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ABSTRACT

Anobjective definition ofmonsoon gyres in the northwest Pacificwas developed in order to construct a gyre

climatology. Over a 31-yr period, 53 gyres were identified with a median formation location at 16.58N, 1358E.
More than 80% formed during July–September. More than half of gyres developed during El Niño periods

at a median location 1200 km farther to the east-southeast than during La Niña. Cyclonic winds at 850 hPa
extended across a diameter of more than 4000 km, with maximum tangential wind near the 1000-km radius. A

precipitationmaximum extendedwestward for several thousand kilometers south of the gyre. Typhoons were

most common north and east of the gyre centers. More than 70% of gyres developed during large-amplitude

MJO events, with a strong preference for Real-timeMultivariateMJO (RMM) phases 5–7. In boreal summer

these phases contain circulation and convective anomalies that coincide most closely with those of the cli-

matological monsoon trough. Gyres are most likely to form when an active, large-amplitude MJO event

superposes with the monsoon trough in the presence of high sea surface temperature. Gyres exhibited 850-

hPa wind, height, and vorticity anomalies and surface latent heat flux anomalies that closely resembled the

active Pacific–Japan pattern (PJP). This was especially true during LaNiña, even though no attemptwasmade

to isolate the PJP. It is hypothesized that an activeMJOmodulates gyre formation, and the gyres project onto

the active phase of the PJP as they move westward.

1. Introduction

Lander (1994) first identified monsoon gyres in the

northwest Pacific as a separate class of disturbance in a

case study from 1991. Their primary characteristics were

the exceptionally large diameter of the closed surface

pressure contour, long lifetime, and relatively rare oc-

currence. Winds were typically light at the gyre center,

and strongly asymmetric clouds and precipitation peaked

south and east of the center.

One consequence of the size of the gyre is that tropical

cyclones tend to form to the east or southeast and rotate

around the gyre center. An example of this behavior was

displayed by Crandall et al. (2014, their Fig. 1): a tropical

cyclone formed to the south, moved cyclonically three-

quarters of the way around the gyre, and then abruptly

turned northwestward. Carr and Elsberry (1995), Wu

et al. (2011), and Bi et al. (2015) argued that such track

shifts resulted from nonlinear interactions between the

gyre and the tropical cyclone. Crandall et al. (2014) noted

that a tropical cyclone circling a gyre was mislocated in

real time by 465km, and was assigned two different names

when postseason processing showed only one storm was

present.

Surface westerlies and southwesterlies often exceed

gale force southeast of gyre centers. These gales greatly

complicate shipping forecasts by the Joint Typhoon

Warning Center (JTWC), particularly with regard to

whether or not the gyres should be identified as tropical

cyclones (Lander 1994). Given these many operational

complications produced by gyres, a need exists to un-

derstand their formation and evolution.

Holland (1995) and Molinari et al. (2007) studied the

same 1991 gyre as in Lander’s (1994) paper. They found

that gyre formation was preceded by frequent mid-

latitude wave breaking. Molinari et al. (2007) argued

that the gyre represented the first low in an equatorial

Rossby wave packet that lasted for 3 months. The gyre

developed during an active El Niño period.

Molinari and Vollaro (2012) described three addi-

tional gyres that formed during La Niña, well to the
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north and west of the 1991 gyre. The gyres developed

near the leading edge of the MJO. Breaking waves in-

duced byMJO convection to the west appeared to play a

key role in gyre formation.

A complex mix of tropical disturbances exists in the

northwest Pacific. Hurley and Boos (2015) examined

one such disturbance, the monsoon depression. These

disturbances are smaller in scale than monsoon gyres,

with a typical radius of maximumwinds of about 300km.

Hurley and Boos (2015) found that monsoon de-

pressions weremore frequent over land than over water.

They did not contain tropical cyclones in their periph-

ery. These characteristics make monsoon depressions

separable from larger-scale monsoon gyres. The criteria

for gyres used in this paper will include a diameter of

cyclonic winds that exceeds 4000km, and the vast ma-

jority of times will contain tropical cyclones within

1000km of the center. It will be argued, similar to

Lander (1994), that monsoon gyres represent a distinct

type of disturbance.

The previously described monsoon gyre papers ex-

amined individual case studies. Wu et al. (2013)

constructed a gyre climatology for the northwest Pacific.

They found maximum tangential wind at 850 hPa be-

tween 800 and 1100km radii [see Fig. 6 in Wu et al.

(2013)]. The disturbances were warm-core from 850 to

300 hPa. Gyre frequency peaked in August and Sep-

tember. Nearly 20% of northwest Pacific tropical cy-

clones in their climatology formed in the vicinity of

monsoon gyres. The goal of the current paper is to ex-

tend the work of Wu et al. (2013) by developing an ob-

jective gyre definition and by exploring the roles of

ENSO, the MJO, and the Pacific–Japan teleconnection

pattern (PJP) in gyre formation and evolution.

