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ABSTRACT

The impact of the boreal summer intraseasonal oscillation (BSISO) on extreme hot and cool events was investig-
ated, by analyzing the observed and reanalysis data for the period from 1983 to 2012. It is found that the frequency of
the extreme events in middle and high latitudes is significantly modulated by the BSISO convection in the tropics,
with a 3-9-day lag. During phases 1 and 2 when the BSISO positive rainfall anomaly is primarily located over a
northwest—southeast oriented belt extending from India to Maritime Continent and a negative rainfall anomaly ap-
pears in western North Pacific, the frequency of extreme hot events is 40% more than the frequency of non-extreme
hot events. Most noticeable increase appears in midlatitude North Pacific (north of 40°N) and higher-latitude polar
region.

Two physical mechanisms are primarily responsible for the change of the extreme frequency. First, an upper-tropo-
spheric Rossby wave train (due to the wave energy propagation) is generated in response to a negative heating anom-
aly over tropical western North Pacific in phases 1 and 2. This wave train consists of a strong high pressure anomaly
center northeast of Japan, a weak low pressure anomaly center over Alaska, and a strong high pressure anomaly cen-
ter over the western coast of United States. Easterly anomalies to the south of the two strong mid-latitude high pres-
sure centers weaken the climatological subtropical jet along 40°N, which is accompanied by anomalous subsidence
and warming in North Pacific north of 40°N. Second, an enhanced monsoonal heating over South Asia and East Asia
sets up a transverse monsoonal overturning circulation, with large-scale ascending (descending) anomalies over trop-
ical Indian Ocean (Pacific). Both the processes favor more frequent extreme hot events in higher-latitude Northern
Hemisphere. An anomalous atmospheric general circulation model is used to confirm the tropical heating effect.
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1. Introduction

Most of the operational meteorological centers in the
world currently issue short-range (approximately 5 days)
weather forecasts and seasonal outlooks. There is a gap
in forecast skill in the intermediate scale (Say, between 5

and 30 days). Thus, the World Meteorological Organiza-
tion (WMO) recently called for seamless whether—cli-
mate prediction to fill in the gaps between short-range
weather forecast and long-range seasonal prediction.

Due to the requirements of national economy develop-
ment and the prevention and reduction of natural dis-
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asters, there is urgent need for the operational meteorolo-
gical centers to develop the 10-30-day extended-range
weather forecast capability. Extended-range forecast is
an extension of current short-range forecast. At the mo-
ment, due to the lack of objective forecast methods and
tools to support the operational forecast, extended-range
forecasts are still in an experimental stage (e.g., Sun et
al., 2008; Zhu et al., 2015).

A major predictability source for extended-range fore-
cast is the occurrence of atmosphere intra-seasonal oscil-
lations (ISOs). In recent years, extreme weather and cli-
mate events occurred more frequently in a global context
and brought in a greater impact on social economy. For
example, Europe experienced an extremely hot summer
in 2003. South China had a persistent ice rain and snow
hazard in January 2008. A persistent severe drought
happened in southwestern China in 2009 and 2010.
Sometimes multiple extreme events happened in the same
time over different regions of the world. For instance,
heat waves hit the Northern Hemisphere from June to
August in 2010, while extreme cold temperature events
appeared in the southern hemisphere. It has been shown
that signals from the atmospheric ISOs can be used for
extended-range forecast (Li, 2000), because such signals
have a direct linkage to short-term climate anomalies and
the occurrence of extreme weather events as well.

Atmosphere intra-seasonal oscillation, sometimes
called “30 to 60-day oscillation”, was first discovered by
Madden and Julian(1971, 1972) with the analysis of ob-
servational data in Canton Island and other regions in the
tropics. Using a spectral analysis, they detected a statist-
ically significant signal in the atmospheric zonal wind,
with a 40-50-day period and a slow eastward propaga-
tion speed along the equator. Subsequent studies with
modern satellite data confirmed the planetary scale, east-
ward-propagating characteristics of the Madden-Julian
Oscillation (MJO) (e.g., Weickmann, 1983; Lau and
Chan, 1986), and showed that the oscillation is more
broadband than the original 40-50-day period identified
by Madden and Julian(1971, 1972) and can span a range
of 20 to 100 days (see Li and Hsu, 2017 for a review on
this topic).

