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[1] We study the evolution of the amplitude A of the semi‐
annual variation of the length‐of‐day (lod) from 1962 to
2009. We show that A is strongly modulated (up to 30%)
by the 11‐yr cycle monitored by the sunspot number WN.
A and WN are anticorrelated, WN leading A by 1‐yr. A is
therefore directly correlated with galactic cosmic ray
intensity. The main part of the semi‐annual variation in lod
is due to the variation in mean zonal winds. We conclude
that variations in mean zonal winds are modulated by the
solar activity cycle through variations in irradiance, solar
wind or cosmic ray intensity. Citation: Le Mouël, J.‐L.,
E. Blanter, M. Shnirman, and V. Courtillot (2010), Solar forcing
of the semi‐annual variation of length‐of‐day, Geophys. Res. Lett.,
37, L15307, doi:10.1029/2010GL043185.

1. Introduction

[2] The length‐of‐day (lod) undergoes a wide spectrum
of fluctuations. The decadal fluctuations (10 to 30 years)
are mainly attributed to exchanges of angular momentum
between the core and mantle of the planet [e.g., Lambeck,
1980; Jault and Le Mouël, 1991; Gross, 2007]. Seasonal
changes, which include semi‐annual, annual and biennial
components, are almost entirely due to variations in atmo-
spheric zonal wind circulation (apart from an important tidal
component). The amplitudes of seasonal variations are not
constant from year to year, and different hypotheses have
been proposed to account for this variability. Okazaki [1975]
suggested changes in star catalogue or station longitudes.
Lambeck and Hopgood [1981] listed possible contributions
from redistribution of groundwater, variations in global sea‐
level or seasonal changes in the strength of oceanic currents.
However, Rosen and Salstein [1985] have shown con-
vincingly that non‐atmospheric contributions to nontidal
changes in lod on seasonal timescales were unimportant.
[3] Correlation between solar activity and lod has first been

suggested by Bourget et al. [1992]. Höppner and Bittner
[2007] made a similar suggestion, but without reaching
firm conclusions. Our attention has been drawn after sub-
mission of this paper to Winkelnkemper’s [2008] thesis, in
which he points out that semiannual amplitudes in lod and
atmospheric angular momentum are anti‐correlated with the
semiannual means of the solar constant [see also Abarca del
Rio et al., 2003]. In the present paper, we analyze the semi‐
annual frequency in lod and determine its decadal and longer
term variations, in the spirit of other recent studies [Blanter et
al., 2006; LeMouël et al., 2007, 2008; Shnirman et al., 2009].

2. LOD Analysis

[4] Length‐of‐day data, measured in seconds, are pro-
vided by the International Earth Rotation and Reference
System Service (IERS), Earth Orientation Center at the
Paris Observatory (http://hpiers.obspm.fr/iers/eop/eopc04_05/
eopc04.62‐now). We use a 48‐yr long time series of daily
values without gap from Jan 1 1962 to Sep 2 2009.We restrict
our analysis to the semi‐annual variation, which has a sharp
spectral peak. In order to eliminate the strong irregular longer‐
term variation, we first compute, for each day k, the slope of
the straight line regression (in a least squares sense) through
the daily values lod(j) over a one month‐long interval cen-
tered on day k. This slope provides an estimate of the first
derivative lod′(k) and is measured in seconds per day. We
then calculate the amplitude and phase of the Fourier coef-
ficient C(k) of the 6‐month spectral line of lod′. This is
computed for each day k in a sliding window of 4‐yr length
centered on day k. As we wish to study the evolution of
C(k) over the period from 1962 to 2009, we need a large
enough window to estimate it accurately. We have:

C kð Þ ¼ A kð Þ þ iB kð Þ ¼ �t

2� þ 1

X�¼kþ�

�¼k��
lod 0 kð Þ cos !�ð Þð

þ i sin !�ð ÞÞ ð1Þ

with w = 360°/T (in degrees per day), T = 6 months =
182.62 days and t = 2 years = 730 days (we express time
in days; the sampling interval Dt is one day). The amplitude
and phase of the spectral line are:

