CHAPFTER 5

MODULATION OF SYMNOPTLC-5CALE CONVECTLON

A chellenging tusk for cemospheric scientists is totry to delinecite the physiced
neture of the individucl di sturbeme es cnd the ir dynemic ol reletionship. Withour
substmticl progress toward this goul, forecusting the wecther cmd climete in
the monsoon region would remeiin o routine exercise of empiricism.”

— Mankin Mal, 1987

5.1 Synoptic-Scale Variability

While the ISO is the dominant modes of inttassasonal vadability in the
South Asian monscon, a second type of higher frequency inttaseasonal vatiability
is also presemt (ses Fig. 1.2). This mode is composed of high-frequency, 5-10-
day, wavelike Ph:hn:h:n: non, incloding westiwaid Pll:upngaﬁ ng s_g.'h-:up‘lic-sral: woilic-
iy waves (Lao and Lan 1990) as well as monsoon d.:Pl‘EE'iDhE and lows (for exi=n-
sive teview of these E_'!.'I'IDPTiC—ECiIJJ: svsiems, see Meehl 1987). These stoins 1}'1:!1'-
cally formin the Bay of Bengal ot in the wesiein Pacific Ocean and propagale wesi-
watd and notth-westward inlo the Ganges River valley (Kirishnamotti efel. 1977,

Saha et will 1981). Large Pm:ipiiaiicuh amounls accompany these distnibances and
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can lead 1o flooding, sspecially in the lowlands of nottheast India and Bangladesh.
Togesthet with the IS0, these 1wo modes of vadability explain up 1o 60% of the
intiaseasonal variance of the South Asian monsoon (see Section 5.2 for details).
The prowmi nence of the two modes of varability is readily s=enin raw pre-
cipitation timeseti=s. Fignre 5.1a is a histogtam of the avetags daily accomuolated
precipitation in the wesietn Bay of Bengal for June and July, 1992, Two aclive peti-
ods of tainfall ave sepatated by abont 3040days, the fitst extending from JTune 1210
June 22 and the second somewhat less well-definad extending from around Tuly 15
through Tuly 27. A break petiod sepatates the iwo aclive petiods and is matked by
about 2-3 weeks of teduced, although not negligible, rainfall. Compating the pre-
cipitation timeseti=s of Fig. 5.1a with the latitnds-time precipitation section along
853°9C°E in Fig. 5.1b, one cbsetves that the active pericds ol latitodes 15°-20°N
appeat io be the product of 2 notthward propagation of precipitation thal begins in
the centtal equaiotial [ndian Oc=an and propagates 1o 20°-25°N ai this longiinde.
Figures 5.1c and 5.1d ai= time-longiinde s=ctions of precipitation along 15°-20°N
and OF=5"T, tespeclively. Along both latitude swathes, iwo slowly moving easi-
watd progressions of precipitation ate ss=n within the June o July petiod with the
equalotial precipitation leading the noithetn precipitation. Highet fisquency oscil-
lations in tainfall ai= also cleatly visible in Fig. 5.1. Fot example, in Fg. 5.1a,
thete ate nometons inslances when local peaks in precipilation ate s=paraied by 5—
13-days, e.g., June 15 1o June 20 and July 11 1o July 16 1o JTuly 24, Examination
of these dales on the time-longitode diagram (Fig. 5.1c) t=veals that the aforemen-
tioned praks in precipilation ofi=n can be linked 10 westward propagaling sysiems.
In the fitsl time petiod, June 14 1o Juns 19, the systems ate telatively shoi lived,

otiginating in the sasiern porlion of the Bay of Bengal and quickly moving acioss
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Figure 5.1. Daily precipitation rate estimates for June and Tuly of 1992 monsoon
scason. (a) Precipitation in Bay of Bengal averaged over 85°90°E, 15°-20°N.
Time-latitude and time-longitude sections of precipitation along (b 85°-90°E. ic)
15°-20°M, and (d) 0"~5"N. Conlout inleivals are 7.5 mmday ..
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1o the ast coast of India at which point they continus notthwestwatd up the Ganges
tiver basin. 1 is also relevant 1o node that these westward propagating waves occur
duting the convective ot active phase of the ISO. Duoting the latter petiod, July 11
throngh July 24, the waves otiginale as far sast as 140°E. The telatively heavy pre-
cipitation atonnd JTune 30 that divides up the break epoch mav also be attribotable 1o
a westward propagating system otiginating ovet the westetn Pacific Ocsan warm
pool. Doting this time peticd, a low-level cyvclone moves westward actoss the
westetn Pacific Ocean, weakens as it ctossss the southsast Asian peninsula, and
te-intensifiss upon teaching the watm watets of the Bay of Bengal, a ssquencs that
is teminiscent of that described by Kiishnamoui et ol (1977). Westward propa-
galing waves, such as these, ate desctibed and cataloged by Lan and Lan (1990
Lan and Lan (1992} alithough they make no distinction betwesn those thal are re-
siticied 1o the Bay of Bengal and those whose otigin is in the westetn Pacific Ocean.
Cleatly, the notthern snmimer monsoon inltassasonal varability is com-
plex. The above discussion of Fig. 5.1 taises questions aboul how the iwo pre-
doiminam modes of inttas=asonal vaiiabi lity, 1the large-scale LSO and the westward
propagatling svhoplic-scale waves, inletaci with and impact each other. Does the
notthward propagation of the IS0 sxcile wesiwaid propagating distutbances ot is
the appaieni notthwaid propagation of 1th= IS0 a lime-avetaged manifestation of the
high-ﬁrquc noy waves” Also, are the wesiwaid ptopagating s vslens 1that sitike India
duting a break petiod exciled by the IS0 when i1 teaches the wesiern Pacific Tcean,
ot at= they a tesull of the inhet=ni instability of the casteily vertical wind shear that

i5 a chatacl=tisiic of the Asian monscon?
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In a madeling sindy. Lan and Peng (1990) found that the intetaction be-
tween the largs-scals monsoon How and the squatotial imraseasonal cscillation ve-
sults in the genetation of onstable westward propagating bateclinic disturbances
with spatial scales of approximatel y 3000000 km and petiods of 5—6 days. These
spatial and 1empotal scales cotrespond teasonably 1o those scales identified by Lan
and Lan (1990). The rapid growih of the disturbances over the Bay of Bengal and
peninsularIndia is atttibuisd 1o instability that is tavored in vegions of large sast=tly
vertical wind shear (s== Fig. 5.7b) and reduced sftactive static stability induced by
the heating associated with the squatorial ISO. Xi= and Wang (1996) found that,
in genetal, a moisti batoclinic instability is rematkably enhanced by esastetly vettical
shears. Accotding 1o Lan and Peng, the enhanced comvedlion in the monsoon re-
gion and the coincident tising motion draws low-level ait notthward, consequenily
weakening the squalotial comvection and resulling in a tapid notthward ptopagation
of low-fraquency convection.  Murakami (1984), Krishnamuouti eral. (1985), and
Wang and Rui (1990) have all obseived an incizase in high-frequency westwaid
piopagaling wave aclivily associaled with the notthward propagating arm of the
IS0, Futthermote, it has been shown that topical cvclones, stotms and depressions
at= moie ofien excited doting the comvective phase of the LSO tathet than duting the
suppressed phase (Lisbmann e all 1994