MJO exhibits a distinctive seasonal evolution charac-
teristic. In boreal winter, MJO is dominated by eastward
propagation along the equator, whereas during boreal
summer the eastward propagating mode weakens sub-
stantially (Hendon and Salby, 1994), while the north-
ward propagation prevails in the Indian summer mon-
soon region (Yasunari, 1979; Jiang et al, 2004) and the
northwestward propagation prevails over western North
Pacific (WNP) (Murakami, 1980; Lau and Chan, 1986).
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The fundamental cause of the seasonal difference lies in
the geographic location of the thermal equator associ-
ated with the seasonal mean state between winter and
summer (Li, 2014).

Due to the distinctive propagation characteristics
between winter and summer, ISO activity in northern
summer is often referred to as the boreal summer in-
traseasonal oscillation (BSISO) (e.g., Kemball-Cook and
Wang, 2001). While the Real-time Multi-variate MJO
(RMM) index (Wheeler and Hendon, 2004) has been
widely used in operational centers for real-time MJO de-
tection, Lee et al. (2013) proposed BSISO indices spe-
cifically for boreal summer, to better describe the north-
ward propagation of ISO convection over the tropical In-
dian Ocean/western North Pacific sector. The BSISO in-
dices proposed by Lee et al. (2013) contain two physical
modes, with BSISO1 describing the northeastward
propagation of convection (primarily over tropical Indian
Ocean) at the time cycle of 30-60 days and BSISO2 de-
scribing northwestward propagation (mainly over west-
ern Pacific) at the time cycle of 10 to 30 days. The two
indices seem better than RMM in capturing the observed
BSISO propagation characteristics (Matsueda and
Takaya, 2015).

Previous studies indicated that the main activity cen-
ters of the BSISO are confined over Bay of Bengal,
South China Sea and western North Pacific (Li and
Wang, 2005). The convective activity associated with the
BSISO over western North Pacific is considered as a key
factor that influences regional extreme climate and
weather events over East Asia (Ren and Huang, 2002; Li,
2010). Hsu et al. (2017) examined the impact of the
BSISO on heat wave (HW) frequency over the Asian
monsoon region. Chen and Zhai (2017) showed that act-
ive BSISOs could induce synchronous extremes of pre-
cipitation and temperature in East Asian coastal regions.
Chen et al. (2018) investigated the relationship between
large-scale circulation anomalies associated with the
BSISO over the western Pacific and the occurrence of
long-lived extreme heat events in South China, and con-
cluded that the 5-25-day oscillation contributed mostly to
the triggering and termination of the extreme heat events,
whereas the 30-90-day oscillation plays a vital role in the
persistence of long-lived extreme hot events. Less effort
is made in understanding the effect of the BSISO on ex-
treme temperature events in mid-latitude Pacific and
higher latitudes. Therefore, in this study we will focus on
the extreme temperature events in these regions.

In this paper we will investigate the relationship
between the BSISO phase and northern hemispheric ex-
treme temperature events and the physical mechanism re-
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sponsible for the observed relationship. The resting pa-
per is organized as following. In Section 2, data, analysis
method and numerical model used for this study are de-
scribed. In Section 3 we reveal the observed relationship
between the BSISO and extreme events. In Section 4,
large-scale circulation patterns associated with active and
inactive BSISO phases are examined, and possible mech-
anisms through which the BSISO affects the heat wave
frequency are discussed. In Section 5, an anomaly gener-
al circulation model is employed to understand the effect
of tropical heating associated with the BSISO on global
temperature and circulation. In Section 6, we summarize
the major results.

