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Abstract. The Multi-scale Modeling Framework (MMF, also called “super-1

parameterization”) embeds a cloud resolving model (CRM) at each grid col-2

umn of a general circulation model to replace traditional parameterizations3

of moist convection and large-scale condensation. This study evaluates the4

diurnal cycle of deep convection, high-level clouds and upper troposphere wa-5

ter vapor by applying an infrared (IR) brightness temperature (Tb) and a6

precipitation radar (PR) simulator to the CRM column data. Simulator re-7

sults are then compared with IR radiances from geo-stationary satellites and8

PR reflectivities from the Tropical Rainfall Measuring Mission (TRMM). While9

the actual surface precipitation rate in the MMF has a reasonable diurnal10

phase and amplitude when compared with TRMM observations, the IR sim-11

ulator results indicate an inconsistency in the diurnal anomalies of high-level12

clouds between the model and the geo-stationary satellite data. Primarily13

due to its excessive high-level clouds, the MMF overestimates the simulated14

precipitation index (PI) and fails to reproduce the observed diurnal cycle phase15

relationships among PI, high-level clouds and upper troposphere relative hu-16

midity. The PR simulator results show that over the tropical oceans, the oc-17

currence fraction of reflectivity in excess of 20 dBZ is almost one order of18

magnitude larger than the TRMM data especially at altitudes above 6 km.19

Both results suggest that the MMF oceanic convection is overactive and pos-20

sible reasons for this bias are discussed. However, the joint distribution of21

simulated IR Tb and PR reflectivity indicates that the most intense deep con-22
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vection is found more often over tropical land than ocean, in agreements with1

previous observational studies.2
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1. Introduction

Climate modeling is a challenging and demanding task. Much of the uncertainty in1

predicting climate is attributed to cloud and cloud-related processes [Arakawa, 1975;2

Houghton et al., 2001], which usually can not be resolved but are highly parameter-3

ized in general circulation models (GCMs). Improved representations of these processes4

are always at the heart of the model development and the effort has been ongoing for5

decades [Arakawa, 1969; Randall et al., 2003]. Recently a key breakthrough, the Multi-6

scale Modeling Framework (MMF, or “super-parameterization”), was proposed to solve7

the deadlocked situation on convection and cloud parameterizations in GCMs [Grabowski8

and Smolarkiewicz , 1999; Grabowski , 2001; Khairoutdinov and Randall , 2001; Randall9

et al., 2003; Khairoutdinov et al., 2005; Tao et al., 2008]. In the MMF, a cloud resolving10

model (CRM) is implemented at each GCM grid column, replacing the traditional physics11

parameterizations for moist convection and large-scale condensation. Such an approach12

is a compromise in the pathway of climate modeling between “parameterize everything”13

and “resolve everything” [Arakawa, 2004; Khairoutdinov et al., 2005].14

Parallel to model development, a mandatory task is to make hand-in-hand evaluations15

to recognize the latest advances and to reveal remaining deficiencies. To correctly produce16

the diurnal cycle is one of the important measures in model evaluations [Randall et al.,17

1991; Yang and Slingo, 2001; Tian et al., 2004].18

The diurnal cycles of deep convection and precipitation have been investigated inten-19

sively in observational studies with data from different platforms: rain gauges [Gray and20

Jacobson, 1977; Dai et al., 1999] and weather reports [Kraus , 1963; Dai , 2001], ground-21
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based radar [Short et al., 1997], satellite infrared sensors [Short and Wallace, 1980; Soden1

et al., 2000; Yang and Slingo, 2001; Tian et al., 2004], satellite microwave sensors [Chang2

et al., 1995], and the precipitation radar on board the Tropical Rainfall Measuring Mis-3

sion (TRMM) satellite [Nesbitt and Zipser , 2003; Liu and Zipser , 2008]. Most of these4

studies show that the deep convection and precipitation maxima occur most frequently5

in the early morning over open oceans and in the late afternoon/early evening over con-6

tinents. Using geo-stationary satellite infrared radiances, Tian et al. [2004] demonstrated7

that the diurnal maximum of clear-sky upper troposphere relative humidity (UTH) lags8

the high-level cloud amount maximum, and that the latter lags the deep convection and9

precipitation maximum. Moreover using TRMM data, Zipser et al. [2006] and Liu et al.10

[2007] showed that extreme intense convection is found more often over land than ocean.11

It is generally accepted that the diurnal late-afternoon/early-evening precipitation max-12

imum over land is a thermodynamic response to the surface solar heating. While there13

is no consensus on the open ocean precipitation maximum in the early morning, three14

mechanisms have been proposed. The first involves the direct effects of radiation on cloud15

radiative heating: during the night (daytime), longwave radiative cooling (solar heating)16

enhances (inhibits) convection [Kraus , 1963; Randall et al., 1991]. The second argues that17

the horizontal differential radiative cooling induces a diurnal variation in the divergence18

field, which results in greater low-level moisture convergence and precipitation in the early19

morning [Gray and Jacobson, 1977]. The third attributes the diurnal cycle to both the20

lifetime of large scale convective systems and a more complex interaction between clouds,21

radiation and near-surface thermodynamics [Chen and Houze, 1997; Sui et al., 1997].22
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Several studies [Khairoutdinov et al., 2005; Wyant et al., 2006; Ovtchinnikov et al.,1

2006; Luo and Stephens , 2006; DeMott et al., 2007; McFarlane et al., 2007; Marchand2

et al., 2008] have compared the MMF with observations and traditional GCMs, such3

as the NCAR Community Atmosphere Model (CAM). Specifically Khairoutdinov et al.4

[2005] showed that relative to the CAM, the MMF improves the diurnal phase of non-5

drizzle precipitation frequency. In this paper, we investigate the diurnal variation of6

precipitation, deep convective and anvil clouds, and upper troposphere water vapor as7

well as the occurrence frequency of deep convection and updraft intensity.8

In using a “model-to-satellite” approach [Morcrette, 1991; Klein and Jakob, 1999], we9

apply an infrared (IR) brightness temperature (Tb) [Soden et al., 2000; Tian et al., 2004]10

and a precipitation radar (PR) simulator (QuickBeam, Haynes et al. [2007]) to the MMF11

CRM column data to measure cloud condensate and precipitation, respectively. Simulator12

results are then compared with IR radiances from geo-stationary satellites [Tian et al.,13

