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Abstract
Forecasting seasonal variations in European summer weather represents a considerable challenge. Here, we assess the per-
formance of a seasonal forecasting model at representing a major mode of northern hemisphere summer climate variability, 
the circumglobal teleconnection (CGT), and the implications of errors in its representation on seasonal forecasts for the 
European summer (June, July, August). Using seasonal hindcasts initialised at the start of May, we find that the model skill 
for forecasting the interannual variability of 500 hPa geopotential height is poor, particularly over Europe and several other 
“centres of action” of the CGT. The model also has a weaker CGT pattern than is observed, particularly in August, when 
the observed CGT wavetrain is strongest. We investigate several potential causes of this poor skill. First, model variance 
in geopotential height in west-central Asia (an important region for the maintenance of the CGT) is lower than observed in 
July and August, associated with a poor representation of the link between this region and Indian monsoon precipitation. 
Second, analysis of the Rossby wave source shows that the source associated with monsoon heating is both too strong and 
displaced to the northeast in the model. This is related to errors in monsoon precipitation over the Bay of Bengal and Ara-
bian Sea, where the model has more precipitation than is observed. Third, the model jet is systematically shifted northwards 
by several degrees latitude over large parts of the northern hemisphere, which may affect the propagation characteristics of 
Rossby waves in the model.
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1  Introduction

Variations in precipitation and temperature in the European 
summer can have severe and wide-reaching effects, both on 
society and on governments and businesses in the affected 
regions. Events such as the central European heatwave of 

2003 and flooding in the UK in 2007 highlighted the vulner-
ability of society to extremes of climate anomalies.

Recent research has led to improvements in European 
winter seasonal forecasts (e.g. Scaife et al. 2011; Stock-
dale et al. 2015; Dunstone et al. 2016), however there has 
been less of a focus on the summer season and forecast skill 
remains relatively low. The European climate is affected by 
a large range of influences, including from tropical regions, 
and better understanding of the mechanisms behind these 
tropical-extratropical teleconnections can inform our evalu-
ation of seasonal forecast systems and priorities for model 
development.

It is difficult to predict European summer weather and 
climate on forecast lead times of longer than a few days. 
This is partially due to the range of large-scale circulation 
patterns that affect the European climate. The Atlantic jet 
and the associated storm track are the dominant circulation 
systems affecting the European summer climate. The Sum-
mer North Atlantic Oscillation (SNAO, Folland et al. 2009) 
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is the leading mode of variability in the Atlantic/European 
sector and it is dominated by north-south shifts of the jet and 
storm track. This is also linked to persistent areas of high 
surface pressure, known as blocking events. These are well 
known for their impact during the winter, but they also cause 
severe impacts during the summer, including droughts and 
heatwaves. Blocking areas of high pressure can persist for 
several weeks and thus can affect the circulation in Europe 
for prolonged periods (Rex 1950). A further influence of 
summertime variability is planetary Rossby wave activity. 
Summertime Rossby wave activity plays an important role 
in northern hemisphere teleconnection mechanisms. Station-
ary, or low frequency, Rossby waves are of particular impor-
tance when the anomalies remain stationary with respect to 
the ground. The persistence of local weather anomalies asso-
ciated with Rossby waves such as these over long periods is 
a common factor in high-impact weather events (Blackburn 
et al. 2008). The geopotential anomalies associated with the 
circumglobal teleconnection (CGT) will modify the location 
of the jet stream in the North Atlantic, affecting the propaga-
tion of weather systems, the location of blocking events and 
the propagation of stationary Rossby waves.

As shown by Sardeshmukh and Hoskins (1988), the con-
vective heat source over the Bay of Bengal and the Indian 
Summer Monsoon (ISM) region and its associated upper 
tropospheric divergence can serve as a Rossby wave source. 
This wave activity is a potential source of seasonal predict-
ability in the extratropics. Of the global monsoon systems, 
the ISM has been identified as having a possible impact on 
European summer climate. Rodwell and Hoskins (1996) 
used an idealised model to show, through imposing an 
off-equatorial heating in the ISM region, that upper tropo-
spheric divergence associated with diabatic heating in the 
ISM region can induce a Rossby wave pattern to the west. 
They also showed that the interaction of the Rossby wave 
with the midlatitude westerlies on its northern flank can lead 
to enhanced descent over the Mediterranean and northern 
Africa, thus reducing the precipitation in these areas. Rai-
cich et al. (2003) found significant correlations between 
an Indian monsoon index and sea level pressure over the 
eastern Mediterranean during the summer, and Tyrlis et al. 
(2014) also found a link between the ISM and tropopause 
fold activity over the eastern Mediterranean and the Middle 
East, with an upward trend in fold activity as a result of the 
monsoon onset.

