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Abstract

We analyze the detailed dynamical and thermodynamical space-time structure of the
Madden-Julian Oscillation simulated by the Superparameterized Community Atmosphere
Model version 3.0 (SP-CAM). Superparameterization involves substituting conventional
boundary layer, moist convection, and cloud parameterizations with a configuration of cloud-
resolving models (CRMs) embedded into each general circulation model (GCM) grid cell. Un-
like most GCMs that implement conventional parameterizations, the SP-CAM displays robust
atmospheric variability on intraseasonal space and time (30-60 days) scales.

We examine a 19 yr SP-CAM simulation based on the Atmospheric Model Intercompari-
son Project protocol, forced by prescribed sea-surface temperatures. Overall, the space-time
structures of MJO convective disturbances are very well represented in the SP-CAM. Com-
pared to observations, the model produces a similar vertical progression of increased mois-
ture, warmth, and heating from the boundary layer to the upper troposphere as deep convec-
tion matures. Additionally, important advective and convective processes in the SP-CAM com-
pare favorably with those in observations. A deficiency of the SP-CAM is that simulated con-
vective intensity organized on intraseasonal space-time scales is overestimated, particularly in
the West Pacific. These simulated convective biases are likely due to several factors including
unrealistic boundary layer interactions, a lack of weakening of the simulated disturbance over

the Maritime Continent, and mean state differences.



Section 1. Introduction

The Madden-Julian Oscillation (MJO), an eastward-moving couplet of convectively ac-
tive and suppressed atmospheric conditions in the Indian and West Pacific Ocean regions, is
the leading mode of tropical variability on 30-60-day (intraseasonal) time scales. Since its dis-
covery in the early 1970s (Madden and Julian 1971), a host of observational, theoretical, and
modeling studies have gradually improved our understanding of the MJO but have also re-
vealed its many complexities (e.g., Madden and Julian 2005, Zhang 2005). For example, we
do not yet have adequate explanations of MJO convective initiation in the Indian Ocean, scale
interactions linking individual cloud processes to planetary-scale waves, and the role of air-sea
coupling. Because equatorial heating associated with organized convective systems such as
the MJO has far-reaching impacts, an accurate representation of tropical variability in general
circulation models (GCMs) is critical for producing realistic patterns of global weather and cli-
mate. Unfortunately, most current GCMs do not simulate the MJO well, lacking sufficient vari-
ability on intraseasonal space-time scales (Lin et al. 2006). This study investigates the physi-
cal structure of the MJO simulated by the so-called Superparameterized Community Atmos-
phere Model (SP-CAM), a modified GCM that exhibits substantially more realistic intrasea-
sonal variability.

The poor representation of the MJO is a well-documented deficiency plaguing many
current GCMs (Slingo et al. 1996, Lin et al. 2006, Kim et al. 2009, submitted). Lin et al. (2006)
present results from 14 coupled GCMs participating in the Intergovernmental Panel on Climate
Change (IPCC) Fourth Assessment Report (AR4) and find that the magnitude of intraseasonal
variability in 12 of those models was less than half of the observed value. Those authors con-

clude that improvements in the representation of subgrid-scale processes in the model (e.g.,



boundary layer and moist convective processes, saturated and unsaturated convective down-
drafts, etc.) would lead to a more accurate MJO depiction.

Traditional GCMs have grid spacings of O(100 km) and thus cannot accurately resolve
subgrid-scale cloud and boundary layer processes without making some assumptions about
how such processes “behave.” Parameterizations are semiempirical theories that predict the
statistical behavior of subgrid-scale processes and their physical interactions with each other
and with resolved-scale phenomena. A major weakness of parameterizations is that they arti-
ficially separate subgrid-scale processes that are highly interactive in nature. One approach to
bypassing this limitation is to replace certain conventional parameterizations with cloud resolv-
ing models (CRMs; Grabowski and Smolarkiewicz 1999, Grabowski 2001), a technique termed
“superparameterization” (Khairoutdinov and Randall 2001). Replacing conventional cloud pa-
rameterizations with CRMs of horizontal resolution O(1 km) allows cloud-scale dynamics,
moist processes, and radiation to interact in a more natural manner (Grabowksi 2001). Spe-
cific conventional parameterizations, including radiation and microphysics, are still imple-
mented in superparameterized models; however, because such parameterizations are inher-
ently limited by their input conditions to begin with, improvement of the input conditions through
superparameterization contributes to further improvement in the results (Randall et al. 2003).
Although great progress has been made in using a global CRM to produce a single but realistic
MJO (e.g., Miura et al. 2007), simulations of sufficient duration to analyze systematic MJO be-
havior—ideally, multiple years—remain computationally prohibitive (Khairoutdinov et al. 2008;
hereafter KDR08). The method of superparameterization thus bridges the computational gap

between conventionally parameterized GCMs and global CRMs.



