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Abstract The time needed by deep convection to bring the atmosphere back to equilibrium is called
convective adjustment timescale or simply adjustment timescale, typically denoted by 7. In the Community
Atmospheric ModellCommunity Atmosphere Model (CAM), 7 is the convective available potential energy
(CAPE) relaxation timescale and is 1 hr, worldwide. Observational evidence suggests that 7 is generally longer
than 1 hr. Further, continental and oceanic convection are different in terms of the vigor of updrafts and can have
different longevities. So using 7 = 1 hour worldwide in CAM has two potential caveats. A longer 7z improves
the simulation of the mean climate. However, it does not address the land-ocean heterogeneity of atmospheric
deep convection. We investigate the prescription of two different CAPE relaxation timescales for land

(rz = 1 hr) and ocean (rp = 1 to 4 hr). It is arguably an extremely crude parameterization of boundary layer
control on atmospheric convection. We contrast a suite of 5-year-long simulations with two different z for land
and ocean to having one 7 globally. The choice of longer 7 over ocean is guided by previous studies and inspired
by observational pieces of evidence. Nonetheless, to complement our variable 7, experiments, we perform a
simulation with o = 1 hrand z; = 4 hrs. Most importantly, our key findings are immune to the exact values of
prescribed 7; and 7,. The CAM model, with two 7 values (z, > 7, ), improves convective-stratiform rainfall
partitioning and the Madden—Julian oscillation propagation characteristics.

Plain Language Summary A thermodynamically unstable atmosphere releases its energy by
creating clouds. Deep clouds take time to decay and bring the atmosphere back to equilibrium. The decay time
of deep clouds is called convective adjustment timescale or simply adjustment timescale, typically denoted by =
in climate model formulations. In the Community Atmospheric Model it is defined as the convective available
potential energy consumption time scale and set to 1 hr globally. Since convection behaves differently over land
and sea using different values of 7 for continents and oceans could better represent their distinct convection
behaviors. Our climate simulations using CAM showed that setting 7 over the oceans to 4 hr and 7 over
continents to 1 hr improved the accuracy of the simulations, particularly for the Madden-Julian Oscillation. It
suggests that using two different = values for continent and ocean is recommended.

1. Introduction

Deep convection is complex to parameterize (Arakawa, 2004). While the explicit representation of deep con-
vection is becoming a plausible option to navigate this “deadlock” (Randall et al., 2003; Randall, 2013), for long-
term projections of our climate, cumulus parameterization is still unavoidable. Hence, amidst a rapid emergence
of convection-resolving models (Stevens et al., 2019), various schemes to parameterize convection continue to
develop. In particular, the recent decades have witnessed a surge of novel ideas that have accelerated this progress
(Rio et al., 2019, and references therein).

The “art” of tuning parameters used in convection parameterization schemes, or simply parameter tuning, plays a
vital role in this development process (Hourdin et al., 2017). While deficiencies of convective parameterization
are primary factors for model biases, it alone cannot alleviate all model biases (Goswami et al., 2017). Hence,
parameter sensitivity investigations are necessary not only to optimize the performance of a scheme but also to
understand the extremities to which a scheme can be held responsible for biases in a simulation (Qian et al., 2015;
Goswami et al., 2017). In this study, we aim to contribute to understanding one tunable parameter, the CAPE
relaxation timescale 7, by investigating the sensitivity of climate simulations to two different = values for land and
ocean in contrast to having one value globally in the Zhang-McFarlane (ZM) convective parameterization scheme
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(Zhang & McFarlane, 1995, ZM95 hereafter) in the Community Atmospheric Model (CAM), the atmospheric
model of the Community Earth System Model (Danabasoglu et al., 2020).

In CAM, deep convection is represented using the ZM convection parameterization scheme. The ZM is an
adjustment-type convective parameterization scheme where the atmospheric instability is removed via an
adjustment toward a background level of convective stability. In ZM, convective available potential energy
(CAPE) defines atmospheric instability, and 7 is the CAPE relaxation timescale. The CAPE relaxation timescale
7, also known as the convection consumption time, or the convection relaxation time is not exclusive to the ZM
scheme. Since introduced by Fritsch and Chappell in the early 80 s (Fritsch & Chappell, 1980), 7 was used in the
Kain-Fritsch scheme (Kain & Fritsch, 1993) and in several other schemes in addition to in ZM, for example, the
Betts-Miller-Janjic (BMJ) scheme (Betts & Miller, 1986, 1993) (uses 7 as the timescale of a parcel's thermo-
dynamic profile to adjust toward a reference background profile), the relaxed Arakawa-Schubert scheme
(Moorthi & Suarez, 1992), Grell-Freitas convection scheme (Grell & Freitas, 2014) (uses an effective measure of
7 that depends on model grid resolution and a base convective adjustment timescale of 1-3 hr), Bechtold
et al. (2001, 2008), etc.

To quote ZM95, “The adjustment time scale determines the intensity and duration of convection for a given
CAPE. With small 7 the convection is short-lived but intensity is high, on the other hand, with larger 7 the
convection is long-lived but of low intensity.” ZM95 used 7 values of 2, 4, and 6 hr and reported their scheme to be
particularly sensitive to the choice of 7 (also see, Scinocca & McFarlane, 2004; Yang et al., 2013). Since there is
no strict range of 7, several studies investigated the sensitivity of CAM simulations to different = values. For
example, Mishra and Srinivasan (2010) used = = (1, o0). Contrasting water-vapor-isotope simulations in a suite of
CAM single-column simulations with a range of 7 values, Lee et al. (2009) found their simulations to match better
with satellite observations with 7 = 8 hr Mishra (2011, 2012) prescribed = = 8 hr in global climate simulations and
noted improvements in the simulations of tropical climate, especially the convectively coupled equatorial waves
(CCEWs). In all of the above studies, 7 has a single value globally.

