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ABSTRACT

Using a zonally symmetric multi-level moist linear model, we have examined the possibility of
symmetric instability in the monsoon region. Stability analyses with a zonally symmetric model
using monthly ECMWF (Jan-Dec) zonal basic flows revealed both unstable as well as neutral
modes. In the absence of cumulus heating, the linear stability of the monsoon flow changes
dramatically with the emergence of many unstable modes in the month of May and lasting
through August; whereas with the inclusion of cumulus heating unstable modes appear early
in April with substantially enhanced growth rates. This onset of instability of the May basic
state may signal the abrupt transition of the south Asian meridional monsoon circulation. The
abrupt nature of the monsoon transitions was also clearly seen in the ECMWF 5-day mean
meridional circulation in the South Asian monsoon region. The most unstable modes have
doubling time of about 1 to 2 days. The amplitude structure of these unstable modes were
mainly confined to the equatorial regions. The growth rates and the amplitude structure of the
most unstable modes agree reasonably with the corresponding growth rate and structure of the
meridional monsoon cell during the monsoon transition.

1. Introduction

Symmetric instability (SI), of zonal flow with
both vertical and horizontal shear in the equatorial
region has been well documented in the literature.
SI in rotating fluids arises from an imbalance of
pressure gradient and centrifugal (Coriolis) forces
when the absolute value of angular momentum
decreases with radius. Theoretical concepts of SI
have been advanced by Kuo (1954), Eliassen
(1952), Ooyama (1966), Stone (1966), Hoskins
(1974), Emanuel (1979), Bennetts and Hoskins
(1979) and Xu (1986). A detailed review with a
historical perspective of inertial instability has
been provided by Emanuel (1979). Charney (1973)
showed that a basic state of the type u=u(y, z)
on a f-plane is unstable to zonally symmetric
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disturbances if fP <0 somewhere, where f is the
Coriolis parameter and P is the Ertel potential
vorticity of the basic state.

The importance of SI and its relevance in
explaining different atmospheric phenomena have
been recognized 2 or 3 decades ago. Some note-
worthy studies of SI and its various applications
are by Hoskins (1974), Bennetts and Hoskins
(1979), Emanuel (1979), Dunkerton (1981, 1993),
Boyd and Christidis (1982), Schubert and Hack
(1982), Stevens (1983), Sun (1984), Stevens and
Ciesielski (1986) and Zhang and Cho (1995).
Emanuel (1979) studied the possible connection
between inertial instability of the zonal flow and
the middle latitude mesoscale circulation. The
importance of conditional symmetric instability in
the formation of frontal rainbands was first pro-
posed by Bennetts and Hoskins (1979). Dunkerton
(1981) investigated zonally symmetric linear per-
turbations on a zonally balanced flow with con-
stant horizontal shear and static stability and
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found that in the absence of diffusion, the fastest
growing mode was zonally symmetric at infinite
vertical wavenumber. More recently, Dunkerton
(1993) studied the inertial instability of zonally
nonuniform, nonparallel flow near the equator.
Schubert and Hack (1982) pointed out the import-
ant role of inertial stability in the rapid growth
and development of cyclones. Stevens (1983)
investigated the possibility of the equatorial SI of
the mean flow in the troposphere with horizontal
shear in the presence of Rayleigh friction and
Newtonian cooling. In a follow up study, Stevens
and Ciesielski (1986) investigated both symmetric
and asymmetric instabilities for horizontally
sheared flow away from the equator. Sun (1984)
studied the formation and evolution of the rain-
bands along the Baiu front over Eastern Asia and
squall lines over the eastern part of the United
States.

