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Abstract

A series of studies on the prediciability of the tropical coupled ocean—atmosphere system have been performed at
the Centre for Atmospheric Sciences. The results pravide the [irst estimate of the upper limit on the predictability
of the coupled system. A new parameterization of the large-scale part of the convective heating in the atmosphere
developed at the Centre has led to the development of a simple low-cost model for the atmospheric surface winds
which is suitable for coupled modelling studies.
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upper limit on predictabilily, model for surface winds.

1. Introduction

The ability to predict tropical ‘weather’ (such as tropical cyclones and monsoon depres-
sions, ete.) and tropical ‘climate’ (such as large-scale floods and droughts) has tremen-
dous social-economic impact. However, the atmosphere and the coupled ocean-
atmosphere system are extremely complex physical systems which make the prediction
of tropical weather and climate a very challenging task. The atmosphere and the coupled
OC€an-atrosphere system may be represented by a set of equations that include certain
dpproximations of some of the physical processes such as radiative heating, convective
heating associated with clouds, boundary-layer turbulent fluxes of heat, momentum and
?lass, etc. With initial conditions defined by observations, such a set of equations or a
model’ may be integrated forward in time using a powerful computer. As we improve
Our understanding of these physical processes and include better representation of them,
thf_’ model improves. As the model and the initial data get refined, we can expect our
ability to predict the atmospheric system to improve. In fact, this is what has happened
' numerical weather prediction (NWP). It started in the late fifties using the first com-
PUler ever built. In those early days of NWP, useful prediction of the weather in the
Middle latitude could be made only one day or so in advance. During the last three dec-
ades, tremendous progress in computer technology, better understanding of the physical
Processes of the atmosphere and better collection of data have led to a prediction system
With useful predictive skill up to seven days in advance in the middle altitudes. With
‘mPfaved models and improved specification of the iamitial conditions, what limits our
abiliy 1o predict these systems? This question was first addressed by Lorenz'. Using a
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simple model he showed that small errors in the initial :_::on.ditions would double jp about
three days. Keeping in mind some of the intrinsic limntauon_s of the observing System,
this puts a limit of two to three weeks on our ability to predict the weather. This limit,
often known as the ‘limit on deterministic predictability’, has now been confirmed using
more sophisticated models. This limit is governed by the instabilities and nonlinearitjes
of the system. The instabilities make the initial error grow in time while the nonlinear;-
ties help the errors to reach a saturation level keeping the system within certain boungds.
Thus, along with the progress in NWP, quantitative estimates of the predictability of (he
weather have also been established.

In contrast to the tremendous strides made by NWP, the climate prediction efforg
using deterministic models are still in early stages. For a while the limit on deterministic
predictability acted as a conceptual barrier for deterministic climate prediction. It wag
thought that no useful prediction beyond this limit could be achieved. However, it was
demonstrated by Charney and Shukla® that although the instantaneous state of the at-
mosphere (or the weather) may not be predictable beyond 2-3 weeks, the climate or the
statistical properties of the atmosphere (such as time and/or space means) may still be
predictable beyond this limit. This is possible because the climate is governed by low-
frequency planetary-scale flow patterns. If these low-frequency (LF) planetary-scale flow
patterns were solely governed by internal dynamics or instabilities of their own scale or
scale interactions with the high-frequency synoptic disturbances. then there will not be
much hope for predictions beyond the limit on deterministic predictability. However,
these LF planetary-scale patterns are also expected to be governed to a large extent by
the forcing associated with slowly varying boundary conditions such as sea surface tem-
perature (SST), soil moisture, snow cover, elc. This slowly varying forcing provides
significant coherent changes in the planetary scales at LF, leading to potential predict-
ability of the space—time averages. This and some subsequent studies provide the concep-
tual basis for climate prediction.

In this paper. we shall address the question of predictability of the tropical climate in
the interannual time scale. In these time scales, the tropical climate variability is domi-
nated by the El Nino and Southern Oscillation (ENSO) phenomenon. This is an irregular
oscillation associated with very large scale simultaneous changes in the tropical atmos-
phere and the tropical ocean (primarily, the Pacific Ocean). The atmospheric component
of the ENSO is known as the Southern Oscillation (SO), whose primary manifestation is
a see-saw in the surface pressure between the southeast Pacific subtropical high and the
region of low-pressure stretching across northern Australia to western Africa. The oce-
anic component known as the El Nino (EN) manifests itself in many oceanic fields, for
example, as decrease in the western Pacific sea level and increase in the same in the
eastern Pacific and large-scale warming of the equatorial eastern Pacific. As an example,
Fig. 1 shows the time series of one index of the SO and another index of the EN. Several

FiG. |. Monthly mean time series of: (a) classical index of Southern Oscillation, i.e., the pressure difference be-
tween Easter Island and Darwin in mb, (b) sea-surface temperature anomalies in the eastern equatorial Pacific

region (20 S-20 N, 80 W-180 W) in degrees C. The thick line in (a) represents a 12-month running mean, and in
(b) 15-month weighted average.



