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Abstract
Using NCAR-Community Atmosphere Model version 3 (CAM3), the sensitivity of Kelvin
waves (KWs) and Madden–Julian Oscillation (MJO) simulation to convective downdrafts
is examined. For this, numerical simulations are carried out by changing the downdraft
intensity. Increase in the intensity of convective downdrafts in the model leads to greater
re-evaporation of precipitation, which enhances the moisture in the lower troposphere, with
a corresponding increase in the convective available potential energy (CAPE). Stronger
downdrafts, and hence enhanced CAPE, are found to be more favorable for low frequency
variability and less favorable for the higher frequencies, leading to stronger MJO and weaker
KWs. Copyright  2011 Royal Meteorological Society
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1. Introduction

The Madden–Julian Oscillation (MJO) and Kelvin
waves (KWs) are two dominant modes of variabil-
ity in the tropical atmosphere. Both are categorized
as eastward propagating convectively coupled equa-
torial waves (CCEWs), but are of different spatial
and temporal scales. MJO exhibits planetary spa-
tial scales and time scales of approximately 40 days
(Zhang, 2005); KW occurs at synoptic spatial scales
with a typical time scale of around a week (Wheeler
and Kiladis, 1999). While MJO moves at an aver-
age speed of 5 m s−1, KWs generally move at around
10–20 m s−1. In the tropics, deep convection is the
primary source of precipitation, which is often orga-
nized and influenced by MJO and KWs. These waves
significantly affect the tropical weather and climate,
and hence are important for both weather and climate
predictions. However, poor simulation of these phe-
nomena is a generic problem in most of the current
generation circulation models (Lin et al., 2006).

Convective parameterization is crucial to the sim-
ulation of CCEWs (Maloney and Hartmann, 2001;
Mishra, 2007). Convective scale downdrafts are a
major component of the convective systems, influ-
encing model simulations significantly (Maloney and
Hartmann, 2001; Sahany and Nanjundiah, 2008). From
past studies based on observations, it is known that
convective downdrafts cool and dry the lower tropo-
sphere immediately near the convection zone (Houze,
1977; Tian et al., 2006; Yang et al., 2008); however,
they promote a cooler and moister mean condition
in the lower troposphere due to weaker compensat-
ing subsidence away from convection (Cheng, 1989).

Sahany and Nanjundiah (2008) have demonstrated the
impact of convective downdrafts on mean climate in
Community Atmosphere Model version 3 (CAM3),
by varying the strength of downdrafts in a wide
range. They showed that downdrafts make the lower
troposphere cooler and moister. The low level moist-
ening in turn enhances the convective available poten-
tial energy (CAPE) and reduces the stability of the
atmosphere, which is counterintuitive, as downdraft is
thought to stabilize the atmosphere. As stability of the
atmosphere is one of the important factors influencing
the wave propagation (Neelin and Zeng, 2000), it is
desirable to understand the impact of downdrafts on
the simulation of CCEWs, which is important for sim-
ulating tropical intraseasonal variability. These moti-
vate the work, and hence the purpose of the study is to
understand the effects of downdrafts on the simulation
of MJO and KWs, the two dominant components of
tropical intraseasonal variability.

2. Model and experimental details

The numerical model used in this study is CAM3, an
atmospheric general circulation model (AGCM) devel-
oped by NCAR in collaboration with the atmospheric
modeling community. For a detailed description of
CAM3, see Collins et al. (2004); however, some of
the salient components are briefly described below.

For this study, the semi-Lagrangian dynamical
(SLD) core was used at 64 × 128 horizontal res-
olution with 26 vertical levels. The model uses a
hybrid vertical coordinate, which is terrain follow-
ing at the Earth’s surface, but reduces the pressure
coordinates at higher levels near the tropopause. The
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physical parameterization package consists of moist
precipitation processes, clouds and radiation processes,
surface processes, and turbulent mixing processes. The
moist precipitation processes consist of deep convec-
tive, shallow convective, and stratiform components.
Deep convection is parameterized using the Zhang and
McFarlane (1995) cumulus parameterization scheme.