The importance and relevance of SI in
explaining various phenomena during the Asian
summer monsoon has not been adequately or fully
explored. Young (1981) showed that during
MONEX (MONsoon EXperiment), data over the
Indian Ocean region indicated the possibility of
existence of inertial instability between equator to
around 10°N. His computations for (40°S-20°N
and 3°E-90°E) region showed that the possibility
of inertial instability exists between the zero-line
of absolute vorticity (around 10°N) and the
equator. Krishnakumar and Keshavamurty (1993)
examined the possibility of SI of monsoon zonal
flows during July incorporating moist convection.
In the dry model as well as moist model they
obtained both unstable and neutral modes with
periods of oscillation around 1 to 5 days. Lau and
Li (1984) and Lau et al. (1988) noted abrupt
transitions in monsoon rainfall over the East Asian
monsoon region starting in May and that the
movement of the East Asian monsoon rainfall
band appears to jump between stationary posi-
tions from lower latitudes to higher latitudes on
short time scales. For a detailed review of East
Asian summer monsoon rainfall transition and its
impact on global climate fluctuations the readers
are referred to Lau (1992). More recently, Lau
and Yang (1996) investigated the onset, abrupt
transitions and development of the summer
monsoon system using output from a 10-year
integration with the Goddard Laboratory
for Atmospheres atmospheric (GLA) General
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Circulation Model (GCM). They found that
during the month of May there was an abrupt
transition of monsoon rainfall as well as large
scale atmospheric circulation in the monsoon
region which may suggest the possible role of SI.
Thus observational and modelling studies confirm
sudden transitional features of monsoon rainfall
and large scale circulation starting from the month
of May. Another plausible mechanism is the sensit-
ivity of the zonally symmetric flow to prescribed
thermal forcing. Plumb and Hou (1992) studied
the response of a zonally symmetric atmosphere
to a prescribed thermal forcing located in the
subtropics and found two distinct types of
responses: (1) A steady state of thermal equilibrium
with no meridional flow is obtained below a
threshold forcing and (ii) Steady thermal equilib-
rium state breaks down and strong meridional
circulation is predicted at the threshold forcing.
Since their model has not considered the effect of
latent heating and its associated feedback pro-
cesses, its applicability in explaining monsoon
onset is not very clear. One of the principal aims
of this study is to examine the possibility of SI in
the monsoon region and its possible role in mon-
soon transition using a set of zonally symmetric
equations. We have conducted comprehensive
linear stability analyses with a multi-level zonally
symmetric model using the European Centre for
Medium Range Weather Forecasts (ECMWF)
basic flows of January to December incorporating
a highly simplified parameterization of cumulus
heating. As there is considerable amount of zonal
symmetry in the monsoon region (ITCZ cloud
zone), i.e., the zonal scale of the ITCZ is much
larger than the meridional scale, zonally symmetric
models may be a reasonable first approximation.
Zonally symmetric models in studying symmetric
circulations have been used by many studies
(Charney, 1973; Schneider and Lindzen, 1977;
Held and Hou, 1980; Goswami et al, 1984;
Keshavamurty et al., 1986; Plumb and Hou, 1992).
In further (model) studies the inclusion of longit-
udinal dependence in the basic equation is cle-
arly needed.

In Section 2 of this paper, we describe in detail
the multi-level zonally symmetric model. This
section also discusses the type of cumulus heating
used in this study and the method of solution.
Section 3 gives the details of the data and observa-
tions used in the calculations. Section 4 presents
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a detailed discussion on the zonally symmetric
eigenmodes with and without interactive heating.
Discussion and conclusions are provided in
Section 5.

2. Governing equations

2.1. The model

A 10-level model in the vertical and a latitudinal
domain of 42°5-42°N with 2° resolution have
been chosen for the stability analysis. The model
used for this analysis is a zonally symmetric
primitive equation model and is essentially equiva-
lent to that used by Krishnakumar and
Keshavamurty (1993). The reason for choosing 10
vertical levels with a large latitudinal domain has
been purely due to need to limit the larger com-
puter memory requirements because of larger sizes
of the matrices. The use of 10-levels in the vertical
may just be adequate for this study. We are
currently investigating this problem with a com-
prehensive model having a higher vertical reso-
lution incorporating more complex basic states.
The governing equations are the x- and
y-momentum equations, the continuity equation
and the thermodynamic energy equation in (x, y, p)
co-ordinates. We consider the climatological
monthly mean ECMWF basic flows U(y, p) in the
longitude band 60°E-90°E which is representative
of the South Asian summer monsoon region.
Zonally symmetric perturbations are considered.
The linearized set of equations around the mean
zonal basic state are given by
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where egs. (1), (2) are the x and y component of
the momentum equations, (3) is the thermo-
dynamic energy equation and (4) is the continuity
equation. In egs.(1) to (4) v, v, " are the per-
turbation eastward, northward and vertical velo-
cities respectively, f is the Coriolis parameter, ¢’
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is the perturbation geopotential, R and C, are the
specific gas constant and the specific heat at
constant pressure, Q' is the rate of nonadiabatic
heating and ¢ is the static stability.

2.2. Cumulus heating

A simple scheme by Lau and Peng (1987) of
parameterizing the effects of cumulus heating is
included. It parameterizes the rate of cumulus
heating by

o Ap (dvy
. =~ La(Tn(p) c,,po(ay)’ (5)
where m is the moisture availability factor; r the
relative humidity; L the latent heat of condensa-
tion; g, (7)) the saturation specific humidity at
temperature T, the suffix | meaning the values
defined at the lowest model layer; p, surface
pressure; Ap is the vertical grid length. Here
dvy /0y is the divergence at the model level (referred
to by the suffix ;). For linear analysis, we have
used only the simple wave-CISK type of heating
and not the positive-only wave-CISK originally
proposed by Lau and Peng (1987). Here n(p) is
the normalized heating function whose vertical
integral is unity. In the above set of equations, we
have assumed that the mean zonal basic state
U(y, p) is in thermal wind balance with the basic
geopotential field ®(y, p). We have explicitly calcu-
lated the thermal wind balance conditions from
the ECMWF monthly mean cross-sections of
zonal wind, geopotential and temperature fields
and found that the basic state flow is in reasonably
good thermal wind balance overall.