2004] and PR reflectivities from TRMM [Zipser et al., 2006; Liu et al., 2007]. In this14

study, we try to answer the following questions:15

1. Is the MMF able to capture the diurnal cycle of deep convection, high-level clouds16

and the clear-sky UTH?17

2. Is the MMF able to represent correctly the frequency and intensity of deep convec-18

tion, particularly the land-sea contrast in the nature of deep convection?19

In section 2, we detail the MMF simulations, observational datasets, and the simulators.20

The IR and PR simulator results are presented in section 3 and 4 respectively. In section 5,21

we examine the properties of deep convection and its land-sea contrast by considering the22

joint distribution of IR Tb and PR reflectivity. The results shown in section 3, 4 and 523
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focus on the month of July. In the discussion section 6, we will show the results for January1

and address the uncertainties in the simulators and the factors that may be accountable2

for the model biases. A summary is presented in section 7.3

2. The Model, observations and simulators

2.1. The MMF simulations

The MMF consists of two components: the parent GCM and the embedded CRM at4

each GCM grid column. The MMF simulation were conducted by Thomas Ackerman5

and Roger Marchand at the Pacific Northwest National Laboratory (now both at the6

University of Washington, Joint Center for the Study of Atmosphere and Ocean) using7

the model created by Khairoutdinov and Randall [Khairoutdinov et al., 2005], except8

that the GCM — the NCAR CAM 3.0. [Collins et al., 2006] — includes the finite-volume9

dynamical core instead of the semi-Lagrangian dynamical core.10

CAM 3.0 is run with 26 vertical levels and a horizontal resolution of 2o latitude and11

2.5o longitude. The CRM is the System for Atmospheric Modeling (SAM) [Khairoutdinov12

and Randall , 2003]. SAM is configured as a 2-dimensional CRM with 64 grid columns at13

each GCM grid, horizontally aligned along the east-west direction with 4 km spacing and14

cyclic lateral boundary conditions. It is run with 24 vertical levels, which are collocated15

with the lowest 24 levels in the parent GCM. Because the CRM resolves a distribution of16

clouds, radiation calculations are performed on each CRM grid column every 10 minutes.17

CAM and SAM are coupled every CAM time step, which is 20 minutes. The simulation is18

constrained by the observed monthly mean distributions of sea surface temperature and19

sea ice. The MMF simulation is initialized from a CAM restart and spans June 1998 to20

June 2002. In this simulation, 3 hourly ”snap-shots” of the MMF CRM condensate and21
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water vapor fields along with more typical temporal and spatial averages of these fields1

were output at each of the GCM grid boxes.2

In addition to the comparison between simulator results and observations, we also ex-3

amine MMF’s actual surface precipitation rate, high-level cloud amount, and upper tro-4

pospheric relative humidity without the use of a simulator in section 3 and 6.1. Surface5

precipitation rate is directly from MMF model output. A CRM column is defined high-6

cloudy if the cloud ice and water mixing ratio at any level above 400 hPa is larger than7

0.01 g/kg. Upper tropospheric relative humidity is the layer-averaged relative humidity8

between 500 and 200 hPa. We will refer to these three MMF “actual” quantities with no9

abbreviations to avoid confusion.10

2.2. Observation

Two observational datasets are used: geo-stationary satellite infrared radiances [Tian11

et al., 2004] and TRMM precipitation radar reflectivities [Liu and Zipser , 2008; Liu et al.,12

2008].13

IR radiances are denoted by equivalent black body brightness temperatures (Tb) in14

water vapor (6.7 µm, T6.7) and window (11 µm, T11) channels. The 3-hourly Tb data15

are used at a pixel resolution of 0.1o longitude-latitude between 30oN and 30oS. Based16

on T11 and T6.7, we retrieve a precipitation index (PI), high-level cloud amount (CLD)17

and clear-sky upper tropospheric relative humidity (UTH) at each pixel. The retrieval18

algorithm is summarized in Table 1 and interested readers may refer to Tian et al. [2004]19

and Soden and Bretherton [1993, 1996] for details.20

The precipitation radar on the TRMM satellite [Kummerow et al., 1998] measures re-21

flectivity with a horizontal resolution of 4.3 km by 4.3 km at nadir and a vertical resolution22
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of 250 meters from the surface to 20 km. At the frequency of 13.8 GHz, the measured re-1

flectivity is primarily sensitive to precipitation hydrometeors. In this study, the University2

of Utah TRMM database [Nesbitt et al., 2000; Liu et al., 2008] provides the occurrence3

climatology of 20 dBZ or greater reflectivity at different altitudes. A reflectivity in ex-4

cess of 20 dBZ signifies precipitation has been detected [Liu et al., 2007]. The 20 dBZ5

or greater occurrence climatology is obtained by accumulating TRMM PR pixels with6

reflectivity > 20 dBZ from 2 km to 15 km at 1 km intervals separately for land and ocean7

between 20oS and 20oN in July and January during the 9 years 1998 to 2006. Data from8

altitudes below 2 km are ignored because of ground clutter.9

2.3. The IR Tb and PR simulators

The IR Tb simulator is a generalized forward radiative transfer model for HIRS-14 [Soden10

et al., 2000; Tian et al., 2004], which calculates clear-sky and all-sky T11 and T6.7 from11

the MMF CRM vertical profiles of temperature, water vapor and cloud condensates. To12

obtain the cloud emissivity, the ice absorption coefficient is calculated according to Ebert13

and Curry [1992] assuming that the ice particle effective radius is an increasing function14

of temperature and 140 m2/kg is used for the liquid absorption coefficient.15

We treat every 4 km MMF CRM grid column as if it were a satellite pixel, and apply16

the retrieval algorithm in Table 1 to each CRM grid column in each GCM grid box. To17

compare the IR Tb simulator results with geo-stationary satellite data, the PI, CLD and18

