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1. Executive summary
This deliverable describes work performed in workpackage 43 (‘Stratosphere and changing radiative
forcing’) and the resulting outcomes. The work comprises two parts: assessing the effect of inclusion
of well-resolved stratospheres in seasonal and decadal prediction models, as well as improved
stratospheric processes (task 4.3.1), and the specification of solar irradiance (task 4.3.2). Task 4.3.2
also has a component examining the effect of the representation of industrial and volcanic aerosols in
prediction systems. That work is being reported separately in deliverable D43.2.
The analyses undertaken by the contributing partners include an assessment of the effect of inclusion
of a well-resolved stratosphere in a model on predictive skill on seasonal timescales (METEOF).
Further contributions examine the effect of improving the representation of stratospheric processes
with a model with a well-resolved stratosphere. These include improvements in the representation of
stratospheric ozone (SMHI and ECMWF), and enhancements in both the approach of using a
prescribed spatially-varying field, and the approach of calculating ozone within the model using a
simplified chemistry scheme, are tested. The focus on key stratospheric processes is extended by
examining influences on the skill of predicting the Quasi-Biennial Oscillation (SMHI) – the major wind
pattern in the tropical stratosphere – and examining the two-way relationships between tropospheric
winter weather and the stratospheric polar vortex (NILU) – the major wind pattern in the high-latitude
stratosphere. Finally, the work has an additional focus on the potential predictability of the climate by
the solar cycle, specifically through increasing the variability of ultraviolet radiation specified in models
(ECMWF, MetOffice). This is included in this deliverable since the biggest effect of the solar cycle on
Europe is likely through its effect on stratospheric temperatures and winds, and a subsequent
connection to tropospheric weather systems.
The principal findings of the work are:
The vertical extension of a model to better resolve the stratosphere can improve predictability,
but even with a reasonable number of test simulations it remains difficult in mid-latitudes to be
confident that changes are not artefacts of sampling
Improvements in the representation of stratospheric ozone produce improved predictability in
both the stratosphere and in surface climate measures like drought indices
The predictability of the Quasi-Biennial Oscillation, which can potentially contribute to multiannual prediction skill, is improved by a better treatment of the wave energy that is unresolved
at the model’s grid scale and by further increases in resolution
Interactions between tropospheric winter weather and the stratospheric polar vortex appear to
be correctly simulated in at least one model examined
The response of models to an enhanced solar cycle is model dependent, with one model
producing surface responses while the response in the other is restricted to the upper
stratosphere
Using the model that does show a whole-atmosphere response to increasing ultraviolet
variability, key features of the solar cycle response inferred from observations, such as the 2-3
year lag in the response of Atlantic winter weather systems, are reproduced, offering potential
for improved multi-annual predictions
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As a result of these findings the contributing partners make a number of recommendations about the
future development of seasonal and decadal prediction systems in regard to the representation of the
stratosphere. These recommendations are discussed in full in the detailed report.

2. Project objectives
With this deliverable, the project has contributed to the achievement of the following objectives (see
DOW Section B.1.1.2):
No.
1.

Objective
Yes
To achieve an objective exhaustive evaluation of current forecast
quality from dynamical, statistical, and consolidated systems to
identify the factors limiting s2d predictive capability

No
X

2.

To test specific hypotheses for the improvement of s2d predictions, X
including novel mechanisms responsible for high-impact events
using a process-based verification approach

3.

To develop innovative methods for a comprehensive forecast
quality assessment, including the maximum skill currently
attainable

X

4.

To facilitate the integration of multidimensional observational data
of the atmosphere-ocean-cryosphere-land system as sources of
initial conditions, and to validate and calibrate climate predictions

X

5.

To achieve an improved forecast quality at regional scales by
better initialising the different components, an increase in the
spatial resolution of the global forecast systems and the
introduction of important new process descriptions
To assess the best alternatives to characterise and deal with the
uncertainties in climate prediction from both dynamical and
statistical perspectives for the increase of forecast reliability

X

7.

To achieve reliable and accurate local-to-regional predictions via
the combination and calibration of the information from different
sources and a range of state-of-the-art regionalisation tools

X

8.

To illustrate the usefulness of the improvements for specific
applications and develop methodologies to better communicate
actionable climate information to policy-makers, stakeholders and
the public through peer-reviewed publications, e-based
dissemination tools, multi-media, examples for specific
stakeholders (energy and agriculture), stakeholder surveys,
conferences and targeted workshops

X

6.
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No.
9.

Objective
Yes
To support the European contributions to WMO research initiatives
on s2d prediction such as the GFCS and enhance the European
role on the provision of climate services according to WMO
protocols by creating examples of improved tailored forecastbased products for the GPCs and participating in their transfer to
worldwide RCCs and NHMSs.

No
X

3. Detailed report on the deliverable

Summary of Findings
For many years mainstream atmospheric climate models focussed nearly exclusively on simulating
the troposphere (the lowermost layer of the atmosphere that is home to familiar phenomena such as
clouds and rain) due to the clearly fundamental it plays in the generating weather and climate. Outside
a specialist community, relatively little attention was paid to the simulation of the stratosphere, the
atmospheric layer above the troposphere (between approximately 10 and 50 km altitude). With only
10% of the mass of the atmosphere, no direct exchanges with the ocean and almost no humidity, the
stratosphere’s role in influencing climate was generally considered too minor to make its inclusion in a
full dynamical sense worth the cost. In recent years, however, increasing attention has been paid to
the role of the stratosphere in climate, and some climate modelling and seasonal and decadal
prediction groups have begun to include more fully resolved stratospheres in their models (e.g. Scaife
et al., 2012).

Figure 1. Time correlation (y-axis)
between the predicted and
observed Tropical Pacific Nino 3.4
index as a function of lead time
(months, x-axis) for predictions
st
starting on 1 August. The red
curve is the stratospheric resolving
model, blue curve original model,
grey curve persistence.
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Despite the apparent dominance of the troposphere, it transpires that
the stratosphere has dynamical interactions with the troposphere that
have the potential to modify surface weather and climate on a broad
range of timescales, including the seasonal and decadal timescales
considered in the SPECS project (e.g. Ineson and Scaife, 2008). The
emergence of this finding encouraged the SPECS consortium to
propose work on the stratosphere and radiative forcings (workpackage
43) in the project. This included assessing the effect of inclusion of wellresolved stratospheres in seasonal and decadal prediction models, as
well as improved stratospheric processes (task 4.3.1), and the
specification of solar irradiance (task 4.3.2). It is the purpose of this
report to summarise the work that has been done by the partners in
these areas during the SPECS project. Task 4.3.2 also has a
component examining the effect of the representation of industrial and
volcanic aerosols in prediction systems. That work is being reported
separately in deliverable D43.2.
Perhaps the simplest question is to ask what impact on predictive skill
is produced by extending a prediction system to have better vertical
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resolution in the stratosphere. Météo-France (METEOF) has examined this question by extending
their CNRM-CM5 model from 31 levels with a top in the mid-stratosphere to 71 levels to span the
stratosphere. By making a large number of parallel sets of seasonal predictions using each model and
comparing the results, the effect of adding the stratosphere can be diagnosed. As might be expected,
the quasi-biennial oscillation in the stratosphere is drastically improved. Furthermore, however, the
results show that skill in predicting tropical phenomena in the troposphere, like the El Niño-Southern
Oscillation (ENSO), are also improved (figure 1). This is promising as ENSO is a key driver of global
climate variability. The reason for the improvement is not clear, but may relate to the model
troposphere ‘feeling’ the more realistic QBO variability in the stratosphere. Extra-tropical features,
such as the North-Atlantic Oscillation (NAO), do show a degree of improvement, but interpretation is
hampered by the magnitude of year-to-year extra-tropical variability. This makes it impossible to be
confident that the improvement seen is genuinely a result of model improvement instead of resampling
this large variability.
The difficulty in obtaining a robust demonstration of improved mid-latitude skill over a reasonable
number of prediction years and with an affordable number of simulations is an unfortunate problem, as
it makes it hard to show improvements in the skill of predictions for Europe. This issue is not specific
to the stratosphere, however, but is generic for any incremental improvement we may wish to test. It
would be incorrect to conclude that this problem means it is not worthwhile to improve the
representation of the stratosphere in seasonal and decadal prediction systems. Recent results
identifying sudden stratospheric warmings (a phenomenon which can only simulated in a model with a
well-resolved stratosphere) as a key component in producing winter NAO predictability (Scaife et al.
2016) are an example of the stratosphere’s importance. Furthermore, improvements in skill are often
realised through a series of connected improvements in modelling, such as an increase in resolution
plus the tuning of parameters used to describe processes like convection. The SPECS partners in
workpackage 43 have attempted to examine the representation of a range of stratospheric processes
that operate within a model that possesses a well-resolved stratosphere. These analyses will now be
described in turn.

Figure 2: Time correlation during each
5-years ensemble runs starting 1993 to
2003 (last year of decade on x axis) for
the predicted polar night jet in
ensembles using CMIP5 O3 data (black)
and the new SPARC O3 data (blue).
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The Swedish Meteorological and Hydrological Institute
(SMHI) and European Centre for Medium Range Weather
Forecasts (ECMWF) have tested improved representations
of stratospheric ozone (O3) in their forecast systems.
Although ozone is a trace gas in the stratosphere, it has a
disproportionate role in determining the heating of
stratospheric air, mainly through its absorption of solar
ultraviolet radiation. It is expected that a more accurate
representation of stratospheric ozone would lead to improved
stratospheric temperatures and winds, and in turn better
surface climate through troposphere-stratosphere interaction.
SMHI specify ozone based on historical observations at
different times of the year in making decadal predictions with
the EC-Earth model. To improve the ozone specification,
they use a newer dataset, with a higher spatial resolution and
data varying with longitude in addition to latitude and height.
The results are that key stratospheric features such as the
polar night jet which borders the wintertime stratospheric
polar vortex are more predictable with improved ozone (fig.
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2). The strength of the jet, and by implication the polar vortex, has been shown to have clear
connections to winter-spring surface climate over the Northern Hemisphere mid-latitudes, including
Europe (Baldwin and Dunkerton, 2001). Indeed, SMHI report that the simulations with improved ozone
show impacts on surface temperature and rainfall variability, with better prediction of drought over
much of Europe, especially on seasonal timescales.

) for the period
August 2012-February 2013. Panels show ozone as measured by ozone sondes (left), as simulated with the
new ozone scheme in IFS (middle) and as simulated with the default Cariolle scheme (right). The vertical
distribution and the time evolution of the ozone hole is significantly better represented by the new scheme.

The approach to representing ozone in the ECMWF model is rather different from that used by SMHI.
Instead of an observationally-based specification of the ozone, changes in ozone concentrations are
computed in the model as a function of the model’s state variables e.g. temperature. The scheme is
calibrated by using a photochemical model which explicitly represents the chemical reactions affecting
ozone. In SPECS workpackage 43, ECMWF have tested the use of an improved scheme which is
calibrated against an better photochemical model (a 3D longitude-latitude-height model instead of a
2D latitude-height model) and has an improved representation of the chemical effects of polar
stratospheric clouds.
In model simulations, the results of this improvement are
particularly marked in polar regions, where ozone
concentrations are much better matched to balloon
observations (fig. 3). Improvements in ozone would be
expected to improve stratospheric temperatures (through
better heating rates) and winds (through the atmosphere’s
intrinsic dynamical balances). This is found to be the case
for tropical stratospheric winds and temperatures, which
show better skill scores and amplitudes when the new
scheme is used.
Further work on ozone representation is provided by the
Royal Netherlands Meteorological Institute (KNMI). A
prescribed ozone treatment in a new version of the ECEarth model is found to give realistic representations of
the strength and variability of the northern hemisphere
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Figure 4. Time correlations between predicted
and observed monthly QBO for each pentade
st
(62 months) starting 1 Nov. 1996-2009 for:
“ ” GWD
b k
“ w”
GWD scheme (blue). Dot-dash black line is
the statistical significance at 95%p-level over
62 values.
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stratospheric polar vortex. Additional experiments are performed to test the ozone sensitivity of the
model by abruptly and totally removing stratospheric ozone. This drastic experiment reveals large
instantaneous shifts in the global energy budget even at the earth’s surface. After 5 years the
simulated climate becomes cooler and wetter in response to these changes. The magnitude of the
climate shift is on a similar scale to projected climate change resulting from increased greenhouse
gases, although is very different in character. The results show that ozone, in addition to being
important for the climate via its role in stratospheric dynamics (as shown by ECMWF and SMHI), is
also important for the radiative budget of the whole atmosphere. Improved accuracy in specifying its
long-term average concentration and variability is clearly important therefore for accurate seasonal
and decadal predictions.
The tropical stratosphere is home to the Quasi-Biennial Oscillation (QBO), an oscillation in tropical
winds between westerly and easterly phases over a period of approximately 27 months. The very long
timescale of the oscillation makes the QBO the longest source of potential memory in the atmosphere,
and the most predictable feature, with predictability of several years already realised (Scaife et al.,
2014). The QBO has also long been known to have an influence on European winter climate, with
westerly QBO favouring mild, wet winters and easterly QBO favouring cold, dry winters (Ebdon et al.
1975). SMHI have examined the sensitivity of the simulation of the QBO to model vertical resolution
and the details of the parameterisation of upward fluxes of wave energy that are not resolved at the
model grid scale. Using decadal-type predictions with the EC-Earth model, they show that tuning the
parameterisation scheme can bring improvements in the amplitude and period of the QBO.
Furthermore, increasing the number of vertical levels in the model from 91 to 137 brings further
improvements. Skill in predicting the QBO, particularly at multi-annual lead times, is increased as a
result (fig. 4). Better representation of a key dynamical process like the QBO would be expected to
improve the climate simulation, or at least not lead to deterioration in the skill of other components due
to contamination by QBO errors.