A kð Þ ¼ A2 kð Þ þ B2 kð Þ� �1=2 ð2Þ

� kð Þ ¼ tan�1 B kð Þ=A kð Þð Þ ð3Þ

In the 4‐year interval centered on day k, the semi‐annual
variation (upper index T for T = 6 months = 182.62 days) of
lod′ has the expression:

lod0T tð Þ ¼ A kð Þ cos !t � � kð Þð Þ ð4Þ

where t is in days numbered from January 1st, 1960 (starting
year arbitrary, starting day used to evaluate the phase), w in
degrees per day, and wt and f are in degrees. For the sake of
comparison with previous studies, we compute the amplitude
a(k) and phase g(k) of the six‐month variation of lod itself:

� kð Þ ffi 182:62=2�ð Þ : A kð Þ ð5Þ

� kð Þ ¼ � kð Þ þ 90� ð6Þ

lodT tð Þ ¼ � kð Þ cos !t � � kð Þð Þ ð7Þ
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[5] Note that a is in seconds (whereas (182.62/2p) is
expressed in days) and wt and g in degrees. Figure 1a shows
the evolution of a(k) over the 1964–2007 time span (two
years are lost on either side due to the 4‐yr window). The
mean values of a and g over the time span under study
(44 years) are approximately 0.320 ms and 215°. Estimates
of the dimensionless parameter:

mT
3 ¼ �lodT=lod ð8Þ

(where lod = 86164s is the length of the mean sidereal
day) are given by Lambeck [1980, Table 7.6] (from
Lambeck and Cazenave [1973] for the 1957–1963 period):

mT
3 ¼ 0:346:10�8 cos !t � 24�ð Þ

[6] Lambeck [1980] gives other estimates of the phase and
amplitude of m3

T. Höpfner [1997] reviews estimates pub-
lished between 1985 and 1996: m3

T ranges from 0.240 to
0.431.10−8 in amplitude and 52° to 78° in phase (with data

ranging from 1976 to 1992). Gross et al. [2004] find, for the
period 1980–2000, m3

T = 0.320.10−8 cos (wt − 63°). This is
one of the most recent determinations to which our values,
which provide an average over the longer 1964–2007
period, can be compared:

mT
3 ¼ 0:370:10�8 cos !t � 35�ð Þ ð9Þ

[7] Our amplitude is somewhat larger and phase smaller
than the values of Gross et al. [2004]. Considering the
variability of both phase and amplitude in the 1964–2007
time span, the differences may not be very significant.
Discrepancies between phase estimates should probably be
partly attributed to the filtering processes. Our estimates do
not change when windows of 1 or 2 years rather than 4 years
are used, although of course short period noise becomes
larger.
[8] The important result outlined by Figure 1a is that the

amplitude of the 6‐month line in lod displays a strong 11‐yr
cycle (about 30% of the absolute values); the phase (not

Figure 1. Long‐term variations in the amplitude a of the semiannual oscillation in lod (in blue). A 4‐yr centered sliding
window is used. (a) Comparison of the semiannual amplitude of lod with the sunspot number WN (red); WN is both
reversed in sign and offset by one year (see text). (b) Comparison of the detrended semiannual amplitude of lod (blue) with
the sunspot number WN (red); WN is reversed in sign and offset by one year. (c) Comparison of the semiannual amplitude
of lod (blue) with galactic cosmic ray flux GCR (red); GCR is neither reversed in sign nor offset (see text).
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shown) on the other hand has no obvious periodicity, but
fluctuates with a range of about 15°.

