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ABSTRACT

The role of surface friction in the tropical intraseasonal oscillation, or the Madden–Julian oscillation (MJO),
is investigated by comparing two 4-yr integrations with the Goddard atmospheric general circulation model:
one with the original model design with one added feature to enhance the intensity of the MJO and the other
is identical but with surface friction in the Tropics replaced by its zonal mean value. This comparison indicates
that in the second experiment the MJO not only still exists but also exists with similar intensity. The oft-cited
frictional wave-CISK (FWC) interpretation for the origin of the MJO, which emphasizes the role of frictionally
induced convergence in the surface layer, is reassessed in light of these experiments. The possibility of the MJO
in the second experiment being forced by the middle latitudes is excluded by a third experiment. These exper-
iments do not support one of the central ideas in FWC that surface friction plays an instability-enhancing role.

1. Introduction

The Madden–Julian oscillation (MJO), or the tropical
intraseasonal oscillation, has attracted much attention,
ever since its discovery in the early 1970s (Madden and
Julian 1971, 1972, 1994) for reasons of both scientific
interest and practical forecasts (Ferranti et al. 1990).
Among the theoretical interpretations of the MJO, the
wave-CISK (conditional instability of the second kind)
mechanism (Chao 1987; Lau and Peng 1987; Miyahara
1987; Hendon 1988; Chang and Lim 1988; Wang 1988;
Kirtman and Vernekar 1993; Blade and Hartmann 1993,
among many others) is the most popular. The basic as-
sertion of the wave-CISK interpretation is that the co-
operation between the low-level convergence associated
with the eastward moving Kelvin wave and the cumulus
convection generates an eastward moving Kelvin-wave-
like mode. Later it was recognized that the MJO has an
important Rossby-wave-like component (Chao 1987;
Nogues-Paegle et al. 1989). However linear analysis and
numerical simulations based on it (even when condi-
tional heating is used) revealed two problems with the
wave-CISK interpretation, that is, excessive speed and
the most preferred scale being zero or grid scale. Chao
(1995) presented a discussion of these problems and
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attributed them to the particular type of expression for
the cumulus heating (the so-called wave-CISK type of
heating formulation) used in the linear analyses and nu-
merical studies (i.e., the convective heating is propor-
tional to low-level convergence and a fixed vertical heat-
ing profile). It should be pointed out that in the relatively
successful simulations of MJO with general circulation
models (Slingo et al. 1996; Sperber et al. 1997), the
cumulus parameterization is based on convective insta-
bility rather than CISK type of heating where convective
heating depends on low-level convergence.

Various attempts have been mounted to salvage the
wave-CISK interpretation. Among them are the phase-
lagged wave-CISK and the frictional wave-CISK (here-
after, FWC). Phase-lagged wave-CISK (Davies 1979),
by keeping the so-called wave-CISK type of heating but
specifying a lag between convection and low-level con-
vergence, managed to avoid the zero preferred scale
problem, but the excessive speed problem remained.
Also it created a new problem of not maintaining the
close balance between convective heating and adiabatic
cooling due to vertical motion (Davies 1979), not to
mention the unresolved problem of how to determine
theoretically the magnitude of the phase lag. Because
of these problems the phase-lagged wave-CISK inter-
pretation is not considered as a strong contender. Chao
and Deng (1997) gave further discussion on this matter.
FWC (e.g., Wang 1988; Xie and Kubokawa 1990) em-
phasizes the importance of the low-level frictionally in-
duced convergence that occurs to the east of the con-
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FIG. 1. Four-year (1987–91) averaged precipitation (in mm day 21)
in Aug for (a) Xie–Arkin observations, and the experiment where
the boundary relative humidity condition (b) is not and (c) is imposed.