Figure 5: (top) Geopotential height at 200 hPa during a 10-day period around the initial day of a short or long strong vortex
event (left and right, respectively). Based on the ECMWF S4 seasonal forecasts over 1981-2014, with a November 1st start
date.
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Away from the tropics, the high-latitude winter stratosphere is dominated by the stratospheric polar
vortex, which forms in response to intense cooling in the long polar night. The vortex has some of the
strongest large-scale winds on Earth at its edge – the so-called polar night jet. This powerful
dynamical system has links to tropospheric weather, as noted above. Nevertheless, the polar vortex is
prone to disruption and can abruptly weaken. Some of these weakening events are short-lived (a
matter of days), while others are longer-lived (weeks or months) and involve a reversal of the westerly
jet. Equally, the vortex can display short- and long-lived periods of anomalous strength. In general, the
links between the troposphere and the stratospheric vortex are both upwards and downwards, and it is
important if the influence of vortex anomalies is to be properly predicted to assess whether models
capture these relationships.
The Norwegian Institute for Air Research (NILU) have analysed these connections in seasonal-length
simulations of northern hemisphere winter using the ECMWF model. They find that weather features
in the troposphere act as precursors to anomalous vortex events, and that the type of upper
tropospheric precursor differs between short- and long-lived events. Long-duration strong events (20
days or more) appear to be preceded by blocking (anomalously high geopotential height) in the North
Pacific sector which is absent for short duration strong events (less that 10 days) (fig. 5). These results
are consistent with findings from observationally-based datasets (Orsolini et al. 2009; Nishii et al.
2011), suggesting the model represents this important aspect of the dynamical influence of the
troposphere on the stratosphere relatively well. NILU have also analysed the importance of using a
well-resolved stratosphere compared to other factors such as the representation of sea-ice and the
initial sea-surface temperature (SSTs) conditions. By examining land surface temperatures at mid- to
high-latitudes in a variety of winter seasonal simulations using the EC-Earth model, they conclude that
a well-resolved stratosphere has more impact than sea-ice representation and as much as the initial
SSTs. This emphasises the importance of the stratosphere for winter prediction in Europe – it appears
to be at least as important as oceanic conditions.
Part of the work of workpackage 43 is to examine the sensitivity of prediction systems to specification
of radiative forcings (task 4.3.2). This is divided for the purposes of reporting into solar forcing (this
report, D43.1) and aerosols (industrial and volcanic, reported on in D43.2). The division is useful as
work on the solar cycle described here can be viewed as an extension of the work on stratospheric
processes in task 4.3.1. This results from the fact that while the solar cycle can affect tropospheric
climate directly, for Europe its largest effect is probably on atmospheric circulation patterns mediated
via the stratosphere in winter. One reason for this is that the amplitude of the solar cycle in total solar
irradiance is only about 0.1%, at the short UV wavelengths that influence ozone the variability is
considerably higher, at the scale of several percent. The mechanism for the surface influence is
believed to be via ozone heating by solar ultraviolet (UV) in the tropical stratosphere, leading to
modified stratospheric temperatures and winds which produce feedbacks which alter the tropospheric
flow (Ineson et al. 2011), although many other mechanisms have been proposed. Decadal prediction
systems typically already employ solar cycle variations, at least in re-forecasts of the past, through the
use of Coupled Model Intercomparison Project (CMIP) recommended datasets. Nevertheless, recent
satellite-based data (Harder et al., 2009) have led to the view that solar cycle UV variability may be
considerably larger than previously supposed and is represented in the CMIP datasets. As a result,
within SPECS The Met Office (MetOffice) and ECMWF have performed experiments to examine the
effect of increased UV variability in decadal predictions.
MetOffice first produced parallel sets of historical (uninitialised) climate simulations from 1960 to 2009
with the HadGEM3 model to characterise the model response to enhanced UV. To do this, they

SPECS (308378) D43.1

- 10 -

produced two 12-member ensembles with identical historical climate forcings (e.g. greenhouse gases,
aerosols etc) except for solar forcing. The first ensemble has no solar variability and the second has
CMIP-specified variability except for an enhanced level of UV variability (approximately 1 Wm-2). The
difference between these ensembles can be used to attribute the effect of the solar cycle on historical
climate. Confirming earlier work (Ineson et al. 2011), a connection is found between the relatively
warm (cool) upper equatorial stratosphere at the maximum (minimum) of the solar cycle and a surface
climate signature resembling the positive (negative) phase of the Arctic Oscillation. Nevertheless, the
response of the North Atlantic Oscillation (NAO), which is the more prominent mode for European
winter climate, does not peak until 3 or more years after the extreme phases of the solar cycle. This is
mysterious, as it occurs when the anomalous heating in the stratosphere and its atmospheric effects
have diminished, but is consistent with observed estimates of NAO responses to the solar cycle (Grey
et al. 2013). The resolution is found by examining the state of the sub-surface North Atlantic Ocean in
the simulations, which demonstrates storage of solar-induced thermal signals that can build up over a
number of years around solar maximum or minimum and feed back on the atmosphere to produce a
delayed NAO response. The presence of this delayed mechanism is particularly encouraging for
decadal prediction since it implies predictable responses for several years to come that are dependent
on the known phase of the solar cycle at the time a forecast is made.

Figure 6: Re-forecast experiment DJF response to modified-UV band solar variability, as a function of lag. All columns show
the MSLP response defined by subtracting solar maximum minus solar minimum, using different subsets of re-forecast data.
Column 1 uses all re-forecast DJF data. Column 2 only includes the first DJF. Column 3 uses only re-forecasts that start in
solar maximum and solar minimum years. Regions significant at the 90% confidence level are marked with black stippling.

Having understood the response of the HadGEM3 model to solar forcing, MetOffice went on to
examine the effect of enhanced UV within a decadal prediction framework. Once again, parallel
experiments were performed, this time with CMIP forcings in one experiment and the same UVenhanced forcing described above. The intention is therefore to measure the impact of using a higher
UV variability in an ‘improved’ prediction framework. Further, instead of continuous climate
simulations, they used ensembles of decadal prediction experiments with HadGEM3 initialised every
year between 1960 and 2000 and simulations covering the 4 winters after initialisation. Although the
responses were smaller and less significant than in the previous experiment (due to the smaller
difference in forcing and effective ensemble size), understanding of the model’s typical responses
from that work allows the recognition of features that are at least consistent in the decadal prediction
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experiments (fig. 6). In particular, there is a suggestion of a lagged NAO response overall, which can
be seen in simulations initialised near to solar maximum. As a result, we infer that the decadal
predictions probably have a surface signal of the solar cycle consistent with observations. This implies
that using an enhanced level of UV variability could lead to improved decadal prediction skill for
European winter.
ECMWF performed an ensemble experiment over the period 2001 to 2010 covering the latter part of
solar cycle 23 and the start of cycle 24. This included a solar maximum epoch at the beginning of the
period and a deep, prolonged solar minimum towards the end. The upper stratosphere is found to be
of the order of 1K or more warmer at solar maximum than at solar minimum, similar to the MetOffice
findings and changes in reanalysis temperatures over the period studied. There are questions,
however, about the vertical structure of the upper stratospheric anomalous heating, with the effect
appearing to reach to too low an atmospheric level compared to ERAI, although re-analyses also differ
on this point (Mitchell et al., 2015). Perhaps more importantly, the feedbacks on the wintertime
stratospheric winds do not appear to be present in the model, meaning that the upper stratospheric
signal is not transmitted to high northern latitudes and does not create a downward influence on the
mid-latitude troposphere. As a result, surface impacts are not seen in this model, even when extended
ensembles with many more members are used to reduce sampling uncertainty. The reasons for the
lack of the generation of the feedback within the stratosphere may relate to shortcomings in the
representation of the stratosphere itself, such as insufficient vertical resolution in the upper
stratosphere where this process occurs, or artificial damping at these levels introduced to benefit other
aspects of model performance.
More details on all the finding described above are included in the full partner contributions in
Appendix 1.
Recommendations
The results of the analyses performed in workpackage 43 of the SPECS project highlight potential
benefits to predictability on seasonal and decadal timescales of including a well resolved stratosphere
in prediction models. The word ‘potential’ is important here, however, as the initial step of producing a
vertically extended model is not sufficient on its own to produce an unequivocal improvement in skill,
as is shown by the experiments performed by METEOF. Nevertheless, model development focused
on specific processes can lead to better results, as shown by the work of SMHI and ECMWF in
improving the representation of ozone and of SMHI on the QBO. As has been seen repeatedly in
SPECS, obtaining reliable estimates of the impact of moderate drivers of predictability is challenging,
from a sampling point of view. Experiments should be designed carefully, with an emphasis on
detecting physical impacts rather than changes in forecast scores.
Following the considerations above, we recommend that prediction systems intended for all
timescales implement a well-resolved stratosphere, but more importantly that their developers pursue
a programme of continuous improvement to key stratospheric processes. For Europe, the
stratospheric polar vortex is of particular importance for winter prediction, and improving the accuracy
of the representation of its dynamics should be a priority. This includes its two-way connections with
the troposphere, as is highlighted by the analysis provided by NILU.
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In more specific terms, we recommend the inclusion of the most realistic description of stratospheric
ozone that can be afforded. While full photochemical-climate models are available, their high costs are
unlikely to be affordable in ensemble prediction while modelling centres still strive to improve more
fundamental aspects like model resolution. Simplified interactive schemes may be the best
compromise at this stage as they produce ozone distributions that are consistent with the model’s
dynamical fields and are a substantial advantage over imposing an ozone climatology that only varies
as a function of latitude, height and month of the year. ECMWF show that use of an improved version
of such a scheme results in improvements in temperature and winds in the stratosphere, and further
increases in the quality of the QBO signal.
Another factor that potentially limits the contribution of the stratosphere to skill in predicting surface
climate is the existence of errors in the long-term average state of the stratosphere in stratosphereresolving models. This has not been addressed in workpackage 43, but may be of high importance
(Hardiman et al., 2010). While this is true to an extent of all model errors, it is a particular concern for
the stratosphere where the planetary wave-dominated dynamics is highly sensitive to the background
state of the winds. Of course, given this tight coupling between atmospheric waves and the
background airflow, the sources of stratospheric errors may lie in the representation of other parts of
the atmospheric system entirely. Reducing model biases can be seen as unappealing and lacking a
clear science objective to both scientists and funding agencies alike, but it seems risky to assume that
initialised climate prediction will improve at a sufficient rate without commitment to this basic
underpinning activity.
The potential for greater predictive skill from the representation of solar cycle variability was tested in
this workpackage with experiments where the variability of the UV component of solar radiation
specified in the models was increased in line with values suggested by recent observations. Here the
results were highly model dependent, with the MetOffice seeing responses in the stratosphere and at
the surface that resemble those inferred from observations. In the ECMWF model on the other hand,
substantial impacts related to the UV change are restricted to the upper stratosphere, and dynamical
mechanisms propagating signals to the lower stratosphere are not detected. This highlights the high
sensitivity of stratospheric processes to the detailed construction of the model, as indicated in the
comments above. A detailed analysis of the differences between the simulations in the two models is
not available, but ECMWF note that the model configuration used in these experiments is still far from
adequately representing the upper stratosphere and lower mesosphere. Solar UV variation may well
be a non-negligible driver of climate variability in reality, but the overall quality of the model
stratosphere should be improved before this is investigated further.
We recommend using increased solar cycle UV variability in prediction systems based on the
successful results obtained by the MetOffice, while recognising that model developers should conduct
tests to explicitly determine the responses as has been done in this workpackage. Although the
ECMWF system does not produce equally encouraging results, there is no evidence that the change
degrades the simulation. The exact level of UV variability should be guided by the most recent
assessment of historical observations. Matthes et al. (2016) have recently conducted a review of this
type in producing revised recommendations for solar forcing for future CMIP activities. This new
recommendation includes an increase in solar cycle UV variability compared to the previous
specification.

SPECS (308378) D43.1

- 13 -

4. References
Baldwin, M. P., and T. J. Dunkerton, Stratospheric Harbingers of Anomalous Weather Regimes,
Science, 294, 5542, 581-584, DOI: 10.1126/science.1063315.
Ebdon, R. A. (1975), The quasi-biennial oscillation and its association with tropospheric circulation
patterns, Meteorol. Mag., 104, 282–297.
Gray, L. J., et al. (2013), A lagged response to the 11 year solar cycle in observed winter
Atlantic/European weather patterns, J. Geophys. Res. Atmos., 118, 13,405–13,420,
doi:10.1002/2013JD020062.
Harder, J. W., et al. (2009), Trends in solar spectral irradiance variability in the visible and infrared,
Geophys. Res. Lett., 36, L07801, doi:10.1029/2008GL036797.
Hardiman, S. C., et al. (2010), The Climatology of the Middle Atmosphere in a Vertically Extended
Version of the Met Office’s Climate Model. Part I: Mean State, J. Atmos. Sci., 67, 1509-1525, DOI:
10.1175/2009JAS3337.1.
Ineson, S., and A. A. Scaife (2008), The role of the stratosphere in the European climate response to
El Niño, Nature Geoscience, 2, 32-36, DOI: 10.1038/NGEO381.
Ineson, S., et al. (2011), Solar forcing of winter climate variability in the Northern Hemisphere, Nature
Geoscience, 4, 753–757, DOI:10.1038/ngeo1282.
Matthes, K., et al. (2016), Solar Forcing for CMIP6 (v3.1), Geoscientific Model Development
Discussions, 2016, 1-82, DOI: 10.5194/gmd-2016-91.
Mitchell, D. M., Gray, L. J., Fujiwara, M., Hibino, T., Anstey, J. A., Ebisuzaki, W., Harada, Y., Long, C.,
Misios, S., Stott, P. A. and Tan, D. (2015), Signatures of naturally induced variability in the
atmosphere using multiple reanalysis datasets. Q.J.R. Meteorol. Soc., 141: 2011–2031.
Nishii, K., H. Nakamura, and Y.J. Orsolini, Geographical Dependence Observed in Blocking High
Influence on the Stratospheric Variability through Enhancement and Suppression of Upward
Planetary-Wave Propagation, J. Climate, 24, 6408-6423,DOI: 10.1175/JCLI-D-10-05021.1, 2011.
Orsolini, Y. J., A. Karpechko and G. Nikulin, Variability of the northern hemisphere polar stratospheric
cloud potential: the role of North Pacific disturbances, Q. J. R. Meteor. Soc., 135:1020:1029, DOI:
10.1002/qj.409, 2009.
Scaife, A. A., et al. (2012), Climate change projections and stratosphere–troposphere interaction,
Climate Dynamics, 38:2089–2097, DOI: 10.1007/s00382-011-1080-7.

SPECS (308378) D43.1

- 14 -

Scaife, A. A., et al. (2014), Predictability of the quasi-biennial oscillation and its northern winter
teleconnection on seasonal to decadal timescales, Geophys. Res. Lett., 41, 1752–1758,
doi:10.1002/2013GL059160.
Scaife, A. A., et al. (2016), Seasonal forecasts and the stratosphere, Atm. Sci. Lett., DOI:
10.1002/asl.598.

5. List of publications

Peer reviewed articles:
Andrews, M B, Knight J R, Gray L J, 2015, A simulated lagged response of the North Atlantic
Oscillation to the solar cycle over the period 1960-2009, Environ. Res. Lett., 10, doi:10.1088/17489326/10/5/054022
Benestad R. E., R. Senan, Y. J. Orsolini (2016), The use of regression for assessing a seasonal
forecast model experiment, Earth Syst. Dynam. Discuss., doi:10.5194/esd-2016-14, in press.

