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Long-range predictability of extratropical 
climate and the length of day
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S. C. Hardiman1, S. Ineson1, J. Knight1, Y. Nie    5,6, H.-L. Ren7 and D. Smith    1

Angular momentum is fundamental to the structure and variability of 
the atmosphere and therefore has an important influence on regional 
weather and climate. Total atmospheric angular momentum is also directly 
related to the rotation rate of the Earth and, hence, the length of day. 
However, the long-range predictability of fluctuations in the length of the 
day and atmospheric angular momentum is unknown. Here we show that 
fluctuations in atmospheric angular momentum and the length of day 
are predictable out to more than a year ahead and that this provides an 
atmospheric source of long-range predictability for surface climate. Using 
ensemble forecasts from a dynamical climate model, we demonstrate 
long-range predictability of signals in the atmospheric angular momentum 
field that propagate slowly and coherently polewards due to wave–mean 
flow interaction within the atmosphere. These predictable signals are also 
shown to precede changes in extratropical climate via the North Atlantic 
Oscillation and the extratropical jet stream. These results extend the 
lead time for length-of-day predictions, provide a source of long-range 
predictability from within the atmosphere and provide a link between 
geodesy and climate prediction.

Earth and its atmosphere are largely isolated in space and therefore 
conserve total angular momentum to a close approximation. Not-
withstanding effects on long timescales due to changes in the angular 
momentum of Earth’s fluid core and oceans1, many of the fluctuations 
seen in the rotation rate of Earth and hence the length of day can be 
explained by exchange of axial angular momentum between Earth 
and the atmosphere2–4. Prominent fluctuations in the length of day 
have been attributed to weather phenomena on monthly timescales 
such as the Madden Julian Oscillation5,6, and skilful forecasts of the 
length of day have been developed using weather forecast information. 
Length-of-day forecasts are used for accurate global positioning using 

satellites, for pointing of astronomical instruments and for deep space 
navigation. There have also been attempts at seasonal predictions of 
length of day using statistical-empirical forecasts as these are useful 
for re-acquisition of satellite signals after long instrumental off-line 
periods7 and have even been connected to fluctuations in geohazards 
such as earthquakes8. However, although studies with idealized mod-
els have shown long-lived atmospheric angular momentum (AAM) 
anomalies9–11, whether they are predictable at long lead times and 
whether they can lead to long-range prediction of weather and climate 
are unknown. Here we demonstrate long-range predictability of AAM 
and the length of day, and we show how AAM fluctuations that migrate 
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potential predictability of the modelled AAM and hence the length 
of day within our model forecast system. As expected, this modelled 
predictability then decreases with lead time into the forecast. However, 
it reaches a minimum in the following boreal summer and autumn 
before rising again in winter, over a year after the start of the forecast. 
This is followed by a second drop in skill with residual predictability 
out to around two years ahead. A similar variation is found in the actual 
forecast skill when we use the model ensemble mean to predict the 
observed length of day from either radio telescope observations or 
observational analysis of atmospheric angular momentum. Similar 
peaks are again found in the first and second winters in the skill for 
predicting observed length-of-day variations, and skill again extends 
out to over a year ahead. Naturally, the scores are statistically noisier in 
this case as there is only one realization of the observed length of day 
whereas the model perfect predictability is an average of the scores 
over ten cases, one for each ensemble member. Nevertheless, these 
results demonstrate that total atmospheric angular momentum is 
among the most highly predictable characteristics of Earth’s atmos-
phere, with forecast skill scores that decline non-monotonically with 
lead time. This behaviour resembles the skill of predictions of the El 
Niño/Southern Oscillation (ENSO)14,16. Indeed, our monthly angular 
momentum predictions in the first few months of the forecast show a 
correlation of ~0.7 with the monthly Niño3.4 ENSO index, consistent 
with the known triggering of AAM anomalies often by ENSO17–19.

