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Abstract The impact of asymmetric thermal forcing
associated with land–sea distribution on interdecadal vari-

ation in large-scale circulation and blocking was investi-

gated using observations and the coupled model
intercomparison project outputs. A land–sea index (LSI)

was defined to measure asymmetric zonal thermal forcing;

the index changed from a negative to a positive anomaly in
the 1980s. In the positive phase of the LSI, the 500 hPa

geopotential height decreased in the polar regions and

increased in the mid-latitudes. The tropospheric planetary
wave activity also became weaker and exerted less easterly

forcing on the westerly wind. These circulation changes

were favorable for westerly wind acceleration and reduced
blocking. In the Atlantic, the duration of blocking

decreased by 38 % during the positive LSI phase compared

with that during the negative phase; in Europe, the number
of blocking persisting for longer than 10 days during the

positive LSI phase was only half of the number during the

negative phase. The observed surface air temperature
anomaly followed a distinctive ‘‘cold ocean/warm land’’

(COWL) pattern, which provided an environment that
reduced, or destroyed, the resonance forcing of topography

and was unfavorable for the development and persistence

of blocking. In turn, the responses of the westerly and
blocking could further enhance continental warming,

which would strengthen the ‘‘cold ocean/warm land’’ pat-

tern. This positive feedback amplified regional warming in
the context of overall global warming.

Keywords Land–sea thermal contrast ! Atmospheric
circulation ! Blocking ! Cold ocean/warm land pattern

1 Introduction

Under global warming, the warming of surface air tem-
perature (SAT) became much more enhanced during cold

season than during warm season in the second half of the

twentieth century (Manabe and Stouffer 1980; Robock
1983; Folland et al. 1990; Jones and Briffa 1992; Huang

et al. 2012). The boreal winter warming trend is the highest

in semi-arid regions with an increase of 1.53 "C and con-
tributed to 44.46 % of the global annual-mean land surface

temperature increase (Huang et al. 2012, 2013). In the

Northern Hemisphere an apparent flattening in the trend
since 1998 was noted by Cohen et al. (2012), but the data is

too short to discuss this most recent change in the trend.

The global temperature change during the second half of
the 20th century is closely related to changes in atmo-

spheric circulation during winter. Gong and Wang (1999)
investigated changes in the intensity of the Siberian high

based on a monthly-mean sea level pressure (SLP) data set

for the Northern Hemisphere obtained from the Climate
Research Unit (CRU) at the University of East Anglia in

the UK. He found that the Siberian high had weakened in

recent decades, which led to weakened cold surges from
the Arctic in the East Asia in winter. Wang et al. (2009)

investigated the interannual variation of the East Asian

Trough (EAT) axis at 500 hPa and determined that both the
trough intensity index and trough axis index had linear

downward trends. When the tilt of the EAT was smaller

than normal, the East Asian winter monsoon tended to take
a southern pathway, and less cold air moved to the central

North Pacific. During the positive phase of the North
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Atlantic Oscillation (NAO), the blocking in the North

Atlantic consistently tended to decrease and weaken
(Shabbar et al. 2001; Luo 2005; Huang et al. 2006; Ji et al.

2008). Therefore, during the last few decades of the

twentieth century, a significant winter warming trend was
usually accompanied by weakened cold surge. Attention

was, however, focused on the influence of sea surface

temperature (SST); for example, the North Atlantic SST
can modulate the phase of the interdecadal component of

the NAO (Higuchi et al. 1999; Kucharski et al. 2005); the
correlation between El Niño/Southern Oscillation (ENSO)

and Asian monsoon is apparent in the wavelet cross-

spectrum (Hudgins and Huang 1996; Huang et al. 1998).
Few studies investigated the responses of atmospheric

circulation to land temperature changes, although the land

surface temperature is more sensitive to climate change.
Studies are also needed to determine whether feedback

exists between the temperature change in the underlying

surface and the circulation anomaly above.
Many studies have shown a strong relationship between

blocking activity in the Northern Hemisphere and zonal

mean flow (Egger 1978; Charney and DeVore 1979; Tung
and Lindzen 1979; Kaas and Branstator 1993). They sug-

gested that the formation and development of blocking can

be explained by the linear resonance of planetary waves
with surface thermal forcing and topographical forcing.

