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Abstract. The NCEP Global Forecast System (GFS) modeldiffer from the observations. These results demonstrate that
has an important systematic error shared by many other modt is possible to simulate realistic marine boundary clouds

els: stratocumuli are missed over the subtropical easterin large-scale models by implementing direct and physically

oceans. It is shown that this error can be alleviated in thebased improvements in the model parameterizations.

GFS by introducing a consideration of the low-level inver-

sion and making two modifications in the model’s represen-
tation of vertical mixing. The modifications consist of (a)

the elimination of background vertical diffusion above the
inversion and (b) the incorporation of a stability parameter
based on the cloud-top entrainment instability (CTEI) crite-
rion, which limits the strength of shallow convective mixing

across the inversion. A control simulation and three experi- s , N
ments are performed in order to examine both the individual"9 from ~20°C a'of‘g the South Amenpan coasti@9’C

and combined effects of modifications on the generation of" th_e Western Pa(_:|f|c warm pool. Going west up the SST
the stratocumulus clouds. Individually, both modifications gradient, the dominant cloud type changes from stratocu-

result in enhanced cloudiness in the Southeast Pacific (SE I ulugr\]/wth hrl]glh coverage near the anSt to slklgallq\;y Clﬂl'nr:u
region, although the cloudiness is still low compared to the S :N'tt mLf'CI o(\;ver coverage ov_ert;[] edcentrad. aCL'C' hlsf
ISCCP climatology. If the modifications are applied together, evolution ot cloud regime occurs in the descending branch o

however, the total cloudiness produced in the southeast Pa{he atmospheric Hadley-Walker circulation, with trade winds

cific has realistic values. This nonlinearity arises as the ef.2long the surface, and a trade wind inversion in the lower tro-

fects of both modifications reinforce each other in reducingpOSphere that elevates and weakens along the direction of

the leakage of moisture across the inversion. Increased moiét.“.a SST gradpnt. .In th|_s broad sense, the Soqthea;t Pa-
ture trapped below the inversion than in the control run with—C'fIC (SEP) cllmate' IS a tlghtly coupled system, in which

out modifications leads to an increase in cloud amount and).Oorly understood interactions develop among clouds, ma-
cloud-top radiative cooling. Then a positive feedback due to"€ boundary Iaye_r (MBL) processes, upper ocean_dynamlcs
enhanced turbulent mixing in the planetary boundary Iayerand therquynamms, poasta! currenf[s and_ upwelling, large-
by cloud-top radiative cooling leads to and maintains the stra.Scale subsidence, regional diurnal circulations, and aerosol

tocumulus cover. Although the amount of total cloudinesseﬁeCtS'

obtained with both modifications has realistic values, the rel- ntéractions between the South American continent and
ative contributions of low, middle, and high layers tend to th€ atmosphere-ocean system in the SEP are extremely im-
portant components of both the regional and global climate.

The great height and length of the Andes Cordillera forms
Correspondence tdR. Sun a sharp barrier to the zonal flow, resulting in a coastal jet of
BY (ruiyu.sun@noaa.gov) strong, low-level southerly winds parallel to the west coast of
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1 Introduction

The climatology of the tropical and subtropical Pacific Ocean
south of the Equator is characterized by large east-west gra-
dients in sea surface temperature (SST), with values increas-
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South America (Garreaud and oz, 2005). This, in turn, The text is organized as follows. We start in Sect. 2 by pro-
drives intense coastal oceanic upwelling, bringing cold, deepyiding a brief description of the operational NCEP/GFS. Sec-
and nutrient/biota rich waters to the surface. As a result, thaion 3 presents the changes made to the GFS physics to im-
SST is colder along the Chilean and Peruvian coasts than airove the simulation of tropical marine stratocumulus. Sec-
any comparable latitude elsewhere in the world. The coldtion 4 describes the experiments performed with the model in
surface in combination with subsiding warm, dry air aloft order to assess the impact of the modifications. Sections 5, 6,
is ideal for the formation of marine boundary layer clouds. and 7 describe and discuss the results from the experiments.
In the observations, these extend almost 2000 km west fronBection 8 summarizes the work presented and conclusions
the Peruvian Coast and form the world’s largest and mosteached.
persistent subtropical stratocumulus cloud deck (Klein and
Hartmann, 1993; Kollias et al., 2004).

