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D3.2: Report on the Stratosphere – Troposphere Dynamical Feedback 

 

 

1. Introduction 

 

The incorporation of a dynamically resolved stratosphere into five coupled Earth 

System Models (ESMs) was described in report D3.1.  This report considers the 

stratosphere-troposphere dynamical feedbacks in these “high top” models. 

 

Mechanisms of the influence of the extra-tropical stratosphere, acting at intra-seasonal 

time scales, on the tropospheric climate, are considered.  To better understand the 

influence of the stratosphere on tropospheric climate, results from the high top model 

simulations are compared to those from equivalent low top models, which do not 

include a well resolved stratosphere. 

 

The Southern Hemisphere tropospheric circulation, the North Atlantic Oscillation in 

mean sea level pressure, blocking in the Northern Hemisphere, and the downward 

propagation of dynamical signals from stratosphere to troposphere, are analysed in 

detail. 

 

2. Models and simulations 

 

Five Earth System Models are used in work package 3 (CMCC, IPSL-CM5, MPI-

ESM, HadGEM, and EC-Earth).  The high top versions of these models incorporate a 

well resolved stratosphere. Table 1 summarizes the model characteristics.  The 

simulations carried out by these models are as described in deliverable D3.1.  Here the 

focus is on the historical simulations and, in particular, the period from 1960 to 

around 2000. 
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Table 1: Summary of the WP3 high and low top models 
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3. Results 

 

3.1 Modelled changes in the Southern Hemisphere: Role of stratospheric 

dynamics 

 

Observed large changes in the Southern Hemisphere (SH) climate over the past few 

decades are characterized by a shift in the Southern Annular Mode (SAM), especially 

during summer (December-January-February; DJF). Model studies (e.g. Son et al., 

2010) have found that during the SH summer these changes can be mostly attributed 

to stratospheric ozone depletion.  The following analysis looks at how well these 

changes are reproduced in the historical simulations of the high and low top CMCC 

models and the high top IPSL model.  

 

Figure 1 shows temperature changes for the two CMCC high top models and the two 

CMCC low top models area averaged poleward of 64°S from the surface up to 20 

hPa. Linear trends are shown for the period 1960-1999, as in Son et al. (2010) and 

Gerber et al. (2010). In agreement with previous modelling studies and observations, 

the two models show a cooling of the lower stratosphere, with maximum in 

November, one month after the peak in the imposed ozone trend. The main difference 

between the two sets of model simulations is that the cooling for the two high top 

models (~2.5-3 K/decade) is about 1.5 times larger than the cooling found in the two 

low top models. This difference arises because the total cooling in the high top 

models is due to the radiative cooling related to the imposed ozone, plus less adiabatic 

warming due to reduced downwelling (not shown) that is not found in the low top 

models. The absence of a dynamical stratosphere leads to less net cooling associated 

to stratospheric ozone depletion.  

 

Through thermal-wind balance, changes in the meridional gradient of the zonal mean 

temperature are accompanied by changes in the vertical shear of the zonal mean zonal 

wind, leading to an acceleration of the polar vortex, as shown in Figure 2.  The 

stratospheric westerlies are enhanced in November and the tropospheric jet is stronger 

down to the surface in Nov-Dec (high top models). The two low top models show 

different changes, with trends in the zonal mean zonal winds in the lower stratosphere 

much reduced. The response at the surface is also different, with no changes in DJF 

for the high-resolution low top model and a delayed response for the low-resolution 

one. For the latter model, the surface trends in the winds appear to be associated with 

the long-lasting cooling that is found in both the troposphere and the stratosphere for 

the entire year (see Figure 1, upper right panel). 

