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[1] The Multiscale Modeling Framework (MMF), also called ““superparameterization™,
embeds a cloud-resolving model (CRM) at each grid column of a general circulation model
to replace traditional parameterizations of moist convection and large-scale condensation.
This study evaluates the diurnal cycle of deep convection, high-level clouds, and upper
troposphere water vapor by applying an infrared (IR) brightness temperature (7},) and a
precipitation radar (PR) simulator to the CRM column data. Simulator results are then
compared with IR radiances from geostationary satellites and PR reflectivities from the
Tropical Rainfall Measuring Mission (TRMM). While the actual surface precipitation rate in
the MMF has a reasonable diurnal phase and amplitude when compared with TRMM
observations, the IR simulator results indicate an inconsistency in the diurnal anomalies
of high-level clouds between the model and the geostationary satellite data. Primarily

because of its excessive high-level clouds, the MMF overestimates the simulated
precipitation index (PI) and fails to reproduce the observed diurnal cycle phase
relationships among PI, high-level clouds, and upper troposphere relative humidity. The
PR simulator results show that over the tropical oceans, the occurrence fraction of
reflectivity in excess of 20 dBZ is almost 1 order of magnitude larger than the TRMM
data especially at altitudes above 6 km. Both results suggest that the MMF oceanic
convection is overactive and possible reasons for this bias are discussed. However, the joint
distribution of simulated IR 7} and PR reflectivity indicates that the most intense deep
convection is found more often over tropical land than ocean, in agreement with previous

observational studies.
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1. Introduction

[2] Climate modeling is a challenging and demanding
task. Much of the uncertainty in predicting climate is
attributed to cloud and cloud-related processes [Arakawa,
1975; Houghton et al., 2001], which usually cannot be
resolved but are highly parameterized in general circulation
models (GCMs). Improved representations of these pro-
cesses are always at the heart of the model development and
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the effort has been ongoing for decades [Arakawa, 1969;
Randall et al., 2003]. Recently a key breakthrough, the
Multiscale Modeling Framework (MMF), or “superpara-
meterization”, was proposed to solve the deadlocked situ-
ation on convection and cloud parameterizations in GCMs
[Grabowski and Smolarkiewicz, 1999; Grabowski, 2001;
Khairoutdinov and Randall, 2001; Randall et al., 2003;
Khairoutdinov et al., 2005; W.-K. Tao et al., Multi-scale
Modeling System: Developments, applications and critical
issues, submitted to Bulletin of the American Meteorology
Society, 2008]. In the MMF, a cloud-resolving model (CRM)
is implemented at each GCM grid column, replacing the
traditional physics parameterizations for moist convection
and large-scale condensation. Such an approach is a
compromise in the pathway of climate modeling between
“parameterize everything” and ‘‘resolve everything”
[Arakawa, 2004; Khairoutdinov et al., 2005].

[3] Parallel to model development, a mandatory task is to
make hand-in-hand evaluations to recognize the latest
advances and to reveal remaining deficiencies. To correctly
produce the diurnal cycle is one of the important measures
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in model evaluations [Randall et al., 1991; Yang and Slingo,
2001; Tian et al., 2004].

[4] The diurnal cycles of deep convection and precipita-
tion have been investigated intensively in observational
studies with data from different platforms: rain gauges
[Gray and Jacobson, 1977; Dai et al., 1999] and weather
reports [Kraus, 1963; Dai, 2001], ground-based radar [Short
et al., 1997], satellite infrared sensors [Short and Wallace,
1980; Soden et al., 2000; Yang and Slingo, 2001; Tian et al.,
2004], satellite microwave sensors [Chang et al., 1995], and
the precipitation radar on board the Tropical Rainfall
Measuring Mission (TRMM) satellite [Nesbitt and Zipser,
2003; Liu and Zipser, 2008]. Most of these studies show
that the deep convection and precipitation maxima occur
most frequently in the early morning over open oceans and
in the late afternoon/early evening over continents. Using
geostationary satellite infrared radiances, Tian et al. [2004]
demonstrated that the diurnal maximum of clear-sky upper
troposphere relative humidity (UTH) lags the high-level
cloud amount maximum, and that the latter lags the deep
convection and precipitation maximum. Moreover using
TRMM data, Zipser et al. [2006] and Liu et al. [2007]
showed that extreme intense convection is found more often
over land than ocean.