2. Data and methods

a. Data sources

Twice-daily ERA-Interim (ERA-I) analyses (Dee

et al. 2011) provided wind, height, and temperature at 39

vertical levels with 1.58 latitude–longitude resolution.

ERA-I analyses of sea surface temperature (SST) and

surface sensible and latent heat fluxes were also

incorporated. The surface fluxes in the analyses are

‘‘accumulated’’ variables that represent an average

over a 6-h integration of the model. This was deemed

acceptable because surface fluxes vary fairly slowly in

time, and no reliable alternative source exists.

Daily rainfall datawere obtained from the PERSIANN

dataset (Ashouri et al. 2015). This is based on hourly

data summed over 24-h periods centered at 1200 UTC.

Precipitation could have been obtained from ERA-I

in the same manner as the surface fluxes, but given the

more rapid variation of precipitation in the model,

the observed PERSIANN values were considered

superior.

Composite streamfunction c and velocity potential

x will be displayed. Calculation of these variables over a

limited area produced substantial artifacts because the

Helmholtz theorem is valid only over a global region

without boundaries. As a result, even though these fields

will be plotted over a limited area, they were calculated

over a global grid at each gyre time.

El Niño and La Niña were identified by values ex-

ceeding 60.258C in the Niño-3.4 anomaly,1 averaged

over June–November of each year. Smaller anomaly

magnitudes were defined as ENSO-neutral. Tropical

cyclone positions were obtained from the Joint Typhoon

Warning Center. Real-time Multivariate MJO (RMM)

values2 (Wheeler and Hendon 2004) provided a mea-

sure of the MJO state. All data covered the 31-yr period

from 1983 to 2013. Anomalies of all fields represent the

deviation from the daily 31-yr mean at each point with

respect to the gyre center. Only June throughNovember

were considered for this analysis.

b. Gyre definition

Previous papers on gyres used subjective, nonquanti-

tative definitions of gyre existence and center position

(see the appendix for details). Gyres seem unmistakable

when viewed with satellite images overlaid on lower-

tropospheric wind fields [see, e.g., Figs. 2 and 16a,b from

Molinari and Vollaro (2012)]. One goal of this paper was

to produce quantitative, reproducible definitions that are

compatible with this subjective recognition of gyres.

The four criteria for the presence of gyres are listed in

Table 1. First, 850-hPa circulation (and thus azimuthally

averaged tangential velocity) had to be cyclonic at every

radius from 100 to 2000km. This insured the presence of

the huge cyclonic circulations described by Lander

(1994) and by the three case studies of Molinari et al.

(2007), Molinari and Vollaro (2012), and Crandall et al.

(2014). Second, 850-hPa circulation averaged over 900–

1200-km radii exceeded a critical value Cmin. This cri-

terion removed broad but weak cyclonic circulations

such as the monsoon trough. It also removed ordinary

tropical cyclones, whose circulation approaches zero at

those radii. The appendix provides more details, in-

cluding how the value of Cmin was chosen.

The third criterion set the minimum time period to

4 days. This avoided the counting of transient interactions

1 See http://www.ncdc.noaa.gov/cdr/operationalcdrs.html.
2 See http://www.esrl.noaa.gov/psd/mjo/mjoindex/.
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that produced a short-lived gyre, such as two tropical cy-

clones brought together and then apart by horizontal

shear. The fourth criterion was required to satisfy two

remaining problems: 1) unusually large tropical cyclones fit

the gyre criteria but failed to display the dramatic asym-

metries and larger-scale structure of gyres described in

previous work; and 2) tropical cyclones sometimes formed

near the center of existing gyres (e.g., Lander 1994). If the

tropical cyclone shifted too close to the gyre center, vor-

ticity interactions made them impossible to distinguish

from the gyre. This is reflected in the idealized experiments

by Liang and Wu (2015): when an idealized tropical cy-

clone was placed 400km from an idealized gyre, it did not

rotate around the gyre, and the two could not be separated.

Both of these issues were eliminated by the fourth

criterion: the tropical cyclone had to rotate cyclonically

with time around the gyre center. If it did not, the gyre

was not separable from the tropical cyclone, and was not

counted. This criterion also removed the previously

noted large tropical cyclones, which moved together

with the defined gyre center rather than around it. Ad-

ditional discussion of themethodology is provided in the

appendix.

The above criteria produced 53 gyres during June–

November between 1983 and 2013, 1.7 per year. This

number fell between the estimates of Wu et al. (2013) of

3.7 per year during the warm season, and Lander (1994),

who estimated one gyre every two years. Most of the

gyres (81%) formed between 1 July and 30 September.

3. Influences of ENSO and the MJO

The tracks of gyres are given in Fig. 1 for three ENSO

phases: El Niño, La Niña, and ENSO-neutral. The mean

ITCZ/monsoon trough structure for each phase is given

by the shaded 850-hPa relative vorticity field, following

the definition of Molinari and Vollaro (2013). The

phrases ‘‘initial time’’ or ‘‘formation time’’ define the

first time the gyres met the four criteria in Table 1, but

preexisting weaker disturbances preceded that time.

