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Abstract

The Colorado State University (CSU) Multi-scale Modding Framework (MMF) is a new
type of globd climate modd (GCM) tha replaces the conventiond parameterizations of
convection, cloudsand bounday layer with a cloud-resolving modd embedded into each grid
column. The MMF has been used to peform a 19-year long AMIP style simulation usng the
19852004 sea surface temperature (SST) and sea ice distributions as prescribed bounday
conditions Particular focus has been given to the smulation of the interannud and
subseasond variability.

The annud mean climatology is generally well simulated. Prominent biases indude
excessive precipitation associated with the Indian and Asian Monsoon seasons, precipitation
deficits west of the Maritime Continent and over Amazonia, shortwave cloud effect biases
west of the subtropical continents due to inufficient stratocumulus clouds and longwave
cloudeffect biases dueto overestimation of high cloud amounts especialy in the Tropics. The
geographical patern of the seasond cycle of precipitation is well reproducd, althoughthe
seasond variance is considerably overestimated mosly because of the excessive monsoon
precipitation mentionad above The MMF does a good job of reproduang the interannud
variability in terms of spatia structure and magnitude of major anomalies assodated with the
the El Ni—o/ Southern Oscillation (ENSO). The smulations of the subseasond variability of
tropical climate assodated with the Madden-Julian Oscillation (MJO) and equéorialy
trapped waves are particular strengths of the simulation. The wavenumber-frequency power
gpectra of the simulated outgoing longwave radiation (OLR) for time scalesin therange 2 to
96 days compare very well to the spectra derived from obervations and show a robug MJO,

Kelvin waves and Rossby waves with phase speeds smilar to those observed. The



geographical paterns of the MJO and Kelvin-wave filtered OLR variance for summer and
winter seasons are well smulated, but the variances are overestimated by as much as 50%.
The obsrved seasond and interannud variations of the strength of the MJO are aso well

reproduced.



1. Introduction

In a new type of genea circulation modd (GCM), many processes tha unresolved on
GCM grid are incorporated using a cloudresolving modd (CRM; Grabowski and
Smolarkiewicz 1999; Grabowski 2001; Kharoutinov and Randdl 2001; Kharoutdinov et
al.2005) The CRM, which in this context is often call supe-parameterization, isinserted into
each GCM grid column. From the GCM@ prospective, the CRM works like a set of
conventiond parameterizations The CRM is forced by the GCM-grid scale tendencies, and
the CRM generates vertical profiles of tendendies. Such a Gupa-paameterizedOGCM has
been termed a Multi-scale Modding Framework, or MMF. This name emphasises tha such a
modd indudes in a single framework not only the scales of atmospheaic motion on the order
of hundeeds kilometers as represented on the GCM® grid, but also the meso-scale and cloud-
scale circulationsthat are represented on the CRM@® grid. In this sense, MMF is regarded as a
bridge between the conventiond GCMs and the immensaly more computationdly expensve
globd CRMs that have jug recently been applied for short globd ssmulations(Tomita et al.
2005;Miuraet a. 2005.

A magor strength of the MMF conaept is that it allows cloud microphyscs, aerosols,
turbulence, and radiation interact on the cloud-scale, as they do in naure. In contrast, various
parameterizations of unresolved physcal processes in conventiond GCMs do not geneally
communicate directly with each other but rather through modification of the scales that are
represented on the GCM® coarse grid, which are generally much larger than the cloud scale.
Recent experiments with the MMF has indicated that such cloud-scale interactionsignored in
conventiond GCMs can be quite important. For example, Kharoutdinov et al. (2005) has

shown that the MMF tendsto improve the diurnd cycle of precipitation over summertime



continents quite dramatically when compared to the conventiond version of the same GCM.

