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ABSTRACT

Earth’s rotation rate [i.e., length of day (LOD)], the angular momentum of the core (CAM), and surface air

temperature (SAT) all have decadal variability. Previous investigators have found that the LOD fluctuations

are largely attributed to core–mantle interactions and that the SAT is strongly anticorrelated with the decadal

LOD. It is shown here that 1) the correlation among these three quantities exists until 1930, at which time

anthropogenic forcing becomes highly significant; 2) correcting for anthropogenic effects, the correlation is

present for the full span with a broadband variability centered at 78 yr; and 3) this result underscores the

reality of anthropogenic temperature change, its size, and its temporal growth. The cause of this common

variability needs to be further investigated and studied. Since temperature cannot affect the CAM or LOD to

a sufficient extent, the results favor either a direct effect of Earth’s core-generated magnetic field (e.g.,

through the modulation of charged-particle fluxes, which may impact cloud formation) or a more indirect

effect of some other core process on the climate—or yet another process that affects both. In all three cases,

their signals would be much smaller than the anthropogenic greenhouse gas effect on Earth’s radiation budget

during the coming century.

1. Introduction

The length of day (i.e., the time needed by Earth to

make one full rotation) fluctuates around its mean 24-h

value, over a broad range of periods. Earth rotation is

observed with a very high accuracy from precise geo-

detic techniques such as very-long-baseline interfer-

ometry, which allows for the determination of the length

of day (LOD) at the 0.02-ms level (less than 1 cm at the

equator). Earth rotation data collected before 1975 are the

results of traditional optical observations; uncertainties

during this period are significantly larger than for current

determinations. Here we use a combined solution using

early optical data with the modern space geodetic mea-

surements (Gross 2004). The observed fluctuation of the

LOD can be interpreted, at seasonal time scales, in terms

of angular momentum exchange between the solid Earth

and the superficial fluid layers (the atmosphere and the

ocean), without the need to invoke influences from the

core (Dickey et al. 2010). For the atmosphere, variations

in global angular momentum are dominated by the effect

of the winds (the wind term), with the moment-of-inertia

changes (the pressure term) being an order of magnitude

smaller (Hide and Dickey 1991; Rosen 1993). The ocean

contributions, being yet smaller than the pressure term,

are significant in the closure of the angular momentum

balance (Marcus et al. 1998). In the frame of Newtonian

physics, the angular momentum of an isolated system is

known to be conserved. The effect of the atmosphere and

of the ocean on LOD can thus be computed from changes

of the atmospheric and oceanic angular momentum.

At decadal and longer time scales, the main source of

rotational variation is the interaction between the mantle

and core, as substantiated by the significant correlation

between the low-degree zonal components of the mag-

netic field and the LOD (Jault and Le Mouel 1991; Hide

et al. 2000). The decadal LOD variations (e.g., ;4 ms
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around 1900; Hide et al. 2000) are too large in amplitude

to be explained by the atmosphere; the largest atmo-

spheric contributions observed are from the seasonal cycle

and El Niño events (;1 ms in amplitude). The ocean is

not the prime mover in these processes since its effect on

LOD is found to be substantially smaller than that of the

atmosphere, on time scales ranging from subseasonal

(e.g., Marcus et al. 1999; Dickey et al. 2010) to decadal

(Gross et al. 2005); together, in fact, the atmosphere and

ocean account for only 14% of the observed decadal LOD

changes during 1949–2002 (Gross et al. 2005). Neverthe-

less, the long-term global mean Earth surface air temper-

ature (SAT) is significantly anticorrelated with decadal

and longer LOD (e.g., Lambeck and Cazenave 1976).

Variability at periods of 60–80 yr has been well estab-

lished in LOD (e.g., Jault and Le Mouel 1991; Hide et al.

2000; Roberts et al. 2007) and in the core angular mo-

mentum (CAM), using both observational data (Zatman

and Bloxham 1997; Dickey and de Viron 2009) and the-

oretical studies (Mound and Buffett 2007).