Shabbar et al. (2001) found that blocking frequency and

persistence are sensitive to the phase of the NAO. In the
positive phase of the NAO, the distribution of the SAT

anomaly follows the ‘‘cold ocean/warm land’’ (COWL)

pattern, which reduces, or destroys, the resonance forcing
of topography. Although the thermal forcing pattern over

the Northern Hemisphere has been shown to be relatively

consistent with this theory, much less effort has been
devoted to a dynamical explanation of the enhanced

warming in the boreal winter. Therefore, the first goal of

this study is to understand the relationship between land–
sea thermal contrast and interdecadal variation in large-

scale circulation, using the theory based on a simplified

low-order theoretical model of Charney and DeVore
(1979). The second goal is to identify any feedback

between COWL pattern and the responses of the

circulation.
The paper is arranged as follows. Section 2 describes the

data sources. In Sect. 3, we define the land–sea index (LSI)

used to measure the changes in the land–sea thermal con-
trast associated with the enhanced warming in cold season.

Section 4 provides a brief description of the responses of

atmospheric circulation to the change in thermal forcing.
Section 5 discusses the relationship between blocking fre-

quency and the land–sea thermal contrast. Verification of

the feedback between COWL pattern and the responses of
the circulation is made using the coupled model

intercomparison project (CMIP5) data sets in Sect. 6. A

summary and discussion are provided in Sect. 7.

2 Data and methods

The data set used in this study includes the daily geopo-

tential height (GPH) and wind fields and monthly wind
field of the NCEP-NCAR reanalysis from the Climate

Diagnostics Center of the National Oceanic and Atmo-
sphere Administration (NOAA). The resolution is

2.5" 9 2.5" horizontally with 17 levels in the vertical

direction (Kalnay et al. 1996). It covers the time period
from January 1948 to May 2012. We use December–Feb-

ruary (DJF) mean for winter (or cold season). The monthly-

mean SAT was obtained from the CRU, version TS3.2
(Mitchell and Jones 2005). It covers the period of

1901–2011 and has a horizontal resolution of 0.5" 9 0.5".

The time series of monthly-mean SST is provided by the
Hadley Center for Climate Prediction and Research of the

UK Met Office and covers the period of 1870 to the present

at a spatial resolution of 1.0" 9 1.0" (Rayner et al. 2003).
The Arctic Oscillation (AO) time series was obtained from

the website (http://ljp.lasg.ac.cn/dct/page/65569); the AO

is defined as the difference of the normalized monthly
zonal-mean SLP between 35"N and 65"N.

3 The land–sea index

To investigate the impact of land–sea thermal contrast on
enhanced warming in the cold season in the Northern

Hemisphere, we focus on winter when the land-sea thermal

contrast is the largest.

3.1 The COWL pattern

First, we present the anomaly patterns associated with low-

frequency variability in the Northern Hemisphere extra-

tropics. Figure 1 shows the second empirical orthogonal
function (EOF) associated with the second principal com-

ponent of 500 hPa GPH anomalies over the extratropics

(20"–80"N), which explains 16 % of the total variance.
This pattern has been discussed by many authors (e.g.,

Wallace et al. 1996; Wu and Straus 2004, hereafter as

WS04), with broadly consistent results. Wallace et al.
(1996) named the pattern the ‘‘cold ocean–warm land’’

(COWL) pattern, which accounts for 65 % of the SAT

variance during the cold season. They pointed out that the
anomalous warming in the winters of the 1980s was con-

sistent with a strong positive bias of the COWL pattern

index. WS04 compared the pattern using traditional and
modified COWL definitions; the latter was defined using
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the second EOF of 500 hPa GPH. They found that the mid-

tropospheric temperature trend was mostly due to the

COWL pattern, with the AO representing only the local
cooling over Greenland.

3.2 The land–sea index

Since the surface thermal pattern can influence the alter-

nation of two possible dynamic equilibria (wave-like or
zonal component), it is crucial to quantify the intensity of

the asymmetric thermal forcing. Molteni et al. (2011)

defined it as the zonal wave-2 component of the net surface
heat flux averaged in four sectors of 90" longitude each.

Although this definition can represent the land–sea thermal

contrast, it does not correspond to the region of maximum
land–sea contrast. From Fig. 1, we can clearly identify a

wave-2 distribution from the ‘‘COWL’’ pattern induced by

the land–sea distribution. We select four pattern centers as
key areas.

LSI ¼ T ano½80$%120$E; 40$%60$N& % T ano

' ½170$E%150$W; 40$%60$N&
þ T ano½130$%100$W; 40$%60$N&
% T ano½70$%40$W; 57:5$%77:5$N&;

where T_ano is an area-averaged surface temperature
anomaly with respect to the period of 1960–1990.

Unlike the Molteni’s COWL index, which is based on a

regular wave structure explicitly, we define it as a linear
combination of the average surface temperature anomaly in

the key areas of the COWL pattern, to eliminate the tem-

perature difference between different latitudes. Since the
latent heat is close to zero in winter, we only need to

consider sensible heat difference between land and ocean.