The afotementionsd siudies suppotl the obseivation Fig. 5.1 that high-
ﬁrqucnv:}' waves ate exciled doting aclive petiods over [ndia. Howevet, the theoties
put forth do not addizss the sonice of westwaid propagating comvective sysiens that
occut duting large-scale bizak phases of the monscon.  Wang and Xie (1997) hy-
pothesize that wesiwaid propagaling waves emanals from the wesletn Pacific Ocean

when the Kelvin-Rossby wave packel disinlegrales afier it stalls near the dateline
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whete the 55T decteases, subsequenily reducing moist static eneigy and thos con-
veclion ovet the sastetn squatotial Pacific. I is also possible that the anomaloos
easletly zonal vertical wind shear associaled with the IS0 (Madden and Tulian
1971, Knuison eral. 1986) acis todestabilize the atmosphere in the western Pacific
tegion, exciling unslable waves such as those described by Xie and Wang (1996,
This chapler is sttuctured as follows.  Section 5.2 is devoled 1o a
wavenumbet-fraquency analysis of OLR in the Asian monsoon vegion, similar 1o
that done in Section 3.2.2 bl now incloding highet fraquency vatiability. A cross-
cottelation and linsar vegression analysis is used in S=ction 5.3 1o identify the time
evoluntion of the ciiculatlions asscociated with the two dominant timescales, Wavelet
analysis is used 1o develop 2 measute of the int=nsity of high-trsquency wave ac-
fivily in Section 3.4, Sobsequenily, a composile analvsis is emploved 1o imvestigats
the relationship between the IS0 and westward propagating wave aclivily. Section
5.5 desctibes a canonical intiassasonal vatiability sequence that is developed in the

previous seclions.

5.1 Wavemmmber-Frequency Spectra

521 DMethod "F‘r’m’cnumbcr—ﬁrqu:nv:}' specital analysis is intio-

speciium is calculaied from individual wavenumbe-fiequency vatiance speciia gen-
staled from 22 122-day segmenis (June—Seplembei) for the yeais 1975-1997 and
including sach of the 5 gridded latitndes betwesn 107N and 20°M. The longitndinal
domain includes the entite easiern hemisphete (O°-180°E). For each 122-day seg-
ment, the mean, the fitsl thies haimonics of the annual cycle and the linear tvend
are temoved priot 1o space-ime specita calculations. In addition, each segment is

fapered fo zero with a 10% cosine taper in both lime and space 1o teduce spectral
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l=akage and aliasing. The spatial dimension is padded with zetos in the segments
ouiside the sastern hemisphere. This padding ensutes that the resulling wavenom-
bets tepr=sent planstary scals wavenumbets. A defracling conssquence of com-
pleting space-fime specita on a limited longitodinal domain is that the wavenumber
tesolution is reduced vesolting in a spread of variancs through adjacent wavenum-
bets. For example, for a 1807 longitndinal domain, planstary wavenumbers 1, 3,
5, #c. ar= not propetly tesolved. So, vatiance that should be fully attriboiable 1o
wavenumbets 1, 3, 5 #ic. is spread inlo adjacent wavenumbets.

5.1.1 OLR Wavenumber-Frequency Variance Spectra = The loga-
tithm of the fractional OLR ensemble wavenumberfisquency vatiancs speciium is
shown in Fig. 5.2a. A number of speciial praks aie discetnible in the taw speciinm
with the sttongesi peak seen at wavenumbets 1,2, and 3 at a pericd of beiween 25
and &0 days, consistent with the limescales of the IS0, Although this peak is slewed
iowaids the =astwaid manifold, signi'ﬁcani, albe=il weaker, vatiance is also se==n in
the westward manifold, especially al wavenumber 4.

Two othet featnies of the taw OLR vatiance speclia ate casily recogniz-
able. The fiisi is the promineni prejudics of vaiiance o the westward manifold at
highet fiequencies. The second is the "redness™ in both wavenumber and fi=quency,
that is the vatiance incizases with both decieasing wavenumber and decizasing fie-
quency. This redness presents a chall=nge if ons wishes 1o identify individual spec-
tral peaks thal ai= statistically significant. A final point o nole aboul the taw spec-
trum is the obvious praks at about sastward wavenumber 14 and pericds of 9 and
+.5 days. These peaks, as noled by Whesler and Kiladis (1999, ate due 1o aliasing

associated with the slow castward precession of consecolive polar orbiting satellit=
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Figure 5.2. Zonal wavenumbet-fraquency vatiance speciia of anomalous OLR in
longitudinal domain 0F-180°E. Vatiance specita are composite spectia of 22 122-
day segients (IJAS) teptesenting the vears 1975-1997 lexcluding 1978). Power
specita for each year ate calculated individually and then averaged for the five grid-
ded latitudes betwesn 10°-20°M. (2] Base- 10 logatithm of fraclional varance of
taw composite vatiance specitum. (b) Base- 10 logatithm of fractional vatiance of
backgtound vatiance speciium. Backgiound vatiahce is calculated by avetaging in-
dividual vatiance spectia of 122-day segments over the entite record 1979-1997,
and smoothing with a 1-2-1 filter in both wavenumber and fraquency (ses text fou
defails). (o) Raw OLR variance divided by background vatiance. Shaded regions
indicate wavennmbet-frequency peaks thal excesd the background vardance al the
95% confidence level (based on + d.of.). Contont intetval is 0.1 and shading be-

gins at 1.O.
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passes, a precession that lakes 9 days 1o move one pass-width which is abont 267 ov
wavenumbear 14

Cleatly, in orderio distinguish specital peaks that rise substantially above
the red speciium, a red backgronnd speciiom is tequited. Heve, the ted background
speciium was genstaled, as in Wheslsr and Kiladis (1999), by finding an snsem-
ble me=an vatiance specitum, as described above for the taw OLR wavenumber
tr=quency vatiance specitum, sxcept now incloding the entits OLR data record from
January 1975 1o December 1997, The OLR fime seties is broken op into 122-day
s=ginenis with sach segment ovetlapping the ptevions segment by iwo months 1o
make a total of 112 individual 122-day s=gmenis for sach latitudes. The raw back-
gtound specitum is then smocthed vepeatedly with a 1-2-1 filter in both fraquency
(10 times at low-frequency 1o 40 times al high-frequency) and wavenumber (10
timmes]. This smoothing laigely sliminates the individoal featnres of the @mw spec-
tram. Use of the full tecord petmits onslo compare the JTAS spectium velative 1o the
avetage specitum for the entite yveat. The tesulling smoothed background vardancs
specitum (Fig. 5.2b) is v=d in both wavenumber and fiequency. While this method
of defining a background specitum teduces the skew towards westward manitold
vatiance, the skew is nod elimi naled entitely, indicating that the skew lowards west-
watd manifold vatiance is a feature thatl is endemic 1o the tegion. The distiibotion
of vatiance betwesn the two manifolds, howsvet, is fat moie evenly disiti boled than
when a background speciium is genetaied from jusi the boreal sumimer months (neot
shown).

