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The Kuroshio and its extension (KE) significantly influences regional climate through
meridional heat transport from the tropical ocean. In this study, the observational and
reanalysis datasets are used to investigate the impact of the latent heat flux (LHF) over the
KE region on downstream rainfall and the underlying mechanism. The result shows a
“seesaw” structure in rainfall anomaly, dominating the Western Canada and the
southwestern North America with a correlation coefficient of 0.77 between the two
modes. In strong LHF years, strengthened LHF favors to enhance precipitation in the
Western Canada and reduce that in the southwestern North America. This is primarily
associated with an anomalous cyclonic circulation over the KE region, which enhances
southwesterly precipitation and latent heating in the middle troposphere. The heating
excites an anomalous cyclonic circulation to its west and an anticyclonic circulation to its
east, helping to reinforce the existing anomalous cyclonic circulation in turn and form a
positive feedback. The conditions associated with La Niña events favor to above
processes. To the upper troposphere, the deepened anomalous cyclonic circulation
due to enhanced eddy activities and atmospheric baroclinic instability over the KE
strengthens subtropical westerly jet stream and thereby extends eastward on the
200 hPa level. Correspondingly, an elongated zonally lower level cyclonic circulation
anomaly across the North Pacific leads to a moisture convergence in the Western
Canada, which is mainly resulted from the anomalous positive vorticity advection over
the left side of the exit region of the jet stream. The opposite circumstance occurs in weak
LHF years, presenting an opposed anomalous circulation and rainfall pattern.
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INTRODUCTION

Sufficient water resources are extremely important for spring, the vegetation growing season (Choi
and Kim, 2018), in the international agricultural center over western North America (WNA),
especially the state of California (Swain et al., 2016). The precipitation over this region means the
steady price of crops, food, and water security (Choi and Kim, 2018). However, California
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experienced severe drought from 2012 to 2016, which causes
several adverse effects to social economy and ecosystem, such as
fish populations, groundwater levels, and land subsidence (Lund
et al., 2018). Therefore, the improved ability to predict rainfall is
needed to better optimize water resource management and
prevention of disasters over this area (Guirguis et al., 2020).

In order to gain insight of the rainfall fluctuation over the
WNA, many investigations in cold season (e.g., winter and
spring) and warm season (e.g., summer and autumn) have
been conducted. These results indicate that several
atmospheric modes modulate spatial and temporal variability
of precipitation from the synoptic scale to the decadal timescale
(Leathers et al., 1991; Cayan et al., 1998; Dettinger et al., 1998;
Seager and Hoerling, 2012; L’Heureux et al., 2015; Mundhenk
et al., 2018; Guirguis et al., 2020).

On the interannual timescale, it is well known that the rainfall
in the Southwest United States is influenced by large-scale
forcing, such as El Niño–Southern Oscillation (Dettinger et al.,
1998; Trenberth et al., 1998; Bates et al., 2001), tropical sea surface
temperature (SST) variability (Seager and Hoerling, 2012), and
anomalous convections (L’Heureux et al., 2015). During a typical
El Niño winter or spring, a positive Pacific North America (PNA)
pattern is triggered, which results in an anomalous anticyclonic
circulation damping rainfall over the Northwestern United States
and Western Canada, while an anomalous cyclonic circulation
facilitates rainfall over the Southwestern United States (Wallace
and Gutzler, 1981; Leathers et al., 1991; Cayan et al., 1998; Ault
et al., 2011). Although the magnitude and extent of PNA pattern
is weaker in spring than that in winter, the PNA still plays an
important role in organizing the North American rainfall in
spring (Horel and Wallace, 1981; Wallace and Gutzler, 1981;
Leathers et al., 1991). On the other hand, the Northern
Hemisphere winter and spring are also particularly dominated
by the northern annular mode (NAM) or Arctic Oscillation (AO).
It is a planetary-scale wave influencing the position of storm
tracks and cold air activities over the WNA (Thompson and
Wallace, 2000; Thompson and Wallace, 2001). In positive phase
of NAM/AO, high pressure anomaly at midlatitudes favors the
northward shift of the jet stream in North America, which brings
wetter conditions to Alaska and reduced spring precipitation in
the Western United States (McAfee and Russell, 2008).