Predictable migrating signals
So far, we have considered only globally integrated atmospheric 
angular momentum and the length of day. However, regional analy-
ses of AAM have also been possible since early reanalyses of global 
atmospheric winds and density were first constructed20. A comparison 
between predicted and observed angular momentum anomaly struc-
tures is shown in Fig. 2 as a function of latitude and time. Observed 
and predicted AAM anomalies fluctuate between similar amplitude 
positive and negative values, originating in the subtropics and propa-
gating polewards. Large anomalies in global AAM show a particular 
latitudinal structure that first peaks around 20–30° N and 20–30° S 
(Fig. 2) and is roughly symmetric about the Equator. We noted earlier 
the previous findings that the tropical origin of large AAM anomalies 
is often related to ENSO variability17–19, and these initial subtropical 
signatures are consistent with known ENSO-induced changes in the 
strength of the subtropical jets. However, unlike ENSO events, which 
decline over a few months in spring, predicted AAM anomalies persist 
throughout the following year. They can often be traced for over a 
year as they propagate coherently polewards out of the tropics into 
both hemispheres, before terminating near 50° N and 50° S in a similar 
manner to the propagation of observed AAM anomalies18,21. The skill of 
the predicted AAM as a function of lead time and latitude is shown in 
Fig. 2c, and positive prediction skill is found at all lead times between 
the latitudes where propagating AAM anomalies occur. There is also a 
signature of increased skill after one year, in agreement with the skill of 
global AAM and length-of-day predictions in Fig. 1. This confirms that 
predictable signals reach the mid-latitudes, persisting for more than 
a year after they are initiated (Fig. 2) and long after the ENSO events 
that trigger the initial AAM anomalies have declined.

Atmospheric wave driving
Studies using idealized atmospheric models and observations have 
previously identified analogous long-lived zonal wind signatures that 
persist and migrate polewards by internal wave forcing without any 
external forcing9–11,22,. Zonal flow variations in the extratropics of both 
hemispheres are also known to involve positive feedback from tran-
sient eddies10,23. Figure 3a shows the structure of the predicted angu-
lar momentum anomalies and the atmospheric wave driving of zonal 
winds and hence axial angular momentum. We measure the atmos-
pheric wave driving using the Eliassen–Palm flux24. The Eliassen–Palm 

slowly polewards are not only predictable on interannual timescales 
but also precede extratropical climate fluctuations.

Long-range predictability of length of day
Fluctuations in the length of day derived from radio telescope meas-
urements of distant astronomical sources (for the geodetic obser-
vation of length-of-day variations, see Methods) are shown in Fig. 1. 
It is these anomalies in the length of day that we first aim to predict. 
We use the Met Office Hadley Centre Global Environmental Model of 
the atmosphere and ocean, initialized with observational analyses, 
to predict atmospheric angular momentum (for the calculation of 
AAM, see Methods). This model knows nothing of the fluctuations in 
Earth’s rotation rate, but it has been demonstrated in previous studies 
to accurately predict the main sources of interannual climate variability 
in the tropics and extratropics months to years ahead12–15. Ensembles 
of ten retrospective forecasts started each year in November show 
fluctuations of ~1025 kg m2 s−1 in global AAM between years, which cor-
responds to ~0.5 × 10−3 s in the length of day and compares well with 
observed fluctuations (Fig. 1a). A summary of the predictability of 
the length of day in model forecasts is shown in Fig. 1b. To calculate 
the so-called perfect model predictability within our forecasts, we 
first calculate correlations between each ensemble member and the 
mean of the remaining ensemble members (Fig. 1b). This measure of 
the ability of the model to predict its own forecast members remains 
above 0.8 for the first few months of the forecast, suggesting very high 
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Fig. 1 | Variability and predictability of length of day. a, Variations in the length 
of day (LOD) showing the prominent interannual variability of around 0.5 × 10−3 s 
in observations (black) and the first year of ensemble mean model predictions 
starting in November each year (red). b, Correlation of predicted seasonal 
length-of-day anomalies in the ensemble mean with length-of-day anomalies from 
single model ensemble members (black), with radio telescope observations of 
Earth’s rotation (blue) and with atmospheric reanalysis (red). The perfect model 
predictability (black) is smoother than the prediction skill against observations 
(red, blue) due to averaging of the correlations with each ensemble member in 
the model case. Note the non-monotonic variation with lead time and the peaks 
at leads of 3 and 15 months in winter. Statistical significance at the 95% level 
according to a one-sided t test for positive correlations is shown by the dotted line.



