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Abstract. We identify solar cycle signals in 155 years of sponses in temperature, and other fields, are still the subject
global sea level pressure (SLP) and sea surface temperatucd some uncertainty. In sea level pressure (SLP) the Aleu-
(SST) data using a multiple linear regression approach. Irtian Low tends to be weaker when the Sun is more active
SLP we find in the North Pacific a statistically significant and that the Hawaiian High moves northwards (Christoforou
weakening of the Aleutian Low and a northward shift of the and Hameed, 1997). A large response is found in the Pacific
Hawaiian High in response to higher solar activity, confirm- in boreal winter: a positive anomaly in the Bay of Alaska,
ing the results of previous authors using different techniquesconsistent with Christoforou and Hameed results, and also a
We also find a weak but broad reduction in pressure acrosseduction in SLP near the date line around 20-MQvith a
the equatorial Pacific. In SST we identify a weak EFRbli positive anomaly south of the equator (van Loon et al., 2007)
like pattern in the tropics for the 155 year period, unlike the (subsequently vLO7). This has been interpreted as a strength-
strong La Nia-like signal found recently by some other au- ening of the SE trade winds crossing the equator, driving in-
thors. We show that the latter have been influenced by thereased ocean upwelling and cooler equatorial temperatures
technique of compositing data from peak years of the sunspofvan Loon and Meehl, 2008).
cycle because these years have often coincided with the neg- This is consistent with the vLO7 analysis of sea surface
ative phase of the ENSO cycle. Furthermore, the date of pealemperatures (SSTs) which shows a strong L&aNiCold
annual sunspot number (SSN) generally falls a year or morgvent, CE)-like signal when the Sun is more active. How-
in advance of the broader maximum of the 11-year solar cy-ever, another SST analysis (White et al., 1997) shows a
cle so that analyses which incorporate data from all yearsslightly warmer band of water across the tropical Pacific as-
represent more coherently the difference between periods afociated with peaks in a decadal signal (DSO) identified as
high and low solar activity on these timescales. We also findin phase with solar activity. A modeling and observational
that studies of the solar signal in SST over the second halktudy suggests that coupling of changes in surface wind-
of the 20th century may alias as ENSO signal if this is notstress to ocean circulation produces a Warm Event (WE) a
properly taken into account. few years after solar maximum (Meehl and Arblaster, 2009)
(MAQ9). It also suggests that the White et al results might be
interpreted as lagging solar maximum by 1-2 years so that
1 Introduction the results are not inconsistent. A more recent SST apalysis
(White and Liu, 2008), however, shows a phase-locking of

Signals of the 11-year solar cycle in various meteorological"@monics of the ENSO time series with the solar cycle re-
fields of the lower atmosphere, and in sea surface temperaulting in a WE-like signal for about 3 years around the peak
tures, have been presented by a number of authors. There ¥ the DSO (with CEs approximately 2 years either side of
a consensus that any warming due to increased solar activiti® Peak). Thus there is no clear picture of the SST response
is not uniform, either within the atmosphere or at the ocean@t Solar maximum.

surface, but the patterns and amplitudes of the derived re- Any strong signalin SSTs would likely also be seeniin near
surface air temperature but two independent studies (Stott
and Jones, 2009), using an optimal detection technique, and
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timescales. They do, however, show bands of warmingnoise coefficients (that might be present due to several unob-
around mid-latitudes in both hemispheres, consistent withserved sources) are calculated simultaneously with the com-
a response seen previously in 27 years of zonal mean trgponents of variability so that the residual is consistent with
pospheric air temperatures (Haigh, 2003). In this paper wea red noise model of order one. By this process it is possi-
investigate further the solar signal in SLP and SSTs using &le to minimize noise being interpreted as signal. We then
multiple regression technique. An important aspect of ouruse a Student’s t-test to measure the level of confidence of
paper is to point out that the timing is crucial to show how variability for different indices.
this produces apparent discrepancies between different anal- Stratospheric aerosol optical depth data are fiutp:/
yses and how it may be used to test mechanisms proposed ttata.giss.nasa.gov/modelforce/strataeritaeitxt, which is
explain solar-climate links, in the context of ENSO variabil- up to 1999. It has been extended to 2005 with near zero val-
ity. ues. To represent the time variance of ENSO we use the Ni
3.4 index obtained fromvww.cpc.noaa.gov/data/indices
For the solar influence we use monthly sunspot numbers
2 Data and methodology (SSNs) available frorftp://ftp.ngdc.noaa.gov/STP/SOLAR
DATA/SUNSPOTNUMBERS/MONTHLY. Thus we in-

