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ABSTRACT

The major features of the westerly jets in boreal winter, consisting of the Middle East jet stream (MEJS),
East Asian jet stream (EAJS) and North Atlantic jet stream (NAJS), simulated by a newly developed
climate system model, were evaluated with an emphasis on the meridional location of the westerly jet
axis (WJA). The model was found to exhibit fairly good performance in simulating the EAJS and NAJS,
whereas the MEJS was much weaker and indistinguishable in the model. Compared with the intensity bias,
the southward shift of the WJA seems to be a more remarkable deficiency. From the perspective of Ertel
potential vorticity, the profiles along different westerly jet cores in the model were similar with those in the
reanalysis but all shifted southward, indicating an equatorward displacement of the dynamic tropopause
and associated climatology. Diagnosis of the thermodynamic equation revealed that the model produced an
overall stronger heating source and the streamfunction quantifying the convection and overturning Hadley
circulation shifted southward significantly in the middle and upper troposphere. The two maximum centers
of eddy kinetic energy, corresponding to the EAJS and NAJS, were reproduced, whereas they all shifted
southwards with a much reduced intensity. A lack of transient eddy activity will reduce the efficiency of
poleward heat transport, which may partially contribute to the meridionally non-uniform cooling in the
middle and upper troposphere. As the WJA is closely related to the location of the Hadley cell, tropopause
and transient eddy activity, the accurate simulation of westerly jets will greatly improve the atmospheric
general circulation and associated climatology in the model.
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1. Introduction

The extratropical atmospheric general circulation
is characterized by the prevailing circumpolar wester-
lies, which act as the dominant west-to-east motion of
the atmosphere at midlatitudes in both hemispheres.
The westerlies are strongest in the winter hemisphere,
while they are weakest in the summer hemisphere. The
seasonal averaged westerlies are markedly enhanced in
some regions where the jet streams form. The ex-
istence of these jet streams is attributed to different
dynamical processes, consisting of the subtropical jet
stream and polar-front jet stream (Riehl, 1962; Zhang
et al., 2008; Ren et al., 2010). The former is a result of
angular momentum transport by the thermally-direct
Hadley circulation (Held and Hou, 1980). The latter is
driven by the eddy momentum convergence that devel-

ops in regions of enhanced baroclinicity (Held, 1975).
In austral winter, the subtropical and eddy-driven

jets appear as two distinct upper tropospheric maxima
in the climatologically zonal-mean zonal wind (Bals-
Elsholz et al., 2001). In boreal winter, the jets are
often distinct in the Atlantic sector, but not in the
Pacific, where they are generally present as a single
combined jet (Riehl, 1962; Lee and Kim, 2003; Koch et
al., 2006). Observational results have shown that three
pronounced jet cores are centralized over the Arabian
Peninsula, southeast of Japan Island and the east coast
of America at 200 hPa (Krishnamurti, 1961); namely,
the Middle East jet stream (MEJS), East Asian jet
stream (EAJS) and North Atlantic jet stream (NAJS),
respectively.

Much of the weather and climate in the extratrop-
ics is associated in some way with the westerly jet. As
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a main component of the East Asian monsoon system,
the EAJS has a strong relationship with the rainfall
and corresponding circulation anomaly (Yang et al.,
2002; Jhun and Lee, 2004; Li et al., 2004, Zhou and Yu,
2005; Zhou and Zou, 2010). The NAJS, in conjunction
with transient midlatitude eddies, is closely associated
with the North Atlantic Oscillation (Limpasuvan and
Hartmann, 1999; Woollings et al., 2010). Even though
the MEJS is not as strong as the EAJS, it acts as
an antecedent signal of East Asian climate phenom-
ena and has attracted increasing attention (Yang et
al., 2004; Bao et al., 2010). Of the major variability
in the westerly jet, the location displacement tends to
be most significant in climate effects (Lu, 2004; Kuang
and Zhang, 2006).

