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Abstract The influence of convective adjustment time
scale (t) in simulating the tropical transient activity is
examined using the NCAR-Community Atmosphere
Model (CAM). In the default configuration of the model,
the prescribed value of 7, a characteristic time scale with
which convective available potential energy (CAPE) is
removed at an exponential rate by convection, is assumed
to be 1 h. However, some recent observational findings
suggest that it is larger by around one order of magnitude,
and subsequent modeling studies showed its impact on
mean climate and suggest a value of 8 h. To see if alter-
ation of this time scale could affect the transient features of
climate, numerical experiments are conducted in aqua-
planet and real-planet frameworks. The analysis includes
the tropical intraseasonal variability (ISV), convectively
coupled equatorial waves (CCEW), diurnal and sub-diurnal
variability of precipitation, and intensity and frequency of
rainfall. Two sets of simulations are conducted: one with a
time scale of 1 h (CTRL) and another with 8 h (EXPT).
EXPT produces more reasonable ISV, with prominent,
coherent, and organized eastward propagation. The active
phases of the ISV constitute hierarchical substructures
embedded within them, which are absent in CTRL. The
Kelvin waves become slow, Madden—Julian oscillation
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(MJO) become energetic, n = 1 equatorial Rossby (ER)
and n = 0 eastward inertio-gravity (EIG) waves become
prominent, with the increase of 7. On the contrary, the
mixed Rossby-gravity (MRG) waves at higher wavenum-
ber regimes become weak. The amplitude of diurnal vari-
ability decreases, but the phase remains largely unchanged.
At sub-diurnal scales, the variability of precipitation
increases. In CTRL, precipitation always occurs in the
tropics with light or moderate intensity, which becomes
intermittent when 1 is increased to 8 h.

1 Introduction

Cumulus convection plays a central role in the maintenance
and evolution of the tropical atmosphere. The scale of
cumulus convection is usually smaller than the typical grid
size (~100-300 km) used in current general circulation
models (GCMs) and hence, implicitly represented by
parameterizations. There are several tunable parameters
used in the cumulus parameterization. Some of the
parameters are observable (e.g., particle size distribution),
while many are not (e.g., convective adjustment time
scale). The selection of suitable values for these unob-
servable parameters is one of the most challenging tasks.
Since these parameters are free and tunable, their values
are deduced by an indirect method. The usual method
followed is to find the effect of a parameter on the model
simulation, and then choose a value, which maximizes
agreement with observations (Mapes 2001). These param-
eters are considered as the weakest link in the chain of the
parameterization.

Convection occurs only when there is convective
available potential energy (CAPE), which is subsequently
removed by sub-grid scale convection at an exponential
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rate using an adjustment timescale in NCAR-CAM. The
adjustment time scale (1) determines the intensity and
duration of convection for a given CAPE. With small 7 the
convection is short-lived but the intensity is high, on the
other hand with larger 7 the convection is long-lived but of
low intensity. Secondly, t determines the lag of the con-
vective response to large-scale forcing. With small t the
model adjusts rapidly toward the stable state, while with
larger 7, the model atmosphere moves in the direction of
the large-scale forcing. A detail description of 7 is pre-
sented in Sect. 3.

It was a long-standing belief that 7 is about 1-2 h. Betts
and Miller (1986) used a single column model and showed
that, when the value of T was set to approximately 2 h, the
observed features (e.g., wave structure and amplitude
observed during the GATE experiment) were accurately
reproduced. Following Betts and Miller (1986), the value
of 7 has been used as approximately 1-2 h(s) in most of the
present day GCMs. The standard value of t in NCAR-
CAM is 1 h, which uses the Zhang—McFarlane (ZM)
convection scheme (Collins et al. 2004). In Canadian
Center for Climate Modeling and Analysis (CCCma)
AGCM3, t is set to 40 min, which also uses the ZM
scheme (Lorant et al. 2006). Recently, Bretherton et al.
(2004) have shown from observations that the adjustment
time scale is larger by around one order of magnitude than
the typical values used in current GCMs. They used SSM/I
microwave radiometer data, analyzed the relationship
between water vapor path and surface precipitation over
the tropical ocean, and discussed about the adjustment time
scale. Mishra and Srinivasan (2010) examined the perfor-
mance of CAM using a variety of time scales ranging from
1 h to infinity and showed that when 7 increases, rate of
deep convective precipitation (DCP) decreases accompa-
nied with an increase in shallow convective precipitation
(SCP) and large-scale precipitation (LSP). The total pre-
cipitation (TP) remains approximately the same, but the
proportion of the three components changes significantly,
which in turn alters the vertical distribution of precipita-
tion. When 7 increases, the vertical structure of moist
heating changes from a vertically extended profile to a
bottom heavy profile, which shifts the altitude of the
maximum vertical velocity from upper troposphere to
lower troposphere. They showed that in many respects,
performance of the model with an 8-h time scale is better
than the default settings. Lee et al. (2009) also showed that
T has significant impact in NCAR-CAM2. When they
increased 7 from 2 to 8 h, there was an improvement in the
simulation of water vapor isotope. The previous work
suggests using 8 h; however, they did not address its
impact on transient features of the climate. Since the
transient climatic features are sensitive to model time step
(Mishra and Sahany 2011a), it is thought that the
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convective time scale may have impact on the tropical
transient activities, especially in the tropics where con-
vection is one of the most important forcing. As the tran-
sient activity occurs in a wide range of spatial and temporal
scales and governs the day-to-day weather and short-term
climatic condition, it is desirable to understand the influ-
ence of the convective time scale on the transient activity,
which is the objective of this paper.