The existence of this stratus cloud deck has a major im2 Brief description of the GFS
pact on the earth’s radiation budget (Ma et al. 1996; Gor-
don et al. 2000). Difficulties in the prediction of marine The 2009 version of the GFS uses a spectral triangular trun-
boundary layer clouds in climate models significantly con- cation of 382 waves (T382) in the horizontal (equivalent to
tribute to uncertainties in the tropical cloud feedback (Bony & nearly 35km Gaussian grid), and a hybrid sigma-pressure
and Dufresre, 2005). Most atmosphere-ocean coupled gerfinite differencing system (Sela, 2009) in the vertical with 64
eral circulation models (CGCMs) lack the ability to produce layers. The model top layer is &0.2 hPa.
realistic cloud decks in the eastern tropical oceans (Mechoso This GFS version has undergone significant improve-
etal., 1995; Ma et al., 1996, Hannay et al., 2009). The cur-ments from the version of the NCEP model used for the
rent and earlier operational versions of the National CenterdfdCEP/NCAR Reanalysis (Kalnay et al., 1996; Kistler et al.,
for Environmental Prediction (NCEP)'s Global Forecast Sys-2001). These include upgrades in the parameterization of so-
tem (GFS) are among the CGCMs that suffer from such probJar radiation transfer (Hou et al., 1996; Hou et al., 2002),
lem. Underprediction of stratus results in overestimation ofplanetary boundary layer (PBL) vertical diffusion (Hong and
heat flux into the ocean and may be the primary reason why?an, 1996), Simplified Arakawa-Schubert (SAS) cumulus
ocean-atmosphere coupled models show positive SST bias@onvection (Pan and Wu, 1995; Hong and Pan, 1998), and
of several degrees off the coast of Peru (Mechoso et al., 1995jravity wave drag (Kim and Arakawa, 1995). In addition,
Wang et al., 2005; de Szoeke et al., 2006). cloud condensate is a prognostic variable (Moorthi et al.,

These model difficulties with marine boundary layer 2001) with a simple cloud microphysics parameterization
clouds in the eastern tropical oceans are evident in the 2008Zhao and Carr, 1997; Sundqvist et al., 1989). Both large-
version of the operational GFS, which has been used sinc&cale condensation and the detrainment of cloud water from
2003 as the atmospheric component of the Climate Forecumulus convection provide sources of cloud condensate.
cast System (CFS) to produce operational climate forecasts The fractional cloud cover used in the radiation calcula-
at NCEP (Saha et al., 2006). The CFS forecasts have largéon is diagnostically determined from the predicted cloud
errors in the simulated mean SST, especially along the Southondensate based on the approach of Xu and Randall (1996).
American coast and in the Pacific “equatorial cold tongue” The contribution of convection to cloud cover is through
region. These errors are primarily attributable to the lack ofdetrained condensate only; there is no explicit “convective
sufficient stratocumulus that results in an incorrect simula-cloud cover”. The operational GFS also uses the Rapid Ra-
tion of the surface radiation budget. The CFS, however, obdiative Transfer Model (RRTM) longwave parameterization
tains an ENSO-like interannual variation in the tropical Pa-from Atmospheric and Environmental Research Inc. (AER,
cific with reasonable temporal and spatial patterns (Wang eMlawer et al., 1997) with maximum/random cloud over-
al., 2005). lap and a modified version of the National Aeronautics and