UTH at the MMF CRM grid columns are averaged to the GCM grid box in the resolution19

of 2.5o longitude and 2.0o latitude between 30oS and 30oN and data from geo-satellite20

pixels are likewise averaged.21
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Some studies have remarked that the IR Tb threshold technique in the retrieval algo-1

rithm does not provide any information from inside clouds as it is only sensitive to cloud2

top temperatures, which might be similar for deep convective and thick cirrus clouds [Liu3

et al., 1995; Hall and Vonder Haar , 1999; Hong et al., 2006]. Model evaluations may4

also suffer from such Tb similarity particularly if there is an over abundance of high-level5

clouds [Slingo, 2004]. Because the PR simulator can overcome this potential deficiency,6

it is a useful complement to the IR simulator.7

The PR simulator is QuickBeam [Haynes et al., 2007] (http://cloudsat.atmos.colostate.edu/radarsim)8

version 1.03d with modifications by Roger Marchand to increase computational9

speed [Marchand et al., 2008]. The inputs are the MMF CRM vertical profiles of temper-10

ature, relative humidity and its five hydrometeor species which are cloud ice, cloud water,11

rain, snow and graupel. The outputs are the vertical profiles of attenuation-corrected12

volume reflectivity (dBZ) at the frequency of the TRMM radar. QuickBeam allows users13

to specify different hydrometeor classes based on five types of size distributions: mod-14

ified gamma, exponential, power law, monodisperse, and lognormal. The assumptions15

we use are, for cloud water, a lognormal distribution, for cloud ice, a modified gamma16

distribution [Mitchell et al., 1996], and for rain, snow and graupel, an exponential distri-17

bution according to Marshall and Palmer [1948] in which fixed intercept parameters are18

used [Khairoutdinov and Randall , 2003]. The assumptions on precipitation are the same19

as those used in the microphysics of the embedded CRM [Khairoutdinov and Randall ,20

2003].21

Figure 1 illustrates the application of both simulators to a snapshot of one of the CRMs22

embedded in the MMF. In the top panel, dots indicate the level where the temperature23
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equals that of the simulated Tb. One can clearly see a close association between this1

level and the highest level of significant cloud ice or water. In the lower panel, the blue2

contour lines show the reflectivity from the PR simulator, which has a good association3

with significant amounts of rain, snow and graupel.4

3. The MMF vs. Geo-stationary Satellite Data

3.1. Map of daily means and diurnal cycles

Figure 2 shows July daily means and diurnal cycles of surface precipitation rate from5

TRMM (top panel) and MMF (second panel) as well as PI from geo-satellite data (third6

panel) and the IR Tb simulator applied on the MMF (bottom panel). Because of the7

sampling issue, the diurnal cycle of TRMM precipitation at the resolution of 2.5o longitude8

by 2.0o latitude is not shown. The diurnal cycle is constructed from 3-hourly data and is9

decomposed using a Fourier transform [Tian et al., 2004]. Based on the first harmonic,10

the diurnal amplitude is the half of the difference between maximum and minimum and11

the diurnal phase arrow points to the local standard time (LST) of the maximum.12

As PI has been viewed as an indication of precipitation from deep convection in numer-13

ous studies [Richards and Arkin, 1981; Hendon and Woodberry , 1993; Soden et al., 2000;14

Yang and Slingo, 2001; Tian et al., 2004], we expect a good relationship between PI and15

the actual surface precipitation rate. The MMF actual precipitation rate displays magni-16

tudes and geographical distributions in the daily means that are comparable to those in17

both the TRMM PR observed precipitation rate and the geo-satellite PI. In contrast, the18

tropical and daily mean simulator PI of 13.4 mm/day is in excess of the satellite PI of19

2.9 mm/day or the MMF actual precipitation rate of 3.3 mm/day. This difference is espe-20

cially prominent in the region from east Africa to the west Pacific, where an overestimate21
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of the diurnal amplitude is also found with diurnal maxima in the morning. Moreover, the1

simulator PI is inconsistent with the satellite PI in the diurnal phase over land regions,2

such as Africa.3

3.2. Land-sea diurnal composites

Figure 3 shows the diurnal anomaly composites for tropical ocean (left) and land (right)4

of geo-satellite data (top), simulator results (middle) and the MMF actual quantities5

(bottom) in July. Table 2 shows details of the diurnal amplitudes (in bold), daily means6

(in plain) and normalized amplitudes (in brackets) which are computed by dividing the7

former by the latter.8

In Figure 3, geo-satellite data display a diurnal phase relationship: over ocean (land),9

PI peaks at 0600 (1800) LST, follows the CLD maximum at 1500 (2100) LST and the10

UTH maximum around midnight (0300 LST). The phase lag between PI, CLD, and UTH11

is about 6-9 hours over ocean and 3-6 hours over land. This suggests a simple picture12

in which deep convection (inferred from PI) leads to high-level anvil cloud generation13

and the anvil cloud dissipation results in moisturizing the upper troposphere [Tian et al.,14

2004]. Furthermore in Table 2, the geo-satellite data exhibit greater values over land than15

over ocean with normalized diurnal amplitudes over land triple the corresponding value16

over ocean for both PI and CLD and double the ocean value for UTH.17

There are three major inconsistencies between simulator results and the geo-satellite18

data shown in Figure 3. First the simulator PI over land peaks at 0600 LST and is out19

of phase with the satellite data. Second the simulator CLD over ocean has a diurnal20

maximum at 0600 LST and is out of phase with the satellite observation. Thirdly the21

diurnal amplitude of the simulator PI over ocean is largely overestimated and is even22
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larger than the one of the simulator PI over land, which is contradictory to the satellite1

data. Due to the first two, the diurnal-phase-lag relationship in the observed PI, CLD and2

UTH is not represented in the simulator results. Furthermore in Table 2, the daily means3

of simulator PI are largely overestimated as shown in Figure 2. In addition, the daily4

means of simulator CLD almost double the satellite data while the diurnal amplitudes are5

underestimated over both land and ocean .6

Because geo-satellite infrared PI might be biased in representing the actual surface pre-7

cipitation [Liu et al., 2007], diurnal composites of TRMM PR observed precipitation rate8

over land and ocean are also shown in Figure 3 and Table 2. In contrast to the simulator9

results, the diurnal phase of the MMF actual precipitation rate agrees well with both geo-10

satellite data and TRMM data over land and ocean, consistent with Khairoutdinov et al.11

[2005]; the diurnal amplitude is weak over land, however this improves in January (sec-12

tion 6.1). The daily mean precipitation rate is overestimated especially over ocean. The13

MMF actual high-level cloud behaves in a very similar way as the simulator CLD with14

diurnal phase errors, underestimates in the diurnal amplitudes and overestimates in the15

daily means.16

Both the simulator UTH and the MMF actual upper troposphere humidity have reason-17

able daily means and diurnal phase variation, although the diurnal amplitudes are not as18

large as the satellite data. Figure 4 shows the diurnal probability anomaly histogram for19