Besides these dominant patterns including PNA and NAM/
AO, the Kuroshio and its extension (KE) oceanic and
atmospheric anomalies are also an important signal for
climate variability over the WNA in winter and spring (Lau
and Weng, 2002; Kobashi et al., 2008; Taguchi et al., 2009; Ma
et al., 2015; Zhu and Li, 2016; Kuwano-Yoshida and Minobe,
2017; Zhang et al., 2017).

In the midlatitude of the North Pacific, the largest surface
heat flux provided by the KE reduces near-surface static
stability and enhances vertical mixing (Nonaka and Xie,
2003). In addition, the atmospheric heating aloft due to
latent heat flux (Yu et al., 2015) has underlying influence on
the position of the North Pacific subtropical high according to
the results of Liu et al. (1999) and Wu et al. (2008) and affects
the intensity and location of storm track and upper level jet
stream (Taguchi et al., 2009; Zhang et al., 2017). Furthermore,

Ma et al. (2015) found that the mesoscale SST anomalies
induced by oceanic eddy activity along the Kuroshio Current
could strengthen the moist baroclinic instability and lead to an
anticyclone anomaly over the Northeastern Pacific with
reduced rainfall in winter. Over the North Pacific
subtropical front region in spring, the SST front causes deep
convection and modulates the atmospheric circulation
anomaly by meandering of the jet stream northward in the
upper troposphere (Kobashi et al., 2008). On the contrary,
without SST fronts, the jet stream flows zonally and triggers
downstream anomalous cyclonic circulation over the Gulf of
Alaska (Kuwano-Yoshida and Minobe, 2017; Zhang et al.,
2017). Those changes potentially result in atmospheric and
climate remote responses (Taguchi et al., 2009; Frankignoul
et al., 2010; Ma et al., 2015; Kuwano-Yoshida and Minobe,
2017). As an important quantity in air–sea interface, the LHF
can well represent the exchange in water vapor and latent heat
(Ding and Liu, 2001; Yu et al., 2015; Zhao et al., 2015).
However, the contribution of the LHF anomaly over the KE
region to the western North American rainfall variability and
the physical processes related to the LHF anomaly are not
understood well. Therefore, in our study, we mainly focus on
the interannual variability of LHF in the KE region and its
potential impact on the rainfall changes in the WNA.

The main objectives of this study are to investigate the
response of atmospheric circulation and the associated
western North American rainfall anomaly to the LHF
anomaly in the KE region on the interannual timescale.
The investigation helps to understand the linkage between
the KE anomaly and the downstream rainfall variability in the
WNA and its physical processes. The rest of the study is
organized as following. Data and Methods section briefly
introduces datasets and methods. Climatology section
presents results, including climatology, interannual
variability, and possible mechanisms. Concluding remarks
are given in the last section.

DATA AND METHODS

Data
Several datasets are used in this study to analyze the relationship
between the LHF over the Kuroshio extension and the
precipitation in North America. The monthly and daily LHF
data with a horizontal resolution of 1.0° × 1.0° are from objectively
analyzed air-sea flux (Yu et al., 2008). The global monthly mean
precipitation data are from the Global Precipitation Climatology
Project (GPCP, v2.3) (Adler et al., 2003), which combines surface
and satellite observations into 2.5° × 2.5° grid and can be obtained
from 1979 to 2020. The monthly SST with horizontal resolution
of 2.5° × 2.5° is from the National Oceanic and Atmospheric
Administration Extended Reconstructed SST (ERSST) version 5
(Huang et al., 2017). In addition, the reanalysis datasets are from
the NCEP-DOE II monthly and daily data, including the wind,
temperature, and geopotential height, at a horizontal resolution
of 2.5° × 2.5°, with 17 pressure levels from 1,000 to 10 hPa. All
datasets cover the period of 1980–2018.
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Methods
In order to investigate the impact of LHF over the KE on the
downstream rainfall on the interannual and synoptic timescale,
the 9 years and 8 days running smooth are conducted for each
time series. To extract the leading mode of spring LHF over the
KE region, an empirical orthogonal function (EOF) analysis is
conducted (Lorenz, 1956). The seasonal mean LHF in boreal
spring (March, April, and May) is normalized before the EOF
analysis. The coupled relationship between LHF over the KE and
the North American precipitation is also investigated using the
singular value decomposition (SVD) (Bretherton et al., 1992),
which objectively identifies pairs of spatial patterns with
maximum temporal covariance between two fields. Besides,
some general methods such as correlation, linear regression,
and composite analysis are employed to investigate the
relationship between the atmospheric circulation anomaly and
the LHF variability. For composite analysis, we chose eleven
strong LHF years (1984, 1988, 1989, 1990, 1993, 1996, 2000, 2001,
2011, 2014, and 2017) and six weak LHF years (1985, 1991, 1997,
2004, 2008, and 2015) based on the criterion that the absolute
value of the first principal component of LHF over the KE region
(PC1) is more than 0.8 times of standard deviation away from its
average. To further uncover the underlying physical processes, we
diagnosed the apparent heating source, Eady maximum growth
rate, and meridional heat flux due to atmospheric eddy transient.