At NCEP, several approaches are being followed to im-Space Administration (NASA) Goddard Space Flight Center
prove the representation of cloudiness in the SEP and ove{GSFC) shortwave radiation (Hou et al., 2002; Chou et al.,
the subtropical oceans in general. The present paper reporf998) with random overlap. The latter scheme is known to
on a series of studies aimed at improving the simulation ofoverestimate shortwave radiation under cloudy conditions.
stratocumulus in the operational GFS/CFS when running in Ozone is a prognostic variable with a simple parameteri-
simulation mode, i.e., for a period long enough to establishzation for ozone production and destruction. The model also
a model climatology. We search for simple yet physically incorporates the four-layer Noah community land-surface
based revisions of the representation of a low-level inversiormodel (Ek et al., 2003). In addition to gravity-wave drag, a
— temperature/moisture jumps in the lower atmosphere angharameterization of mountain blocking (Alpert, 2004) is in-
their control on the depth of shallow convection. The revi- cluded, following the subgrid-scale orographic drag parame-
sions described in this paper have been implemented in theerization by Lott and Miller (1997).
CFS reanalysis (CFSR), which shows their beneficial impact The shallow convection parameterization follows Tiedtke
(Moorthi et al., 2009). (1983), and is applied wherever the deep convection
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parameterization is not active. In this scheme, the shallow+resent a large-scale control on PBL clouds (Deardorff, 1980;
convective cloud top is defined as the highest layer belowRandall, 1980; Suarez et al., 1983). In its original formula-
0.7*Ps for which a test parcel from the second model layertion, CTEI predicts runaway entrainment and rapid destruc-
is positively buoyant. The cloud base is the Lifting Con- tion of stratocumulus when the following condition holds,
densation Level (LCL) for the same test parcel. Enhanced
vertical eddy diffusion is applied to temperature and specificK =CpAe/LAg: > ko, (1)
humidity within this cloud layer; the diffusion coefficients wherec,, is the specific heat of dry air under constant pres-
are prescribed with a maximum value of 5a1! near the  sure, L is the latent heat of water vaporizationg, is the
cloud center and approach zero near the edges. jump of equivalent potential temperature, ang; is the
The PBL scheme in the GFS is based on the Troen angump of total water mixing ratio across the inversion. Ac-
Mahrt (1986) paper and was implemented by Hong and Parcording to Randall (1980) and Deardorff (1980) an appropri-
(1996). The scheme is a first-order vertical diffusion schemeate value to be used in the right hand side of (Xpis- 0.23.
The PBL height is diagnostically determined by the bulk- As pointed out by many authors (e.g., Kuo and Schubert,
Richardson approach. Once the PBL height is determined]988; Moeng, 2000; Stevens et al., 2005; Siems et al., 1990),
the profile of the coefficient of diffusivity is specified as a Eg. (1) only gives the possibility of buoyancy reversals when
cubic function of the PBL height. There is also a counter- entrained air is mixed with cloudy air and cooled by cloud
gradient flux parameterization that is based on the fluxes atvater evaporation. Clouds may still remain and entrainment
the surface and the convective velocity scale. may not change abruptly because (a) the fraction of denser
mixtures generated during entrainment mixing folarger
thanxg may be too small to cause instability, and (b) these
3 Modifications of the GFS denser mixtures may not directly enhance the intensity of en-
training eddies at the cloud top. Other possible responses
The parameterization of shallow convection has an importanto entrainment drying, like enhanced surface moisture flux
influence on the simulated formation and/or destruction ofor reduced cloud-top radiative cooling, could either refill the
marine stratocumulus. Wang et al. (2004) found that turningcloud gaps or reduce the intensity of entraining eddies. De-
off the shallow convection parameterization in their regional spite these caveats, Large Eddy Simulation Models (LES) in
model simulations dramatically increased the boundary layecases with both well-mixed and decoupled PBL setups have
cloud amount. De Szoeke et al. (2006) examined the effecshown significant anti-correlation between cloud fraction and
of shallow convection on the eastern Pacific climate usingx (Moeng 2000; Lock 2009). Far large enough (0:60.7),
a regional ocean-atmosphere model. They found that shalalues of cloud fraction are around 8:0.2. This suggests
low convection acts to reduce stratus cloud formation ancthat, even though satisfying threshold conditions kike ko
that with no shallow convection stratiform cloud fraction in- does not lead to the immediate destruction of cloud-topped
creases, resulting in an excessive SST cooling. boundary layersy seems to be a good empirical indicator
Strong low-level inversions are expected to limit the verti- of the stability of stratocumulus decks and a transition to
cal extent of shallow clouds. In the GFS version we startedshallow cumulus regime is expected for very lakge The
with, however, the existence of a low-level inversion was ig- LES study by Xiao et al. (2010) also suggests that in a de-
nored and shallow clouds were allowed to extend from thecoupled boundary layer with active cumulus updraftss a
LCLupto 0.7 R. Thus, they could actually extend across the good measure of the stability of the inversion-capped stra-
inversion layer irrespective of its strength, leading to its er-tocumulus layer. On the basis of the above empirical evi-
roneous weakening in all cases. This process also resulted idlence and theoretical arguments, we propose that in models
excessive drying and warming of the layers below the inver-(like the GFS) that are not designed to fully resolve the de-
sion, where the cloud amount was severely limited. There4ailed turbulent structure of cloud-topped boundary layers,
fore, as a first step we introduce consideration of the low-x can be used as a physically based large-scale parameter
level inversion into the shallow convection scheme of thedetermining whether the inversion is unstable enough to al-
GFS. low large entrainment mixing and consequent destruction of
A low-level inversion is defined as the region comprised stratocumulus in the presence of cumulus updrafts. In this
of model layers below 0.65HAn which dT/dP (T and P framework we allow mixing associated with shallow convec-
are temperature and pressure, respectively) satisfies the falion to extend across the inversion only when Eq. (1) is satis-
lowing requirements: (i) is less than 0.0001 K/Pa, and (ii) fied. In this study we chose> o = 0.7 following MacVean
changes sign at one or two of the layers below. Next, we reand Mason (1990). There are other more sophisticated ver-
quire the mixing associated with shallow convection to besions of Eq. (1), which quantitatively take into account the
confined below the inversion when the inversion is stableliquid water amount near the cloud top (e.g., Nicholls and
enough as measured by a parameter based on the cloud-tdprton, 1986; Lilly, 2002). For our current study, we want
entrainment instability (CTEI) concept. This concept hasto first establish the effectiveness of the CTEI criteria in con-
been used in GCMs for several decades in an attempt to regrolling low cloud amount. Additional dependence on cloud
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CONTROL