3. Zonal Winds

[9] Let � (latitude), l (longitude) and h (altitude) be the
coordinates of a current point in the atmosphere, ul(�,l,h,t)
the (eastward) zonal component of the wind at this point, at
time t, and [ul] the longitudinal average of ul:

u�½ � �; h; tð Þ ¼ 1=2�ð Þ
Z2�

0

u� �; �; h; tð Þd� ð10Þ

The distribution of the zonal mean‐wind [ul] is one of the
best known characteristics of global atmospheric circulation
[e.g., Hartmann, 1994, Figure 6.4]. [ul] is westerly through
much of the volume of the troposphere and lower stratosphere.
[10] Let us consider the component along the Earth’s

rotation axis of the (relative) angular momentum of the wind
velocity field [ul](�,h,t) at time t:

h3 tð Þ ¼ 2�a3
� � Z�=2

��=2

ZH

0

�aðhÞ cos2 � u�½ � �; h; tð Þd�dh ð11Þ

ra is the air density, supposed to depend only on altitude h,
a the mean Earth’s radius, and H an altitude high enough for
most of the atmosphere’s angular momentum to be captured.
Lambeck and Cazenave [1973] take H to be 60 km.
[11] We are interested in the periodic component of h3(t)

with period T. In order to compute it, one uses a compilation
of zonal wind measurements ul(�,l,h,t), then calculates
their zonal average [ul](�,h,t), then the seasonal component
of period T, ul

T(h,�).cos(wt−b(h,�)), and finally the periodic
component of the relative angular momentum h3:

hT3 tð Þ ¼ HT
3 cos !t � 	ð Þ ð12Þ

[Belmont and Dartt, 1970; Newell et al., 1973; Lambeck and
Cazenave, 1973; Lambeck, 1980; de Viron et al., 1999;
Gross et al., 2004].
[12] The semi‐annual oscillation extends to all latitudes and

down to low altitudes, as does the annual term. But, unlike
the annual term, the main part of the oscillation is sym-
metrical about the equator; the partial cancellation of the
angular momentum of the two hemispheres, which occurs
for the annual oscillation, does not happen there [Lambeck,
1980]. Thus, we have here a measure of the seasonal varia-
tion of the total angular momentum of the atmosphere of the
two hemispheres at the semi‐annual frequency. The semi-
annual wind pattern displays small maxima of about 5 ms−1

near the tropopause at equatorial latitudes [Lambeck, 1980],
whereas in the stratosphere the amplitude of the semi‐annual
term achieves its maximum value in the tropics [Rosen and
Salstein, 1985].

4. Excitation of LOD

[13] Let w3
T(t) be the semi‐annual variation of mantle

rotation corresponding to the variation of the length‐of‐day
given by equation (7):

!T
3 =� ¼ �lodT=lod ¼ mT

3 ð13Þ

W is the mean angular velocity of the Earth, 7.29 10−5 rad/s.
The conservation of angular momentum of the solid Earth
plus ocean plus atmosphere system leads to (assuming there
is no other source of excitation):

C !T
3 ¼ �C � lodT=lod

� � ¼ �hT3 ð14Þ

where C is the polar moment of inertia of the solid Earth.
Gross et al. [2004, Table 1] find that “the effects of semi-
annual atmospheric surface pressure and oceanic current and
bottom pressure changes on the length‐of‐day are each less
than 3% of that observed”. With Y 3

Twind = −h3T/CW, we have:

mT
3 ¼ Y Twind

3 ð15Þ

Y3 is the excitation function. Gross et al. [2004] find:

Y Twind
3 ¼ 0:277: 10�8: cos !t � 70�ð Þ ð16Þ

to be compared to our estimate of m3
T (0.37 10−8 given in

section 2).
[14] There is a tidal contribution to the excitation of m3

T,
Y3

Ttide, smaller than Y3
Twind but of the same order of mag-

nitude, and out of phase with respect to it. When strato-
spheric winds are taken into consideration, Y3

Twind + Y3
Ttide

accounts well for m3
T (for the time span 1980–1981 [Rosen

and Salstein, 1985]). Since Y3
Ttide is stable in amplitude

and phase, the large observed variation in the phase g(k) and
amplitude a(k) of lodT (equation (7) and Figure 1) should be
assigned to the meteorological excitation Y3

Twind. Note that,
due to the presence of the excitation Y3

Ttide, the variations in
the phase and amplitude of m3

T are not independent.