The paper is organized as follows. In Sect. 2 the model
and numerical experiments are described followed by the
role of convective adjustment time scale in cumulus
parameterization in Sect. 3. In Sect. 4 the results are pre-
sented. This includes the effect of this time scale on the
tropical intraseasonal variability (ISV), convectively cou-
pled equatorial waves (CCEW), diurnal and sub-diurnal
variability of precipitation, and intensity and frequency of
rainfall. Finally summary and discussions are given in
Sect. 5.

2 Description of the model and experiments
2.1 Model details

The numerical model used in this study is Community
Atmosphere Model version 3 (CAM3), an atmospheric
general circulation model (AGCM) developed by NCAR in
collaboration with the atmospheric modeling community.
The source code, documentation and input datasets for the
model were obtained from the CAM website (http://www.
ccsm.ucar.edu/models/atm-cam).

CAM3 is designed to produce simulations with reason-
able accuracy for various dynamical cores and horizontal
resolutions (Collins et al. 2004, 2006). For this study, semi-
Lagrangian dynamical (SLD) core was used at 128 x 64
(2.8°) horizontal resolution, 60 min of temporal resolution,
and 26 vertical levels. The model uses the hybrid vertical
coordinate, which is terrain following at earth’s surface,
but reduces to pressure coordinate at higher levels near the
tropopause.

The moist precipitation consists of deep convective,
shallow convective, and stratiform processes. The physical
parameterization schemes include Zhang and McFarlane
(1995) for deep convective, Hack (1994) for shallow con-
vective and Rasch and Kristjansson (1998) for stratiform
precipitation. The updraft ensembles in Zhang and
McFarlane scheme are deep penetrative in nature, which
rooted in the planetary boundary layer and penetrate into
the upper troposphere until their neutral buoyancy levels.
The top of the “shallowest” of the convective plumes is
assumed to be no lower than the height of the minimum in
saturated moist static energy (typically in the mid-tropo-
sphere). On the contrary, Hack scheme uses a simple cloud
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model based on triplets, in which convective instability is
assessed for three adjacent layers in the vertical. If a parcel
of air in the lower layer is more buoyant than one in the
middle layer, adjustment occurs. So, unlike the deep pen-
etrative plume of Zhang and McFarlane scheme, Hack
scheme can have both shallow and deep plumes, but no
plume in Hack scheme is deeper than the thickness of
3-model layers. Secondly, in the tropical atmosphere the
typical moist static energy has its minima in the mid-tro-
posphere, so the triplet cloud model mainly works in the
lower and middle troposphere. The above-discussed
designed principle of Hack scheme is such, even when
Zhang and McFarlane scheme is inactive/absent (i.e. where
only Hack scheme was operating) it could not produce
plumes, which are deeper than 3-model layers. So, it is
more like a local scheme that primarily does shallow and
mid-level convection.

Separate prognostic equations have been included for
the liquid and ice-phase condensate. Condensed water de-
trained from shallow and frontal convection can form
either precipitation or additional stratiform cloud water.
Convective precipitation can evaporate into its environ-
ment at a rate determined by Sundqvist (1988). Equations
governing cloud condensate include advection and sedi-
mentation of cloud droplets and ice particles. The settling
velocities for liquid and ice-phase constituents are com-
puted separately as functions of particle size characterized
by the effective radius. Small ice particles are assumed to
fall like spheres according to the Stokes equation. With the
increase in size of the ice particles, there is a smooth
transition to a different formulation for fall speeds fol-
lowing Locatelli and Hobbs (1974). In the case of liquid
drops, fall velocities are calculated using Stokes equation
for the entire range of sizes.

To ensure conservation of energy (Boville and Breth-
erton 2003), the calculation of thermodynamic tendencies
was reformulated. The dry static energy is predicted by
each physical parameterization and is immediately upda-
ted. Temperature and geopotential are then obtained from
the updated value of dry static energy. The dissipation of
kinetic energy from vertical diffusion of momentum is
calculated explicitly and included in the heating applied to
the atmosphere.

2.2 Experiments details

For this work, we carried out two sets of numerical
experiments, one in an aqua-planet framework and the
other in a real-planet framework. Since aqua-planet
framework is relatively simpler in comparison to real-pla-
net framework, understanding of the underlying mecha-
nism is often easier. Finally, to see how the aqua-planet

results translate to full AGCM, integrations were per-
formed in real-planet framework.