 

Mean Sea Level Pressure (MSLP) decreases over Antarctica and increases at 40°S 

(not shown). This pattern suggests that for this period (1960—1999) the SH trends 

projected onto a positive SAM phase, in good agreement with the patterns and 

amplitude of the anomalies simulated by both the high top and low top models. Figure 

3 shows the time series of the SAM index, here defined as the difference in 

normalized DJF MSLP between 40°S and 65°S (after Gong and Wang, 1999). The 

anomaly is shown for 3 high top models and 1 low top model (the IPSL high top 

results are an average of an ensemble of 4 members). The DJF trends are about 1.5 to 

2 times larger for the high top models than for the low top one, in better agreement 

with the NCEP and ERA-40 trends, though for a different period (1979-1999).  
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Figure 1: Linear trends of the monthly mean zonal mean temperature averaged poleward of 64°S for 

the two CMCC high top models (left) and the two CMCC low top models (right). The mean trends are 

computed for 1960 to 1999. Contour intervals are 0.5 K/decade. Trends that are statistically significant 

at the 95% level are shaded.  Top panels show CMCC-CESM, and bottom panels show CMCC-CMS. 
 

 

 

Figure 2: As Figure 1, but for the zonal mean zonal wind, 70-50°S. 
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Figure 3: Time series of the SAM index [defined as the difference in normalized DJF sea level 

pressure between 40°S and 65°S after Gong and Wang (1999)]. The anomaly is calculated with respect 

to 1979-1999. 

 

 

3.2 North Atlantic Oscillation 

 

The North Atlantic Oscillation NAO (Osborn and Jones, 2000) is known to influence 

temperature, precipitation and cloudiness over northern Europe due to the resultant 

change in the position of the North Atlantic storm track (Folland et al., 2009).  As 

such the predictability of the NAO is of interest to seasonal forecasting, and the long-

term trends in the NAO are of relevance for climate change. 

 

An index of NAO variability is calculated from MSLP over the Azores (27°W, 

37.5°N) minus MSLP over Iceland (20°W, 64°N).  Figure 4 shows the detrended 

interannual standard deviation in this NAO index calculated for DJF, 1960–2000, for 

the five high top models, two low top models, and ERA-40 (Uppala et al., 2005).  All 

models show realistic interannual variability in the NAO. 
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Figure 4: Interannual standard deviation of the detrended NAO index (DJF), 1960—2002, for ERA-40 

(black), high (dark gray) and low (light gray) top ESMs. 

 

Low frequency variability in the NAO index has been linked to changes in 

stratospheric zonal mean zonal wind, U, (Wallace, 2000; Scaife et al., 2005).  Figure 5 

shows a scatter plot of the trend in the NAO index versus the trend in U(60°N, 50hPa) 

for 1960–2002.  All points lie approximately on a straight line through the origin 

suggesting a strong link between the trends in these two parameters.  The average 

interannual correlation between the NAO index and U in the high top models is 

around 0.55 (Table 1), and though the correlation in CMCC-CMS is somewhat lower 

at 0.30, this is still significant at the 95% level.  Table 1 also shows that the 

correlation in the EC-Earth and HadGEM low top models, at 0.42 and 0.24 (0.24 is 

not statistically significant at the 95% level), is somewhat lower than that in the 

equivalent high top models, 0.53 and 0.60 respectively, demonstrating that a raised 

upper boundary can significantly improve the link between the NAO index and 

stratospheric jet strength. 

 

Figure 6 shows MSLP regressed onto a normalised NAO index for ERA-40 and high 

and low top versions of HadGEM and EC-Earth.  The mean of three ensemble 

members is shown for HadGEM.  The observed dipole structure in the north Atlantic 

is more accurately simulated by the high top models, with centres of action around 

20°W as observed, as opposed to around 30°W in the low top models.  There is also a 

region of high MSLP over the north Pacific in positive NAO years in the high top 

models.  This increased midlatitude Pacific signal (150°W—180°W) in a model with 

a better resolved stratosphere is consistent with the work of Dong et al. (2010) which 

shows enhanced MSLP anomalies in the Pacific during times when the NAO signal 

penetrates more deeply into the stratosphere.  Furthermore, the high top model shows 

a more realistic response over Asia with anomalously negative MSLP in positive 
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NAO years.  Thus the teleconnections responsible for capturing an accurate spatial 

response to the NAO are better captured with a high top model. 

