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ABSTRACT

Statistical relationships between atmospheric rivers (ARs) and extratropical cyclones and anticyclones are
investigated on a global scale using objectively identified ARs, cyclones, and anticyclones during 1979-2014.
Composites of circulation and moisture fields around the ARs show that a strong cyclone is located poleward
and westward of the AR centroid, which confirms the close link between the AR and extratropical cyclone. In
addition, a pronounced anticyclone is found to be located equatorward and eastward of the AR, whose
presence together with the cyclone leads to strong horizontal pressure gradient that forces moisture to be
transported along a narrow corridor within the warm sector of the cyclone. This anticyclone located toward
the downstream equatorward side of the cyclone is found to be missing for cyclones not associated with ARs.
These key features are robust in composites performed in different hemispheres, over different ocean basins,
and with respect to different AR intensities. Furthermore, correlation analysis shows that the AR intensity is
much better correlated with the pressure gradient between the cyclone and anticyclone than with the cyclone/
anticyclone intensity alone, although stronger cyclones favor the occurrence of AR. The importance of the
horizontal pressure gradient in the formation of the AR is also consistent with the fact that climatologically
ARs are frequently found over the region between the polar lows and subtropical highs in all seasons.

1. Introduction impacts on the society (e.g., Ralph et al. 2004; Gimeno
et al. 2014; Waliser and Guan 2017) in many regions
around the globe. Among them, western North America
has been most widely discussed (Ralph et al. 2006; Bao
et al. 2006; Neiman et al. 2008a,b; Leung and Qian 2009;
Guan et al. 2010, 2013; Ralph and Dettinger 2011; Rutz
et al. 2014; Warner et al. 2012, 2015; and many others).
Other regions such as continental Europe (e.g., Lavers
et al. 2012; Lavers and Villarini 2013; Ramos et al. 2015;
Eiras-Barca et al. 2016; Brands et al. 2016; Lavers et al.
2018) and South America (e.g., Viale and Nunez 2011)

have been examined as well.

Atmospheric rivers (ARs) are long, narrow corridors
of enhanced water vapor in the troposphere, which
transport a large amount of water vapor from the
tropics/subtropics to the extratropics (Zhu and Newell
1998; Ralph et al. 2004; Bao et al. 2006). The heavy
precipitation and intense wind conditions associated
with the ARs exert both beneficial (e.g., replenishing
water reservoirs) and detrimental (e.g., causing floods
and landslides when abundant, or droughts when deficient)
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The association of ARs with extratropical cyclones
has long been suggested. In the early 1940s, it was al-
ready noticed that positions of strong moisture flow
correspond closely to the cold fronts of cyclones (Starr
1942; Haurwitz and Austin 1944). Later studies indicated
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that ARs evolve and move with the development of
extratropical cyclones and the midlatitude jet (e.g.,
Newell and Zhu 1994; Zhu and Newell 1994; Ralph et al.
2004; Payne and Magnusdottir 2014). For example,
Newell and Zhu (1994) indicate the connection between
ARs and atmospheric bombs, which are rapidly devel-
oping cyclones with an average intensifying rate of at
least 1hPah ™! for a period of at least 24 h. More recent
studies have directly linked the ARs with the extra-
tropical cyclones and have suggested that ARs are typ-
ically associated with the pre-cold-frontal region and are
the narrow bands of high water vapor content located
within the warm conveyor belt of extratropical cyclones
(e.g., Ralph et al. 2006; Bao et al. 2006; Neiman et al.
2011; Catto and Pfahl 2013; Gimeno et al. 2014; Eiras-
Barca et al. 2018). Another study (Dacre et al. 2015)
further argued that the ARs are formed by the cold front
that sweeps up water vapor in the warm sector as it
catches up with the warm front. Note that despite the
similarity between the AR and the warm conveyor belt
of the cyclone, they are not identical concepts and focus
on different aspects of moisture transport (AMS 2017;
Dacre et al. 2019). For example, an AR is an Earth-
relative airflow, while the warm conveyor belt is a
cyclone-relative airflow (Dacre et al. 2019).

Although a close link between ARs and extratropical
cyclones has been suggested as above (see also the AMS
Glossary definition of ARs; AMS 2017), previous stud-
ies were mainly based on case studies of limited number
of ARs, or usually focused on certain specific regions
and seasons, such as the eastern North Pacific and NH
cool season. The general relationship between ARs and
extratropical cyclones had not been examined until very
recently when long records of objectively detected ARs
became available. Eiras-Barca et al. (2018) analyzed the
concurrence of ARs and explosive cyclogenesis over the
North Atlantic and North Pacific basins for the extended
winter months, and found that ARs accompany almost
80% of explosively deepening cyclones, whereas for
nonexplosive cyclones ARs are found only in roughly
40% of the cases. Zhang et al. (2019) investigated the
ARs and extratropical cyclones over the U.S. West
Coast during the NH cool season and indicated that AR
intensity is only moderately proportional to extratropical
cyclone strength, suggesting that other factors may con-
tribute to determining the AR strength. However, these
studies still focused on specific regions and seasons, and
analysis on a global domain and in all seasons is desirable.

In addition to the close connection of ARs to extra-
tropical cyclones, recent studies suggest the possible role
of anticyclones in generating ARs (Payne and Magnusdottir
2014; Zhang et al. 2019). For example, Payne and
Magnusdottir (2014) suggested that the development of
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anticyclonic Rossby wave breaking in the eastern Pacific
Ocean plays a significant role in generating landfalling ARs
along the west coast of North America. Zhang et al. (2019)
found that the ARs over the U.S. West Coast are usually
close to a subtropical/tropical moisture source and include a
nearby anticyclone. In addition, Boutle et al. (2010) sug-
gested that the anticyclone could lead to enhanced evapo-
ration of moisture from the ocean surface downstream of
the cyclone, favoring the formation of the AR. These
studies, however, discussed ARs only over limited regions,
such as the west coast of North America (Payne and
Magnusdottir 2014; Zhang et al. 2019) and the European
continent (Lavers et al. 2018), or in idealized model simu-
lations (Boutle et al. 2010).