Table 1. List of experiments performed in this study.

CTEl-condition ZEROBD-condition

CONTROL No No N
CTEI Yes No “
ZEROBD No Yes -
Cz Yes Yes I

OW105W 100W 95W 90W 85W 8OW 75W 7

CTEI

top liquid water amount will be implemented later on witha = & —
sophisticated shallow convection scheme. 5

The GFS also includes a background eddy vertical diffu- =
sion to enhance mixing close to the surface, where the eddy*
diffusion calculated by the boundary layer parameterization =
is considered inadequate. The coefficient of background dif-**
fusion decreases exponentially with pressure, with the sur-**
face value set to 1.0%s 1. For the SEP region, particu- ™
larly near the coast of South America, the inversion height "o oo s sin s son 75w 7ov
usually is very low due to strong subsidence. Therefore, the )
background vertical diffusion is strong enough to weaken the 19 1. The ensemble July 2008 mean total cloud cover in the SEP
inversion and allow moisture exchanges with the free atmo-€91°n in all four experiments.
sphere. Since we have a defined inversion height we can now
zero out the background diffusion in the layers above the in-
version.

255

308

358

403
110W 105W 100W 95W 90W BSW BOW 75W 70W

4. The CZ experiment has both the CTEI-condition and
the ZEROBD-condition.

4 Description of the experiments 5 Results

We performed a total of four sets of GFS experiments usin
observed SSTs (see Table 1). Each set has six two-mon

integrations starting at initial conditions corresponding to Fi
) . gure 1 shows the ensemble mean total cloud cover for July
00:00UTC daily from 13 to 18 June 2008. In these EXP"5008 in the SEP region for the four experiments, and Fig-