There are no direct observations of the fluid core mo-

tions. However, geomagnetic fields generated by the dy-

namo inside the fluid core can be used to infer the motion

field and its velocity by utilizing several assumptions and

the induction equation. One of the major assumptions is

that the flow inside the core is adequately represented by

the ‘‘Taylor column’’ model (Hide et al. 2000), which

implies that the velocity field is equivalent to a rigid ro-

tation of coaxial cylinders around Earth’s rotation axis

and that this velocity is the mean velocity of the fluid at

the intersection of each cylinder by the core–mantle

boundary. If the solid Earth-core system is assumed to be

isolated, the changes of the solid-Earth angular momen-

tum, and thus its rotation speed and the associated LOD,

can be deduced from changes of the CAM. Conversely,

since the Earth rotation observations are better con-

strained than the inferred core flow velocities, the Earth

rotation data can be used to check the quality of the core-

flow modeling.

2. Data used

In this study, we used the CAM associated with the

flow reconstructed by Hide et al. (2000) from Jackson

et al.’s (1995) data. This CAM is given separately for the

20 cylinders used in the reconstruction of the flow. It was

FIG. 1. Time series of the surface air temperature (black line; Hansen et al. 2007) and that

corrected for anthropogenic effect according to GISS ModelE (red; Hansen et al. 2007), the

LOD (green; International Earth Rotation and Reference Systems Service), and the CAM

(blue; Hide et al. 2000). The unit of temperature is 0.1 degrees Celsius, LOD is in milliseconds,

and CAM is in equivalent milliseconds, corresponding to 6 3 1025 N m s; the sign of CAM and

LOD has been reversed. Note that GISS temperature starts at ;1880.
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shown by Hide et al. (2000) that the LOD variation in-

ferred from the total CAM fits convincingly the observed

decadal variation of the LOD. Yearly LOD observations

were taken from the ‘‘LUNAR97’’ dataset (Gross 2001),

augmented after 1997 by average yearly values from the

Jet Propulsion Laboratory ‘‘COMB2003’’ series (Gross

2004). Climate variations for the purpose of this study are

represented by yearly mean values of the global average

surface temperature, available from the Goddard Institute

for Space Studies (GISS) temperature series since 1880

(GISTEMP; Hansen and Lebedeff 1987) and from the

Met Office Hadley Centre–University of East Anglia

Climatic Research Unit temperature series since 1850

(HadCRUT3; Brohan et al. 2006). Because anthropo-

genic effects have significantly altered Earth’s cli-

mate since the start of the industrial revolution (Solomon

et al. 2007), we correct for these by removing estimated

anthropogenic temperature change as specified by ap-

propriately forced runs of coupled atmosphere–ocean

general circulation models from the observed tempera-

ture series. The GISTEMP data were corrected using the

anthropogenic temperature changes since 1880 computed

from the GISS ‘‘ModelE’’ runs described by Hansen et al.

(2007), and the HadCRUT3 data were corrected using

the average of the A1FI, A2, B1, and B2 experiments

with the Hadley Centre Coupled Model, version 3,

(HadCM3) conducted by Johns et al. (2003) beginning in

1860, and also using the ‘‘ANTHRO’’ experiment de-

scribed by Stott et al. (2006), beginning in 1871.

3. Results

Figure 1 shows the GISS observed and corrected tem-

perature series (black and red lines, respectively) begin-

ning in 1880 (cf. Hansen and Lebedeff 1987). The LOD

and CAM are given in units of equivalent milliseconds,

with sign reversed so that positive anomalies correspond

to increased rotational speed of the solid Earth, and the

temperature series are given in units of 0.18C; note that all

series show decadal–centennial changes in the indicated

quantity, with arbitrary choice of reference values. The

correlation among the three data types is strong until 1930

and worsens thereafter, as the observed SAT continues to

increase while the LOD and CAM do not; in the last few

decades, in particular, a robust global warming has been

observed and is attributed to increasing anthropogenic

greenhouse gases (Hansen et al. 1999). The corrected

temperature, however, is seen to maintain its strong

correlation with LOD and CAM for the whole series;