The State Key Laboratory of Numerical Mod-
eling for Atmospheric Sciences and Geophysical
Fluid Dynamics, Institute of Atmospheric Physics
(LASG/IAP) has long been established in developing
comprehensive coupled climate models [see Zhou et
al. (2007) for a review]. Substantial efforts have been
devoted to evaluating the models’ ability to reproduce
the spatial distributions and seasonal evolutions of the
westerly jet (Guo et al., 2008; Cai et al., 2011). The
aim of this paper is similar, but with the difference that
here we attempt to evaluate the model’s performance
in simulating the westerly jet with an emphasis on
its meridional location, and specifically from a hemi-
spheric perspective. This was motivated by a large
body of work over recent years showing that there are
essentially two physical processes which give rise to the
jet streams: the thermal forcing mechanism caused by
the tropical Hadley circulation, and the eddy-driven
forcing resulting from the midlatitude baroclinicity.

The remainder of the paper is organized as follows.
A brief introduction to the model and datasets em-
ployed in this study are given in section 2. Section 3
compares simulation of the westerly jet in boreal win-
ter with reanalysis results. Section 4 focuses on the
southward shift of the westerly jet axis (WJA) and as-
sociated climatology. The thermal and eddy forcings
in terms of the thermodynamic equation are presented
in sections 5 and 6 to explain the southward shift of
the WJA in the model. Finally, conclusions are given
in section 7.

2. Model and data

The Flexible Global Ocean-Atmosphere-Land Sys-
tem model, Grid-point Version 2 (FGOALS-g2) has
been developed by a community of scientists and grad-
uate students from LASG/IAP, Center for Earth Sys-
tem Science (CESS)/Tsinghua University, and the
First Institute of Oceanography (FIO)/State Oceanic

Administration (Li et al., 2013a). It has participated
in the fifth phase of the Coupled Model Intercom-
parison Project (CMIP5) experiments (Taylor et al.,
2012). The coupled GCM is composed of four interac-
tive component models, including the Grid-point At-
mospheric Model of LASG/IAP (GAMIL2.0) (Li et
al., 2013b), the LASG IAP Climate System Ocean
Model oceanic model (LICOM2.0) (Liu et al., 2012),
the Global Community Land Model (CLM 3.0) (Bo-
nan et al., 2002; Dickinson et al., 2006), and an
improved version of the Los Alamos sea ice model
(CICE4/LASG) (Wang et al., 2009; Liu, 2010). These
models are coupled by version six of the National Cen-
ter for Atmospheric Research (NCAR) flux coupler
(Collins et al., 2006). For the atmospheric component
of FGOALS-g2, GAMIL2.0 employs a hybrid horizon-
tal grid, with a Gaussian grid of 2.8◦ between 65.58◦S
and 65.58◦N and weighted equal-area grid poleward of
65.58◦. Compared with its precursor GAMIL1.0, some
key upgrades to cloud-related processes were made in
GAMIL2.0.

In this study, monthly and six-hourly model out-
puts of the CMIP5 historical simulation for thirty
winters (December-January-February; DJF) from
1979/80 to 2008/09 were used in comparison with
the overlapping period of the NCEP-NCAR (National
Centers for Environmental Prediction–National Cen-
ter for Atmospheric Research) Reanalysis (Kalnay et
al., 1996). The circulation data for the latest three
decades was chosen because the reanalysis covering the
satellite era was more reliable and homogeneous than
the pre-satellite (Sterl, 2004; Dell’Aquila et al., 2005).

3. Climatological westerlies

To evaluate the model’s performance in simulating
the westerly jet in boreal winter, the horizontal distri-
bution of zonal wind and the WJA in the model was
compared with the result in the reanalysis at 200 hPa,
at which level the strongest westerly jet lies. Then, a
vertical transect along the WJA was analyzed to define
the regions of westerly jet cores. The pressure-latitude
profiles along these regions are illustrated to compare
the meridional locations of the WJA.

