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ABSTRACT: The four-dimensional structures and possible physical process of the decadal abrupt changes (DACs) of
the northern extratropical ocean–atmosphere system in 1983–1988 are investigated by using ERSST.v2 and NCEP/NCAR
reanalysis data. The DACs of sea surface temperature (SST) appeared over the southern tropical Atlantic, middle Pacific,
and northern midlatitude oceans in 1983–1988. The atmospheric DACs in 1983–1988 were characterized with lower
and higher geopotential height and air temperature anomalies over the Arctic and northern midlatitude, respectively. The
above atmospheric distributions are attributed by the mass removal between the Arctic and middle latitudes. The decadal
anomalies of the Ferrel cells and meridional atmospheric mass exchanges between the northern midlatitude and Arctic
were suggestive of the DAC of the Northern Hemisphere annular mode (NAM).

Basing on the disclosed facts above, the possible physical process of the DACs in the 1980s is proposed as follows.
The DACs of the northern midlatitude SST heated the lower tropospheric atmosphere and it made the meridional gradient
of air temperature anomalies increase between the middle and high latitudes. Decadal anomalous Ferrel cell was triggered,
which presented a meridional vertical current over the northern extratropics. The results of the meridional mass exchanges
induced the lower geopotential height and air temperature over the Arctic, and higher ones over the northern midlatitude.
In conclusion, the warming of the northern midlatitude SST may be responsible for the northern extratropical atmospheric
DACs and associated climate change events in the 1980s. Copyright  2011 Royal Meteorological Society
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1. Introduction

The decadal-multidecadal climate variability affects the
lives of several billion people via its long-lived effects on
agriculture, water resources, fisheries, and public health,
even some social events (Mehta et al., 2000). The decadal
climate variability is an important fluctuation for the
century-scale climate changes. Therefore, the study of
decadal climate variability is very important to confirm
and predict global warming. Accordingly, the study
of the decade-to-century-scale climate variability has
been highlighted much more by the Climate Variability
and Predictability (CLIVAR). The original studies on
the DecCen climate variability focus on the structures
and physical process over the North Pacific and North
Atlantic (e.g. Nitta and Yamada, 1989; Trenberth, 1990;
Deser and Blackman, 1993; Graham, 1994; Kushnir,
1994; Trenberth and Hurrell, 1994). Hence, the CLIVAR
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program stresses the importance of the characteristics and
physical process of the decadal-multidecadal variability
of the ocean–atmosphere system.

At present, the most striking decadal abrupt change
(DAC, is defined as the abrupt transition from one
stable state of mean value to another one within decade-
to-century scale) around 1976 attracts much attention
(e.g. Nitta and Yamada, 1989; Trenberth, 1990; Latif
and Barnett, 1994; Trenberth and Hurrell, 1994; Mantua
et al., 1997; Zhang et al., 1997; Deser et al., 2004; Yu
and Zhou, 2007). The atmospheric DACs in the late
1970s happened over the tropics at all levels (Xiao
and Li, 2007a). However, recent studies, as follow,
presented the new DACs in the Northern Hemisphere
(NH) extratropics in the 1980s, which is temporally
and spatially independent of that in the 1970s. The
characteristics of the DACs in the 1980s of oceanic, sea
ice, and atmospheric systems were disclosed in terms
of changes of warmer winter sea surface temperature
(SST) in the northern North Pacific (Xiao and Li, 2007a);
reduction in summer sea ice in the offshore region of
Siberia (Maslanik et al., 1996) and the southern Okhotsk
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Sea (Tachibana et al., 1996); lower sea level pressure
over the Arctic (Walsh et al., 1996), stronger North
Atlantic Oscillation (NAO) (Watanabe and Nitta, 1999;
Schwing et al., 2003), warmer spring over the Arctic
(Overland et al., 2004) and Eurasia (Ting et al., 1996;
Watanabe and Nitta, 1998), weaker winter subtropical jet
streams over the North Pacific and North Atlantic Oceans
(Ting et al., 1996; Watanabe and Nitta, 1998), stronger
winter Siberia High and less occurrences of spring dust
storms over northwest China (Ding et al., 2005; Liu
and Ding, 2007; Zhu et al., 2008). Moreover, the DACs
in the 1980s influenced the epipelagic ecosystems in
the North Pacific (Hare and Mantua, 2000). Lo and
Hsu (2010) suggested that the abrupt warming over the
northern extratropics was associated with the influence
of the Pacific Decadal Oscillation-like pattern and the
Arctic Oscillation-like pattern. The northern extratropical
DACs in the 1980s were identified by the above facts.
Considering that the occurring time of the DACs may
not be simultaneous in different regions and levels,
we aim to investigate the four-dimensional structures
and the possible physical process of the DACs of the
northern extratropical ocean–atmosphere system in the
1980s. This study indicates that the northern extratropical
atmospheric DACs in the 1980s may be caused by the
DACs of northern midlatitudinal SST.