We carried out three 10-year (January 1979 to
December 1988) simulations in atmospheric model
intercomparison project (AMIP) framework, by vary-
ing the intensity of convective downdrafts. It was var-
ied by changing alpha (α), in the following downdraft
formulation (ZM95), with the default value being 0.1:

Md(Z) = ((−α × Mb) × (exp(λm

× (Zd − Z)) − 1))/(λm × (Zd − Z)) (1)

where, Md is the downdraft mass flux at any height Z,
α is the proportionality factor, Mb is the cloud base
mass flux, λm is the maximum downdraft entrainment
rate, and Zd is the height of initiation of downdrafts.
Note that this function is defined for values of Z less
than Zd. In one experiment α was set to 0, i.e. down-
draft is switched off, in second experiment α was set
to 0.1 (minimal strength, also the default value), and
in the third experiment it was set to 0.7 (strong down-
draft).

3. Results

In Figure 1, we show the KWs and MJO in the
frequency-wavenumber plane, for both observation

and model simulations. To construct this plot, we
followed the method of Wheeler and Kiladis (1999)
(hereafter WK). Since KWs and MJO are eastward
propagating equatorial waves, we have only shown
the positive wavenumbers. The figure shows the sym-
metric component of the normalized power spectra
of outgoing longwave radiation (OLR) averaged from
15 ◦S to 15 ◦N. This normalization of the power spec-
tra removes a significant fraction of the systematic
biases within the models, and gives a clearer pic-
ture of the model disturbances with respect to their
own climatological variances at individual scales. The
regions of wavenumber-frequency space defining the
KW and MJO modes are similar to WK (see Figure 6
of WK). The dispersion curves for KWs with equiva-
lent depths of 12, 25, and 50 m are shown. The signals
of KWs and MJO are distinctively seen in the obser-
vation (Figure 1(a)). In the regime of KWs, obser-
vation shows most of the variance centered around
an equivalent depth of 50 and 25 m at lower and
higher wavenumbers, respectively. This indicates the
decrease of phase speed of the waves at smaller scales
(see the bending towards 25 m at higher wavenum-
bers). In the MJO regime, the spectral peaks appear
between wavenumbers 1 and 6 and in the period
range of 30–70 days, with greater variance at smaller
wavenumbers. The variance is predominant at smaller
wavenumbers and decreases at smaller spatial scales.
This is similar to that seen in the OLR spectra of
WK. However, inspection of model results reveals

Figure 1. The symmetric-eastward component of the frequency-wavenumber distribution of OLR averaged between 15 ◦S and
15 ◦N is shown, (a) AVHRR, (b) NO-DOWNDRAFTS, (c) WEAK-DOWNDRAFTS, and (d) STRONG-DOWNDRAFTS. Wheeler
and Kiladis technique is used with 10 years’ (January 1979 to December 1988) daily data for this computation.
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that there are systematic changes in the KWs and
MJO, with change in the intensity of convective down-
drafts, specifically, with increase in downdraft inten-
sity, while the KWs become weaker, the MJO becomes
stronger. Analysis of the model results with no down-
drafts (Figure 1(b)) shows that KWs become more
prominent, and move at much higher speeds. The
peak in variance is at higher equivalent depths i.e.
higher than 50 m for most of the wavenumbers. In the
MJO regime, the variance is very weak and distribu-
tion is unreasonable. Unlike what is seen in observa-
tions, here variance shows up at all wavenumbers with
almost similar magnitudes. There is almost no variance
at higher frequency bands (below 50 days period) of
the MJO regime. When downdraft was incorporated,
with a minimal intensity (α = 0.1; default value used
in the model), KWs do not show any such dramatic
change. However, in the MJO regime, there are some
notable changes. The variance at larger wavenumbers
(above 7) reduces, accompanied with an enhancement
at smaller wavenumbers. Secondly, there is a marginal
increase in the variance at higher frequency bands
of the MJO regime. When downdraft strength was
further increased, the changes become more promi-
nent. The KWs become too weak, whereas the MJO
becomes more energetic and closer to observations.
The variance at higher wavenumbers (above 7) of