3.1 Horizontal structure

The reanalyzed and simulated zonal winds at 200
hPa are presented in Fig. 1, where the thick solid (or
dashed) line represents the WJA in FGOALS-g2 (or
NCEP-NCAR), defined as the latitude of maximum
zonal wind speed in the meridional direction. In terms
of the thermal wind principle, the variation of zonal
wind with pressure was proportional to the horizontal
temperature gradient. The corresponding meridional
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Fig. 1. Climatological zonal wind speed (contour; m s−1) at 200 hPa and mean merid-
ional temperature gradient (shaded; 10−5 K m−1) from 500 hPa to 200 hPa in winter for
(a) FGOALS-g2, (b) NCEP–NCAR and (c) their difference. The thick solid (or dashed)
line is the jet axis for FGOALS-g2 (or NCEP–NCAR), which is defined as the latitude
of maximum zonal wind speed in the meridional direction.

temperature gradient (MTG) vertically averaged from
500 hPa to 200 hPa is also superimposed onto the zonal
wind in Fig. 1. In order to compare the results be-
tween FGOALS-g2 and NCEP-NCAR reanalysis, the
model output on the hybrid grid was regridded onto
the 2.5◦×2.5◦ fixed grid using bilinear interpolation.

In the reanalysis, the NH is covered by the west-
erlies with three distinct jet cores. With the westerly
jet moving eastwards, it shits northwards gradually.
The westerly jet originates from the equatorial At-
lantic at the grid around (15◦N, 30◦W), moves over the
West African Coast and then crosses over the Africa–
Asia continent where the first and weakest westerly
jet core forms over the Arabian Peninsula; namely,
the MEJS. The intensity of the westerly jet reaches a
maximum over the southeast of Japan Island around
140◦E, where the EAJS is located. After the date
line, the meridional shift of the WJA is reversed to
southward and the jet intensity decreases dramatically.
The isotach of 30 m s−1 breaks down over the North-
east Pacific, which means the climatological jet stream
vanishes in this region. As the westerly approaches
the west coast of America, it experiences a striking

northward location displacement and rapid intensity
intensification. It is very similar to the EAJS that a
moderate jet core is centralized over the east coast of
America, i.e. the NAJS, which reaches as far north
as 50◦N. Meanwhile, the westerly jet over the Eastern
Hemisphere is accompanied by a strong MTG, while a
relatively weak MTG is found under the NAJS core.

Generally, the major characteristics of the upper-
tropospheric westerlies at 200 hPa and the underlying
MTG simulated by FGOALS-g2 were in good agree-
ment with the NCEP-NCAR reanalysis, such as the
cross-continent WJA with northward shift, the EAJS
and NAJS centers with maximum MTG. However,
there also existed obvious deficiencies in the simula-
tion. The MEJS, which is separated from the wester-
lies as an independent jet core in the reanalysis, disap-
peared in the simulation. In Fig. 1c, which displays the
difference between simulation and reanalysis, it can
be seen that the MTG along the WJA was systemat-
ically underestimated in the model over the Eastern
Hemisphere, especially under the two jet cores. Mean-
while, the simulated WJA shifted southward almost in
the hemispheric circle, except for the Northeast Pacific
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where the zonal wind was overestimated in the model
at the exit region of the EAJS.

3.2 Vertical structure

Figure 2 shows the transections of simulated and
reanalyzed vertical zonal wind and MTG along the
WJA defined in Fig. 1. In the reanalysis, the strongest
westerlies with three maximum centers occur at 200
hPa, which are accompanied by a strong negative (or
positive) MTG below (or above) the jet core. The
EAJS along 140◦E and the NAJS along 80◦W were
generally reproduced. The MEJS along 40◦E was
missing, and only westwards expanded isotach ridges
were found in the model. Owing to a northward jump
of the WJA, some sudden changes of vertical isotach
occur in the reanalysis. The first discontinuous isotcah
at the south side of the Tibetan Plateau was indistinct
in the simulation together with the lower-resolution to-
pography. Besides the aforementioned southward shift
of the WJA, a weaker MTG all over the globe was sim-
ulated in FGOALS-g2, especially under the jet cores.

The latitude–height cross sections of zonal wind

and MTG along three westerly jet cores are shown
in Fig. 3, where NH, ME, EA and NA denote zonal
mean for the Northern Hemisphere, MEJS (20◦–50◦E),
EAJS (130◦–160◦E) and NAJS (90◦–60◦W), respec-
tively. The model showed different capabilities of
reproducing different westerly jets. The simulated
MEJS shifted southward significantly with an underes-
timated intensity and MTG. The isotach on the south
side of the EAJS axis expanded more southward, de-
spite the fact that both intensity and location were well
simulated in the model. This southward location bias
also happened for the NAJS. Comparisons of vertical
profiles at three jet cores indicate that FGOALS-g2
possesses a better capability of reproducing the EAJS.