Plan for future publication:
Caian, M. et al., Ozone variability impact on multi-year prediction skill, in preparation.
Selten, F. M., R. Bintanja, A. van Delden , D. Le Bars, H. de Vries, and M. van Weele, Fundamental
role of ozone in the general circulation of the atmosphere, in preparation
Orsolini, Y. J. and K. Nishii (2016), Duration and decay of extreme vortex events in the ECMWF
seasonal forecast model, in preparation.
Van Weele, M., et al., Evaluations of prescribed and interactive ozone in the ESM version of EC Earth
V3.2, in preparation

SPECS (308378) D43.1

- 15 -

6. Efforts for this deliverable
Partner

1.
4.
6.
8.
14.
15.
19.
Total

Person-months
(actual)
12
4
12
4
21
6
14
73

Personmonths
(in-kind)
0
0
4
1
0
0
0
5

Period covered

M01-48
M39-48
M01-48
M40-48
M01-48
M01-48
M19-48

7. Sustainability
The principal lesson from these studies is that stratospheric processes have an important role to play
in providing skill in seasonal and decadal predictions. The stratosphere is an integrated part of the
atmosphere and these processes are linked in many complex ways to other atmospheric components.
Prediction systems therefore need to represent this complexity, and we conclude that systems without
well-resolved stratospheres can no longer be described as ‘state-of-the-art’, nor can their outputs be
attributed the same weight as predictions made with systems with well-resolved stratospheres.
Furthermore, we believe that in future the leading prediction systems are likely to be those in which
the development of skilful representations of stratospheric processes (among many others) has been
prioritised.
As discussed in the Recommendations above, one of the challenges encountered in this workpackage
has been the difficulty in obtaining statistically robust results, given the high level of variability in the
NH winter circulation. This difficulty was addressed by altering and augmenting the original experiment
designs (which centred on coordinated standard experiment sets to measure forecast skill) to focus on
process-based investigations. Future development and testing will draw on the experiences gained
from SPECS, to achieve effective targeting of resources. Regardless of how well experiments are
designed, there will remain a fundamental cost issue when seeking statistically robust results for
processes that give rise to small signals. We are aided somewhat by the growth of computer
resources, which does now allow large ensemble experiments to be run with low resolution models,
which will allow some types of sensitivity to be investigated. However, this has to be set against the
move to higher resolution seasonal forecasting systems, a trend which is also driven by computer
availability, and which poses difficulty for ensuring research is both affordable and relevant.
The improved QBOI forecast skill seen in the ECMWF system when using the BMS scheme is
expected to lead to an operational implementation in the next upgrade of the seasonal system, and is
also leading to an examination of whether the scheme might be used more widely in ECMWF
forecasting systems.
The "enhanced solar UV" experiments at ECMWF did not lead to any visible benefits over and above
the standard solar variability that is already included in the forecast system. However, the code to
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allow this experimentation now exists, and can be used with more recent estimates of the true UV
forcing, as and when other aspects of the stratospheric simulation are improved. More encouraging
results were obtained in the Met Office system and enhanced-UV forcing will be used in future decadal
predictions via the inclusion of the new solar datasets that have been produced for CMIP6. This
includes work within CMIP6, namely the Decadal Climate Prediction Project (DCPP), which will in turn
feed into the next assessment of the Intergovernmantal Panel on Climate Change (IPCC).
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Appendix 1: Full Partner Contributions

A. Sensitivity of CNRM-CM5 seasonal predictability to stratosphere modelling (METEOF)
In order to test the impact of an improved stratosphere in the model, we have added 40 vertical levels to the 31
levels of the standard version of CNRM-CM5. These additional levels are located in the stratosphere only. We
have also considered a 91 level version for which the vertical resolution is increased in the troposphere as well.
A prognostic variable representing ozone concentration, a linear photochemistry scheme, and a
parameterization of the gravity waves in the stratosphere have been added to the 71L and 91L versions. The
initial ozone concentration is obtained with a model simulation including a nudging of wind, temperature and
moisture towards ERA-interim. Seasonal (7 months) re-forecasts of the period 1979-2012 have been produced
for November, February, May and August starting situations. The high top version of the model improves the
ENSO as well as the QBO scores and beats persistence in most cases. From our 60-member ensembles, we
evaluated repeatedly 30-member subsamples in order to estimate confidence intervals for the scores. With
variables like NAM, NAO, surface temperature in the mid-latitudes or precipitation in the tropics, the (positive and
negative) changes in scores when comparing L31 with L71 or L91 are not significant. This does not mean that
the improvement does not exist, but that it is too subtle to be measured with traditional forecast scores. Full
details of these results are presented in Appendix 2.

B. Impact of improved stratospheric ozone (SMHI, ECMWF, KNMI)
Improved seasonal and decadal prediction skill may be obtained by obtaining more accurate stratospheric ozone
concentrations. Ozone (O3) is an important radiatively active gas in the stratosphere, and a more accurate
representation would be expected to potentially improve temperatures and winds in the stratosphere. This in turn
would be expected to influence surface conditions through stratosphere-troposphere coupling. Three partners,
SMHI, KNMI an ECMWF, have tested sensitivity to the representation of stratospheric ozone, albeit with different
approaches. SMHI examine the impact of a better specification of ozone using an updated and higher-resolution
observationally-based dataset. ECMWF consider the use of an improved calculation of ozone in a simplified
ozone chemistry scheme. KNMI look at the climate system perturbation of removing stratospheric ozone.

Improved specified ozone: model and experiments
Here we analyse the role of O3 external forcing on the decadal prediction skill. We performed two parallel chains
of ensemble experiments, one using the CMIP5 O3 data and another using SPARC ozone data. The main
difference between the two databases is the horizontal resolution (of 2.5 degrees for the CMIP5 data and 0.25
degrees for the SPARC data) and the inclusion of O3 zonal variability in the stratosphere in the SPARC data
(CMIP5 data used are zonally uniform in the stratosphere). We perform for each chain, an ensemble of 3
st
members of 5 years simulations series of 12 starting dates, yearly on the 1 of November since 1992 to 2003
(36 simulations for each chain). We use the EC-Earth coupled model, version V3.1 in these simulations at T255
L91. The three members are perturbed in ocean and sea-ice initial conditions and they use the same
atmospheric initial conditions from ERA-interim analysis.

Results
Since the main difference in data is the horizontal resolution we expect eventual skill improvement on surface
variable through two mechanisms: improved spatial variability of the radiative forcing and improved tropospheric
circulation from stratosphere/troposphere interaction.
We analyse surface variables: 2m temperature (2t) and total precipitation (tpr) for European sub-domains: British
Island (BI), Iberian Peninsula (IP), France (FR), Middle Europe (ME), Mediterranean region (MD), Alps (AL),
Scandinavian Peninsula (SC), East-Europe-Asia (EA). We compute the regional standard deviation of 2t and tpr
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forecasts over 5 years prediction, averaged over ensemble members and starting dates, relative to ERA-interim
data (for same sub-domains and same decades). We compare this skill for the CMIP5 and SPARC data chains,
over the 60 months of prediction.

Fig.1a. Standard deviation of 2m temperature predicted with CMIP5 (black) and SPARC (blue) O3 data over 5 years
ensemble forecasts, 12 starting dates each.

Fig.1b. Same as Fig.1a for total precipitation.
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We note (Fig.1a,b) that although the skill is not essentially changed, the main difference is that the SPARC data
simulations reduce the highest standard deviations (extreme values) at regional scale (less over FR), for both
temperature and precipitations.
For this reason we further computed the integrated Standardised Precipitation-Evapotranspiration Index (SPEI;
Edwards and McKee, 1997, http://drought.unl.edu/MonitoringTools/DownloadableSPIProgram.aspx) based on
both predicted and observed (ERA-interim) 2t and tpr data, and compared the SPEI index skill (against
Observed SPEI) for the two chains. The index indicates the probability of occurrence of a drought/wet event.
We obtain two main conclusions (summarised in Fig.2):
one is that using SPARC data it improves the predicted SPEI index in the classes of extreme and severe
drought over the sub-domains: BI, EA, SC, MD and ME; no net improvement is seen for FR, and IP in
this skill.
the improvement dominates in shorter persistence classes (prediction lags of 1 to 3 months),
suggesting the benefit of using high resolution O 3 data also (or mainly) in seasonal prediction.

Fig.2. Regions where the predicted SPEI index increases its skill (against the observed SPEI index) when using SPARC O 3
data versus CMIP5 O3 climatological data. Improvement is noticed for drought classes: severe drought (Sd) and extreme
drought (Ed). Over Alps the skill increases under bias correction for Severe draught (S`d)and severe wet (S`w) classes. The
numbers indicate the persistence of the improved events (prediction lag in months).

The increase in regional climate extremes prediction' skill - obtained from higher resolution O3 data - may be a
result of a better regional surface forcing and O3-convection interaction (explaining regional differences in skill
improvement), but also from tropospheric circulation improvements. For that we compare the prediction skill of
the main hemispheric Jets: these interact with stratospheric (and tropospheric) wave activity and are so
expected to respond to zonal stratospheric variability O 3; also they are main drivers of the S/T coupled variability
(being linked to coupled barotropic modes, e.g. AO). We compare in Fig.3 the decadal skill in predicting the Subtropical jet (STJ) and the Polar Night Jet (PNJ) from ensemble simulations with old (CMIP5) and new (SPARC)
O3 data. We get systematic improvement over decades in predicting both STJ and PNJ when including
stratospheric zonal variability of the forcing (SPARC data). These results indicate that higher horizontal
resolution of O3 data and inclusion of stratospheric zonal variability -SPARC data) leads to increased skill in
predicting regional extremes (severe and extreme drought events).
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Fig.3: Time correlation during each 5-years ensemble runs starting 1993 to 2003 (last year of decade on x axis) for the
predicted STJ (left) and PNJ (right) from chain using CMIP5 O3 data (black) and SPARC O3 data (blue).

We show that the mechanism of this improvement has - apart an expected O3-radiation-convection better
interaction – a dynamical contribution, from a systematic improvement of STJ and PNJ prediction (and
corresponding S/T circulation changes). This suggests a stratospheric O 3 source for multi-year predictability of
regional climate extremes, acting through controlling the S/T Jets coupled variability and its impact on the
tropospheric circulation.

Improvements in a simplified ozone calculation: model and experiments
As an alternative to the specification of ozone concentrations, it is possible to use numerical schemes in which
ozone concentrations are computed based on fundamental model parameters such as temperature. ECMWF
has implemented a new stratospheric ozone scheme (Monge-Sanz et al., 2011) in the ECMWF system, which
provides more realistic ozone distributions than the Cariolle scheme used by default by the ECMWF model. The
new scheme has been derived from a 3D full chemistry model, instead of a 2D model and, more importantly, it
consistently accounts for the heterogeneous chemistry (e.g. ozone destruction due to polar stratospheric
clouds), instead of using a separate ad hoc term, providing a more realistic link with temperature. The new
scheme has been tested both in medium-range and long-range experiments, showing the feasibility of the
scheme for a seamless NWP modelling approach. This new ozone scheme has also been used to produce a
new set of ozone initial conditions for seasonal long-range experiments.

Results
Figure 4 shows the time series of vertical profiles of ozone, for the period August 2012-February 2013, from two
medium-range (10-day) forecast experiments in which the ozone field is freely evolving along the 1-year period.
One of them uses the new ozone scheme, the other uses the default ozone scheme. These experiments use the
Cycle version 41r1 of IFS and allow us to compare results with ozone sonde measurements. Figure 4 shows the
clear improvement obtained with the new ozone scheme over the Antarctic region, both in terms of vertical
distribution of ozone concentrations and in terms of time evolution of the concentrations, especially during and
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distribution of ozone concentrations and in terms of time evolution of the concentrations, especially during and
after the ozone hole season.

) for the period August 2012February 2013. Panels show ozone as measured by ozone sondes (left), as simulated with the new ozone scheme in IFS
(middle) and as simulated with the default Cariolle scheme (right). The vertical distribution and the time evolution of the
ozone hole is significantly better represented by the new scheme.

The long-range experiments have used Cycle 41r1 in a branch configured to give a good representation of the
stratosphere in seasonal forecasting research. Here we show results from two long-range 5-member
experiments, with May and November start dates for the period 2001-2010, one of them using the default ozone
(Cariolle scheme) and the other one using the new ozone (BMS scheme), both experiments have a T255
resolution and 137 vertical levels. Initial data come from ERA-Interim. Overall, the new scheme results in more
realistic temperature and winds in the stratosphere. Figure 5 shows mean square skill scores (upper panel) and
anomaly ratio of forecast amplitude to observed amplitude (bottom panel) for the temperature field at 30hPa.
Improvements are also found in the Quasi-Biennial Osciallation signal. Figure 5 shows that using new ozone
also improves the U wind field.

Sensitivity to removal of stratospheric ozone: model and experiments
The role of stratospheric ozone in the new EC Earth version 3.2 has been investigated by KNMI. EC Earth v3.2
is the version of EC Earth that will be used in CMIP6 simulations in preparation of the next IPCC assessment
reporting. Two versions of EC Earth will be applied for CMIP6: (i) a GCM version with prescribed CMIP6 ozone
forcing and (ii) A ESM version with interactive ozone. The second version derives from the version described in
Noije et al. (2014).
Noije et al. (2014) integrated the atmospheric chemistry and transport model TM5 into the global climate model
EC-Earth V2.4. The system allows for two-way exchange of fields between TM5 and IFS, the atmospheric
GCM of EC-Earth. At the time the system was only tested in one-way coupled configuration. Since then the
system has been further expanded and coupling between TM5 and IFS has been extended for EC Earth V3.2
in preparation of CMIP6 and specifically AerChemMIP simulations with interactive ozone, methane and
aerosols.

SPECS (308378) D43.1

- 22 -

Figure 5. Mean square skill scores (upper left panel) and anomaly ratio of forecast amplitude to observed amplitude (bottom
left panel) for the temperature field at 30hPa for one long-range experiment using the default Cariolle ozone scheme (blue
line) and one long-range experiment using the new BMS ozone scheme (red line). Results obtained with System 4 are shown
as reference (green line). Root mean square error (upper right panel) and anomaly correlation (bottom right panel) are also
shown for the zonal (U) wind field at 30hPa over the tropics. Colours of curves have the same meaning as in the left-hand
panels.

EC Earth V3.2 has a high top and high vertical resolution with 91 levels in total. The CMIP5 Versions 2-2-2.4
(Hazeleger et al., 2012) only used 62 levels and had only limited coverage of the stratosphere. The new
version of EC Earth is based on IFS cy36 and is in its standard configuration run at a T255 horizontal
resolution. The IFS model is coupled to the vertically resolved NEMO ocean model at 1x1 degrees resolution
and the LIMS sea ice model. CMIP6 ozone forcing fields have been provided to the community in 2016 and
been implemented in EC Earth. First test simulations have been performed the newly provided CMIP6 ozone
forcing fields with the implementation using CMIP5 ozone forcing (Cionni et al., 2011).

Results
Before the CMIP6 ozone forcing fields became available (in July 2016) a couple of control and sensitivity
simulations have been carried with the newly released EC Earth V3.2 using CMIP5 prescribed ozone forcing.
A 105-year simulation with constant 1990 forcing has been carried out to diagnose stratospheric variability in
the new model configuration. Fig. 6 shows good comparison for the NH winter lower stratospheric variability of
EC Earth compared with ERA Interim in terms of the zonal mean zonal wind averaged between 60 and 84
degrees North and between the 100 and 10 hPa level, and the meridional temperature gradient between the
[50-60] degrees North and [70-80] degrees North. EC Earth exhibits a somewhat smaller number of Sudden
Stratospheric Warmings (SSWs) than found in the ERA Interim data, diagnosed following the work of Kramer
(2016).
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In previous research, it was found that major SSWs occur around 6 times per decade (e.g. Butler et al. 2015).
However with the Kramer algorithm, this number is between 15 to 18 events per decade using ERA Interim
data, while only 9 SSWs per decade were found on average in the data set of 105 years of EC-Earth V3.2. The
cause of fewer SSWs in EC Earth is still under investigation.
Because the fundamental role of either prescribed or interactive stratospheric ozone in a GCM is sometimes
not fully appreciated the fundamental role of ozone was studied using EC Earth. In a set of sensitivity
simulations the effect of a total ozone removal was studied by comparing present-day simulations with and
without the effects of (prescribed) atmospheric ozone on radiation. The results of this exercise have been
presented at the Quadrennial Ozone Symposium in Edinburgh in September 2016 and the key findings will be
summarized in a publication (Selten et al., manuscript in preparation).
Some of the key findings include that removing ozone in the model leads at the top of the atmosphere to an
-2
instantaneous radiation imbalance of about -8 Wm and a cooling of the climate system due to a reduction of
the net absorbed solar radiation. In response to the cooling the outgoing longwave radiation decreases and
-2
reduces the imbalance to less than 2 Wm within 5 years. The global mean surface air temperature has
dropped -1.2K by then. The surface cools despite the fact that the net absorbed solar radiation at surface
-2
increases by about 4 Wm . A reduction of downward long-wave radiation at surface, and increased cooling due
-2
to increased evaporation, lead to a net 2 Wm surface cooling during the first year. Within 5 years the surface
-2
energy imbalance is reduced to about 1 Wm and the increased incident solar flux is balanced by a net longwave cooling.
The atmospheric cooling increases with height, leading to a more unstable atmosphere with stronger
convection which explains the initial increase in surface evaporation and precipitation. Higher up in the
atmosphere the tropopause disappears, as well as the stratospheric jet. The tropospheric jets extend higher up,
though do not significantly shift in latitude. Overall, the fundamental role of ozone in a GCM was highlighted by
these sensitivity experiments and provided even more strongly motivation for a proper treatment of ozone and
stratospheric ozone variability in the new high-top EC Earth version 3.2.