 

 

 
Figure 5: Scatter plot of the trend in the DJF NAO index versus the trend in zonal mean zonal wind, 

U(60°N, 50hPa), for 1960–2002.  High top models shown as crosses.  Low top models shown as 

squares. 

 

 

 

 
Table 2: Correlations between the NAO index and U(60°N, 50hPa), 1960—2002. Total correlations 

(raw timeseries) and interannual correlations (detrended timeseries) are shown. 
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Figure 6: Mean Sea Level Pressure regressed onto a normalised NAO index for ERA-40 and high and 

low top versions of HadGEM (ensemble mean) and EC-Earth. 
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3.3 Northern Hemisphere Blocking 

 

Blocking of the tropospheric jet stream is often associated with persistent spells of 

anomalous weather (Buehler et al., 2010; Sillmann et al., 2011), and changes in the 

behaviour of tropospheric blocking activity under climate change may contribute to 

future changes in regional weather and climate (Woollings et al., 2010). A persistent 

problem with coupled general circulation models (GCMs) is the existence of 

substantial biases in their representations of blocking (D'Andrea et al., 1998; Scaife et 

al., 2010). These biases naturally call into question these models' ability to provide 

accurate estimates of blocking activity in the future climate.  

 

Like previous generations of models, the work package 3 models (Table 1) exhibit 

large blocking biases. Much of this bias is related to errors in the climatological mean 

state of the models. Such mean-state error may or may not be related to the models' 

representation of synoptic eddies themselves. One possible factor affecting blocking 

is the representation of the stratosphere in the models. To investigate this possibility, 

high-top (HT) and low-top (LT) versions of the models are compared. 

 

Model biases are computed by comparing climatologies of the models' historical 

experiments against the climatology of the ECMWF ERA-40 reanlaysis data (Uppala 

et al., 2005), where the climatologies are computed for the years covering the whole 

ERA-40 period, comprising Northern Hemisphere (NH) winters from 1957-2001 

(where the year number denotes the year in which the winter begins). Unless stated 

otherwise, all analysis utilizes the December-January-February (DJF) period. 

 

Blocking is diagnosed using a blocking index derived from daily 500 hPa geopotential 

height, Z500, according the method of Tibaldi and Molteni (1990) as generalized to 

vary in both latitude and longitude by Scherrer et al. (2006). At each latitude φ and 

longitude λ, the equatorward meridional gradient of Z500 is estimated as GHGS = 

[Z500(λ, φ) - Z500(λ, φ - ∆φ)] / ∆φ, where ∆φ = 15° as in Scherrer et al. (2006). The 

poleward gradient is similarly defined as GHGN = [Z500(λ, φ + ∆φ) - Z500(λ, φ)] / 

∆φ. Using Z500 from 10°N to 90°N, GHGS and GHGN are determined at latitudes 

from 25°N to 75°N. An “instantaneous blocking” (IB) event is defined to occur when 

two conditions are fulfilled: (1) GHGS > 0, indicating reversal of the climatological 

gradient of Z500 with easterlies equatorward of φ, and (2) GHGN < -10m/° latitude, 

indicating strong westerlies poleward of φ. The IB index is defined to be 1 when these 

two conditions are satisfied, and 0 otherwise. Additional filters may then be applied to 

this index in order to select events of desired spatial extent and duration. Following 

Scherrer et al. (2006), only a 5-day minimum duration filter is applied. The time mean 

of the index is the blocking frequency in events per day, which can be expressed as a 

percentage of blocked days. 
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Figure 7: Model climatological blocking biases: model climatology (red titles denote high top models 

and blue titles denote low top models) minus ERA-40 climatology, for DJF in the 1957-2001 period. 