Cole et a.(2009 has demongrated theimportance of cloud-scale interactionsbetween clouds
and radiation for the simulated globd distribution of cloudsand radiation. The problem of the
scale of interactions represents just one of many other problems assodated with the current
state of the art of the physcal paameterizations and the MMF approach is arguad to be one
of the plaugble pahways to thefuture (Randdl et al. 2003;Arakawa 2004)

The MMF has a subdantially highea computationd cog than a conventiond GCM. For
example, when run on the same numbe of CPUs in our firss MMF expeiments
(Kharoutdinov and Randdl 2001) the CSU MMF was abouttwo orders of magnitude slower
than thehod GCM with conventiond parameterizations However, since theratio of thetime
tha tha MMF spends computing to the time spent for inter-CPU communication is much
highe than the same ratio for conventiond GCMs, the MMF can be vastly more scalable on
paallel computers, i.e., it can utilize largenumber of CPUs more efficiently than conventiond
GCMs. For example, the CSU MMF results presented in this pagper were obtained usng 1024
CPUs of the (BeaborgO supacomputer at NERSC? with more than 90% paralle efficiency
(see Fig. 2 of Kharoutdinov et a. 2005) As aresult, it currently takes roughly one wall-
clock day (on Seaborg) to simulate one year on a 2.8°x2.8° harizontal grid (T42 spectral
truncation) with 30 vertical levels. Such performance is about 20 times better in terms of the
wall-clock time peformance than it was in our firss MMF expeiments usng similar
Processors.

It is expected tha, over the next decade, the computationd performance of the CSU MMF

will improve further on the faster systems of the future, so tha century-long climate-change
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simulationsugng a coupled amosphee-ocean MMF modd may become feasible. Even now,
it isfeasible to make runsaslongas adecade For example, the CSU MMF was recently used
to condud arelatively smple Cess-type climate sengtivity experiment (Cess et al. 1996). The
results were reported by Wyant et al. (2006) A multi-year control smulation was compared
to an experiment in which the prescribed climatological sea-surface temperature (SST) was
uniformly increased by 2 K.

It has also become feasible to use the MMF in AMIP*-style simulations based on
prescribed observed monthly-mean SSTs and sea-ice cover, for a peiod of more than a
decade Recently, short AMIP-style MMF simulations ugng the 19981999 observed SSTs
were conduded at Pacific Northwest Nationd Laboratory (Ovtchinnikov et a. 2006) with a
verson of MMF similar to the CSU MMF, and also at NASA Goddad Space Flight Center
(Tao et al. 2009 usngacompletely different MMF.

In this pgper, we present the results of the first decadd AMIP-style smulation with the
CSU MMF using the 19852004 obsrved SSTs. The emphasis of our andysis is on the

simulated subseasond and interannud variability as compared to observations
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2. Simulation setu p

The CSU MMF was described in detail by Kharoutdinov at al. (2005; hereindfter referred
to as KO5). Thehog GCM is the NCAR® Community Atmosphere Modd (CAM), version 3,
which is the atimospheaic component of the NCAR Community Climate System Modd
(CCSM; Collins et a.2006) We use a semi-Lagrangian dynamical core as it alows us to
achieve better scalability of the MMF when usng large number of processors. The dynamical
core was configured to run with 2.8° x 2.8° horizontal grid spacing (T42 truncation) with 30
levels, and thedomain top a 3.6 hPa. The GCM timestep was 30 min. In each grid column, all
of the conventional moist physcs, convective, turbulence and bounday-layer
parameterizations except for the gravity-wave drag parameterization, were replaced by a
CRM, which is a two-dimensond version of the System for Atmospheaic Modding (SAM;
Khairoutdinov and Randdl, 2003)

The CRM solves the momentum equdions using the andastic approximation. The
prognogic thermodynamic variables indude the liqui/ice water moist static energy, total
precipitating and total non-precipitating water. Cloud condensate is diagnosed using the G-
or-nothingGcondensation scheme assuming saturation with respect to water/ice. Precipitating
water is a mixture of the snow, graupd and rain water with the hydrometeor partitioning
assumed to be a function of temperature only. The precipitation sources and sinks are
computed usng a simple bulk microphyscs modd.

In this study, the CRM@ two-dimensond domain had 32 grid columns with 4-km
horizontal grid spacing, and 28 layers collocated with the GCM grid layers. Thetimestep was
20 sec. The domain was periodic and aligned in the south-north direction; this is different

from K05, who used the east-west alignment. The motivation for this changeis tha it seems



to mitigae the positive precipitation bias in the Western Pacific for the summer months
(KO5).