In the aqua-planet configuration all the land points are
replaced by ocean points such that the surface drag
coefficients, albedo, and evaporation characteristics are
homogeneous over the globe. A further simplification
was obtained by fixing the solar declination. Solar
insolation was fixed to be same as on 21 March, which
puts the sun overhead at the equator. Additionally this
produces another desirable simplification by providing
approximate hemispheric symmetry of insolation forcing.
The experiments have been performed with a zonally
symmetric sea surface temperatures (SST) profile as
boundary condition. The distribution of SST used in the
simulation is similar to the control SST of Neale and
Hoskins (2000). Two simulations were performed, one
with 1 = 1 h (CTRL) and another with © = 8 h (EXPT).
The initial condition for both simulations was from a
previous aqua-planet simulation. All the integrations
were performed for 18 months and the last 12 months
were used for analysis. It is believed that 18 months is
long enough for aqua-planet study (Mishra et al. 2008;
Williamson 2008; Mishra and Sahany 2011a, 2011b).
Additional numerical experiments were performed for
sensitivity studies, which will be explained in the text in
the respective places.

In real-planet framework, two 10-year (January 1979-
December 1988) simulations were performed, one with
7 =1h and another with T = 8 h. This framework uses
actual land—ocean distribution with topography, observed
sea surface temperature (Rayner et al. 2003) and seasonal
cycle of solar radiation. The initial condition used was
generated for 1 Jan. 1979. Soil moisture and snow cover
were computed by the model.

3 Role of convective adjustment time scale
in the convective parameterization

The closure for the ZM scheme is based on the budget
equation for CAPE. This budget equation may be written
as:

0A /0t = —MyF + G (1)

where, A represents CAPE, G represents the large-scale
production of CAPE by the grid scale dynamics, and —M,F
represents the sub-grid scale CAPE consumption by the
parameterized deep convection. My, represents the cloud
base mass flux, and F represents the rate at which cumulus
clouds consume CAPE per unit cloud base mass flux. The
closure used in the scheme is a diagnostic closure condition
in CAM3, which is as follows:
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My = A/tF (2)

where, 7 is the convective adjustment time scale. This
closure assumes that CAPE is consumed at an exponential
rate (1/7) by cumulus convection. This may be seen by
substituting eq. 2 in eq. 1, which will give eq. 3.

0A/0t = —A/t +G. (3)

So, if CAPE is Ag at t = 0, in the absence of large-scale
CAPE generation, the solution will be A = Ay exp (—#/1),
for > 0. Hence, when the adjustment time scale is
increased, it will reduce the magnitude of cloud base mass
flux. This in turn determines the updraft mass flux at every
level of the model, by taking the entrainment and
detrainment rate into consideration. Eventually, updraft
mass flux along with cloud liquid water determines the
deep convective precipitation (DCP) production at every
model level, as in eq. 4.

[DCPJ; = CO x [M,];[L]; (4)

where, CO is the DCP production efficiency parameter, M,
is the updraft mass flux, and L is the cloud liquid water at
the ith level. The vertical integral of [DCP]; over all the
model levels give the surface reaching DCP.

4 Results
4.1 Tropical intraseasonal variability

Figure 1 shows the time-longitude diagrams of precipita-
tion in the equatorial belt (5°S-5°N) for a 90-day period
from the control simulation (CTRL) and experiment
(EXPT). Daily data for the period starting on the 180th day
of the model run to the 269th day have been used for the
analysis. In both the simulations, precipitation bands are
moving eastward (green lines on the figure show two
examples) resembling equatorial moist Kelvin waves
(Wheeler and Kiladis 1999). These precipitation bands are
propagating with zonal wavenumber 1-2 at intraseasonal
time scales; these are the active phases of ISV. However,
there are some notable differences between the two simu-
lations. Firstly, the phase speed of the ISV is slower in
EXPT than in CTRL. Secondly, the propagation is more
prominent, organized, and coherent in EXPT. In CTRL,
precipitation appears in non-contiguous patches that indi-
cate lack of convective organization. Thirdly, the active
phases of the ISV constitute hierarchical sub structures
embedded within them, which are absent in the CTRL case.
Within the active phases of the ISV, there are distinct
eastward propagating super clusters of spatial scale of
several thousand kilometers and time scale of several days.
Within the super clusters, there are westward propagating
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clusters of spatial scale of several hundred kilometers and
time scales of few days (blue lines in the figure). The
hierarchical structure of ISV is similar to that shown by
Nakazawa (1988) from satellite observations. Many mod-
els fail to simulate these intricate hierarchical structures of
the ISV (Hayashi and Golder 1986; Lau and Waliser 2005).
These models simulate the super clusters, but generally fail
to capture the clusters that are embedded in them. Nakazawa
(1988) stated that the treatment of cumulus parameterization
is the key to simulate these intricate features of the tropical
convection; indeed changing of 7 helps in improving the
hierarchical structure of the ISV.

We further analyzed each component of the precipita-
tion, i.e., DCP, SCP, LSP. Figure 2 shows the longitude-
time distributions of DCP, SCP, and LSP from the CTRL
and EXPT. Close inspection of the figure reveals that
change in 7 leads to change in the proportion of the pre-
cipitation components. In the equatorial belt, the proportion
of DCP, SCP, and LSP has changed from (95.3, 3.4, 1.3%)
to (31.5, 57.7, 10.8%). DCP was the major component in
CTRL, with very little SCP and LSP. But when t was
increased, there is a substantial enhancement in SCP
accompanied with a decrease in DCP and a little increase
in LSP. It is noticed that SCP has more organizational
characteristics than DCP (see al and b2). Hence, increase
in the proportion of SCP results in an enhancement in the
organization of ISV.