One value, 1 hr, of 7 globally in CAM has two potential caveats. One, observations suggest a longer adjustment
time scale. Analyzing the moisture-to-rainfall conversion efficiency of the atmosphere, Bretherton et al. (2004)
estimated the convective moisture adjustment time scale (z,,,;) and suggested that it should be approximately
12 hr. Focusing on the Indo-Pacific warm pool region, Shin and Baik (2023) found 7,,,;, to be 17 hr, and Mayta
and Adames Corraliza (2023) suggested 7,,,;;; should be about 1 day. Studies that focus on 7,,,,;;, report its values
ranging from a few hours to about a day. It is noteworthy that, z,,,;; is the time scale in which moisture anomalies
are adjusted in the atmosphere through convective processes. Therefore, unlike z, it only considers adjustment of
moisture, not temperature (Ahmed et al., 2020). Considering temperature contributions, Ahmed et al. (2020)
argued a 7 value of ~2 hr is realistic. In one of the earliest attempts of adjustment-type convection parameteri-
zation frameworks, Betts (1986) used a 7 value of 1-2 hr. Current GCMs continue to use 7 values ranging from an
hour to a few hours that are obtained by assessing model sensitivity (Bullock et al., 2015; Wang et al., 2024). A
trial-and-error approach of finding a “sweet-spot” 7 value is guided by the extreme sensitivity of model per-
formance on the value of 7 [e.g., Emanuel et al., 1994; Alapaty, Raman, et al., 1994, Alapaty, Madala, &
Raman, 1994; Lin et al., 2000]. In particular for the CAM model that uses the ZM-scheme, evaluating 22 tunable
parameters Qian et al. (2015) reported 7 as one of the most critical tuning parameters. It is still poorly understood
yet remains an attractive tunning parameter for improving GCM performance and longer values were argued to
improve model performance, for example, 8 hr in Lee et al. (2009) and Mishra (2011, 2012). Using the National
Oceanic and Atmospheric Administration's Geophysical Fluid Dynamics Laboratory atmosphere model, Zhao
et al. (2018) also used a relaxation time of 8 hr in a cloud work function relaxation closure for convection
parameterization. A choice of long 7 values, ~ 8 hr, in various model tuning studies leaves “z = 1 hr” demanding
more investigation. Caveat number two is, one value of 7 globally is not a logical choice because deep convection
exhibits different behaviors over continents and oceans (Hagos et al., 2013; Matsui et al., 2016; Roca et al., 2017,
Roca & Fiolleau, 2020). Since the width of a thermal plume is steered by boundary layer height (Williams &
Stanfill, 2002), a deep continental boundary layer generates wider updraft velocities in deep convection (Lucas
et al., 1994). Matsui et al. (2016) provided a climatological view of the contrast between oceanic and continental
convective precipitating clouds from long-term Tropical Rainfall Measurement Mission (TRMM) satellite
multisensor statistics. They found large proportions of deep clouds over land. Zipser et al. (2006) also found the
most intense storms typically over continents. Intense storms require stronger updrafts which lead to faster
restabilization response (hence a shorter 7) for the atmosphere to adjust. These observations suggest that the
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atmospheric deep convection over land is wider and stronger than those over the oceans. In other words, at-
mospheric convection over land is shorter lived than that over ocean (Roca et al., 2017). Analyzing the rela-
tionship between precipitation and column relative humidity over continents and oceans, Ahmed and
Schumacher (2017) found a lower critical column relative humidity threshold over land at which precipitation
intensifies significantly. A smaller humidity threshold implies that convection responds by producing precipi-
tation at lower humidity levels over land than over the oceans. It suggests that the atmosphere adjusts more
quickly to moisture changes, which indicates a faster adjustment time scale over land than over the oceans.
Ahmed and Schumacher (2017) further reported a detailed geographical variation in humidity threshold for
producing precipitation. As a first attempt, considering the aforementioned observational suggestive evidence, we
prescribe a shorter CAPE consumption time scale over land than over oceans. Furthermore, logically, as a zero-
order argument, convection of equal strength can be posited to decay faster over land compared to over oceans due
to limited moisture supply to sustain convection, and rapid cooling of the land surface (reducing thermal forcing)
soon after initiation of precipitation. It motivated us to address the following question: although two different 7
values incorporating land-ocean inhomogeneity are logical, is it fruit-bearing in a model-simulated climate? To
answer this question, we investigate, the response of the mean climate and of large-scale waves, by contrasting 5-
year-long climate simulations with and without incorporating land-ocean inhomogeneity via z values. Our
approach of using two 7 values for land and ocean arguably is a crude way to parameterize the effect of het-
erogeneity in the drivers of convection over land and ocean and is unable to capture the detailed physics of it, for
example, of boundary layer processes as a control on convection (Donner & Phillips, 2003). Analyzing the
impacts of boundary layer processes on CAPE, Donner and Phillips [2003] reported larger CAPE values over land
and estimated longer 7 over land than over oceans. Their analysis was based on data collected over midcontinent
North America, the tropical east Atlantic, and the tropical west Pacific. The longer = over land apparent in Donner
and Phillips (2003) indicates a finer geographical variation = which is beyond our crude prescription of two =
values.