This study is organized as follows. The data and
methodology are introduced in the next section. The hor-
izontal, vertical, and temporal characteristics are investi-
gated in Section 3. Decadal anomalies of meridional mass
exchange between the northern middle and high latitudes,
and their relationship to the NH annular mode (NAM) are
explored in Section 4. In Section 5, the possible physical
process is proposed and used to explain the associated
climate change events. The summary and conclusion are
in the last section.

2. Data and methodology

2.1. Dataset

In this study, we employ the annual averaged data,
which are derived from the monthly datasets as fol-
low. Monthly mean sea level pressure (SLP), upward
long-wave radiation flux (ULWRF), surface air temper-
ature (SAT), horizontal, vertical winds, and geopoten-
tial height fields in this study are obtained from the
National Centers for Environmental Prediction/National
Center for Atmosphere Research (NCEP/NCAR) reanal-
ysis datasets (Jan. 1948–Feb. 2009) (Kalnay et al., 1996)
on 2.5 × 2.5 degree latitude/longitude grid. The monthly
mean extended reconstruction SST (ERSST.v2) (Jan.
1948–Feb. 2009) (Smith and Reynolds, 2004) is obtained
from National Ocean and Atmosphere Administration
(NOAA). The resolution is 2.0° × 2.0°. The results in
this study are robust with the HadISST.v1 and European
Centre for Medium-Range Weather Forecast (ECMWF)
reanalysis data and the ERSST.v2 and NCEP/NCAR

reanalysis data. Therefore, the data of greater length
(NCEP/NCAR) were used in this study.

The annual index of the NAM (1873–2007) defined
by Li and Wang (2003) is adapted in this study. The
NAM index defined by Li and Wang (2003) is simply
the difference in surface pressure between 35°N and
65°N around the hemisphere based on NCEP/NCAR
monthly reanalysis data. Angell (2006) noted that this
simple NAM index has a more symmetric correlation
with surface pressure anomalies around the hemisphere
than does the leading empirical orthogonal function of
Thompson and Wallace (1998) and Wallace (2000).

2.2. Method

This study focused on decadal climate variability, the
concepts of which are introduced here. Decadal climate
variability is the climatic variability within decade-to-
century time scales that is restricted by the time scales,
but not by variational styles. Decadal climate variability
may be divided into three types of variational styles
(Martinson et al., 1995; Xiao and Li, 2007b). First, the
period variation contains the decadal time scale period.
Second, abrupt change stands for the rapid transition from
one stable state to another. Under the different definitions
for a stable state, abrupt change may be divided into
abrupt change of mean value, variance, trend, probability
and so on. Third, the gradual variation or decadal trend of
climate variability indicates the slow transition between
two stable states. Decadal abrupt change (namely, DAC)
means rapid transition from one stable state to another
one both within decade-to-century scale.

Jiang and You (1996) indicated that moving t-test
technique (MTT) could detect the DAC years (DACYs,
defined in the next paragraph) in a time series more
than once, with a certain timescale. The MTT is used
to detect abrupt change via examining whether the
difference between the mean values of two sub-samples
is significant or not. For a time series of the length n (Xi ,
i = 1, 2, . . . , n), a certain sample is selected, by moving,
as a cutting point to obtain the two subsets (x1 and x2)
before and after it.

The t-statistic is defined as:

t = x2 − x1

s.

√
1
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+ 1

n2

,
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√

n1s
2
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n1 + n2 − 2 , n1, n2 are the sub-sample
sizes, namely, the detecting scales of MTT, x1, x2 are
the mean values, and s2

1 , s2
2 are the variances for the

two subsets, respectively. Given a significant level α, the
DACYs, viz., the DAC points, are named corresponding
to the wave crests or troughs of the periods (|t | ≥ tα) of
t-statistic.

The presupposition of MTT is that the time series
follows the normal distribution and the samples are
independent each other. The DACYs are weighted by the
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normal distribution of both sub-series of t-test warranted
by the skewness and kurtosis test (Huang, 2000) at the
99% confidence level. The samples of the atmospheric
and oceanic time series are generally not independent of
each other. The effective degrees of freedom of t-test are
expediently evaluated by the autocorrelation coefficient
of the time series (Jiang et al., 2001). We employ MTT
to detect the DACs in each time series in a field of
ocean–atmosphere system. The horizontal and vertical
distributions of the DACs of ocean–atmosphere system
contain multiple testing problems that some DACs in a
field might be false positive. Therefore, the Benjamini
and Hochberg multiple testing correction (Benjamini and
Hochberg, 1995) is adapted in this study to control the
false discovery rate of the DACs in each field at 0.05. The
more detailed introduction of MTT should be referenced
in section 2.1 and 3 in Xiao and Li (2007a).