20

| 5

PREDICTA
BILITY OF TROPICAL OCEAN-ATMOSPHERE S
YSTEM

405

L
A ‘.\ | LL“I

AP e I 1 W/,

I




ET]) B. N. GOSWAMI

features are noteworthy. High-frequency intraseasonal oscillations (light curve) are gy.
perimposed on & dominant low-frequency oscillations (heavy curve) of both the atmos.
phere and the ocean. There is a Vcry high coherence between the atmospheric low-

frequency oscillation and the oceanic low-frequency oscillation. However, the high.
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of SST. The SST in turn modulates the atmospheric convective heating that drives th

surface winds. Under certain conditions, an increase in SST can lead to enhanccmefn T’
the surface winds such that it helps to enhance the SST further. It was only in the mi:;r

eighties when several studies’’ showed that even though the linear atmosphere and lh;
linear ocean are independently stable, the coupling may give rise to a low-frequency un-
stable mode In the tropical coupled ocean—atmosphere system under certain conditions.,

The understarfding of sgch coupled air—sea interactions has emerged from knowledge
gained from studies of the individual uncoupled systems. For example, studies of atmos-
pheric response to a given heat source® have shown that it generates westerly anomaly
to the west and easterly anomaly to the east of the heat source. Oceanographic studies'™
'* have shown that the oceanic response to such a burst of westerly winds generates a
downwelling Kelvin wave (one with anomalous depression of the thermocline) that
propagates to the east and an upwelling Rossby wave that propagates to the west. At this
point one could ask two questions. Firstly, can such air—sea interactions give rise 1o cli-
mate fluctuations in the interannual time scale? Secondly, under what conditions do such
air—sea interactions lead to a positive feedback?

The answer to the first question is in the affirmative due to three special characters of
the tropical ocean—atmosphere system. (a) The mean SST in the tropical region is high
(>26.5°C) in large regions. A small increasc in SST is capable of generating large in-
crease in evaporation and hence the availability of moisture in this region. (b) Due to the
conditionally unstable nature of the tropical atmosphere, such available moisture can be
converted to tropospheric heating through cumulus convection. (¢) The equatorial ocean
allows a free Kelvin wave with phase speed of about 2 m/s. The gravest meridional mode
Rossby wave has phase speed one-third that of the Kelvin wave. For these long waves,
the phase speed and the group speed tend to be equal. A Kelvin wave packet would take
2-3 months to cross a basin of the size of the Pacific Ocean while the gravest Rossby
wave would take 6-9 months to cross the same. Thus, these wave packets can redistrib-
ute heat in the equatorial region in the time scale of a scason 10 a few years. In the ex-
tratropics, the free Kelvin wave does not exist. Moreover, the phase speed of the Rosisb}:
waves goes inversely as the square of the distance from the equator. A:s a result, lll;e t;:r;n
scale of SST changes in the extratropics due to wave dylnanucs 1S 'muLh longl_z,c{;‘.q iﬁm“ X
Ing the second question. detailed analysis of the energetics of the lfncaf couple .y.s‘ —
has shown that if the surface wind convergence produced h‘y heating in the a‘tmos{) -
lorces oceanic currents such that convergent atmospheric winds o'w::*rlayI fc:r;::-rliecn .
anic currents, a positive feedback could take piace. ll.has‘befr'u shicow i
conditions in the central and eastern Pacific are conducive for such a coup

ncy variations in the tropical atmos-
h the observed low-frequency
5 nave shown that the low-

Metcorologists have shown'? that the Iow-freq‘uc :
Phere are primarily driven by the forcing associated wilh
Variations in the trop.i'cal SST. Similarly. occanogl:aphcfs_ by the observed surface
frcqmncy oceanic variations in the tropics are mainly drwcr} yl G i ot
Wind variations. These studies underlined the fact that for iSl.?:;;ahaf to be modcled.
Variability in the tropics. the coupled ocean—atmosphere 8yS |

- unstable coupled
These 1wo developments and the discovery of the existence of an LF
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ied models suffer from some systematic er-
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rors that often lead them to drift to thetr own cll@atczo y -fAﬂ :’l‘ltl;: ;nTra::i ;:mr In the
atmospheric component resulting in a smail error I the su_l" ace mf ih .hTs a small
error in the SST which can amplify In time duc to lpe ex:s(;z:cc of »‘.; uns!d! e air-sea
interactions in the system. This makes the modeiling of the tropical coupled ocean-

atmosphere a challenging task.

the concept of slowly varying boundary forced predictabil-
dary condition for one component is an internal variable
the potential predictability, if at all 1t exists, must result
entirely from the internal dynamics of the coupled system. Sin_ce tfw system has some LF
internal oscillations (such as the quasi-four-year ENSO oscillation), these oscillations
themselves provide the basis for extended range predictability of the f:oupled system. As
mentioned earlier. efforts to predict these interannual oscillations using coupled models
have begunu‘ 2} However, all these models are in the their early stages of development.
Moreover. the initial conditions for these coupled models require surface and subsurface
data from the world ocean. At present. this is poorly represented. As the models improve
and the data assimilation system for the coupled system also improves, we can expect
our ability to predict ENSO also to improve. Unlike the NWP. however, there was no
quantitative estimate of the limit on the predictability of the tropical coupled system. In
this paper, we summarize a series of studies that we conducted to provide the first esti-
mate of the theoretical limit on the predictability of the coupled system and attempts to
identify the factors that may be responsible in determining this limit.

mode have led to considerable cfl:url ]
tropical interannual variability using coupli¢

from simple anomaly models'® to com
(CGC Ms)'’ '°. However, mosi of these coup

In such a coupled system,
ity is not applicable as the boun
for the other component. Thus,