Since the LSI defined by net surface heat flux in the four
key areas is similar to that defined by the temperature

anomaly, we choose the LSI defined by temperature

anomaly to represent the land-sea thermal contrast for
simplicity. Because the heat capacity of the land is much

smaller than that of the ocean, the warming on a continent

in winter is much stronger than that over the ocean under
global warming. Therefore, the positive LSI indicates a

warmer climate and smaller land-sea temperature differ-

ence. The LSI changes from a negative to a positive phase,
which represents a decrease in the land–sea thermal con-

trast, in winter due to anomalous warming over the land.

Figure 2 shows the decadal variability of the LSI anomaly
in winter. Clearly, in the second half of the twentieth century

the LSI was increasing and changed from a negative to a

positive anomaly in the 1980s. However, the LSI index
displayed a decreasing trend after the 2000s. Consistent with

these results, a recent study has found that the largest

regional contributor to global temperature trend over the past
two decades was SAT in the Northern Hemisphere extra

tropics. Rapid and significant warming was evident in all the

seasons but winter season; during winter the linear temper-
ature trend was nearly zero. However, corresponding to the

near-neutral wintertime trend were large regions of signifi-

cantly strong cooling trends across Europe, northern and
central Asia, and part of central and eastern North America

(Cohen et al. 2012).Due to the shortage of data for identifi-

cation of such short-term trend, we focus on the second half
of the twentieth century in this study.

With the enhanced winter warming in Eurasia and North

America in the second half of the twentieth century, the

Fig. 1 The second EOF of December–February mean 500 hPa GPH
during 1948–2011, in the Northern Hemisphere domain of 20"–80"N

Fig. 2 Time series of land–sea index in winter, the black curve
indicate 7-year Gaussian-type filtered values
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thermal contrast between land and ocean changed its phase

since the 1980s (Fig. 2). Following Charney-DeVore’s

equilibrium theory, when the zonal asymmetric thermal
contrast exceeds a certain threshold, the atmospheric cir-

culation would change from one equilibrium to the other.

This leads to the question of whether there is a relationship
between the land-sea thermal contrast and the COWL

pattern. Although the COWL pattern is important for

understanding the internal variability of atmospheric cir-
culation, there were few studies on the mechanism of the

COWL pattern. As advocated in Kucharski et al. (2005),

heat fluxes generated in the North Pacific may induce SST
anomalies in the subtropical Pacific on decadal timescale

and embed a COWL-like pattern to sustain the NAO

through the cooling of the subtropical West Pacific and a
consequent enhancement of the west Tropical Pacific SST

gradient.

4 Atmosphere circulation associated with LSI

4.1 500 hPa GPH and SLP

The westerly wind index in Fig. 5a is an obvious measure

of the intensity of the mid- to high-latitude westerly wind.

The index is computed using a modified definition by Li
and Wang (2003), namely, the difference in zonal mean

SLP between 35"N and 65"N from the monthly NCEP/

NCAR reanalysis data, which contains a larger signal-to-
noise ratio than the traditional zonal index suggested by

Rossby (1939). The anomaly of the westerly wind index

changed its sign in the 1980; its correlation coefficient with
the LSI was 0.49 and rose to 0.89 after applying a 7-year

Gaussian filter. Both coefficients significantly exceed the

99 % confidence level. The result indicates that the wes-
terly wind became stronger, as the LSI changed from a

negative to a positive phase.

To investigate the responses of atmospheric circulation
to the change in the thermal forcing associated with the

land–sea distribution, the 500 hPa GPH anomaly and the

SLP anomaly patterns must be considered. Here, a com-
posite analysis is carried out to measure the impact of land–

sea thermal forcing on the circulation. In our analysis, we

select the positive and negative LSI cases in DJF when the
absolute normalized value of the LSI was larger than 1.0.

Based on this criterion, the negative LSI cases are 1950,

1951, 1956, 1957, 1969, 1979, 1985, 2010, and 2011, and

the positive LSI cases are 1983, 1987, 1989, 1992, 1995,
1998, 1999, 2002, and 2007. Figure 3 shows the structures

cFig. 3 Composites of 500 hPa geopotential height anomalies in
winter (DJF) for (a) positive land–sea index and (b) negative land–sea
index. c Difference between positive and negative LSI phases
(positive minus negative). The contour intervals are 10 m in (a) and
(b), and 20 m in (c). The shaded areas in (c) indicate significant
values at the 99 % confidence level
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of monthly-mean 500 hPa GPH anomaly field for positive