UTH from satellite data (top row) and the simulator results (bottom row). UTH data are20

distributed among 5% bins at each 3-hour period. Probabilities are calculated in each bin21

at each 3-hourly period by dividing the number of data in that bin by the total number22

of data among all the bins at that time period. Finally diurnal probability anomalies in23
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each bin at each 3-hourly period are acquired by removing the daily mean of that bin1

to emphasize the diurnal variation. Thus positive (negative) contour suggests at which2

local times, certain temperature values prefer (dislike) to occur. Observations over both3

ocean and land show that high clear-sky UTH (>70%) maximizes during midnight and4

minimizes at noon, while low UTH (<70%) tends to behave in the opposite way [Tian5

et al., 2004]. The simulator UTH agrees with the observation quite well although the6

MMF underestimates the diurnal amplitude over land and there is a 2-3 hour phase lead7

relative to observations in high UTH.8

3.3. Tb

The overestimation in the simulator PI, CLD and the MMF actual high-level cloud9

amount suggests an excessive amount of radiatively significant high-level cloud in MMF.10

Furthermore the diurnal phase error over tropical land in the simulator PI while not in11

the MMF actual surface precipitation rate suggests an inconsistency with the observations12

in the simulated relationship between high-level clouds and precipitation. In order to13

investigate these biases in a more simple manner, we examine the IR simulator T11 and14

T6.7, based on which the PI, CLD and UTH are retrieved.15

Figure 5 shows the probability density function (left) and cumulative probability (right)16

of T11 over tropical land regions. Although not shown, similar behavior of T11 and T6.717

is also found over tropical oceans and in the comparison of less aggregated data, e.g.18

between the CRM grid and the satellite pixel data.19

Clearly, below 260 K, a cold bias is found in the simulator T11 (solid) as com-20

pared to satellite data (dashed). The deep convective clouds (DCC, or hot tower, with21

T11 < 230 K), is about 9% from the simulator and only 3% from the satellite data. Since22
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PI is proportional to the difference between 230 K and T11 (Table 1), the colder T11 leads1

to larger PI, thus explaining the bias of the daily mean PI. The CLD (T11 < 260 K),2

is about 21% in the simulator compared to 14% in the satellite data. Clear-sky UTH is3

retrieved when T11 > 260 K, where the discrepancy becomes smaller between observation4

and simulator results, which explains why UTH behaves better.5

If the cold bias in T11 explains the overestimation of the daily mean simulator PI and6

CLD, then how is the diurnal phase error related? Figure 6 shows the histograms of the7

diurnal probability anomalies of T11, which is calculated in the same way as in Figure 48

but among 5 K T11 bins at each 3-hour period.9

In Figure 6, the satellite data (reproduced from Tian et al. [2004]) show that over10

ocean, the DCC (T11 < 230 K) peaks in the morning while convective anvil cloud (CAC,11

230 K < T11 < 260 K) peaks in the late afternoon, whereas over land, the CAC maximum12

tends to occur after the DCC maximum with a few hours’ lag in the evening. Satellite13

T11 over ocean has a smaller diurnal variation than over land. The most prominent14

difference shown in simulator results is the diurnal evolution of T11 colder and warmer15

than 220 K. When warmer than 220 K, the simulator T11 changes in a manner similar to16

the observation, however with a larger variation over ocean than over land. When colder17

than 220 K, the simulator T11 peaks in the morning and minimizes in the afternoon over18

both ocean and land. The behavior of T11 beneath and above 220 K are out of phase19

with each other, but with a much larger diurnal variation when T11 is colder than 220 K.20

This explains the diurnal phase error in the simulator PI and CLD in Figure 3.21
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3.4. High-level clouds

Why the T11 diurnal cycle flips sign when crossing the 220 K threshold? We believe1

this is because clouds at different levels have different diurnal cycles. Figure 7 shows the2

diurnal anomalies of GCM-grid-box-mean cloud ice. The anomaly is attained by removing3

the daily mean value at each level. At levels above 250 hPa, the diurnal anomaly of cloud4

ice peaks in the early morning over both ocean and land; while below 250 hPa, it peaks5

in the late afternoon over ocean and during midnight over land. Such behavior is very6

similar to T11 above and beneath 220 K. Because the 250 hPa temperature is around the7

threshold temperature for PI of 230 K, this suggests that it is the diurnal cycle of cloud8

ice above 250 hPa which is responsible for the erroneous diurnal cycle in PI.9

Given the cold bias in T11 as well as the fact that over land the simulator PI is out of10

phase with MMF actual surface precipitation, we must ask if we are detecting true deep11

convective hot tower clouds in MMF by selecting CRM columns with T11 < 230 K. To12

answer this we examined snapshots like those in Figure 1. The extreme cold T11 often13

coincides with an overcast cloud layer between 400 hPa and 150 hPa, or even higher, and14

usually persists for several days before dissipation. We also find such high-level cloud layer15

sometimes with deep convective cloud tower attached to it and sometimes not. Since the16

MMF output data is 3-hourly, it is really hardly to say whether these high-level clouds are17

anvil clouds associated with deep convection or not. However it is clear that a significant18

portion of high-level clouds with IR T11 < 230 K are not true deep convection hot tower19

clouds, but these thick long-lasting high-level clouds.20

The excessive high-level cloud has long existed in the standard CAM3 (or older version)21

simulations [Lin and Zhang , 2004] and improvement has been reported in MMF [Khairout-22
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dinov et al., 2005]. However Khairoutdinov et al. [2005] estimated high-level cloud frac-1

tion approximately based on the ice water path above 400 hPa, whereas we make a more2

accurate comparison based upon applying the satellite retrieval algorithm to simulator3

Tb. Thus we feel confident in our conclusion that MMF overestimates the amount of4

high-level cloud. This conclusion has also been found in other MMF evaluation studies5

including McFarlane et al. [2007], who pointed out that the MMF largely overestimates6

the deep convection and thick cirrus cloud occurrence frequency at the tropical western7

Pacific ARM sites. Using CloudSat cloud radar data, Marchand et al. [2008] also found8

that MMF has excessive hydrometeor coverage in several deep convection regions at all9

altitudes.10

4. The MMF vs. TRMM data

Below we present results for PR reflectivities > 20 dBZ, which is considered as evi-11

dence of strong convective updrafts that lift more and/or larger ice particles to higher12

altitudes [Liu et al., 2007].13

Figure 8 shows the PR 20 dBZ or greater occurrence fraction in July in tropics (20oS-14

