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1. INTRODUCTION

It has besn recognised that the onset of tha Asian susmar monsoon is
that part of the seasonal transition of the general circulation from a winter
to & susmer regime over Asia. The most conspicucus features of tha transition
are (1} the outburst of & low-lsvel (850 mb) wasterly jet off the east coast
of Africa and the Arabian Sea, called the Somsli Jat; the estab_ishment of am
upper tropospheric (150 wmb) sasterly jet over the Indian panimsula and the
adjoining seas, known as the Tropical Easterly Jat (TEY}, (3) and tha

Himalayas. The numerical simulation results from POGE data br a mmber of
investigators (Krishnasurti and Ramanathan, 1982); Wohanty, et al., 1984,
stc.) indicste that the intensification of the monscon flow is mainly dictated
by release of convective instability and is very senaitive to the intensity
and location of diabatic heating in the troposphere (i.e.. diabatic forcing in
the model). Consequently, the simulation of tropical coavection, including
its intimate links with surface proceasses (vertical fluxes of haat and
moisture) and radiation is ons of the main problems for aimlation and
prediction of the monsocon. The main sffect of all of thess physical processes
is the intensification of the tropical diabstic heat source through an
intensified hydrological ecycle by enhanced moisturs supply and iacreased
Precipitation in the tropics. Thus. the summer monscon onset over ths Indian
subcontinent, which is marked by rapid intensification of both jets over a
period of few days and » Msjor transition in the g9lobal stmospheric
circulation, is probably the best cass for the sensitivity esparisents to
illustrats the impact of physical processes on the performance of numericsl
models over the tropics.

Observations from diverss observing eystems from the Pirst GARP
Exparisent (PGGE), including that from tha sumer monsoon exparimant (MONEX)
have provided ap oxcellent dats base for mmerical axperiments; in
particular, this data have provided the best analysis yat produced of & onset
event, that of 1979, and this event is the obvious choice for the present
study.

This paper describas the rasults of a seriss of 10~-day Eorscasts to
assess the model's simulation of the onset of the summer monscen. In each
forecast some aspects of the physical Processes was altered/dropped and its
impact on the modal's performance assessed. Each integration started from
12 Juns 1979 and covered the rapid intensification of the Mpian summer
mongoon, which took place in the subsequent days. Following the dascription
of the wmodel. initia) conditions, wvarious parameterization schemes and
humerical experiments in Section 2, the results are prasented and discussed in
Section 3. The main conclusions are sumsarized in Section 4.
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3. DESCRIPTION OF THE EXPERIMENTS

31 ¥odel description

The integrations were perforsed with the EQSP T-63 spectral model
{Sismons and Jsrradu, 1984). The model has 16 levels in the vertical basad on
& hybrid co-ordinate system (Pigure 1). Ths model iglcludn 8 comprehsnsiva
set of physical processes based on those described by Tiedtks, et al., (1979},

2.2 Description of modified paramsterizsation scheme

Pour sodifications have besn mads to the original Kuo-schems (Anthes,
1977): Tiedtks, ot al, 1979) in the model.

(a) Cloud base: is defined as the condensation level for u\_u'taco
air and can occur within a wsll mixed boundary layar (this vas
previcusly linked to the height of the wall mixed boundary
layer). This change enhances the occurrence of cumsulus
convection and gives a wmore reslistic rasponse. by ths
convection, to the diurnal cycle in surface heating of the

tropical land masses;
{b) Cloud ascent is destermined considering only condsnsation {no

ice pahse);
(c) The moistening parameter B.

p
! base "N dp
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where P top and P base are the pressure of tha top and base
o!.tho clov.:lp. U is the averags relative hmidity .lq the cloud
layer in its original form tends to over moisten the
environment and to underastimate the latent heat release. In
the modifisd code ths moistening parametsr is uglacod by
B*, which with its stronger dependency on the environmantal
saturation deficit, gives less moistening and mors hsating and
thus reduces the model's tendency to generate states which ars

too cold and too moist;

{d) Bulti-layersd cumulus convection is no longer considered for

The nst effect of all these changes is to give a much improved
structure in convective situations.