The CGT was first identified by Ding and Wang (2005) 
as having a major role in modulating observed weather 
patterns in the northern hemisphere summer. Using a 200 
hPa geopotential height index centred in west-central Asia 
( 35◦–40◦N , 60◦–70◦E , hereafter the D&W Index), an area 
which has large standard deviation in 200 hPa geopoten-
tial height, they constructed a one-point correlation map 
of JJAS geopotential height with reference to this index 

(reproduced in Fig.  2 using ERA-Interim data). From 
this, they identified a wavenumber-5 structure where the 
pressure variations over the northeast Atlantic, east Asia, 
North Pacific and North America are all nearly in phase 
with the variations over west-central Asia.

The CGT has been shown to be a source of climate 
variability and predictability in the northern hemisphere 
summer on intraseasonal (Ding and Wang 2007; Moon 
et al. 2013), seasonal (Ding and Wang 2005; Lee et al. 
2011; Ha et al. 2012) and interannual timescales (Ding 
et al. 2011). It has significant impacts on precipitation and 
temperature anomalies across the northern hemisphere. 
Ding and Wang (2005) showed that the strongest effects 
over Europe occur in August, when there are significant 
negative precipitation anomalies over the UK and parts 
of Scandinavia. They also found significant positive cor-
relations between west-central Asia geopotential height 
and precipitation across parts of the Mediterranean during 
August. Saeed et al. (2014) also found that the positive 
phase of the CGT, which is associated with upper level 
anomalous low pressure over western Europe, causes sig-
nificantly enhanced precipitation over western Europe and 
reduced precipitation over eastern Europe.

Ding and Wang (2007) hypothesised that the ISM is also 
important in the maintenance of the CGT. Convection over 
the north ISM (NISM) region is initially triggered by the 
anomalous central Asian high, which itself is generated 
through the propagation of Rossby waves from the jet exit 
region over northwest Europe to west-central Asia. This 
convection and associated diabatic heating in turn excites 
a Rossby wave response, which reinforces the west-central 
Asian high, and this then enhances downstream circulation 
anomalies through the propagation of these waves along the 
waveguide (the westerly jet) (Liu and Wang 2013).

Ding and Wang (2005) also used composite analysis to 
show that the D&W Index is related to precipitation over the 
Indian subcontinent, particularly during June–July. During 
June, the relationship is associated with precipitation in the 
monsoon trough region in the northeast of India, when the 
area of highest positive anomalies approximately follows 
the path taken by monsoon depressions which bring a large 
amount of rainfall to this region of India (Godbole 1977). In 
July and August the area of highest positive anomalies has 
moved to the northern and western parts of India, but the 
overall relationship between the D&W Index and rainfall in 
the ISM region remains significant.

The ISM exhibits large variability on interannual and 
intraseasonal timescales. Interannual variability is strongly 
correlated with El Niño Southern Oscillation (ENSO, e.g. 
Shukla and Paolino 1983; Ropelewski and Halpert 1987) 
and the Indian Ocean Dipole (Ashok et al. 2001). Its rela-
tionship with these coupled modes of variability provides a 
source of predictability for the ISM on seasonal timescales. 
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Operational forecast models have been shown to have skill 
for the ISM (Kim et al. 2012; Rajeevan et al. 2012; Sperber 
et al. 2013; Johnson et al. 2016) so if the CGT is driven by 
ISM variability then this may provide a source of predict-
ability for European summer weather.

This study aims to evaluate the performance of the 
ECMWF seasonal forecast model (Cycle 41R1) at repre-
senting the CGT, and the link between errors in its repre-
sentation and poor forecast skill over Europe. In Sect. 2 we 
describe the model, data and analysis techniques used. In 
Sect. 3 we analyse the overall skill of the model, and its 
performance at simulating the CGT. In Sect. 4 we determine 
several possible reasons for the errors seen in the model 
representation of the CGT. We conclude in Sect. 5.