Gyres were more likely to form during El Niño (53%)

than La Niña (28%). Every El Niño gyre first met the

criteria equatorward of 228N, with 86% forming within

the mean monsoon trough. Both the median gyre for-

mation point and median overall center position for El

Niño gyres were located about 1200km southeast of

those for La Niña.
All but two La Niña gyres formed poleward of 158N,

and all but one west of 1408E. Nearly half formed

poleward of the mean monsoon trough, suggestive of

midlatitude influences (Molinari and Vollaro 2013). The

locations of the 10 ENSO-neutral gyre formations fell

almost halfway between those of the other ENSO pha-

ses. The median formation location for all gyres was

found at 16.58N, 1358E.
At the times of gyre formation, the mean SST within

the 1000-km radius was 29.38C during El Niño and 29.18
during La Niña. SST anomalies were negative and less

than 0.28C in both. As a result, gyres developed over

warm but not anomalously warm water regardless of the

ENSO state. The mean intensity for all gyre times

(measured by 900–1200-km circulation; not shown) was

virtually identical for the three ENSO phases.

The impacts of ENSO on tropical cyclone genesis and

evolution have been well documented (e.g., Chan 1985;

Chia and Ropelewski 2002). Similar to tropical cyclones,

gyre formation shifts southeastward and exhibits longer

tracks during El Niño (Camargo and Sobel 2005). Un-

like for tropical cyclones, overall gyre frequency in-

creases and mean gyre intensity remains unchanged

during El Niño.
The influence of the Madden–Julian oscillation on

gyres was as dramatic as that of ENSO: 73% of all gyre

times (and 74% at formation) occurred during RMM

phases 5 to 7 (Fig. 2). Gyres were less likely to occur in

phases 4 and 8, and were rare in phases 1–3. The ma-

jority of gyres (70%) were accompanied by RMM am-

plitude exceeding unity. The gyre distribution by RMM

phase was very similar for El Niño and La Niña (not

shown). This reflects the effective removal of long time

scale phenomena from the RMM definition (Wheeler

and Hendon 2004).

TABLE 1. Criteria for identification of monsoon gyres; C 5 ryl refers to azimuthally averaged circulation at 850 hPa.

Criterion Purpose

C . 0 for each 100-km radial bin for

r 5 100–2000 km

Insures large cyclonic circulation

C . Cmin averaged for

r 5 900–1200 km.

Removes broad weak circulations like the monsoon trough; removes ordinary

tropical cyclones; Cmin chosen based on three previously studied gyres

Time period satisfying the above two

conditions $4 days

Removes transient gyres created, for instance, when horizontal shear brings two

tropical cyclones toward one another, then apart

Any existing typhoon within r 5
1000 km rotates around the gyre

Removes exceptionally large tropical cyclones that otherwise satisfy the top three

criteria; removes gyre times when a typhoon and the gyre cannot be separated
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The MJO influences on gyre location and frequency

were comparable to those for tropical cyclones (Liebmann

et al. 1994; Nakazawa 1988). Tropical cyclone frequency

peaks in phases 5–7 and is small in phases 1–3 (Camargo

et al. 2007, 2009). Overall, gyre distribution and track, but

not intensity, have similar variations with respect to the

ENSO and MJO states as tropical cyclones.

4. Gyre characteristics

Gyres appear to have a major influence on the loca-

tion of strong tropical cyclones with respect to the gyre

center (Fig. 3). Most of the 36 typhoon-strength distur-

bances were found within 1000km of the gyre centers,

predominantly to the north and east. Similar to the

studies by Lander (1994), Molinari et al. (2007), and

Crandall et al. (2014), tropical cyclones tended to intensify

east of the gyre, move around it, then weaken below ty-

phoon strength or ‘‘escape’’ to the north and northwest.

The pronounced asymmetry in storm location suggests

that gyres might initiate as equatorial Rossby waves

(Frank and Roundy 2006; Molinari et al. 2007).

An additional 45 tropical storms and depressions were

present within 1000km, but are not shown because the

gyre itself is sometimes labeled a depression (and

rarely, a storm) by JTWC. Overall, 81 tropical cyclones

existed within 1000km of 53 gyres, about 1.5 per gyre.

This is roughly equivalent toWu et al. (2013), who found

FIG. 1. Gyre tracks during (top) El Niño, (middle) La Niña, and
(bottom) ENSO-neutral periods. The filled black circles indicate

the beginning of the track; a large circle indicates that two gyres

formed at the given point. The red and green X’s represent the

median gyre formation location and median overall location, re-

spectively, during each ENSO phase. The shading shows 31-yr

mean June–November vorticity during each phase. Yellow: 0–4 3
1026 s21; orange:.43 1026 s21. ENSO states are delineated using

June–November Niño-3.4 anomalies exceeding 60.258C.
FIG. 2. (a) Distribution of all gyres vs the MJO phase defined

using theRMM index (Wheeler andHendon 2004). Blue bars: total

number of gyres for each phase. Green bars: number when the

RMM amplitude exceeded unity. (b) As in (a), but for only the

initial gyre time periods.
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1.1 tropical cyclones per gyre. Over the 31 years of this

study, 775 tropical cyclones (443 of which reached ty-

phoon strength) developed in the northwest Pacific.

