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The behaviour of the eddy-driven jet over the Atlantic sector during the winter season

is analysed for the ERA-Interim reanalysis and the coupled and atmosphere-only

configuration of HadGEM3-GC2 - the climate model in use at the Met Office. The

tri-modal distribution that reveals the jet-stream structure in terms of its preferred

locations is reproduced with good accuracy by the model, although a distinct bias

towards the high-latitude position is observed. Two different scenarios are found to

contribute to this bias. One occurs when the jet shifts from its southern regime, whereby

it settles too far north and for too long compared to the reanalysis. The other is

associated with the exit from the central latitude regime, with too many events shifting

poleward rather than equatorward. Excessively large lower tropospheric eddy heat

fluxes during these transitions may account for the jet errors, even though the heat

fluxes do not exhibit a climatological bias. Interestingly, these biases are weaker when

the atmosphere model is forced with observed SSTs, suggesting that either it is vital to

have the correct SST distribution or that ocean-atmosphere coupling plays a key role

in the biases. Additional analysis revealed that the Pacific jet exit is biased south in the

coupled model and that this is likely to contribute to the Atlantic bias. Anomalously

warm SSTs in the Gulf Stream region may be acting together with the Pacific bias in

fostering the anomalous activity in the low level eddy heat fluxes.
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1. Introduction

The Atlantic jet-stream variability has long been a critical topic

of research. Its importance in modulating the weather over the

Euro-Atlantic sector from daily to seasonal and inter-annual time

scales is widely recognised, and several papers have investigated 5

such connections (e.g. Mahlstein et al. 2012; Trigo et al. 2002).
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Another important strand of publications has dealt with the grade

of fidelity of the general circulation models in reproducing the

jet-stream behaviour. It is well known that the models have

difficulty in simulating correctly the eddy-driven jet, whereby it10

tends to be too far equatorward and too strong (e.g. Hannachi

et al. 2013). At present there are still large deficiencies, for

example the vast majority of the CMIP5 models (Taylor et al.

2012) largely fail in simulating the tri-modal distribution of the

jet latitude (Anstey et al. 2013). This behaviour is unique to the15

Atlantic eddy-driven jet. Woollings et al. (2010) were the first to

explicitly describe it, then in following papers the transitions

between the three different jet regimes (the northern, central

and southern regime) were analysed in detail (e.g. Franzke et al.

2011). The Met Office climate model used for the IPCC Fifth20

Assessment Report (Collins et al. 2008) is indeed an exception to

this, inasmuch as it is able to reproduce the three-state jet quite

well. Nevertheless, it still suffers from a large bias related to the

high latitude regime, which is too populated compared to the

central latitude regime, unlike the reanalysis (see dashed magenta25

line in Fig. 3a in Anstey et al. 2013). Interestingly, a similar

issue is still present in the latest version of the global coupled

model in use at the Met Office (Williams et al. 2014), with no

notable changes from the previous operational configuration

(HadGEM2). This bias to overpopulate the high-latitude regime30

is in stark contrast to the historical bias of an overly zonal flow.

One method we use here to investigate the biases is the

eddy-mean flow interaction approach, whereby the jet variability

is understood as forced by the interaction with the synoptic35

systems. This framework has been invoked in several papers to

explain the jet stream behaviour and its fluctuations over different

time scales, as well as the different time persistence within a

given state (Lorenz and Hartmann 2001; Barnes et al. 2010).

Barotropic (e.g. Yu and Hartmann 1993) as well as baroclinic40

(e.g. Gerber and Vallis 2007) theories have been developed to

describe the eddy-driven jet behaviour. In particular, the latter

have invoked the generation of baroclinicity as the main driver

for such changes (Thompson and Birner 2012; Novak et al.

2015), whereby this process leads to the increase of lower45

tropospheric heat fluxes, which are followed later in the eddy

lifecycle by upper tropospheric wave activity out of the jet and

concurrent westerly momentum flux into the jet.

Our aim is to understand the biases in the lower

tropospheric zonal wind and hence we focus on analysis of the 50

transient baroclinic eddy effects. Since these are primarily

responsible for barotropising the flow and accelerating the

low-level wind (Hoskins et al. 1983) we hypothesise that biases

in the zonal wind are likely to be accompanied by biases

in the transient eddy characteristics. We apply some new 55

diagnostics to describe the biases in the jet and the eddies,

focussing on the regime structure of the jet and the magnitude

and orientation of eddy fluxes. These are intended to provide

some physical insight and to complement existing methods

such as a full decomposition of the vorticity budget, as has 60

been used very successfully by Barnes and Hartmann (2010)

for example. In section 5 we also consider the role of more

remote processes, in particular Pacific jet biases. These are

suggested to influence the Atlantic jet by modulating the

behaviour of the transients as they enter the Atlantic sector. 65

The paper is divided as follows, section 2 describes the

methodology and the data used. Section 3 highlights the general

results and the main biases of the model in simulating the eddy-

driven jet, while section 4 describes the process-based analysis 70

employed in this study and applies it to the reanalysis. The jet bias

is further investigated by looking at the jet transitions in section 5.