The simulated data used in this study is taken from a superparameterized version of the
National Center for Atmospheric Research (NCAR) Community Atmosphere Model version 3.0
(CAM3.0; Collins et al. 2006), called the “SP-CAM.” The SP-CAM simulation being analyzed is
based on the Atmospheric Model Intercomparison Project (AMIP) protocol (Gates 1992) in that
the model is forced by observed sea surface temperatures (SSTs). The current SP-CAM and
previous versions of it demonstrate a remarkable increase in intraseasonal variability relative
to the standard CAM (e.g., Randall et al. 2003). Using a suite of standardized diagnostics, Kim
et al. (2009, submitted) find that the SP-CAM demonstrates good skill in representing the MJO
relative to seven other GCMs, including versions of the CAM with updated parameterizations.
Several explanations relating poor MJO depiction in the standard CAM and its intensified sig-
nal in superparameterized GCMs have been proposed recently. Thayer-Calder and Randall
(2009, in press) find that insufficient column moistening during convective development in
CAMBS.0 is related to the choice of deep convection parameterization. They conclude that this
lack of moistening severely limits that model’s intraseasonal variability. Zhu et al. (2009, in
press) compare CAM3.0 to the SP-CAM and discover that organized convection in the SP-
CAM is delayed until a moister environment is achieved. The delayed initiation appears to re-
sult in an MJO wet phase with more vigorous convection, higher rain rates, and a stratiform
heating profile that more closely resembles observations. Additionally, Luo and Stephens
(2006), in their study of the Asian summer monsoon, postulate that convective enhancement in
two superparameterized GCMs is related to an overly intense convection-wind-evaporation
feedback augmented by the CRM’s periodic boundary conditions. Our analysis provides addi-
tional insight of the MJO structure in the SP-CAM and proposes an explanation regarding its

more realistic but overly-intensified MJO convection.



Section 2 of this paper reviews the SP-CAM set-up and describes the simulated and
observation-based datasets. MJO event selection and compositing techniques are discussed
in Section 3. Results displaying the composite MJO space-time structure are presented in

Section 4, followed by a discussion and summary in Section 5.

Section 2. Data Sources

a. AMIP run with the SP-CAM

The NCAR CAMS.0 (Collins et al. 2006) acted as the host GCM. CAMS3.0 has a
2.8°x2.8° horizontal grid (T42 spatial truncation), 30 levels up to 3.6 hPa, and a time step of 30
min. Embedded within each GCM grid cell is a 2D “curtain” of 32 CRM grid columns oriented
in the north-south direction, with 4 km horizontal grid spacing, periodic boundary conditions, 28
levels collocated with the 28 lowest CAM levels, and a time step of 20 s. The 2D CRM re-
places the CAM’s conventional parameterizations of moist physics, convection, turbulence,
and boundary layer processes. As discussed in Khairoutdinov et al. 2005, momentum feed-
back from the CRM to the GCM is not allowed. Coupling between the surface and atmosphere
is computed only on the GCM grid such that enhanced, localized surface fluxes that may arise
from gust fronts are not included. CRM-scale enhancements of surface drag related to local-
ized gustiness of near-surface winds are explicitly included, however. Additional details of the
SP-CAM AMIP simulation used in this study can be found in KDRO08.

Figure 1 presents a simplified picture of the coupling between the host GCM and em-
bedded CRMs. Further discussion of GCM-CRM coupling can be found in Khairoutdinov and
Randall 2003 and Khairoutdinov et al. 2005. In Fig. 1, q represents liquid water/ice moist static

energy or total nonprecipitating water (i.e., a prognostic thermodynamic variable excluding total