the disagreement around 1940–50 may partially reflect

natural variability (cf. Marcus et al. 1999) or difficulties

in calibrating sea surface temperatures due to a shift in

ocean sampling from bucket to engine intake (Thompson

et al. 2008). The continued correlation of the corrected

FIG. 2. Comparison of corrected HadCRUT3 annual mean surface temperature (solid red

lines) with LOD and CAM (dashed cyan and green lines, respectively) and with the average of

the LOD and CAM series (solid blue lines), using anthropogenic climate change computed

from experiments with the (top) HadGEM1 and (bottom) HadCM3 models. All series have

been smoothed with a 3-yr running mean and detrended over the intervals shown.
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temperatures with Earth rotation variations after this

time underscores the significance and size of the anthro-

pogenic effect on SAT and implies that the observed

temperature cannot be the cause of the correlated vari-

ation in Earth rotation but rather that both are instead

influenced by an external cause (Lambeck and Cazenave

1976). Note an approximately 8-yr lag between the

(negative) LOD and the corrected temperature; this lag

agrees with the 8-yr lag between changes in Earth’s ro-

tational speed and surface geomagnetic field perturba-

tions found by Roberts et al. (2007).

Figure 2a shows a comparison among CAM, LOD, and

the Hadley Centre Global Environmental Model, version

1 (HadGEM1)-corrected version of the HadCRUT3

observed global mean temperature, beginning in 1871.

Here the CAM and LOD (with sign reversed) have both

been lagged by 8 yr, and all series have been detrended

over the interval shown. The CAM and LOD series dis-

agree somewhat because of difficulties in translating sparse

geomagnetic observations into a full determination of core

flow and because of fluctuations in LOD related to atmo-

spheric forcing, for which reliable data are not available

for the full span of the record studied here. The corrected

global mean temperature shows substantial decadal fluc-

tuations possibly related to natural forcing, which has not

been removed from the data studied here. All three data

types, however, show strong evidence of multidecadal var-

iability, with a period in the 60–80-yr range. The arithmetic

average of the CAM and LOD data (solid blue line), in

particular, tracks the global mean temperature residual

very well over the interval shown, confirming and ex-

tending earlier reports of an apparent link between Earth

rotation and climate anomalies on decadal–century time

scales. Figure 2b shows similar results using the HadCM3-

corrected version of the HadCRUT3 global temperature

series, beginning in 1860. Again, variations in all data

TABLE 1. Correlation coefficient and significance using the

Student’s t test for all three corrected temperature T series with

LOD and CAM.

Correlation

coef: T vs

LOD

Significance

(Student’s

t test)

Correlation

coef: T vs

CAM

Significance

(Student’s

t test)

GISS 0.38 90% 0.56 96%

HadCM3 0.43 98% 0.41 97%

HadGEM1 0.45 97% 0.51 95%

FIG. 3. Time series of the first mode of corrected temperature (red lines), 2LOD (black), and 2CAM (green)

reconstructed using MSSA with all quantities done jointly. Three corrected temperature series have been considered:

(top left) GISS ModelE (Hansen et al. 2007); (top right) HadCM3 (Johns et al. 2003); (bottom) HadGEM1 (Stott

et al. 2006). The unit of temperature is 0.1 degrees Celsius, LOD is in milliseconds, and CAM is in equivalent

milliseconds, corresponding to 6 3 1025 N m s; the sign of CAM and LOD has been reversed.
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types with periods in the 60–80-yr range are evident, with

the mean of the CAM and LOD series tracking the low-

frequency portion of the temperature changes very well

over the time period shown.

Quantitative comparisons of the three corrected tem-

perature series with the Earth rotation and CAM data are

given in Table 1. The agreement between the temperature

and LOD is significant for all three series; the confidence

levels are 90%, 98%, and 97% for GISS, HadCM3, and

HadGEM1 temperatures, respectively. The agreement

between the temperature and CAM is also significant for

the three series, with confidence levels of 96%, 97%, and

95% for GISS, HadCM3, and HadGEM1, respectively.

Note that the degrees of freedom for the significance tests

of the correlation coefficients were estimated by dividing

the length of each series by its 1/e autodecorrelation time.