We present results of a multiple linear regression analysis otjude solar variability on solar cycle timescales but do not
over 150 years of SLP and SST data. The regressions af@clude the effect of any underlying long-term variations in
done for DJF data and all regression indices are used withoWo|ar irradiance. For statistical analysis of 155 years of data
time lags. For sea level pressures we use the Hadley CeRye are restricted for an indicator of solar activity to SSNs,
tre HadSLP2 dataset acquired frdittp://www.hadobs.org TS| reconstructions or some geomagnetic indices. The focus
This is an upgraded version of the monthly historical meanof this paper is on 11-year cycle variability so that the accu-
sea level pressure dataset HadSLP1, based on a compilatighte representation of longer term secular variability is less
of numerous terrestrial and marine data over the time periodmportant. We have also carried out the regression using a
1850-2004 (Allan and Ansell, 2006). number of TSI reconstructions (Solanki and Krivova, 2003;

We analyse two different sets of data for sea surface temHoyt and Schatten, 1993; Foster, 2004) and all produce sim-
peratures: one from the Hadley Centre and another fromjar solar cycle results but long term variations are not sta-
NOAA. The Hadley Centre dataset (HadSST2), obtainedistically separable from any climate change (linear trend or
from http://hadobs.metoffice.com/hadsst® based on the greenhouse gas) signal.
recently created International Comprehensive Ocean Atmo-
sphere Data Set (ICOADS) (Rayner et al., 2006). SST
anomalies (relative to the mean values over 1961-1990) hav8 Results
been calculated over the globe between 1850 and 2004.
The other SST dataset we use is the NOAA extended reThe signal in SLP associated by the multiple regression anal-
constructed sea surface temperature data set (ERSST.v@¥is with solar cycle variability is presented in Fig. 1. It
for 1854—2007 fronittp://www.cdc.noaa.gov/cdc/data.noaa. shows a region of positive anomaly, of up to 5hPa, in the
ersst.html The two SST datasets differ in their data sources,North Pacific with a smaller negative anomaly, magnitude
in analysis procedure and the corrections algorithm appliecaround 0.5 hPa, in the equatorial Pacific. This pattern is ro-
before the 1940s. As sources, the NOAA product useshust to the inclusion or not of the ENSO index as an inde-
only in situ measurements while Hadley centre data includegpendent index in the regression analysis. It is consistent with
satellite-derived SST since early 1980s. The latter also inthe results of Christoforou and Hameed (1997) who showed
clude additional in situ observations from the UK Meteo- that the Aleutian Low is weaker, and the Hawaian High po-
rological Office archive which are not included in the for- sitioned further north, during periods of higher solar activity.
mer (Vecchi and Soden, 2007). Vecchi et al. (2008) describdt agrees with vLO7 in terms of the SLP signal around the
how inconsistencies of the various SST reconstructions in theorth Pacific at peak SSN and continues throughout the fol-
equatorial eastern Pacific provide different results betweerdowing years of higher solar activity. It is also consistent with
the NOAA and HadISST data. We have carried out our anal-observational studies (Bnnimann et al., 2006; Haigh et al.,
ysis for both datasets but it did not alter our main results and2005) and modeling studies (Haigh, 1996; 1999; Larkin et
here we present only results with the NOAA dataset. al., 2000; Matthes et al., 2006) which have indicated an ex-