The apparent heat source Q1 includes the radiative heating,
latent heating due to net condensation, and vertical convergence
of vertical eddy transport of sensible heat (Yanai et al., 1973).
Here, the inverse algorithm is employed to derive Q1, following
the formula below (Ding and Liu, 2001):

Q1 � Cp( p
p0
)

κ

(zθ
zt

+ V •∇θ + ω
zθ

zp
), (1)

where θ denotes the potential temperature, ω the vertical velocity
in the pressure coordinates, and V the horizontal wind vector.
κ � R/Cp where R is the gas constant and Cp is the specific heat
capacity of the dry air. p is the pressure and p0 equals to 1,000 hPa.
The vertical integration of theQ1 is also calculated to measure the
total heat source in the atmosphere.

To understand the impact of the surface LHF on the
atmospheric stratification, we diagnosed changes in linear
baroclinic instability of the atmosphere, which is a source of
the development of midlatitude synoptic eddy activities and
storm tracks. The baroclinicity is evaluated by the maximum
Eady growth rate introduced by Hoskin and Valdes (1990) and is
defined as σ � 0.31gN−1T−1∣∣∣∣zT/zy∣∣∣∣, whereN is the static stability
parameter, T is the air temperature, and g is the gravitational
acceleration. The eddy components of the meridional heat flux
v′T′ are used as a measure of the eddy activity; the prime denotes
a high-pass filter extracting the signal shorter than 8 days.

In addition, stream function was calculated by the equation,
ψ � g

f ·HGTa used by Takaya and Nakamura (2001) to confirm
wave-like pattern. Here, ψ is the stream function, g is the
gravitational acceleration, f is the Coriolis parameter, and
HGTa is the anomalous geopotential height derived from
climatology. Horizontal stationary wave activity flux was

defined by Takaya and Nakamura (2001) for demonstrating
the propagation of wave energy, which is parallel to the local
group velocity.

CLIMATOLOGY

In this section, climatologically averaged patterns in spring of
large-scale circulation, wind, surface latent heat flux, and
precipitation are briefly presented to show an overview of
these factors over the North Pacific and its surrounding
continents. The KE lies in the East Asian monsoon region
(Wang and LinHo, 2002), where the northerly wind and
southerly wind prevail in winter and summer, respectively
(not shown). As shown in Figure 1A, with the westward
extension of subtropical high in spring, the prevailing wind
turns southerly, which helps to strengthen atmospheric
subtropical front over the North Pacific. A rain band,
corresponding to the pre-Meiyu front, extends from South
China to the central of the North Pacific, with several max
value cores over the KE region, implying the coupling between
the oceanic front and the atmospheric front (Iizuka et al., 2013;
Figure 1B). This rain band is also known as the atmospheric river
(Zhu and Newell, 1994; Payne et al., 2020), which has a close
linkage with the precipitation over the coastal region of North
America. In general, with the water vapor transport by the
southwesterly wind on the north side of the subtropical high,
the precipitation in the Western Canada is much larger than that
in the southwestern North America and Mexico (Figure 1B),
where these are dominated by atmospheric subsidence due to
subtropical high over the eastern North Pacific (Figure 1A).
Figure 1C shows large interannual variability of latent heat flux
over the KE region and corresponding precipitation variability,
implying a potential influence on regional and even remote
climate variations deduced by the study of Zhu and Li (2016).