Conceptually, any long-range predictability of the ENSO may be expected due to the
dominance of the four-year periodicity, while the limit on this predictability would result
from the nature of the aperiodicity of the four-year oscillation. Therefore, there is a need
to understand the origin of the quasi-four-year oscillation in the coupled system as well
as the origin of its aperiodicity. Both these are subjects of active research currently. A
plausibl: scenario for the four-year periodicity has been proposed by Suarez and
Schopf ™ and Battisti and Hirst”. Let us assume that a westerly wind burst is triggered
by atmospheric disturbances in the central Pacific. It is well known from oceanographic
studies that such a u{ind burst produces a downwelling Kelvin wave packet that propa-
gates (o the east. T!us downwelling Kelvin pulse triggers the coupled instability in the
easit?rn ch:ﬁc. and increases the SST (warm event). At the same time, an upwelling sig-
g?t t:i el::it::: In ﬂjl:;‘ central Pacific that propagates to the western boundary in the form
i i arminm;::alzna] Rossby wave, gets reflected from the western boundary, returns
dowmwelli & § an equatorially tl'a_pped upwelling Kelvin wave and destroys the

. Ing signal. Some of these upwelling pulses take the SST asi h
During the decreasing phase downwelling R ) e
Propagate to the western boun,dal'}' l‘ctuning dOSsby u{ave paclfets are gen?r:_it‘ed e
neat growth phase of instability 'Ehus a ba? 5 e LS ‘hf'

: » @ balance between the positive feedback associ-
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ated with the coupled instability and the negative feedback associated with the reflection
of the Rossby waves from the western boundary can lead to an oscillation. The period of
the oscillation is determined by a combination of the growth rate of the instability
(determined by various thermodynamic processes in the region) and the travel time of
the Rossby-Kelvin pair back to the warming region (determined by equatorial wave dy-
namics and the size of the basin). The size of the Pacific basin being large, it can sustain
such an oscillation. On the other hand, in a small basin like the Indian Ocean, even if
the coupled instability exists, the reflected Rossby waves kill any warming signal before
they can develop into any appreciable size. This mechanism, often referred 10 as the
‘delayed oscillator mechanism’. can be represented by a simple analog equation given by

F, = aF(t) - bF(1 - 1) — cF(1),

where F represents the temperature anomaly, a. the growth rate of the coupled instabil-
ity. b. the strength of the negative feedback associated with the Rossby wave reflection,
¢, the strength of the nonlinearity associated with the perturbation upwelling and 7. the
delay time associated with the reflected Rossby wave. Although this seems to be a plau-
sible mechanism. it appears that other mechanisms could as well produce the oscillation
in the real coupled system, and in some coupled GCMs. While the mechanism for the
four-year oscillation is still being debated, the cause for the periodicity is even more un-
clear. In this paper. we shall present a conceptual model for the aperiodicity of the tropi-
cal coupled system.

As we mentioned earlier, for the coupled models to be useful for climate predictions,
it is essential that the climate drift be minimized. A prerequisite to achieve l!us goal is
that the individual components of the coupled system simulate the observations accu-
rately when forced by observed boundary conditions. In other words, the atmospheric
component must simulate the surface winds correctly when forced by T Uk S.ST
and the ocean component must simulate SST correctly when forced by the Ot',se:v?d F ur;
face wind stresses. To gain insight regarding the maintenance of the tropical a.:l}rc :.::1
winds, we have examined the simulation of the surface winds by an alm usphcrlt_: a_'
We have also developed a very simple model for the tropical'surfacc winds ll:lt t::n c:sgry
ble of simulating them almost as well as the GCM at a fraction i COS.:,. s mma-
of these studies will also be discussed in this paper. In {;ccuons :';'i ’ a,n.dm;: :cf;:lls on
fize the results of our predictability studies while 1n Section 5 we lsc;i"”.c eneral circu-
simulation of the surface winds in the tropics with a complex atmospiert ’

lation model (AGCM) as well as with a simple linear model.

.3 Pl‘Edictahility studies 11,2226

i ; :NSQ events
i ' imental forecasts of EN |
Couplcd N skill of these models as well as an esti-

limate fluctuations arc lack-
h a coupled model to

: igation wit
nvestigatic ous 10

of the coupled system (analog

*

®Slimate the theoretical limit on the Prcdidabimyh
deterministic limit on the predictability of the weather).
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pled model developed by Cane and Zebiak'®# (hercafier

= we used the cou _ ) 27 .
. lg I: b:fdl{lc CZ model) and carried out a S€rics of 18] lhr‘i_ely?ar f"ore‘l:as.ts - This
Fcftfft‘-' '-(:h; simplest coupled models that has proved %‘.ucc;f u (;3 ;;I'rnu ﬂl‘mg many
i ¢ the observed interannual variability in the (ropics. A€ MOCET 1S an “anomaly’
ke mean annual cycle is prescribed and the model de.

model in which the climatological atmospherc is global in extent but (he

' | omalies. The
mines the evolution of the an _ * ‘ ! et
::;an is a rectangular basin representing the Pacific Ocean. The main nonlinearity jp

the model comes from the advection of the temperature anomalies. For m(;’l!almg' Coupled

