectrometer, Nimbus 7 solar backscattered ultraviolet (SBUV), and/or NOAA 
11 SBUV/2 data for tropical latitudes (30øS to 30øN) are analyzed using cross 
correlation and cross-spectral and regression methods. The Mg II core-to-wing 
ratio is employed as a measure of solar UV variations near 200 nm. Results show 
that the mean tropical column ozone sensitivity (percent change of ozone for a 1% 
change in solar flux) is 0.09 4- 0.01 at a lag of 4-6 days during both intervals and 
is approximately consistent with model predictions. Ozone profile sensitivities and 
phase lags are also in agreement between the two 4-year intervals when statistical 
uncertainties and differences in data processing algorithms are considered. 

1. Introduction 

An accurate observational determination of the re- 

sponse of the stratosphere to changes in solar spectral 
irradiance is needed as a constraint on models that at- 

tempt to simulate the influence of solar variability on 
the lower atmosphere [e.g., World Meteorological Or- 
ganization, 1995; Intergovernmental Panel on Climate 
Change, 1996]. Variations in solar spectral irradiance 
at ultraviolet (UV) wavelengths directly influence the 
stratosphere through changes in the photochemical pro- 
duction of ozone, a trace gas that is largely responsible 
for radiative heating of the middle atmosphere. Re- 
sulting changes in latitudinal temperature gradients in 
the winter hemisphere can perturb upper stratospheric 
zonal winds [Huang and Brasseur, 1993; Kodera and 
Yamazaki, 1990]. It is possible that these nonlinear dy- 
namical perturbations in the upper stratosphere are suf- 
ficient to affect the selection of preferred internal modes 
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in the winter lower stratosphere; this would be analo- 
gous to the mechanism by which the equatorial quasi- 
biennial wind oscillation affects the winter polar strato- 
sphere [Holton, 1994; Kodera, 1995]. Such a process 
may ultimately help to explain how relatively weak so- 
lar forcing in the upper stratosphere could produce de- 
tectable dynamical effects in the lower stratosphere and 
upper troposphere (as reported, for example, by van 
Loon and Labitzke [1998]). 

A fundamental constraint on models for the response 
of the stratosphere to solar variability is the sensitivity 
of ozone to solar ultraviolet variations occurring on the 
timescale of the solar rotation period [Brasseur, 1993; 
Fleming et al., 1995; Chen et al., 1997]. Unlike the 
timescale of the l 1-year solar activity cycle, the 27-day 
timescale is amenable to more rigorous statistical exam- 
ination of measured atmospheric quantities using rela- 
tively short (several years) data records. Although mea- 
surements of the ozone mixing ratio response amplitude 
(or "sensitivity") on this timescale have been extensive 
[e.g., Gille et al., 1984; Hood, 1984, 1986; Chandra, 
1986; Keating et al., 1987; Fleming et al., 1995; Zhou 
et al., 1997; Hood and Zhou, !998], several basic issues 
remain unresolved. These include the following: (1) 
the observed sensitivity and phase lag of column ozone, 

26,473 



26,474 HOOD AND ZHOU: BRIEF REPORT 

(2) the difference (if any) between the ozone mixing ra- 
tio response in the upper stratosphere measured during 
the maxima of solar cycles 21 (around 1980) and 22 
(around 1990), and (3) the origin of an observed lat- 
itude dependence of the upper stratospheric response 
that is not consistent with photochemical and radiative 
effects alone (for a recent review, see Hood [1999]). In 
this paper, we shall investigate the first two of these 
issues. In section 2, daily Nimbus 7 Total Ozone Map- 
ping Spectrometer (TOMS) data for two separate 4-year 
time intervals are analyzed to obtain independent esti- 
mates for the column ozone sensitivity and phase lag. 
in section 3, daily Nimbus 7 solar backscattered ultravi- 
olet (SBUV) and NOAA 11 SBUV/2 ozone profile data 
for the same two 4-year intervals are analyzed to inves- 
tigate possible response differences between solar cycles 
21 and 22. 