Positive (negative) differences are shown in red (blue) with contour interval 1% (percentage of blocked 

days). Model climatologies are computed as ensemble means when more than one ensemble member 

for a given model is available; the number of ensemble members for each model is indicated in 

brackets following the model name. For the individual models, stippling denotes 95% statistical 

significance using a two-sided t-test. The 1% contour of the ERA-40 climatology is superimposed on 

all plots. The last two panels show the multi-model mean (stippling of significance levels is omitted) 

and the inter-model standard deviation.  Models as in Table 1, except HadGEM2-ES for which data 

from the CMIP5 archive is used. 

 

Biases of DJF climatological blocking in the historical simulations during the ERA-40 

time period (1957-2001) are shown in Figure 7. All models underestimate the 

frequency of European blocking, consistent with previous multi-model blocking 

assessments (D'Andrea et al., 1998; Scaife et al., 2010). Biases at lower latitudes in 

the Atlantic are generally positive (e.g., HadGEM2-CC), and in some cases form a 

negative-positive west-east dipole (e.g., CMCC models) that tilts eastward with 

increasing latitude. A dipolar bias suggests a geographical shift in blocking activity 

and a tilted dipole suggests a relation between the bias and the tilt of the Atlantic jet, 

which is often poorly represented in models (Woollings and Blackburn, 2012). Biases 

in the Pacific basin vary more widely amongst the models. In general, biases are of 

comparable magnitude to the observed climatology, for example negative European 

blocking biases of more than 50% of the observed magnitude are common.  Most of 

the blocking biases lie within regions in which blocking is observed, although most 

models also have some amount of blocking occurring outside these regions. 
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Figure 8: As Figure 7, but for model biases re-calculated after applying the bias correction 

methodology of Scaife et al. (2010) to the models' blocking frequencies. 

 

The last two panels of Figure 7 show the bias of the multi-model ensemble mean, as 

well as the inter-model standard deviation (i.e., the standard deviation of the 

distribution of model means, or equivalently, of model biases). The multi-model mean 

summarizes the features noted above: a deficit of European blocking, a surfeit of low-

latitude Atlantic blocking, and no clear signal in the Pacific except perhaps a common 

tendency for the models to overestimate the frequency of blocking over the west coast 

of North America. Large (small) values of the inter-model standard deviation indicate 

regions where the models generally disagree (agree) with each other: the North 

Pacific, low-latitude Pacific, and to some extent high-latitude Atlantic blocking are all 

regions where the bias varies between models. The large inter-model standard 

deviation in the low-latitude Atlantic also indicates some divergence amongst the 

models, but note that the mean bias values here are also large.  

 

Scaife et al. (2010) argued that when blocking events are defined relative to an 

absolute threshold, such as a change in sign of the meridional gradient of geopotential 

height (GHGS), model biases in blocking frequency may indicate biases in both the 

mean state and the variability. Since blocking frequency is intended to measure 

variability, it is desirable to diagnostically separate the contributions of the mean state 

and the variability to the overall bias. Scaife et al. (2010) separated mean state bias 

and variability bias by re-calculating the blocking indices of models after shifting 

their probability density functions to remove mean-state biases (i.e., by subtracting 

each model's climatological mean state and adding the resulting anomalies to the 

observed climatological mean state). The blocking index thus defined is a measure of 

the variability of the models. 
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Figure 9:  High-top minus low-top IB differences (HT-LT), shown in filled contours, and LT bias 

(defined as the model minus ERA-40), shown in line contours. Contour interval (0.01 events/day) is the 

same for both HT-LT and LT bias. Below each contour plot is shown the scatter, over all horizontal 

gridpoints, of the HT-LT vs. LT bias. The number in the upper right corner of each scatter plot gives 

the fraction of gridpoints that fall into the oppositely-signed quandrants (i.e. upper left and lower right 

quandrants): points lying in these regions indicate that the HT model has a reduced bias compared to 

the LT model. 