2. Data, method, and model

2.1 Data

The primary data used in this study include daily aver-
age outgoing longwave radiation (OLR) from NOAA
(Liebmann and Smith, 1996), the re-analysis data gener-
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ated by NCEP and the reanalysis data generated by
ECMWF. The spatial resolution of the data above is 2.5°
longitude x 2.5° latitude. The analysis period for the cur-
rent study spans 30 yr from 1 January 1983 to 31 Decem-
ber 2012. Observed OLR is used as proxy for deep con-
vection in the tropics. The major meteorological fields
used in the NCEP reanalysis include zonal and meridion-
al velocity, vertical p-velocity, temperature, and geopo-
tential height on standard pressure levels.

2.2 BSISO phase decomposition

Using the empirical orthogonal function (EOF) analys-
is method, Lee et al. (2013) showed that there are two
dominant BSISO modes in the tropical Indian Ocean and
western Pacific domain. To reveal anomalous circulation
features associated with the BSISO, the BSISO evolu-
tion is decomposed into eight phases, following Lee et al.
(2013). Figure 1 illustrates the horizontal pattern and
temporal evolution characteristics of the intraseasonal
OLR and 850-hPa wind fields associated with the first

BSISOI1, May—Oct, 1983-2012
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Fig. 1. Composite OLR (shaded; W m) and 850-hPa wind (vectors; m s %) anomalies during eight phases of BSISO1 from May to October.
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BSISO mode. At Phases 1 and 2, the major convection is
located over the tropical Indian Ocean while a sup-
pressed convective belt is oriented at a northwest—south-
east direction, extended from Indian subcontinent to the
Maritime Continent/western Pacific. At Phases 5 and 6,
the OLR pattern is in general opposite to that in Phases 1
and 2. Accompanied to the enhanced (suppressed) con-
vective belt is an anomalous cyclonic (anticyclonic) cir-
culation pattern.

Figure 2 illustrates the OLR and wind evolution pat-
terns for the second BSISO mode. Instead of
northwest—southeast oriented rain band structure, the
OLR field for BSISO2 shows a northeast-southwest
tilted pattern. At Phases 1 and 2, enhanced convective
rain-band appears in Philippine Sea and eastern equatori-
al Indian Ocean, while suppressed convection is ob-
served over South China and South Japan. Given that the
variance explained by BSISO2 is much smaller than
BSISOI1 and the period of the BSISO2 is more confined
in the quasi-biweekly timescale, we will focus on ex-
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amining the response of global extreme temperature
events to the first mode in the current study.

2.3 Definition of extreme temperature events

Daily mean temperature at 850 hPa is used to define
extreme hot or cool events in northern summer from May
to October, following Hsu et al. (2017). When daily
mean temperature exceeds the 95% percentile, the date is
defined as the extreme hot day. Similarly, when daily
mean temperature is lower than the 5% percentile, the
date is defined as the extreme cool day. The sum of the
extreme hot and cool days during each phase of the
BSISO during the 30-yr analysis period is then com-
posed, to reveal how the extreme temperature events de-
pend on the BSISO phase.

The definition above is done at each grid point so that
the temperature thresholds differ spatially. Figure 3
shows the horizontal patterns for the extreme hot and
cool temperature thresholds. Maximum and minimum
values appear over high-latitude Asian and North Amer-

BSISO2, May — Oct, 1983-2012

(a) Phase 1

(e) Phase 5
90N

60N

30N

0 60E 120E 180 120W 60W 0

120E 180 120W

120E 180 120W 60W 0

90N

60N

30N

90N

t T T T T 1

60N

30N

0 60E 120E 180 120W 60W 0

Fig. 2. Asin Fig. 1, but for the composite phases of BSISO2.
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Fig. 3. 850-hPa temperature anomaly thresholds (K) for (a) extreme hot and (b) cool events averaged for the period from May to October.

ican Continents along 60°N.