To better characterize the time-domain behavior of

both the Earth rotation and temperature series, we use

singular spectrum analysis (SSA) and its multichannel

generalization (Vautard and Ghil 1989). SSA and multi-

channel SSA (MSSA) have been applied separately and

jointly to the three data types (LOD, CAM, and cor-

rected temperature). MSSA emphasizes common vari-

ability among time series, whereas SSA isolates modes of

regular variation in the individual series. Applying these

techniques to all three series results in the detection of a

broadband variability centered at 78 yr (see Table 2).

MSSA variability ranges from 77 to 80 yr; the SSA pro-

duces a broader span (67–86 yr). The first mode explains

a major percentage of the variance in the individual and

combined series. Using SSA, the percentage variances

explained are 83%, 72%, and 74% for temperature (GISS),

LOD, and CAM, respectively. With MSSA, the corre-

sponding percentages are 86%, 73%, and 70%.

4. Conclusions

Oscillations in global temperatures with periods in the

65–70-yr range were originally reported by Schlesinger

and Ramankutty (1994). Subsequent observational studies

and simulations with coupled atmosphere–ocean models

have found similar multidecadal climatic modes, typically

originating in the North Atlantic Ocean; however, the

excitation source or sources of these oscillations have not

been unambiguously identified (Knight 2009). Our work

suggests that the same core processes that are known to

affect Earth’s rotation and magnetic field (Roberts et al.

2007) may also contribute to the excitation of such modes,

possibly through geomagnetic modulation of near-Earth

charged-particle fluxes that may influence cloud nucleation

processes, and hence the planetary albedo, on regional

as well as global scales (Usoskin et al. 2008). A reverse

process (e.g., excitation of the observed multidecadal

LOD variability by oceanic oscillations) seems unlikely

in view of observational data constraints (see the ap-

pendix). Further work remains to be done, especially in

linking common modes of variability between Earth’s

subsystems and better describing the physical connec-

tions between them.
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APPENDIX

Oceanic Effects on LOD

Oceanic contributions to LOD variability arise from

changes in its axial angular momentum due to circulation

(motion) and mass distribution (moment of inertia) effects.

The Antarctic Circumpolar Current (ACC), for example,

which makes a complete circuit of Earth at the latitude

of the Drake Passage (2558), contributes approximately

1.4 ms to the LOD per sverdrup (106 m3 s21) of eastward

transport (Dickey et al. 1993). The total transport of the

ACC is about 120 Sv; therefore, if it were stopped or

doubled in magnitude the resulting change in LOD would

be on the order of 0.2 ms, which is far too small to explain

the multidecadal LOD variability of several milliseconds

analyzed in this paper. Similar considerations apply to

the Kuroshio and Gulf Stream systems, for which the

longer lever arm resulting from their lower latitude is

counterbalanced by the partial misalignment of their

TABLE 2. Periods (years) of the first mode of variability in

GISS-corrected surface air temperature, LOD, and CAM.

Temperature LOD CAM

Period for SSA (yr) 66.5 75.0 85.6

% variance explained for SSA 83% 72% 74%

Period for MSSA (yr) 77.5 76.8 79.6

% variance explained for MSSA 86% 73% 70%
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vectorial angular momentum with Earth’s rotation

axis.

LOD variations caused by mass redistribution associ-

ated with basinwide thermohaline oscillations are also

found to be small. Some idea of the potential effect of

multidecadal variations in the Atlantic meridional over-

turning circulation on Earth rotation, for example, can be

gained from the work of Wang et al. (2010). Using avail-

able temperature and salinity data, they show that density

changes for the upper 700 m tend to oscillate out of phase

between the subpolar and subtropical basins of the North

Atlantic, with an amplitude of about 0.05 kg m23. For the

regions used (see their Fig. 13) this translates to a re-

distribution of approximately 5 3 1014 kg of mass through

258 of latitude (neglecting possible compensating changes

in sea level), which is readily shown to affect LOD at

about the 0.01-ms level, indicating that oceanic oscillations

of the type postulated by Schlesinger and Ramankutty

(1994) cannot be the source of the several-millisecond

LOD variations found in the observational data record.
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