iments we used a T126 version of the model and version 2(.we 2 displays an observed climatology for 1985—-1993 from
ofthe Relaxe(_j Arakawa-Schubert (RAS) parametenzaﬂonq he International Satellite Cloud Climatology Project (IS-
deep convection (Moorthi ar_1d Suarez, 1992, 1999). The p”.'CCP). There is too little cloudiness in the CONTROL and the
mary chus for the analyses is the ensemble means for July Bvo single modification experiments (ZEROBD and CTEI).
the. region bgtween the Equator to"@and 110W_700 W, . CONTROL produces the least total cloud amount, and CTEI
which we will refer to as.the SEP in the remamder of t_h's obtains a little more cloud than ZEROBD. CZ produces the
paper. All the cros_s-_sectlor?s used in the foIIowmg Sections, et total cloudiness compared with the ISCCP observations.
are along 20S. This is the line VOCALS ob_servat_|on took Specifically, the large area of minimal cloud cover near the
plgce. In the future We may compare our simulation resunSSouth American coast, due to the lack of stratocumulus in
with VOCALS observations. the other three cases, is now replaced by a local maximum
(mostly low clouds, see Fig. 3) except very near the coast.
Furthermore, the values for total cloud in the region between
5S and 30S obtained in CZ are much higher than those in
the field defined at each point by the maximum of ZEROBD

2. The CTEI experiment is the same as the CONTROL,and CTEI (figure not shown). We can say that realistic stra-
except that a low-level inversion is defined and the cri- tocumulus decks only exist in the CZ experiments. Section 6

terion for instability expressed by Eq. (1) is used (CTEI- discusses the reasons for this feature.
condtion). Figure 3 shows the ensemble mean low-cloud cover for
July 2008 in all four experiments while Fig. 4 presents an
3. The ZEROBD experiment is the same as the CON-observed climatology from ISCCP. The CONTROL pro-
TROL, except that the background diffusion is set to 0 duces too few low clouds, the least among the four exper-
above the inversion (ZEROBD-condition). iments. The CTEIl-condition is a little more effective than

t .1 Cloud cover and cloud water

1. The CONTROL experiment was done with the opera-
tional treatment of shallow convection and background
diffusion as described in Sect. 3.
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Fig. 2. The ISCCP July mean (1985-1993) total cloudiness in JulyFig. 4. As in Fig. 2 except for low clouds.

in the SEP region.

CONTROL

158
208
258

308 30

40— 40
50

355

405
110W 105W 100W 85W SOW 85W 8OW 75W 7

ZEROBD

405
T10W 105W 100W 95W 90W BSW BOW 75W 7

Fig. 3. As in Fig. 1 except for low clouds.
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Fig. 5. Vertical cross-section of monthly mean cloud water in July
along 20S.

Figure 5 shows the vertical structures of ensemble mean
cloud water for July 2008 in the SEP along°Z Most of
the cloud water produced in the CONTROL is located off

the ZEROBD-condition in producing low clouds. The CZ ¢ coast. The CTEI and ZEROBD experiments both obtain
experiment obtains the highest low-cloud amounts, which argy e cloud water near the coast and at low levels than the

even higher than in the ISCCP climatology. Since the totalcoNTROL. The CZ experiment obtains the most cloud wa-
cloud cover in CZ is less than in the ISCCP climatology, this ter, especially at lower levels close to the coast.

result suggests a mismatch between the cloud types in the

simulations and the ISCCP climatology. There may be manys 5  Ragdiation

reasons for this mismatch. One obvious reason is that low

clouds in the GFS are those between 1000 hPa to 680 hPgjiative fluxes at the surface and the top of the atmo-
while in the ISCCP they are below 642hPa. Another réa-gppere in the simulations are examined and compared with
son is that the ISCCP tends to underestimate low-cloud coveg,, corresponding flux climatology for 1984-1994 com-
(Chang and Li, 2005; comments also made by Chris Fairallp"ed by the Surface Radiation Budget (SRB) projeut:

at the Second VOCALS meeting in Seattle, 2009). A Com'//GEWEX-SRB.Iarc.nasa.gc)v/ Since the ISCCP data on
parison between Figs. 1 and 3 shows that in CZ all the cloud$,5,d amount were used to build the SRB dataset, some
in the SEP are low clouds. degree of consistency between the two datasets is expected.

www.atmos-chem-phys.net/10/12261/2010/ Atmos. Chem. Phys., 10, 122812-2010
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Fig. 6. The ensemble July 2008 mean surface downward shortwavé-ig. 7. As in Fig. 6 except for longwave radiative flux errors.
radiative flux errors (differences between the four simulations and
SRB climatology).