2.4 Monte Carlo statistical test

A student #-test can be used for variables that have a
normal (Gaussian) distribution. If a variable does not fol-
low the normal distribution, then Monte Carlo test can be
used. Monte Carlo technique is a statistical method used
on the condition where it is difficult to find the answer by
analytical methods. The method we adopted here was de-
veloped by Ebisuzaki (1997), and was called random-
phase test. Considering two time-series: A and B, which
can be used to test the significance of correlation “r(A,
B)” between A and B by following two steps. First, cre-
ate N different random time series by analyzing the dis-
crete Fourier analysis. All these time series will have the
same power spectrum while different time phase com-
pared to time series A. Secondly, N is set as 5000, fol-
lowing Wu et al. (2016).

In this study, A is the frequency of extreme temperat-
ure events during phases of BSISO1 with a 3-9-day lag
and B is the frequency of non-extreme temperature
events during phases of BSISO1 with the same 3-9-day
lag. We calculated the correlation between B and these
random phase time series. If 7(A, B) is equal or greater
than 95% or equal or smaller than 5% compared with the
random-phase time series, then it meets 10% signific-
ance level of statistical tests.

2.5 An anomaly GCM

An anomaly atmospheric model is employed to under-

stand how the tropical heating anomaly associated with
the BSISO may remotely affect the circulation and tem-
perature fields in middle and high latitudes. This anom-
aly atmospheric GCM developed by Tim Li has been
used in investigating how the summer (or winter) mean
state modulates the monsoon response to El Nifio in-
duced equatorially symmetric heating (Wang et al.,
2003), MJO initiation processes in western Indian Ocean
(Jiang and Li, 2005), the instability of synoptic-scale
wave train in the WNP (Li, 2006), and the Asia — North
America teleconnection process (Zhu and Li, 2016).

The anomaly GCM was constructed based on the dry
version of the Princeton AGCM (Held and Suarez,
1994). 1t is a global spectral model uses sigma as its ver-
tical coordinate. The basic equations include momentum,
temperature, and logarithm of surface pressure equations,
together with the diagnostic equation for the vertical ve-
locity. A specified 3D summer mean [June—August
(JJA)] basic state is specified in the model so that one
may examine how the atmosphere responds to a specific
anomalous heating in the presence of the specified mean
state. The model atmosphere is formulated with five
evenly distributed sigma levels with an interval of 0.2,
with sigma being zero at the top and one at the bottom.
The horizontal resolution of the model is T42. Biharmon-
ic diffusion is applied to the momentum and temperature
equations with a dissipating rate of 0.1 day ' for the
smallest resolvable scale in the model. Rayleigh friction
is applied to the momentum equations, with the damping
rate of 1 day ! in the lowest model level to mimic the
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planetary boundary layer effect. Newtonian cooling with
an e-folding time scale of 10 days is applied to the tem-
perature equation at all levels. The model is integrated
for 60 days, and the last 30-day average result is shown.
For the detailed description of the model, readers are re-
ferred to the appendix in Jiang and Li (2005) and Li
(2006).

3. Dependence of extreme temperature events
on BSISO phases

Previous studies (e.g., Matsueda and Takaya, 2015)
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suggested that midlatitude circulation and temperature re-
sponses to tropical convection may lag by a few days,
due to Rossby wave energy propagation. Hence, a 3-9-
day lagged composite is conducted for all the analyses
below. To test how the analysis result is sensitive to dif-
ferent lag time, we conducted a parallel calculation with
0-6- and 6-12-day lag, respectively, and found that the
result is not sensitive. Due to low-frequency evolution
characteristics, instead of illustrating eight phases, we
only show combined four phases, with Phases 1-2, 34,
5-6, and 7-8. The top panel of Fig. 4 shows the ratio of
occurrence frequency of extreme hot events versus oc-
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Fig. 4. Ratios of occurrence frequency between extreme hot and non-extreme hot events (a—d), and that between extreme cool and non-extreme
cool events (e-h) at 850 hPa during phases of BSISO1 with a 3-9-day lag. Black dots represent values reaching the 10% significance level by us-

ing the Monte Carlo method.
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currence frequency of non-extreme hot days during
BSISO Phases 1-2, 3-4, 5-6, and 7-8, whereas the bot-
tom panel of Fig. 4 shows the ratio of occurrence fre-
quency of extreme cool events versus occurrence fre-
quency of non-extreme cool days during these BSISO
phases. Only areas where the ratio exceeds one are
shaded. It is clearly seen that extreme hot events in the
Northern Hemisphere happened much more frequently
during Phases 1-2 than during Phases 5-6. The extreme
cool events, on the other hand, happened more fre-
quently during Phases 5-6. Meanwhile, we do the same
calculations based on the ERA-interim data, and ob-
tained the consistent result.