Shallow convection

i ’ i iously

A rameterization scheme for shallow convecticn, not prav v
.incorpnuto:? has been devaloped in which the turbulcnt. transports of_ sensible
heat and wmoisturs are represented by wvertical diffusion within misf
convactively unstable laysrs, through cloud base and through the lsvels of non
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buoyancy. The pacameterization of the mean temperaturs and moisturs chenges
due to shallow convectioa (condensation not considersd) take the form of:

- 4
(L1

»
whard N » c’ ol "

The eddy diffusivity K is taken ss constant at 25 a'8"' jn the cloud laysr
{not above 750 mb) and sero elsevhers. A full description of the scheme and a
preliminary assessmant is given in Tiedtke (1965). The scheme sffactively
transports moisturs form the boundsry laysr into a cloud layer above. This is
most pronounced in the trades, whera shsllow convection countsracts the drying
and warming effect of the mean subsidence. The shallow cloud laysr extends
over several model Jayers and the depth of the total moist layer is
considerably deeper.

Revised infrared radistion schems

Tha original BOMF radiation scheme was bassd on 8 two-stream
approzimation of the radiative transfer equation both jin ths solar and
infrared part of the spectrum (Galeyn and Hollingsworth, 1978). In both wave
domains an affective absorber path length method (EAM) was used to incorporatae
the sffects of gaseous absorption and emission. This method works well in the
shortwave but the approximations that are necessary in the longwave to maks
the scheme computstionally viable have led to problems, in particular with the
treatment of the emission terms in the atmosphere. The scheme gives sxcessive
cooling rates in layers with small amounts of scatersr due to clouds and
asrcsols (Slingo, 1982). To overcome this problem a longwave radiation scheme
with & reviged treatment of gaseous absorption has baen developsd. This is
based on the technique of exponential sum fitting (ESFT) in which the gasecus
transsission function is approximated by & series of decaying exponentials,
Each sxponent behaves like & monochromatic optical depth which can be easily
incorporated into the sultiple scettering form of the existing radiation
schese. A computationally efficient version of this method (FESFI) which
simplifies the treatment of gasecus overlap has been developed (Ritter,
1984}, This scheme gives 2 much mors realistic response to small amounts of
cloud. The EAM schese exhibits a strong cooling near 600 mb evan though the
corrasponding cloud cover is small. It also underestimates the cooling near
the surface sssociated with the rapid increase in humidity.

2.3 Initial conditions and expariments

All integrations start from real data fros ths FOGE observing period.
A starting date of 12Z. 11 June 1979, was chosen so as to cover the period of
rapid intensification of the monsconal flow over India. For these experiments
the FGGE level-Ilb data is re-analysed uding the present operation analysis
procedure of the PCMWF. Data assimilation was stactad from 5 June 1979 using
the revised system describad by Lonnberg and Shaw (1983), A non-linear
disbatic normal wode initialization with only the first five vertical modes
(Werger. 1983) is carried out for initialization of the input data.

M
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The results from five expsriments are described - one control and four
il.lttqutibnl in which soms aspects of physics was modified/dropped. Table 1
gives a list of the experiments and indicates which part of the physics was
:ndjf:;dldroppcd. If no changs is indicated then the conteol run counterpart
1 used,

TABLE 1
Wumerical experiments with modification to the physicel processes

Ruperiment Modified Rew Resarks
Kuo plus Radistion N
shallow
convection
ml - - Control: EOMF  operational
wodel as on 1 Decesber 1984
x20 b - To study the impact of
convect jon
ml - X To study the impact of only
radiation
b (1] x x To exzamine the responss of
convection and radiation
BON x No To illustrate the influence of

Radiation radiation on convection

L RESULTS

1.1 Impact of the physical processes on tropicsl forscast

The tropical flow ix, as expscted. most influsnced by the physical
processes in the model., Improvement of parameterization schemes and inclusien
of shallow convection in the wmodel reduces the systematic errors  in
large-scale diabatic heating, and the large-scals flow. This may be
Sttributed to an oversl]l increase of the hydrological cycle (moisturs mupply
and prascipitation rate). and diabatic heating as a consequence. In this
lfctlon a legend discussion on the impact of the physical processes on
nnula:l:n and madium-rangs prediction over the entirs tropical belt will be
presentad,