 

Figure 8 shows the result of applying this bias-correction.  Regions where the bias-

corrected blocking frequencies differ from observed blocking – i.e., where the bias-

corrected blocking frequency retains a non-zero bias – are regions in which the 

distribution of the models’ variability differs from that of ERA-40. Figure 8 shows an 

overall reduction in blocking bias compared to Figure 7. This suggests that a large 

amount of model bias is associated with biases in the mean state of Z500 [as found 

with earlier models by Scaife et al. (2010)].  However, a significant amount of bias 

still remains, much of which is unlikely to be due to sampling variability. Indeed, 

many locations show biases that are of similar magnitude to the original biases (even 

though an overall reduction across the hemisphere is nevertheless apparent). This may 

indicate the influence of the background time-mean state on eddy life cycles involving 

wave breaking, which are expected to respond to ambient mean-flow conditions 

(Thorncroft et al., 1993). The fact that biases remain after applying bias correction to 

the models' mean states indicates that the models differ from observations in terms of 

both mean and variability, even if the mean state is the dominant source of bias in 

many regions. 
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The high and low top versions of HadGEM2-CC and EC-EARTH differ only in 

model lid height and vertical resolution. This allows a controlled high versus low top 

comparison. Figure 9 shows the HT-LT differences in the instantaneous blocking (IB) 

frequency for these two models.  It is striking that two separate models, which do not 

share a common history of model development, exhibit very similar HT-LT 

differences. Furthermore, performing the same analysis with another coupled GCM 

for which a controlled comparison of HT and LT experiments is available (120-year 

integrations of HT and LT versions of the Canadian Middle Atmosphere Model; not 

shown) also reveals a similar HT-LT difference. This increases confidence that the 

HT-LT difference represents a robust physical effect, though further work is required 

to identify the mechanism through which improved representation of the stratosphere 

leads to this change in blocking frequency.  Comparing the HT (T63) and LT (T159) 

versions of the CMCC model also reveals a similar difference in the North Atlantic 

sector (not shown). The fact that these uncontrolled comparisons yield a similar signal 

as the controlled comparisons shown in Figure 9 suggests that the effects of the 

stratosphere are robust against other model changes.  

 

It is desirable to assess the change in model bias associated with improved 

stratospheric representation in the HT models. Biases of the LT model versions are 

shown as superimposed line contours in Figure 9. Regions in which the HT-LT bias is 

of opposite (same) sign to the LT bias indicate where the HT model version has 

reduced (increased) bias compared to the LT. Comparison of the overall magnitude of 

the HT-LT difference and the LT bias indicates that the HT-LT difference is in most 

locations not large compared to the overall bias. Furthermore it is apparent that the 

HT bias is reduced in some regions compared to the LT bias, but increased in others. 

The scatter plots in the bottom row of Figure 9 quantify the overall change in bias 

between the HT and LT model versions by showing the scatter, across all horizontal 

gridpoints, of the HT-LT difference vs. the LT bias. The overall negative slope of the 

scatter indicates an overall reduced bias in the HT models, although the improvement 

is marginal in EC-EARTH. However, the weak slope of the relationship indicates, as 

already seen from the contour plots, that HT-LT differences are generally weak 

compared to the overall bias. 

 

3.4 The northern hemisphere polar vortex 

 

3.4.1 Downward propagation 

 

In winter mid-latitudes zonal mean wind anomalies propagate downward from the 

upper stratosphere to the surface on a time-scale of a week to a few months (Baldwin 

and Dunkerton, 1999; Christiansen, 2001). Although the mechanism of the downward 

propagation is still disputed – in particular the propagation from the lower 

stratosphere to the surface – and several mechanisms have been suggested (e.g., 

Christiansen, 1999; Ambaum and Hoskins, 2002; Perlwitz and Harnik, 2004; Song 

and Robinson, 2004) its potential for extended range forecasts has drawn substantial 

interest (Baldwin et al., 2003; Charlton et al., 2003; Christiansen, 2005; Siegmund, 

2005). 