The result indicates that the occurrence frequency of
extreme hot or cool events in summer depends greatly on
the phase of the BSISO. About 3-9 days after active
BSISO convection appears over India and Maritime con-
tinent, there are more frequent extreme hot events in the
Northern Hemisphere, in particular, over mid-latitude
North Pacific (north of 40°N) and higher-latitude (bey-
ond 60°N) polar regions. About 3 to 9 days after sup-
pressed BSISO convection appears over India and Mari-
time continent, there are less frequent extreme hot events
but more frequent cool events in the Northern Hemi-
sphere. The probability for occurrence of extreme hot
events is about 40% more compared to that of occur-

(a) Phases 1-2
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rence of non-extreme hot days during BSISO Phases 1
and 2.

4. Atmospheric circulation anomalies associ-
ated with the BSISO phases

Because of the great contrast of the extreme event fre-
quency between Phases 1-2 and Phases 5-6, hereafter we
will focus on our analysis during these two phase peri-
ods. Figure 5 shows the precipitation and vertical p-velo-
city patterns during Phases 1-2 and 5—6. Consistent with
the OLR patterns, enhanced rainfall occurs over the trop-
ical Indian Ocean and Maritime Continent and sup-
pressed precipitation appears over the WNP during
Phases 1-2. Correspondingly, large-scale ascending mo-
tion anomalies occur in the tropical Indian Ocean, while
large-scale descending motion anomalies appear over the
large area of the Pacific. An approximately mirror image
of the vertical motion anomalies appears during Phases
5-6.

The negative heating anomaly over the WNP may per-
turb the subtropical jet and trigger a Rossby wave train
along a big circle (Hoskins and Karoly, 1981), which can
be clearly seen in the geopotential height anomaly fields
shown in Fig. 6. In the WNP heating region (near 20°N,
120°E), there is a clear baroclinic circulation response,

(b) Phases 5-6
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(a, b) Composite precipitation anomaly (mm day™) and (c, d) composite 500-hPa omega anomaly (Pa s™') with a 3-9-day lag for

BSISO1 phases 1-2 (a, ¢) and phases 56 (b, d). The red circle represents the overall large-scale descending motion or suppressed precipitation
region and the blue circle represents the overall large-scale ascending motion or enhanced precipitation region. Black dots represent values ex-

ceeding the 90% confidence level (Student #-test).
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with a low pressure anomaly in the upper level and a
high pressure anomaly in the low level. To the northeast
of the forcing region, a wave train is clearly seen in the
200-hPa field, with an alternative high—low—high pres-
sure pattern, forming a big circle extending from North
of Japan to the western coast of United States. Note that
within the wave train, the two high pressure centers are
much stronger than the low pressure center, which is loc-
ated further to the north. The wave train in midlatitudes
has a clear equivalent barotropic structure, different from
the tropical system.

Due to the quasi-geostrophic nature, the wind anom-
aly field in midlatitudes is closely associated with the
pressure field. In the upper troposphere, the most pro-
nounced circulation feature along the wave train is the
occurrence of two anomalous anticyclones (upper panel
of Fig. 7), which are in phase with the two high pressure
centers. The cyclonic circulation is weaker and located
further to the north. As a result, the zonal mean wind
near 40°N is dominated by easterly anomalies. The an-

(a) 200 hPa

90N
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omalous circulation patterns are quite similar throughout
the troposphere (lower panels of Fig. 7), and their amp-
litude decreases towards the surface. According to the
hydrostatic relation, an expansion of the air column is re-
lated to a warmer temperature between two constant
pressure levels. Physically, one may argue that stronger
anomalous anticyclone in the upper-level could induce
anomalous descent motion below, which is favorable for
more vertical adiabatic heating and more solar radiation
into the surface, and thus leads to a higher temperature
anomaly. As a result, the tropospheric warming anom-
alies appear north of the weakened climatological jet. An
opposite pattern in the geopotential height, temperature
and wind fields appears during Phases 5-6.