2 � Data and method

2.1 � Model

The model used for the hindcasts is version CY41R1 of the 
European Centre for Medium-Range Weather Forecasts 
(ECMWF)’s Integrated Forecasting System model (IFS), 
coupled to the Nucleus for European Modelling of the 
Ocean model (NEMO). This atmospheric model version is 
a more recent one than in the former operational model, 
System 4 (Molteni et al. 2011), but older than the recently 
introduced System 5. The horizontal spectral resolution of 
the atmospheric model (T255) is the same as System 4 and 
corresponds to a grid length of approximately 80 km with 
91 vertical levels, with the model top at 0.01 hPa, while 
the ocean model has a resolution of approximately 1 degree 
with 42 vertical levels (Weisheimer et al. 2017). The hind-
casts were performed using the ECMWF ERA-Interim and 
ORAS4 reanalyses for initialisation of the atmosphere and 
ocean, respectively. Seasonal hindcasts over four months, 
with 25 ensemble members, were initialised on 1st May for 
the period 1981–2014, therefore covering the boreal summer 
season of June–August (JJA) and much of the ISM season, 
and the analysis presented here uses monthly mean values 
for May–August from these hindcast runs.

2.2 � Verifying data

Observational atmospheric monthly mean fields come from 
ERA-Interim reanalysis (Dee et al. 2011) at 80 km resolu-
tion for the period 1981–2014. Observations of precipita-
tion come from the Global Precipitation Climatology Project 
(GPCP) dataset (Adler et al. 2003). In order to focus on year-
to-year variations, we only use the interannual component 
of the data. We performed Fourier harmonic analysis on 
the monthly mean data to remove the long term trend and 

decadal variations with a period of longer than 8.5 years. A 
Student’s t test was used to assess the statistical significance 
of calculated correlation values (Wilks 2011).

2.3 � Multiple sampling

The ECMWF forecast system provides us with multiple 
realisations in the form of 25 ensemble members. When 
analysing model output, a common technique is to use the 
ensemble mean. However, using the ensemble mean reduces 
the noise and the contribution of the forced variability is 
increased relative to the total variability. Therefore, to 
ensure that we do not mistake noise in the observations for 
forced variability, we need to compare individual ensemble 
members from the hindcast dataset to the observations. To 
do this, we follow the method of Johnson et al. (2016) and 
construct many timeseries of monthly averaged variables by 
randomly selecting an ensemble member from each year and 
repeating this until we have 2000 sets of timeseries, of 34 
years each. We are then able to compare the single realisa-
tion of the observed system to multiple realisations of the 
simulated system.

3 � Diagnosing model performance

3.1 � Forecast skill

As a first order measure of model forecast skill we examine 
the ensemble mean skill for 500 hPa geopotential height in 
the northern hemisphere (Fig. 1). For the first month of the 
forecast the model has good skill across the northern hemi-
sphere, with positive correlations everywhere. However, in 
June, July and August the skill is much reduced, with large 
areas of negative correlation (no skill) developing over many 
regions, including much of Europe.

Figure 2 shows the observed CGT pattern as defined 
in Ding and Wang (2005) as the correlation between the 
D&W Index and 200 hPa geopotential height elsewhere, 
using ERA-Interim data (1981–2014 to align with the model 
forecast period) for May–August. Of the four months, May 
has the weakest CGT pattern, with little evidence of a wave-
train outside of Asia and so we will not focus on May from 
hereon. However, there is more evidence of a CGT pattern 
in June–August. In June, the correlation pattern is dominated 
by a region of positive correlation to the west of the D&W 
region, extending across the Sahara and parts of the Medi-
terranean. This is related to the monsoon-desert mechanism 
proposed by Rodwell and Hoskins (1996), where there is a 
westward retreat of the west-central Asian high following 
the onset of the monsoon at the beginning of June. There 
are also areas of significant positive correlation located in 
east Asia and the North Pacific, although there is little signal 
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over North America and western Europe. In July a wavetrain 
is visible at around 45◦N which has a wavenumber-6 struc-
ture. In August the CGT pattern becomes stronger due to 
the enhanced Asian jet (Enomoto et al. 2003), and the loca-
tions of the correlation centres shifts slightly compared to 
July associated with a change to a wavenumber-5 structure. 
As August has the strongest CGT pattern, we define several 
geopotential height indices based on the correlation pattern 
in this month. These are overlayed as boxes on Fig. 2, and 

Fig. 1   Model ensemble mean skill for 500 hPa geopotential height as defined as the correlation between ERA-Interim and model ensemble mean 
for a May, b June, c July and d August

Fig. 2   One-point correlation between 200 hPa geopotential at the 
base point (D&W region, 35◦–40◦N , 60◦–70◦E ) and 200 hPa geo-
potential elsewhere in the ERA-Interim (1981–2014) reanalysis data-

set, for a May, b June, c July and d August. Correlation values of ± 
0.34 are significant at the 5% level. The boxes indicate the regions 
defined as the “centres of action” of the CGT​

Table 1   CGT 200 hPa geopotential height indices

Index Abbreviation Domain

Ding and Wang D&W 60◦–70◦E , 35◦–40◦N
Northwest Europe NWEUR 15◦W–10◦E , 50◦–70◦N
East Asia EASIA 110◦–140◦E , 30◦–50◦N
North Pacific NPAC 180◦–150◦W , 40◦–60◦N
North America NAM 120◦–90◦W , 40◦–60◦N
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are also listed in Table 1, and we refer to them as “centres 
of action” of the CGT.