Convective parameterization schemes, particularly adjustment-type schemes, are based on the idea that con-
vection takes some time to stabilize the atmosphere to a background state. Essentially, this time taken is 7 in the
ZM scheme. Although numerically 7 can have almost any value, it is decided based on a scale separation between
the convective activity of the individual clouds and large-scale forcing. This concept is nicely depicted in Figure
1.1 of (Davies, 2008). The graph in that figure is a function of timescales associated with convection, and consists
of a turbulent initial segment indicating fluctuation of individual clouds, followed by a flat segment where these
fluctuations smooth out, and finally a segment corresponding to longer time-scales that shows the evolution of the
large scale forcing field itself. Conceptually, changing = within a reasonable range (within the flat segment of
Figure 1.1 of (Davies, 2008)) should not result in a dramatic change in the mean state of the simulated climate.
Nonetheless, we expect to see some model responses in simulations of convective and large-scale precipitation
(Scinocca & McFarlane, 2004). We shall investigate it in detail in the first part of our results section.

Some changes that we expect in our experiments are in the simulated organization of convection. The organi-
zation of convection comes from the dynamic and thermodynamic impacts of convection on the atmosphere.
Simply put, it is the memory of convection (Davies et al., 2009), that is the fact that convection changes the large-
scale properties, and can make their environment favorable or unfavorable to subsequent convection. Identifying
sources of convective memory in cloud-resolving simulations, Colin et al. (2019) argued that the persistence of
the state of convection contributes to convective memory. Colin et al. (2019) also suggested that convective
memory and organization interact mutually. By altering z we essentially alter memory associated with convec-
tion. Hence, we expect to see changes in convective organization. Taking a cue from Mishra (2011), we anticipate
improved convective organization in the tropics for longer 7. However, land-ocean heterogeneity in 7 is a unique
feature of our experiments that we argue is essential based on heterogeneity in the behavior of convection over
land and ocean. As supporting evidence, we shall present an analysis of equatorial waves focusing on the MJO to
evaluate the organization of convection in the second part of our results section. Although our analyses are based
on 5 years long model simulations which is not an ideal length of a simulation to analyze MJO activity, it is
nonetheless long enough to assess a model's overall behavior and fidelity in simulating MJO or similar intra-
seasonal variability (e.g., Zhang & Song, 2009; Goswami et al., 2015).

This paper is organized as follows. A brief description of the methodology is provided in Section 2, including
model experiment design and details of the experimental 7 values used in the experiments. A brief assessment of
the model acceptability of the experimental z values is provided in Section 3.1 and the model response in terms of
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Table 1 mean climate is documented in Section 3.2. Emphasizing the key model re-

7 Values for Different Experiments

sponses, a convective-stratiform rainfall partitioning analysis is provided in

Experiment name

Section 3.3, and MJO simulation analyses are documented in 3.4. Discussion

EXPT
EXPT»,
EXPTs,
EXPT,,
EXPT,,,

i o of the results and concluding remarks are provided in Section 4. A key future
1 hr Lhr recommendation and some obvious limitations of this study are provided
1 hr 2br  under subsection 4.4.

1 hr 3 hr

1 hr 4hr 2, Model and Simulation Details

4 hr 4 hr

We used the atmospheric model of the Community Earth System Model,

version 2.1.3 (CESM 2.1.3) (Danabasoglu et al., 2020), that is the CAM,
version 6 (Community Atmospheric Model 6 (CAM6)), developed and maintained at the National Center for
Atmospheric Research, with longitude and latitude specifications 1.25° and 0.9°, respectively, and 32 vertical
levels. We forced the model by HadISST1 climatological monthly mean SST data provided by the Met Office
Hadley Centre (Rayner, 2003). In short, we performed CESM “F2000climo” simulations. In general, these are
atmospheric simulations forced by present-day climatology. All simulations are 6 years long, and we analyzed the
last 5 years of each simulation since, for atmosphere-only simulations, 1-year spin-up is enough.

We performed 5 simulations. The one with out-of-the-box z value of 1 hr globally is denoted by EXPTy,,. In the
next 3 simulations, we delayed the 7 value over ocean (7)) to 2, 3, and 4 hr keeping 7 over land (z;) 1 hr. We
called these 3 simulations EXPT,,, EXPT, and EXPT,,, respectively. We performed a last 5™ experiment,
named EXPTy,,,, for which we used a 7 value of 4 hr globally. It is important to emphasize that our goal is not to
tune the model per se but to investigate whether representing land-ocean heterogeneity via = improves the CAM
model simulation. Therefore, the key is the land-ocean heterogeneity represented by a (z;,7) pair rather than
their values. Thus, the best pair of 7 values may not be the ones that we have prescribed in our experiments.
Table 1 depicts the 7 values for different experiments. In addition, we also performed an additional simulation
withzy = 1 hrand z; = 4 hrs. We call this simulation EXPT};; .. and, 7 value wise, it is inverse of EXPTy,. Itis
essentially a complementary simulation, thus the results from this simulation are presented only in the supple-
mentary document.

Our analyses primarily show a comparison between the 5 simulations mentioned in Table 1. For observation data,
we have used TRMM Multi-Satellite Precipitation Analysis (TMPA) 3B42 Version 7 and 3A25 product
(Huffman et al., 2007; TRMM Readme, 2017), reanalysis data from 5th generation ECMWEF reanalysis product
(ERAS) (Hersbach et al., 2023), outgoing long-wave radiation (OLR) from the National Oceanic and Atmo-
spheric Administration (2.5° X 2.5°; daily from 01-June-1974 to 12-December-2019) (Liebmann & Smith, 1996).
A cautionary note for the rainfall partitioning analyses presented in Section 3.3 is that convective rainfall defi-
nitions in TRMM and climate models are not the same (Dai, 2006; Pendergrass & Hartmann, 2014). As an
observational benchmark for Figure S13 in Supporting Information S1, the National Centres for Environmental
Predictions reanalysis-1 zonal winds are used (1979-2019) (Kalnay et al., 1996).