20oN) as a function of altitude above sea level. The occurrence fraction is obtained by15

dividing the number of TRMM pixels (data at CRM column height levels) with reflectiv-16

ity > 20 dBZ at a given altitude by the total number of TRMM samples (CRM columns).17

The occurrence fraction at a certain altitude suggests the potential for deep convective18

updrafts to reach that altitude. Both the TRMM data and the PR simulator results19

clearly show that there are less strong updrafts at higher altitudes. For instance, the20

TRMM data suggests that the potential to observe a deep convective case over land is21

about 1% at 6 km, 0.1% at 10 km and 0.01% at 14 km.22
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Although there is good agreement over land, over ocean the 20 dBZ or greater occurrence1

fraction from the PR simulator is almost one order of magnitude larger than the TRMM2

data, at altitudes above 6 km. This suggests the MMF oceanic deep convection is too3

frequent resulting in too many strong updrafts that penetrate to high altitudes. TRMM4

data suggest that deep convection tends to be more active over land than over ocean above5

6 km. Such land-sea contrast is not captured in PR simulator results, implying that there6

is little land-sea distinction in the incidence of MMF deep convection. However if we pay7

attention to extreme intense deep convections represented by PR reflectivities > 40 dBZ,8

the occurrence fraction is greater over land than ocean in the MMF above 4 km.9

Figure 9 displays the composite diurnal cycle of the 20 dBZ or greater occurrence10

fraction in tropics at 6 km, 10 km and 14 km. The TRMM data shows a much more11

pronounced diurnal variation over land than ocean at all the three levels, however, the PR12

simulator results behave the opposite way. Over ocean (land), the TRMM data always13

has a minimum (maximum) at 1800 LST, and maximum (minimum) in the morning.14

While the simulator results generally indicate similar phase to the maxima and minima,15

the amplitude of the diurnal variation is far too small over land at all the three levels and16

too large over ocean at 10 and 14 km. Furthermore at 14 km, the occurrence fraction over17

land has a secondary peak at 0600 LST which is inconsistent with the TRMM data; this18

might be related to the phase error found in PI and CLD from the IR Tb simulator shown19

in Figure 3. Note that the diurnal cycle of the 20 dBZ or greater occurrence fraction20

improves somewhat in January especially over land (section 6.1).21
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5. Results from the joint distribution of MMF simulated IR Tb and PR

Reflectivity

What can we learn about MMF deep convection by using both simulators simultane-1

ously? Here, we investigate the statistics of CRM columns with both IR T11 < 230 K2

and PR reflectivity > 20dBZ anywhere in the vertical column, which may be a better3

indicator of deep convective clouds than either measure individually.4

The color shading in Figure 10 depicts at each GCM grid box in the MMF, the probabil-5

ity (in percent) to detect a deep convective CRM column using different measures: both6

simulators (top); the IR Tb simulator only (middle); and the PR simulator only (bottom).7

More than 50% of the CRM columns are observed to have T11 < 230 K in regions from8

the Indian Ocean to the Northwest Pacific, and more than 30% in East cenral Africa and9

the Arabian Peninsula. However the top panel demonstrates that in these regions, fewer10

than 30% of the CRM columns with T11 < 230 K have radar reflectivity > 20dBZ. Al-11

though some deep convection clouds may not produce precipitation if they are still in the12

initial stage of development, this probably can not explain this large difference. Rather13

this suggests that a large portion of clouds with T11 < 230 K in the MMF are not deep14

convective clouds (DCCs), which further confirms our finding in section 3. On the other15

hand, comparison between the top and bottom panels of Figure 10 reminds us that some16

convective CRM columns detected by the PR simulator with reflectivity > 20dBZ may17

not penetrate deep enough to have the cloud top T11 < 230 K; this is particularly true18

over central Africa and Amazon.19

If we define deep convective hot tower clouds as those CRM columns which jointly have20

IR T11 < 230 K and PR reflectivity > 20 dBZ, can we detect land-ocean difference in the21
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intensity of convection in MMF? Figure 11 shows the cumulative probability of in-cloud1

melting-level updrafts of these CRM columns. Melting level is determined by the vertical2

profile of temperature at each of the CRM columns. Each data point represents the3

probability of the updraft above certain limit, e.g., only about 10% of these columns have4

updrafts greater than 1.5 m/s. Note that we are examining only the 50% of these columns5

for which the instantaneous vertical velocity is upward at the melting level. Although our6

use of 3-hourly snapshot data may hinder a definitive assessment, Figure 11 may suggest7

that in MMF the convective updrafts are weak, compared to median values of several m/s8

indicated by observations [Zipser et al., 2006; Liu et al., 2007], independent CRM [Xu and9

Randall , 2001; Li et al., 2008] and GCM updraft studies [Del Genio et al., 2007]. However10

in the tail of the updraft distribution, we do find more deep convective hot towers with11

stronger updrafts over land relative to ocean. For example, about 0.3% of the MMF hot12

towers have updrafts in excess of 8.5 m/s over land whereas only 0.1% of the hot towers13

over ocean have updrafts in excess of this value.14

Figure 12 shows the probability for PR reflectivity of 20 dBZ or greater to be found at15

a given height in each 1 m/s bin of the deep-convective in-cloud melting-level updrafts.16

The probability is obtained by dividing the number of CRM columns with 20 dBZ or17

greater at a given height in a given updraft bin by the total number of CRM columns in18

the same bin. Although there is sampling noise at large values of updraft strength, it is19

clear that with increasing updraft strength, precipitation particles penetrate to a higher20

altitude, which is consistent with the assumption that radar reflectivity is proportional to21

convective intensity. Moreover, at same updraft strength, precipitation particles reach a22
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greater depth over land than over ocean. This suggests that the MMF is able to represent1

some aspects of the observed land-sea contrast [Zipser et al., 2006; Liu et al., 2007].2

If we recompute the precipitation index (in Figure 2 and 3) from those CRM columns3

that have both IR T11 < 230 K and PR reflectivity > 20 dBZ, we still find a diurnal phase4

bias over land although the daily mean overestimation (Table 2) is largely mitigated.5