To show more clearly how the tropical heating in-
duced wave train pattern affects the zonal mean wind, we
plotted the meridional—vertical cross sections of zonal
mean climatological and anomalous temperature and
zonal wind fields, which are shown in Fig. 8. The clima-
tologic summer mean subtropical jet is located near
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Fig. 6. Composite geopotential height anomaly fields (gpm) at (a) 200, (b) 500, and (c) 850 hPa with a 3-9-day lag for BSISO1 phases 1-2.
Black dots represent values exceeding the 95% confidence level (Student #-test).
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40°N. It is interesting to note that the strength of the sub-
tropical jet weakens during Phases 1-2 but strengthens
during Phases 5-6. According to the thermal wind bal-
ance, a weakened jet is associated with a weakened meri-
dional temperature gradient, with a tropospheric warm-
ing (cooling) to the north (south) of the jet. Such a tem-
perature change is clearly seen in Fig. 8b. An opposite
pattern is seen during Phases 5-6.

The wave train induced zonal wind and temperature
changes well explain why more frequent hot (cool)
events appear north of 40°N during Phases 1-2 (Phases
5-6). To further explain the regional characteristic, for
example, a maximum center over midlatitude North Pa-
cific, one needs to further examine the horizontal distri-
bution of the climatological subtropical jet and anomal-
ous wind patterns. Figure 9a shows the horizontal map of
climatological summer mean zonal wind field at 200 hPa.
Note that the main subtropical jet axis is oriented in the
southwest—northeast direction, with a maximum jet cen-
ter at 140E near Japan. The momentum equation in a
Lagrangian framework may be written as:

d
S0 v =1 (1)

where v, denotes the meridional component of geo-
strophic wind, and « and v denote actual zonal and meri-
dional wind component, respectively. To the west (east)
of the jet center, air parcel accelerates (decelerates) along
the wind direction so that ((jl—b; is positive (negative). This
excites the secondary circulation with ageostrophic meri-
dional wind toward north (south) to the west (east) of the
jet center. To the east of the jet center, the southward
ageostrophic wind further causes an upper-level conver-
gence (divergence) to the south (north), leading to des-
cending (ascending) motion in middle troposphere.
During Phases 1-2, strong easterly anomalies occur
near the climatological j et center. This weakens the jet
intensity, promoting anomalous northward ageostrophic
wind to the east of the jet center. Consequently, upper-
level convergence anomalies appear in the north of the
jet stream while low-level divergence anomalies appear
in the south of the jet stream. This causes anomalous
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(a) Vertical-meridional cross section of zonal mean climatological summer mean temperature (shaded; K) and zonal wind (contour; m

s7!) fields averaged during May—October. Vertical-meridional cross sections of zonal mean intraseasonal temperature (shaded; K) and zonal wind
(contour; m s7') anomalies during phases 1-2 (b) and phases 5-6 (c). Black dots represent values exceeding the 95% confidence level (Student ¢-

test).

downward motion to the north and anomalous ascending
motion to the south. The downward motion further
causes a positive temperature anomaly due to adiabatic
warming. As a result, a maximum warming center ap-
pears in North Pacific north of 40°N. Both the anomal-
ous subsidence and tropospheric warming during Phases
1-2 modulate high-frequency perturbations, favoring
more frequent extreme hot events.

The same physical argument can be applied to the
low-frequency wind and temperature changes in Phase 5-
6. That is, a strengthened jet leads to anomalous ascend-
ing motion and thus cold temperature anomalies in North
Pacific north of the climatological jet stream. The change
of the low-frequency environmental condition further fa-
vors the occurrence of extreme cool events in situ.