The concluding remarks are presented in section 6.

2. Data and Diagnostics

The data sources are the ERA-Interim reanalysis (ERA-I - Dee 75

et al. 2011) and the Global Coupled model 2.0 (GC2 - Williams

et al. 2014). The Global Atmosphere 6.0 (GA6.0 - Walters et al.

2014) component is used for the atmosphere-only configuration

(here named GC2-A). In this version of the model the ENDGame

dynamical core has been introduced. This is an evolution of the 80

previous dynamical core and is based on a semi-implicit, semi-

Lagrangian discretization of the governing equations. The period

used is 1980-2012 for the reanalysis and 28 years for the model

versions. These are Present Day control simulations with

forcings fixed at year 2000 levels.The ERA-I grid-resolution is 85
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1.5◦ × 1.5◦, the atmosphere component horizontal resolution is

N216, while for the coupled version the ocean component uses

the 0.25 degree horizontal resolution. The fields downloaded have

been interpolated to the reanalysis grid-resolution before applying

any post-processing. To produce and post-process the data, the90

following fields have been used: (u,v) (the wind field) at 250, 850

hPa and temperature at 850 hPa.

The data analysis has been conducted using a process-based

approach, in particular the eddy fluxes and their impact onto the95

jet have been analysed in detail. To do that, the E-vector diagnostic

has been employed (Hoskins et al. 1983). The E-vector has been

derived for the high-pass time-filtered eddies only (i.e. with period

shorter than 10 days) using the Lanczos method (Duchon 1979).

Here, a particular focus has been given to the third component100

of the quasi-vector, which can be associated with the low-level

eddy heat fluxes. The horizontal components relate to the

momentum flux in the upper troposphere. The three diagnostics

can be written as follows:

Ep = f
v
′

θ
′

Θp

; (1)

105

|E| =
√

E2
x + E2

y , Ed = arctan

(

Ey

Ex

)

(2)

where Ex = v
′2 − u

′2 and Ey = u
′

v
′ , while u

′

and v
′

are the

high-pass filtered winds, f is the Corliolis parameter, and Θp is a

standard vertical profile of potential temperature. |E| represents

the strength of the fluxes, while Ed is used to detect their direction

(positive and negative values are for poleward and equatorward110

propagation, respectively). It is also noted that Ep is normalised

following Brayshaw et al. (2008), whereby Ep is multiplied by

(λ∆p)−1, where ∆p =150 hPa and λ = 1.7× 10−5 s−1 (see the

appendix in their paper for further details). The normalised Ep

is measured in m/s, so that Ep and the divergence of E are then115

comparable.

The divergence of the horizontal component of the E-vector

(∇ · E) is commonly used rather than its modulus to describe the

eddy momentum fluxes at the upper levels (see Hoskins et al.120

1983, for its interpretation), however here |E| has been chosen

as it is less noisy than the former. A more detailed interpretation

of |E| and its link with ∇ · E is given in the appendix.

3. The jet-stream behaviour

Fig. 1 shows the winter season jet-stream (u, magenta contours) 125

for the reanalysis (a) and the model versions (b-coupled, c-

AMIP), along with the (normalised) third component of E (Ep,

colour shading) and the magnitude of the horizontal components

at 250 hPa (|E|, green contours). The panels generally agree with

each other, though some differences are also apparent. While 130

Ep generally exhibits very similar values, |E| is slightly weaker

for both GC2-C and GC2-A (see for example the 120 m2s−2

contour at the centre of the jet). This likely has an influence on the

behaviour of the jet itself, which shows a pronounced arch-shape,

particularly for GC2-C, and a narrower section in its central part 135

(see also the 30 m/s contour). Another difference is observed

further upstream in the eastern Pacific, particularly for GC2-C

and compared to ERA-I, where |E| is south-shifted by at least

15− 20◦. This is also evident for the mean jet, whose maximum

values are shifted to the south as well. We will return to this later 140

in section 5.