C. Impact of improvements in the representation of the stratospheric quasi-biennial oscillation
(SMHI)
We compare the skill of quasi-biennial oscillation (QBO) multi-year prediction for two cases: a) impact of the
gravity-wave drag (GWD) scheme on the QBO prediction skill, and b) impact of improved vertical resolution on
the QBO prediction skill.

Impact of the GWD scheme on QBO prediction skill
An improved version of the McLanders and Scinocca (2005) GWD scheme was used (same scheme but slightly
modified parameters) within the EC-Earth model V3, and compared against a previous version of the scheme.
The comparison involved parallel ensemble chains of 5 years simulations of 5 members each, with yearly
st
starting dates 1 Nov. 1992-2009, both chains having the resolution T255L137 for the atmospheric component
of the EC-Earth V3 model. The “newT255L137” parameters choice is based on re-calibration and correction of
existent biases in the QBO spectra done for the IFS model at ECMWF (Fig.8b-d versus 8b-e at resolution
T255L91), that further shown a resolution sensitivity with a too low variance and phase error at L137. Tests to
improve this resolution-dependence aimed at enhancing the momentum transport through: i) increase of surface
source, ii) decrease of surface equatorial sink and iii) a combination of i) and ii). The results for these three tests
are compared against the observed (ERAinterim) QBO climatology in Fig.7. The main improvement (mainly the
phase, Fig.8) is obtained for the case iii).
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Figure 6. Comparison of ERA-Interim data for 1990-2000 (above) and 11-years of EC-Earth V3.2 with prescribed 1990
CMIP5 ozone forcing (below). The black line represents the zonal mean zonal wind , averaged between 60-84°N and 10010 hPa. The red line represents the gradient of temperature between 50-60°N and 70-80°N, also averaged between 100-10
hPa. White areas indicate winter (Nov 1st - May 1st). The thicker lines are a 30-day running mean of the thinner lines. Blue
dots represent Sudden Stratospheric Warmings diagnosed following the work of Kramer (2016).
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In particular this parameters choice seems to bring an improvement even when compared against the
operational re-calibrated T255L91 (Fig.8b-c, “old T255L91”) versus Fig.8b-e “newT255L91”). The impact of
improved QBO scheme parameters on the multi-year QBO prediction skill is high. This is shown in Fig.9. With
the new parameters the QBO ensemble prediction skill becomes statistically significant for all starting dates, with
highest improvement at longer range.

i)

ii)

iii)

ERA

Figure 7. QBO model climatology over 1979-1988 for the test cases a i),ii),iii) and ERAint.

Impact of increased vertical resolution and calibration on the QBO prediction skill
The impact of the spectra-calibrated higher vertical resolution is assessed comparing two prediction chains: “old
T255L91” (spectra in Fig.8b-d) against “newT255L137” (spectra in Fig.8b-c). The chains are again compared for
st
ensembles of 5 members each, yearly staring dates 1 Nov, 1992-2009. The results show (Fig.8b) that there is
gain in the QBO prediction skill from the GWD scheme re-calibated and use of higher vertical resolution. The
improvement is gradually increasing with prediction range (so leads extended predictability), indicating accurate
stratospheric and S/T processes' feedbacks on QBO. Another interesting fact is that the QBO skill appears
systematically higher under positive phase of the observed (equal to the model's at initial time) QBO phase
(Fig.9b). This feature may be related to the fact that higher skill is also systematic in pentades with lower
observed variability (Fig.9b). This points to need to further investigate the link between the QBO decadal phase
and its interannual variability – that may further improve the QBO prediction skill.
An optimised choice of GWD scheme' parameters and higher vertical resolution therefore leads to a significant
increase in the QBO prediction skill and to its extended predictability. These two features come, for a same
initialisation technique, from improved QBO frequency, leading to achieve highest improvement at longer
ranges. The improvement increase in time (over one QBO period – here it extends up to 4 years), suggests also
a better resolved stratosphere and S/T exchange processes' feedback on QBO in this new configuration.
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a)

b)

c)

d)

e)

f)

Figure 8. Top: Spectra of QBO variability corresponding to experiments i),ii) and iii) in a),b), and c).Bottom: Spectra of QBO
b y
“ ” ,
“ w” GWD
2 L 1
ERA-interim data f).

D. Weak and strong stratospheric vortex events in the ECMWF seasonal forecast model

(S4): precursors, duration, decay processes, surface influences, and implications for
predictability (NILU)
We investigate extreme stratospheric polar vortex events in the operational seasonal forecast model (System 4)
of the European Centre for Medium-Range Forecasting (ECMWF) in comparison to re-analysis data during the
Northern Hemisphere winter. While many previous studies have documented both weak vortex events (WVE)
and strong vortex events (SVE) in models or re-analyses, we focus on the duration of these events and their
decay processes. From a predictability viewpoint, it is important to understand if a developing extreme
stratospheric polar vortex event is going to be long-lived or else to terminate rapidly, with potentially different
tropospheric and surface effects. Ultimately, one might want to distinguish the precursors of long or short events
in order to improve their prediction.
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a)

b)

st

Figure 9. Time correlations between predicted and observed monthly QBO for each pentade (62 months) starting 1 Nov.
1996-2
: “ ” GWD b k
“ w” GWD b
;
b “ w” GWD 2 L 1 b k
“ w” GWD 2 L1 7
(blue). Dot-dash black line is the statistical significance at 95%p-level over 62 values. Green line: anomalies of pentadal
means (62 months) of observed QBO (ERA data, smoothed, normalised); Red line: pentadal variance (62 months) of
observed QBO (ERA data, smoothed, normalised).
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To this end, we use a 5-member subset of the 7-month reforecasts over the period 1981-2014 with a start date
on November 1. The forecasts have a resolution of T255 and 91 levels. The aim is to classify strong and weak
vortex events in the ECMWF forecast model into short (less than 10 days) and long (no less than 20 days)
events. Hence, the aim is not to verify if the events were actually predicted, and the first month is discarded. The
calculation of the duration is based on exceedance above or below one standard deviation of the Northern
Annular Mode index at 10 hPa. Each category is composited. In particular, we examine how the characteristics
of each category are represented in the forecast model in comparison to the reanalyses. These characteristics
are the frequency of occurrence, the anomalous wind and temperature patterns from low to high latitudes, and
the associated Eliassen-Palm (E-P) fluxes. We use the Japanese 55-year Reanalysis (JRA-55) dataset to
benchmark the forecast model results.
Obviously, long WVEs (SVEs) tend to be
accompanied by a longer enhancement
(suppression) of upward-propagating planetary
waves than their short counter-parts, i.e. a more
sustained forcing. However, in both the reanalyses and the forecast model, the ending
phase of short WVEs uniquely shows an E-P
flux divergence anomaly dominated by its
meridional component (fig. 10), which suggests
that barotropic instability abruptly terminates
these events. In other words, the short VWEs
display an equatorward E-P flux in their ending
phase, rather than a poleward one as is the
case for long VWEs.
The characteristics of upper-tropospheric
disturbances are also examined for each
category in their precursory and termination
stages, in both the seasonal forecast model and
the reanalyses. Long WVEs (SVEs) show a
prolonged polar and mid-latitude uppertropospheric anomaly consistent with the
expected Northern Annular Mode signature.
These characteristics are not shared by short
events, indicating that their tropospheric effects
are different. Long SVEs reveal a characteristic
precursory blocking high over the western
Pacific, which propagates westward, as was
previously found in re-analysis data (Orsolini et
al., 2009; Nishii et al., 2011), which is more
pronounced and sustained than their short
counter-parts.
Another activity carried out in collaboration with
MetNo and ECMWF in WP5 has been to weigh
the impact of a well-resolved stratosphere
against other model features, such as sea ice or
sea surface temperature (SST). To this end, we
used a factorial regression method to analyse
seasonal, wintertime runs carried out with ECEarth, testing the effect of different model
settings, namely the representation of the sea-
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Figure 10: (top) Latitude/time cross-section of zonalmean zonal wind and meridional component of E-P flux
at 10 hPa for short VWE (left and right, respectively).
(middle) Same for long VWEs. Time axis is relative to
central date. (bottom) Geopotential height at 200 hPa
during a 10-day period around the initial day of a short
or long SVE (left and right, respectively). Based on
the ECMWF S4 seasonal forecasts over 1981-2014,
with a November 1st start date.

- 29 -

ice (dynamic or non-dynamics sea-ice), the SST initial conditions and the low or high-top extensions. The results
suggest that the monthly-mean surface temperatures at high latitudes are more sensitive to the presence of a
well-resolved stratosphere than to sea ice, and the sensitivity is comparable to SST.
The work is expected to lead to the following publications:
Orsolini, Y. J. and K. Nishii, Duration and decay of extreme vortex events in the ECMWF seasonal forecast
model, to be submitted, 2016.
Benestad R. E., R. Senan, Y. J. Orsolini, The use of regression for assessing a seasonal forecast model
experiment, Earth Syst. Dynam. Discuss., doi:10.5194/esd-2016-14, (in review) 2016

E. Impact of imposing increased solar-cycle ultra-violet (UV) radiation variability (ECMWF,
MetOffice)
The ability of seasonal-to-decadal (s2d) forecast systems to produce skilful forecasts is reliant upon a multitude
of factors. One of the factors that has a potential impact on European winter climate is the approximately 11-year
solar cycle via the influence of the North Atlantic Oscillation (NAO, Hurrell et al., 2003). Over a typical solar
-2
cycle, the variation of the total solar irradiance (TSI) is only about 0.8 Wm (0.06%) at the top of the
atmosphere, making only a small impact on average global temperatures (Gray et al., 2010). Amplifying
mechanisms have been proposed, however, that may result in more substantial regional surface responses to
-2
TSI variations (Haigh 1996, Meehl et al., 2009). In addition to TSI variations, the smaller variability (~ 0.2 Wm )
in the ultra-violet (UV) part of the spectrum has been shown, through numerical experiments (Haigh, 1994, Gray
et al., 2009) and analysis of observations (Frame and Gray, 2010, Mitchell et al., 2014), to influence the
temperature structure of the stratosphere. The absorption of UV by ozone produces heating in the upper
equatorial stratosphere, where the largest differences in temperature between solar maximum and solar
minimum occur. In addition, the incident UV creates additional ozone thereby increasing the stratospheric
heating effect. A ‘top down’ mechanism links the equatorial upper stratospheric heating to European winter
surface climate (Kodera 1995, Kodera and Kuroda 2002, Gray et al. 2010). At solar maximum the increased
equator-to-pole temperature gradient results in a westerly wind anomaly in the mid-latitude stratosphere. This
anomaly is amplified by the forcing from vertically-propagating planetary waves and migrates poleward and
downward to the mid- and high-latitude lower stratosphere, where it can influence extra-tropical circulation. This
leads to a mean-sea-level-pressure (MSLP) response similar to the positive phase of the Arctic Oscillation (AO,
Thompson and Wallace 1998). Research (Gray et al., 2013) has further shown that the main effect of solar
variability for European winter climate is in changing the NAO – the principal mode of year-to-year variability in
the region – but that this effect maximises 2-3 years after the peak AO-response at solar maximum or solar
minimum. This suggests that a solar effect on the climate can ‘accumulate’ in the climate system and produce
effects even after the solar cycle has become neutral. This might be particularly important for decadal prediction
as it suggests solar forcing anomalies observed now may have an influence on climate over the next few years.
The current generation of decadal prediction systems already include a representation of solar variability, so
may, to some extent, already include part of this signal. Nevertheless, recent satellite observations (Harder et al.,
-2
2009) suggest that the UV variability associated with the solar cycle is larger (~1 Wm ) than is specified in the
Coupled Model Intercomparison Project Phase 5 (CMIP5) forcing datasets used by these systems (Lean, 2009).
Current understanding suggests the level of UV variability suggested by Harder et al. (2009) is likely to be an
upper limit of the true variability (Ermolli et al., 2013) but that the CMIP5 values currently used are likely to be a
lower limit.
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Experiments with the ECMWF model
The difference in solar irradiance between a maximum and a minimum within a solar cycle was assumed to be
evenly distributed among all wavelengths in previous treatments of solar variability in ECMWF forecasting
systems. However, it has been known for some time that solar variability is more pronounced in the UV, and
recent satellite measurements indicate that there is a significantly larger difference for the UVB and UVC bands
than there is for UVA and visible bands (Harder et al., 2009). Including this wavelength asymmetry in the model
can potentially have an impact on stratospheric temperature and propagate to lower altitudes.
We have included UV enhancements in the ECMWF model added on top of the total solar irradiance function
(TSI). The 42r1 model version we use in our solar experiments uses the same TSI function as in ERA-5
(Hersbach et al., 2015) but for the UVB-UVC bands we have added a 4% difference between solar maximum
and solar minimum, in a similar way as it was done by Ineson et al. (2011); a corresponding compensation is
added in the visible and UVA bands in order to keep TSI constant.
Long-range 51-member experiments have been run for the period 2001-2010 with TL255 horizontal resolution
and 91 vertical levels with a 42r1 cycle, with and without the UV enhancement. Both experiments include the
same TSI variation, only the spectral distribution differs.
The model simulations with the new implemented UV enhancements (UV-MOD) show an impact on temperature
in the upper stratosphere, in broad agreement with expectations.

Figure 11. Time-series of 1hPa global mean temperature from solar max (2001) to solar min (2008). Dark blue line is ERAI
re-analysis, showing a cooling of about 1K. System 4 (red) and control (medium blue) experiments have only a small cooling,
while UV-MOD (green) shows a pronounced cooling slightly larger than the re-analysis.