4.2 Convectively coupled equatorial waves

A large part of the synoptic variability in the tropics is due
to the zonally propagating disturbances. These zonally
propagating disturbances move along the equator are often
referred as the equatorial waves in the literature. Wave-
number—frequency spectral analysis of outgoing long
wave radiation (OLR) was carried out, using the method
proposed by Wheeler and Kiladis (1999, hereafter referred
to as WK99). As WK99 stated, relying on the assumption
that OLR is a reasonably good representation of deep
tropical cloudiness, these disturbances are referred as
CCEW. The convectively coupled equatorial waves
comprise of a spectrum of wave disturbances of varying
wavenumber, frequency and power. Some of them, which
are discussed in the following are, Kelvin, n = 1 equa-
torial Rossby (ER), mixed Rossby-gravity (MRG), n = 0
eastward inertio-gravity (EIG), n = 1 westward inertio-
gravity (WIG) waves, and Madden—Julian oscillation
(MJO). Figures 3 and 4 show symmetric and antisym-
metric components of the normalized power spectra of the
OLR averaged from 15°S to 15°N for CTRL, EXPT, and
(EXPT-CTRL). This normalization procedure removes a
large portion of the systematic biases within the models,
and more clearly displays the model disturbances with
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respect to their own climatological variances at each scale.
The conventional dispersion curves of shallow water
modes for equivalent depths of 12, 25, and 50 m are
shown in the figures.

Figure 3 reveals that, in CTRL, the Kelvin waves have
most of their variance centered on an equivalent depth of
approximately 50 m corresponding to a speed of 22.1 m/s.
The variance in EXPT centers around a 25-m equivalent
depth, which is corresponding to 15.6 m/s. This indicates a
reduction in the phase speed of Kelvin waves with
increases in 7. In addition to that there is a reduction in
power in the low-frequency regime (below 5 days period)
of Kelvin waves. The MJO is another eastward propagating
mode with period 30-70 days and wavenumbers 1-5. Both
the simulations show some variance within these bands,
MIJO is more energetic in EXPT. In Fig. 3, the westward
propagating waves at wavenumber 1-10 and period
1045 days are the ER waves. Both the simulations have
problem in simulating the ER waves, especially at higher
scales. But, comparatively EXPT performs a better simu-
lation. WIG is another westward propagating wave with
wavenumber 1-12 and period below 2.5. These waves are
almost absent in the EXPT. The increase in power in ER
regime accompanied with a decrease in the WIG regime
with increase in 7 suggests that the westward propagation
becomes more organized and slower, which is also evident
in Figs. 1 and 2.

360 380 380

LONGITUBE

In Fig. 4, the eastward propagating antisymmetric
waves at wavenumber 1-12 and period 2—4 days are the
EIG waves. The figure shows that there is a substantial
increase in power in this regime with increase in t. The
westward propagating waves in Fig. 4 at wavenumber
1-10 and period 3-7 days are the MRG waves. Increase
of 7 leads to an increase in power in the larger scales
regime, however, in the smaller scales the reverse has
happened. The bull’s eye around wavenumber 4-8 and
10-20 days in CTRL is an artifact, which has been
resolved in EXPT.

4.2.1 Relative importance of precipitation components

It is seen that changing of t leads to the change in the
proportion of the precipitation components, i.e., DCP, SCP,
and LSP. Since these three components are different in
their characteristics, importance of each component in the
simulation of convectively coupled equatorial waves is
desirable. To examine this, a set of six simulations was
carried out. In three simulations, only one precipitation
scheme was allowed to operate at a time. For example,
“SCP & LSP switched off” is a case (refer to Fig. 5) in
which only DCP is operating. Similarly, in the remaining
three simulations one scheme was switched off at a time.
For instance, “LSP switched off” is the case in which LSP
is switched off but both DCP and SCP are operating. The
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Fig. 2 As in Fig. 1, but for deep convective precipitation (DCP), shallow convective precipitation (SCP), and large- scale precipitation (LSP)

results of these simulations are shown in Fig. 5 (symmetric
components) and in Fig. 6 (antisymmetric components).
From the top panel of Fig. 5, it is noticed that neither
DCP scheme (Fig. 5a) nor SCP scheme (Fig. 5b) could
simulate the symmetric components of convectively cou-
pled equatorial waves when operating alone. Whereas,
when LSP scheme is operating alone (Fig. 5c), consider-
able power is found in the wavenumber—frequency spectra,
and some of the power peaks follow the dispersion curves
of the equatorially trapped waves. On the other hand,
Fig. 5d shows that when the LSP scheme is switched off,
the power in the wavenumber—frequency domain is
reduced significantly. Moreover, Fig. 5S¢ shows that the
simulated Kelvin waves follow the dispersion curve of
relatively lower equivalent depths, and MJO possess rea-
sonable power at lower wavenumbers. When the SCP
scheme is switched off but DCP and LSP schemes operate,
there is considerable power, but the eastward propagation
is too fast, and unrealistic power at higher frequencies are
noticed. Figure 5f shows that when DCP is switched off,
Kelvin waves follow the 25 m equivalent depth dispersion
curve. However, switching off the DCP leads to significant
reduction of power in the MJO regime. Hence, it is inferred
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that lower fraction of SCP and LSP leads to too fast east-
ward propagation, excess power at higher frequency Kelvin
waves, and weaker MJO. Similarly, the figure reveals that
LSP is important for the simulation of ER, and when it
operates ER becomes energetic otherwise not.