In August there are particularly strong correlations 
between the northwest Europe (NWEUR), Ding and Wang 
(D&W), East Asia (EASIA) and North Pacific (NPAC) 
regions. The weaker correlation between the NPAC and 
North America (NAM) and NAM and NWEUR regions 
perhaps suggests that the NAM region is less instrumen-
tal in the CGT, and an observed correlation of 0.46 in 
August (when the CGT is strongest) between the NPAC and 
NWEUR regions (bypassing the NAM region) supports this. 
The similarity between the location of the CGT centres of 
action and the areas of reduced model skill for geopotential 
height in Fig. 1 is one of the main motivations for this paper.

The observed CGT pattern has a slightly different phase 
in July, and to a lesser extend in June, compared to August. 
This means that the boxes used for the indices, which are 
defined based on the August pattern, are not all aligned with 
the centres of positive correlation in June and July. This may 
partly account for some of the differences in observed and 
model correlations between different regions seen later in 
the paper.

3.2 � Model representation of the CGT​

We now examine the representation of the CGT in the 
model. One-point correlations with the D&W Index are 
shown in Fig. 3. In order to get an idea of the mean model 
response, but without using the ensemble mean (which will 
over-emphasise the forced response), these correlations were 
calculated for each of the 25 ensemble members, and the 
average of these 25 correlations maps was taken. In June, 

the model accurately captures the effect of the Rodwell and 
Hoskins mechanism, visible in the westward lobe of positive 
correlations extending from the D&W region, albeit with 
slightly less of a westward extension and slightly weaker 
magnitude than is observed, and the pattern correlation is 
0.81. The centre of action over east Asia is also very accu-
rately simulated, in both location and magnitude, and this 
seems to be one area in which the model does well in all 
months. By July the model has developed a weak positive 
correlation across much of the northern hemisphere and the 
tropics and this contributes towards a reduced pattern cor-
relation (0.60). Although the pattern correlation increases 
slightly in August (0.70), the correlations at the centres of 
action are still much too weak. The negative correlations, 
particularly in August, are virtually non-existent, probably 
in part as a result of the developing hemisphere-wide posi-
tive correlation.

We now look in more detail at the relationships between 
the CGT centres of action in the model, and how they differ 
from observations. To do this, we use the method described 
in Sect. 2.3 to generate multiple timeseries from the ensem-
ble forecast and use these to perform correlation analysis 
between the D&W Index and the other CGT indices, which 
are listed in Table 1 and shown as boxes on Figs. 2 and 3. We 
can then use these multiple samples to determine whether 
the model correlation is consistent with observations. If it 
is not, then either the model is good and the observed pat-
tern has a very low probability of occurence, or the model is 
unable to capture the observed teleconnection pattern.

Figure 4 shows the distributions of the correlation values 
between the D&W Index and the other centres of action of 
the CGT for both the model and ERA-Interim for JJA. As 

Fig. 3   Same as Fig. 2, except the average of 25 ensemble member correlations for the model hindcasts, for a May, b June, c July and d August
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expected, the correlation with the D&W Index decreases fur-
ther downstream from this region. The representation by the 
model of the relationship between the D&W Index and the 
EASIA region is generally very good, with the observed cor-
relation falling between the 20th and 80th percentiles in all 
three months. Wu et al. (2016) suggested a link between East 
Asian Summer Monsoon precipitation and the CGT, via the 
Pacific-Japan (PJ) pattern. Our analysis suggests that while 
the PJ pattern has a weak but significant positive correla-
tion with the EASIA region in July (0.40), the correlation 
with the DW region is negative (− 0.33), suggesting that the 
relationship between the PJ pattern and the EASIA region is 
independent of the CGT. The model is not as good at captur-
ing the relationship between the D&W Index and the other 
centres of action. The performance in August is the worst, 
with the observed correlation between the D&W Index and 
the NPAC, NAM and NWEUR regions all falling in the 90th 
percentile or above, meaning that the model underestimates 
the link between these regions in August. This corroborates 
what is shown in Fig. 3, that the modelled CGT correlations 
are much too weak in August. In general, the model tends 
to overestimate the strength of the correlations in July, and 
underestimates them in August. This is potentially related to 
the difference in the observed CGT wavetrain in July com-
pared to August. In July, the CGT has a wavenumber-6 struc-
ture, with the NPAC and NAM centres of action displaced 
westwards relative to August, when there is a wavenumber-5 
structure. This means that in July there are both positive and 
negative contributions from the correlations in these centres 