Nature Geoscience | Volume 15 | October 2022 | 789–793  791

Article https://doi.org/10.1038/s41561-022-01037-7

flux represents the net effect of atmospheric eddy momentum and 
heat fluxes on the zonal mean momentum budget, and it is calculated 
from the atmospheric state in each of our ensemble predictions. The 
wave-driven acceleration (Fig. 3a) is of order 0.1 m s−1 d−1 and is displaced 
polewards of the peak in AAM. This phase relation between the AAM 
anomalies and the wave driving leads to forcing on the poleward side of 
the AAM anomaly and hence leads to propagation of the AAM anomalies 
into the extratropics, confirming that the atmosphere is driving the 

AAM signals. Figure 3a also shows the wave driving from stationary 
waves alone, which is small compared with the total wave driving. This 
confirms that it is transient waves (with non-zero phase speeds) that 
provide the bulk of the forcing. The schematic (Fig. 3b–d) illustrates 
how the mechanism can be understood in terms of the meridional 
propagation and hence momentum flux of the eddies. Although the 
interannual AAM fluctuations are initiated in the tropics, the driving 
waves for these persistent poleward-migrating anomalies originate in 
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Fig. 2 | Observed and predicted AAM fluctuations. a,b, Latitude–time plots of 
zonally integrated AAM anomalies are shown for a 20-year sample period from 
observational analysis (a) and corresponding ensemble means for the first year 
of each forecast from 1980 to 2000 (b). Vertical lines represent November each 
year, when forecasts are initialized. Units are 1024 kg m2 s−1 per 0.55° latitude band, 

and the mean seasonal cycle has been removed from each latitude. Observational 
analyses are taken from the ERA datasets35,36. c, The correlation skill of the 
ensemble mean predictions as a function of latitude and lead time (months) for 
the whole period (1960–2017) using running seasonal means and a 6° latitudinal 
averaging.
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Fig. 3 | Mechanism of wave-driven atmospheric anomalies. a, Predicted 
anomalies in AAM (black, 1024 kg m2 s−1) and wave-driven acceleration (blue, 
10−4 m s−2) from all waves (solid) and stationary waves (dotted) as a function of 
latitude, for the difference between the highest and lowest predicted AAM years. 
Anomalies are plotted from late spring/early summer (April–June) when ENSO 
anomalies decline to zero and the direct effect of ENSO from the tropics is small. 
Note how the wave driving accelerates the flow on the poleward side of the AAM 
anomaly in each hemisphere and how the stationary wave component is small 

compared with the total, implying that transient waves supply most of the  
wave-driven body force. b–d, A schematic of the wave-driven poleward 
propagation process for a positive perturbation to the AAM and zonal winds.  
b, The climatological jets (dashed line), spectrum of transient waves (wavy lines), 
climatological eddy momentum flux convergence (red) and divergence (blue). 
c,d, Initial perturbed jets and anomalies in eddy momentum flux divergence (c) 
and as the jet perturbation migrates poleward (d). Note that the same mechanism 
operates if the sign of anomalies is reversed.
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the extratropics of each hemisphere where there is a vigorous source 
of equatorward-propagating transient eddies with a broad spectrum of 
phase speeds (Fig. 3b). These eddies are known to propagate primarily 
equatorwards towards the latitude where the jet wind speed matches 
their phase speed, dissipating as they approach this critical latitude and 
thereby retarding the mean westerly flow25,26. Any perturbation to the 
axial angular momentum and hence the jet causes a displacement in the 
latitude of the critical lines and hence the latitude of the wave driving 
of the mean flow (Fig. 3c). A dipole anomaly in the wave driving either 
side of the perturbation results, which accelerates the perturbation on 
its poleward side. Similar to other wave-driven phenomena of this kind, 
such as the quasi-biennial oscillation27 and sudden stratospheric warm-
ings28, the anomalies therefore migrate towards the source of driving 
waves (Fig. 3d). Eventually, they terminate at the wave source near 50° in 
the jet core in the extratropics of both hemispheres as is shown in Fig. 2.