INTERANNUAL VARIABLITY

Leading Mode of LHF over the KE Region
The EOF analysis is used to separate spring LHF anomaly over
the KE region into different spatial modes that have various
variability features. As shown in Figure 2A, the first EOF mode
shows a spatial uniform LHF anomaly along the Kuroshio
pathway with prominent interannual variability (PC1), which
accounts for 30.35% of the total variance. While the second mode
(PC2) presents a northwest–southeast contrast distribution of
LHF anomaly, accounting for additional 14.41% (Figure 2B). The
leading mode pattern is similar to the distribution of climatology
and standard deviation of LHF (Figures 1B,C). In order to
represent the primary information of LHF interannual
variability, the normalized PC1 time series (Figure 2C) is
defined as an indicator for the variability of LHF over the KE
region and used in the following discussion (Yu et al., 2015).

To estimate the relationship between the PC1 and the
precipitation, the map of the correlation coefficient between
them is shown in Figure 3. Three zonally elongated bands of
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FIGURE 1 | (A) Climatology of spring geopotential height (HGT, contours, gpm) and horizontal wind (vector, m/s) at 850 hPa, (B) climatology of spring latent heat
flux (shading, W/m2) and precipitation (contours, mm/day), (C) standard deviation of latent heat flux (shading, W/m2), and precipitation (contours, mm/day).

FIGURE 2 | (A) Spatial pattern of the first EOFmode of latent heat flux over the Kuroshio and it extension for the period of 1980–2018, and (B) is same as (A), but for
the second EOF mode. (C) Normalized the first (red bar) and the second (blue bar) principal component of latent heat flux over the Kuroshio and it extension.
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correlation coefficient pass through the North Pacific to the coast
of North America, where the correlation coefficient is significant
again. This pattern presents a seesaw structure in precipitation
anomaly between the southwestern North America and the
Western Canada, at a high correlation with LHF anomaly over
the KE region. In addition, the maximum correlation coefficient
area is downstream to the central Pacific with the center at 180°E
and 30°N, implying a prominently local atmospheric response to
the LHF release in the KE region.

Coupled Relationship Between LHF
Variability and Rainfall Pattern in North
America
To validate the result of correlation analysis, the coupled modes
between the spring LHF over the KE region and the North
American rainfall are obtained by employing an SVD analysis.
As shown in Figure 4, this coupled mode accounts for 44.57% of

the total variance. Both LHF over the KE region and spring
rainfall in the leading SVD display a coherent interannual
variability with correlation coefficient of 0.77 between the two
time series (Figure 4C). An uniform pattern of the LHF mode
(Figure 4A) is consistent with the first EOFmode of LHF over the
KE region, while the North American rainfall pattern (Figure 4B)
is similar to the second EOF mode of spring rainfall with a
positive (negative) precipitation core over the coastal region of
Western Canada and a negative (positive) core over the southern
North America around the Gulf of Mexico (not shown). The
leading SVD mode illustrates that the spring North American
rainfall dipole mode is really tightly coupled with the LHF mode
over the KE region. Therefore, our question is that what

mechanism links the LHF variation over the KE region and
the spring rainfall anomaly in North America?

POSSIBLE LINKAGE MECHANISMS

Associated Circulation Anomaly of LHF PC1
To analyze the anomalous circulation that influences the North
American precipitation, the anomalous geopotential height,
horizontal wind (Figures 5A,C), upper level jet stream
(Figure 5E), and column-integrated water vapor transport
(Figure 5F) are regressed onto PC1 of LHF over the KE
region. The corresponding anomalous stream function and
wave activity flux (WAF) are also calculated to diagnose the
Rossby wave energy propagation (Figures 5B,D). Apparently, the
dipole structure of the North American rainfall is tightly related
to the zonally elongated cyclonic (anticyclonic) circulation
anomaly extending from the North Pacific to the WNA

FIGURE 3 | Map of correlation coefficient between PC1 of latent heat
flux over the Kuroshio and its extension and precipitation. The white contours
and dotted area represent statistical significance exceeding the 90 and 95%
confidence level, respectively.