This paper focuses on decadal abrupt changes of
mean value (DACMV, hereafter referred as DAC for
simplicity). We take the detecting scales n1 = n2 = 10,
a decadal time scale. The head and the tail of the time
series are expanded 10 years with the beginning value
and the ending value, respectively, so that we could
capture all the DACYs in the data period. Presumed that
there are m DACYs in a time series, the time series is
divided into m + 1 episodes. The persistence time of each
episode lasts equal to or more than the minimum of the
detecting scales, maybe except the marginal ones. Each
DACY in the time series is significant by t-test with
the new detecting scales until no modification, which are
the persistence time of the episodes before and after the
DACY.

The MTT is employed to detect the DACYs of each
time series of the oceanic and atmospheric variables. The
horizontal and vertical distribution of the DACYs of the
oceanic and atmospheric variables could be displayed by
overlapping the time cross-section of the DACYs in the
DAC event.

Epoch composite difference is used to show the
decadal changes of the horizontal and vertical circulations
before and after the DACYs. The choice of the epoch is
illuminated in the footnote (∗).

* The choice of the periods adopted in the epoch difference maps of
Figure 6 and 7 are illuminated in this section. As noted above, the
DACs of the 500-hPa geopotential height of West Canada occurred in
1984. Therefore, the epoch difference was disclosed before and after
1984. Xiao and Li (2007a) disclosed that atmospheric DACs occurred
over the tropics and along the West America mainly in 1976. The latter
period of the epoch difference analysis in Figure 6a is adopted the
years 1985–1997, because the DACs of the Arctic geopotential height
happened in 1997. However, the time series of 500-hPa geopotential
height over the West Canada decreased after 1993 (Figure 3e), which
may be influenced by the volcanic eruption of the Pinatubo Mountain
on June 12–16, 1991 because the tropical and subtropical tropospheric
temperature descended after it in several years (Self et al., 1998). In
order to avoid the influences from the former DACs in 1976 and that
from the volcanic eruption in early 1990s, the epoch difference of
Figure 6a is adopted as 1985–1993 minus 1977–1984. The distribution
of 1985–2004 minus 1965–1984 are similar to, but not significant
than, that of 1985–1993 minus 1977–1984. The choices of the periods
for the others panels of Figure 6 and Figure 7 are similar to that of
Figure 6a.

3. Four-dimensional structures of the DACs
of the ocean-atmosphere system in the 1980s

The horizontal distributions of the DACYs (in Figure 1)
mean the occurrence times of the DACs of different
regions. The vertical distributions of the DACYs (in
Figure 3) refer to the occurrence times of the DACs
of different levels of certain selected regions. The DAC
episode, which is not the experience time of the transition
of averaged state of a time series, is a period within
the minimum of the detecting scales of MTT (a decade
in this study) from the beginning to the ending of the
DACs event (such as the DACs in the 1980s). Each DAC
increases/decreases abruptly after the DACY. The DAC
episode of the atmosphere-ocean system in the 1980s is
from 1983 to 1988.

3.1. Horizontal distributions of the DACYs in the
1980s

Figure 1 shows the distributions of the DACYs of SST,
upward long-wave radiation flux (ULWRF), SAT, SLP,
850-hPa, and 500-hPa geopotential height. The increased
DACs (IDACs, the mean value of variable increases after
the DACY) of SST (Figure 1(a)) occurred in the southern
tropical Atlantic in 1983, in the eastern North Pacific
in 1984, in the central North Atlantic in 1984–1985,
in the middle Pacific in 1985, along the coast of west
Europe in 1985–1987, and in the northern North Pacific
in 1988. The DACs of ULWRF which indicated the
decadal anomalous oceanic heating to the atmosphere
took place over the southern tropical Atlantic, northern
midlatitudal ocean, South Pacific and middle Indian
Ocean (Figure 1(b)). The IDACs of SAT (Figure 1(c))
happened over northeast Asia in 1985, 1987–1988, over
west Canada in 1985 and over north Europe in 1987. The
decreased DACs (DDACs, the mean value of variable
decreases after the DACY) of SAT occurred dispersedly
over the Southern Hemisphere (SH) in 1987–1988.
Figure 1(d) depicts that the decreased DACs (DDACs,
the variable decreases after the DACY) of SLP took
place over the Arctic in 1985–1987, over West Africa
in 1986–1987 and over the SH circumpolar regions
in 1984–1988. The IDACs of 500-hPa geopotential
height (Figure 1(f)) happened over west Canada and
northern subtropical Atlantic in 1984–1985, over East
Asia in 1985–1988, and over west Europe in 1985–1987.
The DDACs of 500-hPa geopotential height occurred
over the Arctic in 1985 and 1987. In summary, the
atmospheric structures of the DACs in the 1980s were
generally characterized with the midlatitude IDACs and
Arctic DDACs of geopotential height. The horizontal
distributions of above variables showed that the DACYs
of different regions and levels were not simultaneous.