Predictability of extratropical climate
Having established predictability of global AAM fluctuations and the 
link to meteorological fields, we now show that this mechanism pro-
vides predictability of the extratropical atmosphere. Signatures of 
increased AAM associated with the positive phase of the North Atlantic 
Oscillation (NAO) have previously been found in observations29. In 
addition, predictions of the NAO have been shown to be skilful a season 
ahead in the model used here12, and some skill persists for predictions 
of the NAO at lead times of a year14. Is it possible, therefore, that the 
AAM predictability shown here could be responsible for some of this 
long-range predictability of surface climate? Fig. 4 shows that cor-
relations between predicted AAM and key aspects of the subsequent 
observed winter climate in the Atlantic and Pacific basins are significant 
out to a year ahead and persist throughout the forecast year. The cor-
relations also show the characteristic poleward propagation seen in the 
AAM anomalies themselves, confirming that at each lead time into the 
forecast, as the AAM anomaly slowly approaches the extratropics, it is 
a statistically significant predictor of aspects of the following observed 
winter climate. The correlation between the average value of predicted 

AAM along the straight line of best fit through the correlations in  
Fig. 4 and the subsequent observed boreal winter NAO is 0.4 and is 
highly statistically significant (P < 0.01). This is larger than the corre-
lation between ENSO and the NAO and similar to the NAO prediction 
skill at a one-year lead time14. Figure 4b shows a similar plot for Pacific 
jet-stream winds in the extratropics. Again, a statistically significant 
link is present at lead times of one year,and again, the correlations 
between predicted AAM and subsequent variations are significant 
(similar results hold for the Atlantic jet). The slow poleward propaga-
tion of AAM anomalies and their high predictability are therefore skilful 
indicators of extratropical climate at lead times over a year ahead.

Long-range prediction skill of the atmosphere, especially in the 
tropics, is thought to originate mainly from predicted ocean conditions. 
Similarly, ENSO often triggers the anomalous atmospheric angular 
momentum17–19 studied here and explains about half (though not all) of 
the year-to-year variance (r2 ≈ 0.5) in AAM at the start of the forecasts as 
explained above. In this Article, we have shown that these AAM anomalies 
are actually predictable at long lead times through a predictable atmos-
pheric forcing mechanism that continues after the triggering ENSO 
anomalies have declined to zero. We have also shown that they precede 
important changes in extratropical climate. The poleward propagat-
ing signals found here are slower than some of the examples studied in 
observations21, and more work to understand the timescale of poleward 
propagation and, for example, the role of advection by the mean meridi-
onal flow would be useful. Nevertheless, these results present a source 
of long-range predictability that is often triggered by ENSO but subse-
quently resides within the atmosphere. Our analysis also helps to explain 
earlier findings of a stronger link between the extratropical atmosphere 
and ENSO in the winter following ENSO events than during concurrent 
winters30,31. We also note that use of AAM as a predictor achieves a level 
of skill at the one-year lead time similar to that of ensemble forecasts 
with four times as many members14, providing a diagnostic to interpret 
impending signals in operational near-term climate predictions and a 
focus for research into the signal-to-noise problems that necessitate the 
use of large ensembles in current prediction systems32.
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Fig. 4 | AAM fluctuations precede changes in extratropical climate. a,b, 
Correlation between the ensemble mean predicted AAM (from forecasts started 
in November) and the following observed winter NAO (a) and Pacific jet-stream 
winds (b). Forecasts were started in November, and the NAO and jet-stream winds 
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Azores and Iceland, and the jet-stream wind is the zonal mean wind at 300 hPa 
and 60° N averaged over the Pacific (150° E to 150° W). The correlation with the 