Piguras 2 fllustrates the time evolution of the root mean square (RMS)
vector wind arrors at 850 mb for the tropical strip (35°5-32°N). The graphs
include persistence, so that the akill of the forecast can be assessed. As
may be sesn., the control experiment (W81} develops substantial errors by the
end of the forscast, both in the total field and for the vary long waves (1-3)
whers it is worse than persistence for most of the forecast. The introduction
of an improved longwave radiation schems (X31) gives an improvement in total
4rrors, but & lesser changs for the very long waves (Figure 2a), particulacly
torwards the end of the forecast. In comparison, the introduction of shallow
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convaction and a modifisd Kuo scheme {X20) gives only s ssall isprovesent in
total errors, but s dramatic effsct on ths large-scals flow (Figura 2b), It
is interesting to note that the full bensfits of convection changas are only
realised when they are combined with the radiation changes. Then the errTorg
decrsase still further, so that ths forecast is better than persintancy
throughout (Figure 2b}. The bast results are obtsined only whan all th
changes to the physics are incorporated. Figure 2 shows that the mode)
responds quite rapidly to improvements in the physics. By day 4 ths effect of
shallow convection and modified Kuo (X20 vs. WBl) is already establigheg
(Figure 2b). The radiation changes are also avident by day 4 but a further
Tasponae can 81so be seen later in the forscast (X31 vs, WBl: 20 wa. Y6B).

To ses what thase root mean sguace errors mean in terss of flow
patterns simulated by tha modsl, the obaarvad maan flow patterns at 050 mb for
days S-10 of the foracast (i.s., 16-21 June 1979} together with forecast
errors, are illustrated in Pigure 3. The control axpariment (W81l) shows the
spurious westarly flow over W. Africa which was a typical feature of ths EOMWYP
operational model, It does not predict the extent of the obssrved
intensification of ths Somali jet. and also fails to predict the observed
strong low-level sasterlies over tha tropical Atlantic (Figure Je). With the
introduction of shallow convection and a modifisd Kuo (X20) schese the marked
isprovement in the large scale flow avident in Figure 3d. is ssen in the
atrengthening of trade winds over the Atlantic, and the ramowal of the
Spurious westerlies ovar Africa., The monsconal flow, however, is still mot
vwell simglated. On the other hand, the modified radiation schame improves the
monsoon forecast, but has littls effect on the flow over the Atlantic and West
Africa. It is only when the convection changes are combined with the
radiation changes (Y68) that there is a substantisl improvement in prediction
over the tropical belt. The same result ig evident in the winds at 200 mb
{not showm). The best results ars 4gain obtainad only when shallow convection
and changes in convection and radiation are incorporated in the model.

Ths model precipitation pattarns ({Pigure 4) show marked differences
associsted with different changes in the physical procasses. The control
azperimant (WEl) is characterised by excessive precipitation owsr Indonesia
and & weak ITCZ, when compared with climatological estimstas for June from
Jasger {1976). Thea monsconal rains over India are also understimated. The
few radiation schese tends to increase radiative cooling in the lower
troposphers nesr the surface. The new schame tends to stabiliss the lowsr
troposphers, whils the old schems tands to destabilise it quite rapidly. The
result of this stabilising tendency is a general reduction in pracipitation
without affecting its geographical distribution (Figure 4¢). The shallow
convection and modified Kuo schemes have the greatest impact on precipitation
§X20). Comparsd to the coatrol run (W81) considerably highsr precipitation
ratas occur along the ITCZ downstream of the tradas {Atlantic and North Brazil
Cantral Pacific, Indian Ocean) and smaller rates occur ovar Indonesia
(Figure 4b and 4¢). Ths distribution is now much more reslistic when coppared
with Jaeger's climatology (Pigure 4a). However. the mONgOON rains over India
and the Arsbian Sea are still underestimated. while the maxima near the Somalj
Jet and north of the Bay of Bangal seam unreslistically large. It is
interssting to note that when the radistion changes are added to convectlon
changes (Y60}, there is a marked improvement in these featurss (Pigure 4a),
and in the flow pattarn (Figures 2 and 3). The monsoon rains are increassd
over Indis, whila the Acsbian Sea and the Bay of Bengal precipitation ia
reduced.
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The large changs in precipitation when convection changes ara
introduced may be attributed brimarily to s desper and mors moist trade~wind
poundary layer over oceans dus to shallow convection, The top of the trade
wind cloud layer seems to be highsr by about 100 mb. and the higher amount of

moisture balance for the trades "implies & larger moisturs supply through
svaporation from the oceans and this is clearly saen in Pigure 5 compared to
the control run (W8l) the expariment with shallow convection and sl1 changes
in convection and radiation (Y68) shows an increase in evaporation rats over
large tropical oceanic regions by asbout 50 Wa-? {squivalent to almost
2mm day"' of precipitable water), and by about 75-100 wa ' over the
equatorial Indian Ocean and the Arabian Sea. The evaporation is now much
closar to the climstological wvalus for Juns (Pigure 4a). Prom Esbsnsen and
Kushoir (1981), The main reason for increased evaporation is the snhancessnt
of tha moisture gradient adjacent to the ocean surface due to the vertical
transport and mixing in the boundary layer by tha shallow convection.