LSI phase, negative LSI phase and the difference between

the two composites. As with previous studies, the anomaly
pattern indicates that in the positive LSI phase, 500 hPa

GPH decreased in the Arctic region, with the negative

anomaly extending into the North Atlantic and Northwest
Pacific, and increased over North America and the Eurasian

Continent in the mid-latitudes, which increased the

meridional gradient of GPH between mid and high lati-
tudes. As shown by the shaded areas in Fig. 3c, these

differences between the positive and negative phases sig-

nificantly exceed the 99 % confidence level for the two-
sided Student’s t test. To further clarify the difference in

500 hPa GPH, we examined the structures of the monthly-

mean SLP anomaly field for positive and negative LSI
phases and their difference (Fig. 4). Prominent changes in

strength and position are found for semi-permanent pres-

sure centers in different phases of the LSI. The Azores high
and the Icelandic low, as captured by the positive- and

negative-SLP anomaly centers, were stronger in the posi-

tive-LSI (Fig. 4a). Similar to Favre and Gershunov (2006),
the Aleutian low was deeper and shifted eastward (shown

in Fig. 4c), which advected warmer and moister air masses

along the west coast of North America. Consistent with
Fig. 3, the Siberian high weakened, with a negative

anomaly in the 500 hPa GPH and SLP in the Siberian area

(Gong and Wang 1999; Panagiotopoulos et al. 2005). The
semi-permanent centers were induced by the land–sea

distribution and modulated by planetary waves, so these

changes in strength and position may be caused by the
increase in the LSI.

4.2 Zonal-mean westerly wind and planetary waves

Chen et al. (2005) pointed out that the quasi-stationary

planetary waves may play a role bridging the AO and
climate anomalies. The amplitudes of the planetary waves

in the lower troposphere over mid-to-high latitudes is

affected by the impact of the AO or westerly wind intensity
on the vertical propagation of planetary waves. It is of

interest to determine whether the spatial pattern of thermal

forcing, as external forcing, is related to the magnitude and
propagation of planetary waves. To investigate this rela-

tionship, we adopt the tropospheric interannual oscillation

index (TIO) defined by Chen et al. (2002) to measure the
activity of planetary waves. The index is defined as the

difference in the Eliassen–Palm (EP) flux divergence of

planetary waves between 50"N at 500 hPa and 40"N at

300 hPa. Here, we expand the seasonal-mean GPH into

zonal Fourier harmonics and use the sum of the zonal
wavenumbers 1–3 to represent the stationary planetary

cFig. 4 Same as Fig. 3, except for SLP anomalies in winter (DJF).
The contour intervals are 1 hPa in (a) and (b) and 2 hPa in (c). The
shaded areas in (c) indicate significant values at the 99 % confidence
level
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waves. A positive TIO index anomaly indicates larger
equatorward propagation of planetary waves and more

energy of planetary waves trapped in the troposphere,

according to Chen et al. (2002). Figure 5b shows that
planetary wave activity in the mid-latitudes became less

active in recent decades due to larger equatorward propa-

gation and weaker upward wave refraction into the polar
region, and that the correlation coefficient between TIO

and LSI is 0.49, exceeding the 99 % confidence level.

When the LSI was in a positive phase, equatorward prop-
agation of planetary wave activity also became stronger

due to land–sea thermal forcing. Figures 6d–f show the

divergence of the zonally averaged EP flux induced by
planetary wave activity in latitude–height cross sections for

positive phase, negative LSI phase, and the difference

between the two composites. In both positive- and nega-
tive-phase winters, the EP flux was convergent in most of

the extra tropical troposphere, resulting in an easterly wind

forcing on the westerly wind exerted by planetary waves.
In the difference map, in the mid-latitudes positive values

appeared along the polar wave guide and negative values

arose along the equator wave guide. The positive values
indicate that during winters of positive LSI phase the

forcing exerted by planetary wave activity on the westerly

wind was weaker than that during winters of negative LSI

phase, which helped to accelerate the westerly wind. The

shaded areas in Fig. 6f indicate where the differences
between the positive and negative LSI phases significantly

exceeded the 95 % confidence level.

Figure 6a–c shows the composites of zonally-averaged
wind for winters with positive and negative LSI phases and

the difference between the two phases. The clearly reduced

(enhanced) westerly wind appeared around 30"N (60"N),
respectively, which resulted in a poleward shift of the

subtropical jet stream. This is consistent with previous
studies that showed the interannual variability of planetary

wave activity was positively correlated with the activity of

the westerly wind or the AO (Limpasuvan and Hartmann
1999; Chen et al. 2005). The increasing LSI since the

1980s may be linked to a stronger westerly wind through a

larger TIO index. During the winters with larger TIO
index, the upward wave propagation from the troposphere

into the stratosphere became weaker, and the low-latitude

waveguide prevailed, accompanied by an apparently
weaker East Asian trough and Siberian high, which are

consistent with the observations.