FIGURE 4 | Leading SVDmode of (A) the latent heat flux over the Kuroshio and it extension and (B) the North America spring rainfall. (C) is the corresponding time
series.
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(Figures 5A,C). Furthermore, the changes of LHF over the KE
region seem to be an energy source that maintains the anomalous
barotropic cyclonic (anticyclonic) circulation (Figures 5B,D).
Figure 5B shows an enhanced anomalous cyclonic circulation
and WAF at 850 hPa over the northeastern Pacific, which is
probably associated with the condensational heating due to
strengthened precipitation (Figure 3). In Figure 5D, an
evident feature is the WAF at 200 hPa southeastward
propagates in two pathways, which are relatively independent
from each other. The one pathway is from the KE region to the
anticyclonic anomaly over the subtropical central Pacific, and
another one is along the coast of the WNA (east side of
subtropical high) from the north to south. Remarkably, the
WAF propagates eastward continuously, which might have a
profound influence on the precipitation in the Eastern
United States.

As shown in Figure 5E, the regressed zonal wind anomaly at
200 hPa is corresponding to the anomalous circulation in
Figure 5C, indicating that the enhanced LHF over the KE
region helps the subtropical upper level jet stream strengthen
and extend eastward to the coast of North America. This change
probably modulates low-level circulation and precipitation
anomaly, which will be discussed in Climatology section. This
result is similar to the response of the upper level jet stream on the
subtropical oceanic front in spring (Zhang et al., 2017), yet some
differences exist from the forcing of the oceanic front and
mesoscale eddies in winter due to the difference in the forcing
region and distinct seasonal background (Ma et al., 2015;
Kuwano-Yoshida and Minobe, 2017). The linear response of
the water vapor transport is also estimated by regressing the
column-integrated water vapor transport (Payne et al., 2020) onto
PC1. Figure 5F illustrates that more water vapor transport in the

FIGURE 5 | (A)Regression of geopotential height anomaly (contours, gpm) and horizontal wind anomaly (vectors, m/s) at 850 hPa onto the PC1. The light and dark
gray areas represent statistical significance exceeding the 90 and 95% confidence level, respectively. The green vectors denote the wind statistical significance at 95%
confidence level based on Student’s t-test. (B) Regressed anomalous stream function (contours and shaded) and wave activity flux (vectors, m2 s−2) (C,D) are the same
as (A,B) but for 200 hPa. (E) Climatology of zonal wind (contours, m/s) and the regression of zonal wind anomaly (shaded, m/s) at 200 hPa onto the PC1. The
shading area exceeds 95% confidence level based on Student’s t-test. (F) is the same as (E) but for column-integrated water vapor transport (IVT, kg m−1 s−1).
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west coast of Canada depends on the enhanced southwesterly
wind from the lower level to the upper level (Figures 5A,C),
which is conducive to the increase of precipitation there.

Asymmetrical Response of Atmospheric
Circulation on LHF Anomaly
To analyze the mechanism of the LHF anomaly influence over the
KE region on the western North American rainfall on the
interannual timescale, Figure 6 shows the composite map of
MAM-averaged geopotential height, horizontal winds at 850 hPa
with precipitation, and those at 200 hPa with IVT based on eleven
strong and six weak LHF years as defined in Data and Methods
section. The composite maps indicate an asymmetrical response
of the atmosphere to the KE LHF forcing.

With regard to the composite of strong years, an
equivalent barotropic dipole structure of atmospheric
circulation dominates the North Pacific (Figures 6A,C).
The cyclonic circulation anomaly exists over the KE region
and is zonally elongated to the Western Canada,
accompanied with the strengthened southerly wind,
providing much more water vapor for precipitation.
Simultaneously, an anticyclonic circulation anomaly
imposed on the subtropical high lies on the southeast of
the North Pacific, damping the precipitation in the
southwestern North America and Mexico (Figure 6A).
Conversely, in the weak years, the cyclonic circulation
generated in strong years is replaced by a seemingly
continuous anticyclonic circulations, which causes
anomalous weak water vapor transport (Figure 6D) to the
coast of Western United States and increases precipitation
around the Gulf of Mexico (Figure 6B). It is evident that the

intensity of anomalous circulations near the coast of western
North America is asymmetric.