In this study, we seek to identify some general rela-
tionship between ARs, extratropical cyclones, and an-
ticyclones. The motivation is that, relative to ARs,
extratropical cyclones and anticyclones have been much
better examined and understood under the relatively
mature framework of midlatitude dynamics. The iden-
tification and quantification of general relationship be-
tween ARs, cyclones, and anticyclones help provide
useful insights for understanding the physics related
to the ARs. Also, given the fact that the large-scale
circulation (e.g., the cyclone and anticyclone) is more
accurately represented in forecast models than moisture-
related quantities (e.g., the ARs), our work makes it
possible to use the forecast information of cyclones and
anticyclones to infer the properties of the forecast ARs.

In this study, to identify the general relationship be-
tween ARs, cyclones, and anticyclones, we make use of
as many AR, cyclone, and anticyclone samples as pos-
sible. Therefore, objectively detected ARs, cyclones,
and anticyclones over the globe and spanning over
several decades are examined. To obtain the most ro-
bust relationships, analyses are carried out for both the
globe and different ocean basins, as well as for different
seasons, which had not been done in previous studies.

The paper is organized as follows. Section 2 briefly
describes the data and method used in this paper. The
relationships between the ARs, extratropical cyclones,
and anticyclones are explored through composite anal-
ysis in section 3 and correlation analysis in section 4. The
main conclusions are summarized and discussed in
section 5.

2. Data and method

a. Data

All of the atmospheric variables used in this study are
derived from the European Centre for Medium-Range
Weather Forecasts (ECMWF) interim reanalysis (ERA-
Interim) dataset (Dee et al. 2011). Six-hourly data on a
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1.5° by 1.5° latitude-longitude grid are used. The time
period covers from March 1979 to December 2014.

b. Objectively detected AR database

ARs in the global domain were objectively detected
by the algorithm developed by Guan and Waliser (2015)
based on characteristics of the integrated water vapor
transport (IVT). First, grid cells with enhanced IVT are
identified where the IVT intensity exceeds the season-
ally and geographically varying 85th percentile, or a
fixed limit of 100kgm~'s ™!, whichever is greater. Then
further constraints indicative of AR conditions are ap-
plied to identify an AR, including the coherence in IVT
direction across individual grid cells, mean IVT (MIVT;
i.e., the IVT averaged over all AR grid cells) having a
poleward component, consistency between MIVT di-
rection and the AR shape orientation, and geometric
requirements (length > 2000km and length-to-width
ratio > 2). Key features of the ARs identified are
recorded at 6-hourly intervals, including the shape of the
AR (all the grid cells with AR conditions), the water
vapor mass transport by the AR, the centroid of the AR,
and other parameters.

This global AR archive has been compared to re-
gional AR archives in western North America, Britain,
and East Antarctica that were independently conducted
by other studies using different techniques, and shows
over ~90% agreement with them in terms of AR land-
fall dates (Guan and Waliser 2015; Guan et al. 2018;
Ralph et al. 2018; Shields et al. 2018). This algorithm was
also the first—and so far remains the only—algorithm
that has been formally evaluated against field observa-
tions (dropsondes) in terms of geometry and intensity of
detected ARs, and thus it has often been used as a
benchmark by later studies when developing/applying
region-specific algorithms in different parts of the world
(e.g., Yang et al. 2018; Eiras-Barca et al. 2018; Lakshmi
et al. 2019).

Figure la shows the global distribution of the fre-
quency of AR events to provide some background in-
formation on where AR events are mostly located. Note
that in this study an AR event (and cyclone and anti-
cyclone event in later discussions) corresponds to a
snapshot of AR condition at every 6-h interval rather
than the entire track of AR condition (e.g., Sellars et al.
2017; Zhou et al. 2018). For example, a track of AR
condition lasting 3 days will be counted as 12 AR events
instead of one event.

To generate the climate distribution map, each AR
event at each time step is aggregated and assigned to a 5°
by 5° grid box according to the longitude and latitude of
its centroid. The 5° by 5° aggregation ensures adequate
sampling per grid box for robustness of the analysis as
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FIG. 1. Global distribution of the annual number of (a) AR,
(b) cyclones, and (c) anticyclones averaged during 1979-2014.

60E

well as sufficient spatial resolution. The global distri-
bution of average annual number of AR events during
1979-2014 is displayed in Fig. 1a.

Geographically, ARs are most frequent over the
midlatitude oceans as a belt centered at around 40°N.
The AR distribution bear great resemblance to the
midlatitude storm tracks, which is consistent with the
previous notion that ARs are closely related to extra-
tropical cyclones. Please refer to Guan and Waliser
(2015) for a more thorough discussion of the global
distribution of ARs and the seasonal and interannual
variations within their dataset.

c. Objective tracking of cyclones and anticyclones

Extratropical cyclones and anticyclones were identi-
fied globally by tracking the surface lows (cyclones) and
highs (anticyclones) on the mean sea level pressure
(MSLP) field using the objective feature tracking tool
developed by Hodges (1999). Detailed procedures follow
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those described by Hoskins and Hodges (2002), and are
briefly introduced below.

First, a spatial filtering by which only waves with total
wavenumber equal to or greater than 5 are retained is
applied to the 6-hourly MSLP data to remove the large-
scale, low-frequency background flow. Local negative
MSLP anomalous centers, or the pressure minima, are
then identified as the cyclone centers at each time step.
Conversely, local positive MSLP anomalous centers, or
the pressure maxima, are then identified as the anticy-
clone centers at each time step. These pressure minima
and maxima are then linked together across time steps
to form cyclone and anticyclone tracks, respectively.
The sets of optimized tracks are obtained by minimizing a
cost function with constraints on the track smoothness
and the maximum displacement of cyclones and anti-
cyclones between consecutive time steps. In this study,
we only make use of tracks with a minimum lifetime of
2 days and a minimum track length of 1000 km so that
the very short-lived and slow-moving local systems that
might not be typical extratropical cyclones (e.g., heat
lows) are not included. The tracking algorithm provides
the position and intensity of a cyclone/anticyclone at
every 6 h for its entire life cycle. The position is indicated
by the longitude and latitude of the center of the
cyclone/anticyclone, and the intensity is quantified by
the absolute value of anomalous pressure at its center,
that is, the pressure deficit or surplus for the cyclone
or anticyclone relative to the large-scale background
pressure. This objective cyclone/anticyclone tracking
tool has been widely used for climate studies (Hoskins
and Hodges 2002; Donahoe and Battisti 2009; Chang
et al. 2012; Guo et al. 2017; and many others).