The thermodynamic energy equation with the
inclusion of moisture becomes

¢ [do’ au K auy
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ot \ dp i3 po/ 0y
The constant K is given by

K= RmrLgAp.A ‘ )
pOCp
where .47 is the normalization constant. A simple
profile of the form sin(mp/py) is used to represent
the vertical distribution of heating which is quite
consistent with the observed profiles for the mon-
soon and tropical areas. Geisler and Stevens (1982)
showed that the tropical convective heating distri-
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bution has the structure of the first baroclinic
mode with a single maximum around 500 mb.
Schaack et al. (1990) estimated the three-dimen-
sional distribution of atmospheric heating over
different parts of the globe from the ECMWF
GWE Level IIIb data set. The vertical profiles of
time-averaged heating for the summer months
over the Asian monsoon region show maximum
heating concentrated around 400 mb to 500 mb.
This cumulus heating with its vertical structure
can be considered as highly idealized. Earlier
studies of SI (Sun, 1984) applied simple forms of
wave-CISK heating to understand the formation
and evolution of rainbands or the squall lines and
obtained reasonable results. We have not consid-
ered the effect of cumulus mixing proposed by
Schneider and Lindzen (1976). Omission of the
cumulus friction effects in a simple wave-CISK
type of heating formalism is likely to affect the
structure of the unstable modes. Our object here
is to gain a first order understanding of role of SI
of the zonal monsoon flows in monsoon transition
using a very simple parameterization of cumulus
heating. The present results are clearly sensitive
to the heating scheme. The common caveats of
wave-CISK heating should be applicable here
(Mak, 1981). In our subsequent studies we plan
to use a detailed model including a realistic para-
meterization of slantwise convection and study
this problem with an initial value approach.

Since the continuity equation takes a simple
form, the meridional circulation components
(v' and w') can be expressed in terms of single
streamfunction ' such that "= —ad}'/dp and
w'=oY'/dy from (4). Eliminating u’ between
egs. (1) and (2) we get
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Eliminating ¢" between eqgs. (6) and (8) and substi-
tuting for v’ and @’ interms of ', we finally get

& oU\) 2y oU dy’
{_ o _f(f_ 5}')} ap* " op op
W (W L PUN  EY
_zfap ap(éy) —f ap* dy s oy

K . ﬂ'p) a (éljx')
——sin| — |=—=|—) =0. (9
p (Po ay* \ ép /. )

Tellus 49A (1997), 2

231

We assume solutions of the form
¥'="¥(y, pe", (10)
where W(y, p) is the perturbation streamfunction

amplitude and v is the frequency of oscillation.
Substituting (10) into (9) we get
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Our approach is to solve (11) for v the frequency
and ¥ to get the zonally symmetric eigenmodes
and its (y-p) structure. Since (11) is non-separable
in its y and p dependence, we have to employ
numerical methods for solution and the computa-
tional details are given in the Appendix.

(11)

3. Data and observations

3.1. Basic state

The climatological zonal basic flows for January
to December have been taken from the 9-year
(1980-88) ECMWF analyses. A symmetric
stability analysis was performed for the basic flows
obtained by zonal averaging in the longitude band
60°E-90°E. Fig. 1 shows the ECMWF climatolo-
gical latitude-pressure section of the zonal com-
ponent of wind averaged between 60°E-90°E for
January to December from 40°S to 40°N. The
zonal wind distribution in both hemispheres for
all months is dominated by strong westerly jets
with maximum velocities around 40 ms™' and
30ms™! in the northern winter and summer
hemispheres respectively except for April and
October where the westerly jets have approxi-
mately the same strength in both hemispheres.
The monsoonal westerlies in the lower troposphere
emerge in May. The zonal flows during June to
September are dominated by a strong westerly
current in the lower troposphere between 5°S to
25°N up to 500 mb with a core of about 10 ms™*
centered around 8°N to 13°N at 850mb and a
strong easterly flow in the upper troposphere with
strengths exceeding 25ms~' centered around
10°N to 20°N at 100 mb. Mean static stability (g)
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Fig. 1. ECMWF climatological cross sections (ms™') of the zonal component of wind between 60°E-90°E for
January to December. Easterlies are shaded.
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for the above longitude band was computed from
the geopotential (®) field for the months January
to December and the monthly distributions were
quite similar. The mean static stability profiles
(not shown) indicate that the mean atmosphere is
stable. As mentioned previously, the thermal wind
balance conditions calculated from the monthly
mean cross-sections of zonal wind, geopotential
and temperature fields show reasonably good
balance.