2. Column Ozone Response 

There are significant differences between published 
measurements of the column ozone response to 27-day 
solar forcing and between these measurements and the 
predictions of stratospheric models (Table 1). Accord- 
ing to a two-dimensional model calculation by Brasseur 
[1993, Figure 6] the column ozone response at the equa- 
tor to a realistic solar spectral irradiance change (cor- 
responding to a 3.3% increase at 205 nm) is ~0.25% 
at a lag of ~3 days. The theoretical sensitivity factor 
is therefore _• 0.076. A later calculation by Fleming et 
al. [1995], using an independent two-dimensional (2-D) 
model, yielded a similar theoretical sensitivity near the 
equator of 0.077, also at a lag of ~3 days. These sensi- 
tivities and phase lags are expected to be in reasonable 
agreement with observations since the same models pre- 
dict ozone profile sensitivities and phase lags that agree 
approximately with observations at most pressure lev- 
els down to 10 hPa (see, e.g., Figure 2 of the review 

by Hood [1999]). However, as shown in Table 1, al- 
though observed phase lags agree well with theoretical 
expectations, sensitivity estimates derived from obser- 
vations are larger than those predicted by 2-D models 
and range from 0.11 to 0.19. The estimates by Chandra 
[1991] and Fleming et al. [1995] were based on standard 
regression analyses of high-pass-filtered, daily Nimbus 7 
TOMS data averaged over the tropics (40øS to 40øN in 
the case of Chandra's study). Several different time in- 
tervals were analyzed separately (1979-1982, 1989-1991, 
and 1989-1990) with consistent results. The estimate 
by Bjarnason and R6gnvaldsson [1997] was based on 
multiple-taper spectral analysis of daily TOMS data 
at the equator for a 2-year period beginning in March 
1989. Bjarnason and RSgnvaldsson suggested that the 
lower sensitivities obtained earlier by Chandra [1991] 
may have been caused by the increased data length and 
wider latitudinal averaging used in the study by Chan- 
dra since the mean sensitivity decreases with distance 
from the equator. It should also be noted that the stan- 
dard deviation of the Bjarnason and RSgnvaldsson re- 
sult is much larger and attempts to more realistically 
consider uncertainties associated with data gaps, data 
length, and smoothing. Because of the large standard 
deviation, the result of Bjarnason and RSgnvaldsson is 
formally consistent with the model results. 

To carry out an independent analysis of daily TOMS 
data, we consider several time intervals and several lati- 
tude ranges of measurements. Analysis of multiple time 
intervals is intended to provide an empirical measure 
of uncertainties in addition to that given by statisti- 
cal methods alone. To represent solar UV variations 
during the TOMS instrument lifetime, we follow ear- 
lier analysts by adopting the Mg II core-to-wing ratio 
(Mg II index), a satellite-based proxy for UV variations 
near 200 nm [Heath and Schlesinger, 1986; Cebula and 
DeLand, 1998]. The analytic procedure follows that de- 
veloped originally for application to Nimbus 7 SBUV 

Table 1. Models and Previous Measurements of the Tropical Total Ozone Response to 27-Day Solar UV Variations 

Sensitivity* Phase Lag, Latitude Reference 
days Range 

Two-Dimensional Models 

0.076 3 0øS - 10øN Brasseur [1993] 
0.077 3 10øS- 10øN Fleming et al. [1995] 

Previous Measurements 

0.11 4- 0.007 3 40øS - 40øN 

0.11 4- 0.007 3-4 30øS- 20øN 

0.19 4- 0.12 2 equator 

Chandra [1991] 
Fleming et al. [1995] 

Bjarnason and RSgnvaldsson [1997] 

*Defined as percent change for a 1% change in solar 205 nm flux. 
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Figure 1. Comparison of 35-day running mean deviations of Nimbus 7 Total Ozone Mapping 
Spectrometer (TOMS) column ozone (solid lines) and the Mg II core-to-wing ratio, a satellite- 
based proxy for solar UV variations (dashed lines) for four consecutive years near the maximum 
of solar cycle 21. The deviations are expressed in percent of the annual mean. 

ozone profile data [Hood, 1986; Chandra, 1986; Keating 
et al., 1987]. To prepare the data for analysis, both the 
TOMS and Mg II daily measurements are first interpo- 
lated and smoothed to eliminate missing days using a 
7-day running average algorithm. A 35-day running av- 
erage is then removed from both time series to minimize 
longer-period variations. 