following winter NAO and winds is plotted at each latitude and for each month 
as the forecasts progress. Positive correlations indicate that AAM anomalies 
precede the same-sign NAO and winds in the following winter as expected. Note 
the poleward migration with lead time (months), consistent with predictability 
arising from the poleward-migrating AAM anomalies. Hatching shows regions 
where the correlation between AAM and NAO is significant at the 90% level 
according to a one-sided t test.
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Transient eddy driving of the zonal flow is an internal atmospheric 
process, and so given the link with long-range predictability shown 
here, the improved representation of transient eddy momentum fluxes 
in higher resolution climate models33,34 is likely to improve long-range 
predictions of the atmosphere. Finally, this source of predictability is 
analogous to other phenomena driven by wave–mean flow interaction 
such as sudden stratospheric warmings and the quasi-biennial oscilla-
tion27,28 that also provide long-range predictability. However, in the case 
analysed here, long-range predictability is provided by slow horizontal 
rather than vertical migration of zonal flow anomalies.
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Methods
Model predictions
Our predictions of AAM are derived from the fourth decadal prediction 
system of the Met Office Hadley Centre (DePreSys4). This system uses 
the HadGEM3 global climate model37 at a resolution of 0.83° longitude 
and 0.53° latitude in the atmosphere and 0.25° in both latitude and 
longitude in the ocean. Forecasts are initialized with observational 
analyses of the ocean and atmosphere on 1 November each year as 
recommended for decadal climate predictions38. Members differ by 
ocean initial conditions from an ensemble of observational ocean 
analyses and the application of stochastic physics at each model time 
step. Ensemble predictions of ten members were initialized each year 
from 1960 and run out to ten years ahead.

AAM and length of day
The AAM is calculated at each time step and for each latitude, integrat-
ing through the depth of the atmosphere to the model lid at 85 km. The 
global AAM is calculated as follows:

AAM =
∞

∫
r=a

π/2

∫
φ=−π/2

2π

∫
λ=0

2πρ (Ωrcosφ + U) r3cos2φdrdφdλ

where ρ is the atmospheric density, λ is longitude, φ is latitude, U is 
the zonal wind, r is radial distance from Earth’s centre, a is the radius 
of Earth and Ω is the mean angular velocity of Earth. Monthly means 
were then stored for each month, each forecast member and each start 
year. For comparison with observed values, the model fluctuations in 
AAM, ∆AAM, are converted to fluctuations in length of day τ assuming 
a constant moment of inertia I for the solid Earth of 8 × 1037 kg m2 and 
using the relation:

τ′ − τ ≅ ΔAAM × τ2
2πI

Observations
Length-of-day observations are from radio telescope observations 
analysed by the International Earth Rotation and Reference Systems 
Service. We use the service’s dataset 14 CO4, which provides monthly 
mean values from 1962 onwards when comprehensive data became 
available. Data have an accuracy of order 10−5 s. As is standard practice 
in long-range climate prediction, we removed the mean annual cycle 
to avoid artificially high prediction scores simply from predicting the 
annual cycle. We also removed low-frequency multidecadal variations 
using a five-year running mean to reveal the interannual anomalies 
shown in Fig. 1. Raw data are available from the IERS39.

The AAM from reanalysis was calculated from the ERA datasets35,36 
using the preceding method. The NAO is calculated as the grid-point 
difference in sea-level pressure between the Azores and Iceland using 
the HadSLP2 dataset40. ENSO is measured by the Niño3.4 index from 
the HadISST2 dataset41.

Data availability
Atmospheric angular momentum data from the model predictions 
are available from https://doi.org/10.5281/zenodo.7003975. Observed 
length-of-day data are available from https://www.iers.org/IERS/EN/
Home/home_node.html.

Code availability
The code we used to calculate atmospheric angular momentum is 
available from https://zenodo.org/record/7003975.
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