Assuming that we are detecting hot towers by use of the two simulators together, this6

suggests a phase error in which there are too many hot towers over land in the morning7

relative to the late afternoon.8

6. Discussion

6.1. MMF boreal winter

Khairoutdinov et al. [2005] reported well-simulated surface precipitation in MMF boreal9

winter and excessive boreal summer precipitation in the Western Pacific due to overactive10

Southeast Asian Monsoon. Luo and Stephens [2006] attributed the summer precipitation11

bias to an enhanced convection-evaporation-wind feedback during monsoon season. The12

analysis above focuses on the month of July. Then do we reach the same conclusions with13

data in January?14

Figure 13, 14, 15, 16 and Table 3 show the same comparisons between observation,15

simulator results and the MMF actual quantities as in Figure 2, 3, 8, 9 and Table 2 re-16

spectively but for January. Comparing Figure 13 with 2, seasonal variation in the daily17

mean precipitation rate is shown with more precipitation over tropical land regions in Jan-18

uary. MMF actual surface precipitation rate agrees well with TRMM and Geo-stationary19

satellite PI data in the daily mean field while the simulator PI is still largely overesti-20

mated especially in the region from east Africa to west Pacific. Comparing Figure 1421
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with 3, there is notable improvement in the diurnal cycle amplitude of the MMF actual1

surface precipitation rate over land in January and the normalized diurnal amplitude is2

also improved comparing Table 3 and 2. However the daily mean MMF actual surface3

precipitation rate over ocean is still overestimated and the diurnal-phase-lag relationship4

between observed PI, CLD and UTH is still not represented in both the simulator results5

and the MMF actual quantities. Compared with Figure 8, the only difference in Figure 156

is the overestimation in MMF 20 dBZ or greater occurrence fraction at levels around 10 km7

over land. Furthermore Figure 16 shows the MMF 20 dBZ or greater occurrence fraction8

tends to have a larger diurnal amplitude over land than over ocean at all the three levels9

which is not evident in Figure 9. However compared with TRMM data in January, the10

MMF oceanic deep convection is still overactive. Furthermore, there is still little land-sea11

contrast in the MMF 20 dBZ or above occurrence fraction; the land-sea contrast only12

becomes apparent for extremely intense events with reflectivity above 40 dBZ. Thus the13

investigation on January MMF data leads to very similar conclusion as on July MMF14

data and the model biases we find are independent of the excessive summer precipitation15

bias in MMF.16

6.2. Uncertainties in the simulators

In the computation of infrared Tb, the radiative properties of cloud ice and water are17

specified from Ebert and Curry [1992] and are identical to those used in the CAM. The18

most sensitive parameter is the ice mass absorption coefficient, ki. If we reduce ki to 1/319

of its original value, the cold bias shown in Figure 5 decreases and the simulated T6.7 and20

T11 are comparable to the observed values. However, such reduction lowers the value of ki21

outside of its uncertainty range (Q. Fu and X. Huang, personal communications). Even22
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with this reduction, the phase bias of PI and CLD shown in Figure 3 remains, which is1

understandable given the diurnal cycle of cloud ice (Figure 7).2

Radar reflectivities are sensitive to the assumed size distribution of the precipitation3

hydrometeors in simulators [Blossey et al., 2007]. We use those of Marshall and Palmer4

[1948], which are identical to those assumed by the embedded CRM in its calculation of5

bulk microphysical process rates. Although the simulation would be different, we treated6

the graupel in the radar simulator as if it were snow, effectively reducing the equivalent7

volume sphere size of the graupel particles. This reduces the 20 dBZ or greater occurrence8

fraction, particularly between 6 km and 10 km in Figure 8. These altitudes are just9

above the freezing level in the tropics where the temperature dependent partitioning of10

hydrometeor assumes graupel occurs. However, this change removes only about 15% of11

the oceanic overestimation by MMF shown in Figure 8 and 9.12

6.3. Why biased?

Given that the conclusion that MMF has an excessive amount of high-level clouds13

and precipitation hydrometeors particularly over ocean is robust to uncertainties in the14

comparison of model to observations, the next question is what are the causes of this15

bias? Below we present some possible causes of this bias, but we do not judge which16

are responsible as this requires a large number of experiments which is not feasible given17

MMF’s heavy computational expense.18

The overestimate in high-level clouds may result from biases in the cloud formation and19

dissipation. To form clouds, moisture supply is a must, which must come from vertical20

transports. From the PR simulator, MMF deep convection over ocean is too frequent21

by almost one magnitude in 20 dBZ or greater occurrence fraction, especially at the22
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altitudes above 6 km. One possible interpretation of this result is that with overactive1

oceanic deep convection, MMF overestimates the moisture transported from lower to2

upper troposphere, favoring the high-level cloud generation. One potential explanation3

for the overactive oceanic deep convection is the enhanced convection-evaporation-wind4

feedback identified by Luo and Stephens [2006] during Asian summer monsoon season.5

According to their study, this enhanced feedback is linked to the cyclic boundary condition6

of the embedded CRM as the clouds and moisture reenter the CRM domain rather than7

advecting away. Additionally, impacts with a 3-dimensional CRM in the MMF instead8

of the default 2-dimensional CRM have demonstrated significant influence on tropical9

precipitation and water vapor [Khairoutdinov et al., 2005; Luo and Stephens , 2006].10

The MMF CRM uses a simple bulk microphysics parameterization [Khairoutdinov and11

Randall , 2003], in which the partitioning between hydrometeors is solely temperature12

dependent. The dissipation of high-level clouds is affected by the terminal velocities of13

hydrometeors and the parameterized rates of ice autoconversion and aggregation. Changes14

in these parameterizations will certainly lead to changes in cloud condensate and precipi-15

tation and may significantly affect the high-level cloud amount. Furthermore, observations16

indicate that the particle size distributions on land and ocean are very different [Rosenfeld17

and Lensky , 1998], however there is no distinct treatment in the model. This may affect18

the PR 20 dBZ statistics since the radar signal is very sensitive to the particle size.19

The extensiveness of high-level clouds could be attributed to the lack of strong pene-20

trating updrafts. Specifically, if there are not enough convective updraft overshoots at21

the top of deep convective clouds, the compensating subsidence will be weak and unable22

to limit the expansion of convective anvil clouds. Figure 11 suggests that the convective23
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updrafts in MMF appear weak compared with observations [Zipser et al., 2006; Liu et al.,1

2007], independent CRM [Xu and Randall , 2001; Li et al., 2008] and GCM updraft stud-2

ies [Del Genio et al., 2007]. This is presumably related to the coarse resolution of the3