Gyres thus were associated with about 10% of tropical

cyclones. This percentage is half that ofWu et al. (2013),

consistent with their definition producing about twice as

many gyres. Tropical cyclones often remained in the

gyre vicinity for one or more days. As a result, 87% of

12-hourly periods in gyres in this study contained a

tropical cyclone within 1000km of the center.

On average the gyres moved toward the northwest at

2.5ms21. The median gyre lifetime of 5 days fell short of

mean times of 8 days found by Wu et al. (2013) and up to

two weeks by Lander (1994). The definition in this paper

includedonly those times the gyre circulation exceeded the

Cmin criterion. Large circulations not meeting the criterion

often existed before and after; the mean lifetime would be

longer if the gyres were tracked until they disappeared.

The longest duration gyre existed from 11–22August 1991.

This section will display the horizontal structure of

gyres only at their initial times, combining all the ENSO

states.Maximum tangential velocity (not shown) existed

near the 850-hPa level and 900–1000-km radii, nearly

identical to the mean structure identified by Wu et al.

(2013). Cyclonic flow extended about 1000km farther

from the center compared to a strong tropical cyclone

(see Fig. A1d in the appendix).

Composite total 850-hPa wind and streamfunction in

addition to precipitation at the initial gyre times are

shown in Fig. 4a. The composite gyre center is indicated

by the filled red circle. Three large-scale features existed

in the streamfunction field. The monsoon trough ex-

tended west-northwestward at 108–208N from the lon-

gitude of the gyre to the Bay of Bengal. Precipitation

peaked within and equatorward of the monsoon trough.

Northeast of the gyre, the broad anticyclonic flow of the

subtropical high exhibited a precipitation minimum.

The equatorial ridge existed where air was crossing the

equator from the south. It might represent the influence

of opposite-signed absolute vorticity carried by cross-

equatorial flow from the Southern Hemisphere.

The gyre for this initial time composite was located at

the eastern end of the monsoon trough, a region where

disturbances often intensify (Ritchie and Holland 1999)

in the presence of background convergence (Sobel and

Bretherton 1999; Molinari et al. 2007). Westerlies and

easterlies converged at the gyre longitude, qualitatively

similar to the off-equatorial Gill (1980) response to di-

abatic heating. Within the gyre, the center of circulation

and the precipitationmaximumwere shifted slightly east

of the center. Wind speed was light near the center,

consistent with Lander (1994).

Wu et al. (2013) and Chen et al. (2004) included the

presence of asymmetric precipitation as a part of the

FIG. 3. Twice-daily locations with respect to gyre centers of all

typhoons occurring within 2000 km of a gyre for the period be-

tween 1983 and 2013. FIG. 4. (a) Composite total 850-hPa horizontal wind (vectors) and

streamfunction (106m2 s21; black contours) at the gyre initial times.

Also shown is the composite precipitation (mmday21). The gyre

center is given by the filled red circle. (b) As in (a), but for 150 hPa.

Latitude and longitude are definedwith respect to the composite gyre

center.Wind vectors withmagnitude less than 1m s21 are not plotted.
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gyre definition. Although precipitation structure was not

considered as part of gyre identification in this paper,

Fig. 4 shows a similar asymmetry to the two papers

above. This suggests the gyre definition procedures in

Table 1 and the appendix were successful in isolating

disturbances with the classic structure defined by Lander

(1994) and by other gyre studies.

The exceptional nature of the gyre can be seen by

contrasting the precipitation asymmetry to that expected

from the vertical wind shear direction.Mean vertical shear

averaged over 1000km of radius [calculated following

Corbosiero andMolinari (2002)] at these initial gyre times

was from the east-northeast (728) at 6.5ms21. A cylinder

of cyclonic vorticity with that shear would be expected to

have maximum precipitation downshear left, thus south-

west of the center (e.g., Corbosiero and Molinari 2002;

Hurley and Boos 2015). The observed precipitation

showed such a maximum, but the remainder of the pre-

cipitation maximum was found upshear. This likely re-

flects the preference for tropical cyclones east of the center

region (Fig. 3). In that sense the gyre does not behave like

an isolated vortex, but rather a complex interaction of

disturbances, including variations in background flow.

At 150hPa (Fig. 4b), the Asian summer monsoon high

(Krishnamurti 1971)was the dominant feature. It extended

eastward to beyond the gyre longitude. Broad northeast-

erly flow equatorward of the precipitation maximum

crossed into the Southern Hemisphere from 808 to 1508E.
The zonal flow reversed at this level from that at 850hPa.