Figure 11 shows the global mean cooling in UV-MOD at 1 hPa to be slightly stronger than the reanalysis
estimate, and at 2-10 hPa (not shown) the cooling is a more marked overestimate – no solar cycle is visible in
ERAI at 10 hPa during these years, but is visible in the model. Since ERAI has some suspected continuity issues
with temperature time-series above 10 hPa, it is not completely certain how to reconcile model and re-analysis. It
is possible that some discrepancy is due to the lack of a feedback from ozone: although we account for the
radiative heating of the UV variation, we did not include the impact on ozone production, due to limits in our
simplified ozone model. It is further possible that the apparent good agreement at 1 hPa is due to a
compensation of neglecting ozone feedbacks on one hand, and an incorrect estimate of the UV-variation on the
other.
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Although there is a clear effect of the UV variation on upper stratosphere temperatures, we cannot identify much
sign of a dynamical response in the stratosphere. Kodera and Kuroda (2002) explain the dynamical influence of
solar UV as stemming from a modulation of the transition in December between radiative and dynamic control of
the jet, with a substantial change in the mean jet strength at 1 hPa of order 10m/s between solar max and solar
min conditions. Our model does not exhibit this change. This could be due to inadequate vertical resolution of
the upper stratosphere, the existence of a “sponge layer” near the top of the model, or more general
inadequacies in the representation of interactions between wave forcing and model mean state.
It is also hard to identify any impact of Solar UV variation on surface or tropospheric variables. Plots show the
tropospheric mean climate to be unaffected, although since this is calculated over both phases of the solar cycle,
a null result is broadly expected. Previous literature has suggested that influences may interact very non-linearly
with the QBO, so simple compositing of solar max/solar min conditions may not be appropriate. Careful
examination of difference plots for individual years from the November start dates hinted at consistent impacts in
2006 and 2008 (and possibly 2009) for various tropospheric fields, while for the May starts signals were less
consistent, but 2008 and 2009 looked to have possibly some potential signal. Since these hints of a “solar min”
signal were not convincing, it was decided to increase the ensemble size for the 2008 start dates (both summer
and winter) from 51 to 201. The increased ensemble size confirmed suspicions that apparent surface signals
were due to inadequate sampling (Figure 12). Although a null result with even 201 ensemble members cannot
exclude small signals being present, we can conclude that this model does not exhibit large or moderately large
surface expression of the enhanced UV forcing near the stratopause.

Figure 12. Difference in 850hPa temperature forecasts for DJF 2008/09 between an experiment with enhanced solar UV
variation and one without, estimated with (left) 51 members and (right) 201 members in each experiment. Signal displayed as
the fraction of members of one ensemble that exceed the median of the other ensemble. Possible signals seen with 51
members are illusory.

Finally, it is possible to calculate forecast scores over the 10 years of forecasts for the two sets of 51 member
ensembles. For the majority of metrics, the experiment with UV-variability scores higher than the experiment
without for May starts, but lower for November starts. The differences in scores are within sampling error,
however, and we do not ascribe any significance to them.
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Experiments with the Met Office model
To investigate the potential increase in the ability of decadal prediction systems to predict European winter by
using an enhanced level of UV variability, we use the Met Office climate model, which is a key component of the
Met Office decadal prediction system. We performed two experiments using the Met Office Hadley Centre Global
Environmental Model version 3 (HadGEM3, Hewitt et al., 2011). The first experiment assesses the influence of
the solar cycle using ensembles of 50-year climate simulations with all CMIP5-forcings over the period 19602009 (Jones et al., 2011) except for solar forcing. The solar variability is specified to be zero in one ensemble
and the same as CMIP5 for TSI but with enhanced-UV variability in the other. The purpose of this experiment is
to provide a framework to understand solar responses in the model without the complication of periodically reinitialising with observationally-based initial conditions, as is done in decadal prediction systems. The second
experiment, using the same model, uses decadal-prediction-type re-forecasts over the same period. We use the
full set of CMIP5-forcings (including solar) in both ensembles except that an enhanced level of UV variability is
used in the second ensemble. The difference between ensembles is the additional solar cycle effect from
enhanced UV variability that would be expected in decadal forecasts.
We use HadGEM3 to produce two ensembles of simulations for the period 1960 – 2009 with CMIP5-evolving
forcings (Andrews et al., 2015; see Appendix 3). The first ensemble uses constant TSI, with unvarying spectral
components. The second uses CMIP5 historical solar variability plus enhanced variability in the UV-band. The
difference in response of the ensembles is the simulated influence of the solar cycle with enhanced UVvariability. The results are calculated for December-February (DJF) and for lags of zero to four years.
The difference in UV-induced upper stratospheric
warming between solar maximum and solar minimum
results in an annually averaged temperature difference
exceeding 1 K (see figure 13), similar to the change
found in the ECMWF model. This difference diminishes
when calculated for years that are lagged from the
peaks and troughs of the solar cycle, indicating an inphase relationship between solar forcing and upper
stratospheric temperature. This is in reasonable
agreement with reanalyses of observations (Mitchell et
al. 2014). Figure 14 shows the evolution of winter mean
MSLP for lags of 0 – 4 years. At lag 0 years there is a
significant positive pressure anomaly in the Aleutian
region, and a significant negative anomaly over the
Arctic extending across Greenland, both of which
project onto a positive AO pattern. These significant
surface effects are in contrast to the results in the
ECMWF model, which did not show any signal of
changing solar cycle UV.

Teq.strat.

NAO
index

Figure 13: Transient model response of equatorial
stratospheric zonal mean temperature (dashed red line)
and DJF NAO-index composites (black line) for solar
maximum minus solar minimum as a function of lag.

Analysing the winter North Atlantic / European surface climate response, represented by the NAO index (figure
12), we find that there is only a small response to solar forcing at zero lag. Instead, we see a positive response
peaking 3 – 4 years after solar maximum that is statistically significant at the 95 % level. The maximum
amplitude of the lagged NAO response is 1.8 hPa.
Andrews et al. (2015; Appendix 3) show that the source of this lagged NAO response is the sequestration and
re-emergence of surface temperature anomalies associated with solar variability in the upper layers of the North
Atlantic Ocean. This allows the solar impact on the NAO to accumulate from one winter to the next via the North

SPECS (308378) D43.1

- 33 -

Atlantic sea surface temperature tripole (Visbeck et al., 2003). By using an enhanced level of UV variability, we
are thus able to reproduce the observed lagged NAO response to solar forcing. This the most important feature
of the observed impact of solar variability on Europe, suggesting the possibility of increased winter predictability
in decadal forecasts up to a few years ahead (Smith et al., 2012).
In addition to the climate model experiment, we performed two historical re-forecast ensembles using a Met
Office decadal prediction system, DePreSys2 (Knight et al., 2014). Both use CMIP5 forcings (including solar
variability) except that the second uses the same enhanced UV irradiance from the experiments detailed above.
st
Each ensemble consists of four simulations initialised on 1 November in each year between 1960 and 2000.
Each simulation is 3 years 7 months in length, extending to four winters. The difference between the two sets of
historical re-forecasts reveals the influence of using an
increased variability of solar UV in the initialised decadal
prediction framework.
The temperature response of the upper equatorial
stratosphere as a function of lag with respect to the solar
cycle is similar in form to the transient experiment
temperature response (figure 13), but the peak heating at
zero years lag is 0.7K, or approximately 60% of the peak
response found in the climate model experiment. This is
due to the smaller difference in UV forcing between the
two re-forecast ensembles compared to that between the
two transient ensembles. A smaller temperature response
is expected to produce a smaller response in the AO and
the lagged NAO.
The lagged-MSLP response produced by averaging
together all the re-forecast DJF means is shown in the
first column of figure 15. There is an AO-like response at
zero lag and a NAO-like response at a lag of two years.
While the results are in general not statistically significant,
this sequence is very similar to the result found in the
uninitialised climate model simulations described above. A
closer comparison with the transient MSLP response
(figure 14) shows the response is weaker, which may be
due to the smaller upper equatorial stratospheric heating
difference in the re-forecast ensembles.

Figure 14: Model response of the DJF Northern
Hemisphere MSLP for solar maximum minus solar
minimum, for lags of 0 to 4 years. Regions significant
at the 95% confidence level are marked with black
stippling, and 99% with white stippling.
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Next, the lagged-MSLP response is analysed using only
the first winter of the re-forecasts (figure 15, second
column). The first winter starts one month after
initialisation of the re-forecasts using the same initial
conditions for each solar scenario (CMIP5 and enhanced
UV), so the main driver of differences in the atmospheric
response is the differential UV forcing. The positive AO
response at zero lag is in qualitative agreement with the
zero lag results of the climate model experiment, and
occurs when the differential UV forcing is greatest. The
appearance of a negative AO at a lag of three years
occurs when the UV forcing difference is close to zero.
This pattern is not statistically significant at the 90%
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confidence interval, which suggests that it is an artefact of sampling too small a number of years.
In order to ascertain whether the lagged-NAO response occurs in the decadal prediction-type experiment, the
MSLP analysis is limited to those re-forecasts that start in the solar maximum and minimum years, and which
reach the fourth winter. The three-year duration of these re-forecasts allows time for the North Atlantic Ocean to
respond to the difference in the UV-forced influence on atmospheric circulation. The results, shown in figure 15
(third column), demonstrate an evolution from positive AO at lag zero years through to a positive NAO-like MSLP
pattern at lags of two to three years. This is in agreement with the climate model experiments described above,
and suggests that the oceanic re-emergence mechanism is operating in the decadal re-forecasts.

Figure 15: Re-forecast experiment DJF response to modified-UV band solar variability, as a function of lag. All columns show
the MSLP response filtered by solar maximum minus solar minimum, using different subsets of re-forecast data. Column 1
uses all re-forecast DJF data. Column 2 only includes the first DJF. Column 3 uses only re-forecasts that start in solar
maximum and solar minimum years. Regions significant at the 90% confidence level are marked with black stippling.

The smaller and less confident results in the re-forecast experiment compared to the climate model experiment
could be a result of the smaller difference in UV-band variability which drives the surface climate response via
upper stratospheric heating. In addition, the decadal prediction experiments contain less trial years than the
climate experiments, especially when subset by lead time or phase of the solar cycle. This is likely to make
separation of solar responses from other variability more challenging. Nevertheless, the similarity of the
initialised decadal prediction results to the climate model results, which are statistically significant, provides the
necessary confidence that the same processes are operating.
In summary, the results of our experiments show that, by including a higher level of solar irradiance variability in
decadal prediction systems, the observed AO and lagged-NAO response can be reproduced. This potentially
contributes to the skill of s2d forecasts, especially over multi-annual timescales, as realistic European winter
climate signals for years ahead can be obtained in response to forcing levels already known at the time the
forecasts are produced.
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Appendix 2: METEOF report on a well-resolved stratosphere in the CNRN-CM5 model

SPECS (308378) D43.1

- 39 -

Sensitivity of CNRM-CM5 seasonal
predictability to stratosphere modelling

Michel Déqué, Jean François Guérémy and David SaintMartin

SPECS Technical note 2
Date 03/2014

SPECS (308378)

Tehcnical note X

- 1-

Series: SPECS Technical Notes
A full list of SPECS technical notes can be found on our website:
http://www.specs-fp7.eu/SPECS/Dissemination.html
Contact: specs@ic3.cat

This publication is not reprinted or translated in whole or in part without written permission of the
Management Board.
This information within this publication is given in good faith and considered to be true, but SPECS
accepts no liability for error, omission for loss or damage arising from its issue.

SPECS (308378)

Technical note 2

- 2-

Index
1. Abstract............................................................................................................5
2. Introduction.......................................................................................................5
3. Models and experiments..................................................................................5
4. Results.............................................................................................................7
5. Full high vertical resolution.............................................................................16
6. Discussion......................................................................................................17
7. Conclusions....................................................................................................18
8. References.....................................................................................................19
8. Acknowledgements........................................................................................19

SPECS (308378)

Technical note 2

- 3-

SPECS (308378)

Technical note 2

- 4-

1. Abstract
The standard version of CNRM-CM5 with a vertical resolution based on 31 vertical levels is compared
with a version adding 40 pressure levels in the stratosphere, a prognostic variable representing ozone
concentration, a linear photochemistry scheme, and a parameterization of the gravity waves in the
stratosphere. A simple assimilation of the ozone concentration allows to start from a consistent
stratospheric state. Seasonal re-forecasts of the period 1979-2012 show that the predictability of the
stratosphere is improved, but the impact on tropospheric scores is weak. Additional experiments,
combining high resolution in the stratosphere and high resolution in the troposphere show that the key
might be in a high resolution along the whole vertical profile, but this is strongly model dependent.

2. Introduction
Scientific weather prediction is based on the knowledge and modelling of the equations governing the
atmosphere. Beyond day 10-15 most of the predictable signal is blurred out by the unpredictable
chaotic evolution of turbulent phenomena. However, two phenomena show a predictable evolution for
a couple of months ahead. This predictability is not just a question of persistence. The first one is the
El Nino-southern oscillation (ENSO) phenomenon. The ocean is, as the atmosphere, governed by
turbulent motions, but its time scale is larger, because of the thermal and dynamical inertia of the
water fluid. Since the 1997-1998 Nino event, operational forecast models of the coupled atmosphereocean system predict with a certain success the phases of the ENSO, and, to some extent, the
consequences on the seasonal temperature and precipitation anomalies on other parts of the world.
The second phenomenon is the quasi-biennial oscillation (QBO). Here the predictability does not
come from the heat capacity of the stratosphere (which is tiny compared to that of the troposphere)
but from its vertical stability which makes it a place not dominated by turbulent mixing.
Since the work by Cariolle and Déqué (1986), the CNRM has privileged the vertical resolution in its
successive atmospheric general circulation models (GCM), the Holy Grail being the simulation of the
QBO in a GCM. In Cariolle et al. (1993) a modulation in the intensity of the stratospheric winds with
the right period was a first step, but no wind reversal was obtained in the simulation. In Déqué and
Piedelievre (2006) the traditional 31-level discretization was replaced by a 91-level one in the
seasonal forecast model used for Eurosip. The result was an increase in northern mid-latitude as well
as tropical scores.
The aim of this study is to examine this question with the present generation of forecast models, trying
to isolate the role of the stratosphere in the seasonal predictability. In addition we include a specific
gravity wave drag parameterization which enables the triggering and maintenance of the QBO, without
needing a very high horizontal and vertical resolution, which would be necessary to simulate the
waves explicitly. Section 3 presents the model and the experiments. Section 4 details the results of the
main experiment, and Sections 5 and 6 present additional experiments with the above mentioned 91level discretization.

3. Models and experiments
The base model used here is a modified version of CNRM-CM5 (Voldoire et al., 2013). The ocean part
is Nemo version 3.2 with 1° resolution (refined in latitude along the equator) and 42 vertical levels. The
atmosphere is Arpege version 5.1 with tl127 spectral truncation (1.4°) and 31 vertical levels. We
define a stratospheric version with a vertical resolution based on 71 levels, constructed by adding 40
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levels in the stratosphere The two versions will be referred to as low top and high top in the following.
Figure 1 shows the vertical distribution of the levels by the decimal logarithm of the surface pressure
divided local pressure (e.g. 2 corresponding to about 10 hPa). The 91 level version, which is a full high
vertical resolution version, will be considered in sections 5 and 6. The surface physical
parameterizations are different from version 5.2 used in CMIP5. Version 5.1 is described in Déqué
(2010). In the high top version, ozone concentration is a prognostic variable, read in the initial
conditions and advected by the circulation. A linear scheme is used to represent the stratospheric
photo-chemistry (an updated version of Cariolle and Déqué, 1986). The unresolved vertical nonorographic gravity waves are represented by a specific parameterization (Lott et al., 2012).