of action, and so the observed July correlations are reduced 
compared to August. As the correlations in the model in July 
and August are of similar magnitude, this suggests that the 
model does not capture the difference in the CGT wavenum-
ber between these months and has a wavenumber-5 structure 
in both. The observed CGT is strongest in August and is 
related to significant temperature and precipitation anoma-
lies in Europe in this month, so the inability of the model to 
capture the strength of the relationship between the D&W 
Index and these centres of action may impact on forecast 
skill for these variables.

Figure 5 shows the distribution of model correlations 
between each CGT centre of action and its neighbouring 
centres of action. It was shown in Fig. 4 that the model rep-
resentation of the relationship between the D&W region and 
EASIA region is good. However, the model is less able to 
capture the relationships between subsequent downstream 
centres of action. The relationship between the EASIA and 
NPAC regions is good in June, but in July the model over-
estimates the magnitude of the correlation between these 
regions. As previously mentioned, this is in part due to the 
slightly different spatial structure of the CGT correlations 
in July, with the NPAC centre of action shifted westwards 
towards the date line, and an area of negative correlations in 
its place. In August there is an observed correlation of 0.71 
between these regions, but this falls in the 98th percentile 
of the distribution with an ensemble median correlation of 
around 0.50. As the model underestimates the strength of the 
relationship between these regions in August, this limits the 
ability of the model to represent the August CGT accurately 
and will also affect the subsequent downstream representa-
tion of the CGT.

The observed correlations between the NPAC and NAM 
regions are not significant in all months. The model captures 

Fig. 4   Distribution of correlation coefficients for the D&W Index 
correlated against the other centres of action of the CGT, calculated 
using the multiple samples. The box plots represent the upper and 
lower quartiles, and the whiskers extend to the 5th and 95th percen-
tiles. The black horizontal line represents the median value and the 
red diamond the observed correlation coefficient from ERA-Interim. 
5% significance levels ( ± 0.34 ) are indicated by the green dashed 
lines

Fig. 5   Same as Fig.  4, but for each centre of action of the CGT 
against the neighbouring centre of action
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this with a reasonable degree of success, with the obser-
vations lying between the 10th and 90th percentiles in all 
months, although the model does overestimate the magni-
tude of the correlation in July. The observed correlations 
between the NAM and NWEUR regions are significant 
in June and August (0.34 and 0.43 respectively). For both 
months the observations lie within the spread of the model 
distribution, although the median of the model correlations 
is lower than observed in both cases.

There is an observed correlation of 0.46 between the 
NPAC and NWEUR regions (bypassing the NAM region) 
in August. The model underestimates the strength of this 
correlation by a large margin, and this is consistent with 
correlations between other regions, where the correlations 
tend to be underestimated by the model in August associated 
with a weaker than observed CGT.

4 � Understanding errors in the model 
teleconnection

There are a number of possible causes of the errors in the 
model representation of the CGT. There may be errors in the 
way that it is forced, or errors relating to wave propagation 
within the model. The propagation of Rossby waves is an 
important part of the CGT mechanism, thus differences in 
the Rossby wave propagation characteristics between model 
and observations, possibly related to errors in the Rossby 
wave source or jet biases, have the potential to cause large 
errors in the CGT. We now examine several of these possible 
causes and determine the role that each has in causing errors 
in the teleconnection.

4.1 � Errors in the D&W region

We first look at the variance of the D&W Index in the model 
compared to observations, noting that if the model variabil-
ity in that region is small, the variance associated with that 
in other centres of action may be reduced. If the variance is 
weak, it is an indication that the region is not being forced 
as it should be. If the variance is strong, this suggests that it 
is the model teleconnection mechanism that is wrong.

Figure 6 shows the distribution of the variance of the 
D&W Index in the model and observations. The variance of 
the D&W Index is greatest in June, and the model reflects 
this, with the observations lying well within the interquartile 
range of the model distribution. However, in July and August 
the model underestimates the variance in this region, most 
notably in July when the observed variance falls well out-
side of the model distribution. In August the observed vari-
ance does lie within the model distribution but falls in the 
92nd percentile. The underestimation of the variance in this 
region by the model suggests that even if the teleconnection 

pathway is correctly represented in the model, it will still 
underestimate the strength of the teleconnection.