A westerly midlatitude jet existed well to the north.

Zonal wind and zonal divergence at 850 hPa were

averaged over a 2000-km meridional region on either

side of the gyre. Westerlies were present to the west of

the gyre and easterlies to the east (Fig. 5). The

background convergence associated with the monsoon

trough (cross-hatched region in Fig. 5) acted over the

entire diameter of the gyre. Adding the meridional di-

vergence (not shown) doubled the total divergence but

had almost no impact on the mean contribution. Over-

all, gyres produced their own low-level convergence

fields, but in the far field the mean monsoon trough

contributed an extended region of convergent flow.

The divergent wind at 150 hPa (Fig. 6) gives further

insight into the relative contributions of mean and

anomaly. The strongest divergence over the entire re-

gion from 908E to the date line was foundwithin the gyre

(Fig. 6a). Divergent flow to the south extended into the

Southern Hemisphere, whereas divergent flow to the

north was weaker. This likely reflects the meridional

gradient in background inertial stability. Once again the

climatological monsoon trough region (Fig. 6b) con-

tributed substantially to the divergent circulation, es-

pecially west of the gyre.

The 850-hPa streamfunction and wind shown earlier

in Fig. 4a are separated into climatological and anomaly

fields in Fig. 7. The anomaly field is simply the difference

between the total and climatological fields and thus in-

cludes not only the gyre, but also theMJO and any other

deviations from the mean state. It should be noted,

however, that all phases of the MJO are represented (as

FIG. 5. The 850-hPa total zonal wind (m s21; solid red line) and

climatological zonal wind (red dashed line) for gyres at their initial

time over a 2000-km latitudinal region centered on the gyre. Light

brown shading: total zonal divergence; cross-hatched: climatolog-

ical zonal divergence; both 3 1026 s21.

FIG. 6. Composite 150-hPa velocity potential (x; contoured), di-

vergent wind vectors, and horizontal divergence (1026 s21; shaded)

at the initial times of gyres: (a) total field and (b) climatological

mean. Divergent wind vectors less than 1m s21 are not plotted. The

black dot represents the composite gyre center.
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in Fig. 2), and thus some cancellation of anomalies will

be present.

The climatological fields (Fig. 7a) show the mon-

soon trough and the subtropical high clearly, as well as

the ITCZ extending toward the east. The anomalies

(Fig. 7b) displayed a deep low and large precipitation

within 1500 km of the gyre. One intriguing aspect of

Fig. 7b involves the positive streamfunction anomalies

south-southeast and northeast of the gyre. This pat-

tern shares some qualities with height anomalies as-

sociated with the Pacific–Japan teleconnection

pattern (PJP). This connection will be addressed in the

following section.

5. Pacific–Japan pattern

The PJP has been isolated using monthly mean fields

(Nitta 1987), 3-monthly mean fields (Choi et al. 2010),

and 10–50-day filtered fields (Li et al. 2014). A PJP

index has been defined using anomalous precipitation

just east of the Philippines (from 108–208N and 1208–
1308E) by Kosaka and Nakamura (2006), and in terms

of an 850-hPa height anomaly difference between

subtropical and middle latitudes by Wakabayashi and

Kawamura (2004). The PJP appears to represent a

convectively coupled dynamical mode that can be ex-

cited within the zonally asymmetric baroclinic mean

flow in the summertime western North Pacific (Kosaka

and Nakamura 2006). The active PJP is associated with

anomalously large synoptic-scale variability (Li et al.

2014) and more frequent tropical cyclogenesis (Choi

et al. 2010).

The PJP represents an intraseasonal phenomenon. To

be consistent with the time scales chosen by Nitta (1987)

andKosaka andNakamura (2006), a 20–100-day Lanczos

filter was used to define the PJP index in this paper.

Following Wakabayashi and Kawamura (2004),

PJP index5 z
850
* (358N,1558E)

2 z
850
* (22:58N,1258E), (1)

where z* is the 20–100-day geopotential height anomaly.

Because the PJP is strongest in boreal midsummer

(Tsuyuki and Kurihara 1989), only June–September

values and composite figures will be shown. However,

PJP values and composite structure were similar using

all months or using June through August only, owing to

the small number of gyres outside midsummer.

Table 2 gives values for the PJP index for various gyre

composites. In addition, the two index points are shifted

eastward by 108 and 208 longitude. The first two rows of

Table 2 compare the PJP index for the two ENSO states.

The standard PJP index [Eq. (1)] is positive (active PJP)

and much larger during La Niña than El Niño. The
largest positive value during El Niño exists at 108 lon-
gitude to the east, consistent with the eastward shift in

gyre locations.