Figure 1: Pressure distribution of the model levels. The abscissa is the standard pressure as
-log10(P/Ps), so that 0 corresponds to 1000 hPa, 1 to 100 hPa and 5 to 1 Pa. Three discretizations
are shown: 31 levels (bottom), 71 levels (middle) and 91 levels (top)

A preliminary 34-year simulation (1979-2012) of the stratospheric model, nudged toward Era-interim,
has produced daily fields of ozone concentration compatible with the observed stratospheric
circulation and the photo-chemical scheme. There are no ozone observation, but it is in principle a
better alternative to an ozone climatology to start a forecast, because the horizontal distribution of
ozone is dictated by the planetary waves of temperature and stream-function. In practice, the impact
on the scores has not been evidenced (see section 5).
Starting at 1st February, May, August and November, ensembles of 30 members have been produced
for each year of 1979-2012. The forecasts ran over 4 months, and the period month 2-4 corresponds
to a northern hemisphere season which is used to name the forecast: e.g. a forecast starting at 1st
February is named a Spring forecast. The first 10 members have been extended to month 7. The
different members are generated by a technique named stochastic dynamics (Batté, 2013). This
technique consists of generating first a one-member hindcast which is nudged toward Era-interim
(relaxation time 1 day). Once per day, the contribution of the nudging to the equations is saved. With
an inversion of the sign, this provides a sample of model initial errors for each calendar month. When
producing the actual (un-nudged) forecasts, these errors are subtracted from the model equation after
a random selection. The aim of this technique is to maintain a 3-dimensional, inter-variable and,
possibly, time consistency in the perturbation. There is one error sample for the tropospheric version
and one for the stratospheric version, and, as written above, one sample per calendar month and per
starting month. The error distribution in May is different if the model started on May 1st or if it started
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on February 1st. After a first attempt with 5 consecutive iterations (31 levels only), we used only 2
iterations, i.e. the mean correction of a first nudging was applied to a second nudging iteration, and the
sum of the two correction (the first one being constant, the second one including day to day variations)
was stored. In the present hindcasts, the stochastic dynamics is obtained by making a random
selection of the errors: we exclude the current year (as we did in the second iteration) and we use
consecutive 5-day sequences before the next random choice.
This predictability experiment is similar, except that it covers twice more years, to the experiment on
horizontal resolution (Déqué et al., 2014). Many general considerations have not been repeated here,
and it is a good idea to read that document first, referred to as TN1 in the following.

4. Results
4.1 Nino 3.4 scores
The greatest success of numerical weather forecasting is the prediction, up to 6 months in advance, of
the warm and cold phases of the equatorial Pacific sea surface temperature (sst). The mostly used
index is the mean temperature anomaly of the so-called Nino 3.4 area, corresponding to the rectangle
5°S-5°N by 170°W-120°W. Figure 2 shows the scores with the high and low top versions of the model.
Since ENSO is a persistent phenomenon, we also display the correlation of the persistence prediction,
based on the observed mean anomaly of the month preceding the forecast. These results are based
on 10 members and 34 years. They are rather robust. More members (in the first 4 months) do not
change the scores. Except in March when the forecast starts on 1st February, the persistence is
always worse than the models. This Spring forecast is particularly difficult and the two models show
equivalent scores. In the other 3 seasons, the hight top version beats the low top one.
4.2 QBO scores
The high top version has been designed, thanks to its gravity wave parameterization, to produce a
realistic QBO in multi-year simulations. The question here is, given the fact that the phase of the QBO
is exact at month 0, thanks to ERA-interim reanalyses, can we predict the phase of the QBO in the
following months, or does the model return quickly to its climatology ? Here the QBO is measured by
the mean 30 hPa zonal wind along the equator. Since the period of the QBO is 28 months, the sign of
the phase is generally kept constant during 6 months, so persistence is a great challenger, in terms of
correlation. Figure 3 shows that, as expected, the low top lose rapidly the QBO predictability. If we
except Autumn, the high top is better than persistence.
4.3 NAO scores
NAO index measures the enhancement or the weakening of the North-South pressure gradient in the
northern Atlantic. Here we calculated it with an EOF analysis of the daily 500 hPa height over the
Atlantic-Europe area for DJF, from 1979-2012 Era-interim data. The daily annual cycle has been
subtracted. The first EOF explains 20% of the total variance. When applied to the other seasons, the
EOF analysis provides the same leading mode, but with a lesser percentage of variance and a
northward shift of the positive belt. The scores in the other seasons of the first EOF are not significant,
so we concentrate here on DJF predictions, as in TN1. The correlation coefficient, using 34 seasons
and 30 members is 0.41 for low top, and 0.50 for high top. Using the Monte-Carlo method described in
TN1, this difference is not significant, even with a confidence of 90%.
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a

b

c

d
Figure 2: Time correlation between the predicted and observed Nino 3.4 monthly sst as a function
of lead time (month); red curve high top, blue curve low top, grey curve persistence; Winter (a),
Spring (b), Summer (c) and Autumn (d)
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a

b

c

d
Figure 3: As Figure 2 for the QBO

Let us introduce two indices which might more robust: the northern annular mode (NAM) and its
southern counterpart, the SAM. These indices are defined here as the first EOF of the zonal mean 500
hPa height North (resp South) of 30°N (resp 30°S) for each season. The spatial average are, in the
calculation of the variance, weighted by the corresponding area, i.e. the cosine of the latitude. The first
EOF explains about 40% in the northern hemisphere and 60% in the southern hemisphere, with a
seasonality in the northern hemisphere (maximum in DJF). There is also a maximum percentage in
DJF for the SAM, due to the ENSO cycle, the maximum variance occurring, as for the NAM, in Winter.
Figure 4 shows the latitudinal profile of the NAM and SAM indices. One can see that the SAM pattern
is more steady wrt the seasonality.
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Figure 4: NAM (top) and SAM (bottom) dimensionless profile as a function of latitude. From left to
right: DJF, MAM, JJA and SON

As far as the skill in predicting these indices is concerned, Table 1 shows that HT has a lower time
correlation than LT over the 34 years. This should temper the optimism about the improvement of the
NAO prediction skill.
DJF

MAM

JJA

SON

NAM LT

0.45

0.23

0.26

0.20

NAM HT

0.41

0.18

0.06

0.14

SAM LT

0.19

0.32

0.30

0.32

SAM HT

0.14

-0.02

0.29

0.31

Table 1: time correlation between forecast and verification for the NAM and SAM indices

More robust than the simple time correlation, the mean anomaly correlation (MAC) involves a spatial
averaging over large areas of the three second-order momenta used in the correlation. Table 2 shows
that the high top version is slightly worse in the mid-latitudes and slightly better in the tropics. This is in
agreement of the ENSO/QBO improvement and the NAM/SAM degradation.
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30°N-90°N
LT
MAM

JJA

SON

DJF

30°N-30°S

HT

LT

30°S-90°S

HT

LT

HT

Prec.

.15

.15

.48

.48

.08

.14

Z500

.27

.22

.51

.56

.25

.21

Tsur

.37

.35

.46

.47

.32

.29

Prec.

.05

.03

.40

.39

.15

.16

Z500

.18

.13

.50

.51

.28

.26

Tsur

.31

.30

.49

.50

.25

.24

Prec.

.04

.05

.44

.47

.14

.16

Z500

.19

.16

.44

.49

.36

.35

Tsur

.37

.34

.54

.56

.29

.27

Prec.

.15

.16

.56

.55

.18

.19

Z500

.34

.33

.55

.61

.27

.25

Tsur

.30

.28

.51

.52

.29

.27

Table 2: Mean ACC of low top (LT) and high top (HT) over the 3 parts of the globe for precipitation,
500 hPa height and surface temperature.

The systematic error, also known as bias, is not an indicator of the forecast skill, but it can be used to
check that the model simulations went smoothly. A perfect model has zero bias, but the reciprocal is
not true. In addition, it is very stable, given the 34 years and 30 members. Figure 5 shows the Z500
bias in DJF (month 2-4). One can notice that the bias is different and generally smaller than the bias
shown in TN1 for the low resolution version. Besides the fact that the verification period is different, the
main explanation comes from the fact that here we apply a stochastic dynamics. The random terms
which mimic the model errors have a non-zero mean and contribute to reduce the bias.
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Figure 5: Systematic error of 500 hPa height in DJF (month 2-4) for low top (left) and high top
(right); contour interval 20 m.

Figures 6 and 7 show the bias of DJF and JJA precipitation and surface temperature. The two
versions of the model having the same physics and the same resolution in the troposphere (where
most of the physics is active), the bias is the same in HT and LT. One can remark that the hight top is
colder in Winter midlatitudes.

Figure 6: Systematic error of precipitation at month 2-4 for low top (left) and high top (right) in DJF
(top) and JJA (bottom); contours ±1 ±2 ±4 and ±6 mm/day
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Figure 7: As Figure 6 for surface temperature; contour interval interval 1°C, zero contour omitted

The conclusion of what precedes is that a better prediction of the QBO may have an impact on the
tropics, but not on midlatitudes. To better illustrate this feature, let us look at a few linear composite
maps. A composite map of a field F (e.g. 500 hPa height) with respect to an index I (e.g. ENSO index)
is a conditional climatology anomaly:

〈 F∣I >t 〉−〈 F 〉

(1)

where t is a threshold. This map is less robust than a full climatology map, because only a few years
amongst the available 34 are used. In addition, we have to decide an arbitrary value for t. If we
assume that the phenomenon measured by I has a quasi-linear impact on F, i.e. the response is
scaled by the perturbation and a reverse cause produces a reverse effect, and if I is constructed so
that its mean is 0 and its standard deviation is 1, one can use alternatively the linear composite:

〈 F.I 〉−〈 F 〉 . 〈 I 〉=〈 F.I 〉

(2)

which is at a time the covariance between F and I, and the regression coefficient of F by I , since the
variance of I is 1. Here all 34 years are used, and no threshold is involved. Figure 8 shows linear
composites based on monthly means for northern hemisphere 500 hPa geopotential height in DJF.
Four normalized indices I are used: NAO, NAM, ENSO and QBO. The NAM map is the very similar to
the NAO map. For ENSO one can recognize the PNA-like pattern in the model as well as in the
observation. The observed composite of the QBO is annular, as for NAO and NAM, but with a much
weaker amplitude.
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a

b

c

d

Figure 8: Linear composite of observed 500 hPa height in DJF with respect to NAO (a), NAM(b),
ENSO (c) and QBO (d); the contour interval is 10m.

Figure 9 shows the composite maps for the High Top version. One can see that for NAO and NAM, the
link is obvious, since I is based on F. For ENSO, the model behaves as expected. The low top version
(not shown) exhibits almost the same patterns as Figure 9. The composite for QBO is almost zero
(less than 5 m everywhere). This would mean that the model disconnects the QBO from the
tropospheric activity. However, one should not too much worry about this, because the pattern in
Figure 8d does not resist to a 95% significant test based on year shuffling. The fact that for the model
we have a weaker pattern comes simply from the 30 member average which damps out the fortuitous
connections.
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a

b

c

d
Figure 9: As Figure 8 for the High Top version

More significant is the composite of the stratospheric polar vortex (SPV). This index is calculated
similarly to the QBO index, except that we consider the mean zonal wind at 60°N instead of the mean
along the equator. In the observations this composite shows a clear positive NAO signature (Figure
10a). This pattern is stronger than with the QBO. Indeed positive NAO or NAM measure a stronger
westerly circulation in the northern hemisphere. The SPV measures the same thing in the
stratosphere. The QBO measuring the westerly circulation at the equator, the signal is expectedly
weaker. The correlation between the NAO (or the NAM) and the SPV is 0.41 whereas the 95% interval
for a zero correlation is [-0.18,0.18]. If we calculate the NAO-SPV correlation with one month lag, it is
0.29 when the SPV precedes the NAO and 0.25 when the SPV follows the NAO. This difference is not
significant. Moreover if we consider NAM instead of NAO, the correlation is 0.32 in both cases. We
must be careful on this chicken-and-egg question.
The good news, as shown by Figures 10b and 10c, is that the composite of the hindcasts is similar to
the observed pattern, with a model fantasy in the Pacific sector. As for NAOM and NAM (Figures 9a
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and 9b), the model exaggerates the Pacific with respect to the Atlantic. The bad news is that the SPV
is not predictable by the model beyond month 2 (the correlation is 0.13 for January and 0.04 for
February, whereas for QBO it is 0.76 and 070 respectively). The problem is not between the
stratosphere and the troposphere, but inside the stratosphere: the model is able to predict the QBO,
but not the SPV. We have here a behavior analogue to what occurs at the surface: the model predicts
the ENSO, but weakly the surface temperature over Europe. There is a weak correlation between
QBO and SPV in the observation (0.24). It is even weaker and not significant in the HT model (0.15).
Surprisingly, this correlation is higher in the LT model (0.23). But the LT model has no QBO and the
wind in the 2nd vertical layer from top is dominated by numerical waves.

a

b

c

Figure 10: Linear composite of 500 hPa height by the stratospheric polar vortex with observations
(a), LT (b) and HT (c) hindcasts ; contour interval 10 m

5. Full high vertical resolution
In order to explore further the role of the stratosphere, we introduce a new vertical resolution with 91
vertical levels (see Figure 1). The stratosphere is unchanged, but the vertical resolution increases in
the troposphere. We carried out 34 winter forecasts with two 30-member ensembles. In the first one,
the initial ozone is defined as the observed climatology. In the second one it comes from a preliminary
34-year nudging simulation. In this section, the high top version is renamed L71 and is compared with
the two flavours of L91.
As far as the ENSO is concerned, the two L91 have identical scores, slightly under those of L71
(Figure 11a). As far as the QBO is concerned, the two L91 have identical scores as well, slightly above
those of L71 (Figure 11b). The NAO shows a degradation with a correlation of 0.37 (initial ozone) and
0.34 (climatological ozone). This difference is not significant, but the difference with 0.50 obtained with
L71 is statistically significant (at 90% level of confidence). As for NAO, the NAM has a lesser
predictability: 0.38 (initial ozone) 0.35 (climatological ozone) versus 0.41 (L71). In the case of SAM,
there is a slight improvement: 0.23 and 0.29 versus 0.14.
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a

b

Figure 11: Correlation for NDJFMAM hindcasts for ENSO (a) and QBO (b): L71 (red) and L91
(green)

The mean ACC of the two L91 experiments are very close to each other and it makes sense to merge
them to build a 60-member ensemble. By doing this, we can calculate many MACCs by subsampling
each year to 30 members. We obtain thus a pdf for each domain and variable. Table 3 resumes some
results of Table 2. The L91 version seems to have less skill than the L71 one. However, The L71
correlation stays inside or close to the upper boundary of the 95% interval.
30°N-90°N
L91
DJF

30°N-30°S
L71

L91

30°S-90°S
L71

L91

L71

Prec.

.12-.15

.16

.53-.54

.55

.16-.18

.19

Z500

.27-.32

.33

.56-.58

.61

.20-.27

.25

Tsur

.26-.30

.28

.49-.50

.52

.25-.28

.27

Table 3: Mean ACC of L91 (95% interval) and L71 over the 3 parts of the globe for precipitation,
500 hPa height and surface temperature.

The DJF biases of the two L91 versions (not shown) are, as expected, very similar to those of L31 and
L71 as shown in Figures 5, 6 and 7. Therefore, if we exclude the QBO, the extension of the vertical
resolution to the troposphere has led to a slight degradation of the winter predictive skill. The
composite of Z500 by the ENSO, QBO or SPV (not shown) are very similar to those of the L91. For
SPV, the height maximum in the Pacific is reduced (improvement), but for ENSO, the height minimum
in the Atlantic is intensified (degradation).