Figure 2 shows the epoch difference maps of the NH
500-hPa geopotential height, 850-hPa air temperature and
horizontal winds for forward-minus-later annual mean:
1986–1997 minus 1977–1985 and 1988–1997 minus
1977–1987, in view of the facts that the DACs of 500-
hPa geopotential height and 850-hPa air temperature over
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Figure 1. Horizontal distributions of the DACYs in the 1980s of annual averaged variables (a) SST, (b)ULWRF, (c) SAT, (d) SLP, (e) 850-hPa
and (f) 500-hPa geopotential height. The cold colour scheme (green, blue, etc.) and warm colour scheme (yellow, red, etc.) represent the decreased
DACYs and increased DACYs significant at the 95% confidence level, respectively. The false discovery rate of the DACYs in each field is

controlled at 0.05. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

the Arctic occurred in 1985 and 1987, respectively. In
Figure 2(a), there were significant negative anomalies
of 500-hPa geopotential height over the Arctic with a
minimum value about −35 geopotential meter (gpm),
accompanied with zonal midlatitude positive anomalies,
significantly over west Europe, northeast Asia, Canada,
and subtropical Atlantic, with the maximum values about
15–20 gpm. In Figure 2(b), anomalous winds went out
from the Arctic column and anomalous anticyclones
occupied the above four regions with positive geopo-
tential height. The westerly anomalies over the North
Pacific and North Atlantic indicated the weaker Pacific
and Atlantic subtropical jets, which is consistent with that
of the findings of Watanabe and Nitta (1998, 1999). The
structures of 500-hPa geopotential height, as decrease
over the Arctic and increase over the NH midlatitudes,
presented a meridional see-saw structure, which is sim-
ilar to that of the NAM introduced by Thompson and
Wallace (1998) and Li and Wang (2003). The relation-
ship between the atmospheric DACs in the 1980s and the
NAM DAC will be discussed in section 4.

Figure 2(c) and 2(d) display the epoch difference of
850-hPa air temperature and horizontal winds anoma-
lies, respectively. The significant positive anomalies of

850-hPa air temperature and horizontal winds are analo-
gous to that of the 500-hPa geopotential height. It shows a
warmer air temperature over west Europe, northeast Asia,
west Canada, and subtropical Atlantic. The meridional
gradient of 850-hPa air temperature between midlatitude
and Arctic increased after 1987 because of positive air
temperature anomalies over the midlatitude and negative
ones in the high latitude.

3.2. Temporal variations of the DACYs in the 1980s

In order to confirm the authenticity of the DACs in the
1980s, several time series are shown in Figure 3, which
are selected according to the DAC regions in Figure 1.
The IDACs of SST over the southern tropical Atlantic
(Figure 3(a)) occurred in 1983, with an enhancement
0.43 °C of mean value. A DDAC and an IDAC of
SST over the northern North Pacific (Figure 3(b)) took
place in 1975 and 1988, with a decrease of 0.44 °C and
an increase 0.49 °C of mean values, respectively. The
IDACs of SAT over northeast Asia (Figure 3(c)) and
north Europe (Figure 3(d)) happened simultaneously in
1987, with enhancement of 0.62 °C and 0.78 °C in mean
values, respectively. Figure 3(e) exhibits the IDAC of
500-hPa geopotential height of west Canada occurred in
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Figure 2. Epoch difference maps of 500-hPa (a) geopotential height and (b) horizontal winds and 850-hPa (c) air temperature and (d) horizontal
winds for forward-minus-later annual mean (years as indicated above each panel), respectively. The colour-shaded domains in (a) and (c) are
significant at the 95% confidence level based on Student’s t-test. The black contour intervals are 5 gpm in (a) and 0.2 °C in (c), respectively.
Negative contours are dashed; and the zero contours are thickened. The colour shaded domains in (b) and (d) represent the 90% confidence

levels of horizontal winds according to vector Student’s t-test. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

1984. The mean value of the period after 1984 increased
16.42 gpm than that of the period before then. According
to the above time series, it is obvious that the DACs of
the ocean–atmosphere system in the 1980s are actually
existent. Moreover, the DACYs of different regions and
different levels were asynchronous.