T d initial conditions consisting of both atmospheru_: and oceanic obser-
predictions. CouPlc ' tional data assimilation and analysis systems are avail.
valio?s ar:: re?u,;:dh::: ﬂ;.:p::ne are currently not available for the coupled system,
'al‘t:ii. izrr;agn?y duf to lilc nonavailability of ocri.':afti‘c obser?gtim?s‘: Therefore, a rather
simple analysis scheme is used to generate lhc'lmual conditions or our Faupleq fore-
casts. We have reasonable surface wind observations over a l?ng pt_arlod 01: time. It is also
known that the dynamics of the upper layers of the ocean 1s mfunly driven by surface
winds. Therefore, if we have a reasonably good ocean model which is forced by the ob-
served surface winds over a long period of time, we can expect the mf.adel to generale
reasonably good history for the oceanic currents and SST. Thus, we ca.rrled out a control
run in which the ocean model was forced with observed surface winds from January
1964 till May 1988. A comparison of the model-simulated anomalies with observations”
shows that the model does a good job simulating the observed EI Nino events. Allowing
the ocean to come to equilibrium with the observed winds, we save all the oceanic fields
from January 1970. The atmospheric response to SST anomalies corresponding to any
month of the control run together with the oceanic fields for that month gives us a bal-
anced initial condition for the coupled model. In this way, three-year coupled forecasts
starting with initial conditions form January 1970 till December 1985 are made. Here
the model is run in the coupled mode in which the atmospheric model generated winds
feedback to the ocean to determine the future evolution of the SST. The error in the fore-
casts 1s measured by the difference between the coupled forecasts and the control run. It
1s found that the forecasts depend sensitively on the initial conditions.

A gross measure of the skill of the forecasts may be obtained form the root mean
square error (RMSE) averaged over all the forecasts. It is seen from Fig. 3 that the cur-
rent average skill of the model is not more than four months as by this time errors be-
comf: larger than those for persistence forecasts. However. this is somewhat misleading.
!n Fig. 4 we show a series of six pairs of forecasts starting from two consecutive months
in eac‘h Case. As seen from Fig. 4, the skill of forecasts starting with some initial condi-
tions 1s far better than this conservative estimate. [t Is generally found that forecasts ini-

nat_ed from boreal fall/winter have much better skill than those initiated from boreal
spring/summer.

) TO. ¢stimate the theoretical limit on the predictability, we carried out 151 pairs of
a:dentlcal twin’ cxperimenﬁts, cach for a duration of 15 years. Each pair is identical in all
d?E:flz :::ﬁiti_tufﬁr one which contains a small perturbation in the initial condition. The

sence of the two forecasts in the pair represents growth of small errors in the initial
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Conditions assuming that the model is perfect. The growth of such errors (Fig. 5)‘ shows
that it is governed by two time scales. Empirical fitting of the curve with two different
€TTor growth processes indicates one fast time scale with error-doubling time of about 5
Months and another slow time scale with error-doubling time of about 15 months. Thus.
il one could identify the initial conditions that would support only the slow error growth,
Ofie could, in principle, hope for prediction of the ENSO events one-and-a-half to two
years in advance. The question is, how do we suppress the fast growth of errors in the
Mmitial conditions? If we could answer this question, we could hope to develop
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‘initialization' schemes for coupled predictions analogous to ‘inittalization’ schemes for
NWP. Before we could do this, however, we have to understand the dynamical factors

that govern the fast growth of errors in the initial conditions.

To gain some insight regarding this, we carried out a series of sensitivily experiments
with the CZ model. The basic variability of the model is aperiodic but has a dominant
four-year periodicity. We argued that if the variability was periodic, the predictability
will be very high. Therefore, the factors that give rise to aperiodicity in the model must
also be responsible for the fast error growth. Our experiments with the coupling proc-
esses showed™ that for the standard set of parameters of the CZ model, aperiodicity of
the model may be attributed to the ‘convergence feedback’™ associated with the atmos-
pheric heating of the model (denoted by B). An initial increase in the SST gives rise to
atmospheric heating. The heating generates anomalous surface convergence of the
moisture, leading to strengthening of the heating. This process is termed as the
‘convergence feedback’. In the absence of the convergence feedback, the model’s vari-
ability is quite periodic (Fig. 6). As the strength of the coupling associated with the con-
vergence feedback is slowly increased, the model’s variability slowly changes from a
periodic to an aperiodic regime (Fig. 7). The spectra (not shown) of these time series
show that it goes from a line spectrum at a low value of the convergence feedback to a
broad-band spectrum at a high value of the convergence feedback. Further analysis re-
vealed that this process is a strong function of the annual cycle. Figure 8 shows that if
the mean convergence is ﬁ-xed at March values, the model becomes aperiodic at a very
;l:l?i]lﬁs;:inagtthszft;h::bcoup];ngj while Fig. 9 shows that if the mean convergence field is
the coupling stringthetl';?su? .o 'model tfands 0 SSTE'S. period:c unfi) la-rg.e‘ values*ﬂf
boreal spring are assc;ciated :rifl?nlf'ls:lem Wllh. the't:act g fore;casts 11}1t1:51ted s
the model has a basic four-year LFlg frnpl:edlctabﬂny_ Vhese experiments mc!:cate vk
some new modes that intera{:t ncml'mcl atl{_}ﬂ aad the convergence feedback mtr'()dUCffS

inearly with the LF mode and make it aperiodic. The
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FIG. 6. The time series of area-averaged SSTA (°C) from the standard run of the CZ model for 120 years (a) with
convergence feedback f=0.75 and (b) without convergence feedback. B=0.0. The solid curve is for NINO3
(5 8—5 N, 90 W-150 W) and the dashed curve is for NINO4 (5 N-5 S, 150 W-160 E).

next big question is to identify the coupled oscillations introduced by the convergence
feedback process.

