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Figure 3.11. Approximate altitude profiles of the mean zonal winds in winter
(left panel) and summer (right panel). The permitted phase speeds for the
propagation of gravity waves and their breaking levels are also shown. Adapted
from Lindzen (1981).

systems or instabilities. The propagation of gravity waves through the
atmosphere depends on the wind distribution and thermal structure,
which varies markedly with season and the static stability. Specifically
it can be shown that, when the phase speed c of a wave is equal to the
zonal wind speed u, the wave is absorbed. The point where this occurs
is referred to as the critical level for that particular wave. Figure 3.11
shows how this absorption effect influences gravity wave propagation
at mid-latitudes for different seasons. Specifically, owing to the strong
filtering by passage through the stratosphere, mesospheric gravity waves
are predominantly westward propagating waves in winter and eastward
propagating waves in summer. In the absence of dissipation, the
amplitude of gravity waves grows as the inverse square of the density.
This can be understood by considering that for kinetic energy

E =
1
2
ρo |v′(z)|2 (3.43)

to remain constant, the amplitude of the wave must grow as

|v′(z)| = A [ρ0 (z)]−
1
2 (3.44a)
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Figure 8.15 |  Bar chart for RF (hatched) and ERF (solid) for the period 1750–2011, where the total ERF is derived from Figure 8.16. Uncertainties (5 to 95% confidence range) 
are given for RF (dotted lines) and ERF (solid lines).

Figure 8.16 |  Probability density function (PDF) of ERF due to total GHG, aerosol 
forcing and total anthropogenic forcing. The GHG consists of WMGHG, ozone and 
stratospheric water vapour. The PDFs are generated based on uncertainties provided in 
Table 8.6. The combination of the individual RF agents to derive total forcing over the 
Industrial Era are done by Monte Carlo simulations and based on the method in Boucher 
and Haywood (2001). PDF of the ERF from surface albedo changes and combined con-
trails and contrail-induced cirrus are included in the total anthropogenic forcing, but 
not shown as a separate PDF. We currently do not have ERF estimates for some forcing 
mechanisms: ozone, land use, solar, etc. For these forcings we assume that the RF is 
representative of the ERF and for the ERF uncertainty an additional uncertainty of 17% 
has been included in quadrature to the RF uncertainty. See Supplementary Material Sec-
tion 8.SM.7 and Table 8.SM.4 for further description on method and values used in the 
calculations. Lines at the top of the figure compare the best estimates and uncertainty 
ranges (5 to 95% confidence range) with RF estimates from AR4.

Therefore, the large uncertainty in the aerosol forcing is the main 
cause of the large uncertainty in the total anthropogenic ERF. The total 
anthropogenic forcing is virtually certain to be positive with the prob-
ability for a negative value less than 0.1%. Compared to AR4 the total 
anthropogenic ERF is more strongly positive with an increase of 43%. 
This is caused by a combination of growth in GHG concentration, and 
thus strengthening in forcing of WMGHG, and weaker ERF estimates of 
aerosols (aerosol–radiation and aerosol–cloud interactions) as a result 
of new assessments of these effects.

Figure 8.17 shows the forcing over the Industrial Era by emitted com-
pounds (see Supplementary Material Tables 8.SM.6 and 8.SM.7 for 
actual numbers and references). It is more complex to view the RF 
by emitted species than by change in atmospheric abundance (Figure 
8.15) since the number of emitted compounds and changes leading to 
RF is larger than the number of compounds causing RF directly (see 
Section 8.3.3). The main reason for this is the indirect effect of sever-
al compounds and in particular components involved in atmospheric 
chemistry (see Section 8.2). To estimate the RF by the emitted com-
pounds in some cases the emission over the entire Industrial Era is 
needed (e.g., for CO2) whereas for other compounds (such as ozone 
and CH4) quite complex simulations are required (see Section 8.3.3). 
CO2 is the dominant positive forcing both by abundance and by emit-
ted compound. Emissions of CH4, CO, and NMVOC all lead to excess 
CO2 as one end product if the carbon is of fossil origin and is the reason 
why the RF of direct CO2 emissions is slightly lower than the RF of 
abundance change of CO2. For CH4 the contribution from emission is 
estimated to be almost twice as large as that from the CH4 concen-
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2009; Ball et al., 2012), confirm the need for correction of HF data, and 
we conclude that PMOD is more accurate than the other composites.