Similarly, Fig. 6 shows the role of each precipitation
component on the simulation of the antisymmetric com-
ponent of the convectively coupled equatorial waves. It is
noticed that when LSP is switched off (Figs. 6a, b, d),
spurious power appears at all the wavenumbers and fre-
quencies with some unreasonable pronounced spectral
peaks between wavenumbers 2 and 10 and periods 3 and
30 days. However, in the reverse scenario, e.g., when LSP
operates but SCP or/fand DCP are switched off, these
spurious power and unrealistic spectral peaks in the above-
mentioned regime disappeared. This indicates that LSP has
key role in simulating the antisymmetric components of the
CCEW. Moreover, when LSP and DCP schemes operate
but SCP is switched off (Fig. 6f), both MRG and EIG
waves become energetic. On the contrary, when LSP and
SCP operate EIG waves are energetic but MRG waves
become weak. This implies that increase in the proportion
of SCP leads to a decrease in the power of the MRG waves.
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Fig. 3 The symmetric component of the wavenumber—frequency distribution of OLR averaged between 15°S and 15°N is shown for a CTRL,

b EXPT, and ¢ (EXPT-CTRL)

When 7 was increased, the proportion of SCP was
increased significantly accompanied with a marginal
increase in LSP that caused the slowing down of Kelvin
waves, more energetic MJO, ER, EIG waves and weak-
ening of the MRG waves.

4.2.2 Evaporation convection coupling

Figure 7 shows the longitude-latitude composite diagrams
of anomalous precipitation rates (mm/day) and surface
evaporation (mm/day) from the EXPT. In Fig. 7a, it is
noticed that there is an anomalous convective center over
equator, extending from 60° to 120°. In the bottom panel
(see Fig. 7b), it is seen that there is an anomalous evapo-
ration occurring over 70°-240°. This anomalous evapora-
tion covers several thousand kilometers along the east of
the convective center, whereas, to the west of the con-
vective center the evaporation is noticed to be suppressed.
In CTRL, The zonal asymmetry in surface evaporation is
not as prominent (not shown here). So it is thought that the
effects of 7 seen in the preceding sections might be due to a
stronger coupling between surface evaporation and con-
vection. To investigate this issue, simulations were carried
out, in which same zonally symmetric evaporation was

prescribed to both the simulations. The prescribed evapo-
ration was constructed from 12 months mean evaporation
of CTRL run, by averaging in the zonal direction. Figure 8
shows the symmetric component of the convectively cou-
pled equatorial waves with prescribed evaporation. It is
noticed that Kelvin waves and MJO become weak with
increase in T when the zonal asymmetry in surface evap-
oration was seized. This implies that increase in 7 leads to a
better coupling between surface evaporation and convec-
tion, which develops zonally asymmetry in surface evap-
oration across the convective center and gives more
energetic eastward propagation. However, the increase in
power of ER with increase in 7 is not due to a stronger
coupling between convection and surface evaporation,
since the effects of TAU on this regime is similar even
when the coupling is seized. The antisymmetric compo-
nents are also found to be insensitive to the coupling (not
shown here).

4.2.3 Moist heating
Diabatic heating is central to the structure and propagation

of the eastward propagation (Krishnamurti et al. 1985;
Murakami and Nakazawa 1985; Yanai et al. 2000). There
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are several wave-CISK studies, which addressed the
dependence of phase speed of Kelvin waves on the altitude
of maximum heating. Takahashi (1987) and Lau et al.
(1988) used linearized heating and showed that phase
speed decreases with decrease in the altitude of the maxi-
mum heating. Using conditional (“positive only”) heating,
Lau and Peng (1987) and Sui and Lau (1989) showed
similar dependence of phase speed. A consistent result was
shown from a full GCM study by Tokioka et al. (1988).
Park et al. (1990) examined ISVs in three different GCMs
and concluded the same. Lin et al. (2004), based on the
dynamics of adiabatic Kelvin wave, explained that bottom
heavy heating profile tends to excite waves with short
vertical wavelength, which propagates slowly. Diabatic
heating mainly constitutes of latent heating due to the
moist processes and radiative heating due to clouds and
radiatively active atmospheric constituents. We noticed
that radiative heating profile does not change significantly
with 7. However, the profile of moist heating is influenced
by t (see Fig. 9). Increase of 7 leads to lowering of the
altitude of maximum heating. Therefore, based on the
perspective of the above-mentioned previous studies,
lowering of the altitude of the maximum heating would
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reduce the phase speed of Kelvin waves. When 1 increases,
rate of DCP decreases accompanied with an increase in
SCP and LSP, predominantly the SCP. This alters the
profile of the precipitation production from a vertically
extended profile to a bottom heavy one due to more con-
tribution from shallow convection and in turn lowers the
altitude of maximum.