The subgiid-scale fluxes were computed usng the first-order turbulent closure based on
the Smagorinki modd for the eddy diffusgvity and viscosty. The CAM radiative trander
scheme was applied every 15 min for each CRM column udng the al-or-nothing cloud
overlap assumption.

During the GCM timestep, the CRM was forced by thelarge-scale tendendes arising from
GCM dynamical processes. The forcing was applied uniformly in the honzontal, and
computed as described in KO5. The CRM output congsted of horizontly averaged
tendendes of temperature, water vapor and cloud condensate, which were used to feed back
on the GCM fields The GCM@ horizontal wind was not modified by the CRM because of
concern tha the vertica momentum trangort ssimulated by the two-dimendond modd is
unredistic. Ingead, the conventiond parameterizationsof thehos GCM were allowed to alter
thewind field (see the discussion and experiments reported by KO5). The surface fluxes were
computed on the GCM grid with a local gudiness enhancement of the surface stress on the
CRM grid.

The AMIP-style integration presented in this study was peformed usng prescribed
monthly-mean SST and sea ice daasets provided by J. Hurrell of NCAR. The integration
period was from September 1, 1985to September 1, 2004 i.e.,, atotal of simulated 19 years.

Themonthly and yearly meanswere computed for 1986through2003.



3. Results

a. Simulated annuatmean climatology

The globd distribution of annud mean precipitation for the MMF is shown in Fig. 1,
aong with the obsrved CMAP’ climatology (Xie and Arkin 1997) and the corresponding
mean error for years 19862001. The overal patern of precipitation is genealy well
reproduced; but, there are important deficiendes. The mog prominent are the deficits of
precipitation in the Indian Ocean jug to the west of the Maritime Continent, in the western
Pacific intertropica convegence zone (ITCZ), south Atlantic storm trek, and over the
Amazonia. Mog notable precipitation regions of excessive simulated precipitation are in the
northwest tropical Pacific dunng the South Asian Monson season, and in the western India
and Bay of Bengd during the Indian Monson season. Also, there is a "bull@ eye’ of
excessive precipitationin equéorial South America. The postive monson season biases have
aso been evident in earlier MMF simulations with prescribed climatological SSTs
(Kharoutdinov et a. 2005). There is a clear underestimation of precipitation in the region
where the ITCZ and the South Pacific convagence zone merge, and an overestimation just
south of the equéor; thisis a manifestation of thedouble-ITCZ problem.

Precipitation in Africa and Eurasiais genealy well smulated, while consderable biases
are present in North and South America. The globd-mean annud precipitation is
oveaestimated by about 0.14 mm/day with respect to the CMAP estimate of 2.66 mm/day

(Table 1).
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The geographical distribution of the annudly averaged column integrated water vapor, or
precipitable water, and its difference from the NVAP (Randd et a., 1996) climatology, is
shown in Fig. 2. Althoughthe MMF captures the observed pdaterns quite well, there are
congderable biases. Precipitable water is systematically overestimated over mog of the
oceans with the mog prominent error in the equatorial eastern Pacific. The mog notable
maritime negdive biases are in and around the Maritime Continent and equéoria Atlantic.
Over land, the simulation is systematically too dry over the subtropical continents, and too
wet ove central Africa, suggesting tha the smulated Hadley circulation is stronge than in
naure. There is a clear tendency for unrealistically dry air over the maritime regionswest off
the subtropical continents, where stratocumulus cloudsare observed to form. This contributes
to an undeestimation of low-level cloudsin those regions The globdly average precipitable
water isoverestimated by 0.7 mm (Table 1).