The taw OLR wavenumbei-fisquency vatiance speciium divided by the
smocthed background vanance specirum is shown in Fig. 5.2c. The two most

prominenioscillations (a near 40-day oscillation and a5-7-day cecillation) that wete
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found in the thotough spectial analysis of histotical Indian station minfall data by
Hartmann and Michelsen (1989], ate apparent in Fig. 5.2c. The [0 peak stands
ol ail sasiward wavenumbers 1-3 and petiods of 25-80-days. At this period, thers
is also a weakly significant westward manifold peak 2t wavenomber 4. A second
prominent f=aiores is the conglometats of specttal peaks found at westward man-
ifold wavenumbers 4-10 and petiods of 5-10-days. The individoal peaks in this
wavenumbet-fraquency domain ave insspatabls, bot a= of similar timescals and
wavelsngih as the "relative voulicily waves” identifiad in previoos studies (=.g., Lan
and Lan 1990; Lanand Lan 1992, and other fropical distorbances such as monsoon
depressions and fropical cvclones.

A final prominent peak is sesn at 15-20-day pericds al westward
wavenumbets 26, A nomber of anthots have tound spectral peaks in the Asian
mohsoon tegion ai this timescale (=.g., (Morakami 1977, 15days; (Keshavamoiiy
1973], 10-20 days). In conttast, Hartmann and Michelsen (1989) found little =vi-
dence that such a frequency is impoiiant for Indian rainfall withonly a few stations
in the fai notth of India exhibiting speciial peaks within the 15-20-day limescale.
Futther analysis teveals that the 15-20-day peak disappeats when a mote limited
longiindinal domain of 4P —1007°E is used, implyving that the cecillation is primat-
ily encounteted in the westein Pacific Ocean tegion. The 15-20-day peak se=n in
Fig. 5.2c may be ielaled lothe wesiward propagating 20-30-day mode identified by
Muotakarmi (1980), Muotakami (1984 ), and Wang and Rui (1990] that is confined 1o
the wesizrn Pacific and is not genetally obsetved in the primaiy tegion of intetest.

This procedure was tepealed with the independenti precipitation data,
vielding qualitatively similar vesulis inol shown) and thus confitming the tobusiness

of the prominent spectial praks. Wave number-fraquenc y s peciia calculated fiom the
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enlite globe provide greater wavenumber tesolution, but the resulling s psctiom (ot
shown) is mote difficult io intetpret dus 1o sitong westetn hemisphete OLR vartance
a1 3-3-day peticds al westward wavenumbers 10-15.

5213 Wavwmmber-Frequency Filtering Based on the tesulis from
the wavenumbet-fraquency spactial analysis, the OLR data is filletad into two
wavenumbet-fraquency bands that ars denoisd by the black bowes in Fig. 5.2c.
These bands are 5-10-davs, westward wavenumbets 4 thiough 10 1o caplote the
easletly ttopical distutbances; and 25-80-davs, eastward wavenumbets 1 thiough 3
1o telain the SO signal. These wavenumbei-frequency bands tepresent 14% and
11% of the iotal inttas=asonal OLR vatiance foi the 4°-160°E, 10FP-20°M ai=a.
A Fouotier specital analysis (nol shown) in the Indian monsoon cote tegion (70°-
AFE, 10°-20°N) shows thal the 5-10-day band comlains 28% while the 25-80-
day band tepresenis 27% of the inttaseasonal OLR vatiance. For details on the
wavenumbet-tisquency filisiing procedure see Wheelet and Kiladis (1999). Hete-
afiei, the iwo wavenumbertfisquency filisted bands will be identified as JLRs- 10w
and JOLRzs-sae, tespeclively wheiz the 75- 10" and the "25-80" 1eflects the pericds
tefained and the "w™ and the "™ teflect the westwaid and eastwatd wavenumbers

telained.

5.3 Intraseasonal Oscillation and Synoptic-Scale Disturbances

5.31 Intraseasonal Oscillation  The cross-cotrelation and linear re-
gression method, described in Section 2.2.2, is fitst employed onthe low-frequency
25-80-dav timescale 1o illusitate the svolution of a typical summeilims IS0, A
5% longiindes by 5% latilude area in the central equatotial Indian Ocean (85°-9C°E,
12.5°-17.5"M) is selecied as the base vegion. The atea-averaged OLRzs 0. in the

base =gion is used as the predictive limeseties and is egressed against 25-80-day
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filtered OLR and 25-80-day filleted uey and vesy. The location of the bass tegion is
found 1o be unimportant with gualitatively similar vesolis found vsing base regions
located thtoughout the domain. A centtal Bay of Bengal base tegion was chosen
primatily for clatity of pressntation. Figurs 5.3 shows the laggsd tegressions of
OLR and the 850-mb wind every 5 days fiom lag 20 days 1o lag +20 days.

The typical svolotion of the summet IS0, as describad in Chapter 3, be-
gins with the development of a cential squatorial Indian Ocesan comvection anomaly
ilag —20 davs in this tegression). Simullaneouosly, a large-scale suppressed con-
veclion anomaly is localed over India. The break petiod is matked by anomalons
notthwestetly low level flow (flow that is opposite 1o the notmal sonthwestetly mon-
soon flow) indicating a tempotatily weakenad monsoon. By lag —10 days . the break
petiod over India is over and conveclion begins 1o appear over the southern Ara-
bian Sea while the eqoatotial convection exiends ool ovet the matitime continent.
A matute aclive peticd ovet India seis in by lag -3 davs with equoatotial comection
now located ovet the warm pool in the wesiein Pacific Ocean. The low level mon-
soon flow spins up over the next 10 days, reaching i1s maximum sirength ai lag +5
days; meanwhile, a supptessed comvection anomaly appeats along the equator. By
lag + 10 days, the equalotial comvection anomaly has gradually disappeated neat the
dat=lin=_ and all thal t=mains is conveclion notth of the equatot along the southeast
Asiancoasl. The 850-mb anomalons westetly winds have pushed sasiwards inio the
weslein Pacific Ooean. At lag +20 days, with the supptessed comeclion anomaly
presiding ovet India, an enhanced convection anomaly develops ai the equator, and
the cycle begins answ. The izsulis of this regiession indicats a mean oscillation
pericd of about 35-45 days. The IS0 is not exacily pericdic, padiculatly duting

