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[1] Long-term photometric measurements of Neptune
show variations of brightness over half a century.
Seasonal change in Neptune’s atmosphere may partially
explain a general rise in the long-term light curve, but
cannot explain its detailed variations. This leads us to
consider the possibility of solar-driven changes, i.e.,
changes incurred by innate solar variability perhaps
coupled with changing seasonal insolation. Although
correlations between Neptune’s brightness and Earth’s
temperature anomaly—and between Neptune and two
models of solar variability—are visually compelling, at
this time they are not statistically significant due to the
limited degrees of freedom of the various time series.
Nevertheless, the striking similarity of the temporal patterns
of variation should not be ignored simply because of low
formal statistical significance. If changing brightnesses and
temperatures of two different planets are correlated, then
some planetary climate changes may be due to variations in
the solar system environment. Citation: Hammel, H. B., and
G. W. Lockwood (2007), Suggestive correlations between the
brightness of Neptune, solar variability, and Earth’s temperature,
Geophys. Res. Lett., 34, 108203, doi:10.1029/2006GL028764.

1. Introduction

[2] The visible reflectivity of the giant planet Neptune
varies on decadal timescales [Lockwood and Jerzykiewicz,
2006 (hereinafter referred to as LJ06); Hammel and
Lockwood, 2007 (hereinafter referred to as HL0O7)]. The
underlying cause of the variations is not understood. The
long timescales involved pose a particular challenge: a
single trip around the Sun for this planet requires
164.8 terrestrial years. To make a meaningful assessment
of seasonal variability, a consistent data set must exist over
many decades. Fortunately, several such data sets exist.

[3] One long-term (1950—2006) set of Neptune observa-
tions is visible-wavelength photometry from Lowell Obser-
vatory at 551 nm (Strdmgren y; Johnson V transformed to y)
and 472 nm (Stromgren b; Johnson B transformed to b).
These data (Figures la and 1b) were corrected to a helio-
centric opposition distance of 30.071 AU and geocentric
distance of 29.071 AU [Lockwood and Thompson, 2002;
LJO6]. Variations in brightness due to changes in the
apparent area of Neptune’s oblate disk as a function of its
year are negligible at 0.5% (smaller than the triangles in
Figure 1). Other sources of error (including corrections for
differential extinction in the Earth’s atmosphere and for
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uncertainties of comparison star magnitudes) sum in
quadrature to less than 1% (LJ06).

[4] Beginning in the mid 1980s, a steady rise in
brightness dominated the lightcurves (Figures la and 1b).
In a different long-term data set, Neptune’s mid-infrared
ethane emission rose steadily over the past two decades
(Figure 1c) modeled as an increase in Neptune’s globally-
integrated stratospheric temperature [Hammel et al., 2006].
Figure 1 also includes physical ephemeris data for Neptune
over the past decades. Because Neptune’s rotation axis is
tilted 29° with respect to its orbit, the sub-solar latitude
(where the Sun is directly overhead on the planet) varies
over the course of the planet’s year; it reached southern
summer solstice in 2005 (Figure 1d). Heliocentric distance
reached a maximum in the early 1960s (Figure le, which
pertains specifically to insolation at Neptune since the
planet’s apparent brightness already has been adjusted to a
fixed distance).

2. Neptune’s Long-Term Disk-Integrated
Variability

[5] Sromovsky et al. [2003] interpreted Neptune’s
brightening since the mid 1980s as evidence for a lagged
seasonal response to variations induced by Neptune’s
changing sub-solar latitude as a function of its year; their
model is shown as a dotted line in Figure la. However, as is
seen in Figure 1 and discussed in detail by LJ06 and HLO7,
the pre-1970 photometry is inconsistent with this particular
seasonal interpretation. We therefore seek an alternative to
the published simple model of Neptune’s long-term secular
brightening, in particular an explanation that includes the
data between 1950 and 1966.