The globd distributions of the annud mean longvave (LWCE) and shortwave (SWCE)
cloud effects are shown in Fig. 3 and Fig. 4, respectively, aong with the obsrvationd
estimates from the ISCCP-FD data set (Zhang et d. 2004)and the mean error distribution for
years 1986:2000. The cloud effect is the difference between the clear-sky and total fluxes at
the top-of-atmogphee (TOA), and, thus is a direct measure of the cloud effect on the TOA
radiation. The globd annud mean values for MMF match the observationd estimates rather
well (Table 1). The TOA globd annud mean fluxes have been tunedl® to force the net
radiation be close to zero; however, the globd mean SWCE and LWCE have not been
intentiondly tuned, buttheir goodmatch with observationd estimates appears to bearesult of

cancellation of rather large regiond biases. The geographical distribution of LWCE biases

® Shortwave radiation was tuned by a sightredudion of the specified liquid water drop
effective radiusrelative to thestandad CAM. Longwave radiation was not tuned.
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genealy resembles the precipitation biases, which is expected since the outgoing longwave
radiation is mogly affected by deep precipitating. Therefore, we expect tha improvementsin
the globd distribution of precipitation will lead to a general improvement in the geographical
patern of longwave radiation.

The large negdive biases in the SWCF (Fig. 4) are also well correlated with the postive
precipitation biases dueto the fact that more active deep convection and, as the result, more
extengve anvils in the modd tend to reflect more sunlight back to space. The globd high-
cloud cover is dightly overestimated by the MMF (Table 1). The largest postive SWCE
biases are, not surprisingly, situated to the west from the subtropical continents, where the
stratocumulus cloudsare observed. The MMF condstently undeestimates the occurrence of
low-level cloudssuch as trade cumuli and stratocumuli, because of the coarse resolution of the
supa-paameterization® grid. Although there are low-level cloudsin the MMF and their
gpatial distribution is somewha realistic thar amount is underestimated, especialy in the
subtropics (not shown). Further discussionis given by K05.

The net shortwave radiation absorbed by the surface is undeestimated by about7 W m™
compared to the ISCCP-FD estimates (Table 1) with much smaller bias unde clear skies. Net
surface longwave flux is overestimated aso by 7 W m, with a comparable bias unde clear
skies. Despite the biases in the surface radiation budge, the globd mean turbuent surface
fluxes are within 3 W m of theKiehl and Trenbath (1997)estimates; however, the estimates
themselves are subject to significant uncertainties. The MMF simulation has biases in the
zond structure of the temperature field (not shown) similar to those seen in the earlier
climatological SST run (see Fig. 12 of KO05), with asignificant cold biasin the temperature of

thetropical tropopaise.
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b. Seasonal variability

The seasond cycle is a mgjor forced mode of climate variability. One of many ways to
evauae the simulated mean seasond cycle is to look at the geographical distribution of the
amplitudeand phase of thefirst annud harmonic, for variousvariables. Fig. 5 shows thefirst
annud harmonic of the precipitation rate, from the MMF simulation and from CMAP. The
monthly mean precipitation for the period 19862003 was used to definea mean annual cycle,
In geneal, the smulated and observed paterns of the seasond variation amplitude are quite
similar. The mogd notable overestimation of the seasonal precipitation amplitude is in the
Indian and Asian monon regions which is congstent with the large biases of the mean
precipitation there (see Fig. 1). The geographical patern of the average month of the
precipitation maximum as seen in the first annud harmonic closely resembles the observed
patern. There are biases in North America and Europe where the smulated phase is about
two months ahead of the obervations

In the CMAP monthly data, the first annud harmonic of the precipitation rate explains
41%and 34% of thetotal precipitation variance in the Tropics and midlatitudes’, respectively.
The correspondng vaues from the MMF ae 33% and 27% respectively These
undeestimates are mosly dueto overestimates of the total variance of monthly precipitation
for the whole AMIP run, by a factor of 1.83 for the tropics and 1.57 for midlatitudes. The
ratios of the smulated to observed annud-harmonic@ variance in the tropics and midlatitudes,

are 1.48 and 1.24, respectively. These numbers aso indicate that mog of the overestimation

® Here thetropics are defined as the bt from 30°Sto 30°N , and the midlatitudes between 30°
and 60° in both hemisphees. The contribution of each grid cell was weighted by its surface
area
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of variability of precipitation in tropics is due to an unredisticaly strong annud cycle

assod ated with the Indian and Asian monson biases discussed earlier.