5. Discussion

[15] It is natural to attribute the eleven‐year modulation of
the semi‐annual lod variation observed in Figure 1a to the
solar Schwabe cycle, through a modulation of the excitation
function Y 3

Twind of the zonal wind. The average period of
the modulation taken over the 1964–2007 time span is
∼10.5 years. The sign of the modulation is opposite to that
of the sunspot number: in Figure 1a, we superimpose the
sunspot number (WN) curve over the same time interval,
reversed in sign and phase shifted by 1 year to the right, on the
semi‐annual lod variation: we see that WN(k) and a(k) are
closely anti‐correlated, with sunspot number leading by
approximately one year (correlation coefficient ∼0.7). The
affinity ratio between the two curves is not constant: whereas
the last solar cycle is smaller than the preceding ones, the
corresponding cycle in a is larger. If the lod a(k) series is
detrended, the correlation is improved (Figure 1b; correlation
coefficient 0.76). The multi‐decadal variation could be due to
a different cause, such as the exchange of angular momentum
between the mantle and core [Jault and Le Mouël, 1991;
Jackson, 1997]. Figure 1c compares the evolution of a(k)
with the flux of galactic cosmic raysGCR [e.g.,Usoskin et al.,
1998; Svensmark, 2000] (data from ftp://ftp.ngdc.noaa.gov/
STP/SOLAR_DATA/COSMIC_RAYS/STATION_DATA/
MOSCOW/docs/moscow.tab). Note that GCR is neither
reversed in sign nor offset in phase with respect to a,
demonstrating the excellent correlation between the two
time series.
[16] But how can variations in the rotation of the solid

Earth be related to galactic cosmic rays? The zonal winds
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contributing to lod seasonal variations are dominantly low
altitude winds. High altitude winds contribute less to angular
momentum [e.g., Höpfner, 1997]. Winds above 30 km con-
tribute less than 20% of angular momentum change [Belmont
and Dartt, 1970; Rosen and Salstein, 1985; Gross et al.,
2004]. Most of the contribution from the layer below 30 km
is tropospheric in origin. How then can variations in solar
activity or galactic cosmic rays affect tropospheric winds?
[17] Taken in average over a year, the difference between

radiation received from the Sun and outgoing long wave-
length radiation is positive equatorward and negative pole-
ward of 40° latitude. The latitudinal gradient in annual mean
net radiation must be balanced by a poleward flux of energy
in the climate system [e.g., Hartmann, 1994]. This transport
from tropics to poles is effected by the longitude averaged
meridional motion and eddies. The mean zonal wind [ul] is
a consequence of this meridional flow due to the conser-
vation of total angular momentum about the Earth’s rotation
axis. When considering separately monthly averages rather
than annual ones, differences in the net radiative flux dis-
tribution appear, due to the seasonal variation in insulation
which is asymmetric with respect to the equator. Seasonal
variations of insulation result in seasonal variations of pole-
ward meridional transport, hence of averaged zonal wind.
Annual and semi‐annual variations are present in h3(t), i.e.,
in the excitation function Y3.
[18] The argument above serves to show that the semi‐

annual variation in lod is linked to a fundamental feature of
climate: the latitudinal distribution and transport of energy
and momentum. Höppner and Bittner [2007] argued for a
correlation between variations in lod from 1980 to 2005, the
general Hale cycle of the solar magnetic field and planetary
wave activity. They attributed this coupling to modulation of
the internal Earth’s field by the Hale cycle – which is prob-
lematic. But only one 22yr cycle was available and the
analysis by Höppner and Bittner [2007] did not reveal the
Schwabe cycle.
[19] It is generally argued that, because relative changes in