5 Impact of asymmetric thermal contrast on blocking

Blocking is the primary weather system accompanying the

invasion of cold air, and induces a wide range of cooling

effects. The decrease in Ural blocking contributed to the
higher frequency of warm winters in China (Wang et al.

2010). Several theories regarding the formation and

maintenance of blocking events have been proposed,
including nonlinear interactions between planetary waves

or between large-scale flow and transient eddies (Egger

1978; Kung et al. 1990). A number of studies recognized
that blocking may be the result of the adjustment of plan-

etary waves to deviations in the zonal-mean flow or the

linear resonance of planetary waves with surface forcing
(Kaas and Branstator 1993). Recently, a decisive contri-

bution of the NAO to the occurrence of wintertime

blocking over the Atlantic sector was proposed by Shabbar
et al. (2001), who established a simple conceptual model

based on the Charney and DeVore’s theory that blocking is

a metastable equilibrium alternating between two equilib-
rium states of high-index flow (weak wave-like compo-

nent) and low-index flow (strong wave-like component),

which are associated with the NAO phases. Therefore, the
NAO can significantly influence the winter SAT by mod-

erating blocking frequency and intensity.

As with many other studies, blocking events were shown
to be relatively more frequent over the central Pacific Ocean

and the eastern North Atlantic Ocean in cold season, whereas

blocking activity was lower over the continents. These results
support the existence of four different blocking sectors, as

Fig. 5 a Winter (DJF) mean time series (1948/1949–2008/2009) of
the westerly wind index. The black curves indicate 7-year Gaussian-
type filtered values. b Same as in (a) except for the TIO index
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shown in Table 1 (Barriopedro et al. 2006). An objective
blocking index defined by Tibaldi and Molteni (1990) is used

in this study. Here, a brief definition is given in order to

facilitate our discussion. The 500 hPa GPH gradients,
namely, GHGS and GHGN are computed for each longitude:

GHGS ¼ Zð/0Þ % Zð/sÞ
/0 % /s

GHGN ¼ Zð/nÞ % Zð/0Þ
/n % /0

Fig. 6 Left panels composites
of globally averaged zonal wind
in winter (DJF) for (a) positive
LSI phase and (b) negative LSI
phase. c The difference between
positive and negative LSI
phases, i.e. (a) minus (b). The
contour intervals are 5 m/s in
(a) and (b) and 1 m/s in (c).
Right panels same as the left
panels, except for the DJF EP
flux divergence induced by
planetary waves. The contour
interval is 0.50/ms/day and the
shaded areas in bottom panels
indicate significant values at the
99 % confidence level
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where /n ¼ 80$N þ D; /0 ¼ 60$N þ D; /s ¼ 40$N þ D
and D ¼ %2:5$; 0$; 2:5$: Since the re-analysis data are on

a 2.5" grid, we choose the spacing between latitudes to be

2.5" as well. A given longitude is defined as blocked on a
specific day if both of the following conditions are met,

GHGS [0, and GHGN B10 m per degree latitude. The

local blocking index is further constrained by imposing
additional space and time constraints in order to obtain a

regional blocking signature. If a blocking-like pattern

existed over three or more adjacent longitudes and lasted
for 5 days or longer, it is considered a regional blocking

event. The blocked days are obtained by simply counting

the number of days considered as blocked (5 days or
longer) by the blocking index for December–February.

The blocking days display an apparent interannual and

interdecadal variability in the four regions, but only those
in Europe and western Pacific significantly decreased, with

linear trends of -13 % and -4.9 %, respectively, at the

99 % confidence level. The North Atlantic region exhibited
significant interdecadal variation and experienced a climate

shift in the mid 1980s, but its averaged blocked days did

not decrease. To examine the relationship between the LSI
and regional blocking activity, a composite analysis is

performed. The parameters of blocking, such as the aver-

aged number of blocked days per winter, duration, and
event numbers, are shown in Table 2. The numbers of

blocked days in winter during the negative LSI phases were

11.3, 14.1, 5.7, and 2.9 days longer than during the positive
LSI phase in the four sectors, respectively. From the linear

trend of blocked days, it is also possible to determine that

the mechanism controlling the blocking activity was dif-
ferent in the Atlantic compared with that in the Pacific. The

average duration of blocking events in the Atlantic region

was 10.1 and 11.8 days during the positive and negative
phase, respectively. By comparing the number of events of

5–9 days with that of more than 10 days in the Atlantic

region, the reduced blocked days in the positive phase than
in the negative phase was found to be caused by fewer

longer blocking events. However, in the Europe region, the

duration of blocking in the two phases did not change much
but the total number of blocking events in the negative LSI

phase was much bigger than that in the positive LSI phase.