Figures i and 2 compare the resulting smoothed and 
filtered time series after averaging the TOMS data over 
tropical latitudes (30øS to 30øN). The two selected time 
intervals, 1979-1982 (Figure 1) and 1989-1992 (Figure 
2), are centered approximately on solar activity maxima 
when 27-day UV variations typically have their largest 
amplitudes (<_6%, peak to peak). A positive correla- 
tion between the two series is visually evident with a 
phase lag of ozone relative to UV of roughly +5 days. 
A formal cross correlation and linear regression analy- 
sis of each 4-year time interval yields the results listed 
in Table 2 for the 30øS- 30øN tropical average TOMS 
data. Error estimates on the sensitivities are standard 

deviations from the regression fits and may not account 
entirely for uncertainties associated with data gaps and 
smoothing of the data prior to analysis. However, the 
smoothing filter length (7 days) is much less than the 

solar rotation period, and data gaps were usually very 
short (1-2 days). Therefore we believe these error esti- 
mates to be representative of true statistical uncertain- 
ties at the 90% confidence level. 

As seen in Figure 3, correlation coefficients are a max- 
imum of 0.3 - 0.4 at phase lags of ~6 days (1979 - 
1982) and ~4 days (1989- 1992). The similarity of 
the lags and correlation coefficients for these two sepa- 
rate time intervals demonstrates the reproducibility of 
the correlation. (Approximate reproducibility for sepa- 
rate time intervals is necessary to demonstrate physical 
significance since a positive correlation at some lag will 
always be obtained for time series filtered to a suffi- 
ciently narrow passband [cf. Hood and Canttell, 1988].) 
The regression-derived sensitivity values are also nearly 
identical with a mean amplitude of 0.09 4- 0.01. This 
amplitude is slightly less than that estimated by Chan- 
dra [1991] and Fleming et al. [1995] for a different lat- 
itude range. It is also much less than that reported 
by Bjarnason and Rggnvaldsson [1997] for the equa- 
tor. To test whether averaging over tropical latitudes 
(4- 30 ø) could explain the lower sensitivities obtained 
here as compared to the equatorial estimate by Bjarna- 
son and RSgnvaldsson the analysis was repeated using 
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Figure 2. Same as Figure 1 but for the 1989- 1992 time period. 

equatorial TOMS data only with results shown in Ta- 
ble 2. In this case, the derived sensitivity ranges from 
0.07 to 0.09, and the lags remain unchanged. Thus it 
appears that the shorter (2-year) interval selected for 
analysis and/or the analytic (multiple-taper and peri- 
odogram spectral) method is in some manner respon- 
sible for the larger sensitivity estimated by Bjarnason 
and RSgnvaldsson. The sensitivity and phase lag esti- 
mates shown in Table 2 are in approximate agreement 
with (or slightly larger than) the theoretical estimates 
shown in Table 1. Although the 1989-1992 equatorial 
sensitivity estimate (0.07) is somewhat lower than the 
other measurements, this single measurement does not 
clearly imply a disagreement with the latitude depen- 

dence (maximizing at the equator) predicted by models 
[see, e.g., Brasseur, 1993, Figure 6]. This is because 
ozone measurements at a single latitude (in this case, 
the equator) are more subject to errors associated with 
dynamically forced contributions that are normally re- 
duced by averaging over latitude. 