To identify a possible cause of the low variance in the 
model D&W Index in July and August we examine the 
relationship between geopotential height in this region and 
precipitation in the North Indian Summer Monsoon region 
(NISM), a region first defined in Ding and Wang (2007). 
We know from observations that there is a significant cor-
relation between precipitation in this region and the D&W 
Index (correlations of 0.51, 0.61, 0.56 for June, July and 
August respectively) as a result of a Gill-type response to 
the off-equatorial diabatic heating associated with the ISM 
(Gill 1980; Ding and Wang 2005). Therefore if the model 
does not represent the relationship between these regions 
well, this will affect its ability to correctly simulate the CGT.

Figure 7a shows the observed and model correlations 
between the D&W Index and NISM precipitation. During 
July and August, when the variance in the D&W Index is 
reduced, the model underestimates the correlation between 
NISM precipitation and the D&W Index (Fig. 7a) and also 
underestimates the variance in NISM precipitation during 
these months (Fig. 7b). This suggests that the poor variance 
of the D&W Index in July and August may be linked to poor 
representation of NISM precipitation in the model.

It was shown in Ding et al. (2011) that the CGT pattern is 
favoured in summers preceding the peak phases of ENSO. 
Correlating the difference in the Nino3.4 Index in the preced-
ing winter (DJF) and the subsequent winter against individual 
centres of action results in negative but not significant cor-
relations. The equivalent model correlations are also not sig-
nificant but are generally less negative than the observations 
(not shown). Therefore while the CGT itself may be correlated 

Fig. 6   Distribution of variances of the D&W Index, calculated using 
the multiple samples. The box plots represent the upper and lower 
quartiles, and the whiskers extend to the 5th and 95th percentiles. 
The black horizontal line represents the median value and the red dia-
mond the observed variance from ERA-Interim



3766	 J. D. Beverley et al.

1 3

with ENSO, there is no obvious link between ENSO and the 
individual centres of action. This may be because there are a 
number of other drivers for each of the centres of action indi-
vidually which may mask the influence of ENSO.

4.2 � Rossby wave source

The CGT mechanism relies on the generation and propagation 
of Rossby waves. The Rossby wave source (RWS) describes 
the forcing of Rossby waves by the divergent flow, and can be 
written as:

(1)RWS = −�D − �� ⋅ ∇�

where � is the absolute vorticity, D is the horizontal diver-
gence and �� is the divergent part of the wind field. This is 
derived from the vorticity equation for a single level in the 
atmosphere (e.g. James 1995), and the RWS is calculated 
using the u and v components of the wind at 200 hPa. Given 
the likely interaction between Rossby waves generated by 
the ISM and the CGT, we compare the RWS in the model 
to ERA-Interim to help understand the role of any errors 
in RWS in the representation of the CGT in the model. We 
first focus on the D&W region, given its key role as a centre 
of action of the CGT, and the fact that there is a signifi-
cant correlation between the D&W Index and RWS located 
near the D&W region in July and August ( − 0.50 and − 0.42 
respectively).

Fig. 7   Same as Fig. 6, but for a the correlation coefficient between the D&W Index and NISM precipitation and b the variance of NISM precipi-
tation. The green dashed line on a represents the 5% significance level

Fig. 8   a Rossby wave source (RWS) in the model (box plots) and 
observations (red diamond) and b variance in the RWS in the model 
and observations. In both panels the box plots represent the upper and 

lower quartiles, and the whiskers extend to the 5th and 95th percen-
tiles. The black horizontal line represents the median value and the 
red diamond the observed value from ERA-Interim
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Figure 8a shows the RWS averaged over the D&W region 
in the model and observations. It is clear that the model 
RWS in this region is too low in all months, with the obser-
vations lying well outside the model distribution. The vari-
ance of the RWS in this region is also too low (Fig. 8b) in 
the model in both July and August, and to a slightly lesser 
extent in June. If the strength and variance of the forcing in 
this region are not accurately represented then Rossby waves 
that are excited may be weaker than observed and this will 
affect their propagation characteristics and as such will result 
in errors in the modelled CGT.