In addition to its effect on the jet intensity, the BSISO
may directly exert a planetary scale vertical overturning
circulation to affect the extreme events in North Pacific
and North America. Figure 10 shows the composite velo-
city potential fields at 200 and 850 hPa. The velocity po-
tential fields reflect large-scale overturning circulation in
the troposphere. As one can see, a large-scale upper-level
divergence center and a low-level convergence center ap-
pear in the tropical Indian Ocean, while an opposite sign
happens in the tropical Pacific. The zonally oriented
wavenumber-1 pattern is a result of enhanced precipita-
tion anomalies in both the Indian monsoon region and the
East Asian monsoon (Meiyu front) region. The former
may induce a large-scale east—west circulation, as poin-
ted out by Krishnamurti (1971), while the latter is re-
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Fig. 9. (a) Horizontal distribution of climatological summer mean zonal wind (m s™') at 200 hPa averaged during 1983—2012 (green arrow rep-
resents the jet center). Horizontal distribution of anomalous zonal wind (m s™') at 200 hPa during BSISO phases 1-2 (b) and phases 5-6 (c).
Black dots represent values exceeding the 95% confidence level (Student #-test). (d) Schematic diagram illustrating the upper-level ageostrophic
wind vector (green) associated with the summer mean subtropical jet and so induced vertical velocity anomalies in the middle troposphere.
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Fig. 10. Composite velocity potential anomaly (s) fields at 200 (a, b) and 850 hPa (c, d) with a 3-9-day lag for BSISO1 phases 1-2 (a, c) and
phases 5-6 (b, d). Black dots represent values exceeding the 95% confidence level (Student #-test).

sponsible for the formation of a transverse monsoon, as
discussed by Webster et al. (1998). The so-induced large-
scale subsidence in the Pacific acts together with the
aforementioned subtropical jet effect, leading to strong
descending motion anomalies and thus warm in-
traseasonal temperature anomalies over North Pacific

(Fig. 8b). These intraseasonal anomalies increase the
chance of extreme hot events in situ.

The increase of extreme hot events over North Amer-
ica may arise from both the wave train effect and the
east—west velocity potential dipole. One can see from
Fig. 6 that there is a high pressure anomaly center over
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the western coast of United States. This anomalous pres-
sure center increases with height. This leads to a positive
temperature anomaly in situ, according to the hydrostatic
approximation. As a result, extreme hot events are also
observed in North America during Phases 1-2 (Fig. 4a).

5. Role of tropical heating in generating cir-
culation anomalies in midlatitudes: Anom-
aly GCM experiments

To prove that the observed wave train pattern in North
Pacific is indeed a result of the tropical forcing associ-
ated with the BSISO, we conducted anomalous atmo-
spheric GCM experiments with a specified heating pro-
file in the tropical Indian Ocean and western Pacific
(15°S-30°N, 40°-160°E). The observed summer mean
state is specified as the model basic state. The horizontal
pattern of the heating anomaly is derived from those
shown in Fig. 5a. The heating has an idealized vertical
profile with a maximum at the middle troposphere.

Figure 11 shows the simulated upper-level (300 hPa)
geopotential height anomaly field averaged during the
last 30 days. A wave train pattern is clearly seen, and the
wave train pattern resembles the observed during Phases
1-2. Over the forcing region (20°N, 120°E), there is an
anomalous low pressure center. Away from the forcing
region, a high pressure center appears over northeast of
Japan, followed by a low pressure center over Alaska,
and a high pressure center over the western coast of
United States. Thus the numerical model result confirms
the hypothesis that the wave train pattern is caused by the
tropical heating associated with the BSISO.

A further examination of the anomalous geopotential
height field in lower levels confirms the equivalent baro-
tropic structure for the wave train in midlatitudes. Simil-
ar to the observation, the simulated wind field shows
clearly anomalous easterlies over the climatological jet
stream, leading to a weakening of the jet and thus a re-
versed meridional temperature gradient anomaly.