The independent time-varying indices we use in the multi-pansion of the zonal mean Hadley cell, and poleward shift
ple regression are a linear trend (to simulate long-term cli-of the Ferrel cell, at solar maxima. It does not, however,
mate change), stratospheric aerosol optical depth (mainlyeproduce the pattern found by vLO7, using the HadSLP1
representing the influence of explosive volcanic eruptions)dataset, which placed a negative anomaly around 1UN30
solar variability and ENSO. We employ a code which esti- in the mid-Pacific.
mates amplitudes of variability due to these climate factors The solar cycle signal deduced in the NOAA SST data is
using an autoregressive noise model. In this methodologypresented in Fig. 2a. The pattern is essentially reproduced

Atmos. Chem. Phys., 10, 3143153 2010 www.atmos-chem-phys.net/10/3147/2010/


http://www.hadobs.org
http://hadobs.metoffice.com/hadsst2/
http://www.cdc.noaa.gov/cdc/data.noaa.ersst.html
http://www.cdc.noaa.gov/cdc/data.noaa.ersst.html
http://data.giss.nasa.gov/modelforce/strataer/tau_line.txt
http://data.giss.nasa.gov/modelforce/strataer/tau_line.txt
www.cpc.noaa.gov/data/indices
ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SUNSPOT_NUMBERS/MONTHLY
ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SUNSPOT_NUMBERS/MONTHLY

I. Roy and J. D. Haigh: Solar cycle signals in sea level pressure and sea surface temperature 3149

lotitude:

lotitude

@

20 40 60 80 100 120 14D 160 180
de

Fig. 1. The solar cycle signal in DJF sea level pressure (solar max —
solar min, Pa). The solar activity index used in the multiple regres-
sion analysis is sunspot number. Other independent parameters are
a linear trend and indices of stratospheric aerosol optical depth and
ENSO. Shaded regions are significant at the 95% level. .

using the HadSST2 dataset and is robust to the inclusion or
otherwise of an independent ENSO index. No regions of
high statistical significance are detected but in the Eastern
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equatorial Pacific a tongue of warmer water is found, resem<{b) rguce
bling a weak warm event. A stronger region of warming, _.

Fig. 2. (a) The solar cycle signal in DJF sea surface tempera-

cific. and more weakly in the South Pacific. with cooler re- ture (solar max — solar min, K) using the NOAA dataset for 155
e, W yi u e, wi ears. The solar activity index used in the multiple regression anal-

gions equ"_’".[onNard In _bOt_h her‘mspheres. The results in th%sis is sunspot number. Other independent parameters are a linear
North Pacific are qualitatively similar to those of vLO7, al- rend and indices of stratospheric aerosol optical depth and ENSO.
though of smaller magnitude, but in the tropics they do notshaded regions (few and small) are significant at the 95% I@gl.
indicate the strong CE-like cooling found in the eastern Pa-As in (a) but using only data over the second half of the 20th cen-
cific in that paper. A multiple regression using only data tury.

over the second half of the 20th century, as used by White, et

al. (1997), shows a strong El i WE-like pattern (Fig. 2b),

but when we extend the data to 155 years this signal becomes T0 investigate further any potential link between the appar-
much weakerFurthermore, if we include an ENSO index in ent solar signal and ENSO, Fig. 3a presents a scatter plot of
multiple regression of the latter period then the solar signatthe values of these two parameters. No obvious relationship
is also much reduced (not shown here), suggesting that thexists, and this is confirmed by a separate regression analysis
ENSO signal is being aliased onto the solar. This is consisOf the ENSO time series (not shown). This would suggest
tent with the analysis of near surface air temperature by Learthat a signal identified with solar variability in tropical sea

and Rind (2008), Stott and Jones (2009) and Haigh (2003). surface temperatures would be unlikely to express a partic-
ular phase of ENSO. When, however, solar cycle maximum

years are identified, as shown in Fig. 3b, nine of the fourteen
4 Discussion have a value of ENSO index lower than the average, and four
) ) ) of these years (1893, 1917, 1989, 2000) are associated with
To explain the apparent discrepancy between the different r€articularly strong cold events. Only one solar maximum
sults, we investigate the different methodologies employedyear is associated with a significant positive ENSO signal
vLO7 deduced the solar signal by taking a composite of the; g4 this, 1905, is a weak solar cycle. As it is only the so-
data corresponding to the years identified with the peaks ofyr maximum years that are used by vLO7 to characterize the
the 14 solar activity cycles within the data period, and thengq |5y signal it is clear that their result will resemble a Cold
associating the anomaly relative to the climatology with the gy ant (La Nfia) pattern. It then remains to be determined to
effects of the Sun. The pattern was robust to the removal ofynat extent the derived signal can be assigned as due to the

data from either 1989 or 1905, the only years identified asgn rather than mainly due to natural ENSO variability.
having a strong ENSO influence.