As the westerly jet moves eastward, the wind speed
enhances and the WJA shifts northward. Based on the
principle of Kelvin’s circulation theorem, the absolute
circulation in an isobaric surface is conserved follow-
ing the adiabatic motion. When the westerly jet moves
northward, the geostrophic circulation decreases be-
cause of latitude change. Owing to the absolute circu-
lation conservation,the relative circulation is strength-

Fig. 2. Transection of climatological zonal wind speed (contour; m s−1) and meridional
temperature gradient (shaded; 10−5 K m−1) along the jet axis in winter for (a) FGOALS-g2
and (b) NCEP–NCAR. The black shaded underlying surfaces represent the outlines of the
Tibetan Plateau orography using simulated and reanalyzed surface pressure in (a) and (b),
respectively.
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Fig. 3. Latitude–height cross sections of zonal wind
(m s−1) and meridional temperature gradient (shaded;
10−5 K m−1) in winter, hemispheric zonal mean for the
North Hemisphere (NH; a, e), regional zonal mean for the
Middle East (ME; b, f), East Asia (EA; c, g) and North
America (NA; d, h). FGOALS-g2 (a, b, c, d; left pan-
els), NCEP–NCAR (e, f, g, h; right panels). The thick
line with filled circles denotes the maximum zonal wind
in the meridional direction at each pressure level. The
black shaded underlying surfaces represent the outlines
of the Tibetan Plateau orography.

ened and the velocity is accelerated. The underesti-
mated zonal wind speed can partially be attributed
to the southward shift of the WJA. From this point,
it should be noted that the southward location bias
seems to be a fundamental and considerable drawback
in FGOALS-g2. The following sections focus mainly
on the location bias and try to elucidate the major
direct reasons that lead to the southward shift of the
WJA in the model.

4. Southward shift of the dynamic tropopause

Since the zonal wind and temperature field sat-
isfy the thermal wind relationship, the WJA was lo-
cated at the latitude where the thermal wind inte-
grated through the troposphere was at a maximum.
As shown in Fig. 2, the southward shift of the WJA
was accompanied by a weak MTG under the jet core.
In this section, the temperature field is further exam-
ined. Figure 4 displays the mean temperature between
500 hPa and 200 hPa. In the climatological distribu-
tion, two distinct low-temperature centers poleward of
the EAJS and NAJS, corresponding to the East Asian
deep trough and the North American trough respec-
tively, were reproduced in the model. However, a non-
uniform weakening of temperature in the meridional
direction was simulated by FGOALS-g2. The tem-
perature southward of the WJA was weakened much
more significantly than northward. The non-uniform
weakening of temperature can result in the southward
shift of the MTG. This nonuniformity became much
stronger at the longitude around the jet core.

The westerly jets typically correspond to strong
gradients or discontinuities in tropopause potential
temperature, and the location of the WJA is of
great significance for the definition of the dynamic
tropopause (Morgan and Nielsen-Gammon, 1998).
The tropopause surface is expressed in potential vor-
ticity units (PVU; 1PVU = 10−6 K kg−1 m2 s−1),
with the tropopause layer typically lying in the 2-PVU
surface in the NH. This point is illustrated schemati-
cally in Fig. 5, which shows the latitude–height cross
sections of zonal wind, potential temperature and Er-
tel potential vorticity (EPV) through different west-
erly jet cores. In the reanalysis, both the MEJS and
EAJS cores are located at the 2-PVU level where the
isotherm of potential temperature (near 350 K) paral-
lels with the isobar, indicating that EPV is conserved
following the isentropic flow over the Eurasian conti-
nent (Hoskins et al., 1985). The NH zonal mean west-
erlies and NAJS are located at a higher EPV level. In
the model, the general patterns of dynamic tropopause
were similar with that in the reanalysis, but all shifted
southward with the perspective to EPV, which cor-
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Fig. 4. The same as Fig. 1, but for wind speed (contour; m s−1) at 200 hPa and mean air
temperature (shaded; K) from 500 hPa to 200 hPa.

responded with an equatorward displacement of the
dynamic tropopause and associated climatology.