[5] It is generally accepted that the diurnal late afternoon/
early evening precipitation maximum over land is a ther-
modynamic response to the surface solar heating. While
there is no consensus on the open ocean precipitation
maximum in the early morning, three mechanisms have
been proposed. The first involves the direct effects of
radiation on cloud radiative heating: during the night
(daytime), longwave radiative cooling (solar heating)
enhances (inhibits) convection [Kraus, 1963; Randall et
al., 1991]. The second argues that the horizontal differential
radiative cooling induces a diurnal variation in the diver-
gence field, which results in greater low-level moisture
convergence and precipitation in the early morning [Gray
and Jacobson, 1977]. The third attributes the diurnal cycle
to both the lifetime of large-scale convective systems and a
more complex interaction between clouds, radiation and
near-surface thermodynamics [Chen and Houze, 1997; Sui
et al., 1997].

[6] Several studies [Khairoutdinov et al., 2005; Wyant et
al., 2006; Ovtchinnikov et al., 2006; Luo and Stephens, 2006;
De Mott et al., 2007; McFarlane et al., 2007; Marchand et
al., 2008] have compared the MMF with observations and
traditional GCMs, such as the NCAR Community Atmo-
sphere Model (CAM). Specifically, Khairoutdinov et al.
[2005] showed that relative to the CAM, the MMF improves
the diurnal phase of nondrizzle precipitation frequency. In
this paper, we investigate the diurnal variation of precipita-
tion, deep convective and anvil clouds, and upper tropo-
sphere water vapor as well as the occurrence frequency of
deep convection and updraft intensity.

[7] In using a “model-to-satellite” approach [Morcrette,
1991; Klein and Jakob, 1999], we apply an infrared (IR)
brightness temperature (73,) [Soden et al., 2000; Tian et al.,
2004] and a precipitation radar (PR) simulator (QuickBeam
[Haynes et al., 2007]) to the MMF CRM column data to
measure cloud condensate and precipitation, respectively.
Simulator results are then compared with IR radiances from
geostationary satellites [Tian et al., 2004] and PR reflectiv-
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ities from TRMM [Zipser et al., 2006; Liu et al., 2007]. In
this study, we try to answer the following questions: (1) Is
the MMF able to capture the diurnal cycle of deep convec-
tion, high-level clouds, and the clear-sky UTH? (2) Is the
MMF able to represent correctly the frequency and intensity
of deep convection, particularly the land-sea contrast in the
nature of deep convection?

[8] In section 2, we detail the MMF simulations, obser-
vational data sets, and the simulators. The IR and PR
simulator results are presented in sections 3 and 4, respec-
tively. In section 5, we examine the properties of deep
convection and its land-sea contrast by considering the joint
distribution of IR 7}, and PR reflectivity. The results shown
in sections 3, 4, and 5 focus on the month of July. In the
discussion section 6, we will show the results for January
and address the uncertainties in the simulators and the
factors that may be accountable for the model biases. A
summary is presented in section 7.

2. Model, Observations, and Simulators
2.1. MMF Simulations

[v] The MMF consists of two components: the parent
GCM and the embedded CRM at each GCM grid column.
The MMF simulation were conducted by Thomas Ackerman
and Roger Marchand at the Pacific Northwest National
Laboratory (now both at the University of Washington, Joint
Center for the Study of Atmosphere and Ocean) using the
model created by Khairoutdinov and Randall [Khairoutdinov
et al., 2005], except that the GCM (the NCAR CAM 3.0.
[Collins et al., 2006] includes the finite volume dynamical
core instead of the semi-Lagrangian dynamical core.

[10] CAM 3.0 is run with 26 vertical levels and a
horizontal resolution of 2° latitude and 2.5° longitude.
The CRM is the System for Atmospheric Modeling
(SAM) [Khairoutdinov and Randall, 2003]. SAM is con-
figured as a 2-D CRM with 64 grid columns at each GCM
grid, horizontally aligned along the east-west direction with
4 km spacing and cyclic lateral boundary conditions. It is
run with 24 vertical levels, which are collocated with the
lowest 24 levels in the parent GCM. Because the CRM
resolves a distribution of clouds, radiation calculations are
performed on each CRM grid column every 10 minutes.
CAM and SAM are coupled every CAM time step, which is
20 minutes. The simulation is constrained by the observed
monthly mean distributions of sea surface temperature and
sea ice. The MMF simulation is initialized from a CAM
restart and spans June 1998 to June 2002. In this simulation,
3 hourly “snapshots” of the MMF CRM condensate and
water vapor fields along with more typical temporal and
spatial averages of these fields were output at each of the
GCM grid boxes.