Figure 4 displays the time series of the meridional dif-
ferences (subtracting the Arctic air temperature anomalies
from midlatitudes’) of 850-hpa, 500-hPa, and 200-hpa air
temperature anomalies between the middle and high lati-
tudes. The IDAC and DDAC of the meridional difference
at 850-hPa between the northern midlatitude and Arc-
tic happened in 1985 and 2004 (Figure 4(a)). The mean
values of the northern meridional difference increased
0.46 °C and decreased 0.56 °C, respectively. There are
two decreased DACYs in 1975 and 1994 and an increased
DACY in 1985 in the time series of the meridional dif-
ference of 500-hpa air temperature anomalies between
the midlatitude and Arctic (Figure 4(b)). An IDAC and
a DDAC occurred in the 1987 and 1997 in the time

series of the meridional difference of 200-hpa air tem-
perature anomalies between the NH middle and high
latitudes, respectively (Figure 4(c)). The above facts sug-
gested an enhanced meridional gradient of tropospheric
air temperature anomalies between the NH midlatitudes
and Arctic.

3.3. Vertical distributions of the DACYs in the 1980s

Figure 5 indicates the vertical structures of the DACs
of geopotential height and horizontal winds. Figure 5(a)
shows that the DDACs of the Arctic geopotential height
occurred at 700–300-hPa in 1985, at 1000–850-hPa
and 200–10-hPa in 1987, and its IDACs happened at
1000–20-hPa in 1997. The DDACs at 700–300-hPa of
the Arctic geopotential height in the 1980s were 2 years
in advance of that at the others levels. It can be seen
that the DACs in the 1980s happened at not only one
level but almost all levels. Figure 5(b) – (h) show that
the DACs of the zonal wind around the midlatitude
anomalous anticyclones happened in the 1980s. These
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Figure 3. Annual averaged time series (dotted solid line, 1948–2008)
and epoch average (thick solid line) of the regions (a) SST (0 °S–25 °S,
30 °W–15 °E) (unit: °C), (b) SST (40°N–50°N, 140 °E–150 °W) (unit:
°C), (c) SAT (40°N–70°N, 120 °E–160 °E) (unit: °C), (d) SAT
(45°N–70°N, 5 °W–40 °E) (unit: °C), and (e) 500-hPa geopotential
height (42.5 °N–52.5 °N, 140 °W–120 °W) (unit: gpm). The epoch
averages are divided by the DACYs significant at the 95% confidence

level.

facts confirmed the NH midlatitude anomalous anticy-
clones. The DDACs and IDACs of the NH circumpo-
lar zonal winds (Figure 5(i)) occurred at all levels in
1987 and 1997, respectively. It means that the westerly
anomalies occupied the northern circumpolar regions at
all levels since the late 1980s. The above vertical struc-
tures (Figure 5(a)–(i)) are suggestive of an equivalent
barotropic structure of the NH atmospheric DACs in the
1980s. Figure 5(j) indicates that the IDACs of the NH
circumpolar meridional wind occurred at 1000–925-hPa
in 1987, and its DDACs occurred at 700–100-hPa in
1987–1988. The facts indicated that anomalous merid-
ional winds went into (out from) the Arctic column at
the lower (middle and high) troposphere. It is interest-
ing whether there is a decadal anomalous vertical cir-
culation across the NH extratropics which charges the
atmospheric mass exchanges between the midlatitude and
Arctic.

Figure 4. Same as Figure 3, but for the difference of zonal mean
air temperature anomalies between (a) 40°N–65°N and 70°N–90°N
at 850 hPa, (b) 30°N–65°N and 70°N–90°N at 500 hPa, and (c)
30°N–50°N and 55°N–90°N at 200 hPa. The first DACY in Figure 4(b)

is significant at 90% confidence level.

4. Decadal anomalies of atmospheric mass
exchanges between the NH middle and high latitudes

The NAM represents the atmospheric mass fluctuations
between the NH middle and high latitudes (Thompson
and Wallace, 1998; Li and Wang, 2003). As has been
noted, there were decadal anomalies of atmospheric mass
exchanges between the NH middle and high latitudes
since the late 1980s. For a further investigation, the
following questions associated with the atmospheric mass
exchange between the NH middle and high latitudes and
the NAM are taken up.

Is the NH midlatitude the corresponding region of
increase mass that must accompany a removal of mass
from the Arctic atmosphere?

In order to understand whether decadal anomalies of
the atmospheric mass exchanges exist between the Arctic
and the NH midlatitude, Figure 6 displays the epoch dif-
ferences of the meridional-height cross-sections of winds
field. Figure 6(a) displays that the anomalous airflows
arose over the Arctic, moved southward and descended
over the 40°N–50°N belt (corresponding to west Canada).
Figure 6(b) shows that the winds anomalies ascended
over the 50°N–70°N belt and moved northward and
partly downward at 80°N, and another air current moved
southward and descended over the 20°N–40°N belt
(corresponding to the subtropical Atlantic). Figure 6(c)
indicates that the anomalous winds went upward over
the 60°N–70°N belt. One air current went northward
at higher levels, and another went southward and
descended at 45°N–60°N belt (corresponding to the West
Europe). In Figure 6(d), there are upward airflows over
the 75°N–90°N belt and downward airflows over the
45°N–70°N belt (corresponding to the northeast Asian).
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Figure 5. Vertical distributions of the DACYs of annual averaged geopotential height over (a) (80°N–90°N, 0 °E–357.5 °E), annual averaged zonal
winds over (b) (60°N–75°N, 0 °E–30 °E), (c) (60°N–70°N, 90 °E–150 °E), (d) (60°N–75°N, 140 °W–100 °W), (e) (30°N–40°N, 100 °E–120 °E),
(f) (35°N–45°N, 150 °W–120 °W), (g) (17.5 °N–27.5 °N, 75 °W–45 °W), (h) (40°N–50°N, 60 °W–30 °W) and (i) (60°N–75°N, 0 °E–357.5 °E),
and annual averaged meridional wind over (j) (60°N–75°N, 0 °E–357.5 °E). The dark and light shading refer to the increased DACYs and
decreased DACYs significant at the 95% confidence level, respectively. The false discovery rate of the DACYs in each field is controlled at