5. Thermal forcing

The change of local temperature tendency is caused
by a combination of horizontal heat advection, verti-
cal heat transport and diabatic heating, based on the
thermodynamic equation:

∂T

∂t
= −V · ∇T − ω

(
∂T

∂P
− R

cp

T

P

)
+

Q̇

cp
, (1)

where T , P , R, cp and Q̇ are air temperature, pres-
sure, gas constant, specific heat at constant pressure
and diabatic heating rate respectively. Vector V and
ω are the horizontal and vertical velocity in pressure
coordinates.

Tropical convection is the main source of diabatic
heating. The rising branch of the Hadley cell causes
most of the vertical heat transport. The midlatitude
jet stream and associated transient eddy activity play
a crucial role in the redistribution of the heat trans-
portation originating from the tropical region. In this
section, global diabatic heating is evaluated and a
streamfunction proposed to quantify the convection

and overturning Hadley circulation. Then, the vertical
heat transport in the middle and upper troposphere is
calculated. In the next section, the horizontal advec-
tion is analyzed in terms of transient eddy activity.

5.1 Column diabatic heating

Figure 6 shows the area-weighted sum of the ver-
tical integrated diabatic heating, which represents the
total extra heating on the entire atmospheric column
(Trenberth and Solomon, 1994):

Q = RT −RS + HS + LP , (2)

where RT is the net downward radiation at the top of
the atmosphere; RS is the net downward radiation at
the surface; HS is the upward sensible heat flux at the
surface; P is the precipitation rate; and L is the latent
heat of evaporation.

In winter, the major heating sources originate from
the tropical convection zone and two extratropical heat
sources occur in the vicinity of the MEJS and NAJS
in the Northwest Pacific and North Atlantic, respec-
tively. These diabatic heating sources were reproduced
in FGOALS-g2, but with some distinct biases. As is a
common problem in many coupled GCMs, the most
identifiable double-intertropical convergence zone
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Fig. 5. The same as Fig. 3, but for potential temper-
ature (shaded; K), zonal wind (thin solid; m s−1) and
Ertel potential vorticity labeled in PVU (heavy solid;
1PVU=10−6 K kg−1 m2 s−1).

(ITCZ) was found over the eastern Pacific (Lin, 2007).
More prosperous convection was simulated in the
Philippine Islands, whereas less sensible heat was sim-
ulated in the Kuroshio Current and Gulf Stream.
From the state of zonal mean column diabatic heat-
ing, the model produced an overall stronger heating
source.

Fig. 6. Area-weighted sum of the vertical integrated dia-
batic heating (W s−2) in winter for (a) FGOALS-g2, (b)
NCEP-NCAR and (c) their difference.

5.2 Hadley cell

To quantify the Hadley circulation, several vari-
ables can be used as indicators, such as mid-
tropospheric vertical velocities (to capture the rising
branch of the Hadley cell), upper-tropospheric merid-
ional velocities (to capture the upper branch of the
Hadley cell), and outgoing longwave radiation (OLR).
Here, the zonal mean meridional streamfunction was
calculated to quantify the convection and overturn-
ing Hadley circulation (Fig. 7), which is defined as
the northward mass flux across the latitude (φ) cir-
cle above pressure level p:

ψ (φ, p) =
2πa cos φ

g

∫ p

0

[v]dp , (3)

where a is the radius of the earth, g is the gravitational
constant, and square brackets denote the zonal mean.
Strong diabatic heating is associated with a strong
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Fig. 7. Latitude–height cross sections of streamfunction
(Ψ, 1010 kg s−1) in winter for (a) FGOALS-g2 and (b)
NCEP–NCAR.

streamfunction (Li and Wettstein, 2012).
Owing to the overestimated column diabatic heat-

ing in the tropic region, the northward mass flux was
also enhanced in the model. The northward mass flux
started at the southern edge of the tropical convec-
tive zone around 15◦S and reached as far north as
30◦N where the subtropical jet was located. The max-
imum northward mass flux happens at 10◦N in the re-

analysis, whereas it shifted southward in FGOALS-g2.
This southward shift became more significant in the
middle and upper troposphere, which was consistent
with the southward shift of the WJA and the dynamic
tropopause.