c. Interannualvariability

The El Ni—o / Southern Oscillation (ENSO) is the mog important mode of interannud
variability on sub-decadd scales, especialy in the tropics. In this study of unooupled
integrations, only the forced aamospheic respon to evolving but prescribed SST anomalies
can be examined and compaed to observations Two andysis methods have been used:
empirical orthogon fundion (EOF) andysis and smple composting. To reveal the structure
of theinterannud variations EOF andysis was applied to the bandpass-filtered monthly data,
i.e, with the annud cycle and shorter time-scales removed. In Fig. 6, the results for the
precipitation rate anomelies are compared to ob<ervations for the first and second EOFs,
denoted by EOF1 and EOF2. The MMF simulation does a very goodjob in reprodudng the
spaia paterns of both modes. The simulated EOF1 explains 19% of the variance, with EOF2
explaining abouthdf of tha. Thisisasimilar to wha is observed, except that in observations
EOF1 explainsup to athird of the variance. The observed time series of prindple components
(PCs) of the two modes are well reproduced by the MMF, especialy for the leading mode
The peaks of the PC1 time series correspondto the El Ni—o events, while thetroughsmark the
LaNi—aevents.

Anothe simple way of looking at the respon® of the atmophee to the ENSO SST
anondlies is to look at the spaia patern of the differences between the annudly averaged
anondlies for a composte El Ni—o year and composte La Ni—ayear. The contributing years

have been selected based on the observed PCL1 for the precipitation rate, and the nunber of
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years for a given field was limited by the availability of observationd estimates for a given
ENSO phase. The same years were usd for the MMF results and observations Figure 7
shows the composte anomalies for severa fields As was the case with the precipitation
anomaly, the MMF does a goodjob of reprodudng the spatial structure and shgpe as well as
magnitude of maor postive and negaive anomalies. There are some discrepandes with
respect to obervationsfor the weaker anonalies, especially over the continents; however, the
statistical significance of those differences is hard to access without running a multi-member

ensemble of MMF simulations which is not currently practical.

d. Subgasonal variability in thetropics

While the variability of smulated atmophee assodated with the ENSO in the AMIP-
style simulation is essentially forced by the imposd SST anomdlies, the subseasond
variability for time scales of 100 days or shorter is mogsly dueto internd modes. Here we
examine the ability of the MMF to smulate the tropical subseasond variability associated
with convectively coupled equaorial waves such as Kelvin and equaorial Rossby waves, as
well as, of course, the Madden-Julian Oscillation (MJO; Madden and Julian 1972) The MJO
is a mgjor mode of subseasond variability in the tropics, and is equdly important for both
climate and westher prediction. MJO has teleconnections with the extratropics and is
bdieved to play important role in triggaing EI Ni—o events. Unfortunaely, subseasond
variability, and especially the MJO, is generaly very poolly smulated by mos contemporary

GCMs(e.g., Linetal., 20086.
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In our earlier experiments with climatological SSTs (Randdl et a.2003;Kharoutdinov et
al.2005) the MMF simulations showed a robus MJO with a redistic structure. Although
quite encouraging, those early experiments were relatively short, each about year and hdf,
with jug afew MJO events. In this study, we compared the MJO statistics as simulated by the
MMF ove 18-year period with statistics derived from the similarly lengthy observations The
longer records make the comparison more robus.

It has become a rather standad approach to look at the dominant subseasond modes of
variability uang the methodsof Wheeler and Kiladis (1999 hereafter WK) who andyzed the
wavenunmber-frequency spectrum usng theratio of the raw spectral power to the power of a
vackground spectrum,O which is simply a sufficiently smoothed raw spectrum. The WK
procedure was applied to daly mean daa from the MMF and from observations To reduce
the noise, the data was divided into 96-day-long segments overlapping each other by 60 days.
Thus thelowest resolved frequency was 1/96 cycle per day, while the highest frequency was
1/2 cycle per day. We looked only at the equaorialy trapped waves, so only the daain the
15°S-15°N latitudind bet were consdered. For each andyzed field, two sets of wavenumber-
frequency spectra were calculated, one for the symmetric and one for the antisymmetric
components about the equaor. Here we present the symmetric spectra only because they
contain mog of the power.