The global distributions of the extratropical cyclones
and anticyclones are shown in Figs. 1b and 1c, which
correspond to the pattern of the midlatitude storm
tracks although the cyclones are more poleward located
and the anticyclones are more equatorward located due
to their connection to the polar lows and subtropical
highs, respectively. Comparing Figs. 1a, 1b, and 1c, it is
found that the distributions of the ARs, cyclones, and
anticyclones exhibit considerable overlap, which suggests
possible coherence among them. It is also apparent that the
cyclones are about 2 times as frequent as the ARs, which
suggests that not all of the cyclones are associated with ARs.

3. Relationship between ARs, cyclones, and
anticyclones examined by AR composites
a. Hemispheric AR composites

As mentioned in the introduction, previous studies
examining the relation between the ARs and the extra-
tropical cyclones were mainly based on limited number of
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events and focused on specific regions. Due to the avail-
ability of the multidecade global AR dataset, we are able
to construct an AR composite based on unprecedented
number of AR events, which enables us to reveal the
general large-scale meteorological conditions surround-
ing the AR.

To examine the general circulation and moisture
conditions associated with ARs, MSLP and total column
water vapor (TCWYV) are composited around the AR
centroid using all of the ARs on a global domain during
1979-2014. They are composited over a 100° longitude
by 50° latitude domain centered at the centroid of ARs
(i.e., the IVT-weighted center of the AR; see Guan and
Waliser 2015) to show the typical distribution of surface
circulation and moisture content around ARs (Fig. 2).
The composite is constructed separately for the Northern
Hemisphere (NH) and Southern Hemisphere (SH) since
the large-scale circulation, as well as many other meteo-
rological conditions, differs considerably in the NH and
the SH because of differences in their respective land—
sea distributions. For example, the SH circulation is
much more zonally symmetric compared to that of the
NH. To focus on the extratropical regions, only ARs
with centroids within the 25°-65° latitude band are used
for the composite, which results in about 2 X 10° AR
events for the period of 1979-2014 for each hemisphere
(the exact number used for composite is indicated at the
upper corner of each plot). Again, it is noted that in this
study an AR eventis a ““snapshot” of the AR track at 6-h
intervals.

For the composite of ARs in the NH (Fig. 2a), it is
found that a pronounced cyclone is located to the
northwest of the AR centroid, and a long narrow band of
enhanced TCWYV (Fig. 2a) and strong IVT (Figs. 2c,e)—that
is, the AR itself—is embedded within the region of the
warm conveyor belt of the cyclone. These features are
consistent with the notion in previous studies that the
AR is closely associated with the extratropical cyclone
and is usually formed within the warm conveyor belt of
the extratropical cyclone (e.g., Zhu and Newell 1994;
Dacre et al. 2015; Eiras-Barca et al. 2018). Interestingly,
in addition to the cyclone, a pronounced anticyclone to
the southeast of the AR centroid is also evident. The
presence of the cyclone to the northwest of the AR
centroid and the anticyclone to its southeast results in a
narrow corridor of strong horizontal pressure gradient
(Fig. 2g) that collocates with the area of strong TCWV
(Fig. 2a) and strong low-level winds (Fig. 2g) giving rise
to strong IVT (Figs. 2c,e), suggesting that the anticy-
clone is important in producing the AR condition.
Convergence of moisture flux (Fig. 2c) also shows a
broad region of moisture divergence to the southeast of
the anticyclone, suggesting that this is an important
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FIG. 2. For the (left) NH and (right) SH, composites of MSLP (black solid contours in all
panels; hPa) and other important atmospheric parameters over a 100° longitude by 50° latitude
box around the centroids of ARs during 1979-2014. In addition to the MSLP, (a),(b) TCWV
(shading; kgm™?); (c),(d) IVT vector (red arrows; kg ms™') and convergence of horizontal
IVT (purple contours, solid is convergence and dashed is divergence; kgs™!, interval is
0.00002kgs ! and the zero line is omitted); (e),(f) magnitude of IVT (red solid contours; kg
ms~ !, intervalis 50 kg ms ™}, starting from 150 kg m s ') and geopotential height at 500 hPa (gray
contours; m, interval is 80 m); and (g),(h) magnitude of horizontal MSLP gradient (blue solid
contours; hPam™!, interval is 0.0004 hPam ™!, starting from 0.0008 hPa m~ ' for the NH and
0.0012 hPa m ™! for the SH) and wind vector at 925 hPa (ms™ ') are shown. Only ARs with center
within the 25°-65° latitude bands are used for the composite, and the number used for each plot is
indicated at the top-right corner. Note that the plots for the SH are flipped upside down such that
the direction of the South Pole is upward.
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moisture source region, further confirming the impor-
tance of the anticyclone. Other atmospheric parameters
such as the geopotential height (Fig. 2e), lower- and
upper-level divergence, and vorticity (not shown) all
reveal the coherent structure around the centroid of
ARs: a prominent cyclone to the northwest and an an-
ticyclone to the southeast.

The same composite analyses are performed for the
SH, and results are shown in Figs. 2b, 2d, 2f, and 2h.
To better compare with the NH counterparts, the
plots for the SH are shown with the South Pole toward
the top of the figure. It can be seen that the major
findings based on the NH composites are all evident
for the SH cases except that stronger zonal flows are
present relative to the NH counterparts. This is be-
cause the climatological mean surface westerly jet is
much stronger and the circulation is more zonally
symmetric in the SH than that in the NH as the result
of the difference in land—ocean distribution in the two
hemispheres.