5.3 Vertical transport

For the column atmosphere, the diabatic term
in the thermodynamic equation only works in the
lower troposphere, except for the deep convective zone,
whereas the vertical heat transport term becomes sig-
nificant in the middle and upper atmosphere. Pre-
sented in Fig. 8 are simulated and reanalyzed verti-
cal heat transport averaged between 500 hPa and 200
hPa. In the reanalysis, upward heat transport hap-
pens in the tropical convective zone and is coincident
with the distribution of column diabatic heating, and
downward heat transport lies along the WJA with the
maximum over the Korean Peninsula. In the merid-
ional distribution, the heat transport in the simulation
agreed with that in the reanalysis. However, extreme
heat transport was produced around large plateaus,
such as the Zagros, Himalayas and Rocky Mountains,
suggesting that errors related with topography may
be involved in computing the vertical velocity ω in
FGOALS-g2. In the zonal mean state, the averaged
vertical heat transport was underestimated equator-
ward of 40◦N, while overestimated poleward. As it is
shown in Fig. 4c that a strong (or weak) temperature
decrease occurred on the southern (or northern) side of
the WJA, this meridional non-uniform bias of vertical

Fig. 8. Vertical heat transport (shaded; 10−5 K s−1) averaged between 500 hPa and
200 hPa for (a) FGOALS-g2 and (b) NCEP–NCAR. The orographic isoline of 1500
m corresponding to the main bodies of the Zagros, Himalayas and Rocky Mountains
is denoted by the thick solid contour.
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Fig. 9. Climatological distribution of eddy kinetic en-
ergy (EKE; m2 s−2) and the westerly jet axis at 200
hPa for (a) FGOALS-g2 and (b) NCEP–NCAR. The oro-
graphic isoline of 3000 m corresponding to the main body
of the Tibetan Plateau is denoted by the thick solid con-
tour.

heat transport tended to weaken the south-to-north
thermal contrast.

6. Transient eddy forcing

In the non-divergent flow ∇ · V = 0, the climato-
logically horizontal advection can be divided into two
terms that are caused by the mean flow and transient
eddy, respectively.

−V · ∇T = −∇ (
V T

)
= −∇ (

V̄ T̄
)−∇ (

V ′T ′
)

. (4)

The monthly mean advection −∇ (
V̄ T̄

)
distributes

in the same pattern as diabatic heating but with an
opposite sign (not shown), which turns to offset the
diabatic heating to keep the energy equilibrium. Even
though the magnitude of transient eddy heat advec-
tion is smaller than the monthly mean advection, the
anomaly of transient eddy activity is closely connected

with the location and intensity variation of the west-
erly jet due to the dynamical interaction between the
zonal wind and the eddy (Ren et al., 2008).

6.1 Eddy kinetic energy

Before the discussion of transient heat flux, the
transient eddy activity is compared to examine the
model’s performance in reproducing the high fre-
quency disturbance component of zonal wind in the
midlatitudes. Multiple types of eddy covariance can be
used to measure transient eddy activity, even though
their location and intensity vary (Hoskins and Hodges,
2002). Here, the eddy kinetic energy (EKE=u′2 + v′2)
was calculated to represent the transient eddy activ-
ity, where the prime denotes the 2.5–8 day bandpass
filter. Figure 9 displays the climatological distribution
of EKE at 200 hPa in boreal winter. In the reanaly-
sis, two distinct EKE maximum centers are found in
the North Pacific and North Atlantic along the WJA.
The maximum transient heat flux is consistent with
the storm track center (Blackmon, 1976). The North
Pacific EKE center is located downstream of the EAJS
where the mean zonal wind weakens. The North At-
lantic EKE overlaps the east portion of the NAJS and
expands northeastwards. In the model, the two EKE
centers were simulated, but with a much reduced in-
tensity. Besides, they all shifted southwards compared
with the reanalyzed results. The comparison of EKE
reveals that FGOALS-g2 possesses a limited capability
in simulating transient eddy activity whose south-
ward shift is in conjunction with the displacement of
the westerly jet in the same direction.