of around 0.5K occurs at 40atitude across the North Pa-
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Figure 4 shows the time series of monthly SSNs and of
Fig. 3. (a)Scatter plot of ENSO index against sunspot number, DJFtheir annual means, it also identifies the years of highest an-
values from 1856 to 2007 inclusivéd) As in (a) but years of solar  nual SSN for each solar cycle, as used by vLO7 to label solar
cycle maximum are now identified with a box. Dashed vertical lines peak years. It is apparent that peak years tend to occur very
indicate the mean ENSO index and valuestdt and 2 standard 5o after the solar cycle becomes more active - this is true of
deviations from the mean. all the stronger cycles - and at least a 1 year before a date that
represents the peak of a broader decadal variation. Variations
in TSI (e.g. Lean, 2000; Krivova et al, 2003) tend to follow
Van Loon and co-authors have shown in multiple pa-the latter. Thus an analysis based on peak SSN years, such
pers (2007, 2008, 2009), that the response to peaks in sa@s the vLO7 results, represents the solar signal at a particular
lar forcing resembles La Ra conditions. van Loon and phase of the solar cycle while Fig. 2, and the results of White
Meehl (2008) showed that the peak solar conditions areet al. (1997), represent more broadly the difference between
different from La Nia events in the Southern Oscillation periods of higher and lower SSN. The work of White and
mainly in the equatorial stratosphere. If this is the case, and.iu (2008) provides an indication as to why these may not
the solar signal is not ENSO-like, then it would raise doubtsgive the same results: a WE signal near the peak of the DSO
with regard to any proposed mechanisms for a solar influ-is typically preceded and followed, with a lead/lag of about
ence on climate which are based on ENSO-like atmosphere? years, by a CE.
ocean coupling and changes to the Walker cell etc. The dif- 15 gifference in timing might also provide an explana-
ferences are confined, however, to pressures less than 25 hRgyy for other apparent discrepancies in solar signals. For
i.e., right at the top of the NCEP/NCAR Reanalysis Datasetgyample, in observational data van Loon et al. (2004) find