3. Results
3.1. Model Basic State

We used CAMG6 for our modeling experiments. The CAM is a widely used model and its latest version, CAM6,
has been tested based on various metrics and is a credible model (Bogenschutz et al., 2018). It has been evaluated
for various aspects of the climate, for example, evaluation of basic features like cloud and precipitation (Zhou
et al., 2021), chronic issues like the double-ITCZ bias (Woelfle et al., 2019), complex systems like the Indian
monsoon (Kumar et al., 2023), etc. For brevity, we refrain from discussing analyses of the model's basic state.
Nonetheless, we provide the top of the atmosphere (TOA) radiation budget plots of the EXPT,,, EXPT;,,
EXPTy, and EXPTy,,, with respect to the out-of-the-box CAMG6 version (i.e., our EXPTy,, simulation) in Figure
S1 in Supporting Information S1. We know from earlier experiments with CAM (Scinocca & McFarlane, 2004;
Mishra & Srinivasan, 2010) and theoretical understanding (Davies, 2008), that CAM can accommodate any value
of 7. As expected, there was no model failure due to the prescription of our experimental 7 values. The TOA
energy balance did not exhibit any dramatic or large changes. Precipitation field, in terms of its global mean
values also remains roughly unchanged (Figures 1 and 3a—3c, and 4a—4c) albeit it does show some changes in
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Figure 1. Tropical (tropics defined as the zonal belt between 30°S—30°N) annual mean daily rainfall (mm/day) for different
experiments mentioned in Table 1 and Tropical Rainfall Measurement Mission 3A25. The green and blue lines connecting
the respective color bars are included for visual guidance.

terms of its spatial distribution (Figure S2 in Supporting Information S1). With these basic state checks of the
experimental simulations exhibiting no dramatic model responses, we present our analyses of the model re-
sponses in simulating the mean climate and the variability (the equatorial waves) in the following sections.

3.2. Mean Climate

Since about 75% of the global surface is ocean, in the simulations of the mean climate, we expect a similar model
response in our experiments by delaying = only over the oceans, as earlier studies did by having a larger 7 globally.
An evaluation of some of the mean features of simulated climate in our experiments confirm this. We find an
increase in large-scale rainfall and a decrease in convective rain going from EXPTy,, to EXPTy,,, (Figure 1 and
Figure S2 in Supporting Information S1). Similarly, we also notice warming in the lower levels, stronger warming
in the upper levels, slight cooling in the mid-levels; moistening in the lower levels, and drying in the mid-levels
(Figure 2 and Figure S3 in Supporting Information S1). These features have been reported in earlier studies [for
example, Figure 8 in Mishra & Srinivasan, 2010].

The simulated temperature and specific humidity profiles in our simulations are less biased over ocean than over
land, when compared with ERAS5 data (averaged over the period 2014-2023) (Figure 2a). A significant cold bias
is seen over land especially in the lower levels. We found it is partially related to the model interpolation of
temperature at pressure levels below the surface level on elevated lands. Indeed, computing these temperature
profiles excluding grid points with surface altitude above 1000 m reduces the bias (figure not shown). Investi-
gating model response relative to the EXPTy,, simulation, we notice in addition lower level (upper level)
warming (cooling) is more (less) over land than over oceans (Figure 2b). In the case of moisture, the letter “S”
patterned vertical structure over the ocean is more curvy and squeezed down meaning lower level (middle level)
moistening (drying) is stronger over oceans than over land and the respective peaks are vertically closer to the sea
surface. These profiles, all together, indicate a model response to changes in 7 in terms of the distribution of
atmospheric convection and clouds, which impacts heating/cooling and moistening/drying of the air column
(Figure S3 in Supporting Information S1). Essentially these responses indicate an accumulation of convective
instability in the atmosphere with delaying of CAPE relaxation time scale. It is attributable to more low-level
warming over the continents and more low-level moistening over the oceans. More moistening near the ocean
surface is relatively straightforwardly understandable, and it is a consequence of the atmosphere taking longer to
convect with larger 7. To a zero-order approximation, as a result of the near-surface moisture pile-up in the
oceanic regions, there is a moisture deficit in the lower levels over the continental regions (Figures S4a—S4c in
Supporting Information S1). Indeed we note profound land drying for longer 7 (Figure S4a in Supporting In-
formation S1). The consequences are reflected in terms of changes in cloud cover. In an overall declining ten-
dency of cloud cover, from EXPT,, to EXPTy,,,, over the tropics high clouds decrease more steeply than low
clouds. Low clouds decrease less rapidly over the ocean compared to those over land (Figure S5 in Supporting
Information S1). It should be noted that cloud categories are objectively defined in CESM. For example, low-
level clouds are the ones below 700 hPa and high clouds are between 400 and 50 hPa. Cloud covers are
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Figure 2. Tropical (tropics defined as the zonal belt between 30°S—-30°N) mean vertical profiles of temperature (T) and
specific humidity (Q). Departures of different experiments, as indicated in the legends, (a) from ECMWF reanalysis product
(2014-2023), (b) from EXPTy,, (Land: Dotted, Ocean: Solid). The vertical dashed line indicates the zero departure.
integrated for each model level corresponding to respective cloud categories. In that regard, going from EXPT),
to EXPTy,,, low-cloud cover changes are consistent with relative surface moistness over land and ocean
(comparing Figures S4a and S5a in Supporting Information S1). It is noteworthy here that there is a general
tendency of a moister atmosphere in EXPT,;, compared to EXPTy,,, while going from EXPT,, to EXPTy,
models exhibit gradual drying. We do not have a clear understanding of this response. Mishra (2012) reported
changes in evaporation in their modeling experiments with 7z resulting from complex interactions between
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Figure 3. Left hand panels: Zonal mean rainfall over Tropics (from 30°S to 30°N), (a) over the whole tropical belt, (b) over
tropical Land, and (c) over tropical Ocean. Right hand panels: Zonal mean Convective-to-Total rainfall ratio (%), (d) over the
whole tropical belt, (¢) over tropical Land, and (f) over tropical Ocean.

circulation and surface fluxes. Since, in a global mean sense, the humidity changes are rather small in our ex-
periments, this issue will require detailed spatial analysis.