4.3 Diurnal and sub-diurnal variability

Figure 10 shows the power spectrum of precipitation for
CTRL and EXPT. The spectra are based on 90 days time
series, with period greater than 24 h filtered out. In CTRL,
most of the power lies in the off-equatorial region, whereas
in EXPT, it lies in the equatorial region. This is consistent
with the location of the time-mean precipitation peaks
shown in Mishra and Srinivasan (2010). In both the sim-
ulations, the power at the diurnal scale (24-h period) is
prominent. It is noticed that in most of the frequencies, the
power in EXPT is lower than that in CTRL, over most of
the latitudes. This result contains the clue that higher
could reduce the frequency of precipitation at sub-diurnal
scales.
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Fig. 5 The symmetric component of the wavenumber—frequency
distribution of OLR averaged between 15°S and 15°N is shown for
a SCP & LSP switched off, b DCP & LSP switched off, ¢ DCP &

Figure 11 shows composite diurnal cycles for four
regions on and off the equator for CTRL and EXPT. These
composites are constructed from hourly data of 90 days
time series from each simulation. Latitudinal locations of
the boxes were selected in raining latitudes; however, the
longitudinal locations were arbitrarily chosen. It is noticed
from the figure that diurnal cycle of both the simulations
are in phase, in all the boxes. However, the amplitude of
diurnal variation is affected by 7. In the off-equatorial
boxes (see plots bl and b3), the amplitude is lower with
EXPT. However, in the equatorial boxes (see plot b2 and
b4) the amplitude in both the simulations is found to be
largely equal, although the mean diurnal precipitation in
EXPT is larger than that in CTRL in these boxes.

Figure 12 shows time series of precipitation simulated
by CTRL and EXPT in the same four boxes. It is noticed
that CTRL is raining continuously; on the contrary, EXPT
is raining intermittently with distinct active and break
phases. In addition, the range of variation of precipitation is
higher in EXPT. Similarly, Fig. 13 shows for CAPE from
both the simulations. In CTRL the CAPE varies in a range
of 0-500 J/kg, which is too low as compared to the tropical
atmosphere. But in EXPT, it varies more reasonably in a

~12-10-3 -6~ -2 0 2 4 & B 1012
ZONAL WAVEHUMBER

~12-10-8 -6~ -2 0 2 4 & B 1D 12
ZONAL WAVEHUMBER

SCP switched off, d only LSP switched off, e only SCP switched off,
and f only DCP switched off

range of 0-2,000 J/kg with remarkable high and low pha-
ses. Some other time series were also examined and similar
results were obtained.

4.4 Intensity and frequency of precipitation

To examine the impact of 7 on the intensity and frequency
of precipitation, the daily precipitation rates for a 90-day
period was analyzed. Figure 14 shows the frequency dis-
tribution (left panel) and the total precipitation falling in
each bin (right panel), in the deep tropics, i.e., 0°-360° and
12.5°S—-12.5°N. Based on the intensity, the precipitation
rates are categorized into five categories, namely, dry,
light, moderate, heavy, and very heavy. In EXPT, the
frequencies in the dry, heavy, and very heavy categories
have been found to increase, whereas in the light and
moderate categories it has decreased. The accumulated
precipitation is found to increase in dry, heavy and very
heavy categories, while it decreases in the light and mod-
erate categories. This indicates that increase of t leads to a
more extreme situation, i.e., when it rains it pours. We
showed that increasing of t leads to higher CAPE in the
atmosphere. Because of that when there is large-scale

@ Springer



26 S. K. Mishra

(a) SCP & LSP switched off (b) DCP & LSP switched off (c) DCP & SCP switched off
WESTWARD EASTWARD
045
ESs 5 0 =
R - S
% 0zs 8 % :.: +8 E“: + 8
(=" .. [=*4 [=*4
010 10 010§ 190 10 >
0.05 0.05 25
> = |4 o == tY N P
=12-10-3-E -4 =20 2 4 & B 1D 12 =12-1D=-5 =~ -2 0 2 4 & B 1D 12 =12-1D-5 -6 -4 =2 0 2 4 & B 1D 12 2
ZONAL WAVENUMBER ZONAL WAVENUMBER ZONAL WAVEHUMBER 1.75
— 1.5
(d) LSP switched off (e) SCP switched off (f) DCP switched off 125
1
053 EETVRD 2 o
0.5
0.25

FREQUENCY {cpd}
PERIOD {day)
FREQUENGY {cpd)
PERIOD (day)
FREQUENGY {cpd)
PERIOD {day)