[6] Although seasonal changes in the viewing angle (sub-
solar latitude; Figure 1d) could be responsible for some of
the brightening trend, there must be an additional influence
because Neptune continued to brighten steadily as it reached
southern summer solstice in 2005. Likewise, for recent
decades an atmospheric effect driven by varying helio-
centric distance (Figure le) is not ruled out per se
(e.g., variability in atmospheric aerosol content caused by
insolation changes), but the earliest decade of observation
does not support such a supposition. Furthermore, both
heliocentric distance and sub-solar latitude vary smoothly
(Figures 1d and le), while Neptune’s brightness does not
(see data from 1960 through 1980 in Figures la and 1b).
Additional factors, in Neptune’s atmosphere or in the
external solar system environment, must therefore be at
work.

[7] We explored various solar-geophysical and terrestrial
records in search of a pattern match to Neptune’s variability.
Figure 2 shows Neptune’s b photometric lightcurve along
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Figure 1. Long-term variations of Neptune. (a) Disk-integrated photometry of Neptune at Stromgren b (LJ06, HL07),
along with the proposed seasonal model of Sromovsky et al. [2003] (dotted line). Solid triangles before 1970 are differential
B magnitudes and plus signs are two-color B magnitudes; both were transformed to » magnitudes. Solid triangles after 1970
are b magnitudes. (b) Disk-integrated photometry of Neptune at Stromgren y (LJ06). Plus signs are two-color /" magnitudes
transformed to y magnitudes; solid triangles are y magnitudes. The brightnesses in Figures 1a and 1b have been adjusted to
fixed distances from the Sun and Earth. (c) Neptune stratospheric temperature measurements from mid-infrared spectra
in 1985, 1991, and 2002—-2004 [Hammel et al., 2006], and three independent assessments: a nominal model for 1989.72
based on Voyager observations as cited by Marten et al. [2005]; a 1997.95 value used by Bézard et al. [1999] to model
Infrared Space Observatory data; and a 1998.75 value deduced from sub-mm CO observations by Marten et al. [2005].
Together, the data suggest a steady rise in temperature over the past two decades. (d) Neptune’s sub-solar latitude.
(e) Neptune’s heliocentric distance. Data in Figures 1d and le are inverted (smaller values toward the top) to facilitate
comparison with brightnesses in Figures la and 1b.

with other data that show similar temporal behavior. The
three curves in Figure 2b illustrate different measurements
of Earth’s global mean temperature anomaly over many
decades of observations with an 11-year boxcar smoothing
applied to remove the effects of the solar cycle. We
specifically exclude solar cycle variations in this paper
because our previous work in this area has proved
inconclusive (LJO6 and references therein). Smoothing is
appropriate since we are discussing multi-decade changes.
We also examined sinc smoothing, Gaussian smoothing,
and smoothing optimized for time-series analysis with back-
and fore-casting. These resulted in minor variations on the
boxcar results, with amplitude comparable to (or less than)

the variation seen in the different temperature records
shown in Figure 2.

[8] An important caveat is that even for the well-studied
Earth temperature variability, the steady rise in temperature
since the mid 1970s is not fully understood, but has an
anthropogenic component due in part or entirely to rising
greenhouse gases, in combination with changes induced by
sulfate and volcanic aerosols, and/or other forcing factors
[e.g., Mann et al., 1998; Broccoli et al., 2003; Stott, 2003].
Total solar irradiance seems to be ruled out as a driving
factor in temperature variations, although other components
of solar output may still play a role [Foukal et al., 2006].

[0] Foukal [2002] compared the Earth global temperature
anomaly (Figure 2b) with an 11-year-smoothed total solar
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Figure 2. Neptune, Earth, and the Sun. (a) Disk-integrated visible photometry of Neptune (LJ06) as defined for Figure 1a.
No temporal offset has been applied to the Neptune data here. (b) Measurements of Earth’s “global mean temperature
anomaly” (the anomaly is defined as the difference in °C between the yearly mean temperature and the mean of the period
from 1951 to 1980). Three data sets are shown: plus signs are zonal-mean annual surface temperature anomaly [Hansen et
al., 1999, 2001], the solid line is global surface air temperature anomaly [Hansen and Lebedeff, 1987, 1988], and the
dashed line is zonal-mean annual land-ocean temperature index [Hansen et al., 2001]. (c) An empirical model of total solar
irradiance (asterisks), S, from Foukal [2002], plotted as percent variation as a function of year. (d) Projected areas of bright
magnetic plage elements (circles), Apy, from Foukal [2002], which can be considered a proxy for solar UV flux, plotted as
percent variation as a function of year. We limit our comparison with solar activity to the published data (through 1994) of
Foukal [2002]. Although annual on-line Earth temperature records extend to the current year [Hansen and Lebedeff, 1988,
Hansen et al., 2001] (data available at http://data.giss.nasa.gov/gistemp/), we show 11-year-averaged values and thus do not

include data after 1995.

