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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 atmosphere-
ocean 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 91-
level 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  non-
orographic 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 30°N-30°S 30°S-90°S

LT HT LT HT LT HT

MAM Prec. .15 .15 .48 .48 .08 .14

Z500 .27 .22 .51 .56 .25 .21

Tsur .37 .35 .46 .47 .32 .29

JJA Prec. .05 .03 .40 .39 .15 .16

Z500 .18 .13 .50 .51 .28 .26

Tsur .31 .30 .49 .50 .25 .24

SON Prec. .04 .05 .44 .47 .14 .16

Z500 .19 .16 .44 .49 .36 .35

Tsur .37 .34 .54 .56 .29 .27

DJF 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 30°N-30°S 30°S-90°S

L91 L71 L91 L71 L91 L71

DJF 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 30°N-30°S 30°S-90°S

L91o L31o L91o L31o L91o L31o

DJF 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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