For example, the number of blocking events with the
duration of 5–9 days in the positive LSI phase was 16,

whereas it was 11 in the negative LSI phase; the number of

events with the duration [10 days in the positive phase

was 7, whereas it was 15 in the negative phase. These
results show that, in comparison with the negative phase, it

was difficult for the blocking to maintain in the positive

phase, so that blockings could not last long. Therefore the
environment during the negative LSI phase is considered

more favorable to the persistence of blocking. In the

western and eastern Pacific regions, when the LSI moved
from the negative to the positive phase, fewer short-dura-

tion blocking events occurred in the western Pacific region;

the opposite situation occurred in the eastern Pacific region.
Other mechanisms may influence blocking in these regions.

As suggested by Molteni et al. (2011) the zonal thermal

contrast over the North Atlantic sector is to a large extent
responsible for the circulation pattern there and the NAO,

while in the Pacific sector the meridional temperature

advection may be a primary forcing that modifies the cir-
culation pattern. After the 2000s, the surface temperature

has shown an apparent flattening in trend in the Northern

Hemisphere winter (Cohen et al. 2012); however, the
blocked days in winter have an obvious upward trend only

in the Atlantic sector.

6 Verification of the feedback

To verify the feedback between surface thermal contrast

and large-scale circulation, we use the outputs from 23

global climate models (Table 3) to undertake a sensitivity
analysis. The outputs were obtained from the CMIP5 multi-

model data archive (http://cmip-pcmdi.llnl.gov/cmip5/

index.html). Following the CMIP5 naming conventions,
these are preindustrial control simulation (picontrol) and

transient 1 % per year increase in CO2 over the simulation

period (1pctco2). The picontrol experiment ran for
500 years by imposing non-evolving, pre-industrial con-

ditions and served as the baseline for the analysis of future

scenario runs with prescribed concentrations. The 1pctco2
experiment represents a warm climate state under increased

greenhouse gas concentrations. The 1pctco2 experiment

was initialized from the pre-industrial control and CO2

Table 1 Blocking sectors defined in this study

Euro-Atlantic Pacific

Sector ATL EUR WPA EPA

Domain (100"W, 0") (0", 90"E) (90"E, 180") (180", 100"W)

Table 2 Composite analysis of blocking parameters (columns) for
the Northern Hemisphere and blocking sectors (rows) defined in
Table 1

Trend
(day/
year)

Mean days
(day)

Duration
(day)

Event number

5–9 days C10 days

Pos Neg Pos Neg Pos Neg Pos Neg

ATL 0.05 18.1 29.4 10.1 11.8 7 9 10 14

EUR -0.13 21.6 35.7 9 11.8 16 11 7 15

WPA -0.049 14.3 20 11.3 11.5 5 14 8 7

EPA 0.02 18.1 21 10.1 9.7 16 13 4 7
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concentration was prescribed to increase at 1 % per year

for 140 years (reaching 4 9 pre-industrial levels at the
end). The boundary conditions for each experiment were

described in Taylor et al. (2012).

Figure 7 shows in the picontrol run the LSI oscillated
around zero, but in the 1pctco2 run the LSI gradually

increased along with increasing CO2 concentration and a

general warming at the global scale. We consider that in
the picontrol run the CO2 concentration was low and the

LSI also oscillated around the climate mean state. When
the LSI increased and was accompanied by global warm-

ing, the system departed from the climate mean state and

was in the positive anomaly, which triggered the positive
feedback mechanism. At that point, the large-scale circu-

lation shifted from one equilibrium (wave component) to

the other (zonal component). As mentioned earlier, the
changes in atmospheric circulation and the LSI would form

a positive feedback, and the mechanism accelerated the

warming process.
To verify the response of large-scale circulation to the

change of the LSI, we compare the two experiments during

the years 100–140 based on the ensemble average of the 23
models. Here the picontrol experiment represents a low LSI

scenario and the 1pctco2 experiment represents a high LSI

scenario. Figure 8 shows the differences in GPH and wind
fields between the positive and negative LSI phases in the

experiments (Fig. 8a) and NCEP (Fig. 8b). In Fig. 8b, the

change of GPH in the COWL pattern is very clear in
Northern Hemisphere, with higher GPHs over two conti-

nents and lower GPHs over two oceans. Due to the CO2

concentration being quadrupled in the 1pctco2 experiment,
the level of global warming is more intense than would be

otherwise. Although the 500 hPa GPH increased globally,

Table 3 a list of CMIP5 GCMs used in this study with a brief
description. The picontrol run and 1pctco2 run from each model are
used. The first ensemble run is used if a model has multiple ensemble
runs