sumimet which resulis in a tapid decizase of cotielations ai long leads and lags.
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5321 Swynoptic-Scale  Westward  Propagating Waves  The
wavenumbet-frsquency variance specita (Fig. 5.2) identify a second impor
1ant timescales in the Asian monsoon tegion, namely the high-frequency westward
S-1C-day period specital peaks. Figore 5.4 depicts lagged tegression maps relative
1o a base tegion in the Bay of Bengal (85°-90°E, 12.5°-17.5"N) using OLRs_ 10,
as the predicior.  As befors, the te=sulis are not dependent on the position of the
base tegion as long as i1 is located in the Sonth Asian monsoon region within the
at=a of maximom OLR, g, vatiance (approximately 10°-20°N, 70°-100°E, se=
Fig. 5.7a). For illustralive putposes, the base tegion is chosen 1o ovetlap the base
tegion in the previous section. Laggesd regressions ats shown svery two days from
lag —2 davs 1o lag ++ davs. [n addition 1o1he tegressed OLR and 830-mb winds, the
tegressed 850-mb telative vorticity is plotied with lined comonts. The 850-mb level
is selecied since it is the level of the maximuom relative voulicity tesponse tor these
waves (Lan and Lan 1990). The dominant f=atore of Fig. 5.4 is the anticipatsd
weslwatd propagation of both the OLR ancmaliss and the associaled low level
cvclones and anticvclones. The evolotion is teminiscent 1o thal described by Lan
and Lan (1990).

A telative vorlicily petinibation fitsl appeais over the warm pool in the
weslein Pacific (~ 130°E) and moves sieadily westwaid towaids the Indian subcon-
fineni, teaching the Indian peninsula in aboul 10-12 days al a phase speed of ~i
ms~' . The chatacieiistic peticd of these waves is about -8 days with a zonal
wave lengih of 40008000 ki, cottesponding 1o wavennmbeis between & and 9.
These sstimates for petiod and wavenumber maich the sttong speclial peaks sesn
withinthe OLRs 10y filtet boxin Fig. 5.2. The greatlesi negative poini cotrelation is

about —0.8, implying thal these waves explain, at leasi locally, on the order of 80%
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Figure 5.4. 5-10 day 850-mb wind (veclors), telative vorticily (contoots), and
COLRs 10w (shaded) P:liul'baii-:-hs azmocialed with a 1 & standaird devialion in
OLEys 10y inthe base region; 85°-90°E, 12.5°-17.5"N. Lagged regiessions between
-2 and +4 days every 2 days ate shown. Datk shades indicals negative OLR per
turbations < — and -8 W m™ %, light shades indicate positive OLR periurbations >
++and +8 W m % Only locally significamt OLR and wind vectos are plotied. Fo
clatity, eladive voulicily is Pln:d‘l:cl evetvwhete regatdless of sighiﬁcahc:. Relative
voulicily conlouis ate evety 1 x 107° 57 with the zeto contour cmiit=d.
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of the vatiance inthe 5-10-day wesiward 4 1o 12 zonal wavenumber band.  Lan
and Lan (1990) point oot that the sites of active ttansi=ni activity that they identify
in theit study are also well known as soutcs vegions for other cyclonic weathet sys-
t=ms such as monsoon depressions inthe Bay of Bengal and typhoons in the westetn
Pacific. 1 is possible that such disturbances develop from sttong spisodes of these
svnoplic-scale wavy disturbances as suggesied by Saha et wll (1981) and  Krish-
namatli ef gl (1977). In fact, the low-level wind tesponse 1o comvection shown in
Fig. 5.4 sttongly te=ssmbles that of the monscon depressions identifisd in the com-
ptehensive Kiladis and Weickmann (1997 study of submonthly tropical convection;
that is, the comvection is smbedded in westetlies and cross-squatotial flow into the
convection from the winter hamisphets is also present.

533 Synoptic-Scale Waves and the ISO Phase A primary goal of
this chaplet is 1o evaluale the int=taction betwesn the two dominant modes of in-
traseasonal vatiabilily duting the sumimetr mohsoon, namely, the IS0 and westwaid
propagating synoplic-scale waves. As noled in the inttedoction, sach individoal IS0
convective svstem is made npof many highet fisquency disturbances from synoptic
1o mesoscale. As is apparent in Fig. 5.1, high-ﬁ'cqucnv:}' wave aclivily in the Indian
monsoon tegion 15 not testticled 1o limes when the 150 is in s conveclive phase.
The question is, what diffeiences, it any, at= observed beiween those synoplic-scals
svsiens that ate present duting the 150 convective phase and those that are present
duting the LS50 suppizssed phases"

To begin 1o answert this question, iwosepatale linsar tegressions ate oo
pleted, focusing in tutn on synoplic-scale wave activity during the comvective and
supptessed phases of the IS0, The comvective phase of 1the IS0 is defined simply as

all days when the atea-average OLRas g, 15 one-standard-deviation ot more below



5 MODULATIONOF 5Y MO PTIC-5CALE COMWECTION 147

the JTAS mean OLRas_ s in the Indian monsoon tegion (70°-85°E, 10°-20°N). A
lagged cross-cottelation and linear tegression analysis is subsequenily peiformed
using atsa-avetaged Bay of Bengal OLR; 5, data duting the selectsd dates as the
predictive limeseries. In a similar manner, OLR, 44, in the base region is nsed
as the predictor for dates duting the LSO supptessed phase in the Indian monsoon
tegion.

The tesulis of thetwo laggsd teglessions ats shown as time-longitode sec-
tions along 15"Min Fig. 5.5a (comective ISO phase) and Fig. 5.5b (suppressed IS0
phas=). The synoplic-scals waves doting the opposite phases of the IS0 awe id=nti-
cal for the mest pait with both exhibiting phase speads relative 1o ground of aboot

Bms?

ot 7% par day, petiods of approwi mately 6-8 days, and westward wavenun-
bets in the & 109 range. Low level cvclones and anticvelones (not shown), sin lar
1o those shown in Fig. 5.4, ate also seen duting both IS0 phases. The only major
diffstence betwesn the two phases is the longitodinal span over which an individ-
nal conveclion eveni ftavels duting iis lifetiime. Duting the comveclive LSO phase,
the avetage high-fisquency comective wave otiginales al avound 110°-120°E in the
South China Se=a and propagates west 1o the Bay of Bengal and finally t=aching on
the west coast of India abont 8 1o 10 days afier the comvection fitst developsdin the
Scuth China Sea. The disturbances thal occur duting the suppressed phase of the
IS0 develop abont 207 furiher zast al 130°-140°E. These synoplic-scale waves also
propagale wesiward into the Indian monsoon tegion, genetaling Eigniﬁcnni precipi-

iation ovet the Indian subcontinent doting the suppressed 150 ot break phase of the