 

While at least some climate models include a good representation of the downward 

propagation it is not obvious what the requirements for a good representation are. This 

is related to the fact that both the tropospheric wave forcing and the stratospheric 
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conditions are important for the downward propagation. This was, for example, 

shown in Christiansen (1999), in perpetual January experiments with a general 

circulation model. It has also been demonstrated (Christiansen, 2005) that simple 

statistical forecasts based on stratospheric information perform as well as a state-of-

the-art dynamical seasonal forecast model when forecasting the surface zonal mean 

zonal wind at 60°N and the temperature in northern Europe. The stratosphere-

troposphere coupling might therefore offer an important contribution for improving 

dynamical forecasts when it is properly implemented in the forecast system. 

 

The differences in the downward propagation in the historical experiments from high 

and low top versions of EC-Earth (Hazeleger et al., 2011) and HadGEM, and the two 

high top versions of CMCC, are investigated. For EC-Earth and HadGEM the only 

differences between the high and low top versions are in the vertical resolution and in 

the top of the model atmosphere. For CMCC the two model versions differ in 

horizontal and vertical resolution but have the same model lid height. 

 

The average properties of the downward propagation can be summarized by 

calculating the lagged correlations between the zonal mean zonal wind at 60°N and 10 

hPa and the zonal mean zonal wind at all other levels at 60°N [calculations are, if not 

otherwise stated, based on daily means for the Northern Hemisphere winter 

(December, January, February) season]. These lagged correlations are shown in 

Figure 10 for all experiments based on the period 1900-2005; low top experiments in 

the left column (EC-Earth and HadGEM) and high top experiments in the right 

column. The lagged correlations are also shown for the ERA-40 reanalysis for the 

period 1960-2005. As in Christiansen (2005) the statistical significance of the 

correlations is calculated with a Monte-Carlo method comparing the original time-

series with a batch of 500 artificial time-series with the same auto-correlation 

spectrum as the original time-series. 

 

Note the remarkable similarity between all models (both high top and low top) and the 

reanalysis. The downward propagation, evidenced by the tilt of the correlations, is 

clearly seen in all panels of Figure 10.  Statistically significant signals are seen near 

the surface in all models and these correlations have values of around 0.1–0.2. Weak 

correlations in the middle of the troposphere are seen in all models. These features are 

observed in other observational studies although they are less clear in the ERA-40 

data in Figure 10. 

 

Comparing the low top and high top versions of each model reveals several 

differences. For the EC-Earth model only small differences are found between the two 

versions and both versions compare well with the ERA-40 reanalysis. This is not 

surprising as even the low top version of EC-Earth has a well resolved stratosphere, at 

least up to 5 hPa. For the low top version of the HadGEM model the time-scales in the 

stratosphere are too long when compared to the ERA-40 reanalysis. This has 

improved in the high top version which is now very similar to both the EC-Earth 

model and the reanalysis. The CMCC model shows the largest differences between 

the two model versions.  For this model the time-scales in the stratosphere differ 

drastically between the two versions.  They are too long (compared to the ERA-40 

reanalysis) in the low resolution version and too short in the high resolution version 

(EC-Earth and HadGEM differ in vertical resolution; it should be remembered that the 
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two model versions of CMCC differ in the vertical and horizontal resolution but not in 

model lid height). 

 

 

 
 
Figure 10: The lagged correlations between the zonal mean zonal wind at 10 hPa, 60°N and zonal 

mean zonal winds at other levels. Left panels: low top experiments (EC-Earth and HadGEM; for 

CMCC on the left side the low-resolution high-top results are reported).  Right panels: high top 

experiments. Shading indicates regions where the correlations are significantly different from zero at 

the 99% and 95% levels according to a Monte Carlo test. The period considered is 1900-2005 for the 

models and 1960-2005 for the ERA-40 reanalysis.  
 