To gain an understanding of the reasons for the differ-
ences seen in Fig. 8 we examine the mean RWS across a 
wider region. All of the panels in Fig. 9 are for August only, 
as this month has the strongest CGT wavetrain and the pat-
terns are representative of those seen in June and July (not 
shown). Figure 9a, b show the mean August RWS term, cal-
culated using Eq. (1), in ERA-Interim and the model ensem-
ble mean respectively in the coloured contours, and the 200 
hPa zonal wind in the black contours. The first thing we note 
is that the centre of positive RWS located at approximately 
40◦N , 60◦E , which, along with the source over the Medi-
terranean, is a major wave source (Enomoto et al. 2003), 
is broader and is located further to the north in the model 
than in ERA-Interim. This appears to be associated with a 
northward displacement of the model jet stream by several 
degrees when compared to ERA-Interim, and also explains 
the lower than observed RWS in the D&W region in the 
model shown in Fig. 8a. This displacement in both RWS and 
jet location is also present in both June and July (not shown).

Figure 8b shows that the variance of the RWS in the 
D&W region is lower in the model than in observations, 
however we see from Fig. 9c, d that this is generally not 
the case over a wider region. Indeed, in most parts of the 
region of interest the variance of the RWS in ERA-Interim 
(Fig. 9c) is lower than in the model (Fig. 9d). This is because 
the amplitude of the RWS in the model is generally larger, 
therefore horizontal gradients in the RWS are larger. This 
means that horizontal displacements in the centres of max-
ima and minima from year-to-year give greater variance. The 
northward position of the jet stream in the model may also 
account for the generally larger variance in RWS between 
50◦N and 60◦N , due to the increased vorticity gradient here.

The mean divergence field (D in Eq. 1) is shown in 
Figs. 9e (ERA-Interim) and 9f (model). The centre of nega-
tive divergence (convergence) located at approximately 
40◦N , 60◦E (in the same location as the centre of large RWS 
in Fig. 9a) is both larger in magnitude and located further 
to the north in the model than in ERA-Interim. This centre 
of convergence was shown to be localised in this region by 
the presence of the Zagros mountain chain (Rodwell and 
Hoskins 1996). Where the jet is located may determine 
where the divergence and convergence is, but we know, by 

comparing to the RWS computed from the rotational flow 
of ERA-Interim with the model divergent flow, that errors 
in the RWS primarily come from errors in the divergent flow 
(not shown). The errors in divergence are largest over both 
the Arabian Sea and the Bay of Bengal. Here, the diver-
gence is much greater in the model than in ERA-Interim, 
associated with too much precipitation in the model in these 
regions (Figs. 9g, h). If the greater precipitation in the model 
is also associated with larger monsoon variability, this may 
affect the forcing of the CGT in the model. The RWS term 
is also dominated by the divergence component, and there-
fore the convergence in the model (which is both too strong 
and located in the wrong place) is likely to be an important 
factor in the errors in RWS in the model. These errors in 
the RWS may impact on European summer forecast skill 
through errors in the CGT, so more accurate representation 
of the link between monsoon heating and the extratropical 
circulation is likely to be important for improving European 
summer forecasts.

We also note that the jet biases over the Mediterranean 
are much smaller than over west-central Asia, and the loca-
tion of the centre of convergence in the model in this region 
closer resembles ERA-Interim. Where there are larger wind 
biases over west-central Asia there is a greater displacement 
of the centre of convergence, and this strengthens the argu-
ment that the jet location is an important factor in these 
errors.

The propagation of Rossby waves generated in this 
region relies on the jet stream, which acts as a waveguide. 
As seen in Figs. 9a, b, the model jet stream is located too 
far to the north over Asia. It can be seen from Fig. 10 that 
there is a clear northward bias in the position of the jet 
over much of the northern hemisphere, particularly in June, 
July and August. This is shown by the positive biases to 
the north and negative biases to the south of the observed 
jet stream. The wind biases are smallest early on in the 
simulation, when the maximum biases are around 4 ms−1 . 
However, these biases quickly become larger, reaching 
a maximum of around 8 ms−1 in June. The magnitude of 
the maximum biases then remains approximately constant 
for the remainder of the hindcast period. The largest wind 
biases are seen in the RWS region over Asia which means 
that Rossby waves forced in this region will have differ-
ent wave propagation characteristics to reality—they may 
propagate at the incorrect speed, in the wrong direction or 
may not propagate at all. The combination of the errors in 
RWS along with the model jet biases are likely to be crucial 
in the poor representation of the CGT in the model.
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Fig. 9   a ERA-Interim and b model ensemble mean RWS term (filled 
contours) and 200 hPa zonal wind (black contours). c ERA-Interim 
and d model variance of the RWS term. The model variance is for all 
members concatenated together. e ERA-Interim and f model ensem-

ble mean divergence. g GPCP and h model ensemble mean precipita-
tion. All panels are for August, and the D&W region is marked as a 
box
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5 � Conclusions

The circumglobal teleconnection (CGT) has a major role 
in influencing observed weather patterns in the northern 
hemisphere summer. The variations of the wavetrain asso-
ciated with the CGT cause significant seasonal tempera-
ture and precipitation anomalies in many areas, includ-
ing Europe. Accurate prediction of the CGT is therefore 
important in improving seasonal forecasts for the Euro-
pean summer.