the MJO regime significantly decreases, accompanied
by a significant increase in the variance at smaller
wavenumbers. There is an increase in variance in the
higher frequency bands of the MJO regime. Thus, the
wavenumber-frequency distribution of the simulated
MJO becomes more reasonable with strong down-
drafts. In order to gain an overall idea about the effects
on other CCEWs, i.e. n = 1 equatorial Rossby (ER),
mixed Rossby-gravity (MRG), n = 0 eastward inertio-
gravity (EIG), n = 1 westward inertio-gravity (n =
1 WIG), and n = 2 westward inertio-gravity (n = 2
WIG) waves, we examined them in wavenumber-
frequency domain using the WK methodology. How-
ever, we did not notice any such systematic and
remarkable change (not shown here), except that EIG
and ER become marginally weaker and stronger,
respectively, with an increase in downdraft intensity.

Figure 2 shows the magnitude and geographical
distribution of variance (unfiltered, 20- to 100-day
filtered, and percent accounted for by the 20- to
100-day band relative to unfiltered) of OLR for
all seasons from observation, NO-DOWNDRAFTS,
WEAK-DOWNDRAFTS and STRONG-DOWNDR-
AFTS. The filtering is done using a 201-point
Lanczos filter that has half power points at 20- and
100-day periods (using the MJO simulation diagnos-
tics, Waliser et al., 2009). A close comparison of the

Figure 2. First column of the figure shows unfiltered variance of daily OLR [Wm−2]2 for all seasons: (a1) AVHRR, (b1)
NO-DOWNDRAFTS, (c1) WEAK-DOWNDRAFTS, and (d1) STRONG-DOWNDRAFTS. Second column of the figure shows
as in first column but for 20- to 100-day filtered variance. In third column, 20- to 100-day filtered variance is expressed as a
percentage of unfiltered variance. Daily data for 10 years (January 1979 to December 1988) has been used in this analysis.
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maps illustrates that the unfiltered variance is nearly
similar in all three simulations, in both spatial pat-
tern and magnitude. However, the 20- to 100-day
filtered variance is different: the magnitude increases
over the Indian Ocean (IO) and South Pacific Con-
vergence Zone (SPCZ), accompanied by a decrease
over northeastern Pacific, and makes it more reason-
able. The prominence of the MJO is emphasized by
percent variance accounted for by the 20- to 100-
day band relative to unfiltered variance (similar to
Waliser et al., 2009). In observations, the 20- to 100-
day variance is predominant in IO, with a magnitude
of about 30–40% and about 20% in Western Pacific
(WP) and South Pacific (SP). However, in the NO-
DOWNDRAFTS case, the above-mentioned features
are not realistically represented. With the incorporation
of downdrafts, the representation improved and in
STRONG-DOWNDRAFTS case, the representation is
much similar to what is seen in observations. Nev-
ertheless, some of the shortcomings are still present,
for example, the geographical distribution of unfiltered
variance is still underestimated over IO and WP; the
20- to 100-day variance over WP is underestimated;
the location of the 20- to 100-day variance maximum

is not located over the eastern IO as seen in observa-
tions. Some of these biases are a known problem with
CAM (Sperber, 2004), and other modifications of the
convective parameterization have led to improvement
in the quality of simulations (Maloney and Hartmann,
2001; Liu et al., 2005). We examined the seasonally
stratified data for boreal summer and winter separately
and noticed similar behavior as discussed in the pre-
ceding, i.e. unfiltered variance does not show consider-
able change; 20- to 100-day filtered variance increases
over IO and SPCZ in both the seasons; the 20- to 100-
day variance over the north-eastern Pacific decreases
in boreal winter. Thus, it can be concluded that the
total variance is largely insensitive to downdraft inten-
sity, but the 20- to 100-day variance increases with
stronger convective downdrafts. This is consistent with
the results seen in wavenumber-frequency domain, i.e.
with stronger downdrafts, variance in low frequency
regime (MJO and ER modes) increases, while that in
the high frequency regime (Kelvin and EIG modes)
decreases.