vective region (thus the eastward movement) (Wang and
Rui 1990; Salby et al. 1994; Seager and Zebiak 1994;
Wang and Li 1994; Maloney and Hartmann 1998). It
also managed to avoid the problem of zero preferred
scale. But the excessive speed problem is not completely
resolved at least in the linear analysis, though it is pos-
sible that when a different convective scheme is used
this problem may disappear. The FWC interpretation has
gained some notice in recent years (e.g., Salby et al.
1994; Sperber et al. 1997), especially after rasearchers
encountered difficulties with another important con-
tending interpretation—the wind-induced surface heat
exchange (WISHE) mechanism (Emanuel 1987; Neelin
et al. 1987). WISHE requires the surface heat fluxes to
be larger to the east of the convective region (so as to
induce the convection region to move eastward) than to
the west. Recent observational studies have shown that
this is not the case (e.g., Chen et al. 1996; Lin and
Johnson 1996). For a more thorough review of the the-
ories of the MJO see Hayashi and Golder (1993) and
for a more complete citation of the MJO literature see
Hayashi and Golder (1997).

The increasing attention that the FWC interpretation
of the MJO has received motivated us to investigate the
role of the surface friction in the MJO by comparing

two integrations of a GCM. The first experiment (re-
ferred to as control or CNTL) is a 4-yr integration using
the original GCM with one additional feature to enhance
the intensity of the MJO. The second experiment (re-
ferred to as experiment 1 or EXP1) is identical to CNTL
in all aspects except that the surface friction in the Trop-
ics (308S–308N) is replaced by its zonal mean value.
Since the FWC mechanism is supposed to operate in
the Tropics, the replacement of surface friction is done
only in the Tropics in EXP1. Also since the FWC mech-
anism is supposed to act on the wave components, zonal
mean surface friction is retained. CNTL is demonstrated
to exhibit an MJO signal; thus, the model is considered
suitable for the present purpose. However the model has
weaknesses that are common to most GCMs (Slingo et
al. 1996); that is, that the simulated MJO intensity is
not as high as the observed, its period is 30 days1 versus
the observed 30–60 days, and the seasonal change in
its intensity is unrealistic. Then, EXP1 is demonstrated
to exhibit MJO with nearly the same amplitude, thus
indicating that frictional wave-CISK mechanism is not
necessary to the existence of the MJO. Our conclusion
is that surface friction plays only a modifying role in
MJO. This implies that the instability-enhancing role of
surface friction that FWC interpretation of the MJO en-
visions should be discounted. The possibility of the MJO
in EXP1 being forced by the middle latitudes is excluded
in a third experiment (EXP2) where the meridional wind
poleward of 308N and 308S is set to zero after every
dynamics step in addition to what is done in EXP1.
These experiments present no contradiction to our MJO
theoretical framework, which was presented in Chao and
Lin (1994) and Chao and Deng (1998).

2. The model

The latest version of the Goddard Earth Observing
System general circulation model version 2 (GEOS-2)
is used. A 48 (latitude) 3 58 (longitude) grid size and
20 levels are used. This model uses the discrete dynam-
ics of Suarez and Takacs (1995). The relaxed Arakawa–
Schubert scheme (RAS; Moorthi and Suarez 1992) is a
main feature of the model. This scheme gives almost
identical time mean results as the original Arakawa–
Schubert scheme at much reduced computational cost.
A condition that the relative humidity of the boundary
layer has to be greater than 90% for the cumulus con-
vective to occur, following Wang and Schlesinger
(1999), is imposed. Without this condition the MJO still

1 As noted in Chao (1995), this 30-day period is not the same as
the 30-day period obtained in the wave-CISK linear analysis or sim-
ulation based on wave-CISK in the sense that the convection asso-
ciated with the MJO in our model moves in 30 days only the distance
of a third of the globe, from eastern Africa to the date line, whereas
the convection in the wave-CISK studies moves in 30 days the entire
equatorial belt. Some wave-CISK studies obtained an even shorter
period.
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FIG. 2. The DJF and JJA 4-yr mean of zonally averaged zonal wind (in m s21) for (a, b) CNTL, (c, d) EXP1, (e, f ) EXP2.