irradiance model S (Figure 2c), finding a correlation coef-
ficient of 0.91. The model utilizes both measured irradi-
ances and projected areas of bright magnetic plage elements
Apn from which historic irradiance values were estimated
[see Foukal, 2002]. Foukal found the correlation with
estimated solar UV flux—which one might suspect as being
a more relevant forcer of planetary conditions because of its
large range of variability—was considerably less signifi-
cant. (As discussed below, irradiance may be—indeed, is
likely to be—a proxy for some other more relevant solar
parameter.)

3. Statistical Assessment of Neptune’s Variability

[10] We performed a similar statistical analysis, compar-
ing Neptune’s b brightness directly with the Earth’s global
mean temperature anomaly, the smoothed total solar
irradiance S [Foukal, 2002], and Foukal’s Apy as a proxy
for solar UV flux [Foukal, 2002]. We performed the

analysis for a range of temporal offsets for Neptune, finding
maximum correlation at —10 = 5 years (i.e., Neptune
variations lag the solar variability). Within this interval,
the correlation coefficient of Neptune’s blue brightness
(Figure 2a) with the Earth global mean temperature
anomaly (Figure 2c) is |r| > 0.90. (The actual correlation
is negative because Neptune’s brightness is expressed in
magnitudes, which decrease as the planet brightens.)
Perhaps it is not a coincidence that the radiative time
constant of Neptune’s stratosphere is of order a decade
[Conrath et al., 1990], but a full investigation of the
atmospheric physics is beyond the scope of this paper.

[11] The Earth/solar-irradiance correlation coefficient of
0.91 of Foukal [2002] was based on 85 years of data
(1915-1999). Sampling those data over a shorter interval
(i.e., similar to the Neptune data: 1950—1999), reduces r to
0.89. In other words, the Earth temperature values are as
well correlated with solar irradiance (r = 0.89) as they
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Figure 3. Correlation of residuals for long-term data sets.
Correlation coefficients as a function of Neptune offset (in
years) are shown between Neptune’s brightness residuals
(“residuals™ are the difference of the data from the best-fit
polynomial, where the polynomials are fit over the temporal
intervals sampled by Neptune) compared with: solar
irradiance residuals (asterisks); solar UV flux proxy
(circles); and Earth temperature anomaly residuals (plus
signs). Two peaks are marked: Case A at —17 years and
Case B at —14 years. These cases (data, polynomial fits, and
residuals) are shown in detail in Figure 4. Table 1 lists
correlation coefficients.

are with Neptune’s blue brightness (|r| > 0.90), assuming a
10-year lag of the Neptune values.

[12] Unfortunately, none of these correlations is statisti-
cally significant. The individual yearly measurements of
Neptune (and Earth and the Sun, for that matter) do not
represent statistically independent random measurements: in
each case they are part of a time series characterized mainly
by monotonic trends that lead naturally to high correlation.
Although there are dozens of individual measurements, the
serial correlation of the annual values leads to a very
small number of degrees of freedom, with an associated
huge reduction in formal significance. To determine if
statistically-meaningful residual correlations exist, we
examined the detailed structure superposed on the trends.

3.1. Correlations of De-Trended Residuals

[13] We fit each data set with a second-order polynomial
function to remove trends and curvature (as discussed
above, this trend on Neptune could be related to varying
sub-solar latitude, insolation, or some other as-yet
unidentified factor, perhaps in combination). We then
computed the correlation of the de-trended data, lagging
the Neptune data in one-year intervals from 0 to 69 years
(the range over which we have complete data sets), and
omitting yearly average data points in the solar/terrestrial
data sets at times when there are no corresponding Neptune
annual measurements. Figure 3 shows the resulting
correlation coefficients as a function of lag.