CONTROL—srb2 CZ—srb2

EQ EQ v

. I .

108 z: 108
Figure 6 shows the July ensemble mean short-wave radiatives - o5
flux errors at the surface. In general, the short-wave radia-xs " 2 9
tive flux at the surface is, as expected, too large in the CON-=s ™
TROL, ZEROBD, and CTEI experiments since cloudiness in =s -
the experiments is lower than in the ISCCP climatology. The = -
short-wave radiative flux at the surface in CZ is smaller than s sz s s a7 7o ' 08w G5 100w 93 sGw SBW B3 7B TN
that in SRB across most of the SEP (except for the portion ZEROBD—srb2 CTEI—srb2
near the coast) due to more clouds in the simulation than in * - 4
the climatology. It should be pointed out that tuning the mi- ~
crophysics, shortwave parameterization, or value of the CTEI _
parameter could alleviate the excessive shortwave absorp- -
tion. For example, it is known that the absorption of short- .
wave radiation by the atmosphere is too high in the shortwave, s
parameterization in this version of the GFS (Y. Hou, personal __
communication, 2008). In terms of the downward long-wave

radiative flux at the surface, Figure 7 shows that CZ is much

better than the other three experiments. The difference irkig g The July 2008 ensemble mean upward shortwave radiative
long-wave radiative flux at the surface between CZ and thejux errors (difference between the simulations and SRB climatol-
SRB climatology is small, except near the coastal region. Inogy) at the top of the atmosphere in the four experiments.

the other 3 experiments the long-wave radiative fluxes at the

surface are mostly smaller than the climatology due to the

underestimation of low clouds. Figure 8 shows the July en-simulations. The outgoing long wave radiation (OLR) errors
semble mean of upward shortwave radiative flux errors atat the TOA are illustrated in Fig. 9. Values of OLR are large
the top of the atmosphere (TOA). The radiative fluxes at thein all simulations compared with the observations. Overpre-
TOA also reflect the cloudiness in the simulations. More up-dicted OLR is consistent with overpredicted low cloud and
ward short-wave radiative flux is produced at the TOA in CZ underpredicted higher clouds in CZ as suggested by Figs. 1
than in the other three simulations because the others prcand 3, and underpredicted cloud amounts in other three ex-
duce less cloudiness. Compared with the SRB climatologyperiments. The differences in OLR between CZ and the SRB
the upward shortwave radiative flux away from the coast atclimatology are the smallest.

the TOA is too large in CZ and too small in the other three

Atmos. Chem. Phys., 10, 122612272 2010 www.atmos-chem-phys.net/10/12261/2010/
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355 355 Fig. 10. Vertical cross-sections of ensemble monthly mean moisten-
ing rates (g/kg/day) along 2@ (shaded) due to shallow convection

in the four experiments. Black contours represent the vertical cross-
section of temperature. Red contours represent estimated inversion.
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Fig. 9. As in Fig. 8 except for the longwave radiative flux errors.