domain. a strengthening of the tropical Hadley cell when the Sun is
It is not immediately obvious why Fig. 2 should show a more active while Kodera and Shibata (2006) find it weak-
weak WE-like response associated with higher SSNs ratheened. Peak SSN composites are used in the former pa-
than the CE pattern of vLO7, and as suggested by Fig. 3. Oneer while correlations between meteorological data and the
possibility is that the multiple regression technique treats thel0.7 cm solar activity index are used in the latter and thus,
solar and ENSO signals as linearly independent whereas, &som the arguments presented above, they represent different
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aspects of solar cycle variability. Similarly in modeling stud- the mechanisms for the apparent influences of the Sun on
ies: Meehl et al. (2008), with a transient model run analysedthe climate of the lower atmosphere it has become useful to
by peak SSN years, find a stronger Hadley circulation whileidentify a “top-down” response from solar UV forcing in the
Haigh (1996, 1999), using equilibrated solar maximum andstratosphere and a “bottom-up” response from solar warm-
minimum experiments, finds a weaker Hadley cell. ing of SSTs. Rind et al. (2008), using a model with various
Our analysis provides some coherence to published resultepresentations of stratospheric ozone, with and without a
and may thus contribute to advance understanding of the aszoupled slab ocean, study found that both proposed mech-
sociated physical process. One explanation for the solar reanisms are operative with the top-down effect contributing
sponse (MA09) requires that changes in absorption of solaperhaps one half of the signal. They found a sea surface
radiation at the ocean surface initiate the earlier CE responséemperature response that produces the troposphere warm-
The processes involved would be akin to those proposed to bg to be similar to that described by White et al. (1997)
acting on centennial to millennial timescales, in which over- and very different from the La Wa response described by
all global warming increases meridional gradients in tropicalvan Loon et al. (2007). In determining this SST signal Rind
sea surface temperatures, surface winds and shallow merigkt al. (2008) compared years of higher solar irradiance with
ional overturning of the ocean (Clement et al., 1996). Pa-those of lower, using a threshold in UV irradiance, and would
leoclimate studies (Emile-Geay et al., 2007) using idealised¢hus be more likely to find the broad DSO signal than the
forcings in a simplified model have suggested that solar varipeak SSN signal, as discussed above.
ability is manifest in similar overall changes in the tropical Meehl et al. (2009) have also considered top-down and
ocean circulations in response to longer term solar variabilitybottom-up effects in versions of three global climate mod-
Thus periods of higher insolation are statistically associatedels (CCSM3, WACCM-fixed-SST, WACCM-coupled), with
with an increased frequency of Laf¥i-like events (Mann et mechanisms acting together or alone. They compared the
al., 2005). How the necessary changes in ocean circulatiomesults with the observations in both cases identifying the so-
might become established within the timescale of the ascendar signal by the technique of solar maximum compositing.
ing portion of the solar cycle still needs to be established. They found that with either forcing operating alone the sig-
Meehl et al. (2008, 2009) discuss a peak in irradiance ahal in SSTs was weak but with both operating together the
the peak of the decadal solar oscillation producing the La-model produced a similar solar signal to that found in obser-
Nina-like response. They show this is lagged after a yeawations, viz. a La Nia-like response at peak SSN, followed
or two by an EIl-Nino-like event (although van Loon and after 1-2 years by a warm event-like signal. The solar sig-
Meehl (2008) show a weaker cold event at one year lag)nal in SLP appears more robust than that in SST but it raises
We also find that there is often a cold event at peak SSNanother issue with regard to mechanisms. Associated with
but this occurs a year or so in advance of the peak in irrathe (putative solar-induced) cold event in tropical SSTs, as is
diance so that the subsequent warm event coincides with thstandard with an ENSO negative phase, is a positive anomaly
solar maximum in irradiance, as shown by White (2007) andin N. Pacific SLP in winter and Meehl et al. (2008) discuss
White and Liu (2008). This difference in timing is crucial how the two are physically related. In the observations, how-
in considering mechanisms which involve forcing by solar ever, this positive anomaly in mid-latitudes is maintained for
irradiance. several years, and continues through the following “warm
Results from two different global coupled models (PCM event” which would normally be accompanied by a nega-
and CCSM3) shown by Meehl et al. (2008), using multiple tive SLP anomaly. This poses problems for any mechanism
ensemble members from 20th century simulations and thugroposed for a solar influence on climate which involves an
on the order of 40 to 50 realizations of peak solar forcing for ENSO-type coupled ocean-atmosphere processes. Our anal-
each model, show a similar pattern to the shorter observaysis thus suggests that the response of SST to variations in
tional record, and Meehl et al. (2008, 2009) suggest mechasolar irradiance and the mechanisms of this response remain
nisms. Regarding the timing of forcing and responses, how+to be established in the context of internal model (ENSO and
ever, MAQ9 presented results showing that the result of thesether) variability and the uncertainties in timings discussed
two models during DJF differ: PCM showed cooling starts above.
one year before and reaches max at same year with warm-
ing around following year, whereas CCSM3 indicated warm-
ing one year before, cooling the same year and that cools Summary
ing persists the following year. Such results are not consis-
tent with the observational results of van Loon et al. (2008)We identify solar cycle signals in the North Pacific in
who showed maximum cooling in peak SSN years, preceded 55 years of sea level pressure and sea surface temperature
and followed by lesser cooling (and no warming). The dis- data. In SLP we find in the North Pacific a weakening of the
crepancies between the two model results in terms of tropi-Aleutian Low and a northward shift of the Hawaiian High
cal Pacific SST mainly arise from the different ENSO vari- in response to higher solar activity, confirming the results of
ability within the models (MAQ9). In trying to disentangle previous authors using different techniques. We also find a
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