Note that it is also found that the individual cyclones
and anticyclones reasonably cluster around the com-
posite cyclone and anticyclone respectively (not shown),
and thus the composite cyclone and anticyclone are
robust.

b. AR composites in different regions

The results highlighted in the previous section were
performed for ARs in the entire NH and SH (i.e., all
longitudes combined). It is not clear whether AR char-
acteristics and structures obtained from these analyses
are common features in different ocean basins.

To examine the regional difference of AR character-
istics, the same AR composites as shown in Fig. 2a are
formed for individual ocean basins that have been fur-
ther partitioned into the eastern and western parts
(Fig. 3). Overall, key features found in the hemispheric
composites (Fig. 2) are also found in all the composites
in different basins: ARs are accompanied by a cyclone
(cyclonic circulation in most of SH cases) at the
western poleward side and an anticyclone at the east-
ern equatorward side. The area of strong pressure
gradient between the cyclone and anticyclone collo-
cates with the narrow band of strong TCWV. This
reinforces the idea that the AR composite is charac-
terized by the cyclone-AR-anticyclone three-body
system, and both the cyclone and anticyclone are im-
portant in generating the AR. Nevertheless, it is also
noted that in the SH the zonal circulation is much
stronger than that in the NH so that the composite
cyclone often appears as a strong trough. However, a
closed cyclone will be present if the large-scale back-
ground flow is removed.
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While the basic spatial structure of the AR composites
is similar in all basins, there are some notable differ-
ences. For example, in the NH composites, the com-
posite cyclones in the eastern portion of the North
Pacific and North Atlantic Oceans are stronger than
those in the western portion: 1002 versus 1005 hPa in the
North Pacific, and 1002 versus 1008 hPa in the North
Atlantic in terms of center low pressure; the composite
anticyclones are also stronger in the eastern part of the
basins. This leads to stronger horizontal pressure gra-
dient between the cyclone and anticyclone in the eastern
portion of the basins that generates narrower band of
water vapor transport even though the mean water va-
por content is higher in the western part of the basins
given the existence of the “warm pool” in the western
portion of the NH ocean basins.

In the SH, the differences between the western and
eastern portions of the basins are less apparent as those
in the NH although the TCWYV is still slightly higher in
the west. This is likely due to the more zonally sym-
metric meteorological conditions in the SH compared to
those in the NH.

¢. AR composites with different strengths

The AR structure and characteristics discussed in the
previous sections are based on the analysis of all AR
events with different strength. In this section, we further
composite the ARs according to their intensity (the
mean IVT of the AR) to examine whether the com-
monly found features of the AR composite are robust or
sensitive to the AR intensity. Figure 4 shows the AR
composites using the ARs with strength of top 20%,
middle 20%, and bottom 20%, respectively. Overall, the
similar cyclone-AR-anticyclone spatial pattern is found
in all three intensity categories. The difference between
the NH and SH is also similar to that discussed in pre-
vious sections.

In comparing the strongest ARs with the weakest, it is
apparent that strong ARs are accompanied by stronger
pressure gradients, which will be demonstrated more
quantitatively in next section. In addition, strong ARs
have much higher TCWV than weak ARs, which is
consistent with previous study that showed the com-
posite ARs based on different strengths in the northeast
Pacific (Zhang et al. 2019), highlighting the importance
of moisture availability in determining the strength of
the ARs. Strong ARs also show stronger moisture con-
vergence to the east of the cyclone, and a broad region of
moisture divergence to the south and east of the anti-
cyclone, again demonstrating the importance of the
anticyclone in generating the strong moist flow feeding
the AR. It is also found that strong ARs are mainly lo-
cated over the oceans and weak ARs are mainly found
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FIG. 3. The same AR composites as in Fig. 2, but using AR events over different ocean basins:
the (a) western and (b) eastern NH Pacific, (c) western and (d) eastern NH Atlantic, (e) western
and (f) eastern SH Indian Ocean, (g) western and (h) eastern SH Pacific, and (i) western and
(j) eastern SH Atlantic. The composites of MSLP (black solid contours; hPa) and TCWV
(shading; kg m~?) are shown.

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 09/29/21 12:26 PM UTC



7824

NH

a)strong (40391)

JOURNAL OF CLIMATE

VOLUME 33

SH
(50570)

b)strong

FIG. 4. The same AR composites as in Fig. 2, but for AR cases with different strength: (a),(b)
strong, (c),(d) moderate, and (e),(f) weak. Strong cases use AR events with strength within the
top 20%, moderate is for 40%—-60%, and weak is for the bottom 20%. The composites of MSLP
(black solid contours; hPa), TCWV (shading; kg m™~?), and convergence of IVT (purple con-
tours, solid is convergence and dashed is divergence; kgs ™', interval is 0.000 02 kgs ' and the

zero line is omitted) are shown.

either over land or at high latitudes (not shown because
of the length limit of this paper), thus explaining the
TCWYV difference in the composites.

4. Correlation of AR intensity with cyclone and
anticyclone intensity, and the cyclone-anticyclone
pressure gradient

In the previous section, the composite analyses of
ARs in both hemispheres, in different ocean basins, and
with different strengths all confirm that the spatial
structure around ARs is characterized by the cyclone-
AR-anticyclone three-body system. The importance of
the cyclone to the AR, which has been widely discussed
in previous studies, is further confirmed in these com-
posite results. Furthermore, our results indicate that the
anticyclone is also a necessary component to the AR.
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We argue that the presence of the anticyclone helps to
generate a stronger horizontal pressure gradient than
does the cyclone alone, and this leads to stronger pole-
ward winds and enhanced water vapor transport along a
narrow corridor between the cyclone and anticyclone
(i.e., the AR condition). In this section, the above hy-
pothesis is further examined by examining the correla-
tions between the intensity of the AR with the following
quantities: the intensity of the cyclone associated with
the AR, the intensity of the associated anticyclone, and
the magnitude of the horizontal pressure gradient be-
tween the cyclone and anticyclone. The concept of a
cyclone/anticyclone that is associated with an AR is
defined in section 4a below. All pairs of ARs and asso-
ciated cyclones/anticyclones over the globe during 1979—
2014 are used in the correlation calculations. The AR
intensity is measured by the MIVT, which is the IVT



15 SEPTEMBER 2020

a)count, AR—cyclone

30 NH—— (201955)
o SH—— (252850)
(s}
£ 20-
(0]
2
& 10-

0 5 10 15 20 25 30 35 40 45 50 55 60
Distance between AR and nearest cyclone (degree)

GUO ET AL.