[11]] In addition to the comparison between simulator
results and observations, we also examine MMF’s actual
surface precipitation rate, high-level cloud amount, and
upper tropospheric relative humidity without the use of a
simulator in sections 3 and 6.1. Surface precipitation rate is
directly from MMF model output. A CRM column is
defined high cloudy if the cloud ice and water mixing ratio
at any level above 400 hPa is larger than 0.01 g/kg. Upper
tropospheric relative humidity is the layer-averaged relative
humidity between 500 and 200 hPa. We will refer to these
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Table 1. Retrieval Algorithm at Each Pixel (Each CRM Grid
Column) in Each Satellite (GCM) Grid Box of the Resolution
2.5° Longitude by 2.0° Latitude®

Ty > 260 K 230 K< 713 <60 K T1; <230 K
PI 0 0 a,(230 — Tyy)
CLD 0 1 1
UTH  (cosb/po)exp(a + b7y 7) —999. —999.

*Here a,, = 6.96 mm d "K', 6 is the satellite zenith angle, po term
denotes the dependence of 7§ ;7 on air temperature, a = 27.9, and b = —0.10.
The value “—999.” is a missing value flag which is assumed for clear-sky
UTH when cloudy.

three MMF “actual” quantities with no abbreviations to
avoid confusion.

2.2. Observation

[12] Two observational data sets are used: geostationary
satellite infrared radiances [Zian et al., 2004] and TRMM
precipitation radar reflectivities [Liu and Zipser, 2008; Liu
et al., 2008].

[13] IR radiances are denoted by equivalent black body
brightness temperatures (7},) in water vapor (6.7 pum, Tg7)
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and window (11 pum, 7,) channels. The 3 hourly 7}, data are
used at a pixel resolution of 0.1° longitude-latitude between
30°N and 30°S. On the basis of T;; and Ty, we retrieve a
precipitation index (PI), high-level cloud amount (CLD) and
clear-sky upper tropospheric relative humidity at each pixel.
The retrieval algorithm is summarized in Table 1 and
interested readers may refer to 7ian et al. [2004] and Soden
and Bretherton [1993, 1996] for details.

[14] The precipitation radar on the TRMM satellite
[Kummerow et al., 1998] measures reflectivity with a
horizontal resolution of 4.3 km by 4.3 km at nadir and a
vertical resolution of 250 meters from the surface to 20 km.
At the frequency of 13.8 GHz, the measured reflectivity is
primarily sensitive to precipitation hydrometeors. In this
study, the University of Utah TRMM database [Nesbitt et
al., 2000; Liu et al., 2008] provides the occurrence clima-
tology of 20 dBZ or greater reflectivity at different altitudes.
A reflectivity in excess of 20 dBZ signifies precipitation has
been detected [Liu et al., 2007]. The 20 dBZ or greater
occurrence climatology is obtained by accumulating TRMM
PR pixels with reflectivity =20 dBZ from 2 km to 15 km
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Figure 1. The snapshot of the MMF CRM clouds and precipitation at 0000 UTC on 14 July 1999 at 15°N,
115°E. The y-axis is the pressure (mb) levels. The x-axis is the CRM grid distance (km) with a 4 km spacing
along the west-east direction. The color-scale shading shows the sum of the mixing ratio (g/kg) in the
logarithm scale (log10) for (top) cloud ice and cloud water and (bottom) rain, snow, and graupel. In Figure 1
(top), the markers show the equivalent 7', heights, retrieved from the infrared 7, simulator, according to the
CRM vertical air temperature profiles. Blue dots denote 77; < 230 K, green dots denote 230 K < T4
<260 K, and red dots denote 77; > 260 K. In Figure 1 (bottom), the blue contour lines show the radar
reflectivity from the precipitation radar simulator, starting from 10 dBZ with an interval of 5 dBZ.
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