Model name Resolution
(lon by lat)

Origin

1 BCC-CSM1.1 2.815 9 2.815 Beijing Climate Center,
China

2 CCSM4 1.25 9 0.9 National Center for
Atmospheric Research,
USA

3 CESM1-BGC 1.25 9 0.9 National Center for
Atmospheric Research,
USA

4 CESM1-CAM5 1.25 9 0.9 National Center for
Atmospheric Research,
USA

5 CMCC-CM 0.75 9 0.75 Centro Euro-Mediterraneo
per i Cambiamenti, Italy

6 CNRM-CM5 1.40 9 1.40 Centre National de
Recherches
Meteorologiques, France

7 CSIRO-Mk3.6 1.875 9 1.875 Commonwealth Scientific
and Industrial Research,
Australia

8 FGOALS-g2 2.815 9 3.0 Institute of Atmospheric
Physics, CAS, China

9 GFDL-CM3 2.5 9 2.0 Geophysical Fluid Dynamics
Laboratory, USA

10 GFDL-ESM2G 2.5 9 2.0 Geophysical Fluid Dynamics
Laboratory, USA

11 GFDL-
ESM2 M

2.5 9 2.0 Geophysical Fluid Dynamics
Laboratory, USA

12 GISS-E2-H 2.5 9 2.0 NASA Goddard Institute for
Space Studies, USA

13 GISS-E2-R 2.5 9 2.0 NASA Goddard Institute for
Space Studies, USA

14 HadGEM2-ES 1.875 9 1.25 Met Office Hadley Centre,
UK

15 INM-CM4 2.0 9 1.5 Institute for Numerical
Mathematics, Russia

16 IPSL-CM5A-
LR

3.75 9 1.875 Institut Pierre-Simon
Laplace, France

17 IPSL-CM5A-
MR

2.5 9 2.5 Institut Pierre-Simon
Laplace, France

18 IPSL-CM5B-
LR

3.75 9 3.75 Institut Pierre-Simon
Laplace, France

19 MIROC5 1.40 9 1.40 Atmosphere and Ocean
Research Institute, Japan

20 MIROC-ESM 2.815 9 2.815 Japan Agency for Marine-
Earth Science and
Technology, Japan

21 MPI-ESM-LR 1.875 9 1.875 Max Planck Institute for
Meteorology, Germany

22 MRI-CGCM3 1.125 9 1.125 Meteorological Research
Institute, Japan

23 NorESM1-M 2.5 9 1.875 Norwegian Climate Centre,
Norway

Fig. 7 Time series of the LSI in the 1pctco2 and picontrol
experiments. The red solid curve represents the ensembles mean of
the 1pctco2 experiment, and the blue dashed curve represents the
ensembles mean of the picontrol experiment. The shading denotes
one standard deviation of the 23 models from the picontrol/1pctco2
simulations. A 7-year running smoothing was applied to emphasize
the climate change
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the pattern highlighting the differences in the oceans—land

contrast between the 1pctco2 and picontrol (Fig. 8a) is

similar to the reanalysis (Fig. 8b), even though the mag-
nitude of change is smaller in the former than that in the

later. Because other forcing factors such as the ENSO, the

NAO or polar vortex have changed and interacted under
the increasing CO2 concentration scenario (Huang et al.

1998, 2006), maybe an additional sensitivity experiment is

needed, in which the other forcing factors are prescribed.
The composite analysis in Sects. 4 and 5 shows that

when the LSI was in the positive phase, the westerly wind

was stronger and less blocking activity occurred. The large-

scale circulation change results in a heat advection pattern

that enhances the COWL pattern. To verify this, we cal-

culate the temperature advection between different phases
of the COWL index and their difference based on NCEP

reanalysis data as shown in Fig. 9. Figure 9 shows that the

temperature advection was mainly distributed at the junc-
tion of continents and oceans and in Eurasian inland areas.

As seen from the different fields, the warm advection over

eastern part of continents and cold advection over western
part of oceans in the positive phase of the COWL index

were stronger than those in the negative phase, which is

consistent with the results in Sects. 4 and 5.