Taken together, the altered vertical profiles of moisture and temperature, distribution of convective and large-
scale rainfall, and associated clouds are consistent with the idea that convection is short-lived and stronger for
smaller 7 values and long-lived and weaker for longer 7 value. It is also evident from the solution of the CAPE
equation in the ZM scheme, which can be expressed as CAPE(t) = CAPE, exp (‘7’) in the absence of large-scale
CAPE generation, where CAPE,, is the values of CAPE at t = 0. A larger 7 in this expression means a slower
decay of CAPE. The duration of convection is essentially linked with its persistence and hence “memory.” We
discuss its impact on the simulation of the equatorial waves in Section 3.4.

3.3. Convective Versus Stratiform Precipitation

Climate models often tend to overproduce drizzling rain (Chen et al., 2021; Dai, 2006). Models produce light rain
events too frequently because of their limitation to mimic processes which allows instability to build up before
triggering convection and produce rain. Over the tropics, where intense deep atmospheric convections are
abundant, models perform worse (Sun et al., 2006; Dai, 2006; Goswami et al., 2014). In addition, because most
intense storms typically occur over continents (Zipser et al., 2006), drizzle bias can be expected to be more
prominent over land (Sun et al., 2006). This biased model behavior is a manifestation of unrealistic partitioning of
the total rainfall in convective and stratiform type precipitation (Chen et al., 2021). This means the total rainfall
might still look realistic, however with a wrong partitioning of convective and stratiform rainfall (Kysely
et al., 2016). Therefore we analyzed the partitioning of rainfall in our experiments computing the contribution of
convective rainfall to the total rainfall (Cy,).

Figures 3 and 4 depict the zonal and meridional mean profiles, respectively, of total rainfall and Co, for the whole
tropics and also for land and ocean separately. In these figures, we additionally plotted Cg for TRMMjy,s. It
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Figure 4. Left hand panels: Meridional mean rainfall over Tropics (averaged over 30°S-30°N), (a) over the whole tropical
belt, (b) over tropical Land, and (c) over tropical Ocean. Right hand panels: Meridional mean Convective-to-Total rainfall
ratio (%), (d) over the whole tropical belt, (e) over tropical Land, and (f) over tropical Ocean.

should be noted here that, the definition of convective rain is not the same in TRMM3,,5 and in CAMS6, and Cy, for
TRMM3;,,5 should be seen only as a guidance and not a true comparison. Assessing the zonal and meridional
mean plots of total rainfall considering land and ocean together or separately (panels a—c in both the figures), we
note, in general, that there are no remarkable differences between the different simulations. EXPTy,, is closest to
observations, most obvious in the zonal mean of total rainfall over the whole tropics (Figure 3a). However, the
right-hand side panels of Figures 3 and 4 show that it is EXPT,,, considering the amplitude of the curve, that
looks the most realistic of all simulations, especially over the oceans (Figure 3f). In Figures 3 and 4, EXPTy,,
overestimates convective precipitation while EXPT5;,, EXPT,,, and EXPT,, underestimate it. The pattern of
the Cy, curves in EXPT,, and EXPT,,, most closely resemble observations although the amplitude is weaker.
When we consider precipitation values within 10°S—10°N, the bias in EXPT,, are more prominent (Figure S6 in

Supporting Information S1).

To summarize the evaluations of the mean state of the simulated climate, EXPT,,, is the best version of the model
and EXPTy, is the second-best unless we consider a critical detail, namely, the shape of the meridional profile of
rainfall partitioning in Figure 3f. Next, we will evaluate the models based on an assessment of the simulation of
MIO features.

3.4. Simulation of MJO Variance and Propagation

Organization is a primary feature of tropical convection. It essentially means a cluster of deep precipitating clouds
tied together. An important question is, what brings these clouds together? In other words, what causes convection
to organize? One idea to see the organization of convection is through superpositions of CCEWs. These atmo-
spheric waves and tropical convection are entangled. In the tropics, the atmosphere responds to convective
heating in terms of waves that, in turn, organize convection. Therefore, the fidelity of a model in simulating
tropical climate is essentially its ability to simulate the CCEWSs. A standard metric to analyze CCEWs is the
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Takayabu-Wheeler-Kiladis (TWK) spectra (Takayabu, 1994a, 1994b; Wheeler & Kiladis, 1999). Figure 5 depicts
the symmetric and asymmetric TWK-spectra for the observed and simulated OLR. Understandably, a striking
feature of the TWK-spectra of observed OLR shown in Figures 5a and 5b is the spectral power near the origin of
the plots in the wavenumber range 1-5 and frequency 20-100 days, well known as the MJO. The MJO is a
combination of or envelope of other waves in the equatorial atmosphere. Hence, the accuracy of MJO simulation
is arguably a measure of the fidelity of accurate simulation of waves in the atmosphere (Zhang et al., 2020). Guo
et al. (2015) showed in detail that the accuracy of CCEW simulation is critical for a realistic MJO simulation.