0.05.

Moreover, another air current from subtropics descended
here. Compared with Figure 2(c) and Figure 6, it can be
seen that the domains of the descending airflows are cor-
responding to that with decadal positive anomalies of

500-hPa geopotential height and 850-hPa air temperature.
Therefore, the warming of the NH midlatitude domains
may be attributed to the dropping currents from the Arc-
tic. Furthermore, Figure 7 indicates that there was an
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(a)

(b)

(c)

(d)

Figure 6. Epoch difference maps of meridional-height cross-section
of wind changes along (a) (120 °W–70 °W), (b) (50 °W–20 °W),
(c) (10 °W–20 °E), and (d) (120 °E–150 °E) for forward-minus-later
annual mean (years as indicated above each panel), respectively.
The lighter and darker shaded domains represent the downward
and upward vertical anomalies significant at 95% confidence level
based on Student’s t-test, respectively. The black shading denotes the

topography.

anomalous vertical circulation over the northern extra-
tropics with Arctic upward airflows and midlatitudinal
downward airflows. It is obvious that the NH midlati-
tude is the corresponding region of increase mass that
associated the shift of mass from the Arctic atmosphere.

Are the decadal anomalies of the northern extratropical
atmospheric mass exchanges demonstrated the NAM DAC
in the 1980s?

Li and Wang (2003) pointed out that the positive NAM
phase is essentially the result of the anomalous Ferrel

Figure 7. Same as Figure 6, but for the zonal averaged wind anomalies.

Figure 8. Same as Figure 3, but for the annual NAM index
(1873–2009).

cell. Figure 7 indicated that a vertical current circula-
tion located over the NH extratropics, with the upward
(downward) wind anomalies over the Arctic (NH midlat-
itude). Another air current from the northern subtropics
descended over the middle latitudes. This structure indi-
cated apropos the anomalies of the Ferrel cell. Therefore,
the decadal anomalies of the northern extratropical atmo-
spheric mass exchanges testified the NAM DAC in the
1980s. Moreover, there are several witnesses considered
as the supplementary for indentifying the NAM DAC
in the 1980s. As presented in Section 3, the anoma-
lies of the northern extratropical 500-hPa geopotential
height and 850-hPa air temperature presented a merid-
ional see-saw structure, so did that at the others levels.
The DACs of the Arctic and NH midlatitude geopoten-
tial height and air temperature indicated an equivalent
barotropic structure. Such meridional see-saw and equiv-
alent barotropic structures in the northern extratropical
atmosphere are the most important features of the NAM.
What is more, Figure 8 also showed an abrupt increase
of the NAM index in 1985. Furthermore, the DACs of
NAM also occurred in 1897, 1934, 1953, and 1969. In
regards to the decadal anomalous structures of the NAM,
the above findings, including the decadal anomalies of the
Ferrel cell, the meridional see-saw structures, an equiv-
alent barotropic structure and the NAM index, suggest
that the NAM DAC in 1985 is a part of the DAC event
in the 1980s.

5. Discussion

The horizontal, vertical, and temporal structures of the
DACs of the northern extratropical ocean–atmosphere
system in the 1980s have been shown above. The decadal
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changes of the meridional atmospheric mass exchanges
also were discussed. In this section, the possible physical
process, which was implicated in the spatial and temporal
structures of the DACs in the 1980s, and the meridional
atmospheric mass exchanges, is proposed and used to
explain the associated climate change events in northern
extratropics.

What is the explanation for the decadal anomalies
of the meridional atmospheric mass exchanges between
the NH middle and high latitudes, namely, the possible
physical process of the DACs in the 1980s?

According to the facts noted in this study, the possi-
ble physical process of the DACs in the 1980s could be
proposed as follows. The IDACs of the northern mid-
latitude SST heated the local atmosphere and it caused
the decadal anomalies of the meridional air tempera-
ture gradient between middle and high latitudes. Decadal
anomalies of the Ferrel cell, namely, the decadal anoma-
lies of meridional atmospheric mass exchanges between
the NH midlatitude and Arctic were triggered by the force
of the meridional gradient of the air temperature.