6. Discussion
The above experiments have been carried out in the framework of the SPECS project, and some
aspects of the design have been proved later to be questionable, in particular the use of several
iterations in the calculation of the perturbation terms (Technical Note to appear). In order to avoid
letting the reader with the wrong idea that including a representation of the stratosphere degrades the
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seasonal skill, let us jump two year backwards, with the experimental design of Batté (2013). Here we
use the same version of Arpege and Nemo, but with the strict definition of CMIP5 version. The sea-ice
and the surface are not simplified, their initial conditions (including Arpege and Nemo) come from a
preliminary nudging simulation toward Nemovar and Era-interim. There is no parameterization of the
stratospheric gravity waves. The stochastic dynamics is based on a random drawing of pertubations
every 6th hour (no time consistency). The period covered is 1979-2010. Only NDJF hindcasts are
produced. We have one experiment with 91 levels and 60 members, and one with 31 levels and 30
members. They will be referred to as L91o and L31o.
The ENSO (till month 4) is less correlated than in the previous experiment: the February correlation is
0.86 (L31o) and 0.81 (L91o) instead of 0.90 (LT), 0.93 (HT) and 0.90 (L91). The missing years 2011
and 2012 are not characterized by a big ENSO phenomenon, so they do not explain such a difference.
The NAO correlation for DJF is 0.56 with L91o and 0.37 L31o. But there are twice more members in
the L91o, so if we subsample L91o to 30 members, the 95% interval is [0.33-0.63] so we cannot be
sure there is an improvement. For the NAM, the L31o has a correlation of 0.36, and the 95% interval
of the L91o is [0.45-0.68] so the improvement is clear here. However, we have the reverse effect for
the SAM: L31o has a correlation of 0.41 and the 95% interval of the L91o is [0.04-0.34].
Table 4 shows the MACC for 30-member hindcasts. Contrary to the combination of Table 2 and Table
3, the high top is either equivalent or better than the low top version.
30°N-90°N
L91o
DJF

30°N-30°S

L31o

L91o

30°S-90°S

L31o

L91o

L31o

Prec.

.18-.21

.18

.58-.59

.59

.16-.19

.14

Z500

.35-.43

.36

.67-.69

.68

.32-.39

.30

Tsur

.30-.35

.34

.47-.49

.49

.28-.31

.30

Table 4: Mean ACC of L91o (95% interval) and L31o over the 3 parts of the globe for precipitation,
500 hPa height and surface temperature.

7. Conclusions
Adding a stratosphere in a seasonal forecast model is not necessarily a guarantee of an overall
improvement of the skill. It can even lead to a degradation. The result is strongly dependent on the
physical parameterizations. At lower horizontal resolution, the improvement was clearer (Déqué and
Piedelievre 2006), provided that the vertical diffusion was weak. With a completely different physics,
there is also an improvement with the inclusion of stratospheric levels (Guérémy, personal
communication). One must be very careful, use large ensembles (> 30) and long hindcast periods (>
30 years) otherwise one can draw erroneous conclusions. The composite approach (ENSO, QBO) is
an alternative way of evaluation, but we did not explore much its robustness here.
In the second phase of SPECS, we will introduce a new physics in our model (CNRM-CM6) and the
91L will be the default vertical resolution. Preliminary results are encouraging.
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Appendix 3: MetOffice paper on simulated responses to enhanced UV variability
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Abstract
Numerous studies have suggested an impact of the 11 year solar cycle on the winter North Atlantic
Oscillation (NAO), with an increased tendency for positive (negative) NAO signals to occur at
maxima (minima) of the solar cycle. Climate models have successfully reproduced this solar cycle
modulation of the NAO, although the magnitude of the effect is often considerably weaker than
implied by observations. A leading candidate for the mechanism of solar inﬂuence is via the impact of
ultraviolet radiation variability on heating rates in the tropical upper stratosphere, and consequently
on the meridional temperature gradient and zonal winds. Model simulations show a zonal mean wind
anomaly that migrates polewards and downwards through wave–mean ﬂow interaction. On reaching
the troposphere this produces a response similar to the winter NAO. Recent analyses of observations
have shown that solar cycle–NAO link becomes clearer approximately three years after solar
maximum and minimum. Previous modelling studies have been unable to reproduce a lagged
response of the observed magnitude. In this study, the impact of solar cycle on the NAO is investigated
using an atmosphere–ocean coupled climate model. Simulations that include climate forcings are
performed over the period 1960–2009 for two solar forcing scenarios: constant solar irradiance, and
time-varying solar irradiance. We show that the model produces signiﬁcant NAO responses peaking
several years after extrema of the solar cycle, persisting even when the solar forcing becomes neutral.
This conﬁrms suggestions of a further component to the solar inﬂuence on the NAO beyond direct
atmospheric heating and its dynamical response. Analysis of simulated upper ocean temperature
anomalies conﬁrms that the North Atlantic Ocean provides the memory of the solar forcing required
to produce the lagged NAO response. These results have implications for improving skill in decadal
predictions of the European and North American winter climate.

1. Introduction
The variability of the Sun’s output inﬂuences the heating
of the stratosphere via the absorption of ultraviolet (UV)
by ozone (Haigh 1994, Gray et al 2009). Observational
studies of the inﬂuence of the 11 year solar cycle show
warm temperature anomalies in the equatorial upper
stratosphere at solar maximum compared to solar
minimum (Frame and Gray 2010, Mitchell et al 2014).
Signiﬁcant changes in the extratropical atmospheric
circulation have been linked to these temperature
anomalies (Kodera 1995, Kodera and Kuroda 2002),
© 2015 IOP Publishing Ltd

and this is supported by modelling studies (e.g. Matthes
et al 2004, 2006, Ineson et al 2011). One of the
mechanisms for ‘top-down’ solar inﬂuence (Gray
et al 2010) involves equatorial stratospheric warm
anomalies at solar maximum which increases the mean
meridional temperature gradient, resulting in an
increase in the mean Westerly wind in the mid-latitude
stratosphere. This positive zonal wind anomaly is then
ampliﬁed by forcing from planetary waves propagating
upwards from the troposphere. Along with meridional
advection, this wave feedback causes the poleward and
downward migration and ampliﬁcation of the wind
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anomaly to the mid- and high-latitude lower stratosphere, where it is able to inﬂuence tropospheric
circulation. The resulting surface response involves sealevel pressure changes at solar maximum which are very
similar to the positive phase of the Arctic Oscillation
(AO), with anomalous low pressure over the North Pole
bordered by anomalous high pressure in mid-latitudes
(Thompson and Wallace 1998). Conversely, at solar
minimum, a negative AO response results from reduced
stratospheric meridional temperature gradients and the
downward and poleward propagation of negative zonal
wind anomalies. This top-down mechanism occurs on
seasonal timescales since planetary wave propagation in
the stratosphere is limited to the winter half-year.
This ‘top-down’ mechanism cannot explain the
recently identiﬁed lag of approximately 3 years
between solar maximum (minimum) and an
increased tendency of a positive (negative) North
Atlantic Oscillation (NAO) signal superimposed on
the intrinsic year-to-year NAO variability (Gray
et al 2013). The ability of the climate system to produce a multi-year lag in the winter NAO response
necessitates the persistence of solar signals within the
climate system from one winter to the next. Scaife et al
(2013) showed that the North Atlantic Ocean is a
prime candidate for the source of the lag. Model simulations have demonstrated that the sub-surface North
Atlantic Ocean can be inﬂuenced by NAO changes
related to the internal variability of stratospheric circulation (Reichler et al 2012) and changes in multidecadal solar irradiance (Menary and Scaife 2014). On
interannual timescales, Scaife et al (2013) presented a
mechanism involving coupled atmosphere–ocean
feedbacks. The NAO is known to be correlated with a
tripole pattern in the North Atlantic sea-surface temperatures (SST), (Visbeck et al 2003), which extends
below the surface into the ocean mixed layer. Due to
the seasonal cycle in surface heat and turbulent ﬂuxes,
the mixed-layer-depth (MLD) is deeper in winter than
in summer. This suggests that a winter sub-surface
ocean signal, linked to solar variability, could persist
by being isolated underneath the shallower summer
mixed layer from the modifying inﬂuence of surface
ﬂuxes from the atmosphere. In autumn, as the summer mixed-layer erodes and the deeper winter mixed
layer becomes established, any sub-surface solar signal
would reconnect with the surface, giving it the potential to inﬂuence the atmosphere. This sequestration
and re-emergence of signals from one winter to the
next has been shown to operate in other contexts
(Alexander et al 1999, Timlin et al 2002, Deser
et al 2003, Taws et al 2011), and would give rise to a
forcing of the NAO by the ocean (Rodwell and Folland 2002). Hanawa and Sugimoto (2004) identiﬁed
several regions of re-emergence including areas of the
North Atlantic relevant to this study. Scaife et al (2013)
argue that a weak solar-related AO/NAO signal could
build up over a number of years in the tripole region of
the North Atlantic Ocean and feedback onto the
2

atmosphere to produce a peak in the NAO signal after
a few years.
Several studies have examined the simulated NAO
response to solar forcings. Gray et al (2013) and
Mitchell et al (2015) showed that Coupled Model
Intercomparison Project Phase 5 (CMIP5) simulations were unable to reproduce the observed NAO
response. On the other hand, Ineson et al (2011) were
able to simulate a realistic amplitude of the NAO
response by imposing a higher level of variability in
UV-band irradiance. They reproduced the UVinduced ‘top-down’ mechanism, connecting the
upper-stratosphere and the tropospheric NAO. The
simulations from Ineson et al (2011) were further analysed by Scaife et al (2013), who showed that the
implied ocean–atmosphere coupling in the model
used by Ineson et al (2011) was too weak to produce
the observed delay.
In this study we use historical simulations of the
period 1960–2009 with CMIP5 evolving forcings to
explore the inﬂuence of solar variability on the NAO.
This is different to the experiments of Ineson et al
(2011) which use constant forcings within their solar
maximum and solar minimum scenarios. We use two
ensembles, the ﬁrst with solar irradiance held constant
and the second with time-varying spectrally resolved
solar variability. The difference in response of the
ensembles should reveal the inﬂuence of the varying
solar cycle on the atmosphere and oceans.

2. Methods
To produce the simulations described in this paper we
used the Hadley Centre Global Environmental Model
version 3 (HadGEM3, Hewitt et al 2011, Walters
et al 2011). This is an atmosphere–ocean coupled
model which includes NEMO v3.2 ocean and CICE
sea-ice sub-models. This model is also used by the Met
Ofﬁce Hadley Centre Decadal Prediction System
version 2 (DePreSys2) (see Knight et al 2014, and
references therein). The model atmosphere has a
horizontal resolution of 1.25° in latitude by 1.875° in
longitude, and 85 vertical levels up to 85 km
(∼0.1 hPa). This ‘high-top’ model is capable of
simulating stratospheric processes such as UV heating
and circulation. The ocean sub-model is a nominal 1°
ocean on a tripolar grid with 75 vertical levels. The seaice sub-model has four ice thickness categories. The
atmosphere and ocean time-steps are 20 and 60 min
respectively. Atmosphere–ocean coupling occurs with
a frequency of 3 h.
The model has 6 shortwave spectral bands spanning 0.2–10 μm. The UV band spanning wavelengths
200–320 nm is divided into a further 6 sub-bands to
increase sensitivity to the imposed UV variations
(Zhong et al 2008). Two 12-member ensembles, differing only in solar irradiance forcing, were performed, with each member running from 1960 to
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Figure 1. (a) Time-series of imposed TSI anomaly (black line), and UV-band irradiance anomaly (dashed blue line) with respect to the
1960–2009 mean. (b) Composites of upper stratospheric zonal mean temperature (dashed red line) and DJF NAO-index (black line)
as a function of lag with respect to solar maximum minus solar minimum. The upper stratospheric temperature is calculated as the
annual average of the region bounded by 0.5–5 hPa (approximately 40–55 km), and 30 °S–30 °N. The NAO-index is deﬁned as the
DJF surface pressure difference between the Azores and Iceland. The points where the NAO-index is signiﬁcant at the 95% level are
highlighted with squares.

2009. The ﬁrst ensemble has a constant irradiance in
each band and is used as a control. The second ensemble has varying 11 year solar cycle irradiance
(Lean 2009) with the UV-band irradiance modiﬁed to
reﬂect UV variations observed by the Spectral Irradiance Monitor (SIM) instrument on the Solar Radiation and Climate Experiment (SORCE) satellite
(Harder et al 2009). These UV measurements do not
span a complete solar cycle, so a regression with open
solar ﬂux (Lockwood et al 2004) over the available SIM
data period is used to construct a UV-band irradiance
timeseries using the open solar ﬂux over the period
1960–2009. We note that the magnitude of solar cycle
UV variability remains uncertain, and the variability in
the SORCE dataset is likely to be an upper limit
(Ermolli et al 2013). Figure 1(a) shows the evolution of
the total solar irradiance (TSI) variability, together
with the irradiance contribution from the modiﬁed
UV-band.
All other climate forcings were speciﬁed using data
from CMIP5 historical (up to 2005) and Representative Concentration Pathway 8.5 (beyond 2005) (Jones
et al 2011). Stratospheric ozone is prescribed on the
latitude-height grid as a historical monthly-varying
zonal mean, and is based on the SPARC (Stratospheric
Processes and their Role in Climate) dataset (Cionni
3

et al 2011). This includes an estimate of the effect of
the solar cycle on stratospheric ozone concentrations,
which is present in both ensembles. Responses to
ozone variations are not expected to inﬂuence the
results, therefore, since the solar response will be identiﬁed as the difference between ensembles. Consequently, we do not evaluate possible dynamical
responses to changes in ozone related to solar variability, although the calculation of stratospheric heating
from the imposed solar UV uses the model’s speciﬁed
ozone concentrations. Realistic treatment of the
effects of solar cycle ozone changes likely requires fully
interactive chemistry–climate simulations and is
therefore beyond the scope of this paper.
Each ensemble was initialized using the same
initial conditions generated by a control simulation of
HadGEM3 with 1960s forcings. Ensemble spread is
achieved using a combination of three different initial
conditions (separated by ten years in the control simulation) and the Stochastic Kinetic Energy Backscatter
(SKEB2) scheme (Tennant et al 2011) which applies
small stochastically-generated wind increments at
every atmospheric model time step. SKEB2 is used to
introduce random changes to the model’s atmospheric evolution via the selection of different initial
‘seed’ values.
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We deﬁne the years of solar maximum and minimum as the upper and lower terciles of the Lean
(2009) TSI over the period 1960–2009. This produces
17 solar maximum years (1960, 1969–70, 1978–82,
1989–92, 1999–2003) and 17 solar minimum years
(1962–65, 1974–76, 1985–87, 1995–97, 2006–09). The
examination of lagged responses can result in slightly
fewer years being available for composites when some
of the lagged years fall outside the period of our simulations. The average number of solar minimum years
for all lags considered in this paper (from −6 to +6
years) is 14 (amounting to 168 ensemble member
years) and for solar maximum, 16 (192 ensemble
member years). The use of terciles to identify solar
maximum and solar minimum years produces blocks
of years that are, on average, over 3 years in duration.
While this provides better statistical inferences by
increasing the effective sample size, the speciﬁc phases
of the solar cycle associated with particular signals are
less well deﬁned.
The inﬂuence of the solar forcing is identiﬁed as
the difference between the means of the control and
perturbation ensembles. The advantage of this
approach is that we isolate the signal of solar forcing
from those of other forcings. Composites for the
annual average or December–January–February (DJF)
average are then computed for the solar maximum
and minimum years. Lagged composites are formed
using the equivalent years offset by −6 to +6 years. A
Monte-Carlo approach is adopted to calculate twosided signiﬁcance at the 95 and 99% levels for the
mean-sea-level-pressure (MSLP) ﬁelds. To account
for autocorrelation between consecutive years within
the blocks of solar maximum and solar minimum
years, our Monte-Carlo approach produces composites from randomly selected non-overlapping blocks
of years from the 1960–2009 dataset. 1000 randomly
generated composites of pseudo-maximum and
pseudo-minimum years are used to produce the distribution of differences expected by chance, against
which the real solar maximum and minimum composites are compared.