Figure 8 shows the WK diagram for the outgoing longwave radiation (OLR) for the MMF
and for the standad CAM3 AMIP-style run (case eul64x128_d50mip), along with the
corresponding results from the 19792004 daily NOAA AVHRR interpolated OLR daa
(Liebmann and Smith 1996) Podtive zond wavenumbes indicate eastward propagaing

disturbances; thelinesin thefigure are the theoretica dispersion curves for the shallow-water
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equdionsfor selected equivalent depths. In the observations onecan clearly see tha the MJO
occupies the spectral window of eastward wavenumbers of 1-4 and periodsof about50 to 100
days. The eastward moving Kelvin waves and westward moving Rossby waves follow the
theoretical dispersion curves corresponding to a 25-m equivalent depth. All three of these
modes are captured quite well by the MMF. The Kelvin wave is a bit weak but appears to
propagate at about observed speed. In contrast, the smulation produced with the standad
CAMa3 lacks mog of the MJO power, and althoughthe Kelvin wave has a strongamplitudeits
phase speed istoo fast, corresponding to an equivaent depth of more than 50 m.

The wavenunmber-frequency spectra can be filtered to extract the signd assodated only
with particular disturbances of interest by zeroing the spectrum except for the spectral region
tha contains the selected modes. The corresponding space-time structures of the selected
modes can then be generated from thefiltered spectra using theinverse complex FFT. *° The
results of such filtering for the MMF simulation are illudrated by Fig. 9 which shows the
Hovmuller diagrams for the MJO, Kelvin and equaorial Rossby wave filtered OLR as well
asfor thefull or unfiltered OLR anomndlies.

Figure 10 shows the geographical distributon for the smulated and obsrved OLR
variance of the disturbances assodated with the MJO averaged for the boreal winter, boreal
summer, and theannud average Overal, the patern of OLR variability iswell reproduced by
the MMF. As in the observations the simulated MJO is mogly confined to the Indian ocean

and thewestern Pecific. Also, the MJO is consderably stronge during the boreal winter, with

19 Strictly spesking, thenew data set will also contain also some randomnoise contributed
from the backgroundspectrum at the same frequendes and wavenunmbers as the desired
disturbance. Theamplitudeof tha noise will be much smaller thoughthan the amplitudeof
thedisturbance if thesignd-to-noiseratio for that disturbance power spectrum s sufficiently
larger than onewhich isthecase for theMJO, Kelvin, and Rossby waves.
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the maximum activity jug north from Audralia, as observed. During boreal summer, the MJO
can propagae much further eastward, jus north from the equéaor, al the way to the Gulf of
Mexico. This is aso well captured by the MMF. However, the magnitude of the OLR
variance is overestimated by about 50% (please note tha different color bars are used for the
MMF and ob=ervationg. Unlike mog of GCMs which typically produes an MJO which is
too weak, the MMF tendsto make the MJO stronge than observed. As discussed by K05,
expeiments with convective momentum trangport (usng a version of the MMF tha has a
three-dimensond CRM) produce a dightly weaker, more realistic MJO.

Figure 11 compares the simulated and observed geographical distribution of variance
assodated with Kelvin wave. As was the case with the MJO, the MMF does very goodjobin
reproduang the Kelvin wave variance spdial pattern, as well as the seasond variations
however, the magnitudeof thevariance is agan overestimated.

To examine the seasond and interannud variability of the MJO, one can plot the mean
MJO filtered OLR variance for each of the overlapping 96-day daa segments aganst thetime
at themiddle of the segment. Thisis shown in Fig. 12 alongwith the corresponding plot based
on the NOAA OLR. Note tha the multiyear mean variance was subtracted from both time
series to accentuate the periods with bdow-average OLR anomalies, or weak MJO. In the
MJO simulation, the periods with the strongest MJO events tend to occur during boreal
winter, in agreement with observations The strength of the smulated MJO varies quite a bit

fromyear to year. Thisis also seen in the observations
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4. Conclusions and future plans