TSI variations of approximately 0.1% were observed between the 
maximum and minimum of the 11-year SC in the three composites 
mentioned above (Kopp and Lean, 2011). This variation is mainly due 
to an interplay between relatively dark sunspots, bright faculae and 
bright network elements (Foukal and Lean, 1988; see Section 5.2.1.2). 
A declining trend since 1986 in PMOD solar minima is evidenced in 
Figure 8.10. Considering the PMOD solar minima values of 1986 and 
2008, the RF is –0.04 W m–2. Our assessment of the uncertainty range 
of changes in TSI between 1986 and 2008 is –0.08 to 0.0 W m–2 and 
thus very likely negative, and includes the uncertainty in the PMOD 
data (Frohlich, 2009; see Supplementary Material Section 8.SM.6) but 
is extended to also take into account the uncertainty of combining the 
satellite data.

For incorporation of TIM data with the previous and overlapping data, 
in Figure 8.10 we have standardized the composite time series to the 
TIM series (over 2003–2012, the procedure is explained in Supplemen-
tary Material Section 8.SM.6. Moreover as we consider annual averag-
es, ACRIM and PMOD start at 1979 because for 1978 both composites 
have only two months of data.

8.4.1.2 Total Solar Irradiance Variations Since Preindustrial Time

The year 1750, which is used as the preindustrial reference for estimat-
ing RF, corresponds to a maximum of the 11-year SC. Trend analysis are 
usually performed over the minima of the solar cycles that are more 
stable. For such trend estimates, it is then better to use the closest 
SC minimum, which is in 1745. To avoid trends caused by compar-
ing different portions of the solar cycle, we analyze TSI changes using 
multi-year running means. For the best estimate we use a recent TSI 
reconstruction by Krivova et al. (2010) between 1745 and 1973 and 
from 1974 to 2012 by Ball et al. (2012). The reconstruction is based 

(  
   

   
)

Figure 8.10 |  Annual average composites of measured total solar irradiance: The 
Active Cavity Radiometer Irradiance Monitor (ACRIM) (Willson and Mordvinov, 2003), 
the Physikalisch-Meteorologisches Observatorium Davos (PMOD) (Frohlich, 2006) and 
the Royal Meteorological Institute of Belgium (RMIB) (Dewitte et al., 2004).These com-
posites are standardized to the annual average (2003–2012) Total Irradiance Monitor 
(TIM) (Kopp and Lean, 2011) measurements that are also shown.

on physical modeling of the evolution of solar surface magnetic flux, 
and its relationship with sunspot group number (before 1974) and 
sunspot umbra and penumbra and faculae afterwards. This provides 
a more detailed reconstruction than other models (see the time series 
in Supplementary Material Table 8.SM.3). The best estimate from our 
assessment of the most reliable TSI reconstruction gives a 7-year run-
ning mean RF between the minima of 1745 and 2008 of 0.05 W m–2. 
Our assessment of the range of RF from TSI changes is 0.0 to 0.10 
W m–2 which covers several updated reconstructions using the same 
7-year running mean past-to-present minima years (Wang et al., 2005; 
Steinhilber et al., 2009; Delaygue and Bard, 2011), see Supplementa-
ry Material Table 8.SM.4. All reconstructions rely on indirect proxies 
that inherently do not give consistent results. There are relatively large 
discrepancies among the models (see Figure 8.11).With these consid-
erations, we adopt this value and range for AR5. This RF is almost half 
of that in AR4, in part because the AR4 estimate was based on the 
previous solar cycle minimum while the AR5 estimate includes the drop 
of TSI in 2008 compared to the previous two SC minima (see 8.4.1). 
Concerning the uncertainty range, in AR4 the upper limit corresponded 
to the reconstruction of Lean (2000), based on the reduced brightness 
of non-cycling Sun-like stars assumed typical of a Maunder minimum 
(MM) state. The use of such stellar analogues was based on the work 
of Baliunas and Jastrow (1990), but more recent surveys have not 
reproduced their results and suggest that the selection of the original 
set was flawed (Hall and Lockwood, 2004; Wright, 2004); the lower 
limit from 1750 to present in AR4 was due to the assumed increase 
in the amplitude of the 11-year cycle only. Thus the RF and uncertain-
ty range have been obtained in a different way in AR5 compared to 
AR4. Maxima to maxima RF give a higher estimate than minima to 
minima RF, but the latter is more relevant for changes in solar activity. 
Given the medium agreement and medium evidence, this RF value has 
a medium confidence level (although confidence is higher for the last 
three decades). Figure 8.11 shows several TSI reconstructions modelled 
using sunspot group numbers (Wang et al., 2005; Krivova et al., 2010; 