SEm s Y

~12-10-8E-E+4-2 0 2 4 & B W12 “12-1p-8E-E+4-20 2 4 &§ B W12

“12-10-8-B<+4-20 2 4 & B W12

ZQNAL WAVENUMBER ZONAL WAVENUMBER ZONAL WAVENUMBER

Fig. 6 The antisymmetric component of the wavenumber—frequency SCP switched off, d only LSP switched off, e only SCP switched off,
distribution of OLR, averaged between 15°S and 15°N is shown for and f only DCP switched off
a SCP & LSP switched off, b DCP & LSP switched off, ¢ DCP &

Fig. 7 Longitude-latitude (a) PRECIP anomaly
composite diagrams of 15
a precipitation rates (mm/day)
for EXPT, and b surface i
evaporation (mm/day) for o
EXPT. Zonal means are s
removed and negative values E
are shaded and positive values —
are contoured in each plots °
-15 T T T T r -0.5
0 60 120 180 240 300 360
LCNGITUDE f—1
(b) EvP anomaly —2
15
-4
10 1 / Jl
w
g U (ﬁ 0 0 .
2
E o]
= 1
T
~10 ] (\ o
-15 - T A
0 130 240 300 360
LCNGITUDE
convergence, the atmosphere has the potential to release Figure 15 shows a similar plot, but here, DCP, SCP,
the CAPE, which is a favorable condition for the extreme  and LSP are shown individually. It is seen that increase
events to occur. of 7 leads to a decrease in the frequency of DCP in the
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Fig. 9 Vertical structure of the area averaged (0-360°E and 7°S-
7°N) heating rate due to the moist processes form CTRL and EXPT

higher intensity categories and increase in the lower
intensity categories. On the other hand, SCP and LSP
respond just in the opposite way, i.e., frequencies
increase in the higher intensity categories and decrease

in the lower intensity categories. Shallow convection
contributes more to high precipitation events than deep
convection.

4.5 Real-planet simulations

To see how the effects of 7 in aqua-planet translate to the
real-planet, simulations were performed with full AGCM.
Two 10-year (Jan. 1979-Dec. 1988) long simulations were
performed with observed SSTs, i.e., one with t=1h
(CTRL), and another with t = 8 h (EXPT). We analyzed
the daily model outputs, and examined some of the tran-
sient activities from both the simulations.

Figures 16 and 17 show the symmetric and antisym-
metric components of the convectively coupled equatorial
waves, respectively. It is noticed that increase of 7 leads to
decrease in the phase speed of Kelvin waves from 50 to
25 m equivalent depth. The variance over the MJO and ER
increases. EIG becomes marginally stronger and MRG
becomes weaker. These effects are in the same line as those
seen in the aqua-planet framework.

We further analyzed the daily data to examine the
response of intensity and frequency of precipitation in the
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tropics. The frequency distribution and the total precipi-
tation falling in each bin are shown in Fig. 18. The fre-
quencies in the dry, heavy, and very heavy categories
have been found to increase with EXPT (see Fig. 18a),
whereas in the light and moderate categories the reverse
has been noticed. Similarly, Fig. 18b shows that the
accumulated precipitation increases in dry, heavy and
very heavy categories, and decreases in the light and
moderate categories. Therefore, higher 7 leads to an
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Local Time (hours)

extreme situation, i.e., it does not rain always but when it
rains it pours. Similarly, DCP, SCP, and LSP are shown
individually in Fig. 19. It is noticed that increase of t
leads to a decrease in the frequency of DCP in the higher
intensity categories and increase in the lower intensity
categories, whereas in the case of SCP and LSP it does
the opposite. The over all characteristics of the tropical
transient activities and their response to 7 is found to be
similar in both the planets.
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5 Summary and discussions

The influence of convective adjustment time scale (t) on
the tropical transient activity is investigated using NCAR-
Community Atmosphere Model version 3 (CAM3). tis a
characteristic time scale with which CAPE is removed at
an exponential rate by convection. In the default configu-
ration of the model, the value of 7 is 1 h. Some recent
observational findings suggest that it is larger by around
one order of magnitude. Subsequently modeling study
demonstrated its impact on mean climate. To see if alter-
ation of this time scale could affect transient features of
climate, numerical experiments are performed using aqua-
planet and real-planet frameworks. Since aqua-planet is a
simpler setting with fewer feedbacks, it is easier to
understand the effect and underlying processes. Finally the
real-planet framework with actual land, ocean, and sea ice
distribution is used to see if the facts understood in the
aqua-planet configuration works similarly in the real-planet
configuration or not. Various aspects of the transient cli-
mate, i.e., ISV, CCEW, diurnal and sub-diurnal variability,
and intensity and frequency of precipitation, are analyzed

in this study.