3. Results
The annually averaged imprint of solar UV heating on
the tropical and sub-tropical upper stratosphere during the solar cycle is readily seen in the lag plot of
ﬁgure 1(b). The UV-induced warming in the upper
stratosphere for solar maximum minus solar minimum peaks at zero lag and results in an annually
averaged temperature difference exceeding 1 K, in
reasonable agreement with reanalyses (Mitchell
et al 2015). As the lag increases from 0 to 2 years, the
warm anomaly reduces in amplitude before reversing
in sign from lag 3 years onwards due to the transition
to the opposite phase of the solar cycle.
4

Unsurprisingly, the simulated tropical upper stratospheric temperature changes resulting from the
solar cycle are similar to those found in the HadGEM3
experiments performed by Ineson et al (2011). In
those experiments, the annual average tropical upper
stratospheric temperature difference between solar
maximum and solar minimum was about 2 K. This
slightly higher value reﬂects the fact that the differential UV forcing they used (1.2 W m−2) was an extrapolation of observational data to cover the descending
phase of the relatively large-amplitude solar cycle 23
(2000–2008). In contrast, the 1960–2009 period
examined here includes less pronounced variability in
some periods (see ﬁgure 1(a)), resulting in a smaller
mean solar maximum minus minimum UV change
(0.75 W m−2). Taking the difference in mean forcing
into account, the upper stratospheric temperature
response is almost identical to that found in Ineson
et al (2011).
Following Ineson et al (2011) we look for a surface
climate response to the upper stratospheric temperature anomaly. The DJF NAO-index response plotted
as a function of lag is shown in ﬁgure 1(b). We ﬁnd
that there is only a small solar forcing response in the
model NAO in the extreme phase of the solar cycle.
Instead we see a statistically signiﬁcant positive
response peaking 3–4 years after solar maximum at the
95% level. Additionally, peak negative NAO responses
occur 2 years prior to solar maximum, or approximately 3–4 years after solar minimum. The maximum
amplitude of the lagged NAO response is 1.8 hPa. This
is consistent with the model response (2.4 hPa) of Ineson et al (2011) especially considering the difference in
mean forcing. It is smaller, however, than assessed
from observations: Ineson et al (2011) cite a value of
4.6 hPa based on reanalysis data, while Gray et al
(2013) show variability of about 3 hPa in the Southern
node of the NAO alone. Given that all of these estimates are a sizeable fraction of the observed (7.8 hPa)
(HadSLP2; Allan and Ansell 2006) and model
(7.7 hPa) interannual DJF standard deviation, they are
sufﬁcient to lead to signiﬁcant surface climate impacts.
The difference in the composite Northern Hemisphere winter MSLP between the solar variability
ensemble and control ensemble for lags of up to 4
years after the peak of the solar cycle is shown in
ﬁgure 2. At lag 0 years there is a signiﬁcant positive
pressure anomaly in the Aleutian Low region, and a
signiﬁcant negative anomaly over the Arctic extending
across Greenland, both of which project onto a positive AO pattern. The Aleutian anomaly is a key feature
that occurs in observational analyses (van Loon
et al 2007) and model experiments in the response to
the solar cycle (see, for example, Meehl
et al 2008, 2009, Roy and Haigh 2010, Gray et al 2013,
Hood et al 2013) and was reproduced in the model
experiment of Ineson et al (2011). The Aleutian
response weakens at lags of 1 year and longer and
becomes statistically insigniﬁcant.
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Figure 2. Model response of the DJF Northern Hemisphere MSLP for lags of 0–4 years with respect to solar maximum minus solar
minimum. Regions signiﬁcant at the 95 and 99% conﬁdence level are marked with black and white stippling, respectively.

At a lag of 2 years, the positive AO circulation characterized by negative MSLP anomalies over the Arctic
and Greenland diminishes and becomes insigniﬁcant.
At the same time, dipole MSLP anomalies begin to
5

build in an approximate zonal band in the Northern
mid-latitudes, with negative anomalies over Northern
Eurasia and positive anomalies over the Paciﬁc and
North Atlantic, although local signiﬁcance is only
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Figure 3. Correlation between the NAO index and the North Atlantic 10 m depth ocean temperature model ﬁeld. The tripole regions
used to generate the time-depth ocean proﬁles in this study are outlined by black contours. The regions used for analysis are within the
bounds 75–20 °W and 0°–55 °N, and have an absolute correlation greater than 0.2.

attained for part of this pattern. By 3 years after solar
maximum, a positive NAO-like pattern has developed, with positive MSLP anomalies in the Azores
High region and signiﬁcant negative anomalies over
the Icelandic region. These centres show signiﬁcant
responses at a lag of 4 years, retaining a strong positive
NAO-like character. The results are very similar to
those obtained from the observational analysis of Gray
et al (2013) which shows a statistically signiﬁcant
response in the Azores region only at lags of 1–4 years
after a solar maximum.
While the simulation of signiﬁcant responses of
the NAO to the solar cycle at lags of 3–4 years agrees
with observations, the source of this signal is unclear,
since by this point the solar cycle has reached a neutral
phase and is beginning to reverse. As a result, the
upper stratospheric heating has decreased and also is
beginning to reverse (ﬁgure 1(b)), so there is no longer
a driver for the ‘top-down’ mechanism. The implication is that a signal of the solar cycle persists somewhere within the climate system and this produces the
delayed response in the NAO. The atmosphere generally lacks long-term memory, however, as discussed
above, the North Atlantic Ocean may contribute to a
lagged response. Here we examine the simulated
response of upper ocean temperatures in the North
Atlantic to the solar cycle in our experiments.
The NAO is associated with a tripole pattern of
SST anomalies in the North Atlantic Ocean (Visbeck
et al 2003). The spatial conﬁguration of the simulated North Atlantic SST tripole depends to a degree
on the model in question, in particular the representation of the North Atlantic storm-track. As a
result, we estimate the tripole in HadGEM3 by calculating the correlation between the NAO-index and
the 10 m depth ocean temperature for DJF using
both ensembles (ﬁgure 3). The North Atlantic
6

tripole pattern in the model has a region of positive
correlation with the NAO across the mid-North
Atlantic, ﬂanked to the North and South by regions
of negative correlation. This pattern is very similar to
that found in the observational analysis of Visbeck
et al (2003), with the exception that the Northern
part of the simulated tripole does not extend North
of about 55 °N. Peak correlations are of similar magnitude, greater than 0.3 in the central node, and
about −0.4 in the Northern and Southern nodes. Tripole temperature anomalies also extend into the
sub-surface layers, remaining coherent to depths in
excess of 60 m. Composites of sub-surface ocean
temperature anomalies for each of the three component regions of the tripole are computed as areaaverages of ocean gridpoints where the absolute correlation of the NAO-index with SST is greater than
0.2. We limit the Northern region to 55 °N to avoid
the less coherent regions near Greenland which can
have sea-ice in winter (Knight et al 2014).
Composite solar maximum minus minimum
ocean temperature differences for the three North
Atlantic tripole regions (referred to as North, Middle
and South for convenience) are shown in ﬁgure 4 for
lags from −6 to +6 years. The simulated monthly average MLD shows seasonal dependence in which the
summer MLD is shallow compared to the winter MLD
as a result of different insolation and turbulent ﬂux
regimes in each season. Seasonal MLD variations
remain very similar for both solar maximum and solar
minimum years.
Examination of the Middle region (ﬁgure 4(b))
shows that the mean temperature at the surface and in
the upper layers of the ocean is lagged with respect to
the solar cycle in a similar way to the NAO. Predominantly cold anomalies are found in the 5 years
leading up to solar maximum, and warm anomalies in
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Figure 4. Upper 200 m time-depth ocean temperature for three NAO-correlated tripole regions (a) North, (b) Middle, and (c) South,
for lags of −6 to +6 years with respect to solar maximum minus solar minimum. Lag 0 years corresponds to the July of the solar
extrema years. The seasonal cycle of the simulated monthly-mean MLD, deﬁned as the depth where the potential density is
0.01 kg m−3 greater than that of the 10 m depth level, is plotted in black. Winters correspond with deep excursions of the MLD.

the 5 years following solar maximum. The positive
near-surface temperature anomaly occurring in the
ﬁrst winter (which is identiﬁed by the ﬁrst deep excursion of the MLD after lag 0 years) is consistent with a
positive AO response to the ‘top-down’ atmospheric
mechanism. Part of this signal persists under the shallow summer mixed layer until the following winter. A
larger warm signal is then seen in the second winter
compared to the ﬁrst winter. We suggest that this gain
is attributable to the residual warmth from the ﬁrst
winter, since the water below the summer thermocline
is entrained into the mixed layer as the MLD deepens
in autumn. This is superimposed onto the direct effect
of solar forcing of the atmosphere in the second winter
as a result of the continued inﬂuence of the ‘top-down’
mechanism.
7

The solar signal grows in subsequent winters as
storage of heat below the summer mixed layer also
increases, peaking in the fourth winter. As surface
temperature in this region can drive the NAO, this
implies a positive feedback causing the winter NAO
signal to be ampliﬁed over the course of a few years. In
turn, the strengthened NAO signal ampliﬁes the tripole SST anomalies. The accumulation of sub-surface
warmth declines after year 4 (approximately ¼ cycle),
as by this point in the solar cycle the transition to stratospheric cooling drives an opposing NAO tendency,
eroding the positive ocean temperature and NAO
anomalies.
The composite temperature anomalies for the
North tripole region (ﬁgure 4(a)) show the opposite
phasing to those in the middle region, with warm

Environ. Res. Lett. 10 (2015) 054022

M B Andrews et al

ocean temperature anomalies prior to solar maximum
and an overall tendency for cool anomalies following
solar maximum. Although the monthly-averaged
MLD appears shallow in this region, in fact, strong
surface buoyancy forcing leads to short-lived episodes
of very deep mixing, explaining the apparent penetration of winter temperature anomalies below the MLD.
Evidence for seasonal re-emergence in this region is
weak, however, as summer anomalies below the mixed
layer often appear to be of opposite sign to those in the
preceding winter (e.g. at 2–3 year lag). The explanation for this is that this region has strong depth-dependent horizontal transport of anomalies, which
disrupts the vertical coherence implicitly required for
the re-emergence mechanism. For example, the negative temperature anomaly centred at a depth of
approximately 80 m at lag 0 years is due to an earlier
cool signal transported into the region from the Labrador Sea (not shown). As a result, the composite winter
anomalies seen in the North region are more likely to
be a passive response to solar-driven NAO changes
than an active part of the feedback mechanism.
The South tripole region (ﬁgure 4(c)) does not
demonstrate the same lagged response as the other two
regions. Instead, surface and mixed-layer anomalies
appear synchronised with the solar cycle, with the
transition from warm to cool winter anomalies emerging after a lag of two years. It appears that the South
region responds directly to the change in surface insolation, with an increase in the ocean heat content
around solar maximum and a decrease around solar
minimum.
The results suggest that only the Middle region
exhibits the crucial re-emergence mechanism that
provides the necessary feedback to produce a lagged
solar inﬂuence on the NAO. The North region does
not appear to play an active role due to differential
horizontal transport in the water column disrupting
the seasonal re-emergence mechanism. The solar signal in the South region is not coherent with the other
tripole regions due to solar inﬂuences that are unrelated to the ‘top-down’ mechanism and its effects on
the ocean.
The ocean interaction with the NAO highlighted
in these experiments is not speciﬁc to NAO responses
to solar variability. The results, therefore, are relevant
in the wider context of winter ocean–atmosphere coupling. They reveal that the Middle region is likely to be
a principal source of re-emergence feedback while the
North region is unlikely to have a similar inﬂuence due
to regional oceanic circulation. The lack of coherence
of the South region with the NAO in our experiments
prevents us from making general inferences about its
contribution to NAO feedback.
It was shown by Scaife et al (2013) that a simple
mechanistic model ﬁtted to the results of the experiments of Ineson et al (2011) produced a lag of 1–2
years, and that stronger ocean–atmosphere coupling
would be needed to reproduce the 3–4 year lag
8

exhibited by both observational analyses and this
study. The application of a constant instead of timevarying solar irradiance in their experiments may
account for this difference, although identifying
exactly how this difference arises would require substantial further investigation.

4. Summary
We have investigated the NAO response to solar
variability using a state-of-the-art atmosphere–ocean
coupled model. Historical ensembles for the period
1960–2009 were performed with constant and timevarying solar irradiance. Analysis of the differences
between the ensembles was performed to identify solar
cycle responses in the atmosphere and ocean. The
results demonstrate tropical upper stratospheric heating in response to the imposed UV change at solar
maximum compared to solar minimum, and conﬁrm
the results of Ineson et al (2011), showing a subsequent
surface winter NAO response via a ‘top-down’
mechanism. The response of the NAO peaks 3–4 years
following the extreme phase of the solar cycle. This
ﬁnding is consistent with a recent re-evaluation of
observed responses to the solar cycle (Gray et al 2013)
which shows the largest NAO signal at a similar lag.
The in-phase response of the Aleutian Low is also in
agreement with observational analyses.
We diagnose the source of the NAO lag in the
model by examining its surface and sub-surface solar
responses in the North Atlantic Ocean. We ﬁnd evidence for ampliﬁcation of ‘top-down’ solar-related
NAO changes via an ocean feedback over a period of
several years, as suggested by Scaife et al (2013). This
feedback is analysed by examining solar cycle responses in the different nodes of the North Atlantic tripole
SST pattern, as this pattern reﬂects NAO–ocean coupling. The Northern and Middle nodes of the tripole
show temperature responses in the surface and subsubsurface ocean with a similar lag to the NAO. The
Southern node, however, does not show any lag. In the
Middle node we ﬁnd re-emergence of solar signals
imprinted on the ocean from the previous winter. By
remaining intact below the shallow ocean mixed-layer
that forms in summer, these signals can re-emerge in
winter and reinforce the ‘top-down’ forcing of the
NAO via coupling with the atmosphere. This mechanism is not evident in the Northern and Southern
nodes. The simulated re-emergence in the North
Atlantic Ocean causes an accumulation of the solar
signal, allowing the NAO to grow over several years.
This growth is limited by the reversal of the solar cycle,
resulting in a lag approximately equal to one quarter of
its period. Although we do not explicitly demonstrate
here that the growth in the NAO response arises
through feedback from the solar SST signal in the
Middle node the existence of this feedback is supported by previous studies (Rodwell and Folland 2002,
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Timlin et al 2002) that show the inﬂuence of tripole
SSTs on the NAO.
The NAO (Hurrell et al 2003) is a key mode of
regional climate variability that strongly inﬂuences the
wintertime weather of Northern Europe and Eastern
North America. The ability to reproduce the lagged
NAO response to solar forcing in atmosphere–ocean
coupled models offers the possibility of increased
NAO predictability and hence skill in seasonal forecasts (Scaife et al 2014) and decadal forecasts up to a
few years ahead (Smith et al 2012).
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