A positive PJP index represents an anomalously strong

low-frequency height gradient between low heights to

the south and high heights to the north. Table 2 showed

height anomaly differences of more than 30m associated

with the PJP for active gyre times during La Niña. The
PJP anomalies are in phase with the climatological mon-

soon trough and subtropical high (Fig. 7a), which exhibit

a 27-m difference in height between the two points. The

positive PJP for gyre times during La Niña effectively

doubles the background height gradient.

As seen in Fig. 1, both primary ENSO states contain

gyre locations well to the west. To separate PJP values

FIG. 7. As in Fig. 4a, but for (a) the 850-hPa climatological mean

state and (b) the anomaly from the mean.

TABLE 2. PJP index values (m) derived from 20–100-day height

anomaly differences using Eq. (1) during the times a gyre is pres-

ent. Shown are values for each ENSO state, and for all gyre posi-

tions west or east of 1408E.Also given are the same height anomaly

differences for two 108 longitude eastward shifts from the PJP

definition. These values are for JJAS only.

PJP index

Shifted 108
eastward

Shifted 208
eastward

La Niña 38.8 31.2 0.4

El Niño 10.8 20.5 11.5

West of 1408E 28.9 24.8 3.7

East of 1408E 21.1 19.9 26.3
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solely by longitude, the last two rows of Table 2 consider

only gyre times east and west of 1408E, regardless of the
ENSO state. Larger PJP values occur when gyres are to

the west. When gyres are east of 1408E, the largest

height anomalies shift 208 longitude to the east. Table 2

indicates that gyres project onto the PJP index during La

Niña, and seem to project onto a PJP-like state farther

east during El Niño. The latter is consistent with Kosaka

and Nakamura (2006), who found that the sign of the

PJP index remained the same to the east of the points in

Eq. (1), but with smaller magnitude. Composite fields

for La Niña closely resemble composites for western

gyres; the same is true for El Niño and eastern gyre

composites. As a result, only the ENSO composites will

be shown.

The top panel of Fig. 8 shows 850-hPa anomaly c,

wind, and precipitation for all gyre times during La

Niña. As in Fig. 7b, this field contains all variations from

climatology, including gyres and the MJO. The PJP

pattern appears much more clearly than for the initial

gyre times that were shown in Fig. 7b. Figure 8 shows a

surprisingly similar structure to the PJP positive phase

(Fig. 4a of Li et al. 2014), even though no attempt was

made in this study to isolate the PJP. In particular, the

positive streamfunction anomalies south of the gyre, the

negative anomalies within the gyre, the positive anom-

alies near 408N and 1508E, and the negative anomalies

further to the east-northeast, are consistent with PJP

height field anomalies shown by Li et al. (2014). Vor-

ticity anomaly fields at 850 hPa (Fig. 8b) appear re-

markably similar to those shown for the PJP by Kosaka

and Nakamura (2006). The correspondence is not quite

as close at 150 hPa (not shown), possibly because fre-

quent tropical cyclones northeast of the gyres (Fig. 3)

create their own local divergent circulation.

Surface latent heat flux anomalies for gyres during

JJAS and La Niña in Fig. 9 are shown along with the

point of maximum PJP latent heat flux (black X) from

Kosaka and Nakamura (2006). The magnitude of the

gyre-based anomaly at the X exceeds that of the stron-

gest PJP events shown byKosaka andNakamura (2006).

Based on 850-hPa wind, streamfunction, vorticity, pre-

cipitation, and surface latent heat flux anomalies, it is

concluded that the gyres project remarkably well onto

the PJP.

6. Discussion

a. Composite gyre structure and distribution

An objective definition of monsoon gyres was de-

veloped in order to create a climatology of these distur-

bances in the northwest Pacific. On average, 1.7 gyres

formed each year, with a median lifetime of 5 days. More

than 80% formed between July and September. Gyres

were associated with about 10% of all west Pacific

FIG. 8. The 850-hPa anomaly fields as in Fig. 7b, but for only

JJAS gyres during La Niña: (a) c (increment 2.5 3 106m2 s21),

wind, and precipitation (mm); and (b) vorticity anomalies (1026 s21;

shaded) and wind. In (b), C and A represent cyclonic and anti-

cyclonic vorticity anomalies, respectively. The red X’s in (a) rep-

resent the two points used for the PJP index in Eq. (1).

FIG. 9. Latent heat flux anomaly (Wm22; shaded) for June–

September gyres during La Niña. Anomalous near-surface winds

are also plotted. The location of the PJP surface latent heat flux

maximum (Kosaka and Nakamura 2006) is given by the black X

and the composite gyre center by the filled black circle.
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tropical cyclones. Their mean tangential wind and tem-

perature anomaly structure (not shown) mirrored those

of Wu et al. (2013). Gyres moved west-northwestward at

an average speed of 2.5ms21.

Gyres displayed a strongly asymmetric precipitation

pattern, with maxima east and south of the center. The

latter extended thousands of kilometers westward from

the gyre. Gyres formed over composite SSTs above

298C, regardless of the ENSO phase.

Monsoon gyres were strongly modulated by ENSO.