3.2. Stability criterion

In this section, we have examined the necessary
condition for SI, i.e,, fP of the mean zonal flows
(here, the mean flows of January to December) on
an isentropic surface is negative somewhere in the
fluid domain, where f is the Coriolis parameter
and

ol (0@ aU ae
P=‘g{a—p(a—y),,+[‘(a“yl” ]5}’
(12)

is the Ertel potential vorticity of the basic state.
The subscript , denotes that derivatives are taken
on constant pressure surfaces. Calculations of fP
performed on isobaric surfaces using the ECMWF
climatological profiles of zonal wind (U) and
potential temperature (@) for January to
December reveal negative regions, thus satisfying
the necessary condition for SI. Figs.2a,b show
the latitude-pressure cross sections of potential
vorticity of the mean flows in the longitudinal
band 60°E-90°E for the months January and July
respectively. The key features in the profiles of
potential vorticity are the regions of negative
(positive) potential vorticity in the northern
(southern) hemisphere. It is interesting to note
that the zero line of the potential vorticity shifts
5°—6” into the summer hemisphere in the equator-
ial lower tropopshere as evident in Fig. 2. Region
of negative (positive) potential vorticity is evident
in the upper troposphere but is most pronounced
around 200 mb between 10°N to 20°N (10°S to
20°S) as seen in Fig. 2a (Fig. 2b). Our calculations
revealed that the necessary condition for SI is
satisfied practically for all summer months
between equator to around 6°N.

We have also examined the necessary criterion
for (moist) symmetric instability, ie.. fP, of the
mean zonal flows starting from January to
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December on an isentropic surface is negative
somewhere in the fluid domain, where P, the
moist potential vorticity (MPV) is same as (12)
but with © replaced by ©, the equivalent potential
temperature. Calculations of fP, performed on
isobaric surfaces using the ECMWF climatolo-
gical profiles of zonal wind (U) and equivalent
potential temperature (®,, derived from specific
humidity and temperature fields) for January to
December reveal negative regions in areas where
convective instability (CI) is absent, satisfying the
possibility of SI in a moist atmosphere (not
shown). In the absence of CI, negative MPV exists
from 700mb to 300mb between equator to
around 10°N for the summer months. The upper
tropospheric distribution of MPV is very similar
to dry potential vorticity fields calculated for all
months (Fig. 2).

3.3. Monsoon transitions

Abrupt transitions in large-scale circulations
and rainfall during the “Mei-Yu” regime (mid-
May to mid-June) over the East Asian monsoon
region were noted by Lau and Li (1984).
Associated with this transition, an abrupt north-
ward progression of the low-level westerlies and
upper-level easterlies to the foothills of the
Himalayas over the South Asian monsoon region
takes place. Similar abrupt northward shift of the
upper level westerlies over eastern China and
Japan is also seen. The abrupt nature of the
monsoon transitions was also simulated in the
GLA GCM (Lau and Yang, 1996). Fig. 3 shows
the ECMWF 5-day mean latitude-pressure section
of the zonal wind and meridional circulation in
the longitudinal band 60°E-90°E from mid May
to mid June. The meridional overturning of the
monsoon begins to develop during May 21-25 at
around 5°N. By 1-5 June a fully developed mon-
soon cell with strong ascending motion is found
around 15°N indicating the onset of South Asian
summer monsoon. The abrupt transition of the
axis of the vertical motion of the monsoon cell
from equatorial latitudes to northern latitudes
10°N-15°N happens around 1-5 June. The char-
acteristic features of monsoon onset such as the
strengthening of the low-level westerlies and
upper-level easterlies are also clearly seen. One of
our principal aims in this study, is to understand
the dynamical reasons for this abrupt transition.
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Fig. 2. Latitude-pressure cross section of potential vorticity (PV) calculated using ECMWF climatological profiles
of zonal wind and potential temperature between 60°E-90°E for (a) January and (b) July at intervals of
1077 K m* kg~ 's~'. Shaded areas denote negative values.

To focus on the monsoon transition, we have 4. Zonally symmetric eigenmodes
separately carried out stability analyses using the

ECMWF pentad mean basic flows of May and We have conducted the stability analyses with
June and the results are outlined in the next and without cumulus heating. For both cases,
section. unstable and neutral modes are obtained. In the
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following sections, we discuss the results based on
cases with and without incorporating cumulus
heating.