A marked isprovement in the flow pattern and hydrological cycle over
the entire tropical belt and particularly ovar ths monsoon region occurs only
when the isprovesents in long-wave radistion estimation are combined with the
convection changss. It esphasises that 3 physical process cannot be
considered in jeolation. Purther. the rasults clearly demonstrate the role of
the physical processes in the model for improving tropical forecasts,

3.2 ct _of simulation of
BONSCon

—

ical processes on Anian susmer

The role of physical processes in a realistic simulation of ths
bydrological cycle (evaporation and precipitstion) ovar the monsoon region has
besn pressnted in Section 3.1. In this section the simulation of the
monsocn's onset and prediction of the stationsry componauts of the summer
monsoan will be illustrated. -

Time sequences of the kinatic anergy (XE) of the 350 mb flow over the
Arsbian Ses region (0°-23.5°N, 41.25°-75°K) are depicted in Figure 6. The
kinstic ensrgy of the analysed flow shows an increass by about five times
between 11 and 17 June. The simulation with all revisions to the physics
(Y68) clsarly performs battar than all other expsriments. Although in this
case XE increases by about 3-4 times between 11-17 June. it still fails to
reproduce the observed increass in kinatic energy. The simulation with the
modified radiation (X31) performs. to some axtant, batter than the control
{W81), although the growth in KE does not sxceed 2-3 times the initial valus
on i1 Juna. As alrsady discussed it can be clearly seasn that it is only when,
convection changes are combinad with the radistion changes (Y68 wa. X20) that
some intansification of the low level flow is simulated. This is consistent
with the increased precipitation over the Arabian Sea (Figure 4) in Y68, and
agrees with other studies (e.g., Krishnamurti, et al. 1963; Mohanty, st al,
1984). Assessment of ths results show that the increase in the diabatic
forcing dus to a realistic simulation of ths hydrological cycle {Figure 4 and
5) primarily leads to a significant improvement in the simulation of the rapid
swlution of the monsoon circulation ovar the Arabian Sea and India.

To examine ths skill in the fimulation and prediction of the
stationary componants of ths monsoon cifculation on the time scals of the
ssdivo~rangs forecast (10-days), the time averaged (days 1-10) winds et 350 mb
and 150 mb are illustrated in Figures 7 and 8. Although shallow convection and
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& sodified Kuo schems (X20) improves tha low-lavel tropicsl flow over Weat
Africa and the Atlantic Ocean they fail to intensify the monsoon circulstion,
The performance of the new radiation fchems {X31) over the monsoon region fg
Quite encouraging, Howevar. the low level cross-equatorial flow off the saat
cosst of Africa and the Somali Jet over the Arabian Sea are ruliltiuu,
simulated only in experiment Y68 (Figura 7e).

Another important featurs of the susmer monsoon circulation in apn
upper tropospheric (= 150 mbh) sasterly jet ovar the Indian Peninsula and
adjoining  seas. This  easterly jet iz associated with a st
cross—equatorial return flow (divergant flow),

EOQMF operationsl forscasts. With the introduction of mhallow convection and
modified Kuo (X20) parameterization, a small improvement in the divergant flow
is noticed. But it is only when ths convection changes are combined with the
new radiation scheme (Y68) that ths easterly jet along with strong cross-
equatorial ceturn flow is realistically sisulsted. 1In association with the

“improved divergent flow over the Indian Ocean in Y68, the excessive santerly

flow ovar Cantral Africa snd the Atlantic is graatly reduced. Thus, & marked
improvement in lower and upper tropospheric flow over the RONSOON  regime
og;-un only when the convection changes ars combinad with the new radiation
scheme.

The time mean (days 1-10) sectorial averages (45°-753°E) of somal wind
fu), meridional wind (v] and vertical motion (w) over ths Arabian Ses are
illustrated in Figures 9-11 respectively. The low level wasterlies and upper
tropospheric easterlies over the Arabisn Sea ars well simulated in the
expeciment Y68 (Figure 5). The control run (W81} fails to simulate the low
level westerly jet. The experimants X20 and X31 simuiats a vory weak jet over
the Arabian Sea. The Jow lsval southerly component of the motion ia
reproduced well in all these experiments (W81, X20, X31 and Y68). but the
upper level cross-equatorial return flow iz only proparly wsimulated in the
exparisent Y68 (Figurs 10). The strong ascending motion over the Arabian Ses
near 13N (Figure 11} ig reproduced extresmely wali only in experiment Y648,
The other experiments (W81, X20 and X31) failed to simulate this festure.