(  
   

   
)

Figure 8.11 | Reconstructions of total solar irradiance since1745; annual resolution 
series from Wang et al. (2005) with and without an independent change in the back-
ground level of irradiance, Krivova et al. (2010) combined with Ball et al. (2012) and 
5-year time resolution series from Steinhilber et al. (2009) and Delaygue and Bard 
(2011). The series are standardized to the Physikalisch-Meteorologisches Observato-
rium Davos (PMOD) measurements of solar cycle 23 (1996–2008) (PMOD is already 
standardized to Total Irradiance Monitor).
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période de trois ans considérée. La moyenne des périodogrammes correspondants à 
chaque simulation d’ensemble (CCM) présente un signal à 27 jours, néanmoins 
accompagné d’une large dispersion. Cela confirme que le signal rotationnel contenu 
dans les séries d’ozone de trois ans peut être masqué par d’autres sources de 
variabilité (probablement d’origine dynamique) certaines années.  
 

 
Figure 14 : Profils verticaux de sensibilité d’ozone stratosphérique (définie comme le % de 
variation d’ozone pour 1% de variation de F205). Résultats à gauche correspondent aux 
données satellites, au milieu au CTM, et à droite au CCM. Les figures du haut correspondent à 
la période 10/1991-9/1994 (phase descendante du cycle 22) et celles du bas à la période 
9/2004-8/2007 (phase descendante du cycle 23). La sensibilité est calculée par simple 
régression linéaire de la série d’ozone sur la série F205. Les lignes pointillées pour les 
observations et le CTM correspondent aux erreurs standard de régression (2-sigma) ; les lignes 
pointillées du CCM correspondent à la dispersion autour de la moyenne sur les 5 simulations 
d’ensemble.  
 
 
L’analyse de la cohérence entre les données brutes d’ozone et F205 sur les deux 
périodes de trois ans montre que le modèle guidé est capable de reproduire l’amplitude 
et l’extension verticale du signal rotationnel ainsi que les grandes différences observées 
entre les deux périodes d’étude. La forme et l’amplitude du profil de sensibilité de 
l’ozone à F205 (voir Figure 14) sont également bien reproduites par le modèle guidé 
ainsi que les grandes différences observées entre les deux périodes d’analyse. En 
revanche, la moyenne des cinq profils de sensibilité des simulations d’ensemble (CCM) 
ne montre pas de différence significative d’une période à l’autre et se caractérise par un 
maximum de 0.4-0.5 autour de 3 hPa. La dispersion autour de cette moyenne est très 
importante notamment aux altitudes du maximum de sensibilité, ce qui traduit la 
présence d’autres sources de variabilité.  
 
Afin d’explorer l’origine de cette dispersion, la réponse de l’ozone aux variations de 
F205 est étudiée à l’échelle de temps de l’année lors des deux périodes à partir des 
simulations du modèle guidé. Pour cela, les deux intervalles de trois ans sont divisés en 
trois intervalles d’un an. La Figure 9 présente à titre d’exemple les profils de sensibilité 
pour chaque année de la 2ème période considérée (9/2004-8/2007, phase descendante 
du cycle 23) qui est caractérisée par une très forte variabilité interannuelle de la 
réponse ‘apparente’ de l’ozone aux variations solaires dans le domaine de fréquence 
rotationnel. En accord avec les observations, l’amplitude et la structure verticale du 
profil de sensibilité dans le CTM varient considérablement d’une année à l’autre sans 
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the long winter NAM timescale could also be caused by
the annual cycle. Further evidence that the timescale of
the surface NAM is affected by stratospheric conditions
comes from the Southern Hemisphere. If the long winter
timescale of the NAM is a reflection of the annual cycle,
then one would expect that the timescale of the Southern
Annular Mode (SAM) would be longest in southern
winter. Fig. 3B shows that this is not the case. The
longest surface SAM timescale is found during Novem-
ber–December, at the time of the maximum SAM
variance in the lowermost stratosphere (Fig. 3C). Taken
together, these observations are evidence that large,
long-lived circulation anomalies in the lower strato-
sphere can lengthen the timescale of the annular modes
in the troposphere.
The long timescale of stratospheric effects has