4.1. Growing modes

4.1.1. No heating. We have performed the
stability analyses separately by considering basic
flow of each month (starting from January to
December) to investigate the behavior of zonally
symmetric eigenmodes under the influence of basic
flows. The normal modes of the system were first
determined for the case of no heating, no dissipa-
tion and a resting basic state. We found two sets
of fast oscillating inertia-gravity modes with
periods 0.3 days to 0.9 days and slowly oscillating
modes with periods 1 to 5 days similar to the
analytical results of Matsuno (1966). The next
case includes the zonal mean basic flows (starting
from January to December) without cumulus heat-
ing. Fig. 4a (dashed line marked NH) shows the
growth rate, measured in doubling time 74 =1n 2/v;
of the most unstable eigenmodes of the zonally
symmetric model as a function of all calender
months (starting from January to December). Only
the doubling times for the most unstable modes
with period of oscillation greater than 1 day are
shown. Fast oscillating inertia gravity modes with
periods of oscillation less than one day were
separated from this diagram based on the spatial
structures of eigenvectors. One of the key features
to note is that without cumulus heating the most
unstable modes begin to emerge in the month of
May and last through August. The presence of
unstable modes found in the summer monsoon
months starting from May to August implies that
the zonal flows in the monsoon region exhibit SI.
Fig. 5a shows the spectrum of all the unstable
modes (period versus doubling time) for the month
of May with (WH) and without (NH) cumulus
heating. In the case of no heating, the most
unstable mode has a distinctly larger growth rate
than all the other growing modes. It is interesting
to note that the linear stability of the monsoon
flow changes dramatically in the month of May
and this onset of instability of the basic state
occuring in May may be associated with the
observed abrupt transition of the south Asian
meridional monsoon circulation. The most
unstable modes have period of oscillation in the
range of 1 to 2 days and doubling time around
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2 days. An abrupt transition in the development
of monsoon during May was seen in observations
(Lau and Li, 1984) as well as reproduced in a
GCM simulation (Lau and Yang, 1996).

In order to focus the monsoon transition which
occurs in a short time scale we performed the
stability analyses without the inclusion of cumulus
heating using the ECMWF pentad mean zonal
flows starting from 1-5 May to 26-30 June
thereby treating the basic state significantly more
carefully. The growth rate diagram of the most
unstable eigenmodes plotted as a function of time
for all the 12 pentads starting from 1-5 May to
26-30 June, as shown in Fig. 4b (dashed line
marked NH), reveals higher growth rates (smaller
doubling times) in the pentads (6 and 7) corres-
ponding to 26-30 May and 1-5 June respectively
which agrees with the time of occurrence of the
monsoon transition seen in ECMWF 5-day mean
climatology (see Fig. 3). Fig. 5b shows the spec-
trum of all the unstable modes as a function of
period and doubling time for the pentad cor-
responding to 26-30 May with (WH) and
without (NH) cumulus heating. There is also a
sudden emergence of many unstable modes in the
pentad 7. The sudden appearance of these unstable
modes in 26-30 May is indicative of the onset of
SI which may be responsible for the observed
abrupt transition of the monsoon. Our calcula-
tions with the monthly mean basic flows also
reveal that the onset of instability takes place in
the month of May with doubling time of a couple
of days and it may be argued that the SI of the
mean May zonal flow may be a plausible explana-
tion for the abrupt monsoon transition. Other
mechanisms may also be at work as proposed by
Plumb and Hou (1992).

Spatial structure of the most unstable modes in
the months May to August show multi-cellular
patterns of latitudinal dimension about 10° to 15°
with varying intensities (not shown). The ampli-
tudes are mainly distributed in the lower and
middle tropospheres. In practice, the spatial struc-
ture of these modes may not be realized in nature
for the large scale monsoon, because of the inter-
action with latent heating and excitation of
coupled convective heating/circulation modes. The
modal structure during the months May to August
may give an indication where the real unstable
modes tend to occur. The deficiencies of the modal
eigenstructures may also be attributed to the
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Fig. 4. Doubling time as a function of time for the most unstable modes with no cumulus heating (NH) and with
cumulus heating (WH) calculated (a) using the mean monthly basic flows from January to December and the two
curves dashed line (NH) is with no cumulus heating and the solid line (WH) is with cumulus heating (b) As in
Fig. 4(a) but using the pentad mean basic flows from 1-5 May to 26-30 June. Modes with period > 1 day are plotted.
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heating (WH) calculated using (a) the monthly mean basic flow for May (b) the pentad mean basic flow for
26-30 May.
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omission of the Hadley basic state as well as the
lack of a realistic cuamulus parameterization.

In nature, during the onset and advancing phase
of the monsoon, it is well-known that the ITCZ
and its associated cloud bands move northwards
from the equator and hence cumulus heating may
play a dominant role on the structure of zonally
symmetric eigenmodes. Next, we examine the effect
of cumulus heating on the overall behavior of
these modes.