MMF CRM in both the horizontal and vertical dimensions. Khairoutdinov and Randall4

[2003] showed that the variance of vertical velocity in SAM increases with finer horizontal5

resolution. In a CRM radiative-convective equilibrium study, Pauluis and Garner [2006]6

showed that a coarser horizontal resolution may lead to flat parcels rising with a slower7

pace; however, they also suggested that deep convective cloud ice and convective outflow8

are not very sensitive to resolutions less than 16 km.9

7. Summary

In this study we evaluate the diurnal cycle of precipitation, high-level cloud, upper10

tropospheric water vapor by applying the IR Tb and PR simulators to the MMF CRM11

grid scale data. The precipitation index (PI), high-level cloud amount (CLD) and upper12

tropospheric relative humidity (UTH) from the IR Tb simulator are compared to geo-13

stationary satellite data and the occurrence of the reflectivity greater than 20 dBZ from14

the PR simulator is compared to the TRMM data. Combining both simulators, the15

properties of convective updrafts are investigated.16

From the IR Tb simulator study, excessive high-level cloud is found in MMF with cloud17

ice maxima in the early morning at levels above 250 hPa over both ocean and land.18

This leads to the cold bias and diurnal phase errors in T11. Such bias further results19

in the failure of MMF to represent the diurnal-phase-lag relationship among PI, CLD20

and the clear-sky UTH from the geo-satellite observation [Tian et al., 2004]. Specifically,21
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the simulator PI over land and the simulator CLD over ocean are out of phase with the1

satellite data. The daily mean of the simulator PI and CLD are greatly overestimated.2

Compared with both geo-satellite PI and TRMM PR observed precipitation rate, the3

MMF actual precipitation rate has a reasonable diurnal variation especially in January.4

However, a weak diurnal amplitude is identified over land in July and the oceanic daily5

mean precipitation is overestimated. The MMF actual high-level cloud behaves very simi-6

larly as the simulator CLD. The MMF clear-sky UTH tends to agree well with observations7

in both daily mean and the diurnal variation.8

Based on the occurrence of 20 dBZ or greater reflectivity from the PR simulator, the9

MMF oceanic deep convection occurs much more frequently than the TRMM observation.10

Moreover, MMF exhibits little distinction between tropical land and ocean in the occur-11

rence fraction of reflectivity > 20 dBZ, contrary to TRMM. However, extremely intense12

convection with reflectivity > 40 dBZ is found more often over land than ocean. In exam-13

ination of the diurnal cycle, MMF overestimates the occurrence of reflectivity > 20 dBZ14

during the whole diurnal cycle at levels of 6, 10 and 14 km over ocean. Over land,15

the MMF diurnal cycle tends to behave better in January than in July although MMF16

underestimates the diurnal maximum at levels of 6 and 14 km.17

From the CRM columns in which PR reflectivity > 20 dBZ and IR T11 < 230 K co-18

occur, we examine the properties of deep convective towers. The analysis shows that19

stronger updrafts penetrate deeper and that extremely intense updrafts are found more20

often over land than over ocean.21

In spite of these problems in the simulation of the diurnal cycle, MMF is still superior to22

conventional GCMs in many aspects. The diurnal maximum of the MMF actual surface23
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precipitation rate occurs at sunset over land whereas GCMs tend to simulate precipitation1

maximums closer to noon. Tian et al. [2004] showed that the GFDL AM2 was not able2

to capture the behavior of UTH, especially in the histogram analysis (Figure 4) for which3

the MMF does well. Moreover the MMF captures some aspects of the land-sea contrast4

in that intense deep convection is found more often over land than over ocean and usually5

penetrates deeper. Conventional GCMs may have difficulty in doing this, although one6

study suggests that it is feasible [Del Genio et al., 2007]. From these results, we conclude7

that the problems in MMF are great enough to cast doubt on the ability to use MMF as8

a basis for improvement of the diurnal cycle of cloud and precipitation in conventional9

GCMs.10

This study shows that it is efficient and reasonable to use simulators to compare the11

MMF to global observations. It would be of interest to repeat this study with other12

MMFs [Tao et al., 2008] or a global cloud resolving model [Miura et al., 2007].13
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T11 > 260 K 230 K < T11 < 260 K T11 < 230 K

PI 0 0 ap(230-T11)

CLD 0 1 1

UTH (cosθ/p0)exp(a+bT6.7) -999. -999.

Table 1. Retrieval algorithm at each pixel (each CRM grid column) in each satellite

(GCM) grid box of the resolution 2.5o longitude by 2.0o latitude. ap = 6.96 mm day−1 K−1.

θ is the satellite zenith angle; p0 term denotes the dependence of T6.7 on air temperature;

a = 27.9, and b = -0.10. “-999.” is a missing value flag which is assumed for clear-sky

UTH when cloudy.
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Figure 1. The snapshot of the MMF CRM clouds and precipitation at 0 UTC on July

14th, 1999 at 15oN,115oE. The y-axis is the pressure (height) levels. The x-axis is the

CRM grid distance (km) with a 4 km spacing along the west-east direction. The color

shading shows the sum of the mixing ratio (g/kg) in the logarithm scale (log10): for cloud

ice and cloud water in the top panel; for rain, snow and graupel in the bottom panel .

In the top panel, the dots show the equivalent T11 heights, retrieved from the infrared

Tb simulator, according to the CRM vertical air temperature profiles. Blue dots denote

T11 < 230k; green dots denote 230k < T11 < 260k; red dots denote T11 > 260k. In the

bottom panel, the blue line contours show the radar reflectivity from the precipitation

radar simulator, starting from 10 dBZ with an interval of 5 dBZ.
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Figure 2. Maps of daily means and the monthly mean diurnal cycles: surface precipita-

tion rate from TRMM precipitation radar in July averaged over years 1998 to 2006 (top);

the MMF actual surface precipitation rate in July 1999 (second); precipitation index (PI)

from geo-stationary satellite in July 1999 (third); PI from the IR Tb simulator applied to

the MMF in July 1999 (bottom). Color shading shows daily means in mm/day. Tropical