exists but is weaker. RAS is used in conjunction with
a rain–reevaporation scheme (Sud and Molod 1988).
The large-scale moist and dry convection remain the
same as documented in Kalnay et al. (1983). The bound-
ary layer and turbulence parameterization, a level-2.5
second-order closure model, is that of Helfand and La-
braga (1988, 1989). The gravity wave drag parameter-
ization is that of Zhou et al. (1996). The longwave ra-
diation package is that of Chou and Suarez (1994). The
shortwave radiation package is that of Chou (1992) and
Chou and Lee (1996). The prognostic cloud water pa-
rameterization of Del Genio et al. (1996) is used. The
land surface process parameterization is that of Koster

and Suarez (1996). Sea surface temperature, sea ice, and
snow are from observations (for details, see Takacs et
al. 1994).

As an aside, we would like to point out that the con-
dition of boundary layer relative humidity being larger
than 90% (r.90 condition), though helpful in simulating
the MJO, has drawbacks. Our experiments show that
such a condition creates a large distortion in the pre-
cipitation pattern (and the associated circulation pat-
tern). Figure 1 shows a comparison of the August mean
precipitation of climatology, CNTL, and EXP1 for the
integration period of 1987–91 with observed surface
conditions. The results with the r.90 condition show the
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FIG. 3. The 200-hPa velocity potential (in 1026 m2 s21) at 28N as a function of time and longitude for 1987 and
1988 in CNTL. The first solid line is the zero line.

absence of a dry region in the western Indian Ocean,
excessive minimum in precipitation around 88N in the
Indian Ocean and around 108N in the western Pacific,
and excessive precipitation over Central America, fea-
tures not found in the observation or in the experiment
without the r.90 condition.

3. Results and discussions

Both CNTL and EXP1 started from 1 January 1987
with the ECMWF reanalysis data as the initial condi-
tions and ran for 4 yr. The results are summarized as
follows.

a. Zonal mean wind fields

In the 4-yr average of both the December–January–
February (DJF) and the June–July–August (JJA) zonal
mean zonal wind fields of the two experiments are
shown in Fig. 2. Poleward of 308 the difference between
the two experiments is rather unremarkable, though the
summer upper-tropospheric jet in DJF is somewhat
weaker in EXP1 than in CNTL. In the Tropics the dif-
ferences between the two experiments are substantial.
The zero line in the Southern Hemisphere in JJA moves
closer to the equator in EXP1. In DJF a substantial part

of tropical upper troposphere is occupied by westerlies
in EXP1. The zonally averaged meridional wind fields
(not shown) show that the Hadley circulation is slightly
stronger and extends a little higher in EXP1 than CNTL
in both the DJF and JJA seasons.

b. 200-hPa velocity potential

The 200-hPa velocity potential is equivalent to di-
vergence at that level, which is closely related to pre-
cipitation, divided by the total wavenumber squared.
Thus the low zonal wavenumbers and low meridional
modes are heavily weighted. Therefore this field is par-
ticularly suitable for detecting the intraseasonal signal,
which has a planetary scale. The variance of this field
in the 30–60-day band is concentrated in the Indian
Ocean and western Pacific in both integrations. Figure
3 shows band-passed 200-hPa velocity potential along
the equator as a function of time in 1987 and 1988 for
CNTL (the other two years have similar results and are
not shown). It is apparent that the model exhibits east-
ward propagation of the circulation field in the intra-
seasonal timescale. The signal is clearer in the second
half of the year in the Indian Ocean and western Pacific
as opposed to January and February in the observation.
However, in 1989 and 1990 the stronger intraseasonal
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FIG. 4. Power spectra of the 200-hPa velocity potential (in 10212 m4 s22) at 28N in (a) CNTL,
(b) EXP1, and (c) EXP2.