3. Ozone Profile Response 

In principle, long-term trends in stratospheric com- 
position and/or mean thermal structure could lead to 
detectable changes in the sensitivity of ozone to 27-day 
solar UV variations. For example, increased chlorine 
loading would decrease the ozone photochemical life- 

Table 2. Measurements of the Tropical Total Ozone Response to 27-Day Solar UV Variations 

Period Latitude Sensitivity* Phase Lag, Correlation 
Range days C o efficient 

1979-1982 30øS- 30øN 0.095 4- 0.007 6 0.33 
1989-1992 30øS- 30øN 0.093 4- 0.006 4 0.36 
1979-1982 equator 0.092 4- 0.008 6 0.30 
1989-1992 equator 0.071 4- 0.008 4 0.23 

*Error estimates represent standard deviations from the regression fit. 
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Figure 3. Comparison of tropical ozone mixing ratio 
- Mg II index cross correlation functions for the 1979- 
1982 and 1989 - 1992 time periods. (a) Tropical mean 
30øS to 30øN Nimbus 7 solar backscattered ultraviolet 
SBUV) data were used for the 1979- 1982 period while 

(b) tropical mean NOAA 11 SBUV/2 data (version 6.0) 
were used for the 1989- 1992 period. 

time and reduce the equilibrium chemical sensitivity 
of ozone to temperature [e.g., Stolarski and Douglass, 
1985]. These modifications of ozone photochemistry 
could then lead to an enhanced ozone response to solar 
UV change [see, e.g., Hood, 1986]. Alternatively, de- 
creased mean ozone concentrations and associated tem- 

perature trends in the upper stratosphere could modify 
the ozone response to solar UV variations. 

Several previous analyses of NOAA 11 SBUV/2 data 
for 1989-1990 have suggested significant differences be- 
tween the 27-day upper stratospheric ozone response 
during solar cycle 22 (around 1990 maximum) and that 
during cycle 21 (around 1980 maximum) [Chandra et 
al., 1994; Fleming et al., 1995]. For example, Flaming 

at al. (see their Figure 6), using an earlier version of the 
SBUV/2 data set, estimated reduced ozone sensitivities 
at several levels, including a 25-40% lower sensitivity 
at 1-2 hPa for 1989-1990 as compared with 1979-1983. 
If real, such a large change in sensitivity would imply 
corresponding large changes in ozone photochemical pa- 
rameters [Hood and Douglass, 1988]. 

In order to investigate further whether the upper 
stratospheric ozone sensitivity to 27-day solar UV vari- 
ations changed significantly between cycles 21 and 22, 
more recent reprocessed versions (6.0, 6.1.2)of NOAA 
11 SBUV/2 data [e.g., Lianasch at al., 1996] were an- 
alyzed for the 1989- 1992 time period. For compari- 
son an identical analysis was conducted of SBUV data 
for the 1979 - 1982 period. The method of analysis 
was identical to that applied to TOMS data in section 
2. Cross-correlation functions for the two 4-year inter- 
vals are plotted versus approximate altitude in Figure 
3. Figure 3a was calculated using tropical average (30øS 
- 30øN) SBUV data for 1979- 1982, and Figure 3b was 
calculated using SBUV/2 data (version 6.0) for 1989- 
1992. These functions are similar to one another and to 

those derived previously from SBUV data [e.g., Hood, 
1986]. The maximum correlation (0.5- 0.6) occurs near 
the 4 hPa level (~38 km), and the phase lag increases 
with decreasing altitude. No significant evidence for 
a difference in 27-day response characteristics between 
cycles 21 and 22 is apparent in Figure 3. This result 
agrees with an earlier preliminary analysis of 4 months 
of SBUV/2 data reported by Chandra and McPelers 
[1994]. 