Fig. 8 a Differences of
geopotential height and wind
fields between the 1pctco2 and
picontrol experiments during
years 100–140 based on the
ensemble average of the 23
models; (b) Same as (a), except
using the NCEP data between
the positive and negative phase
of the COWL index
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7 Discussion and conclusion

In this study, we investigated the change in the zonal
asymmetric thermal forcing associated with the land–sea

distribution and the corresponding atmospheric responses

during winter. As the continental temperatures have risen
more intensely since the mid 1980s, the LSI has moved

from a negative to a positive phase. Composite analysis

determined that when the LSI was higher, the planetary

waves in the mid-latitudes were weaker due to larger

equatorward propagation. Planetary waves exerted a
weaker easterly wind forcing on the westerly wind, which

caused stronger westerly wind. Thus, a stronger westerly

wind would prevail in the positive LSI phase and appar-
ently reduced the meridional heating exchange because of a

weaker meridional flow. A strong westerly wind could also

advect warm air masses from the oceans to the west of the
continents and induce warming in these regions. A similar

relationship between zonal wind and temperature advection
is also expected to occur on the western side of the con-

tinents as a result of annular-mode oscillations (Thompson

and Wallace 1998). Much attention was given to the
annular-mode variation, but coupled simulations including

anthropogenic effects have failed to account for the

observed trend in the Northern Annular Mode (NAM).
WS04 also demonstrated that the NAM is not sufficient to

describe recent interdecadal variation and trends in

Northern Hemisphere wintertime circulation. According to
WS04, the mid-tropospheric signal was mostly due to the

COWL pattern.

Although many studies examined blocking, few
explored the statistical and dynamical relationship between

blocking and the enhanced warming during cold seasons.

By using a simplified model, Charney and DeVore (1979)
demonstrated the causal role of the zonally asymmetric

thermal forcing in providing a favorable background

environment for blocking formation. Results of the com-
posite analysis presented in Sects. 4 and 5 showed that the

blocked days were strongly related to the LSI phase in the

Atlantic and European regions. We investigated the
blocking in terms of its duration and the number of

blocking events. During the positive phase, the duration of

blocking events was shorter than that during the negative
phase. In the Atlantic Ocean, the duration of the negative

LSI phase of 11.8 days was 16 % more than that during the

positive phase (of 10.1 days). In Europe, the duration of
blocking was sensitive to the LSI phase, with blocking

events of longer duration being greatly reduced during

positive LSI; the number of blocking events persisting for
more than 10 days during the positive phase was only half

of the number during the negative phase. However, this

difference between positive and negative phases was not
observed in the Pacific area, which maybe relate with the

influence of the Tibetan Plateau; it is possible that another

mechanism operates in the region.
In summary, the blocking pattern mainly reflects the

superposition of medium-scale waves upon a planetary-

scale background that is conducive to blocking formation.
For the negative phase of the LSI, the surface thermal

forcing followed the ‘‘warm ocean/cold land’’ pattern

shown in Fig. 10b, which enhanced the resonance forcing
of topography and generated a weakened westerly wind

Fig. 9 Composites of the temperature advection at 850 hPa in winter
(DJF) for (a) high COWL Index and (b) low COWL Index and (c) the
difference between high and low indices (high minus low). The
contour intervals are 1.0e-5 k/s in (a) and (b) and 0.5e-5 k/s in (c).
The shaded areas in (c) indicate significant values at the 99 %
confidence level
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environment that was favorable for the formation and

persistence of blocking. As the enhanced warming pro-
ceeded in the mid-latitudes in recent decades, the LSI

gradually increased and the land–sea thermal contrast was

significantly reduced. During the positive phase of the
LSI, the surface temperature anomalies followed the dis-

tinctive ‘‘cold ocean/warm land’’ pattern shown in

Fig. 10a, which reduced the resonance forcing of the
topography and acted against the formation and persis-

tence of blocking. The key role of the COWL pattern is
the feedback between asymmetric surface thermal forcing

(reflected by the LSI) and large-scale circulation. A

higher LSI generated weaker planetary wave activity in
the mid-latitudes, and a stronger westerly wind or more

reduced blocking activity then led to more enhanced

continental warming, which would further increase the
LSI. Our statistical results linking the reduced blocking to

positive LSI were then interpreted using Charney-De-

Vore’s theory. The dynamical connection between the
LSI and blocking can be explained as the following. To a

large extent, the LSI represents the land–sea temperature

distribution, and at the same time it determines the extent

of zonal asymmetric thermal forcing. According to the
theoretical model, this asymmetric temperature distribu-

tion, in turn, controls the nature of atmospheric circula-

tion. In winter, during the positive phase of the LSI the
flow is more zonally orientated and is unfavorable for

blocking formation. Blocking events are less frequent, or

their lifetimes are much shorter than those during the
negative phase of the LSI.
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