ITonscon.
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Figure 5.5. Lag-longitude sections of OLR;_ 45, tegression tesalis along 157N, Two
sepatale lagged teglessions ate compleied for times when OLR.s g over Indian
subcontinent (70°-85°E. 10°=20°M) is (a) <-1 o fiom the mean (active petiod) and
(bl = 1 & from the mean (break petiod). Contour levels ate every 3 W m™ %, datk
shades indicats negative OLR,_ 14, anomalies, light colots indicats positive OLRW
anoimalies.
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5.4 Synoptic-Scale Wave Activity and ISO

5.4.1 Measure of Synoptic-Scale Wave Activity  In order 1o inves
tigat= the relationship betwesn the high-frequency synoplic-scale waves and the
slowly varving IS0, a measure for the synoplic-scale transient activity is requived.
The measute nsed hete is wavel=t detived vatiance which is generated accotding 1o
the method cotlined by Tottence and Compo (1998) and is described briefly heve.
Fitsl, ail each grid point, the wavelet {tiansfoiim is compuied foi the entite tecoid
fimeseii=s [ 1975-1997] of the waven umbcr-ﬁl:qucnv:}' filleted OLRs- 10w liimeseiies
nsinglhe Motlet wavelet basis. Second,the wavelel variance specitom is calculated
al each giid poinl. Finally, the wavelet vatiance specitum is avetaged over the de-
sited tange of scales genetaling a timessiies of OLR; g, vatiance ai a single grid
point. This procedutes is tepeated for sach giid point tesulling uliimately in a global
OLRs. g0y vatiance datasel at the 2.5 x 2.5 spatial tesolution of theotiginal OLR
data. Hencefoith, this vaiiance dalasei will be dencded as OLR,_44,°. The advan-
lage of wavelet-detived vatance as opposed 1o squating bandpass-filiet=d data is
that zach individual scale is analyzed with a window appropiiaie for that individoal
scale (Lan and Weng 1995). A secondaiy advaniages of wavelst-detived vardance
is that, since the vatiance limeseties are chi-squared distiiboled, the significance
of cach pointin the timesetics can be assessed telative 1o ted noise or some other
backgronnd speciium | Compo 1997).

The ulility of such a measure of wave activily is illustraled in Figs. 5.6a
and b. Figure 5.6a shows the timeseties of OLR; 40, and OLR;_ 40,* ala single grid
point in the Bay of Bengal (90°E, 15N tor June and July, 1992, As the amplitnd=
of OLR,. 10y fluctuations incieases duting the second week of July, the OLRs q0,

vatlance incieases accoidingly. A time-longitnde ssction of OLR;_ 40, along 157N,
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Figuie 5.6, OLRs 100, OLRs 100, and OLRas s, and precipitation for JTune o
July 1992, {a) OLRs. g0, (solid line) and OLRs_ 40,° (dashed line) at 90°E, 15°M.
(b} Time-longitudes section of OLR, 14, (shaded contonis) and OLR, 40,7 (linsd
contonrs ) along 15°N. (c) Precipitation (bais) and OLR g . (dashed line) at 90°E,
15°M B53°-90°E, 15°-20°N. (d) Time-longitnde diagram of OLRag, g, along 15
Datk shades indicated negative OLR ancmlies, light shades indicate positive OLR
anomalies, contont interval is 7.5 W m™ # with the zetocontout omitled. OLR,; 40.°
comout interval is 150 W*m ™.
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cottes ponding 1o the same time frame, is shown in Fig. 5.6b. The amplitude of the
weslwatd propagating comvective disturbances (shaded contours) show clear spa-
fial and t=mporal variability. The waves can sometimes be quile long-lived. For
sxample, 2 singls comvective distutbance can be ttacked all the way from 150°E
stating on July &, finally dissipating atound 80°E fouriesn days later. Figure 5.6
is 2 histogtam of precipitation in addition 1o the OLRgs s, limeseties at the same=
Bay of Bengal grid point as in Fig. 5.6a, whil= Fig. 5.6d is a time-longitode dia-
gtam of OLRay sg.. An active petiod of rainfall dominates throngh the middles of
June followsd by a break petiod at the beginning of Tuly, toughly in accordance
with the OLRgy g, timessties. Individual peaks in precipitation at= ofien coinci-
dent with the passing of synoptic-scal= convective disturbances, =.g. compar= sign
of OLRs. 10y at 90°E in Fig. 5.6b with amplitude of pracipitation in Fig. 5.6c on
Tune 30, Tuly 10, and July 16, Chetplotied with solid lined contoots in Fig. 5.6b
is the time-longitnde diagram of OLR, 4,°. This fignte is a "powsr Hovmsller
diagiam™ (defined by Tottences and Compo 1998) which desciibes the tzmpotal
and zonal evolution of westwaid manitold variance al scales betwesn 5 and 10days.
The increase in vatiance ai 120°-150°E during the last wesk of Juns reflects the
inctease in waviness in OLR, 45, thal occots doting that time petiod. An inletest-
ing featnie of the power Hovmoller diagram is the westward movement of enhanced
vatiance duoiing the middle of the pericd. The wesiwaid svolution of vatiance begins
subsequent fo the aitival of IS0 comveclionin the west=irn Pacific Ocean.

Peaks in OLR; ;q,° occot doting both the aclive and suppiessed IS0
phasss in the Indian monsoon tegion. In the box 857°-90°E, 12.5°-17.5°N in the

cenital Bav of Bengal, 41 statistically significant OLRs. 100" peaks ate identified
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duting the 19 summets sutveyed in this study. Tweniy-four of them occor dur
ing the wet IS0 phase, while the 17 temaining episodes happen duting the drv ISO
phase. The relationship betwesn the [50 and thesvnoptic-scale distorbances will be
sxamined throngh iwo sepatate composite analyses of synoplic-scale wave activity
duting active and break pericds in Sections 5.4.2 and 5.4.3, respectively.

The JTAS climatology of OLR,_4q," is shown in Fig. 5.7a along with the
HAS climaological zonal vertical wind sheat (s — s in Fig. 5.7b. The region
of high OLR, o 15 largely coincident with the avea of sast=tly vertical wind shear
The =astetly vettical wind shear in the Asian monscon tegion reflects the mean
opposite How of the uppet level sasietly joi and the low level sonthwesterly monsoon
How.  Wang and Xie (1996) and Webst=t and Chang (1997) found in modsling
studiss that an sasi=tly shear confines squatctially ttapped bateclinic Rossby waves
1o the lower ttoposphete. The synoptic-scals waves that malke up the OLR, 40, %,
inticduced in Section 5.3.2, exhibil moch sttonger sighals at low levels relative 1o
nppet levels. Xie and Wang (1996 found. in a companion stody 1o Wang and Xie
(1996, that an eastetly verlical wind sheatin the presence of moistuie conve ige hoe
and inducsd heating destabili zes squatotial Rossby waves with wavelengths of aboot
3000 o 3000 kin (wavenumbeis 8 1o 13].