60- 

1979- 1982 

1989- 1992 • 50 

• 4o 

3O 

I i I i ..... i I I I • I 

-0.4 -0.2 0 0.2 0.4 0.6 

Ozone change per 1% UV Change 

Figure 4. Sensitivities versus approximate height ob- 
tained from regression analyses of mean tropical SBUV 
data for the 1979- 1982 period (solid line) and from 
SBUV/2 data (version 6.0) for the 1989- 1992 period 
(dashed line). 
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Figure 5. Tropical mean coherency spectra at the 5 
hPa level for (a) the 1979 - 1980 period using Nimbus 
7 SBUV data, (b) the 1989- 1990 period using NOAA 
11 SBUV/2 data (version 6.0), and (c) the 1989- 1990 
period using version 6.1.2 SBUV/2 data. Frequencies 
corresponding to periods of 27 days and 13.5 days and 
95% confidence thresholds are also indicated. 

Plots of mean tropical (30øS - 30øN) sensitivities for 
the two 4-year intervals are compared in Figure 4. Er- 
ror bars represent standard deviations derived from the 
regression line fit. Sensitivities for the 1989- 1992 in- 
terval were again calculated using version 6.0 SBUV/2 
data. Although the 1989- 1992 sensitivities (dashed 
line) are slightly less than the 1979- 1982 sensitivities 
(solid line), the error bars are overlapped except at the 
uppermost level (0.5 hPa). However, the 0.5 hPa level is 
near the upper boundary of the region where the SBUV 
instrument can resolve the ozone profile [McPelers et 
al., 1984]. To test whether the sensitivity difference at 
0.5 hPa could be affected by processing algorithms, a 
separate analysis was conducted using the latest version 
(6.1.2) of the SBUV/2 data for a 2-year interval (1989 
- 1990). It was found that the sensitivity is larger at 
0.5 hPa when version 6.1.2 is employed such that the 
associated error limits overlap with those for the 1979- 
1982 sensitivities. 

Finally, power spectra were calculated for selected 
intervals of Mg II index and tropical mean SBUV - 
SBUV/2 ozone data by harmonically analyzing auto- 
correlograms using a fundamental period of 432 days 
[Hood and Zhou, 1998]. The spectral coefficients were 
smoothed using a (1,2,1) filter. Resulting coherency 
spectra at the 5 hPa level are plotted in Figure 5 for 
(1) 1979- 1980 (SBUV), (2) 1989- 1990 (SBUV/2, 
version 6.0), and (3) 1989- 1990 (SBUV/2, version 
6.1.2). Ninety-five percent confidence thresholds are in- 
dicated. In all cases, ozone mixing ratio and the Mg 
II index are spectrally coherent near periods of 27 and 
13.5 days. Coherency increases slightly when SBUV/2 
version 6.1.2 (Figure 5c) is used in place of version 6.0 
(Figure 5b). 

4. Summary and Discussion 

In this brief report, we have reexamined several inter- 
vals of Nimbus 7 TOMS, Nimbus 7 SBUV, and NOAA 
11 SBUV/2 data in an attempt to resolve several is- 
sues concerning the ozone response to 27-day solar UV 
variations. Analyses of daily tropical (30øS to 30øN) 
TOMS data for the 1979- 1982 and 1989 - 1992 intervals 

yield mean column ozone sensitivities of 0.09 + 0.01 and 
phase lags of 4-6 days. This derived sensitivity is sig- 
nificantly less than that estimated in a recent multiple- 
taper spectral study of TOMS data by Bjarnason and 
RSgnvaldsson [1997] and is more nearly in accord with 
theoretical sensitivities of ~0.08 [Brasseur, 1993; Flem- 
ing et al., 1995]. This derived sensitivity is also slightly 
less than that estimated using similar analytic tech- 
niques by Chandra [1991] and Fleming et al. [1995], pos- 
sibly because of the somewhat different time intervals 
and latitude ranges analyzed. Analysis of more recent 
versions (6.0 and 6.1.2) of SBUV/2 ozone profile data 
also appears to yield no significant evidence for a differ- 
ence in ozone 27-day response characteristics between 
solar cycles 21 and 22. This result is consistent with 
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an analysis of UARS Microwave Limb Sounder ozone 
profile data [Hood and Zhou, 1998] and indicates that 
any real trends in ozone photochemical lifetime and/or 
temperature sensitivity in the upper stratosphere are 
too small to detect using this observational technique. 
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