4.1.2. With heating. We have used a simple
scheme of including the effects of cumulus heating
proposed by Lau and Peng (1987) to determine
the role of cumulus heating on the growth and
structure of the zonally symmetric eigenmodes.
Fig. 4a (solid line marked WH) shows the doubling
time of the most unstable eigenmodes as a function
of time with periods of oscillation greater than
1 day for all months. We have separated fast
oscillating inertia gravity modes with periods of
oscillation less than one day based on their spatial
structures of eigenvectors as in the previous case.
One of the discerning features is that in the
presence of cumulus heating the unstable modes
begin to emerge in April and last through October
and their growth rates are substantially enhanced.
A large number of unstable modes with higher
growth rates were found in the summer months
May, June and July. A comparison of the curves
labelled WH and NH in Fig. 4a reveals that in
the presence of cumulus heating the unstable
modes begin to appear early in April rather than
in May. Also it may be noted that the doubling
times of the most unstable modes are reduced to
half or growth rates enhanced by a factor of two
compared to the doubling times without heating.
We performed a set of calculations with varying
moisture availability factor in the Lau and Peng
(1987) scheme using the basic flows of April to
see the sensitivity of unstable modes to cumulus
heating. Our calculations reveal that these modes
originated only when cumulus heating was
included in the model. The sudden appearance of
many unstable modes with large growth rates
clearly seen in May, as revealed in the spectrum
of the growing modes with heating (see Fig. 5a
modes marked WH), lasting through the monsoon
months June to September, may be a manifestation
of monsoon transition. Fig. 4b (solid line marked
WH) shows the growth rate diagram -of the most
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unstable eigenmodes with cumulus heating plotted
as a function of time for all the 12 pentads starting
from 1-5 May to 26-30 June. The interesting
feature is that the most unstable modes found in
the pentads (6 and 7) corresponding to 26-30 May
(see Fig. 5Sb modes marked WH for the spectrum
of growing modes) and 1-5 June respectively
preferentially grow faster than the modes found
before the transition (pentads 4 and 5). Plumb
and Hou (1992) showed that when the off equator-
ial thermal forcing exceeds a critical value steady
thermal equilibrium state breaks down and angu-
lar momentum conserving circulations set in. The
dramatic strengthening of the low-level westerlies
and upper-level easterlies seen during the monsoon
transition period as illustrated in Fig. 3 may have
a possible connection with the critical thermal
forcing in the model of Plumb and Hou (1992)
and this needs to be investigated further. However,
their model did not consider the effect of latent
heating and therefore its applicability in explaining
monsoon transition is not very clear. They did
not also address the issue of SI of the mean flows
and our results may be viewed as complimentary.

The eigenstructure of the growing modes
obtained with the inclusion of cumulus heating
for the months May to July is discussed next. We
first discuss the structure of the unstable modes
seen in May. Figs. 6a, b show latitude-pressure
cross sections of the real and imaginary parts of
streamfunction of the most unstable mode
obtained from Fig. 4b (solid curve WH) corres-
ponding to May 26-30 (pentad 6) with an oscillat-
ory part with period 1.28 days and doubling time
1.24 days. Figs. 6c,d show similar cross sections
of the most unstable mode obtained from Fig. 4a
(solid curve WH) corresponding to the mean May
conditions with a period of oscillation 1.29 days
and doubling time 1.60 days. The meridional
structure of the streamfunction field of the most
unstable mode is characterized by four circulation
patterns with maxima located around 15°S, 5°S,
5°N and 20°N (Fig. 6a). The shaded regions in
Figs. 6a, b indicate the calculated vertical motions
(w). Maximum vertical motions are located around
10°S and 10°N as shown. Such bimodal structures
of ITCZ on the two sides of the equator are also
observed over the Asian summer monsoon region
during the onset phase (Sikka and Gadgil, 1980).
The meridional structure of the streamfunction
field of the most unstable mode corresponding to
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(c) Fig. 4a (the curve marked WH) for the mean monthly basic flows. The corresponding imaginary parts of normal-

ized streamfunction of the most unstable modes with cumul
(WH). Shadings indicate regions of vertical motions.

mean May conditions (Figs. 6c, d) shows similar
structures as in Figs. 6a, b except that the circula-
tions located in the southern hemisphere are much
stronger than that of the northern hemispheric
circulations. Fig. 7 shows latitude-pressure cross
sections of the real and imaginary parts of stream-
function of unstable modes for June with period
of oscillation 1.28 days and doubling time 0.98
days (Figs. 7a, b) and July with period of oscilla-
tion 1.26 days and doubling time 0.93 days
(Figs. 7c,d) obtained from Fig. 4a (solid curve
WH). The streamfunction distribution is charac-
terized by two circulation patterns in both hemi-
spheres with centers located around 15°S and
I5°N in both hemispheres (Figs.7a,c). The
resulting vertical p-velocity fields (shaded regions)
indicate strong vertical motions in the equatorial

us heating obtained from (b) Fig. 4b (WH) and (d) Fig. 4a

region from 12°S to 8°N with maximum located
in the middle troposphere. The vertical structure
of the heating modes has greater vertical extension
compared to that of modes without heating
(figures not shown). It may be noted that the
chosen vertical heating distribution in our cumulus
parameterization scheme has a maximum at
500 mb and quite consistently, the spatial pattern
of the growing modes with heating also has max-
imum in the middle troposphere. The asymmetric
distribution of streamfunction is also seen in the
imaginary parts during June (Fig. 7b) and July
(Fig. 7d). The streamfunction distribution corres-
ponding to the most unstable mode of June
(Figs. 7a, b) at different phase angles from 0 to n/2
(not shown) reveals changes in the structure from
two circulation patterns with deep vertical struc-
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with cumulus heating obtained from Fig. 4a (the curve marked WH) for the mean monthly basic flows of (a) June
and (c) July. The corresponding imaginary parts of normalized streamfunction of the most unstable modes with
cumulus heating for (b) June and (d) July. Shadings indicate regions of vertical motions.