A Multi-scale Modding Framework, or MMF, is a climate modd in which al of the
conventiond parameterizations of cloudsand the bounday layer are replaced with a cloud
resolving modd tha explicitly represents the bulk of the dynamical processes tha are
unresoved by the GCM. The first two-month integration usng such a framework was
presented in 2001. Since then, the results of a set of relatively short smulations have been
reported in severa publications that examined the aspects of mean seasond climatology and
subseasond variability, climate sengtivity, the effects of radiation-cloud interactions domain
dimensondity, anong others. In the present study, we present preliminay results froma 19
year long AMIP-style simulation in which the MMF is forced with prescribed SSTs and sea
ice from September 1985t0 September 2004 Such a prolonged simulation makes it possible
to assess the ability of the MMF to ssimulated the interannud, seasond, and, subseasond
variability of the present climate. The observed changes in the atmogpheic hydrological cycle
and the TOA radiation fields in respons to the interannud variability of the SST, are
genedly well reproducd by the MMF, asis the seasond cycle. The subseasonal variability
assodated with the MJO and equaoriadly trapped wavesis an areawhere MMF is paticularly
successful. An area of concern is oveprediction by as much as 50% of the MJO-related
variance of the outgoing longwave radiation. The seasondlity of the MJO and its large
interannud variability are quite realistically smulated by the MMF.

Many aspects of the ssimulated mean multiyear climatology are quite familiar from our
earlier experiments with prescribed climatological SST, such as persistent precipitation
excesses in the Indian and Asian Monon regions large postive biases in the shortwave

cloud effect dueto a lack of stratocumulus and other low-level clouds and an excessively
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cold tropical tropopaie. Many of the biases assodated with the hydrological cycle may be
related to of the parameterized microphyscs in the cloudresolving modd, particularly theice
microphyscs. Therefore, further refinement of the microphyscs may lead to improvementsin
the performance of the modd. The TOA flux biases assodated with undeprediction of the
low-level clouds induding trade cumulus and stratocumulus clouds are not as
straightforward to alleviate. A ssimple increase of the grid resolution is currently not a viable
option dueto dramatic increase of aready high computationd cos of running MMF. Severa
possible pathways of addressing this problem without prohibitive cod increase are currently

being tested.
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Table 1 Globd annud-mean climatological propeaties of CSU MMF vs obsrvationd

estimates.

Propeaty MMF Observation Source
TOA Outgoing longwave radiation (W m™) 2383 2341 |SCCP-FD
TOA Absorbed Solar Radiation (W m) 2376 2383 | SCCP-FD
Longwave cloudforcing (W m) 245 256 |SCCP-FD
Shortwave cloudforcing (W m®) -526 -500 |SCCP-FD
Net surface longwave radiation (W m®) 562 494 |SCCP-FD
Clear-sky net surface longwave radiation (W m?) 837 787 |SCCP-FD
Net surface shortwave radiation (W m®) 1588 1659 |SCCP-FD
Clear-sky surface shortwave radiation (W m?) 2164 2186 |SCCP-FD
Precipitation rate (mm day™) 2.80 2.66 CMAP
Precipitable water (mm) 252 245 NVAP
Latent heat flux (W m’) 812 78 KT
Sensble heat flux (W m™) 229 24 KT

Total Cloud Amount (%) 670 66.7 |SCCP
Low cloudamount (%) 229 264 |SCCP
Middle cloud amount (%) 170 191 |SCCP
High cloud amount (%) 272 213 |SCCP
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Figures

Figure 1. Annud mean precipitationin mm day ™ for (top) MMF, (middle) CMAP
observations and (bottom) MMF minusCMAP.

Figure 2. Annud mean precipitable water in mm for (top) MMF, (middle) NVAP
obsrvations and (bottom) MMF minusNVAP.

Figure 3. Annud mean longwave cloud effect in W m*or (top) MMF, (middle) |SCCP-FD
observationd estimates, and (bottom) MMF minusI SCCP-FD.

Figure 4. Annud mean shortwave cloudeffect in W m%or (top) MMF, (middle) |SCCP-FD
observationd estimates, and (bottom) MMF minus| SCCP-FD.

Figure 5. Themean seasond cycle of precipitation during 19862004 asin terms of the
average amplitudeof theannud harmonic (left top) simulated by the MMF and (left bottom)
derived fromthe CMAP observations The(righttop) smulated and (right bottom) oberved
month of maximum (phase) of the precipitation annud harmonic.