J. Stability analysis of a linear coupled ocean—-atmosphere model

To answer the above question. we conducted a stability analysis of the linear coupled
system in the presence of the convergence feedback™ *’. A dry air pachl cools due to
adiabatic expansion in a region of ascending motion. However, if the moisture f:mvergcd
on the ascending region due to anomalous low-level convergence condense, it releases
the latent heat, reducing the adiabatic cooling. Thus, the convergence feedback may be
modelled as a reduction of the static stability of the atmosphere. It is shown that in the
absence of the convergence feedback, the coupled model ystains only one LF unsiable
mode. In the presence of the convergence feedback, in addition to lhc']_.F uns'tabllr:) )mﬁe.
a number of higher-frequency intraseasonal (IS) modes are also sustained (Fig. .| e
growth rate of these IS modes is smaller than that of the gravest LF mode. A:; oig
Wavelengths, the LF mode still dominates. At shorter wavelengths. however, ll € rul
mode is stable while the IS modes are still unstable. Thercfore, al shorter waveleng

the IS modes are expected to dominate.

4. A conceptual model for the limit on predictability
f the Rossby waves from the west-

. ' . O
The LF unstable mode together with the reflections with a period ol about four years.

€ b"““daf}’ is attributed to the dominant os_cillafloq A —
Our discovery, discussed in the previous section, indicates tha

: . oscillations

LF oscillation with a period of about four years will coext;t ::l:: :n::;:uf;ﬂ I:l s T gl

wi . Wi : -ognition, we propos | i ,

“h'Shor[cr wavelengths. With this rcnogn;l- L (I par sed that the LF oscillation, by
dperiodicity in the tropical coupled system™ " °. It Is arg
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FiG. 7. Time series of the same area averaged guantities as in Fig. 6. but for four experiments with tncreasing

strengths of convergence feedback. Each experiment was integrated for 240 years and the evolution for the last
120 years is shown in cach case.

virtue of a very long characteristic length scale associated with it, may be considered as
a linear oscillator. It can be shown that the equatorial Rossby number U/B.L* (near the
equator the Coriolis parameter is f = §; y) for such planetary-scale phenomenon 1s small.
As a result, the nonlinear advection is not likely to be important for the LF mode. How-
ever, the IS modes have much shorter wavelengths and for them the equatorial Rossby num-
ber is large and the nonlinearity would be important. It is then proposed that an interaction
between this LF linear oscillator and the higher-requency nonlinear IS oscillations ¢
sults in broadening of the LF spéctrum, resulting in aperiodicity of the LF mode.

To represent the nonlinear interactions between the high-frequency waves, we cho0s¢
a prototype nonlinear system used by Lorenz® to describe some aspects of the gencral
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The power spectra of the three lime series are shown below (from Goswami and Shukla™).

Circulation of the atmosphere. Coupling these nonlinear equations o & linear oscillator,
the ¢quations for the coupled system may be written as

X =-Y?-Z’-aX +aF, (1)
¥ = XY -bXZ-CY+ G+ 0P, (2)
(3)

7 =bXY + XZ- CZ + aQ,
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FiG. 9. Same as in Fig. 8 except when the mean convergence field is held fixed at Sepiember values (from Gos-
wami and Shukla®®).

D = a)Q - ﬁ}” (4)
0 = wP - B2, (5)

where  is the frequency of the LF oscillator with a period of four years, p and Q are the

amplitudes of the sine and cosine phases of the oscillation and ¢ and B, the coupling

strengths. Equations (1)~(3) represent the HF coupled modes while eqns (4)~(5) rePre”
sent the LF mode. The typical time scale of the HF coupled modes is in the intraseasonal
range. In order that the nonlinear system contains this intrinsic time scales, We have
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F1G. 10. Nondimensivnal dispersion relation (all modes) for the strength of convergence feedback, ¢, = 0.8. im-
plying 80% reduction of dry static stability.s,. o, and k are nondimensional real, imaginary frequencies and wave-
numbers, respectively. UH, WM and EM represent the unstable low frequency mode and the maximally growing

easiward and westward propagating modes. Other symbols refer to other easiward (E) and westward propagating
(W) intraseasonal modes (from Selvarajan and Goswami™).

rescaled the original equations of Lorenz with a scaling factor C. X may be interpreted
as a zonally averaged field while ¥ and Z may be interpreted as amplitudes of the two
wave components. F and G are forcing. F may be considered as external zonally sym-
metric forcing (e.g., solar forcing) while G may be considered as a zonally asymmetric
forcing (e.g., land-ocean contrast). With C = 0.5 the simple model time series has many
characteristics similar to the observed ENSO time series™”.