Figure 3 (left column) shows the mean state of OLR
from observations and model simulations for all sea-
sons. The mean observed features and that seen in

Figure 3. Left column: All season (January 1979 to December 1988) mean of daily OLR [Wm−2] from (a1) AVHRR, (b1)
NO-DOWNDRAFTS, (c1) WEAK-DOWNDRAFTS, and (d1) STRONG-DOWNDRAFTS. Right column: Normalized 20- to
100-day variance of daily OLR [Wm−2]2 for all seasons: (a1) AVHRR, (b1) NO-DOWNDRAFTS, (c1) WEAK-DOWNDRAFTS,
and (d1) STRONG-DOWNDRAFTS. Normalization is done against their own mean.
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the model are similar in many respects: minimum
occurs over the maritime continents; low OLR over
IO, WP, SPCZ, equatorial Pacific, Central Africa, and
South America (due to the presence of deep convec-
tion); high OLR over the off-equatorial Pacific and
Atlantic Oceans and southern IO (suggesting lack of
deep convective clouds). However, the OLR over Cen-
tral Africa and South America is underestimated and
overestimated, respectively. Over eastern Pacific, it is
overestimated, and over the Atlantic, it is overesti-
mated. When convective downdrafts were included,
some of the above-mentioned biases reduced, e.g. over
Africa, eastern Pacific, and the Atlantic. A close com-
parison of Figures 2 and 3 illustrates that the 20- to
100-day variance over IO, SPCZ, WP, and north-
eastern Pacific increases with stronger downdrafts,
whereas the response of mean OLR is just the reverse.
Figure 3 (right column) shows the normalized 20- to
100-day variance of daily OLR. The normalization is
done against their own mean. It is seen that the nor-
malized 20- to 100-day variance increases over the IO,
SPCZ, and WP, accompanied by a decrease over the
northeastern Pacific. This implies that the increase in
variance is not due to the increase in the mean value;

rather, convective activity over there becomes more
pronounced (lower the OLR stronger the convection),
and frequency of variations becomes lower (since vari-
ance in low frequency modes increases and that in high
frequency modes decreases).

Figure 4 shows the mean and standard deviation
(SD) of the CAPE, averaged between 15 ◦S and 15 ◦N
from the three simulations, i.e. NO-DOWNDRAFTS,
WEAK-DOWNDRAFTS, and STRONG-DOWNDR-
AFTS. One of the notable differences is that the
inclusion of downdrafts and/or increase in its strength
leads to an increase in CAPE over the equatorial belt.
In addition, the SD of CAPE (see the gray shading in
the figure) increases. Downdraft causes cooling in the
lower troposphere by re-evaporating the precipitating
rainfall (e.g. Sahany and Mishra, 2011), which acts
as a negative feedback for convection. Thus, the
SD/variance of convection associated quantities, for
example, CAPE and OLR, increases. The increase
in mean CAPE with the inclusion of downdraft or
increase in its strength indicates an increase in the
instability of the atmosphere. This is consistent with
the aqua-planet results of Sahany and Nanjundiah
(2008). With stronger downdrafts, the re-evaporation

Figure 4. Mean (solid lines) and standard deviation (gray shadings) of CAPE (J.kg−1) averaged between 15 ◦S and 15 ◦N from
(a) NO-DOWNDRAFTS, (b) WEAK-DOWNDRAFTS, and (c) STRONG-DOWNDRAFTS.
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of precipitating rainfall increases the moisture in
the lower troposphere of the model (e.g. Sahany
and Mishra, 2011). This leads to an increase in
CAPE, a measure of the atmospheric instability. Since
atmospheric stability controls the wave speeds, i.e.
higher the stability, faster is the wave speed (Neelin
and Zeng, 2000; Tian and Ramanathan, 2003), with
stronger convective downdrafts the low frequency
modes (MJO and ER) become pronounced and the
high frequency modes (Kelvin and EIG) become weak.