practical implications for extended-range weather fore-
casts (Baldwin et al., 2003a, b). The stratosphere can be
used as a statistical predictor of the surface NAM on
timescales of up to two months. Fig. 4 illustrates the
predictability of the monthly mean 1000-hPa NAM, as a
function of season and NAM pressure level used to
predict the 1000-hPa NAM. Daily values of the 150-hPa
NAM during December–February are correlated with
the monthly mean 1000-hPa NAM beginning 10 days
later (the monthly mean is offset 25 days from the 150-
hPa NAM time series. The contours are the square of
the correlation coefficients, expressed as the percent

variance of the surface NAM, with darker shading
indicating better predictability of the surface NAM. The
key result illustrated is that the monthly mean surface
NAM is better predicted by the lower stratospheric
NAM than any tropospheric level. The result is
statistically robust since the correlations are based on
44 years (2160 days) of observations. The stratosphere
provides predictability earlier in the winter, more
predictability during midwinter, and extends predict-
ability into the spring. The practical application of this
relationship may be through numerical extended-range
forecast models that include a realistic stratosphere, or
through a combined statistical-dynamical technique (W.
Norton, pers. comm., 2003).
There is now strong observational and modeling

evidence that human-induced changes to the strato-
spheric ozone layer in the Southern Hemisphere have
affected not just the stratosphere (Langematz, 2000;
Langematz et al., 2003; Rosier and Shine, 2000), but
surface climate. Thompson and Solomon (2002) pro-
vided the observational evidence, while Gillett and
Thompson (2003) used a GCM forced only by the
observed ozone anomalies since 1979 (Fig. 5). Both the
observations and model results show that surface
temperatures, pressures, and winds are affected for up
to 3 months following the stratospheric ozone anoma-
lies. These results are supported by 25 years of Southern
Hemisphere data (Thompson et al., 2004) and also bear
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Composite of 30 Strong Vortex Events
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Fig. 2. Composites of time-height development of the NAM for (A) 18 weak vortex events and (B) 30 strong vortex events. The events
are determined by the dates on which the 10-hPa NAM values cross !3:0 and +1.5, respectively. The indices are nondimensional; the
contour interval for the color shading is 0.25, and 0.5 for the white contours. Values between !0:25 and 0.25 are unshaded. The thin
horizontal lines indicates the approximate tropopause. From Baldwin and Dunkerton (2001).
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Influences	
  of	
  solar	
  variability	
  on	
  climate:	
  	
  
proposed	
  mechanisms	
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Representation of the solar forcing in climate 
models 
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Conclusion	
  

•  Several	
  mechanisms	
  are	
  involved	
  in	
  the	
  solar	
  forcing	
  of	
  
the	
  climate	
  

•  The	
  middle	
  atmosphere	
  is	
  sensi8ve	
  to	
  the	
  UV	
  and	
  
par8cle	
  solar	
  forcing.	
  

•  Solar	
  signatures	
  in	
  climate	
  variables	
  cannot	
  be	
  explained	
  
by	
  the	
  TSI	
  variability	
  alone.	
  They	
  are	
  similar	
  to	
  internal	
  
modes	
  of	
  the	
  ocean-­‐climate	
  system	
  (NAO,	
  …),	
  indica8ng	
  
a	
  possible	
  transmission	
  of	
  the	
  middle	
  atmosphere	
  signal	
  
via	
  the	
  dynamical	
  stratosphere-­‐troposphere	
  coupling.	
  	
  

•  Coupled	
  climate	
  models	
  with	
  interac8ve	
  ocean	
  and	
  
stratospheric	
  chemistry	
  are	
  needed	
  to	
  study	
  the	
  Sun-­‐
climate	
  link.	
  

•  A	
  project	
  on	
  Solar	
  forcing	
  of	
  the	
  climate	
  at	
  global	
  and	
  
regional	
  scale	
  (mainly	
  Europe)	
  	
  will	
  be	
  funded	
  by	
  IPSL.	
  