In this paper we analysed the ability of a version of the 
ECMWF seasonal forecast model to represent the CGT. 
The model representation of the CGT was found to be too 
weak, particularly in July and August, when the observed 
correlations associated with the CGT wavetrain are at their 
strongest and the impact of the CGT on European weather 
and climate is large. It was also found that the model under-
estimates the strength of the correlation between many of 
the centres of action of the CGT. The model performance in 
August was found to be particularly poor, with the observed 
correlation between the D&W Index and the NPAC, NAM 
and NWEUR regions lying in the upper end of the distribu-
tion of model correlations (Fig. 4). The model is able to cap-
ture the relationship between the D&W and EASIA regions 
in all months, but further downstream from this region cor-
relations are much weaker than observed (Fig. 5). In gen-
eral, the model tends to underestimate the strength of the 
correlations in August. We have looked at the relationship 
between the Rossby wave source and the monsoon heating 
but we have not looked at the relationship between the CGT 

pattern and other drivers of tropical precipitation, and this 
may merit further investigation as a cause of the lack of skill 
for the CGT.

We identified several errors in aspects of the model’s 
simulation which may be important for the generation and 
maintenance of the CGT, including:

1.	 Weak variability in the D&W region We found that 
the model accurately captures the strength of interan-
nual variability in this region in this region in June, but 
performs much worse in July and August. This means 
that, assuming the other drivers of variability in remote 
regions remain the same, the D&W Index will explain 
less of the variance.

2.	 Poor representation of the link between the D&W Index 
and NISM precipitation Weak variability in the D&W 
Index may be related to a weak correlation with NISM 
precipitation and weak variability in NISM precipitation 
during July and August. The similarity between the loca-
tion of the observations in the box plots in Figs. 6 and 
7 suggests that poor representation by the model of the 
relationship between these regions in July and August is 
an important factor in explaining the low model variance 
in the D&W Index in these months.

3.	 Errors in the RWS There are errors in the RWS in and 
around the D&W region. In particular, the main cen-
tre of RWS is stronger and is displaced northwards and 
eastwards in June, July and August. This error is largely 
related to errors in the divergence, and is associated with 

Fig. 10   Model 200 hPa zonal wind bias (filled contours, ms−1 ), 
defined as the model ensemble mean minus ERA-Interim zonal wind, 
and ERA-I 200 hPa zonal wind (black contours) for a May, b June, c 
July and d August. To show the position of the observed jet, only the 

0, 10, 20 and 30 ms−1 isotachs have been plotted. For orientation, the 
location of the centres of action of the CGT are marked with white 
crosses
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greater than observed precipitation over the Bay of Ben-
gal and Arabian Sea.

4.	 Errors in the jet location There is a northward displace-
ment of the jet around the D&W region in June, July 
and August, which may be partially responsible for the 
displacement of the centres of convergence and RWS. 
There is also a displacement of the jet in much of the 
northern hemisphere, and this error, along with errors 
in the forcing of Rossby waves, is likely to be a key fac-
tor in the poor representation of the CGT in the model, 
and is a major contributor to the poor forecast skill over 
Europe.

It seems likely that the pattern of reduced skill in Fig. 1, 
with negative correlations located at the centres of action 
of the CGT, including over Europe, is related to the poor 
representation of the CGT in the model, either as a result 
of a poor representation of the monsoon heating and its 
associated Rossby wave response, or biases in the jet loca-
tion. Improving the simulation of the CGT is therefore 
likely to be important for improving seasonal forecasts for 
Europe. This also raises the question that if the model’s 
representation of the CGT was improved, would that lead 
to an improvement in forecast skill for the European sum-
mer? To address this question, sensitivity experiments are 
currently underway imposing the observed circulation in 
several centres of action along the CGT pathway to explore 
the impact on forecast skill for European summer weather. 
Analysis of these experiments will be the focus of a sub-
sequent paper.
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