Impact of Strengthen Heating on Lower
Level Circulation
To answer the question how the variability of LHF over the KE
region influences the rainfall changes in theWNA, we take insight
into the circumstance in strong years. Figure 7A,B shows that
with the increase of LHF, the anomalous low forms aloft due to
reducing near-surface static stability and enhancing vertical
mixing (Nonaka and Xie, 2003). Correspondingly, the
enhanced southwesterly wind transports more water vapor and
strengthens precipitation over the southeast of the low anomaly
(Figure 6A). The apparent heat source (Q1) anomaly due to
condensational heating with the maximum in mid-troposphere
(Figure 7E) can trigger anomalous southerly wind at the bottom
of the maximum heat source and anomalous northerly wind
above that (Liu et al., 1999; Wu et al., 2008), accompanying with
strong ascending motion (Figure 7C). As shown in Figure 7E, it
is clear that the anomalous maximum center of the heat source is
located at 400 hPa, which is lower than the heating anomaly
associated with the subtropical SST front (Zhang et al., 2017).
According to the theory proposed by previous work (Liu et al.,
1999; Wu et al., 1999), positive zQ1/zz facilitates to excite an
anomalous cyclonic circulation to its west and an anomalous
anticyclonic circulation to its east due to the anomalous southerly
wind. Strengthened cyclonic circulation induced by the latent
heating can also reinforce the existing cyclonic circulation
anomaly, which can be regarded as a positive feedback. Note
that the response of the dipole circulation is confined in
low–middle troposphere due to the maximum center of the

FIGURE 6 | (A) Composited map of precipitation (shading, mm/day), geopotential height anomaly (contours, gpm), and horizontal wind anomaly (vectors, m/s) at
850 hPa in the strong years. (B) is the same as (A) but for the weak years. (C) Composited map of column-integrated water vapor transport (shading, kg m−1 s−1),
geopotential height anomaly (contours, gpm), and horizontal wind anomaly (vectors, m/s) at 200 hPa in the strong years. (D) is the same as (C) but for the weak years. In
the maps, the dotted area for shading variables, thick black contours for the geopotential height anomaly, and the purple vectors for the winds represent statistical
significance exceeding the 90% confidence level, respectively.
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heat source at 400 hPa. In western North America (zonally
averaged over region B in Figure 7A), the enhanced Q1 in
Figure 7F (upward motion in Figure 7D) around 50°N in
Western Canada, and suppressed Q1 (descending motion)
around 25°N over the coast of the WNA confirm the rainfall
change associated with the anomalous circulation. The
anomalous rainfall and atmospheric heating over the coastal
region of the WNA probably affect the rainfall anomaly over
the Eastern United States via wave energy dispersion at the upper
level from the west to east of United States (Figure 5D).

Impact of Shift of Upper Level Jet Stream on
Lower Level Circulation
In order to investigate the formation of equivalent barotropic
circulation anomaly from low–middle level to upper troposphere,
we diagnostic relevant physical processes shown in Figure 8.

As shown in Figure 8A, the climatology of Eady growth rate
denotes that the atmospheric front lies on the KE region and a zonally
elongated band structure of the anomalous Eady growth rate to the
south flank. The vertical structure in Figure 8D indicates a larger
Eady growth rate value in the lower troposphere, which implies that
the synoptic activities are easy to develop (Simmons and Hoskins,
1978). The strengthened baroclinic instability extends from near the
surface to the upper troposphere with a northward tilt with height,
suggesting that the atmospheric front is coupled with the KE SST
front (Iizuka et al., 2013;Moteki andManda, 2013). Furthermore, the
synoptic scale transient eddy activities are also measured by the
meridional eddy heat flux (v′T′) (Blackmon et al., 1977), in which v′

and T′ are 8-day high-pass filtered v-component of the wind and air
temperature, respectively (Figure 8B). Figure 8B,F indicates that the
strong LHF strengthens meridional eddy heat flux over the KE
region. Although eddy heat flux is not evident in the western
North America (Figure 8G), the enhanced Eady growth rate
illustrates that strong LHF favors to develop synoptic disturbance
and convection (Figure 8E).