7825

b)count, AR—anticyclone

30 NH —— (201955)
o SH—— (252850)
o
< 20-
[0
b
o 104

ot
0 5 10 15 20 25 30 35 40 45 50 55 60
Distance between AR and nearest anticyclone (degree)

FIG. 5. Distributions of the number of ARs as a function of the distance between the AR centroid and the center
of its nearest (a) cyclone and (b) anticyclone (degrees on the great circle), which are normalized by their corre-
sponding total numbers for each case. The total numbers are listed in the parentheses at the top-right corner of the
plot. The NH and SH cases are plotted in red and blue, respectively.

averaged over all grid points satisfying AR condition for
this AR event (refer to section 2b). The intensity of the
cyclone/anticyclone is measured by the absolute value of
the pressure anomaly at the center of the cyclone/
anticyclone (section 2c). The magnitude of the hori-
zontal pressure gradient between the cyclone and anti-
cyclone is approximated by the horizontal pressure
gradient at the AR centroid. By examining how well the
AR intensity is correlated with the intensity of the as-
sociated cyclone and anticyclone, as well as the pressure
gradient between them, the importance of the cyclone or
anticyclone alone, or the combined role of both, to the
AR can be inferred.

a. Pairing ARs with cyclones and anticyclones

The concept of a cyclone/anticyclone that is associ-
ated with an AR as well as how to identify it is intro-
duced in this section.

First, the identification of the cyclone associated with
an AR is described. In this study, the cyclone associated
with an AR is defined as the nearest cyclone around this
AR. Theoretically, a nearest cyclone can always be
found for any AR. However, if the nearest cyclone of an
AR is quite far away from the AR, the association be-
tween them is not certain, and we should not pair them
together. Because of this concern, we first examined the
histogram of distance between the AR and its nearest
cyclone (Fig. 5a), which is calculated as the great circle
distance between the AR centroid and the cyclone
center. It is found that, most frequently, an AR has its
nearest cyclone within 5°~15°(about 500-1500 km) of the
radius of its centroid, and the majority of the nearest
cyclones (about 93% combining both NH and SH cases)
are within 30° of the radius. Here, we use 30° as the
threshold distance and assume that if the distance be-
tween an AR and its nearest cyclone is smaller than 30°
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it is very likely that they are physically associated. Thus,
they are paired together, and the nearest cyclone to the
AR is called the “AR-paired cyclone.” Although this
threshold is arbitrary, our results are not sensitive to this
threshold. Note that the ARs are often thousands of
kilometers in length (Guan and Waliser 2015) and thus
the centroids could be located a few thousand kilome-
ters from the center of cyclones. Also note that here the
distance of the cyclone to the AR is the only constraint
used to determine the AR-paired cyclone. Applying
extra constraints such as using only cyclones in certain
directions of an AR guarantees that the selected cy-
clones are safely associated with the AR, but at the same
time discards some cyclones that should be kept. Here
we choose not to apply these relatively subjective con-
straints. Nevertheless, qualitatively the results for the
following correlation analysis are not sensitive to addi-
tional selection criteria.

Based on the definition of AR-paired cyclone de-
scribed above, the number of ARs (and the number of
AR-paired extratropical cyclones) is about half of the
number of all cyclones. When compositing MSLP rela-
tive to the cyclone center using only AR-paired cyclones,
an anticyclone toward the eastern and equatorward side
of the cyclone is still present (Figs. 6a,c), whereas in the
MSLP composite using all the cyclones (Figs. 6b,d) or
cyclones not close to an AR (not shown) the anticyclone
is not observed. This further confirms that the anticy-
clone to the downstream equatorward side of the cy-
clone is an essential component in generating the AR
condition, and this anticyclone is not a general feature
accompanying all cyclones.

In a similar manner, an AR-paired anticyclone is de-
fined. Figure 5b shows the distribution of the distance
between an AR and its nearest anticyclone. The peak
distance is found around 15°-20°. Given the fact that
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FIG. 6. Similar to Figs. 2a and 2b, but showing cyclone composites, which are composited with
respect to the centers of cyclones using (a),(b) the AR-paired cyclones only and (c),(d) all of the
cyclones for (left) NH and (right) SH cases. MSLP is black solid contours (hPa, interval is
3hPa), and TCWYV is color shaded (kg m~2). Cyclones with center within the 25°-65° latitude
band and during 1979-2014 are used. The number of cyclones used for each plot is indicated at
the top-right corner. Note that the plots for the SH are flipped upside down such that the

direction of the South Pole is upward.

anticyclones are usually larger in size than cyclones, and
composites in Figs. 2-4 show that the composite anti-
cyclone is located a bit farther away from the AR cen-
troid than the composite cyclone, here we use 40° as the
cutoff distance to determine the “AR-paired anticy-
clone,” which includes about 89% of the nearest anti-
cyclones in Fig. 5b when combining both NH and SH
cases. Again, qualitatively our results are not sensitive to
the cutoff distance.

After identifying the AR-associated cyclones/anticyclones,
their geographical distribution together with the ARs
are shown in Fig. 7. Regions of active ARs are found in
the North Pacific and Atlantic around 30°-40°N and in
the SH around 30°-40°S.