The mean annual cycles of OLR; 44,,* and the zonal veilical wind shear
in the Bay of Bengal and the wesicin Pacific Ocean ate shown in Fig. 5.7c. Espe-
cially inihs Bay of Bengal, the annuval cycle of OLR,_ 14,° mittois that of the zonal
veilical wind shear with synoplic-scale wave aclivily developing shoiily afier the
monsoon flow genstales an sasieily veilical wind sheat in zatly June and degiading
as ths monsoon degenestales in Oclobet. In the westiein Pacific Oczan, the mean

easietly vetical wind shear is not neatly as strong duting the sumimer months as it



5 MODULATION OF SYMOPTIC-5CALE COMYVECTION

(a)

153

1TAS OLR,.. 3 4
0 ‘:hﬁ'-a""ﬁ Wom
——
W0 L 60
120
B |
820
3:"5.
— 40
wsl . \’Jﬂ‘\—a .k 1 0
SFE 100E | 50FE W
(b)
JIAS Zonal YVertical YWind Shear L
g ] e P— ] :I m s
— . —_— I
— __'_'__,--"-FFF 30
0 Cr" C:j:‘?__; 20
- | —10
I -10
M= ==K
-\-‘_"‘-H_.__—-_-_‘_ e , '3[]
SFE 130°E | 5FE -40
(c) S0°BCE, 1020
200 T T ey T T30 0 130
' fo a0 ® : | '
150 _; 1|" EEUE 150 é-mg
Z ’ : E"':':E T E"“:’E
B e B
0 i 1) L
B e |
Ell'.'l E ﬁ I 10 E
iz O "
e £ I | M =
| - oA
|30 al [

CFMAMITASOND

CFMAMITASOND

Figute 5.7. Climatclogy for JJAS, 1975-1997, of (a) OLRs. y0,° and (b) zonal

vettical wind sheat (4205

tigsg). (€] Mean annuoal cyele of OLR,. 40,” isolid line)

and zonal vertical wind shear (dashed lin=) in Bay of Bengal and westetn Pacific

Cloe=an,



5 MODULATIONOF 5Y MO PTIC-5CALE COMWECTION 154

is ovet the Bay of Bengal. In addition, the OLR, 44, vatiance temains high from
Tune throngh Movember, coinciding with the main ttopical cyclone season in the
notthwest Pacific Ocean basin.

542 Active I1SO Phase  Fisi, the relationship betwesn synoplic-
scale wave activily and the active IS0 comvection in the Indian monsoon region is
investigatsd. The active LSO phass is defined hete as time-petiods when OLRzs sq.
ovet the Bay of Bengal | 107 =15, B5°—90°E) is grealet than 0.5+ below the sum-
meime me=an values of OLR2s_sa. in this tegion [apptoximalely zeto by constroc-
fion). By this method, 48 aclive petiods ate idemtified cvet the ninsles=n sumine=is
included in this study, cottesponding 1o aboul 2.5 evenis pet sumimet

Lagged composiles of anomalous OLR; ;4,° and OLRg,. g ate com-
pleted wheis day zeto is defined as the day duoiing which the Bay of Bengal
OLRas. s is minimum. Lagged maps of the compeosited OLRay g and OLRy 10,°
ancimalies ats shownevery + days for lags —12days 1o lag 48 days in Fig. 5.8, Only
tegions whete the OLRs. 100" anomaly exceeds the 90% significance level ate con-
touted. The significance level is delsimined accoiding 1o the method cullined by
Compo (1997 and biiefly summatized hete. The d.of. of the compeosite OLR, 10,
vatiance ate calculaied ditecily by multiplyving the number of composite evenis by
the avetaged-in-scale d.of. (Totiencs and Compo 1998). The background vardancs
is oblained by compositing the seasonal cycle of OLR; 4p,” fot the same dates as
the OLR;. 40, composile. The composile of the OLR, 10, ” seasonal cyele, then,
is the background vatiance 1o which the OLR; 14, is compared with an upper and
lowet confidence interval that is detetmined by the dof. Composited OLRs -10u°
valoes, al any lag, that are greater than the opper limit ot less than the lower Limit ate

consideted statistically significant. Fignie 5.9a is an example of how 1he statistical
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significance 1=s1 is applied at an individual giid point along the west coast of India
(75°E. 15°MN). Atand around lag zeto days the OLR,_ 14,° valus sxcesds the uppet
confidence limit. Similatly, at lag —15 days, the OLR;_ 45, valoe is less than the
lower confidence limit indicating that the OLR; 44, vatiance is below nounal at
that lag ai a statistically significant level. The 30—0-day nature of the ISO is se=n
as a return 1o above notmal variance at lag —3010 —35 days although this variance
peak is not statistically significant.

The composite svolution of IS0 comection (lined contours in Fig. 5.8) is
genstally analogons 1o the tesulls from the laggsd cross-cotrelation and linear ve-
gression analysis presented in Fig. 5.3 with IS0 comection al the equalor preceding
conveclion al [ndian subcontinent latitudes. By lag -4 davs al 10°-15"N, thete is a
statisticall v significant positive OLR,_ 44,° anomaly that is tonghly coincident with
the notthward propagating LSO convectivesignal. The positive OLR;_;q,,° ancmaly
temains uniil the IS0 comection dissipates al lag +8 days. Cleatly, the composite
tesulls suppotl the notion that the westward propagaling distutbances ate ewcited
duting the notthwaid progiession of the ISO.

While Fig. 5.8 implies that OLR vatance is modulaied by the active
IS0 phase, the composite tesulis alone do nol prove d.:ﬁniiivcl}' thal synoplic-
scale wesiward propagaling waves ate exciled seleclively relalive 1o othet convec-
tion tisquencies. Large-scals conveclive envelopss modulale synoplic-scale con-
veclion ai all frequencies (Hendon and Lisbmann 1994, Kiladis er w1994,
Meehl et cil. 1996, not jusi those in the OLR, 5, band evalualed hete. The ques-
fionis whethet ot not the wesiward propagating 5-10-day waves thal are monitored
heis ate excited prefetentially by the physical mechanism proposed by Lau and

Peng (1990). To evaluale this, the OLR dala is wavenumbei-frequency fillered in
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the same mannet described in Seclion 5.2.3 1o eastwatd wavenumbers 4+ 1o 10 with
peticds of 5 10 10 days. A variance dataset (OLR; 44.%) then is calcolated and
subsequenily composited about 1he same active period datles as delineated above.
Figure 5.9b shows the tesulls of the OLR, 0" composite a1 75°E, 15°N. At lag
0 days, when the OLR, ;4, vatiance is high (Fig. 5.9a), the OLR,_ 44 variance
is approximately notmal. The OLR, 0" exhibits no svidence of modulation by
the 30—0-day cecillation that woold be apparent as a 30—+4C-day cscillation in the
lagged OLR, e commposie.