The increase of baroclinic eddy activities, which trap more
available potential energy, is likely to produce more eddy kinetic
energy and deepen the anomalous cyclonic circulation over the
KE region, which further strengthen zonal wind from the lower
troposphere to upper level (Gan and Wu, 2015). Figure 8C,H
suggests that the upper level jet stream represented by zonal wind
speed at 200 hPa is enhanced and extended to the western North
America. The enhanced jet stream modulates the large-scale
circulation (Kuwano-Yoshida and Minobe, 2017). For instance,
the cyclonic circulation anomaly over the Western Canada is
strengthened because of the increased positive relative vorticity
advection to the north of the jet stream (Figure 8C), which
extends across the troposphere, helping the development of low-
level cyclonic circulation (Figure 8I).

Role of La Niña in the Anomalous
Precipitation over the WNA
Since the tropical SST variability has a pronounced impact on both
oceanic current and atmospheric circulation in theNorth Pacific, such
as a strong response of the Kuroshio to ENSO (Mei et al., 2006) and
the formation of the PNA teleconnection (Wallace andGutzler, 1981).

FIGURE 7 | (A) Composited map of the surface latent heat flux (shading, W m−2) and geopotential height anomaly (contours, gpm) at 850 hPa in the strong years.
(B)Climatology of vertically integrated apparent heat source (Q1, black contours, Wm−2), composited vertically integrated Q1 (shading, Wm−2), and precipitation (green
contours, mm day-1) in the strong years (C,D) are the meridional sections of climatology of vertical velocity at pressure coordinate (contours, Pa s−1) and its composited
map (shading, Pa s−1) zonally averaged over the KE region (rectangle A in Figure 7A) and Western United States (rectangle B in Figure 7A), respectively. (E,F) are
the same as (C,D) but for Q1 (K day-1). In the maps, the shading area, thick black contours for the geopotential height anomaly, and the green contours for precipitation
anomaly represent statistical significance exceeding the 90% confidence level, respectively.
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In order to investigate the relationship between tropical SST
variability and the LHF over the KE region, the following spring
(MAM) and previous winter (DJF) SST anomaly are regressed
onto PC1. Figure 9A displays that the intensity of LHF over the
KE region in the following spring is related with a strong
negative SST anomaly over the central Pacific at the previous
DJF, namely, a La Niña-like pattern. However, this relationship
does not exceed the 95% confidence level, implying that the
impact of La Niña-like pattern in previous winter on the spring
LHF over the KE region is not prominent. During MAM
(Figure 9B), although the cold SST anomaly over the central
Pacific weakens, the area with statistical significance exceeding
the 95% confidence level is extended. Meanwhile, the local SST
over the KE region is strengthened, suggesting the response of
local SST to the LHF release due to frequent cold air southward
intruding over the KE region (Figure 10A).

In order to investigate the impact of ENSO on western North
American rainfall and its different role compared with that by the
Kuroshio LHF anomaly, Figure 10 presents the composite

anomalies based on the criterion that the absolute value of the
Niño 3.4 index in MAM is more than 0.8 times of standard
deviation away from its average. For composite analysis, eight
typical La Niña years (1981, 1984, 1985, 1989, 1999, 2000, 2008,
and 2011) and seven typical El Niño years (1983, 1987, 1992,
1993, 1998, 2015, and 2016) are employed. Figure 10A shows that
no significant less precipitation over the southwestern North
America and more precipitation over the Western Canada in
spring, since the anomalous high lain at the west of coastal
California is relatively weak and shrunken on the ocean.
Actually, the anomalous anticyclonic circulation in Figure 6A
is from the combination of the Kuroshio LHF forcing and La
Niña effect. On the one hand, the anomalous high over the
subtropical eastern Pacific induced by La Niña helps to
strengthen and extend the high anomaly eastward, damping
precipitation over the southwest of North America
(Figure 6A). On the other hand, anomalous low precipitation
over the western Pacific facilitates to cold air outbreak from the
Asian continent in spring of La Niña years (Li and Mu, 2000;