The remarkable success in sisulation and prediction of the detailed
features of the sonally averaged fields over the Arabian Sea, which occur only
when the radiation changes sre combined with the convection changes is & major
result of this study. This result illustrates the impact of physical
processss on the simulation and Prediction of the monsoon circulation,
Moreover it emphasises the need of an affective radiation convection
interaction in the numerical modal for monsoon prediction,

.3 lmpact of radistion—convection intezaction on the prediction of
tropical circulation

This aspect Is well i1lustrated in Sections 3.1 and 3.2. In ehis
section an attempt will be made to quantify the impact of radiation on
convection in the simulation and Prediction of the tropical circulation,

For this purpose. & 10-day real data simulation expariment (BGN) was
carried out in the absence of radiation in the model. The purposs was te
examine the influence of radiation on convection, but shallow convection and
the modified Kuo schems wars incorporated in the model,

-—————
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In the absence of radistive processss the hydrological cycle
tprecipitations and svaporation) was reduced substantially over tha tropics
(Piguces 4f, Sf. 13 and 14), The ITCZ had almost disappeared over the major
part of the tropical belt and cemsined weak over the monsoon region.
Considerable reduction in sonal distribution of convective precipitation
(Figure 13) and surface moisture fluxes (Figure 14) ware observed in the
sxperiment without radistion (BONM), Convective precipitation was reduced to
ons third valus of its valus over the tropics (Y60 ws, BON). This is
reflected in the tumperaturs tendency dus to convection, Over the tropical
belt the heating rate of about 3°C per day in Y68 (Figure 12) was reduced to &
heating of 1°C per day in experiment BON. This result desonstrates that
convective activity is very semsitive to the radiation. 1In ite absence
convective activity is reduced by almost half to one third of its value over
the tropice (Y6E ws. BOM). :

A weak hydrelogical cycls leads to & weak disbatic forcing in the
tropies, which is reflected in the nimulation of the stationary components of
the monsoon circulation, The low Jevel Somali Jet has almost disappearsd over
the Arabian 8ea (Figure 7f) and ths upper level tropical sasterly jet is
considerahly weakened {Pigurs Bf).

Thase results clesrly desonstrate the responss of convection to
radiation and emphasise that a physical process cannot be considersd in
isclation.

CONCLUSTONS

This study has concentrated on the impact of physical processes on ths
#isulation and medium-range weather prediction over the tropics and, in
particular, over the monscon region. On the basis of & mmber of intereating
results discussed sbove, the following gensral conclusions say be drawn:

ta) Introduction of shallow comvection and a modification of tha
Kuo convection schame, along with long-wvave radiation
parametarization in the model (Y58) have an integral effect by
intensifying the hydrological cycla (avaporation and
precipitation}. This provieds & mors realistic and intensified
diabatic forcing in the tropics;

(b} The improvesant in diabatic heating over the tropics leads to a
significant success in simulation and prediction of tropical
flow. In particular, the trade winds are such improved along
with the precipitstion associsted with the ITCZ. The srronecus
flow over Africa is also largsly connected; .

te) The results have shown that the combined effect of improvements
in representation of physical processes leads to a significant
improvement in  simulation and pradiction of wonsoon
circulation, in particular, the precipitation rate, low and
upper lavel jets are handled extermely well in experiment Y64.
A major result of this study ls the ability of the only
expariment Y68 to predict an upper level (= 150 mh} divergent
flow ovar the SE Asia and Indian Ocean. Thase changes can be
attributed, to the introduction of shallow convaction and the
modifications to the deep cusulus convection (Ruo scheme). It
is mlso interesting to note that improvement in radiation
Paraseterization is necessary for realising the benefits of
changes in ection. This is particularly evident for the
sonsoon; without radistion changes, improvements in convection
give no intensification of the monsoon circulation. This is
also associated with lack of deval pment of rains over

the Arabian Sea and Southern India.
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The impact of tadiation jg further Smphasized by a sensitiviey,

expecivant  (BON), which was carrisd out j§n absence of thy radiation
Pordmstarization in the mods) .
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