While the areas of active cyclone and anticyclones
overlap with the active AR regions (Fig. 7a), the maxi-
mum frequency of cyclones is generally found at the
poleward side of the areas of active ARs, and the max-
imum frequency of anticyclones is generally located
equatorward of the areas of active ARs. The difference in
location between the AR-paired cyclones and anticy-
clones is shown in Fig. 7b, confirming that AR-paired
cyclones are located poleward of AR-paired anticyclones.

These relative locations of active ARs, cyclones, and
anticyclones shown in Fig. 7 are consistent with the
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composite analyses described in previous sections. As
described above (e.g., Fig. 2), an AR is usually found
between the cyclone on its western poleward side and
the anticyclone on its eastern equatorward side. Hence it
is expected that ARs frequently develop between the
areas with active cyclone and anticyclone.

b. Correlations between ARs, cyclones, anticyclones,
and pressure gradient

Figures 8a and 8b show the correlation between the
AR intensity and the intensity of the paired cyclone in
the NH and SH. The AR intensity is measured by its
MIVT, while the cyclone intensity is measured by the
absolute value of anomalous MSLP at the cyclone cen-
ter. While the AR intensity is strongly subject to mois-
ture supply, in this study we focus on examining the
dynamical factors impacting the AR intensity through
examination of the large-scale circulation (in terms of
MSLP) around the AR. To mitigate the impact due to
the difference in the background moisture content,
which decreases rapidly from the equator to higher lat-
itudes, we separate the correlation calculations to every
5° latitude band between 25° and 65°. It is found that the
AR intensity is positively correlated with the intensity of
its paired cyclone in the NH, although the correlation
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FIG. 7. Global distribution of the annual number of the ARs,
paired cyclones, and paired anticyclones averaged during 1979-
2014. Shown are (a) all three quantities (black: AR; blue: cyclone;
red: anticyclone) and (b) the difference between the cyclones and
anticyclones.

values are small (0.1-0.2), but poorly correlated in the
SH: near zero or even negative. The correlations be-
tween the AR intensity and the intensity of the paired
anticyclone are shown in Figs. 8c and 8d, which are
overall very weak.

Figures 8e and 8f show correlations between the AR
intensity and the magnitude of the horizontal pressure
gradient at the AR centroid. The correlations are be-
tween 0.2 and 0.3 for most latitudinal bands in both
hemispheres, which are much higher than those with
cyclone/anticyclone intensity for all latitudes. The av-
erage correlation for eight bands between 25° and 65° is
0.25 for the NH and 0.24 for the SH. Given the large
number of AR events (on the order of 10* or more for
each 5° latitude band), these correlations are highly
significant (p < 0.001 based on the Student’s ¢ test),
suggesting that horizontal pressure gradient is one of the
primary factors that determine the AR intensity.

The correlation analysis is further partitioned for
different seasons (Fig. 9) since the background moisture
content exhibits prominent seasonal variations. A sig-
nificant seasonal variation is found in the correlations,
especially for the NH: the correlation tends to be higher
in boreal winter than the boreal summer, while the
transitional seasons are in between. The seasonal vari-
ation is smaller in the SH than that in the NH, which is
likely related to the smaller seasonal variation in the
meridional temperature gradient and storm track activity
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reported in previous studies (Trenberth 1991). In addition
to the seasonal variation, it can be seen that the correlation
values are systematically larger than those when data from
all seasons are taken together (Fig. 8), likely because there
is less variation in moisture content within a single season.
For example, most of the correlations between the AR
intensity and the magnitude of the horizontal pressure
gradient are 0.3-0.4, which are highly significant, and much
larger than those with the cyclone/anticyclone intensities.
The correlations between AR intensity and cyclone/
anticyclone intensity in the NH are also higher than those
for all seasons. Nevertheless, the correlations of AR in-
tensity with the cyclone/anticyclone in the SH are still poor.
The above correlation analysis suggests that while a
midlatitude AR is almost always associated with a cy-
clone, the AR intensity is better correlated with the
magnitude of horizontal pressure gradient than with the
cyclone intensity. Since the magnitude of the pressure
gradient depends on the intensity of both cyclone and
anticyclone as well as the distance between them, our
results further confirm the importance of the anticy-
clone: the presence of the anticyclone helps generate
stronger horizontal pressure gradient compared to the
cyclone alone, which leads to enhanced water vapor
transport along a narrow corridor between the cyclone and
anticyclone (i.e., the AR condition). Note that the anticy-
clone could also lead to enhanced downstream evapora-
tion of moisture from the ocean surface, which is then
transported toward the warm conveyor belt of the cyclone,
thus favoring the formation of the AR (Boutle et al. 2010).
In this study the analysis has focused on the dynamical
factors contributing to the AR intensity. Note that
moisture-related processes also play important roles in
determining the AR intensity. In Figs. 9¢ and 9h we
show the correlation between AR intensity and TCWV
at the AR centroid. The correlation reaches values of up
to 0.6-0.7 in the NH and is generally higher than the
correlation of AR intensity with the dynamical vari-
ables, except in the SH midlatitudes. While these cor-
relations suggest that moisture availability is clearly
important as we have emphasized all along, Figs. 2—4
show that the moisture at the centroid is brought there
by the strong pressure gradient between the cyclone and
anticyclone, and thus the value of TCWV at the AR
centroid cannot be considered as independent of the
dynamical variables. The combined impacts and inter-
actions between large-scale dynamics and moist pro-
cesses should be examined further in future studies.

c. Implication of horizontal pressure gradient to the
prevailing AR location

Up to now, the importance of the anticyclone, and
thus the strong horizontal pressure gradient between the
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FI1G. 8. Correlations between the AR intensity (measured by the MIVT) and the intensity of
the AR-paired (a),(b) cyclone and (c),(d) anticyclone (measured by the absolute value of
anomalous MSLP at cyclone or anticyclone center), and (e),(f) the magnitude of horizontal
pressure gradient at the AR centroid, all for the (left) NH and (right) SH. Correlations are
calculated using AR events within every 5° latitude band from 25° to 65°.

cyclone and anticyclone, in the generation of the ARs
has been demonstrated. The results are based on com-
posite and correlation analysis of individual ARs. Here,
we will show that the importance of the pressure gra-
dient can be also observed in the climatology by exam-
ining the seasonal variation in the distribution of ARs
and its relationship to the large-scale mean flow. Given
that AR intensity is significantly correlated with the
pressure gradient, and AR shape (i.e., all grid cells an
AR occupies) is defined based on a minimum IVT
threshold (see section 2a), we expect that AR frequency
should be modulated by the strength of the large-scale
pressure gradient.