A comprehensive review of the science of MJO is available in Zhang et al. (2020). Prominent observed features of
MJO suggest that they are most active in the Indo-Pacific warm pool with an eastward propagation. An interesting
fact, along its path from the Indian to the Pacific Ocean, is that an MJO passes over the Indonesian maritime
continent (IMC). During this passage, MJO and the prominent diurnal variabilities in the meteorology over the
IMC islands interact and mutually influence each other. So much so that nearly half of the MJOs fail to propagate
into the Pacific. It is critical, therefore, to represent the land-ocean heterogeneity as realistically as possible in
climate models. Hence, we expect our experiments with logically defined different values of 7 for land and ocean
to improve simulated MJO features. Here, we shall present analyses evaluating the simulation of MJO variance
and propagation. We can draw some idea of MJO simulation in different experiments from Figure 5. In Figure 5,
the foremost remarkable feature is the increase in spectral power in the MJO wave number and frequency range
for experiments with a longer 7. A closer visual inspection reveals that the MJO power in the symmetric spectra
does not dramatically change from EXPT,;, to EXPTy,, . In the antisymmetric spectra, the MJO power peaks at
wavenumber 2 in EXPT,; but exhibits a standing mode feature (with power at wavenumber 0) in the simulations
with longer 7. For other waves, no one simulation is remarkably better than the rest. Figure 5 loosely suggests that
overall the symmetric signal waves are improved for longer time scales, but there are no clear improvement for the
antisymmetric part.

To bring out the active region of MJO we applied space-time filtering on OLR data containing the signal cor-
responding to wavenumbers 1-5 and a period of 20-100 days. In Figure 6 the variance of the MJO-filtered daily
OLR anomalies is shown. In observations (Figure 6a), the peak variance is over the Indo-Pacific warm pool.
Feeble variance peaks are noted in the eastern sides of the Pacific (off the Gulf of California) and Atlantic (around
the western coast of Sierra Leone). It is consistent with the fact that although MJO is most active in the Indo-
Pacific warm pool region, it has considerable influence modulating the convective activity over the eastern
equatorial Pacific (Maloney & Hartmann, 2000a,b; Maloney & Kiehl, 2002) and Atlantic (Klotzbach, 2014). For
EXPTy,, high variance is noted around the warm-pool region but widely spread and has multiple peaks. The
strongest variance is around Northern Australia and the south-western Pacific region. The other secondary
maxima are over the southern Bay of Bengal, the central equatorial Indian Ocean, and the central Pacific regions.

The simulated MJO variance strength and pattern experience some changes with changes in 7 values. In general, a
slower 7, keeping 7; same yields more variance over the warm pool region in a relative sense (Figure S11 in
Supporting Information S1). In other words, it increases convective activity in MJO space and time scales. The
variance fields normalized by the respective domain means are available in Figure S11 in Supporting Informa-
tion S1, which depicts a better visual illustration of the variance peaks. In EXPT,;, a pronounced peak is located
over the western-central equatorial Pacific with two secondary maxima near the south-western equatorial Pacific
and eastern equatorial Indian Ocean. In EXPT;, the variance is more concentrated over the western equatorial
Pacific, with a secondary peak south of the central equatorial Indian Ocean. With larger values of 7;, the
maximum variance gets more and more focused over the warm pool region, from EXPTy, to EXPTs,
(comparing Figures 6b—6d). It is noteworthy, that all the pronounced peaks for EXPT,, and EXPT}5, are over
oceans, in and around the Indo-Pacific warm pool region, but split unlike observations (Figure 6a). The model
simulated MJO variance further slowing 7, to 4 hr (EXPT 4, shown in Figure 6e) suggests that MJO variance does
not necessarily increase with increasing 7. The variance peak intensities are visibly weaker in EXPT,, compared
to thatin EXPT, and EXPT3;, and more only than that in EXPTy,,,. However, a noteworthy feature of EXPT,;,, a
fine detail missing in all other simulations, is that the variance shows a secondary peak near the eastern side of the
equatorial Pacific and Atlantic oceans. Baring these subtle variance peaks, EXPT,,,, looks the best, although still
a considerably weaker variance peak compared to observations.

A prominent feature of MJOs is eastward propagation. The propagation features of the MJO are arguably better
characterized by Hovmoller plots averaged over the latitude band between 10°S and 10°N, shown in Figure 7.
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Figure 5. Takayabu-Wheeler-Kiladis spectra of outgoing long-wave radiation for OBS (from National Oceanic and
Atmospheric Administration) and different experiments (as named above each panel), for the symmetric component (left-
hand side panels) and antisymmetric component (right-hand side panels).
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Figure 6. Madden—Julian oscillation variance computed as the daily variance of outgoing long-wave radiation data filtered
for 1-5 wavenumber and 20-100 days frequency, for OBS (from National Oceanic and Atmospheric Administration) and
different experiments (as named above each panel).

Each frame in Figure 7 depicts 10°S—10°N averaged cross-correlations of OLR anomalies with MJO-index. The
MJO-index is defined as the 20-100-day filtered OLR anomalies averaged over 5°S—5°N, 75—85°E following
Guo et al. (2015). It is noteworthy to mention, reiterating Guo et al. (2015), the philosophy behind using such an
MJO index. An index based on a 20-100 days filter brings out the dominant intraseasonal signal in the data that
ideally should be an MJO signal. The eastward propagating red and blue patches of correlation values in ob-
servations (Figure 7a) confirm it. We note the phase speed is faster over the west Pacific (east of ~120°E) than
that over the Indian Ocean (west of ~100°E). The relatively slow phase speed in the longitude range ~100°—
120°E is collocated with the Indonesian archipelago. These different phase speeds over land and oceanic regions
are consistent with MJO interaction with the profound diurnal variations of meteorology over the MC. It
furthermore emphasizes the need to mimic land-ocean heterogeneity realistically in climate models.
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Figure 7. Madden—Julian oscillation propagation: Hovmoller (averaged from 10°S to 10°N) plots of cross-correlations of MJO-filtered outgoing long-wave radiation
(OLR) (W m_z) anomalies (Winter) with MJO-index (defined as the 20-100-day filtered OLR anomalies averaged over 5°S—5°N, 75—85°E), for OBS (from National
Oceanic and Atmospheric Administration) and different experiments (as named above each panel).