When the coupling of HF to LF is weak (S small), LF remains essentially periodic.
As shown in Fig. 11, with increase of coupling, LF oscillation starts becoming aperiodic.
The spectra of the time series for the three increasing values of the coupling are
also shown in Fig. 11. The transition from a line spectrum to a broad banq one with
increasing strength of coupling is reminiscent of transition to aperiodicity in the
Cane-Zebiak model in the previous section. The broadening of the LF spectrum
takes place in the following way. The coupling of the HF component to LF can be
considered as a slowly varying forcing for the HF component. For the rang:? of fo;cnl::g
involved, the HF componcat goes through a chaotic regime. As a 'rea:ult 03 de
Slowly varying forcing, an LF tail in the spectrum of the HF system is Intr uce.:i
This when fely by the LF system as a forcing generales resonant response :é'ouzl
the four-year period, leading to the broadening of the LF spectrum and its aper:m: 3)}
The limit on the predictability of ENSO is related o how broad the sP"-‘Cd B
ENSO is. The above results indicate that the broadening of the spectrhumstarl;n s
the limit on the deterministic predictability of ENSO diﬁ!P"“‘d‘?’l En-‘aicso beef e
coupling of the HF 1o the LF oscillation. This conceptual mode i e -
:‘ECcn[‘]y to propose a mechanism for the origin of the tropospheric qua:
ation '?
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5., Modelling of the tropical surface winds

5.1. Simulation of surface winds by a GCM

The primary objective of the coupled models is to stmulate the LF interannual
such as the ENSO. Some recent studies® * have shown that the large-scale
observed surface winds represented by the first two or three empirical ortho
tions (EOFs) is sufficient to force the observed interannual variability in an ocean
~ model. These studies indicate that the small-scale high-frcqucncy part of the surface
winds is not essential in driving the LF interannual variability in the ocean. Based on
these studies it appears that an atmospheric model that is successful in simulating the
large-scale part of the surface winds accurately may be a good choice for the atmospheric
component of a coupled model even if it does not simulate the HF component well. We
shall analyse the results of an AGCM with this background in mind.

variability
part of the
gonal func-

The model used in this study is a low-resolution version of the COLA (Center for
Ocean Land Atmosphere Interactions, U. Maryland, USA) AGCM. It is a spectral model
with R15 (rhomboidal truncation with 15 waves in the east-west direction) horizoatal
resolution and 18 discrete vertical levels. The model employs primitive equations of mo-
tion with divergence, vorticity, virtual temperature, water vapour and surface pressure as
prognostic variables. The model contains parameterizations of most of the important
physical processes, including a simple biosphere model (SiB) of Sellers et al’®. The
mode! has been integrated using the observed monthly mean SSTs from January 1979 1o
March 1992. The integration was initiated with the observed atmospheric data corre-

sponding to January 1, 1979.

For comparison with observations we use the surface winds from the comprehensive
- = 1979 to December 1987. For the
ocean—atmosphere data set (COADS) " from January
period between January 1988 and March 1992, we have used ECMWF (Euro;fean Center
for Medium-Range Forecasting) analysis at 1000 mb. As we are mteres.ted in the low-
frequency variability, both the observed and the simulated wiqu are subjected o a five-
month running mean filter. To compare simulated precipitation with observations, we
have used the highly reflective cloud (HRC)*® data between 1979 and 1987.

We have made detailed comparison of the simulated annual cycle of the s:urfacc
9 Here we present only one result (Fig. 12)

winds as well as their interannual variations . .

that shows the evolution of the wind anomalies along the equalor 1n the model mmula}
lions as well as in the observations. The simulated equatorial Twlnd gnomallefu:;cl ;l:)c
tOmparable magnitude to the observed anomalies. The I:l‘IOdCI smulauor;: ozzl: i kg
€astward propagation of the westerly wind anomalies during the warm ¢p

81/82, 87/88 and 90/91.

The good simulation of the large-scale low-fr‘
WInds seems to be related the model's ability to si
Part of the precipitation®®. Good correspondence 1S I¢
talion and the highly reflective cloud (HRC) anomalie ‘
month running means. Moreover, the strong correlation betwce

equency part of the tropical surface
mulate the large-scale low-frequency
found between the simulated precipi-
s in the first two EOFs of the t'{v:f-
n the simulated precipi-
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FiG. 12. Simulated and observed zonal winds averaged between 6°N and 6°S across the equatorial Pacific basin
as a function of time. In (b) up to December 1987, COADS data are used. From January 1988 onwards. data from
ECMWF analysis are used. Negative contours are dashed. Contour interval is 0.5 ms.

tation and the simulated winds in the first two principal components indicates the pri-
mary role of the precipitation in driving the surface winds. The surface winds simulated
by a linear model forced by the GCM-simulated precipitation show™’ good resemblance

with the GCM-simulated winds. This indicates that the tropical surface winds are gov-
erned primarily by linear dynamics.