The climatological AR number for each season is
shown in Fig. 10, together with the large-scale climato-
logical mean flow in terms of mean MSLP. In the NH,
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the AR number is highest in winter (Fig. 10a), both in
the Pacific and the Atlantic. With respect to the mean
flow, the ARs are located along the belt of strong pres-
sure gradient between the subtropical highs and the
polar lows, generally on the northwestern fringe of the
subtropical highs in both basins. A comparison of the four
seasons shows that the pressure gradient is strongest in
winter. This, together with the strong cyclone and anti-
cyclone activity in winter, frequently provides the strong
pressure gradient that is required for the existence of
ARs discussed above, consistent with the high AR
number in this season. One point to note is that the
maximum in AR number is located toward the equa-
torward side of the strong mean pressure gradient. We
hypothesize that this could be due to higher tempera-
tures and higher TCWYV toward the south. As discussed
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FIG. 9. Asin Fig. 8, but separated for different seasons: December—February (red), March—
May (purple), June-August (green), and September-November (blue). In addition, the
correlations between the AR intensity (MIVT) and TCWYV at the AR centroid for the

(g) NH and (h) SH are shown.

in previous sections (e.g., Fig. 4), it appears that the AR
distribution is affected not only by the location where
the pressure gradient is strongest, but also by the avail-
ability of high water vapor content. In this study we fo-
cus on the dynamical aspects related to ARs and will
investigate the relationship with water vapor content in
future studies. Nevertheless, the fact that ARs are not
most frequent where TCWYV is highest (i.e., in the
tropics) but rather are most frequent over regions where
there is both high TCWV and strong pressure gradient
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suggests that both dynamical and thermodynamical fac-
tors are important in determining the distribution of ARs.

In NH spring, the AR number decreases slightly in
both basins and ARs migrate slightly poleward in the
Pacific (Fig. 10b). This is consistent with the reduction in
pressure gradient and poleward migration of the sub-
tropical highs and polar lows in this season. Over the
Atlantic, while the pressure gradient becomes weaker,
the southwest-northeast tilt becomes less pronounced,
likely explaining why the AR distribution does not move
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FIG. 10. Seasonal mean AR number (shading) and MSLP (contours; hPa) for (a) December—
February, (b) March-May, (c) June-August, and (d) September-November averaged during

1979-2014.

poleward in the eastern part of this basin. In summer, the
pressure gradient in the Pacific continues to decrease
with the Aleutian low nearly disappearing, consistent
with the further decrease in AR number there. On the
other hand, the gradient in the Atlantic is still maintained
and becomes more tilted, likely explaining the stronger
tilt in the AR distribution relative to spring. In addition,
increased moisture content in the absence of a reduction
in pressure gradient likely contributes to the increase in
AR number over the Atlantic compared to spring. In
autumn, the AR distribution again shifts equatorward
and the distribution is relatively similar to that in spring.
In the SH, seasonal variations are smaller but there is
still a hint that AR number is also largest in austral
winter (June—-August). Again, in all four seasons, AR
number generally peaks in regions with strong pressure
gradient poleward of the subtropical anticyclones.
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Figure 10 shows that there are strong seasonal varia-
tions in the background pressure gradient. On top of
that, there is also strong interannual variability as well as
subseasonal variability (not shown). All these together
contribute to large variations of the low-frequency part
of the pressure gradient. Since the total pressure gradi-
ent consists of the pressure gradient due to the synoptic
cyclone and anticyclone together with the low-frequency
part, this likely explains why the AR strength is not very
highly correlated with either cyclone or anticyclone
strength, since there is a large contribution of the low-
frequency part of the flow to the total pressure gradient.
This low-frequency contribution to the background
pressure gradient is even more pronounced in the SH,
possibly explaining why the correlations between
AR intensity and cyclone/anticyclone strength are weaker
there (Figs. 8b,d).
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FIG. 11. The distributions of the number of AR-paired cyclones vs. all cyclones as a function of cyclone intensity,
for (a) NH and (b) SH cases. The distributions are all normalized by their corresponding total numbers, which are
listed in the parentheses at the top-right corner of the plot. (c) The percentage of AR-paired cyclones relative to all

cyclones as a function of cyclone intensity.

d. Count of AR-paired cyclones relative to all
cyclones

The analyses in previous sections demonstrate that
the primary factor that determines the AR intensity is
the magnitude of horizontal pressure gradient at the AR
centroid, which is enhanced by the presence of the an-
ticyclone in addition to the cyclone, and the cyclone
intensity itself is not the dominant factor in determining
the AR strength. Yet the cyclone intensity still influ-
ences AR occurrence as shown in the following analysis.

Figures 11a and 11b show the distribution of cyclone
count as a function of cyclone intensity for AR-paired
cyclones (closed circle) and all cyclones (open circle)
within the 25°-65° latitude band in the NH and SH, re-
spectively. It is found that the intensity of both AR-
paired cyclones and all cyclones spreads over a broad
range, with the majority having anomalous intensity of
5-30hPa. It is also noted that overall there are more
weak cyclones in the NH mainly because cyclones are
much weaker in the NH summer, while the seasonal
cycle is not as marked in the SH (e.g., Chang et al. 2012;
Guo et al. 2009). Furthermore, the distribution of AR-
paired cyclone is shifted toward higher intensity when
compared to the all-cyclone case for both the NH and
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SH, indicating that stronger cyclones are more likely to
be accompanied by an AR. This is clearly illustrated in
Fig. 11c, which shows the percentage of AR-paired cy-
clones relative to all cyclones as a function of cyclone
intensity. The percentage monotonically increases from
about 20% to 80% for both hemispheres. For cyclones
with the anomalous intensity of about 30 hPa or greater,
more than half of them are accompanied by an AR. For
very strong cyclones such as those with the anomalous
intensity of S0hPa or greater, about 80% are accompa-
nied by an AR. Thus ARs occur more often in stronger
cyclones. This may also reflect the possibility that the AR
can feed back onto the cyclone due to AR-associated
diabatic processes.