To assess the performance of our different experiments in simulating MJO propagation features, we recall the
“good” and “bad” models of Guo et al. (2015). In Figure 2, Guo et al. (2015) showed that the “good” models
simulated more realistic eastward propagation than the “bad” models. In Figure 7, EXPT, is the only experiment
with an eastward propagation and exhibits some resemblance with observations and the only “good” model, albeit
with some key caveats. The positive anomalies almost abruptly died over the MC and reappeared over the western
Pacific. Nonetheless, an intriguing observation, that contains the novelty of our research, is the more realistic
eastward propagation simulated in EXPT,;, thanin EXPT,,,,. Animproved simulation of eastward propagation in
EXPT,;, supports our argument that using two 7 for land and ocean is a logical choice. It reconfirms our antic-
ipation that representing land-ocean heterogeneity via 7 in ZM in CAM alters convective memory and affects the
organization of convection. A larger 7, than 7;, although reasonable, is only based on intuition. A detailed
sensitivity analysis would be required to investigate and underpin the best pair of z values. It might involve
exploring model sensitivity to the threshold value of CAPE for triggering deep convection (represented by the
variable capelmt in the CAM code).

4. Discussion and Conclusion
4.1. Findings

Climate models continue to grow, fueled by a growing understanding of the earth system. Hence, it is only logical
to include a fairly well-recognized and relatively old knowledge about land and ocean heterogeneity of atmo-
spheric convection in the parameterization of convection. We argue that using two different 7 in ZM in CAM can
be one simple yet fruit-bearing way. In our experiments to investigate the model response to land-ocean het-
erogeneity in 7 values, we used 7;, = 1 hr, and 75 = 2, 3, 4 hr. In two additional experiments, EXPTj,, and
EXPTy,,,, we used 7; = 7o = 1 hr and 7;, = 75 = 4 hr, respectively, to complement the previous group of
experiments. The 7 values that we have used are informed by our knowledge of frequency, life-cycle, and
behavior of atmospheric convection over land and ocean learned from previous studies (Lucas et al., 1994;
Williams & Stanfill, 2002; Zipser et al., 2006; Hagos et al., 2013; Matsui et al., 2016; Roca et al., 2017; Roca &
Fiolleau, 2020) and inspired by results of relevant model sensitivity experiments (Lee et al., 2009; Mishra &
Srinivasan, 2010; Mishra, 2011; Misra et al., 2012; Zhang & McFarlane, 1995).

Our findings regarding the model simulated mean state in different experiments are consistent with earlier studies
(Lee et al., 2009; Mishra & Srinivasan, 2010; Mishra, 2011; Misra et al., 2012). For example, total rainfall
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remained approximately the same while large-scale rainfall increased and convective rain decreased for longer
71 5. Consistency of the model response for a slow 7 only over the oceans with slowing down 7 globally is most
likely a result of 75% of the global surface being ocean. However, since there is no physical barrier between the
atmospheric columns over continents and oceans, having two 7 values in our experiments, which essentially are
prescribed to represent heterogeneity in the persistence of convection over the two different surfaces, created a
distinction between the intensities with which the model responses are felt over land and ocean. For example, the
oceanic boundary layer is moister and warmer than the continental boundary layer (Figure S4b in Supporting
Information S1). Furthermore, the mid-troposphere is drier and cooler over oceans than over the continents
(Figure 2). These land-ocean heterogeneities inevitably create differences in atmospheric instabilities. These
instabilities are essentially realized in the form of atmospheric convection that, by design in our experiments with
slower 7, takes longer to bring the atmosphere back to a background state. It is suggestive of a longer persistence
of convective instability over the ocean than that over the continents which essentially can be linked with memory
of convection (Davies et al., 2009; Colin et al., 2019; Hwong et al., 2023).

The conclusion that the model simulated better MJO propagation characteristics in EXPT, thanin EXPTy,,, is a
key. Scientists had advocated in favor of a slower 7 in earlier studies (Donner & Phillips, 2003; Lee et al., 2009;
Mishra, 2011; Misra et al., 2012; Zhao et al., 2018). We also note a significant increase in MJO power for 7 = 4 hr
than 7 = 1 hr (comparing Figures 5b and 5f). However, an evaluation of the model simulated intraseasonal zonal
propagation reveals that EXPT,;, performs considerably better than EXPTy,,, . This confirms that having one 7
globally is not only unphysical but also slowing it down tinkering persistence of convection to improve simulation
of equatorial waves may result in model responses that might look improved, but only superficially.