The detailed physical process of the DACs of the north-
ern extratropical ocean–atmosphere system in the 1980s
may be formed as shown in Figure 9. The IDACs of SST
over the northern midlatitude occurred in 1984–1988.
The distribution of the DACs of ULWRF is similar to
that of SST in the NH midlatitude (Figure 1(a) and (b))
which indicated the decadal increase of oceanic heating.
The decadal warming of NH midlatitude SST heated the
lower tropospheric atmosphere. What accompany it was
the increased air temperature meridional gradient between
the NH middle latitudes and the Arctic at lower lev-
els (Figure 4(a)). In the light of the geostrophic wind
principle, the westerly wind anomalies prevailed over the
circumpolar region in the lower troposphere. In the lower
troposphere, the westerly wind anomalies deflected and
went into the Arctic because of the topographical fric-
tional action. It can be seen in Figure 5(j) that the IDACs
of meridional winds occurred over the NH circumpolar
region at 1000–925-hPa in 1987 which indicated decadal
anomalies of meridional winds around the Arctic. At the
middle and high troposphere, the upward airflow over
the Arctic diverged (Figure 7) and the southward cur-
rents deflected right over the NH midlatitude under the
action of the geostrophic deflection force formed the
anticyclonic anomalies and descended in the NH mid-
latitude nearby the regions of warming SST. Further-
more, the dynamical warming effect of the downward
airflows heated the middle and high tropospheric atmo-
sphere. Hence, the IDACs of the NH midlatitude SST
may lead to the decadal anomalies of Ferrel cells with the
result of the Arctic DDACs, the NH midlatitude IDACs
of geopotential height and the NAM DAC in the 1980s.

The physical process proposed above is not consistent
with all the timing order of the DACs of different levels.
For instance, it can be seen in Figures 2 and 5(a) that the
DACs of 850-hPa and 500-hPa Arctic geopotential height
occurred in 1987 and 1985, respectively. This situation
may be attributed to two situations as follows. On the one

20°N 

40°N 

10 hPa

Warming

SST regions

Mid-latitude

winds anomalies

Circumpolar

winds anomalies

Figure 9. Schematic diagram showing the possible physical process of
the DACs of the northern extratropical ocean–atmosphere system in
the 1980s. The red regions represent the warming SST domains; the
black arrows denote the midlatitude anticyclones; the tridimensional
colour arrows represent the circumpolar anomalous winds; the coloured
arrows stand for the motion of the air current; and the letter ‘C’
denotes the cyclone. This figure is available in colour online at

wileyonlinelibrary.com/journal/joc

hand, the values of 850-hPa and 200-hPa geopotential
height of 1987 are higher than the mean value of the
epoch before 1987, neither does the value of 500-hPa
geopotential height of 1987 (Figure 10). The above fact
is why the occurrence time of the DACs of 500-hPa
and 850-hPa geopotential height is inconsistent. If the
values of 500-hPa geopotential height are equal to or
higher than the mean value of the period 1976–1985 of
500-hPa Arctic geopotential height, the DACY of 500-
hPa geopotential height is 1987, which is consistent of
the DACY of 850-hPa and 200-hPa geopotential height.
Therefore, the difference between the DACYs of 850-hPa
and 500-hPa geopotential height may be attributed to the
error of the 500-hPa geopotential height of 1987. The
timing consistency of the DACs of ocean–atmosphere
system in the 1980s should be satisfied in the condition
of the precise reanalysis data on every grid. However,
it is impossible to ensure that the reanalysis data on
every grid is exact. Generally, the difference of the
DACY in 1–2 years is receivable, which may be due
to the error of reanalysis data. On the other hand, the
reanalysis data of 500 hPa geopotential height on every
grid is exact. For example, the Arctic DACs of 500-
hPa geopotential height in 1985 may be related to the
transport from the west coast of Canada whose DACs
occurred in 1984. However, it is hard to be illustrated to
this extent. On the while, the timing of the DACYs in
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Figure 10. Same as Figure 3, but for geopotential height over the
regions (0 °E–357.5 °E, 80°N–90°N) (a) at 850-hPa, (b) at 500 hPa,

and (b) at 200 hPa (unit: gpm).

the 1980s of the northern extratropical ocean–atmosphere
system is consistent of the physical process proposed in
the manuscript.

How do we understand the NH extratropical climate
changes from the view of the above physical process of
the DACs in the 1980s?