To putsue tutther the question of whethet ot not the 5-10-day westward
ptopagating waves ats sxciled prefetentially doting the wet phase of the IS0 over
India, two Fontier speciral analyses ate completed duting aclive and supptessad IS0
petiods separately. Frequency specita ate calcolated on 31-day OLR anocmaly 1i me-
s=ties (lapetediozetoal endpoinis) centered ail the minimum (active] and maxi mum
OLRas. s dates at all grid points inthe Bay of Bengal (80°-90°E, 10°-20°N). The
avelags vatiance speciium ovet all the giid poinis is calculaied for both the wet and
diy petiod vatiance specita and is notmalized by the iolal variance al peticds less
than 10 days. The wet 1o diy petiod vatiance ratio is shown in Fig. 5. 10a. Variance
taliovalues gizat=t than one indicats speclial fisquencies al which the actlive IS0 pe-
Hod specital vatiance excesds the suppressed IS0 petiod specttal vatiance. For most
of the specitum, the variance ralio is neat one, excepl al a petiod D’Enppm’.ti mately
& days, whete the vatiance raliois neatly 1.3, indicating thai doting the aclive phase
of the IS0 ovet the Bay of Bengal the & day variance is approximately 30% greatet
than duting the suppiessed phass. A similar speciial analysis is compleied for the
squatotial Indian Ocean (80°-90°E, 5°5-5"M) and is shown in Fig. 5.10b. At the

equatot, the vatiance ralio is reasonably close 1o one al all petiods exwcepl betwesn
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Figure 5.10. Ratio of OLR powetspeciia calculaled duting convective phass of IS0
telative fo powet spectia calculated duting supptessed phase. Specita ate calculated
trom 31-day OLR ancmaly timessties centetad aboui a minimum (convective) ot a
maximum (suppressed ) in summetlime OLRay g, al all giid points inclusive in (a)

TOP80°E, 10°-20°M and (b) 70°90°E, 5°5-5"N.
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2-2.5 davs, a resull that is consisteni with the specital analysis done by Hendon
and Lisbmann (1994). The conclosion. therefore, is that the increase in OLRs 40,
vatianceduting the wel phase of the LSO over the Asian monsoon domain is not sim-
plv a prodoct of increased OLR variance at all fiequencies, but instead represents
a madulation ot excitation of the westward propagating synoplic-scals waves, pos-
sibly via the intetaction between the equatorial heating and the large scale sasterly
vetlical wind shear. An impotiant caveal is ptovided by Lisbmann ef . (11994 in
their study of wopical cyelons and tropical stotm initiation. Lisbmann et . (1994)
show that cyclonss tend 1o occut mote ofisn duting the wet phase of the IS0, which
is in suppott of the tesulis of this stndy. However, they also find that the inciease
in ftopical stotns duting the wet phase of the 150 is net doe 1o a pradilection of
tropical stoits 1o the dynamical smvitonment of the wetl phass of the IS0, but in-
stead simply indicates a prefet=nce for presence of any slowly varving comvection,
ned necessatily that connecied 1o the ISO. Of contse, in the Indian monsoon tegion,
IS0 timescales comvection dominales the low-fiequency speciinm.

543 Suppressed ISO Phase  Svnoplic-scale wave aclivily in the
Bay of Bengal is not vesiticled 1o aclive petiods of the monsoon. On 17 occasions
beAwesn 1975 and 1997, stiong westward propagating wave aclivity, as detetmined
by high OLR; 10, values, is observed duting the suppressed LSO phase. As sug-
gesied in Fig. 5.5b, the soutce i=gion of synoptic-scale disturbances during a break
phase of the Indian monsoon may be localed oniside the Indian monsoon domain
in the westetn Pacific Ocean. This hypothesis is lesied heie by generaling a lagged
composite of OLRs- 100" and OLRzs s, centeted about the 17 statistically signif
icant OLRy_ y0,° peaks that occur duting the supptessed IS0 phase in the Bay of

Bengal. The composite tesull is shown as a time-longitude diagram in Fig. 5.11L
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OLRs g0y vatiancs increases io above notmal values a1 110°-140°E subsequent 1o
the attival of the comvective phase of the LSO in the same region. Afier an initial in-
t=nsification of OLR;_ 1, vatiance, the tegion of high OLR,_ 0,° moves westward
iowards the Indian subcontinent, propagating at a tate of approximately 67 ms ™',
approximately the same propagation spesd of individual synoptic-scals waves. The
composited OLRs g, vatiance remains above notmal over India for about 10-12
days. time snongh for abont 1-2 westward propagating synoptic-scals sysiens 1o
pass throngh the region.

[n the composile tesulis, the syhoplic-scale wave activity at 110°-120°E
appeats 1o be modulated by IS0 convedlion al the same longiinde. The result is not
conclusive since compositing telative 1o high OLR, ;4,° petiods that eccar duting
suppressed L5 0 petiods over India diclates 1o some degree the OLR gy g composite
tesulis. To examine the tobusiness of the apparent medulation of synoptic-scals
wave aclivily by the LSO in the westetn Pacific Ocean, OLRgs sq. and OLRy 50,°
ate composiled in the same mannet as in Sectlion 5.4.2, encepl OLRz s 15 nsed
1o identify 36 stiong LSO comvection svenis in the wesiein Pacific Ocean (125°-
130°E, 10°-15"N). Lagged composite maps (Fig. 5.12) indicate that OLR, _50,,°
is modulated by IS0 comvection, bul the synoplic-scale wave activily tequites lime
1o develop as explained below. Al lag zeto days, when the IS0 comvection is al
a maximom in the base vegion, OLR; 50,° values ate near notmal. T is not antil
lag ++ davs 1o lag +8 davs thal synoplic-scale wesiward propagating wave activily
Full}' develops, aft=t which tim= il t=mains high through lag +20 days, well afl=t
the 150 comvection has dissipated. The lag between the IS0 comeclion max mum
and the OLRs 10" maximum may be at least parily atiributed 1o the timing of the

zonal verlical wind shear anomaly associated with the IS0, As noted eatlier, an
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Figure 5.11. Lag-longitude diagram of composited OLRs wow” anomalies (con-
lours) and OLRz, g (shaded) al 15°N. Lagged composites ate compiled relative
1o maximums of OLRs 100" incentral Bay of Bengal. Only OLRs 100" maximums
that ave significant al the 90% level and occut duting the suppressed phase of the
IS0 ate consideted yielding a ioial of 17 evenis that go inio the compeosite. Con-
tout intetvals for OLRy 14,,* anomalies are every 30 W m™* with the zeto contour
omitted. Contout intetvals for OLRg, s, ats every 3 W m %, datk shades indicat-
ing negative OLRay sq anomalies and light shades indicating positive OLR2s sq.

anoimaliss,
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easletly verlical wind shear genetates an instabilily when coupled with comective
heating al wavelengths similar 1o the synoptic-scale waves sindied here (Xie and
Wang 1996). In the Bay of Bengal, thet= is no lag betwesn the IS0 conmvection
and the inct=ase in synoplic-scale wave actlivily becanse a strong easterly verlical
wind shear is an inhetent feature of the climatological basic state. However, the
sumimetlime climatological eastetly vertical wind shear is comparatively weaker
by 1010 20 m = ' over the western Pacific Ocean (zee Fig. 5.7). Thetefous, the
zasietly vertical wind shear anomaly of —15 m s * hat lags the IS0 comection
by about 10-12 days isee Fig. 5.13c) may play a ctitical tol= in determining the
timing of synoptic-scals wave sxcitement over the wesietn Pacific Ocsan. As sesn
in Fig. 5.13a, the OLR,_ 0,° tises {0 above notmal values at aboot the same time
that the east=tly vetlical wind shear anomal v maximizes.