(30oS to 30oN) mean values are shown at the up-right corner of each panel. The length

of the vector denotes the diurnal amplitude (mm/day). Notice the different scales of the

vector length in the legend of each panel. Diurnal phase is represented by a 24-hour clock:

upward arrow for midnight (0000 LST), rightward for dawn (0600 LST), downward for

noon (1200 LST) and leftward for dusk (1800 LST).
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Figure 3. July 1999 diurnal anomalies of precipitation (solid blue), high-level clouds

amount(CLD, in red) and upper tropospheric relative humidity (UTH, in green) for trop-

ical land (right) and ocean (left): the precipitation index (PI), CLD and UTH based on

geo-satellite observed Tb (top); PI, CLD and UTH based on Tb from the infrared Tb simu-

lator applied to the MMF (middle); the MMF actual surface precipitation rate, high-level

cloud amount and upper troposphere relative humidity calculated from the CRM cloud

condensates and water vapor without a simulator (bottom). The blue dashed lines in the

bottom two panels are the surface precipitation rate observed by TRMM precipitation

radar.
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Satellite MMF IR Simulator MMF Actual TRMM PR

Ocean Land Ocean Land Ocean Land Ocean Land

0.5 1.8 3.6 2.0 0.25 0.25 0.43 0.61

PI (mm/day) [19%] [51%] [26%] [17%] [7.0%] [10%] [16%] [24%]

2.7 3.5 14.0 11.4 3.6 2.5 2.7 2.5

1.0 3.8 0.5 1.9 0.7 2.0

CLD (percent) [8.7%] [26.4%] [2.4%] [9%] [2.7%] [8.4%]

11.1 14.5 21.1 20.8 24.4 24.4

1 2.3 0.4 0.9 0.7 1.2

UTH (percent) [2.9%] [6.3%] [1%] [2.4%] [1.9%] [3.2%]

33.5 36.2 35.9 36.2 36.1 38.5

Table 2. July 1999 diurnal cycle statistics: bold text (first row in each cell) shows

diurnal amplitude spatially-weighted averaged over tropical ocean and land respectively;

percentage in brackets is the normalized diurnal amplitude by dividing the diurnal am-

plitude by the daily mean value; plain text (last row in each cell) is for daily means.
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Figure 4. Histogram of the probability anomalies (in percent) for UTH to occur in

each 5% bin at certain local standard time in July 1999. Top (bottom) panels are from

geo-stationary satellite data (the infrared Tb simulator applied to the MMF) at resolution

of 2.5o longitude by 2o latitude. Left (right) columns are for tropical ocean (land). The

negative contour values are in dashed lines.
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Figure 5. The probability density function (left) and cumulative probability (right) for

the brightness temperatures at 11 micrometer, T11, over land regions between 30oS and

30oN in July 1999. Dashed (solid) line is from geo-stationary satellite data (the IR Tb

simulator applied to the MMF) at resolution of 2.5o longitude by 2o latitude.
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Figure 6. Histogram of the probability anomalies (in percent) for T11 to occur in

each 5 k bin at certain local standard time in July 1999. Top (bottom) panels are from

geo-stationary satellite data (the infrared Tb simulator applied to the MMF) at resolution

of 2.5o longitude by 2o latitude. Left (right) columns are for tropical ocean (land). The

negative contour values are in dashed lines. The gray line is the 230 K threshold to

distinguish deep convective clouds (DCC) and convective anvil clouds (CAC).
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Figure 7. Land-sea composites for diurnal anomalies of GCM-grid-box-mean cloud ice

at levels above 600 hPa. Units: 0.01g/kg
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Figure 8. The occurrence fraction of precipitation radar (PR) reflectivity > 20 dBZ in

July in tropics (20oS-20oN). Blue (red) lines are for tropical ocean (land). Solid lines are

from the PR simulator applied to the MMF CRM data in July 1999. Dashed lines are

from the TRMM PR data in July averaged over the years 1998 to 2006. The MMF July

1999 40 dBZ or greater occurrence fractions are shown in thin lines. Note that the X-axis

is in logarithmic scale.
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Figure 9. Diurnal cycle of the 20 dBZ or greater precipitation radar (PR) reflectivity

occurrence fraction in July in 20oS-20oN at three height levels: 14 km (top), 10 km

(middle) and 6 km (bottom). Blue (red) lines are for tropical ocean (land). Solid lines

are from the PR simulator applied to the MMF CRM data in July, 1999. Dashed lines

are from the TRMM PR data in July averaged in years 1998 to 2006.
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Figure 10. July 1999 daily mean probability (in percent) for simulators to detect CRM

columns at each GCM grid box in the MMF: with IR T11 < 230 K and PR reflectiv-

ity > 20dBZ (top); with IR T11 < 230 K only (middle); with PR reflectivity > 20dBZ

only (bottom).
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Figure 11. The cumulative probability of deep-convection in-cloud melting-level updraft

in July 2000, dashed line for ocean and solid line for land.
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Figure 12. The probability (in percent) for PR reflectivity of 20 dBZ or greater to occur

at a given height in each 1 m/s bin of deep-convective in-cloud melting-level updrafts in

July 2000.
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Figure 13. Maps of daily means and the monthly mean diurnal cycles: surface pre-

cipitation rate from TRMM precipitation radar in January averaged over years 1998 to

2006 (top); the MMF actual surface precipitation rate in January 2000 (second); precipi-

tation index (PI) from geo-stationary satellite in January 1999 (third); PI from the IR Tb

simulator applied to the MMF in January 2000 (bottom). Same legends as in Figure 2.
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Figure 14. Same as in Figure 3 but for January.
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Satellite MMF IR Simulator MMF Actual TRMM PR

Ocean Land Ocean Land Ocean Land Ocean Land

0.46 2.45 3.5 2.2 0.35 0.8 0.39 0.88

PI (mm/day) [19%] [60%] [24%] [17%] [9.1%] [28%] [14%] [36%]

2.5 4.1 14.6 12.8 3.9 2.9 2.7 2.4

0.9 4.5 0.25 2.5 0.6 2.5

CLD (percent) [7.8%] [26%] [1.1%] [11%] [2.4%] [9.2%]

11.5 17.2 22.7 23.7 25.8 27.4

0.9 1.9 0.6 1.0 0.9 1.6

UTH (percent) [2.7%] [4.9%] [1.5%] [2.5%] [2.4%] [3.9%]

33.4 38.7 40.7 40.7 39.0 40.2

Table 3. As in Table 2 but for January.
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Figure 15. Same as in Figure 8, but for January.
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Figure 16. Same as in Figure 9, but for January.
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