Figure 1(c) and 2(c) show the warming regions over
west Europe, northeast Asia, west Canada, and subtrop-
ical Atlantic. From the view of this study, the decadal
warming of the above regions was attributed to the joint
actions of the heating of SST and the dynamical warm-
ing effects of the dropping airflows above them. Besides
the warming events indicated in this study, several cli-
mate change events are coincident with the DACs in the
1980s. The summer precipitation (air temperature) over
northeast (northwest) China decreased (increased) since
the middle 1980s (Wu et al., 2008). The dropping air-
flows over northeast Asia are conducive to a decrease in
precipitation and the increase of the air temperature over
northeast China. The increase of precipitation over north-
west China (Shi et al., 2002) benefited from the decadal
anomalous upward airflows there (not shown). The East
Asian winter monsoon index tended to be weaker since
the mid-1980s (Youn, 2005). The occurrence number of
the spring dust storms over northwest China became less
than before since the late 1980s (Ding et al., 2005; Liu
and Ding, 2007; Zhu et al., 2008). Because of the anoma-
lous anticyclone over northeast Asia, there were north-
easterly and southeasterly wind anomalies over northeast
and northwest China, respectively. Regarding the winds

anomalies, such anomalous circulations are instrumen-
tal in the weakening of the East Asian winter mon-
soon and the decrease of the spring dust storms. Fur-
thermore, the global hurricane number (including the
storms of intensity >33 m s−1) and hurricane days were
decadal in increase in 1988–1997 (Webster et al., 2005).
Figure 5(a) shows that the Arctic geopotential height was
in a decadal anomalous positive phase in 1988–1997. It
is interesting that whether there is a relationship between
the global hurricane number and hurricane days and the
Arctic vortex on decadal time scale. It needs further
study.

Sea ice is an important indicator of changes in the cli-
mate system. The SLP and wind anomalies over the Arc-
tic could affect the Arctic sea ice extent and concentration
(Wu et al., 2004). As has been noted, the anomalies of the
meridional wind of the NH circumpolar went northward
to the Arctic at the lower troposphere. The northward
meridional winds at the lower levels brought the warmer
air into the Arctic, which is conducive to the decrease of
the Arctic sea ice, especially the inshore thin sea ice. It
may be the thermal cause of the decrease of the summer
sea ice in the offshore region of Siberia (Maslanik et al.,
1996) and the southern Okhotsk Sea (Tachibana et al.,
1996).

6. Summary and conclusion

The horizontal, vertical, and temporal structures, merid-
ional atmospheric mass exchanges and the physical pro-
cess of the northern extratropical DACs in the 1980s
are discussed in this study. The IDACs of SST hap-
pened over the northern North Pacific, middle Pacific,
southern tropical Atlantic and northern North Atlantic in
1983–1988. The characteristics of atmospheric DACs in
1983–1988 were displayed in terms of changes of higher
air temperature and geopotential height over northeast
Asia, west Europe, northern subtropical Atlantic and west
Canada, and lower over the Arctic. These findings iden-
tified that the northern extratropical DACs in the 1980s
are facts. The decadal anomalies of the meridional circu-
lations indicated that the midlatitude increase of mass is
a removal of the Arctic atmospheric mass. Furthermore,
the meridional circulation between the middle and high
latitudes indicated the decadal anomalies of the Ferrel
cell. The IDAC of NAM in 1985 was addressed with the
NAM index and a decadal positive phase of the Ferrel
cell.

The possible physical process of the DACs in the
northern extratropical ocean–atmosphere system in the
1980s is proposed as follows. The IDACs of northern
midlatitude SST heated the local lower atmosphere. As a
result, the meridional gradient of air temperature between
the middle latitudes and Arctic increased abruptly at
lower levels. The anomalous geostrophic westerly winds,
which paralleled the geographic parallel, prevailed over
the circumpolar region at the lower levels. In the lower
troposphere, the westerly wind anomalies deflected and
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went into the Arctic because of the topographical fric-
tional action. In the middle and high troposphere, the
upward airflow over the Arctic diverged and the south-
ward currents deflected right over the NH midlatitude
under the action of the geostrophic deflection force,
formed the anticyclonic anomalies and descended near
the regions of warming SST in the NH midlatitude.
Meanwhile, a decadal anomalous Ferrel cell established
over the northern extratropics. An access of decadal
atmospheric mass exchange between the middle latitudes
and Arctic was established. The downward airflows of
anomalous Ferrel cell heated the tropospheric midlatitude
atmosphere whose areas were located near the regions
of warming SST. Therefore, the IDACs of NH midlat-
itude SST were the possible origin of the DACs of the
northern extratropical ocean–atmosphere system in the
1980s. Furthermore, the physical process of the DACs
of the northern extratropical ocean–atmosphere system
in the 1980s proposed in this study could well explain
the decadal warming of the NH continent, weakening of
East Asian winter monsoon, decreasing (increasing) of
the precipitation (air temperature) over northeast China,
and the less frequent occurrence of the spring dust storm
over northwest China, as well as the NAM DAC in the
mid-1980s.
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