The changes in the time-scales are more clearly seen in Figure 11 where the auto-

correlations of the zonal mean zonal winds are shown for 10 hPa and at the near-

surface level. At 10 hPa both versions of EC-Earth and HadGEM overestimate the 

correlations between 25 and 65 days with the largest overestimation for the low top 

version of HadGEM. For the CMCC model the low resolution version is found to 

seriously overestimate the correlations for all lags whereas the high resolution version 

seriously underestimates all correlations. At the surface both versions of EC-Earth and 

HadGEM catch the observed correlations well. The low resolution version of CMCC 
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overestimates the correlations for lags out to 25 days but this has been corrected in the 

high resolution version (consistent with Gerber et al., 2008). 

 

 

 
 
Figure 11: Autocorrelations of the zonal mean wind at 60°N as function of lag. Upper panel: 10 hPa. 

Lower panel: 1000 hPa. 

 

The mean and temporal variability of the zonal mean zonal wind are now 

investigated. These quantities are tightly connected to the downward propagation; the 

downward propagation accounts for the majority of the variability in extra-tropical 

winter and the mean state guides the propagation of planetary waves which drive the 

downward propagation. 
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Figure 12: Mean (top) and standard deviation (bottom) [m/s] of the zonal mean wind at 60°N as a 

function of altitude. The annual cycle is removed before the calculation of the standard deviation. 

 

The winter mean and standard deviation of the zonal mean zonal wind at 60°N are 

shown in Figure 12 as a function of altitude for the different model versions and for 

the ERA-40 reanalysis. Both versions of the EC-Earth model catch both mean and 

variability very well. The low top version of HadGEM overestimates the mean while 

this overestimation has been drastically improved in the high top version.  The low 

resolution version of CMCC overestimates both the mean and the variability while 

high resolution version of CMCC underestimates both. 

 

3.4.2 Stratospheric variability 

 

The discussion above combines all thee winter months. Figure 13 shows the annual 

development of the zonal mean zonal wind at 60°N, 10 hPa. As expected all models 

reproduce the distinct seasonal profile with very weak variability in the summer and 

high variability in the winter. In the panels in the right column (showing high top 

versions) the purple lines show for which calendar days the distributions for the low 

top and high top versions are different at the 95% significance level (a Kolmogorov-

Smirnov test with the effective number of data points taken as the number of years 
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(106) has been used). In all three models there is a significant difference between the 

two versions for nearly all calendar days (compare with Figure 12). However, for EC-

Earth and HadGEM these significant differences are due to differences in the mean 

annual cycle. The calendar days for which the distributions for the low top and high 

top versions differ after the seasonal cycle is removed are marked with red in the right 

column of Figure 13. Only for CMCC, which differs also in horizontal resolution, is 

there a statistically significant difference in the variability. This difference is limited 

to the late winter and spring. When comparing to the ERA-40 reanalysis the briefer 

period 1960—2005 is used. However, the low top version of HadGEM and low 

resolution version of CMCC are still found to differ significantly from the reanalysis 

mostly because of differences in the annual cycle. These differences are less 

significant in the high top versions (not shown). Both versions of EC-Earth are 

comparable to the high top version of HadGEM and high resolution CMCC. 

 

 

 
 
Figure 13:  The seasonal cycle of the daily zonal mean wind [m/s] at 60°N at 10 hPa. Left panels: low 

top experiments (or low resolution CMCC-CESM).  Right panels: high top experiments (or high 

resolution CMCC-CMS). Bottom: ERA-40. The period is 1900–2005 for the models and 1960–2005 

for the reanalysis. Blue full curve is the mean seasonal cycle and dashed blue curves give ± one 

standard deviation. 
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Figure 14: Histograms of winter daily zonal mean zonal wind [m/s] at 60°N, 10 hPa. Left panels: low 

top experiments (or low resolution CMCC-CESM).  Right panels: high top experiments (or high 

resolution CMCC-CMS). Dark shading is ERA-40, light shading is models. The annual cycle has been 

removed. The period is 1900–2005 for the models and 1960–2005 for the reanalysis. 
 