total solar irradiance (TSI) are less that 10−3, variations in
solar activity cannot have a significant influence on climate
in the troposphere [e.g., Foukal et al., 2006; Ram et al.,
2009]. This argument does not hold in the present case:
solar activity can affect the radiative equilibrium of the tro-
posphere in an indirect way, which cannot be simply deduced
from the magnitude of TSI variations.Winkelnkemper [2008]
proposes that lod oscillations could be driven by intensified
seasonality in meteorological parameters due to strengthened
irradiation; he notes however that this fails to describe the
anticorrelation for the semiannual oscillations.
[20] Ney [1959] was among the first to suggest a link

between cosmic radiation and weather. The correlation that
we find between h3

T and cosmic ray intensity (Figure 1c)
supports galactic cosmic rays as a viable mechanism. There is
a well‐established anticorrelation, also with a ∼1yr lag,
between solar activity and cosmic rays reaching the Earth’s
surface [Nymmik and Suslov, 1995;Usoskin et al., 1998]. The
“instantaneous” lag is actually variable, as shown byUsoskin
et al. [1998], which may adversely affect the correlation in
Figure 1c. GCRs ionize molecules in the atmosphere; the
intensity of this ionization affects the behavior of aerosols
and, as a result, of condensation and ice formation nuclei. As
a whole, GCRs can therefore affect cloud microphysics,

cloud cover and the amount of sunlight reflected by and
transmitted to the rest of the atmosphere.
[21] A significant correlation between cosmic rays and low

cloud cover has been suggested by Svensmark and Friis‐
Christensen [1997] [see also Svensmark, 2000; Svensmark
et al., 2009]. Therefore, the troposphere radiative equilib-
rium could be affected by cosmic ray intensity. Seasonal
variations of the latitudinal energy distribution and poleward
energy and momentum transfer, hence also of h3

T would be
modulated accordingly.
[22] Other mechanisms involving solar action on tropo-

spheric layers have been proposed. For instance, the UV part
of TSI, which has a very large variation up to 100% during
a solar cycle, could be a significant solar forcing agent of
climate [e.g., Haigh, 1996; Dudok de Wit, 2008]. Coupling
between the different atmospheric layers which link the
base of the ionosphere and the tropospheremay occur through
the global electric circuit [e.g., Tinsley et al., 2007; Tinsley,
2008]: changes in cloud cover, atmospheric pressure and
intensity of winter cyclones show correlations with changes
in the electrical current Jz [Tinsley et al., 2007; Tinsley,
2008]. In a recent paper, Ram et al. [2009] propose a chain
of events that link variations in solar activity to variations in
dust accumulation observed in ice cores, with a plausible
amplifying mechanism. Whatever the actual amplitude of
variations in total solar irradiance, cosmic ray flux (Figure 1c),
ionospheric currents and Jz fluctuate by 10% and more over a
solar cycle and at longer periods. Since relative variations of
a(k) exceed 30%, some further amplification mechanism
must operate. This mechanism remains to be fully understood
and modeled.

6. Conclusion

[23] The solid Earth behaves as a natural spatial integrator
and time filter, which makes it possible to study the evo-
lution of the amplitude of the semi‐annual variation in zonal
winds over a fifty‐year time span. We evidence strong mod-
ulation of the amplitude of this lod spectral line by the Schwabe
cycle (Figure 1a). This shows that the Sun can (directly or
undirectly) influence tropospheric zonal mean‐winds over
decadal to multi‐decadal time scales. Zonal mean‐winds
constitute an important element of global atmospheric cir-
culation. If the solar cycle can influence zonal mean‐winds,
then it may affect other features of global climate as well,
including oscillations such as the NAO and MJO, of which
zonal winds are an ingredient [Wheeler and Hendon, 2004].
The cause for this forcing likely involves some combination
of solar wind, galactic cosmic rays, ionosphere‐Earth currents
and cloud microphysics.
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