More than half of all gyres formed duringEl Niño, with a

median location 1200km farther east-southeast com-

pared to La Niña. Nearly all the El Niño gyres de-

veloped within the climatological monsoon trough, but

La Niña gyres often formed well to the northwest, con-

sistent with those studied by Molinari and Vollaro

(2012) and Crandall et al. (2014).

The wind and precipitation asymmetries were asso-

ciated with four components of the flow: the gyre itself

(Fig. 7b), the MJO (Fig. 2), the PJP (Figs. 8 and 9), and

frequent tropical cyclones (Fig. 3). Gyres developed

within an extended region of climatological zonal

FIG. 10. Composite OLR (shaded) and 850-hPa winds (vectors) for the eight RMM states (numbers in the upper right

of each panel), for July–September only. The red dot represents the median gyre formation location. This figure is based

onWheeler and Hendon (2004), and has been adapted from http://www.bom.gov.au/climate/mjo/#tabs5Average-OLR.
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convergence associated with the monsoon trough

(Figs. 1, 5, and 7a). Overall, the gyres might be viewed as

complex ‘‘total field phenomena’’ that form and evolve

in the presence of interactions among these various

components.

b. What is the role of the MJO?

Figure 2 indicates an RMM amplitude greater than 1

for a significant majority of gyres. Gyre formation was

most strongly favored in RMM phases 5 through 7. A

composite MJO plot for JAS is provided in Fig. 10,

adapted from the work of Wheeler and Hendon (2004)

given at theAustralian Bureau ofMeteorologywebsite.3

The RMM composite for phases 5 through 7 reveals a

large cyclonic circulation anomaly that is similar in scale

to that of gyres, and a strong negative OLR anomaly

south of the circulation center. The locations of these

anomalies are about 58 latitude poleward of the clima-

tological monsoon trough (Fig. 7a). In the simplest view,

the formation of monsoon gyres could simply

represent a strong RMM phase 5–7 vortex over suffi-

ciently warmwater that is far enough south to superpose

with the monsoon trough. This sequence of events could

account for the size of the gyre circulation, because the

large-scale MJO interacts with the large monsoon

trough. The infrequency of gyres might reflect the rarity

of such a confluence of events.

Subsequent gyre behavior cannot be accounted for by

the above reasoning, however, because gyres move

northwestward and the MJO (more or less by definition

based on its labeling in a space–time spectral plot)

moves eastward. It is probable that once an MJO-

influenced gyre intensifies, it couples with Earth’s

vorticity gradient and moves northwestward. Such a

coupling would be favored by the large scale of the

gyres, which creates a large difference in Coriolis pa-

rameter across the gyre. Indirect evidence for this se-

quence of events is provided in a Hovmöller diagram of

850-hPa meridional wind anomaly in Fig. 11. This figure

examines days210 to14 with respect to gyre formation,

composited over all gyres. A large cyclonic circulation

exists near the formation point 10 days prior to the

conditions in Table 1 being met. This circulation in-

creases in intensity with time, and begins to move

northwestward only near time zero, as the gyre reaches

the intensity criterion in Table 1.

c. What is the role of the PJP?

One surprising result of this paper is that a clear PJP

pattern arises during times that gyres are present, even

though no effort was made to isolate the PJP. Anomaly

magnitudes during gyre events (Figs. 8–9) are as large as

those isolated using the strongest PJP events (Kosaka

and Nakamura 2006; Li et al. 2014).

We speculate on the sequence of events that gyres

represent. First, gyres form most often in MJO RMM

phases 5–7, when MJO diabatic heating and circulation

anomalies superpose with those of the climatological

monsoon trough. The gyre intensifies, moves north-

westward as it interacts with Earth’s vorticity gradient,

and projects onto the PJP. Although gyres appear to

represent distinct phenomena, they are strongly coupled

to low-frequency events. The relationships among the

climatological state, the MJO, the PJP, and gyre-like

circulations will be the subject of future work.

Acknowledgments. ERA-Interim analyses were ob-

tained from the National Center for Atmospheric Re-

search, which is supported by the National Science

Foundation (NSF). Dr. Ryan Torn of our department

suggested using circulation as a variable for measuring

gyre intensity. Sarah Ditchek generated Fig. A1d based

on calculations from Ditchek et al. (2017). We appreci-

ate thoughtful comments fromDr. Suzana Camargo and

two anonymous reviewers, one of whom suggested the

possible PJP–gyre connection. This paper was supported

by NSF Grant AGS1249732.

APPENDIX

Details of Gyre Identification

In previous work gyres have been identified sub-

jectively. Chen et al. (2004) required the presence of 1) a

vortex more than 2500km in diameter as estimated

FIG. 11. Composite anomalous 850-hPa meridional wind from

day 210 to day 14 with respect to the gyre formation time, aver-

aged over all gyre formation events. This represents themean value

over a 98 latitude region centered on the composite gyre location.