5.2. A linear model for tropical surface winds

The surface winds in the tropics may be viewed as arising from two processes—ine
baroclinic response of the tropical troposphere to latent heat forcing by deep convection
and the response to pressure gradients which develop hydrostatically in the turbulent
atmospheric boundary layer due to the underlying SST. The first of these mechanisms
was invoked by Gill® in a simple linear model for tropical surface winds. The role of the
boundary-layer pressure gradients in producing surface winds was put forward bY
Lindzen and Nigam®. We argue that both these processes may be at work depending ot
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the background condition. For example, in the western Pacifi
the SST gradients are weak. This region is, therefore, favour
not for SST gradient-induced surface winds. On the other hand, in the eastern Pacific
the mean SST 1s weak but the SST gradients are strong. Therefore, deep convection
normally is rare here but the SST gradients could stjl] produce enough surface winds. So
it is argued that a model of tropical surface winds should include both these dynamical
processes. |

¢ the mean SST is high but
able for deep convection but

Secondly, we address the question of the importance of dynamical factors governing
the maintenance of the observed surface winds in the tropics. Murphy and van
den Dool'' studied the momentum balance for the monthly mean surface winds
and concluded that nonlinearity played only a minor role in the momentum balance.
Zeibak*’ studied the vorticity budget of the monthly surface wind anomalies in the
tropical Pacific and also concluded that the nonlinear advection terms are of second-
order importance. He then proceeded to infer the forcing that may be required to
drive the observed surface winds in a linear model by solving the inverse problem. The
Interesting result that emerged from this study was that the inferred forcing field
was very different from the SST anomaly field but bore close resemblance to HRC
anomalies that are representative of atmospheric heating anomalies. Thus, the problem
with many simple linear models used in earlier studies to simulate the surface winds
was not that they neglected the nonlinearities but that they parameterized the atmos-
pheric heating wrongly. Most of these studies assumed atmospheric heating to be
directly proportional to SST anomalies. Such a parameterization fails to simulate both
the location and the horizontal scale of the atmospheric heating. For example, during
2 mature warm phase of ENSO, the SST anomaly maximum is located in the eastern
part of Pacific while the atmospheric heating anomalies (as seen from the HRC anoma-
lies) is maximum around the date line. Similarly, Neelin® showed (as we have ?lso
mentioned in the previous section) that if a linear model is forced Py heating dcr?vecf
from the GCM-simulated precipitation field, it can simulate trcfplcal surface wm.da
that closely resemble the GCM-simulated surface winds in the tropics. All thfese st.udlcs
Indicate that a linear model may be sufficient for simulating the surface winds if 12;
model can parameterize the atmospheric heating field correctly. Houfcvcr, the t:lfga“:; :
conveclive heating in the tropics is governed by nonlinear d}’“a”‘“ca_l a“dn:():;’l“isya
amical processes. To parameterize it within the framework of a lnear
daunting 1ask!

eme for atmospheric heating for use in

We have ; arameterization sch e
proposed a new p based on some recent observations. It

Such simple models. This is an empirical scheme _
' : ' n and SST
has been known for some time that the relationship between tropical convectio

‘ : ionship between
'S quite nonlinear** **. Some recent slm::lif:*:;.'“’w have established th? rcl:l:gg:l;ﬁhmgh -
SST and convection much more clearly. These studies have establishe

i i - is a clear non-
h-lgh'" SST the variability of convection at a given SST increases, there 15

. | to
‘ . . 5°C and less than or €qua
linear increase of convection with SST between SST > 26{{, We parameterize this rela-

2_9.5”(‘. For SST > 29.5°C the convective activity drops ©
"onship with the following empirical formula
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OLR (Wm™%) =260 , SST <265°C,

OLR (Wm2) =260 35( SST-263)) 26.5°< SST $29.5°C. (6)
g SST >29.5°C.

OLR (Wm ™) =225,

The quadratic relation gives an approximate fit to the nonlinc.ar decrcas:. of the out-
going longwave radiation (OLR) with SST, documented by Waliser er al*’. We recal

.. 50
that OLR and precipitation may be related by another empirical formula

P (mm day ') = 48.38 - 0.1860LR

=65 (SST;%'S ) 26.5°C <SST <29.5°C.

(7)

We note that for SST < 26.5°C, P = 0 and for SST > 29.5°C, P = 6.5 mm day™. From
eqn (7) we can write

4P _ 433 ssT-26.5).

dr 3

This means that the precipitation rate for one degree increase in SST goes from 0 at
SST = 26.5°C to a value of 4.33 mm day ' K™' at SST = 29.5°C. With this formulation

for precipitation as a function of SST, we can write the heating function as
Q=aP

where P is in mm day™' and o has the dimensions of kg™ mm™' day. Using the thermo-
dynamic and hydrostatic relations & can be estimated to be approximately 5.36 kg™
mm™' day. Thus, if we know SST, we can estimate the large-scale low-frequency part of
the precipitation and hence the associated convective heating. We emphasize, however,
that this formula may not work on a day-to-day basis.

The boundary layer response to the mid-tropospheric heating associated with the
large-scale part of the organized deep convection is modelled by a Gill-type model,

Ii: —fl"+¢:. +&id =0’
v +fu+9, +8/ =0, (8)

¢ +ct(u! +vi)+ep=—(,

where «” and v are perturbations in the horizontal components of mass flux in the
!:oundary layer, ¢” is the mass-weighted integral of the perturbation geopotential height
in the I:foundary layer, €, the coefficient of Rayleigh friction, and f, the Coriolis parame-
ter. (' is the forcing function associated with the deep convection.

Ffar the part of the b?undary-layel' flow due to pressure gradients arising from SST
gradients, we use the Lindzen and Nigam" (hereafter referred to as LN) formulation
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FiG. 13. The first two EQFs of the observed winds and their principal components are compared with those of the
linear model-simulated winds. The negalive contours are dashed.

with the back pressure effect. As Neelin®! showed, the LN model could be transformed to
the following form. which is similar to the Gill model:

u — fv'+ ¢ +eu’ =0,
vi+ fu'+¢, +ev' =0, P

’ I o TN ¥
0"+ (u, +vy)+ep” =0"—b1,

(9)
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F1G. 14. The first two EOFs of the observed precipitation and their principal componeats are comparced sl those
of the parameterized heating function for the linear model.