We then examine the variation of precipitation
(PRECIP) for the 10-year period spanning January
1979–December 1988, over the regions of promi-
nent MJO activity i.e. eastern IO and WP, using
daily data from the three simulations. In Figure 5,
the variation of daily PRECIP averaged over a
5◦ × 5◦ box over eastern IO (90 ◦E to 95 ◦E and
2.5 ◦S to 2.5 ◦N) for a representative year (1979)
is shown. It is noticed that the seasonal cycle is
similar in all the three simulations. However, there
is a distinct difference in the frequency of vari-
ations. In the NO-DOWNDRAFTS simulation (see
top panel), high frequency variations are noticed.
The rain events do not last for a long time; rather,
they occur at shorter time scales of few days.

The temporal variation and its scales are similar
to that of the KWs. This indicates the dominance
of KWs in the model climate simulated in the
NO-DOWNDRAFT case. The lower panels of the
figures reveal the change in the frequency of varia-
tion with change in the strength of the downdrafts.
In STRONG-DOWNDRAFTS simulation, the rain
events last for several days and occur at longer time
scales. There are distinct active and break phases in
time. This indicates the dominance of the MJO in
STRONG-DOWNDRAFT simulations. The simulated
variability in the WEAK-DOWNDRAFTS case lies
somewhere in between the other two cases. This is a
manifestation of the decrease in the high frequency
variability and increase in low frequency variabil-
ity with an increase in the strength of downdrafts,
which was seen in the frequency-wavenumber plane
(Figure 1). Some other years and locations over the
region were also examined and similar results were
obtained (figure not shown).

4. Discussions and conclusions

This study shows the sensitivity of KWs and the MJO
to convective downdrafts in NCAR-CAM3. Three

Figure 5. Time series of precipitation (mm day−1) in a box (90 ◦E to 95 ◦E and 2.5 ◦S to 2.5 ◦N) over the eastern Indian Ocean
from NO-DOWNDRAFTS, WEAK-DOWNDRAFTS, and STRONG-DOWNDRAFTS for a representative year. Daily model
outputs are used.
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simulations were carried out, by varying the strength
of downdrafts, one with zero strength, i.e. by switching
off convective downdrafts in the convection scheme,
second with minimal strength, and third simulation
with strong downdraft. Our analysis suggests that the
KWs become weaker, and MJO becomes stronger and
more realistic, with stronger downdrafts. The vari-
ance of OLR decreases in the high frequency modes,
accompanied by an increase in the low frequency
modes. However, the total variance is largely simi-
lar in the three simulations. Enhancement of variance
in the low frequency modes primarily occurs over
the IO, SPCZ and WP. The mean OLR over these
regions is found to be lower with stronger downdrafts,
so the enhancement of variance is not because of the
mean values, but a change in the temporal distribu-
tion. Convective downdrafts act as a negative feed-
back to convection, thereby increasing its variability.
The re-evaporation of precipitation in the downdrafts
moistens the lower troposphere in the model. There-
fore, increase in the downdraft strength increases the
re-evaporation of precipitation, which in turn enhances
the moisture in lower troposphere and a subsequent
increase in the CAPE. Thus, with stronger convective
downdrafts, the model atmosphere becomes unstable,
and hence more favorable for low frequency variability
(MJO) than higher frequency ones (KWs).
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