tures (RP, Fig. 7a) exhibiting contraction in hori-
zontal scale at the lower troposphere finally
transforming to four circulation patterns with
shallow vertical structures (IP, Fig. 7b). This seems
to indicate that there is some coupling between
the deep structure (due to cumulus heating) and
shallow structure (due to inertial instability). It is
interesting to note that the real part of the stream-
function field corresponding to the most unstable
modes during the pentad May 26-30 as well as
mean May basic flow (Figs. 6a, ¢ respectively)
shows double cell structure of ITCZ with
ascending motions located on the two sides of the
equator whereas during June (Figs. 7a, b), the
circulation shows evolution between a single rising
branch (ITCZ) vs a double ITCZ. The circulation
becomes more intense during the peak monsoon
month July as evident in Figs. 7¢c, d. The observed
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circulation patterns during June and July show a
dramatic strengthening of meridional basic state
as well as convection. While the modal structure
found during the transition month in May agrees
fairly with the observed monsoon meridional cell,
the meridional modal structures found in June
and July differ significantly from the observed
structures. This may be due to the absence of
Hadley basic state in our calculations which may
drastically affect our results especially for June
and July.

We have also performed calculations with a
higher horizontal resolution of 1° latitude to check
the sensitivity of the most unstable modes and its
y-p structure to horizontal resolution. The growth
rate and eigen structure of the most unstable
modes were not very sensitive to horizontal
resolution.
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The structure of zonally symmetric growing modes
in the absence of heating as discussed in subsec-
tion 4.1.1, had multi-cellular patterns with very
shallow vertical dimension and amplitudes cent-
ered away from the equator between 10°N to
20°N (not shown). In the presence of cumulus
heating, the fast growing modes all have ¥ field
distributed asymmetric to the equator as indicated
in Figs. 7a, d and with vertical motions symmetric
with respect to the equator with maximum at
around 500 mb. Growing modes with shallow
vertical structures similar to the case of no heating
were found for the heating case also. However
these shallow modes were all slowly growing. The
above results indicate that in the presence of
heating only asymmetric modes grow faster than
other modes. The eigenstructure of the unstable
modes found during May in the presence of
cumulus heating agree fairly with the structure of
the meridional cell during the monsoon transition
time. However, the modal eigenstructures have
significant discrepancies in intensity and the latit-
udinal position of the vertical motions as com-
pared to the observed structures found during the
monsoon transition. These may presumably be
caused by the omission of the Hadley type meridi-
onal overturning in the basic state as well as the
lack of a realistic cumulus parameterization
scheme.

In order to investigate the role of basic flows
and cumulus heating during the monsoon trans-
ition the stability analyses were carried out using
the basic flows in the longitude band 90°E to
120°E which is representative of the East Asian
summer monsoon region starting from January to
December. The essential results during the summer
monsoon months from this analyses are very
similar to that of the analyses in the longitudinal
band 60°E to 90°E. The mean summer monsoon
flow in the presence of cumulus heating can
effectively destabilize equatorial symmetric modes
with largest growth rates found during the months
May and June (not shown). One of the impor-
tant differences between the 90°E-120°E and
60°E-90°E case is the appearance of growing
modes during the winter months November to
February in the former. The existence of growing
modes during the winter regime may be related
to winter monsoon large-scale mean circulation
conditions over East and Southeast Asia (see Lau
and Li, 1984). This needs further investigation
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with a detailed model and is beyond the scope of
the present study. Linear SI calculations using this
model of the monthly mean basic zonal flow
derived from the 10 year Atmospheric Model
Intercomparison Project (AMIP) of the Goddard
Laboratory for Atmospheres (GLA) general circu-
lation model (GCM) in the longitude sector for
East Asia (110°E-120°E) indicate that inherent
instability for the monsoon flow is present in the
basic flow in May before the monsoon circulation
is fully developed (Lau and Yang, 1996). The
overall results seem to suggest that moist SI exists,
as revealed by the presence of many unstable
modes, in late boreal spring over a much wider
zone covering from 60°E to 120°E.