These results suggest that the cyclone intensity influ-
ences the occurrence of AR significantly: the stronger
the cyclone is, the stronger its circulation is and thus the
more likely is the case that its associated moisture
transport meets the threshold of an AR.

5. Conclusions and discussion

In this study, we have investigated statistical relations
between ARs and extratropical cyclones/anticyclones
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from the analysis of 36 years (1979-2014) of objectively
identified AR and cyclone datasets over the globe.

Atmospheric variables such as MSLP and TCWYV are
composited with respect to the AR centroids to examine
the large-scale circulation and moisture structures around
the AR. The composite analysis shows that the AR is
closely related to the extratropical cyclone, and it locates
in the warm sector of the cyclone, which is consistent with
previous studies. In addition to the cyclone, a pronounced
anticyclone is also found in the composite map, which has
not been emphasized in previous studies. The presence of
the cyclone to the poleward and westward side of the AR
centroid and the anticyclone to its equatorward and
eastward side results in a narrow corridor of strong hor-
izontal pressure gradient that collocates with strong
TCWYV and low-level winds that manifest the AR con-
ditions. This cyclone-AR-anticyclone configuration is
robust in various AR composites carried out for separate
hemispheres, different ocean basins, and with regard to
different AR strengths, confirming the importance of the
anticyclone in the generation of the AR.

Furthermore, correlations between the AR intensity
and its paired cyclone, anticyclone intensity, and the
horizontal pressure gradient between the cyclone and
anticyclone (approximated by the pressure gradient
at the AR centroid) are calculated to demonstrate the
importance of the anticyclone from a more quantitative
perspective. It is found that correlations between the
intensity of AR and its paired cyclone/anticyclone are all
weak, or even negative, except for the case of AR-
cyclone correlations in the NH. The relatively weak
correlation between the AR intensity and cyclone in-
tensity suggests that the cyclone intensity is not the
leading controlling factor to determine the strength of
the AR, which is somewhat counterintuitive, but con-
sistent with one very recent study (Sinclair and Dacre
2019). Instead, significant positive correlations are found
between the AR intensity and the magnitude of the
horizontal pressure gradient for all NH and SH cases and
for different seasons. Our explanation is that although the
cyclone is a necessary component to provide conditions
favoring AR through the presence of its warm conveyor
belt, the presence of an anticyclone downstream of the
cyclone leads to stronger horizontal pressure gradient,
and thus stronger poleward moisture transport, which
makes it more easily qualified as an AR event. This is
supported by the fact that not all of the cyclones have an
associated ARs. In fact, our results show that only about
half of them are accompanied by ARs. Our results also
show that the anticyclone to the downstream equator-
ward side of the AR-associated cyclone is not a general
feature of all cyclones—composites of all cyclones do not
show such a feature. Thus, it is of interest to investigate
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what dynamical or synoptic conditions might favor the
formation of such an anticyclone.

Furthermore, the importance of the horizontal pressure
gradient in the generation of AR is not only observed
in individual AR cases, but also in the climatology: the
climatological mean maps show that ARs are most fre-
quently located between the polar lows and the subtrop-
ical highs, and consistently migrate with the extension/
retreat of the subtropical high. This might provide possible
insight for the predictability of ARs. For example, given
cyclones with similar strength and moisture setting,
whether an anticyclone develops downstream of the
cyclone will result in quite different chances for the AR
event. Given the fact that the large-scale circulation is
more accurately represented in forecasts than moisture-
related factors, examining the possibility of strong
pressure gradient/high pressure system in the path of
cyclones could be an effective way to improve the
prediction skill of the ARs.

Note that our study has focused on the dynamical
factors contributing to the AR intensity, while in reality
moisture-related processes also play important roles in
determining the AR intensity. For example, we find that
AR intensity is highly correlated with TCWV at the AR
centroid. Nevertheless, the high moisture content at the
AR centroid is brought there by the strong poleward
flow due to the strong pressure gradient between the
cyclone and anticyclone, and thus is clearly not inde-
pendent of the dynamical factors. The combined im-
pacts and interactions between large-scale dynamics and
moist processes should be examined in future studies.

One caveat we should be aware of is that our results
may depend somewhat on the objective detection algo-
rithms for both the ARs and the cyclones/anticyclones.
Nevertheless, the algorithms used in this study have been
carefully compared with other detection algorithms and
have been validated against observations when possible.
Both of them have been widely used in the research
community. Furthermore, our analysis is based on data-
sets over the globe and spanning over a few decades. With
such a large number of samples (on the order of 10%),
random errors in the center location and intensity of the
ARs and cyclones/anticyclones are largely cancelled out,
which adds further confidence to our results. Also, our
composite and correlation analysis have been carried out
for different ocean basins, with respect to different AR
strengths, and for different seasons, in order to provide
information from different perspectives. Nevertheless,
quantifying the sensitivity of our results to different de-
tection algorithms is desirable in the future.

As discussed above, our results raise several further
questions. For example, what is the reason for the poor
correlation between the AR and cyclone intensity in the
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SH? Does it represent the real situation in the SH, or is it
related to the difficulties in determining the strength of the
SH cyclones? Apart from the pressure gradient, what other
factors are important in determining AR intensity? How
do large-scale dynamics and moisture processes interact?
More efforts are needed to tackle these questions in the
future. Also, it will be interesting to examine how well
our findings based on the reanalysis are represented in
climate models. Analyses for addressing some of these
issues are part of our ongoing and future studies.
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