[1 iz impotiant io nole that the lagged composite maps in Fig. 5.12 do not
indicate westward propagation of synoplic-scale wave activity. This tesuli sesms
conitaty 1o the composile resull ptesented in Fig. 5.11 that says thal syvnoplic-scale
wave aclivily doss move westwaid from the wesiein Pacific Ocean duting a break
peticd. The tesulis shown in Fig. 5.11 teptesent a composile based onlv on the
17 cocasions when an anomalous OLR, 44,,* peak occurs duting a suppiessed IS0
petiod over India. Thitiy-six iclal suppiesssd peticds aie identified which means
that only about half of the suppresed peiicds over India are matked by synoplic-
scale wave activily. This obsetvation lead us 1o question whethet ot not propagation
from the western Pacific Ocean actoss southeast Asia 1o the notihern Indian Ccean
is dependent on a basic state thal suppotls propagation of synoplicscale waves. To
test this hypothesis, the maximums of OLRs 104" overthe western Pacific Ocean ate

sepataied inlo two calegoties; those that weis and wete not followed by maximuns
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Figure 5.13. Same as in Fig. 5.9 except for lagged timeseties a1 125°E,
posited based on minimuons of OLRas s at 125°-130°E, 10°-15".
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of LR, 0, ovetrthe Bay of Bengal Ofthe 43 statistically significant snmimettime
OLRs 10" peaks in the westetn Pacific Ocsan, 17 wers tollowsd by synoptic-scals
wave activity over India whils 26 wets nol. Maps of composite lowet level winds
and zonal vettical wind shear forthe 20 days afieran OLR;_ 44, prakin the westetn
Pacific Dcean ave shown in Fig. 5.14. Both cases featore the sttong monsoonal How
that dominates the citculation at this time of year. There doss not appeat 1o be major
diffstences in the citculation betwesn the cases. The only cleatly distinguishabls
diffstence is an snhanced =astetly vertical wind shear notth of 15°N across sonthetn
China when westward mevement of OLR; g, vatiance is detecied. 1 is possible
that the enhanced =astierly vertical wind shear traps the synoplic-scale waves closer
1o the equatot thus acling as a wave goide thal ditects the synoplicscale waves

actoss soniheasi Asia and onto the Indian peninsuala.

5.5 A Canonical Sequence

The resulis of this study ars sumimatized in Fig. 5.15 which depicis the
"canohical” evolmtion of a summetlimme IS0 as well as the inletaction of the IS0
with 5—10-day wesiward propagaling systens. Day O is defined aibittarily as the
day when IS0 comection develops along the equator al 90°E. At this slage of the
150 evolution, the west=in Pacific Do=an is unde=t supptessed conveclive conditions
that can be atfiibuled 1o the previous IS0 cycle. The green attows shown in the
day O panel represent the low-level anomalons winds that chatacietize the Kelvin-
Rossby wave packet that is associated with the IS0 conveclion. Along the equatot,
the Kelvin component is manifest as anomalons sasistlies and wesistliss 1o the zasi
and west of the equalotial comvection. Off the equatot, cvclonic Rosby cells avs
located in both hemispheiss 1o the west of the equatorial convection while anti-

cyclonic Rossby cells are found 1o the west of suppiessed squatotial comvection.
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Figure 5.14. Zonal vetlical wind shear and 850tmb wind composiles based on av-
etage citculation for 20 days afier statistically significant OLRs 10, ° peak at 120°-
130°E, 10°-20°N. (a) Composite for times when OLRy 54, exhibits westward
movement afier peak in western Pacific Ocean; 17 events. (b) Composite for times
when OLRs 0. doss not exhibil westward movement; 26 events. (o) Difference
map of (a) —(b).
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Figure 5.15. Canonical evolotion of summeiime 150, including medulation of
weslwatd propagaling synoplic-scale waves. Foor panels shown at O, 10, 18, 26
days following developmen of anomalows conveclion a1 75°E along the squatot, the
abitiary beginning of [S0 cvcle. Light blue and light red indicale anomalous IS0
convection and supptessed conveclion, tespeclively. Puiple and brown izpresent
synoplic-scale comvection and suppressed comvection. Black attows show ditection
of propagation of IS0 and synoptic-scale systens. Green attows show anomalous
low-level citculation associated with LSO and synoplic-scals systens. The 150 cir
culation is only shown in the fitst panel.
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The frictional sutface convergsnce into the cyclonic Rossby cells genetates lage-
scale lifting, l=ading o off-equatotial convection. The gresn attows t=presenting the
canonical anomalons low-level winds are omitisd in the temaining thies maps fou
clatity, although thev basically move sasiward in the same otientation, coupled 1o
the equatotial convection.

Al day 10, the equatorial LSO convection is cenlered near 130°E and the
off-squatotial convection is aligned along a notthwestward tilling axis str=iching
actoss the Indian subcontinent 1o 20°M.  The time petiod duting which the off-
equatotial L50 convection is located over India is an active peticd with preci pitation
typically well above the nounal monsconal rainfall. A1 l=asta portion of the inciease
in tainfall duting an active peticd can be atiriboted 1o an inctease in synoplic-scals
slotim aclivily, shown as putple ovals in Fig. 5.15. These svsiens ate exciled by ISD
conveclion in conjunction with instabilities inhetent 1o the sttong easterly vetlical
wind shear that is prevalent across the Indian monscon tegion at this time of vear
The sysiems iypically develop in the Bay of Bengal and propagates acioss the Indian
subcontinent, ofi=n genetaling substantial precipilation.

The day 18 map teptesanis the time when the 150 convection has moved
oul of the Indian Ocean tegion and has been teplaced by suppizsed comvection.
The =quaiciial ISO comveclion is appioaching the dateline and the end of its life-
time while the off-squatotial comvection is now localed ovet the South China Sea.
Svhoplic-scale wave aclivily has dissipated over the notthetn Indian Ocean, bot
is beginning 1o be excited over the westein Pacific Dcean. About half the time,
synoplic-scale waves thal developinithe wesiein Pacific Oczan propagale wesl over
southeasi Asia, tvpically losing strength, only to tegain il upon teaching the warm

wialsts of the Bay of Bengal. By day 26, a latge-scals bisak peiiod is sezn over