6.2 Transient eddy heat flux

Weak EKE simulated in the model reduces the ef-
ficiency of horizontal heat advection caused by tran-
sient eddies. Here, the horizontal heat advection is
analyzed with an emphasis on the meridional compo-
nent −∂v′T ′/∂y. Figure 10 shows the transient eddy
heat flux v′T ′ and its meridional gradient −∂v′T ′/∂y.
The NH is covered by a positive v′T ′, corresponding
to the poleward heat transport. With some resem-
blance to the EKE, two centers of maximum v′T ′ are
located in the North Pacific and North Atlantic. The
v′T ′ stays upstream of the EKE over the North Pa-
cific. Positive (or negative) meridional gradients of
transient eddy heat flux −∂v′T ′/∂y lie on the pole-
ward (or equatorward) side of the v′T ′ center, which
will decrease the meridional temperature gradient and
decelerate the mean zonal wind. In this way, the tran-
sient eddy heat flux tends to cause negative feedback
on the mean flow. The model produced a similar but
much weaker transient eddy heat flux and its merid-
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Fig. 10. Climatological distribution of transient eddy heat flux v′T ′ (contour; K m s−1)
and its meridional gradient −∂v′T ′/∂y (shaded; 10−5 K s−1) for (a) FGOALS-g2 and
(b) NCEP–NCAR.

ional divergence, which meant a much weaker pole-
ward heat flux. No distinct v′T ′ or EKE center was
found over the Eurasian continent, suggesting that the
MEJS was much less relevant with transient eddy ac-
tivity and mainly associated with thermal forcing.

7. Conclusions

The performance of the climate system model
FGOALS-g2 developed by LASG/IAP in simulating
the boreal winter westerly jet was evaluated, with an
emphasis on the meridional location of zonal wind, by
examining the differences between model results and
NCEP-NCAR reanalysis data. The key points can be
summarized as follows:

(1) In the climatological overview, FGOALS-g2 ex-
hibited fairly good performance in simulating the west-
erly jet in boreal winter. Both the EAJS and NAJS,
the two major westerly jet cores over the oceans, were
well reproduced, whereas the MEJS over the Arabian
Peninsula was indistinct in the model.

(2) Compared with the intensity bias, the simu-
lated southward shift of the WJA and accompanied
MTG below the jet core was quite a marked model
deficiency. Meanwhile, the middle and upper tro-
posphere temperature was systematically underesti-
mated in the model. The non-uniform weakening of
temperature can result in the southward shift of the
MTG.

(3) From the perspective of EPV, the general pat-
terns of the dynamic tropopause along different west-
erly jet cores in the model were similar to those in
the reanalysis, except all were shifted southward, in-
dicating an equatorward displacement of the dynamic

tropopause and associated climatology.
(4) An analysis of the thermodynamic equation was

carried out to investigate the temperature change in
the middle and upper troposphere caused by differ-
ent forcing terms. From the zonal mean state of col-
umn diabatic heating, the model produced an over-
all stronger heating source. The associated stream-
function quantifying the convection and overturning
Hadley circulation shifted southward significantly in
the middle and upper troposphere, which was consis-
tent with the southward displacement of the WJA and
EPV. The non-uniform meridional bias of vertical heat
transport tended to weaken the south-to-north ther-
mal contrast. Extreme heat transport was produced
around large plateaus, such as the Zagros, Himalayas
and Rocky Mountains, suggesting that errors related
with topography may be involved in computing the
vertical velocity ω in FGOALS-g2.

(5) In the model, the two EKE maximum centers,
corresponding to the EAJS and NAJS, were simulated,
but they were both shifted southwards with a much re-
duced intensity. These comparisons from EKE show
that FGOALS-g2 possesses a limited capability in sim-
ulating transient eddy activity whose southward shift
is in conjunction with the displacement of the west-
erly jet in the same direction. Underestimated EKE
in the model was accompanied with weak eddy heat
flux. A lack of transient eddy activity will reduce the
efficiency of poleward heat transport, which may have
partially contributed to the cooling in the middle and
upper troposphere. No distinct v′T ′ or EKE center
was found over the Eurasian continent, indicating that
the MEJS was much less relevant with transient eddy
activity and mainly driven by the thermal forcing.
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