5. Discussion and conclusions

In this paper, we have examined the possibility
of SI with a zonally symmetric multi-level model
in the tropical (monsoon) region with a view to
investigate the physical mechanisms governing the
features of the abrupt transition of the monsoon
meridional cell. We have conducted comprehens-
ive linear stability analyses with the multi-level
zonally symmetric model using climatological
monthly basic flows derived from ECMWF ana-
lyses from January to December as well as
ECMWF pentad mean zonal flows starting from
1-5 May to 26-30 June. A simple wave-CISK
scheme for parameterizing the effects of cumulus
heating was considered. Calculations were per-
formed with and without the inclusion of cumulus
heating. The key findings of this paper are:

Stability analyses performed in the absence of
heating reveal that the most unstable modes were
found in the month of May and last through
August. The fastest growing modes occurred in
the summer monsoon months from May to July.
A well marked transition appears in May in the
growth rate curve of the most unstable eigenmodes
plotted against all months. Sudden appearance of
many unstable modes was found in the pentads
corresponding to 26-30 May which may be indic-
ative of the transitional nature of the onset of the
South Asian meridional monsoon circulation. The
streamfunction amplitude distribution of the most
unstable modes exhibit shallow vertical structures
with maximum amplitudes between 10°N to 20°N.

In the presence of cumulus heating, the stability
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analyses with the monthly basic flows reveal that
the most unstable modes were found in April and
last through October and their growth rates are
also enhanced by a factor of two as compared to
the growing modes without heating. Growing
modes emerged in April only when cumulus heat-
ing was included. Stability analyses results during
the summer monsoon months for the longitude
sector 90°E-120°E are very similar to that of the
analyses in the longitude sector 60°E-90°E. In the
stability analyses with the pentad mean basic
flows, many unstable modes with large growth
rates were found in the pentads corresponding to
26-30 May and 1-5 June. The finding of the most
unstable modes during May to June illustrate the
transitional nature of the onset of south Asian
monsoon. The streamfunction distribution of the
most unstable modes in May is characterized by
double cell structure with the resulting vertical
motions located around 10°S and 10°N. Such
bimodal structures of ITCZ on the two sides of
the equator are also observed over the Asian
summer monsoon region during the onset phase.
The streamfunction distribution of the most
unstable modes found during June and July is
characterized by a single cell structure with the
resulting vertical motions in the equatorial regions
from 8°S to 8°N and has the structure of the first
baroclinic mode consistent with the cumulus heat-
ing distribution maximum located at 500 mb. In
the presence of cumulus heating, the asymmetric
modes, grow relatively faster than the symmetric
modes.

Qur results from linear stability analyses con-
firm that the most unstable modes first appear in
the month of May and last through the summer
monsoon months. The growth rates and the ampli-
tude structure of the most unstable modes agree
reasonably with the time scale and structure of
the meridional circulation during the monsoon
transition. The main discrepancies of the modal
eigenstructures are in predicting the latitudinal
position of the vertical motions as compared to
the observed structures found during the monsoon
transition. These may presumably be attributed
to the omission of the Hadley basic state as well
as the lack of a realistic cumulus parameterization
scheme. We are currently extending our analyses
by incorporating all the basic states using a com-
prehensive model. However, in light of this present
study, symmetric instability of zonal monsoon
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flows may be a possible candidate for the sudden
monsoon transition. More detailed modelling
studies should be carried out to understand the
physical connection between symmetric instability
and the monsoon onset.
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7. Appendix

We simplify (11) by introducing discrete levels
both in the vertical as well as the meridional
direction and replacing the vertical and meridional
derivatives by finite differences.

The finite differenced form of (11) at any interior
grid point (J, K) is given by
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1
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(1)
Here f and p = df/dy are functions of latitude and

are evaluated at all latitude grid points. The
vertical and lateral boundary conditions used are

avY
v=———=0; ¥|iy=constant=0,
op
ik 4
o=——=0; Y| = constant = 0,
oy p = 1000 mb

where + Y and — Y are the northern (42°N) and
southern (42°S) boundaries respectively. Eq. (1)
with the boundary conditions, (2) applied at latit-
udesJ=1,2,...., N— 1, N (40°S, 38°S, ...., 38°N,
40°N) and pressure levels K=1,2,....,L—1, L
(100 mb, 200 mb, ...., 800 mb, 900 mb) together
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can be put into the form
(A—-v*BZ=0, 3)

where 4 and B are real square matrices of size
(369 x 369), v is the eigenvalue and Z is the
eigenfunction. The eigenfunction

Z=y15Waiseeoes Pty Wiiny Vo oovs)y

\PN—Zs"--,q"l,L’ ‘PE.L"---quN.L}T'J [4}

the superscript 7 stands for the transpose. The
coefficients of the matrices 4 and B are simple
and hence will not be provided. Eq.(3) is a
generalized eigenvalue problem and we have
solved this equation with (K #0 in (1)) and with-
out (K=0 in (1)) cumulus heating. The eigen-
values and eigenvectors are computed using the
standard EISPACK eigensystem package (Smith
et al., 1974). Physical modes were separated from
numerical modes based on the absolute size of the
parameters (which contain the information of
eigenvalues) as the original matrix elements and
also on the basis of spatial structures of eigen-
functions. The performance index calculation
described therein, which gives the combined per-
formance of all eigenvalues and corresponding
eigenfunctions showed stable results.
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