Figure 6. EOF1 (top) and EOF2 (middle) and theassodated prindple-component time series
(bottom) of bandpass-filtered monthly smulated (left) and observed CMAP (right)
precipitation for years 19862004

Figure 7. El Ni—o minusLaNi—ayearly anomaly compostes of (top) precipitable water,
(middle) longwave cloud effect, and (bottom) shortwave cloud effect for (left pands) the
MMF smulation, and (right pands) as observed.

Figure 8. Thesymmetric raw OLR spectral power divided over the backgroundpower
(sgnd-to-noise ratio spectrum) as (left) smulated by the MMF, (middle) derived from
NOAA daly obsrvations and (right) smulated by the CAM3. Supeimposd are the
theoretical shdlow-water dispersion curves for theequéaorial Rossby and Kelvin waves for
theequivalent depthsof 12,25, and 50 m. Contour interval is 0.1 with contours beginning at
1.

Figure 9. TheHovmuller diagram of the OLR anomalies averaged for thelatitudes 15°S to
15°N for the 96-day time sample of the MMF diuma output for the (top left) MJO-filtered
band, (topright) Kelvin-wave filtered band, (bottom left) equaorial Rossby-wave band, and
(bottomright) unfiltered with the sample-mean removed.

Figure 10. Thegeographica distribution of thefor the MJO-filtered OLR variance averaged
for the (top) boreal winter , (middle) summer, and (bottom) annud mean for (left) MMF
simulation and (right) NOAA obsrvations

Figure11.Same as Fig. 10, butfor theKelvin-wave filtered OLR anomaly.
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Figure 12. Time series of the 96-day-averaged MJO-filtered OLR variance for the (top) MMF
smulation and (bottom) NOAA observations Themultiyear mean was removed.
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Figure 1. Annual mean precipitationin mm day™ for (top) MMF, (middle) CMAP
observations, and (bottom) MMF minus CMAP.
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Figure 2. Annual mean precipitable water in mm for (top) MMF, (middle) NVAP
observations, and (bottom) MMF minus NVAP.
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Figure 3. Annual mean longwavecloud effect in W m™ for (top) MMF, (middle) | SCCP-
FD observational estimates, and (bottom) MMF minus | SCCP-FD.
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Figure 4. Annual mean shortwavecloud effect in W m™for (top) MMF, (middle)

| SCCP-FD observational estimates, and (bottom) MMF minus | SCCP-FD.
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Figure 5. The mean seasonal cycle of precipitation during 19862004asin terms of the
averageamplitude of the annual harmonic (left top) smulated by the MM F and (left
bottom) derived from the CM AP observations. The (right top) smulated and (right
bottom) observed month of maximum (phase) of the precipitation annual harmonic.
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El Nino - La Nina Anomalies
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Figure 7. El Ni-o minus La Ni—a yearly anomaly composdtes of (top) precipitable water,
(middle) longwave cloud effect, and (bottom) shortwave cloud effect for (left panels) the
MMF smulation, and (right panels) asobserved.
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Figure 8. The symmetric raw OLR spectral power divided over the background power
(sgnal-to-noise ratio spectrum) as (left) smulated by the MMF, (middle) derived from
NOAA daily observations, and (right) smulated by the CAM3. Superimposd are the
theoretical shallow-water dispersion curves for the equatorial Rossby and Kelvin waves
for the equivalent depths of 12, 25 and 50 m. Contour interval is 0.1 with contours
beginning at 1.
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Figure9. TheHovmuller diagram of the OLR anomalies averaged for the latitudes 15°Sto
15°N for the 96-day time sample of the MMF diurnal output for the (top left) MJO-filtered
band, (top right) Kelvin-wave filtered band, (bottom left) equatorial Rossby-wave band,
and (bottom right) unfiltered with the sample-mean removed.

35



M)O-filtered variance

Figure 10. The geographical distribution of the for the MJO-filtered OLR variance
averagal for the (top) boreal winter , (middle) summer, and (bottom) annual mean for
(left) MMF simulation and (right) NOAA observations.
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Figure 11. SameasFig. 10, but for the Kelvin-wavefiltered OLR anomaly.
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Figure 12. Time series of the 96-day-averaged MJO-filtered OLR variance for the (top)
MMF simulation and (bottom) NOAA observations. The multiyear mean wasremoved.
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