Fig. 2 shows the winter jet latitude distribution derived

following the methodology as in Woollings et al. (2010),

although here the wind field used is at the single 850 hPa level. 145

Note that the relatively lower occurrence of the southern peak

as compared to the distribution in Woollings et al (2010) is

due to the different period used (Woollings et al. 2014). The

multiple curves have been obtained using the bootstrap technique

with 50 realisations, randomly selecting the daily values from 150

the respective sample (black for ERA-I, red for GC2-C, and

green for GC2-A). It is noted that GC2-C significantly stands

out from the other two samples for most of the latitude range.

The most noticeable difference, which confirms the bias in the

previous version of the model (see Anstey et al. 2013), is in the 155

high-latitude regime (N), which is too populated compared to

GC2-A and even more compared to ERA-I. Such a positive bias

in frequency is balanced by a deficit in the central position of the

jet (C) and to some extent in the low-latitude (S) regime too. The

results are in accordance with the differences observed in Fig. 1, 160
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America too large. It then appears that a combination of factors

might be at play in such a scenario. First, the Pacific bias forces

the Atlantic jet to an anomalous anticyclonic curvature, which

places it along the North American coast and aligned with the405

Gulf Stream region. Second, the SST bias present there triggers

the anomalous activity in the heat flux, which is found to be

responsible for the northern regime bias.

6. Conclusions

This paper has evaluated the performance of the latest operational410

climate model version in use at the Met Office (HadGEM3-GC2)

in simulating the wintertime eddy-driven jet behaviour over

the Euro-Atlantic sector. This has been done using a process-

based analysis, recognising that the jet stream variability is

largely determined by the interactions between higher frequency,415

synoptic-scale processes and the larger-scale dynamics. Several

studies have already shown that the eddy fluxes are central to such

an analysis, here we demonstrate they are also a valuable tool for

the explanation of the model’s bias in describing the tri-modal

behaviour of the Atlantic jet stream. Overall, it is shown that the420

transition to higher latitudes is preceded and accompanied by

large eddy heat fluxes, in accordance to the results in Novak et al.

(2015). This is followed by a strong equatorward wave activity

anomaly, which in turn enhances the poleward momentum flux

at upper levels (see also Fig. 7 in Thompson and Birner 2012).425

In contrast, the jet shift to lower latitudes is preceded and

accompanied by anomalously low eddy activity, while the wave

propagation is present on either flank of the jet, once again in

accordance with the barotropic theory of the eddy-mean flow

feedback (e.g. Fig. 6 in Yu and Hartmann 1993).430

The bias in the time-mean jet (at least in the coupled model

version) has been associated with an over-populated N regime

compared to the reanalysis. Interestingly, HadGEM3-GC2 shares

the same bias with the ECMWF operational ensemble forecasts435

(Leutbecher and Palmer 2008), which have a tendency to drift

towards too much ’Atlantic ridge’ (see Ferranti et al. 2014),

which roughly equates to too much N regime occurrence. In the

case of HadGEM3-GC2, this is mainly down to two reasons. One

is the tendency of the jet to favour too often the N regime once440

exiting from the C state. The other is the overly long residence

time at high latitudes once exiting from the S state. We suggest

that both behaviours can be explained by the large eddy heat

fluxes (the third component of the E-vector) in GC2-C, which are

in turn associated with a strong upper level momentum flux (the 445

horizontal component of the E-vector).

The exit of the Pacific jet is too far south in the coupled

model GC2-C and this, along with the warm biased SSTs over

the Gulf Stream region may be acting together in fostering the 450

anomalous activity in the low level eddy heat fluxes, which in

turn generate the observed bias in the location of the eddy-driven

jet. To further test this hypothesis more work is ongoing, with

targeted model experiments to investigate the role of local

SST biases versus effects from outside the North Atlantic. The 455

results of such experiments and their analysis will be discussed

in a future paper.
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The E-vector, its magnitude and its divergence

Throughout the manuscript |E| has been used to describe the 465

momentum flux instead of its divergence (div(E)). In Hoskins

et al. (1983) it is explained that E may be considered as an

effective westerly momentum flux. Its generation (divergence)

can be thought as a tendency to increase the westerly mean

flow, whereas its destruction (convergence) is associated with a 470

decrease of the westerly mean flow. Despite this being generally

used in the literature, we opted for the E-vector magnitude,

which is somehow an indirect measure compared to the former,

but it can still be easily interpreted and it is much less noisy

(as the derivative is avoided). An example of this is found in 475

Hoskins et al. (1983) (their Fig. 6), where the Pacific and Atlantic

storm tracks during the winter season 1979-80 are analysed
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