The variability in the winter stratosphere is remarkable as it is strongly non-Gaussian. 

This is a consequence of the competition between the relaxation towards a radiative 

equilibrium profile with strong westerly zonal mean zonal winds and wave driven 

excursions away from this profile. This makes the distribution of the stratospheric 

zonal mean zonal wind skewed towards easterly (negative) winds. The winter 

stratosphere is one of the few places where non-Gaussianity has been shown to be 

statistically significant in observations (see Christiansen, 2009, and references 

therein). Figure 14 shows the distributions of the daily zonal mean zonal wind at 

60°N, 10 hPa for the three winter months after the seasonal cycle has been removed. 

These distributions are shown together with the equivalent distribution from the 

reanalysis. The skewness in the ERA-40 data is -0.39 and the values for the EC-Earth 

and HadGEM low top models and CMCC low resolution model are -0.59, -0.52, and  

-0.51 respectively, and for the high top/high resolution versions are -0.59, -0.43, and -

0.42. Thus, all model versions show negative skewness comparable to the reanalysis 

although it is somewhat too strong. For the HadGEM and CMCC models some 

improvement is found in the high top/fine resolution versions when compared to the 

low top/coarse resolution versions. 
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4. Conclusions 

 

Aspects of stratosphere—troposphere dynamical feedback have been considered using 

a set of five Earth System Models that contain a well resolved stratosphere.  The 

influence of the stratosphere on tropospheric climate was investigated by comparing 

the results from these high top models to those from equivalent low top models.  

Several aspects of tropospheric dynamics and circulation are found to benefit from the 

inclusion of a well resolved stratosphere in Earth System Models. 

 

The observed trends in the Southern Hemisphere (SH) tropospheric circulation 

patterns during SH summer are fully reproduced by the high top CMCC and IPSL 

models, whilst the low top CMCC models fail to reproduce both the amplitude and 

the timing of these patterns. As the imposed ozone changes are the same for high and 

low top model simulations, the differences can be ascribed to the poor representation 

of the stratospheric dynamics in the low top models. 

 

The North Atlantic Oscillation (NAO) is well simulated by both high and low top 

models, all showing realistic interannual variability of the NAO index.  The well 

known link between the NAO index and stratospheric jet strength is found here in all 

models.  However, despite realistic interannual variability in stratospheric jet strength 

in all models, the interannual correlation between the NAO index and stratospheric jet 

strength is greater in high top models, suggesting that a well resolved stratosphere is 

required to fully capture the link between them.  This implies that a well resolved 

stratosphere is required to accurately simulate the NAO index on year-to-year 

timescales.  The high top model projection of MSLP onto the NAO index is in better 

agreement with ERA-40 than the low top model projection, suggesting that the 

teleconnections between the NAO index and the North Pacific, and also between the 

NAO index and Asia, are more accurately simulated in the high top models. 

 

The model high top minus low top differences seen in the blocking index show that 

inclusion of a well resolved stratosphere improves the bias in this index, although in 

most locations the improvements are not large compared to the overall bias.  The bias 

is reduced over the Atlantic and north Pacific regions by the inclusion of a well 

resolved stratosphere, but it is increased in other regions. 

 

Comparing high and low top versions of EC-Earth and HadGEM, and high and low 

resolution versions of CMCC, it is found that while all the models show a downward 

propagation from the stratosphere to the troposphere there are differences in both 

stratospheric and tropospheric time-scales. In general the high top and high resolution 

versions compare more favourably with the reanalysis than do the low top and low 

resolution versions.  
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