He'rc T, is the SST and b = €8 P Hy/2T,. where 8P is the depth of the boundary I‘F ®
units of pressure. Hy is the depth of the boundary layer in units of length and To. 153

onstant reference temperature (T, = 288 K). 9" = g(h'-Ho/2To)T,’, where A’ 1s the pertur-
bation height of the boundary layer.

We exploit the similarity and linearity of eqns (8) and (9) to combine them 10 the
following set of equations:
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uf-—fv'+¢‘:’+af=0,
";+ﬁ¢’+¢;”+£‘v’=0. f' (102, b,
et (uy +vy )+ 6™ = Q' — T,

where ¢” =¢ ' +9¢".

In this manner, our .linear model ?f the tropical boundary layer represented by eqns
(10) contains both the important forcings, one arising from heat released iIn deep con-
vection (represented by Q) and the other associated with SST gradients (represented by
bT,). Using the observed SST from COADS, the total heating for each month is calcu.
lated using our parameterization, discussed earlier in this section. From these heatings,
climatological mean heating corresponding to each calendar month is calculated and by
subtracting it from the individual monthly estimates, anomalous heating for individual
months is computed. The linear model is forced by the combined forcing. The Rayleigh
friction coefficient used in our model is (2 days)™'. This way mean monthly surface wind
anomalies are simulated™ from January 1974 to December 1987. The first two EOFs of
the simulated winds are shown in Fig. 13 and are compared with those of the observed
surface winds for the same period. It is seen that the large-scale pattern is quite well
simulated. Noteworthy is the correct simulation of the location of the westerly anomalies
during a warm event. The good simulation of the first of two EOFs of the surface winds
Is related to the good simulation of the first two EOFs of the deep convective heating by
our parameterization as shown in Fig. 14. To gain further insight. we show in Fig. 15
that the time longitude section of the equatorial zonal wind anomalies averaged between
S Nand § S. It is seen from this figure that the model does a good job of simulating l'he
eastward migration of westerly anomalies during 1982-1983, the easterly ‘anomahes
during 1974-1975, the westerly anomalies during 1986-1987. The simulation of the
large-scale part of the surface winds by our simple model is comparable to that qf even
some GCMs. We also examined the contributions made by deep convective hFatlng as
well as the SST gradients. We find*' (not shown) that the convective heating 1s m{nnly
responsible for driving the surface winds in the western Pacific while the SST gradients

g .
make appreciable contribution to the surface winds in the eastern Pacific.

4. Conclusions .
_atmosphere model provides the first ‘quamf-
upled system. Further investi-
ith a linear coupled model have

Ex}ensivc experiments with a coupled ocean
lalive estimate on the limit on the predictability of the co

galion with the coupled model. theoretical stability zmalys_:s W e s
shown that increase in atmospheric heating associated with anomalous

, & host of
(convergcnce feedback) results in the coexistence of an LF longwafﬁ nr:::; ;‘t:“fi i
IS shortwave modes. A conceptual model is then constructed that dl tc: ?hc ol;servcd aperi-
®ar interactions between the LF mode and the IS qucs could lcz iion for predictability
odicity in the coupled system. These results me"fje the mu{l;]ls to identify initial
Mudies of (he tropical climate. Qur current work .nml;csraermrf 4nd 1o find ways of
Conditions that support either the fast or the slow growih © ‘

s“li’l'm'::ssing the former.
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FIG. IS: T:me_-longitudc sections of the observed and linear model-simulated zonal wind anomalies along the
equatorial Pacific averaged between S°N and 5°S
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For coupled modelling studies. the atmospheric component js required to simulate th
| argc-SCa]e part of the obsc‘rved surface winds accurately as only this part is responsibl:
for driving low-frequency Interannual variability in the oceans. An improved linear at-
mospheric model is developed for simulating the large-scale component of the observed
surface wind variability. The model is tested over the Pacific Ocean for the period 1974—
1987. The first two empirical orthogonal functions of the surface winds simulated by the
model agree remarkably well with the corresponding EOFs of the observed surface
winds. The model not only captures the large-scale low-frequency part of the surface
winds given by the first two EOFs, it also successfully simulates the equatorial surface
wind anomalies and their evolution during the entire period 1974~1987. The noteworthy
success of this simple model stems from two improvements on existing linear models.
First. the model 1ncorporates the driving of surface winds both by deep convection and
by sea surface temperature (SST) gradients. Secondly, it contains a new improved
parameterization of organized deep convection. The parameterization is based on obser-
vations which show that there i1s a threshold in SST below which organized deep con-
vection rarely occurs and above which organized deep convection increases nonlinearly
with SST. It is shown that this parameterization is successful in simulating the large-
scale part of the observed precipitation anomalies quite well. It is also shown that the
convective heating is mainly responsible for driving surface winds in the western and
central Pacific, while the SST gradients contribute in a subtle way in driving surface
winds in the eastern Pacific. The simulation of the large-scale part of the surface winds
by our simple model is comparable to those by many GCMs. This makes the present low-
cost model an attractive choice for modelling studies.
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