
Lu Replies: In the preceding Comment [1], Alvarez-
Madrigal mainly argues that ‘‘since the correlation coeffi-
cient (r ¼ �0:52) is too low, cosmic ray (CR) intensity is
not the principal variable to explain the total ozone varia-
tions and/or the ozone hole severity, because it explains
only about 27% (r2) of the total ozone variation, in a linear
relationship, so that other causes should be used to predict
most of the variation of the ozone.’’ However, it should be
noted that the CR-driven-electron-reaction (CRE) mecha-
nism of halogenated molecules for the ozone hole has
never considered CRs as the only factor for the ozone
hole [2–5], and the poor linear correlation in CR-polar
ozone loss has been well discussed and replaced by a
quadratic equation in [5]. The latter is not cited in the
Comment [1]. And the argument that the CR intensity is
not the principal variable for polar ozone loss is incorrect,
since a low Pearson correlation coefficient is well known to
only indicate a low degree of linear correlation of between
two variables (a poor linear correlation).

Since its birth one decade ago, the CRE mechanism has
consistently proposed that both CRs and CFCs are major
culprits for the ozone hole [2–5]. Moreover, it was shown
in the original Letter [4] and in a recently published paper
[5] that observed data do not agree with the pure CR
mechanism that assumes CRs as the only variable to the
ozone hole.

The Letter [4] showed a main observation of a long-term
time correlation between CR intensity and O3 loss in the
Antarctic ozone hole over 11-year CR cycles. It was also
noted that in the CRE mechanism the O3-depleting reac-
tions depend on halogen concentrations, CR intensity, and
polar stratospheric cloud ice (to hold the electrons) in the
stratosphere. From 1992 until now, the Antarctic O3 loss
has shown a pronounced correlation with the CR intensity
because the total halogen amount of the stratosphere,
particularly those of CFCs, has not changed significantly.
In contrast, such a time correlation was hardly seen during
the 1980s because the halogen loading increased dramati-
cally, and thus the ozone showed a drastic decreasing trend
blurring the CR-ozone correlation. The study also led to
direct predictions of one polar O3 loss peak (due to the CR
peak) in 2008–2009 and another peak around 2019–2020.
With the CR intensity for 2008 and the assumption that no
significant decreases of halogen loading occurred in the
stratosphere, the best-fit linear equation from Fig. 4 (of
Ref. [4]) gave a variation �ðO3Þ � �14:5% for the
October mean total O3 over Antarctica at latitudes of
60�–90�S. It was stated that, ‘‘Although atmospheric dy-
namics and meteorological conditions could influence the

CR effect and lead to large fluctuations of the O3 hole from
year to year, a long-term trend of the polar O3 loss (hole) is
predictable.’’ Thus, the linear fit was obviously limited to
the condition that there was no significant variation in
the stratospheric halogen amount (valid for a limited
period), which was indeed referred to as the ‘‘long term’’
of 1990–2008 for the polar ozone hole variation [4].
After publishing the Letter [4], I made efforts to obtain a

quantitative expression of the CRE model, since there was
one major problem that the linear correlation could not
give a good fit to all observed data from the 1950s to 2008.
Then, a simplified equation from the CRE model was
derived: the observed total ozone (½O3�i) in the spring
Antarctic hole can be well fitted by ½O3�i ¼ ½O3�0 �
½1� kIiIi�1Ci�, where Ii is the CR intensity in the
ith year, Ci the equivalent effective stratospheric
chlorine, and ½O3�0 the total O3 in the polar stratosphere
when Ci ¼ 0 and k is a constant. This result has been
published in a relatively comprehensive article on the
CRE model in Ref. [5]. Unlike the linear fit, the CRE
equation showing a nearly quadratic relationship with CR
intensity can now give good fits to the observed data of not
only total O3 but also of stratospheric cooling due to ozone
loss over Antarctica since the 1950s [5].
In summary, one should not ignore the fact that the poor

linearity in correlation between CR intensity and polar
ozone loss and other possible factors affecting the ozone
hole had been extensively discussed and a quantitative
nonlinear CRE equation had been given in [5]. These facts
lead to the fact that there is no new physical insight in the
Comment [1].
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