signal occurs in northern winter. Thus the model results
do not show good seasonal dependence of the intrasea-
sonal signal. The same plots for EXP1 (not shown) dem-
onstrate that the tropical intraseasonal oscillation signal
exists with roughly the same intensity. The stronger in-
traseasonal signal in EXP1 does not have a preferred
season either.

c. Power spectral analysis

Figures 4a and 4b show the wave-frequency spectrum
of the 200-hPa velocity potential at 28N of the two ex-
periments. There is a clear peak at eastward wave-
number 1 around the 30-day period in CNTL. EXP1
shows a little higher intensity around the 28-day period.

d. Composites

The composites of divergence and vorticity (both in
1027 s21) based on bandpass- (30–60 days) filtered
winds overlapping with precipitation (in mm day21) are
done along the eastward moving precipitation centers
in the Indian Ocean and western Pacific as revealed in
the bandpass-filtered precipitation field. Figures 5a–f
and 5g–l show the results for CNTL and EXP1, re-
spectively. The shaded region is the center of precipi-
tation. These figures clearly show that the intensity of
the convection and the associated divergence are slightly
greater in EXP1. The precipitation pattern shows pro-
trusions in the WNW and WSW directions for EXP1
(Figs. 5g–l), as is observed [Hendon and Salby (1994,



APRIL 2001 901C H A O A N D C H E N

FIG. 5. Composites of the MJO convective regions in terms of precipitation (shaded, in mm day21), divergence, and vorticity (in 1027 s21

at 200, 850 and 1000 hPa for (a)–(f ) CNTL, (g)–(l) EXP1, and (m)–(r) EXP2.

their Fig. 4a), the OLR], but which is not as obvious
in CNTL (Figs. 5a–f). At 1000 hPa the convergence
field is centered slightly to the east of the precipitation
center in both experiments. The 1000-hPa vorticity com-
posites of both experiments show vorticity centers to
the northwest and southwest of the precipitation (or the
low-level convergence). This is a signature of a coupled
Rossby and Kelvin wave–like mode. Therefore the in-
traseasonal disturbances in the model are indeed an MJO
mode rather than a Kelvin wave–like mode. Notice that
precipitation occurs at the nodal lines of the 1000-hPa
vorticity in both CNTL and EXP1.

To summarize, our results do not support the FWC
interpretation of the MJO. This calls for the abandon-
ment of the FWC interpretation of the MJO, which em-
phasizes the low-level convergence induced by surface
friction. Our experimental results are consistent with the
idea expounded by Emanuel et al. (1994) and Raymond
(1995) that low-level convergence is the result rather
the cause of convection (at least on timescales greater
than one-half of a day). Their idea implies that surface
friction does not induce low-level convergence. If sur-

face friction could induce low-level convergence, then
low-level convergence would have to generate convec-
tion in contradiction to their idea. In other words, our
experiments do not support the dual role of surface fric-
tion as described by Charney and Eliassen (1964) in
their CISK theory. Equivalently, our experiments sup-
port the notion that surface friction plays only one role
in the MJO: damping.

One might be curious about the possibility that the
MJO in EXP1 may be due to middle-latitude forcing in
the absence of the FWC mechanism. This possibility
can be excluded by a third experiment (EXP2), in which
EXP1 is repeated with the meridional wind poleward
of 308N and 308S set to zero after every dynamics time
step. The results of EXP2 (Figs. 2e, 2f, 4c, and 5m–r)
show that the MJO still exists, despite the large differ-
ence in the tropical zonal mean wind field and the weak-
er MJO amplitude and longer period (34 days in EXP2
vs 28 days in EXP1; Fig. 4.c) in EXP2. Thus, we can
conclude that the MJO in EXP1 is of tropical origin.

Thus far we do not yet have a comprehensive inter-
pretation for the origin of the MJO and finding it will
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FIG. 5. (Continued )

be our future objective. Currently we are pursuing in a
direction based on the idea of the MJO being driven by
wave packet (or soliton)–like super–cloud clusters
(Chao and Lin 1994; Chao and Deng 1998).
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