[14] Neptune-Earth and Neptune-irradiance residual
correlation curves show a positive correlation peak at
—17 years (““A” in Figure 3), echoing the broad peak found
in the original data sets. The Neptune-UV residual correla-
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tion curves also show a peak located at a slightly shorter lag
of —14 years (“B” in Figure 3).

[15] Figure 4 shows the original data, the polynomial fits,
and the temporally-offset residual plots for Cases A and B.
Table 1 shows the correlation coefficients for the two cases.
In Case A (Figure 4, top), the resemblance between the
Neptune and Earth residuals is notable. For the residual
correlations of the data subsets shown in Figure 4 (top),
Earth’s temperature is as well correlated with Neptune as it
is with total solar irradiance (Table 1). When comparing
Neptune with the Sun, we find a slightly higher correlation
with UV flux than with irradiance. Similarly, in Case B—
which identifies the maximum correlation between Neptune
and UV flux—Neptune and Earth’s temperature are better
correlated than Neptune and solar irradiance (Figure 4,
bottom; Table 1). We infer that irradiance is not the likely
driver of changes in these planetary atmospheres; rather, UV
flux or some other varying solar parameter is a more
probable factor.

[16] Foukal [2002], in his discussion of Earth’s temper-
ature anomaly and its possible correlation with his solar
irradiance values, noted that the empirical irradiances
reproduced well the double maxima in Earth temperature
anomaly data around 1942 and 1957; the Earth data also
exhibited a steady rise beginning near 1968. Neptune’s
brightness, too, shows double maxima around 1962 and
1976, as well as a steady rise since the mid 1980s, which
match well the Earth data when lagged.

3.2. Statistical Significance of De-Trended Correlations

[17] We now address the question of significance of the
residuals’ correlations (Table 1). Marked resemblance aside,
we can assign these correlations a formal numerical statis-
tical significance indicative of whether these correlations
occur simply due to chance. The relevant factor is the
number of degrees of freedom in these data sets, which,
because of serial correlation in these time sequences, is a
substantially smaller number than the number of discrete
measurements or the number of annual means.

[18] We assume four degrees of freedom for the decades-
long Neptune data set, based on the number of zero cross-
ings in the residual plots in Figure 4. The Neptune-Earth
correlation value |r| = 0.76 thus yields a probability P ~ 0.2,
indicating a 20% probability of a chance correlation.
Spurious correlations among low-frequency signals in
natural phenomena are notoriously common, and we
perhaps have encountered yet another example. Limited
temporal coverage for Neptune precludes high statistical
significance whether the illustrated phenomena are causally
related or not. Furthermore, the Earth system is subject to
various internal forcings as mentioned above (tropospheric
sulfate content, volcanic activity, and multi-decadal climate
variations). Low formal statistical significance does not
mean the correlations we find are in fact spurious, only
that we cannot demonstrate otherwise.

4. Discussion

[19] Overall, total solar irradiance has fluctuated over the
past three solar cycles with an amplitude less than 0.1%
[Foukal et al., 2006]. Neptune’s overall brightness variation
over the past half century (Figure 1) is roughly 12% in
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Figure 4. (top) Data and residuals used for Case A. These data were used to compute the “Case A” coefficient in Figure 3
(17-year offset). The left column shows, from top to bottom, the original data sets and their best-fit second-
order polynomial for Neptune, Earth’s temperature anomaly, total solar irradiance, and solar UV flux proxy; only these
data—sub-samples selected to match the temporal sampling of the Neptune data—were used for the polynomial fits. The
right column shows the residuals after the best-fit polynomial has been subtracted. (bottom) Data and residuals used for
Case B. These data were used to compute the “Case B”’ coefficient in Figure 3 (14-year offset). Columns are defined as in
Figure 4 (top). The apparent difference between the Earth and solar data sets shown here and in Figure 4 (top) is due to the

sub-sampling.
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Table 1. Correlation Coefficient Matrices®

Earth Total Solar UV
Temperature Solar Flux
Anomaly Irradiance Proxy
Case A: Neptune Offset = —17 Years
Neptune 0.76 0.58 0.60
Earth Temperature Anomaly — 0.76 0.82
Total Solar Irradiance — — 0.82
Case B: Neptune Offset = —14 Years
Neptune 0.59 0.56 0.74
Earth Temperature Anomaly — 0.53 0.65
Total Solar Irradiance — — 0.65