Contour increment 1m s21. Dashed contours represent negative

values, and the thick contour is the zero line.

3 See http://www.bom.gov.au/climate/mjo/#tabs5Average-OLR.
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visually from 850-hPa maps, 2) a lifetime exceeding

5 days, 3) surface anticyclones to the south-southwest

and east-northeast, 4) a weak anticyclone in the upper

troposphere, and 5) a sequence of small lower-

tropospheric vortices to the south-southeast. Wu et al.

(2013) used 10-day low-pass-filtered winds to isolate

the gyre. They then required a 2500-km diameter of the

circulation or a large area of deep convection to the

south and southeast. After using circulation at r 5
660km as a first guess to narrow the choice of grid

points, the gyre diameter was ‘‘visually determined.’’ As

noted in the data and methods section, gyres seem dis-

tinct when seen on weather maps and satellites, but the

previous definitions of gyres are not objective and thus

not reproducible. One goal of this paper was to define a

set of objective criteria that satisfy some of the sub-

jective characteristics described first by Lander (1994).

The criteria were discussed in the methods section and

are given in Table 1. This appendix will provide more

details of the process.

Condition 1 in Table 1 insured a large circulation.

Condition 2 represents a minimum circulation criterion.

Figure A1 shows the radial variation of azimuthally

averaged circulation from our three previous studies

of gyres. Circulation rose steadily from the center to

at least the 1000-km radius. Thereafter it sometimes

FIG. A1. Circulation vs radius for three previously studied gyres for each time the gyre met the definitions in

Table 1. (a) July 1988 (Molinari and Vollaro 2012), (b) July 1989 (Crandall et al. 2014), and (c) August 1991

(Molinari et al. 2007). (d) Circulation for Hurricane Gloria (1985) (blue curve), taken from the observations of

Franklin et al. (1993), and the composite circulation from 31 years of Atlantic category 3–5 hurricanes from ERA-I

analyses (green curve). The blue curve is available only out to r5 1200 km. The green curve reaches233 107m2 s21

at the 2000-km radius (not shown). The yellow bar indicates the radial range used for the Cmin calculation.
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continued to increase to a maximum near 1400km, but

most often leveled off and decreased beyond about

1200km. The minimum 900–1200-km circulation re-

quired to identify a gyre (Table 1) was taken as the largest

value that was met by all of the times in Figs. A1a–c. The

value of Cmin 5 5.3 3 107m2 s21 is equivalent to a mean

tangential wind of 8ms21 over the radial range. Also

shown (Fig. A1d) are the circulation for an observed in-

tense tropical cyclone and an ERA-I composite Atlantic

category 3–5 tropical cyclone. Both the observed tropical

cyclone and the composite ERA-I tropical cyclones re-

vealed circulation approaching zero by r5 1200km. As a

result, criterion 2 prevented the vast majority of tropical

cyclones from being misidentified as gyres.

Once the existence of a gyre is established, a pro-

cedure must be developed to define the center location.

Both Chen et al. (2004) andWu et al. (2013) subjectively

defined a center based on 850-hPa wind plots. Molinari

and Vollaro (2012) simply used the surface pressure

minimum within the gyre. This simple and logical defi-

nition failed in the study of Crandall et al. (2014)

because a tropical cyclone rotating around the gyre

contained the minimum pressure. In their study and in

the current study, a circulation criterion was used to

define the center (see item 2 below).

The procedure for identifying all gyre times was as

follows:

1) Examine every grid point in the 1.58 latitude–

longitude ERA-I analyses at 850 hPa, for all June–

November days over the 31 years, over the region

from 4.58 to 29.58N and 1088E to 1808. Interpolate the
wind components to cylindrical coordinates at each

grid point and define circulation and azimuthally

averaged tangential velocity in 100-km radial bins

out to r 5 2000km.

2) Identify every grid point that satisfies the first two

conditions in Table 1. This typically produces a cloud

of contiguous points at a given time in the region

where a gyre is present. Define the gyre center as

the grid point with maximum circulation in the

900–1200km radial range.

3) The gyre track was defined by the sequential loca-

tions of center points from step 2 above for every 12h

until the first two conditions in Table 1 were no

longer met. If a gyre position jumped by 1000km or

more, it was considered a new gyre. If the lifetime of

the gyre did not reach 4 days, it was not included in

the analysis.

4) All gyres that satisfied conditions 1–3 in Table 1 were

then evaluated for the behavior of tropical cyclones in

their vicinity. Any times in which tropical cyclones

were present but did not rotate around the gyre center

were removed. This eliminated times when the gyre

and the tropical cyclone could not be separated.

Figure 6 in the text shows that these criteria produced

gyreswith a structure similar to that determinedbyprevious

subjective methods. In particular, the typical gyre pre-

cipitation asymmetry appeared despite it not being a crite-

rion for defining the gyre. This suggests that the objective

criteria in Table 1 were successful in isolating disturbances

with the classic structure defined by Lander (1994).
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