FIGURE 8 | Left column is the climatology (contours) and its composite map (shading) in the strong years. (A) Themaximum Eady growth rate (contours, day 1), (B)
meridional eddy heat flux [v′T ′, °C (m s−1)], (C) horizontal advection of relative vorticity (− v→ · ∇ζ, s−2), and zonal wind anomaly (red contours, m s−1). The middle and right
columns are the corresponding meridional sections zonally averaged over the KE region (rectangle A in Figure 7A) and the Western United States (rectangle B in
Figure 7A), respectively. In maps (A–H), the shading area represent statistical significance exceeding the 90% confidence level. In panel (I), the difference value is
shaded due to weak significance, and the area circled by the white contours represents statistical significance at the 90% confidence level, based on Student’s t-test.
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Zhun and Chen, 2002; Kim et al., 2014) and enhances LHF
release. In following spring of El Niño years, an anomalous low
over the eastern subtropical Pacific (Figure 10B) favors more
rainfall in the Southwest United States and Mexico, which acts
similar role in the weak LHF years (Figure 6B).

SUMMARY AND DISCUSSION

The Kuroshio transports a large amount of heat from the
tropics to the midlatitudes (Zhang et al., 2012), influencing
the regional and hemispheric climate (Minobe et al., 2008; Hu
et al., 2015). In this study, the observational data and reanalysis
data are employed to investigate the impact of the LHF over the
KE region on downstream rainfall and its underlying
mechanisms.

An empirical orthogonal function (EOF) analysis is
conducted to extract the leading mode and the first
principal component of spring LHF over the KE (Lorenz,
1956). And then, we diagnose the relationship between LHF
anomaly over the KE region and the western North American
rainfall variability through correlation analysis and singular
value decomposition (SVD). The result shows a “seesaw”
structure in rainfall anomaly, dominating the Western
Canada and the southwestern North America with
correlation coefficient of 0.77 between the two modes
(Figures 3, 4). Taking insight into the mechanism of this
phenomenon, we found that in strong years, the
strengthened LHF releases favors to enhance precipitation
in the Western Canada and reduce that in the southwestern
North America. This is primarily associated with an
anomalous cyclonic circulation over the KE region due to
the strong LHF, which enhances the southwesterly,
precipitation, and latent heating in the middle troposphere.
The heating excites an anomalous anticyclonic circulation to
its east and an anomalous cyclonic circulation to its west,
which helps to reinforce the existing anomalous anticyclonic
circulation in turn and form a positive feedback (Figures 6A,
7A; Liu et al., 1999; Wu et al., 1999). In addition, the
anomalous anticyclonic circulation over the subtropical
eastern North Pacific induced by La Niña events enhances
southerly wind in the west flank and strengthens the feedback
mentioned above. On the other hand, because strong LHF is
conducive to eddy activities and the strengthening of the
atmospheric baroclinic instability over the KE, the enhanced
and deepened anomalous cyclonic circulation in troposphere
strengthens subtropical westerly jet and thereby extends
eastward on the 200 hPa level. Correspondingly, a zonally
elongated lower level cyclonic circulation anomaly across
the North Pacific leads to a moisture convergence in the
Western Canada, which is mainly resulted from the
anomalous positive vorticity advection over the left side of
the exit region of the jet stream (Figure 8C). On the contrary,
the southwestern North America is located at the right side of
the exit region of the jet axis, which is not conducive to the
vertical convection and rainfall (Figure 8I). In weak LHF
years, an asymmetrical anomalous circulation and rainfall

FIGURE 9 | (A) Regression of MAM-averaged (A) and DJF-averaged (B)
SST anomaly (shading, oC) onto the PC1. The white contour and dotted area
represent statistical significance exceeding the 90 and 95% confidence level
based on Student’s t-test, respectively.

FIGURE 10 | Composited map of precipitation (shading, mm/day), geopotential height anomaly (contours, gpm), and horizontal wind anomaly (vectors, m/s) at
850 hPa in the typical La Niña years (B) is the same as (A) but for the typical El Niño years. In the maps, the dotted area for shading variables, thick black contours for the
geopotential height anomaly, and the purple vectors for the winds represent statistical significance exceeding the 90% confidence level, respectively.
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patterns are presented, which is probably associated with
asymmetry of ENSO effect and the influence from mid–high
latitude.
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