90N
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0 T T T T T T T T T T T 1
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Fig. 11. Simulated geopotential height anomaly (gpm) field at 300
hPa from an anomaly atmospheric GCM in response to anomalous
heating in the tropics during BSISO phases 1-2.
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6. Summary

A number of studies have been devoted to understand
the role of the BSISO in causing low-frequency precipit-
ation and temperature anomalies as well as extreme tem-
perature events over the Asian monsoon region (e.g.,
Webster et al., 1998; Annamalai and Slingo, 2001; Mao
and Wu, 2006; Yang et al., 2010; Chen et al., 2015; Hsu
et al., 2016, 2017). However, less studies have been done
in understand the remote impact of the BSISO on ex-
treme temperatures events in middle- and high- latitude
Northern Hemisphere. In this study we analyzed the ob-
served relationship between the extreme hot and cool
events in the Northern Hemisphere and the BSISO phase,
and investigated the mechanism that causes the relation-
ship.

The BSISO phase was defined, following Lee et al.
(2013). The extreme hot or cool events are defined when
daily mean temperature exceeds 95 or 5 percentile. Our
analysis result shows that there are more frequent ex-
treme hot (cool) events in the Northern Hemisphere, in
particular over North Pacific, North America, and polar
region north of 60°N, 3-9 days after BSISO Phases 1-2
(Phases 5-6). The probability for occurrence of extreme
hot events in these regions is 40% more than that for oc-
currence of non-extreme hot events in Phases 1-2. A
similar result is found for occurrence of extreme cool
events during Phases 5-6.

Two physical processes are responsible for the in-
creased frequency of extreme hot events over North Pa-
cific. The first is the Rossby wave train (Hoskins and Ka-
roly, 1981) triggered by a negative heating anomaly in
the WNP associated with the BSISO Phases 1-2. In re-
sponse to the negative heating, a low-pressure anomaly
and a convergence anomaly appear over the upper tropo-
sphere in situ. The upper-level convergence anomaly acts
as a Rossby wave vorticity source, triggering a Rossby
wave train into higher latitudes, and forming a big circle
with alternated high—low- high pressure anomaly centers
(Hoskins and Karoly, 1981). Within the Rossby wave
train, two strong high pressure anomaly centers stand out
along 40°N, with one center over the northeast of Japan
and the other center over western coast of United States.
The anomalous high pressure systems, on one hand, are
accompanied by tropospheric warm temperature anom-
alies according to the hydrostatic relationship, and, on
the other hand, induce anomalous easterlies to the south,
weakening the climatological subtropical jet. The weak-
ening of the jet causes anomalous subsidence to the
northeast of the subtropical jet, favoring extreme hot
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events there. The second process is through the trans-
verse monsoon (Webster et al., 1998) and large-scale
east—west circulation (Krishnamurti, 1971)—the heating
anomalies over South Asia and East Asia generate a zon-
al wavenumber-1 velocity potential dipole, with anomal-
ous ascending motion over tropical Indian Ocean and
large-scale anomalous subsidence over the Pacific and
North America. Both the processes induce abnormal des-
cending motion and temperature warming over midlatit-
ude North Pacific and higher-latitude polar regions, fa-
voring the occurrence of extreme hot events there.

An anomaly atmospheric GCM is used to test whether
a specified tropical heating anomaly associated with the
BSISO can indeed induce the observed Rossby wave
train pattern in midlatitudes. The numerical model result
confirms our hypothesis, that is, the precipitation anom-
aly in the tropics associated with the BSISO can alter up-
per-level divergent flow and induce a Rossby wave train
with prominent pressure anomalies over northeast of Ja-
pan and the western coast of United States. The associ-
ated wind change can further modify the subtropical jet
stream and result in the observed temperature anomalies
over the Northern Hemisphere.

The BSISO-extreme event relationship revealed by
the current study may be applied to operational extended-
range (10-30 day) weather forecast. Either a pure statist-
ical model such as that done by Zhu and Li (2017) or a
combined dynamical-statistical model may be construc-
ted based on the above relationship. In the latter case, se-
lecting a dynamical model that has a good forecast skill
of the BSISO is critical. We plan to conduct such exten-
ded-range forecast experiments in near future.
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