“Each entry represents the absolute value of the correlation coefficient, r,
for the cases labeled in Figure 3 and shown in Figure 4. Correlation
coefficients for Earth-irradiance, Earth-UV, and irradiance-UV differ in
Cases A and B because the values were computed for data subsets
determined by the offset of Neptune (only correlations with Neptune are
shown in Figure 3).

intensity (~0.12 magnitudes). If solar irradiance alone were
the primary driver of Neptune’s variations, then a large
amplification would be needed, of order 120. This seems
improbable given our current understanding.

[20] However, other components of the solar output
might have an impact on the atmospheres of both Neptune
and Earth (e.g., ultraviolet flux, magnetic field strength,
cosmic ray shielding). For example, some research indicates
the Sun’s total magnetic flux has increased by 40% over the
past 30 years [Lockwood et al., 1999], although others
challenge this assertion [Hildner et al., 2000]. As noted
above, Neptune was better correlated with UV flux than
irradiance. The other solar components have yet to be
investigated in the context of this paper.

[21] Various mechanisms were advanced to explain the
putative inverse correlation of Neptune’s brightness with the
I1-year solar cycle during the 1970s [Lockwood and
Thompson, 1979, 1986, 1991], including darkening of
stratospheric aerosols by increased UV flux [Baines and
Smith, 1990] and solar modulation of galactic cosmic rays
that could trigger ion-induced nucleation [Moses et al.,
1989]. (An attempt by Rogques et al. [1994] to correlate
Neptune stratospheric temperatures with the 11-year solar
cycle was hampered by sparse occultation data.) Given the
change in the nature of Neptune’s brightness variations
since those early investigations, some of these mechanisms
may be worth revisiting. Furthermore, there could be as-yet-
unknown positive feedback mechanisms within Neptune’s
atmosphere that amplify weak forcing.

[22] A complete examination of a driving mechanism for
the long-term changes in the atmosphere of Neptune
warrants further examination, in our opinion. Development
of a detailed microphysical-photochemical-dynamical
model is well beyond the scope of this paper. Our goal is
to alert readers to the suggestive correlations we have
described. If the correlations are robust, then we can predict
Neptune’s brightness in the coming years as discussed
below.

5. Implications

[23] Observations during the next decade may provide a
critical test of the hypothesis that Neptune’s brightness
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changes are related to some component of solar variability.
The seasonal model of Sromovsky et al. [2003] predicts a
continued steady increase in brightness (Figure la). In
contrast, a solar correlation with a 17-yr offset predicts that
Neptune’s brightness should remain flat for a few years and
then begin rising again (cf. Figures 2b and 4, top: the
inflection in Neptune’s rising brightness starting in 2003
corresponds to the inflection seen near 1986 in the solar
record). If Neptune’s brightness is driven solely by
changing sub-solar latitude, it should remain flat for a few
years and then begin a slow decline (Figure 1d). The
most recent data for 2004 and 2005 show that Neptune’s
brightness trend may indeed be flattening (Figures la
and 1b); additional observations over the next several years
may well distinguish between the two latter cases.

[24] One lesson from this study is that caution is advised
for those looking at correlations of time series data. Simple
correlation analyses can be misled by underlying trends,
with the resulting coefficients not truly representative of the
formal correlation. Examination of residuals from the trend
may give a more appropriate measure of an existing
correlation. Also, assignment of statistical significance to
correlations must be treated with caution, even when
correlations appear to be high. In time-series data, the
number of discrete measurements may not be the correct
number to use for degrees of freedom.

[25] In summary, if Neptune’s atmosphere is indeed
responding to some variation in solar activity in a manner
similar to that of the Earth albeit with a temporal lag
(Figure 4, top), then: (1) we predict a multi-year
“flattening™ (slope change) in the steady rise of Neptune’s
brightness for a few years, and a subsequent rise thereafter;
and (2) Neptune may provide an independent (and
extraterrestrial) locale for studies of solar effects on
planetary atmospheres.
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