4.2. Long 7; and Short 7,

We performed a last experiment to evaluate the model sensitivity to 7. In this experiment, we prescribed 7; =4 hr
and 7y = 1 hr. The 7 values in it are exactly inverse of EXPT4,. We named this experiment EXPT;; ,,- The mean
state in this experiment is almost similar as EXPT,, (and EXPTy,,). However, it simulates an unrealistic
westward MJO propagation characteristics. Results from this simulation are provided in Supplementary section,
*EXPTyp1nq results’. This last experiment EXPTy,; ., emphasizes 3 key points that help us integrate earlier
studies with ours and also provides valuable new insights about the model behavior.

o The EXPT,, and EXPTy,;,,q behave similarly as EXPT;,,, in Figures S8 and S9 in Supporting Informa-
tion S1. This suggests that the model mean state is immune to land-ocean heterogeneity of 7 and sensitive only
to the slowest value of = whether over ocean, land, or globally.

e Longer 7 is preferable (consistent with earlier studies). Although the model mean state does not exhibit
dramatic changes (panels a, b, and c, in Figures S8 and S9 in Supporting Information S1), the shape of the
convective to total rainfall ratio is considerably more realistic for a longer 7, particularly the meridional profile
over the ocean (orange, red, or dark blue curves in Figure S8f in Supporting Information S1), albeit with weak
magnitude. The fact that EXPT};;,,, exhibits a similar rainfall partitioning ratio as EXPTy, is intriguing and
deserves further investigation. We speculate that the introduction of a convective memory by delaying the
CAPE relaxation time scale is immune to geographical location despite being arguably unphysical. An un-
realistic MJO propagation is a likely manifestation of it (discussed in the third bullet below).

o While the mean state of the model advocates for a longer 7, the need for land-ocean heterogeneity in 7 emerges
when we analyze the simulation of MJO in our experiments. In particular, the evaluation of the MJO prop-
agation underpins a primary nature of the design of the heterogeneity, which is 7, > 7; (as we conclude from
Fig S12 in Supporting Information S1). Figures S10-S12 in Supporting Information S1 are extensions of
Figures 5-7 and include results from EXPT};; ,,q. The MJO propagation depicted in Figure S12 in Supporting
Information S1 suggests that EXPT 4, is the only experiment that simulates a hint of eastward propagation, and
EXPT 4panq continues to simulate unrealistic MJO propagation, although not as unrealistic as EXPTy,,). To
improve MJO (hence, possibly equatorial waves) simulation, two 7 values are preferred with 7, > 7;.

Although the purpose of our results is to serve as a proof of concept, EXPT,;, in Figures 3, 4 and 7 is already
remarkable. The uncertainty of the best version of the model between EXPT,;, (arguably the best model to
simulate the mean climate) and EXPT, (arguably the best model to simulate the MJO) raises a chronic issue of
climate models' conflict of improving mean and the variability (Lin et al., 2006; Kim et al., 2011). A
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comprehensive evaluation of the model mean state and equatorial wave's dynamical, thermodynamical, and
structural characteristics in a fully coupled CAM model with two 7 values remains as our top future research
priority.

4.3. Model Response in the Midlatitudes

Convective parameterization development efforts are often guided by the physics and statistics of tropical clouds.
Model responses in the middle latitudes are seldom evaluated or reported. Unfortunately, our study is also not free
from this conventional approach. Nonetheless, we plotted the vertical cross-section of zonal mean climatological
zonal winds. We have provided this figure in the supplementary document as Figure S13 in Supporting Infor-
mation S1. Consistent with our analysis of the model mean state (Section 3.2), we note a reduction of bias in
EXPT,;, simulated zonal winds in the northern hemisphere middle-latitudes. From EXPTy,, to EXPTy,,,, in all
the simulations, the zonal winds in the southern hemisphere remain almost immune to our experiments. It can be
associated with much lesser land-ocean heterogeneity in the southern hemisphere compared to the northern
hemisphere. Detailed analysis of model response in the middle latitudes would provide more insight. Improved
simulation in the northern hemisphere is a promising aspect of our prescribed experimental z values.

4.4. Recommendation and Limitations

Our results, in general, serve as proof of concept that a realistic representation of convective adjustment time scale
over land and ocean is a logical requirement that properly implemented shall lead to improvements in climate
model simulations. In specific, we advocate at least two 7 values, one for the continents and one relatively slower
for the oceans in ZM in CAM. The fact that we did not perform a rigorous model sensitivity analysis (e.g., Qian
et al., 2015; Lin et al., 2016; Goswami et al., 2017) nor did we perform any cloud-resolving simulation targeting
the life-cycle of atmospheric convection (Davies et al., 2013; Colin et al., 2019; Daleu et al., 2020, e.g.,) leaves a
scope as well as the requirement for future research to determine the best values of 7; and 7, for ZM in CAM. It
will hopefully guide convection parameterization schemes, especially the adjustment types, to address land-ocean
heterogeneity. Specifically, we recommend that future developments of CAM should consider prescribing
different 7; and 7z, in ZM in CAM. While simply lengthening z could result in better partitioning of rainfall into
convective and stratiform, it might not be enough for simulating realistic equatorial waves.

A framework to mimic finer geographical variations of 7 (Ahmed & Schumacher, 2017) would be an immediate
next step (for example, Wang et al., 2024), with a goal set to a more fundamental framework to incorporate the
detailed boundary layer processes realistically initiating deep convection (Donner & Phillips, 2003). It will help
eliminate sensitive unbounded tunable parameters like 7. Until then, experiments like the ones documented in this
study will remain critical in understanding these tunable parameters and prescribe realistic values, which
hopefully shall help evaluate other aspects of model simulations with more confidence.

Data Availability Statement

e Model: We used the atmospheric model of the Community Earth System Model, version 2.1.3 (CESM 2.1.3)
(Danabasoglu et al., 2020).

¢ Description of the model simulations is provided in Section 2 of the manuscript. A source file of CESM 2.1.3,
zm_conv.F90, modified for our experiments is publicly available at Goswami et al. (2025).

o Data analysis software: Figures 1-6 were generated using Python, and Figure 7 was generated using NCL. The
corresponding scripts are publicly available at Goswami et al. (2025).

¢ Model Output Data: The model simulation data used to produce Figures 1-7 are publicly available in Gos-
wami et al. (2025).
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