40

30 4
20 1

10

04

20 4

588

0 100 200 300 400 500 600 ?00 800

Time (hours)
(b3)

BOX3

0 100 200 300 400 600 ?00 800
Time (hours
(b4) ( )

BOX4

e MMQ"‘ T ﬂ'm ‘____‘__,/'k.
0 100 200 300 400 500 500 ?0'0 800
Time (hours)

As mentioned in the preceding discussion, recent
observational studies suggest using a longer 7, and recent
modeling studies suggest to use 8 h. In order to see if using
8 h could make any difference, two simulations are per-
formed in the aqua-planet framework, one with a time scale
of 1 h (CTRL) and another with 8 h (EXPT). Remarkable
differences are noticed in the transient features. In EXPT,
ISV is more reasonable that constitutes hierarchical sub
structures embedded within them during the active phases.
Within the ISV, there are distinct eastward propagating
super clusters of spatial scale of several thousand kilome-
ters and time scale of several days. Within the super
clusters, there are westward propagating clusters of spatial
scale of several hundred kilometers and time scales of few
days. The hierarchical structure of ISV is absent in CTRL.
In CTRL, the Kelvin waves have most of their variance
centered on an equivalent depth of approximately 50 m
corresponding to a speed of 22.1 m/s. The variance in
EXPT centers on a 25 m equivalent depth, which is cor-
responding to 15.6 m/s. This indicates a reduction in the
phase speed of Kelvin waves with increases in t. The MJO
is more energetic and, n = 1 ER and n = 0 EIG waves are
more prominent in EXPT. There is an increase in power in
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Fig. 13 Variation of CAPE (b1) CTRL EXPT
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the larger scales regime of the MRG waves. However, the
power in the smaller scales regime of MRG waves and in
the WIG modes goes down. In CTRL, a bull’s eye appear
around wavenumber 4-8 and 10-20 days, which has been
resolved in EXPT.

It is seen that changing of t leads to change in the
proportion of the precipitation components, i.e., DCP, SCP,
and LSP. Since the three components are different in their
characteristics, importance of each component in the sim-
ulation of convectively coupled equatorial waves are dif-
ferent. An additional set simulation was carried out
isolating the effect each component on CCEWs and
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PRECIP BINS (mmiday)

concluded that the slowing down of Kelvin waves and
increase in the power in the MJO modes is primarily due to
the increase in the proportion of SCP; and increase in the
power in the ER mode is due to increase in the proportion
of LSP.

Longitude—latitude composite diagrams of anomalous
precipitation and surface evaporation are analyzed from
CTRL and EXPT. In EXPT, anomalous surface evapora-
tion occurs over several thousand kilometers along the east
of the convective center, whereas, to the west of the con-
vective center the evaporation is suppressed. In CTRL, the
zonal asymmetry in surface evaporation is not that
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Fig. 16 The symmetric component of the wavenumber—frequency distribution of OLR averaged between 15°S and 15°N is shown for a CTRL,

and b EXPT

prominent. So it is apparent that the effects of t might be
due to a stronger coupling between surface evaporation and
convection. To investigate this issue, numerical simula-
tions were carried out, in which same zonally symmetric
evaporation was prescribed to both the simulations. The
results confirm that increase in 7 leads to a better coupling

between surface evaporation and convection, which
develops zonally asymmetry in surface evaporation across
the convective center and gives more energetic eastward
propagation. However, ER waves and the antisymmetric
components are insensitive to the evaporation—convection
coupling.
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Fig. 17 The antisymmetric component of the wavenumber—frequency distribution of OLR averaged between 15°S and 15°N is shown for
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Diabatic heating from CTRL and EXPT is examined,
which mainly constitutes of latent heating due to the
moist processes and radiative heating due to clouds and
radiatively active atmospheric constituents. It is noticed
that radiative heating profile does not change so signifi-
cantly with 7. However, the profile of moist heating is
influenced by 7. When 1 increases, rate of DCP decreases
accompanied with an increase in SCP and LSP, predom-
inantly the SCP. This alters the profile of the precipitation
production from a vertically extended profile to a bottom
heavy one due to more contribution from shallow con-
vection and in turn lowers the altitude of maximum
heating and in turn reduces the phase speed of Kelvin
waves.

The amplitude of diurnal variation of precipitation is
sensitive to 7. In the off-equatorial regions, the amplitude
is lower in EXPT. Over equatorial belt, the amplitude in
both the simulations is largely same, though mean
diurnal precipitation in EXPT is larger than CTRL. On
the contrary, the phase of the diurnal cycle is found to
be insensitive to 7. At sub-diurnal scales, the amplitude
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of variations of precipitation in EXPT is greater. In
CTRL, precipitation occurs continuously over the equa-
torial region. Whereas, it occurs intermittently with dis-
tinct active and break phases in EXPT. In addition, the
range of variation of precipitation is higher in EXPT.
Similarly the CAPE from both the simulations is ana-
lyzed. In CTRL, CAPE varies in a range of 0-500 J/kg,
which is too low as compared to the tropical atmosphere.
But in EXPT, it varies more reasonably in a range of
0-2,000 J/kg with remarkable high and low phases. The
intensity and frequency of precipitation are examined
from both the cases. Based on the intensity, the precip-
itation rates are categorized into five categories, viz., dry,
light, moderate, heavy, and very heavy. The frequencies
in the dry, heavy, and very heavy categories are higher
in EXPT, whereas in the light and moderate categories
the reverse is true. This indicates that increase of 7 leads
to a more extreme situation. Additional numerical
experimentation in real-planet framework shows similar
effects of 7. The overall performance of the model is
better when 7 is 8 h.
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