6 Relative impact of ZEROBD and CTEI-conditions (CAPE) and reduces the chance of shallow convection activ-
ity. This is illustrated by the comparison between the CON-
The shallow convection scheme in the GFS acts through enTROL and ZEROBD in Fig. 10. When the CTEI and ZE-
hanced diffusion in the cloudy layers. The scheme warmsROBD conditions are applied jointly in CZ, the increase in
and dries the lower layers and cools and moistens the uppdhe strength of the inversion due to ZEROBD-condition may
layers. Figure 10 shows vertical cross-sections of ensemalso “indirectly” affect shallow convection by acting through
ble mean moistening rates due to shallow convection alonghe CTEI condition. With a stronger inversion, the CTEI-
20°'S from 110 W to 70°W in the four experiments for ~condition tends to allow even less shallow convection ac-
July 2008. Mixing is most intense in the CONTROL, while tivity according to Eq. (1). The ZEROBD-condition, there-
among the 3 experiments it is much stronger in ZEROBDfore, contributes to less diffusive inversions in CZ than in
than in CTEI and CZ. The mixing layers in the CONTROL CTEI. However, again as shown in Fig. 10, the difference
and ZEROBD are also deeper than in CTEI and CZ. We posiduée to reduced background diffusion alone does not seem to
that the reduced shallow convective mixing across the inverbe enough for the differences in cloud amount between CZ
sion in CZ and CTEI is the main reason for the increasedand CTEI.
clouds in these two experiments. The reduced mixing is To further investigate the differences between CZ and the
consistent with more moisture being trapped at low levelsCTE|, we examine the moistening rates due to vertical tur-
in CZ and CTEI than in the other two experiments. Thus, pulent diffusion associated with the PBL parameterization
the large-scale condensational processes (microphysical prghereafter VTD, which includes background diffusion) and
cesses) and, to a certain extent, RAS, take over to producgonvection parameterization (RAS). Although RAS trans-
more clouds. While this hypothesis is consistent with the dif- ports moisture from the lower to upper levels it is not the
ferences in cloud amount between CONTROL (ZEROBD) main reason for the large difference in cloud amount between
and CTEI (CZ2), it alone cannot explain the large difference cz and CTEI (figure is not shown). Figure 11 shows the ver-
in cloud amount between CZ and CTEI. As we can see fromtjcal cross-sections of ensemble monthly mean moistening
Fig. 10, the difference in shallow convective mixing between rates due to VTD along 20S. The moistening rate due to VTD
the two experiments is not that large even when taking intoin CZ is the largest among the experiments and is much larger
account the difference in the equilibrium moisture gradientsthan in CTEI. More moisture is transported to upper levels
across the inversion. from the near surface in CZ than in CTEI, which contributes
The ZEROBD-condition also reduces the mixing of mois- to maintaining the larger cloud amounts in the former exper-
ture and temperature across the inversion by turning off backiment. The reasons for the difference in VTD between the
ground diffusion. This also contributes to a reduction in two experiments may include a positive feedback involving
mixing due to shallow convection by increasing inversion radiation-turbulence interaction in the PBL, as will be dis-
strength, which lowers convective available potential energycussed later. Figure 11 also shows that the moistening rate
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Fig. 11. Asin Fig. 10 except for moistening rates (g/kg/day) (shade) Fig. 13. As in Fig. 10 except for the heating rate (K/day) (shaded)
due to vertical turbulent diffusion. due to large-scale condensation.

200

most intense warming in CZ happened roughly below the
. inversion (the inversion height changes with longitude and
time), which is where most clouds are produced. This
suggests that large-scale condensation is the main process
producing the clouds in CZ. RAS helps to produce clouds
through the detrainment of cloud water at the cloud top. RAS

180
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100

CONTROL
sl CZ also indirectly contributes to the cloud production in CZ by
60 “CFOED reducing mixing caused by shallow convection. This is be-
o s cause shallow convection is shut off whenever RAS is acti-
vated unless the cloud depth is less than 200 hPa. The neg-
2 ative heating rates (cooling) in the CONTROL, ZEROBD,
O W 105w toow o%W  oow  oow oW 7w Tow and CTEI and at low levels in CZ (see Fig. 13) are due to the
evaporation of cloud and rainwater.
Fig. 12. July 2008 ensemble mean latent heat flux (\Ryrt the The large difference in moistening rates due to VTD in
surface along 20S CZ and CTEI are probably associated with the differences in

radiative cooling and stability in the boundary layer. A pos-
sible scenario is that the lower mixing across the inversion in

due to VTD in CTEI is even smaller than in either CON- 7 than in CTEI leads to more stratus clouds in CZ, which
TROL or ZEROBD. Cloud amount, on the other hand, is reqyits in more long-wave radiative cooling at the cloud top

larger in CTEI than in the CONTROL and ZEROBD because g4 4 more unstable PBL. This leads to more intense VTD

of mixing due to shallow convection. This again illustrates 5.4 stronger surface evaporation. With more moisture trans-
the effectiveness of CTEI-condition in trapping moisture be- ported from surface to upper levels by VTD in CZ than in
low the inversion. The weaker moistening rate due to VTD in CTEI, more clouds are produced in CZ. This forms a pos-
CTEI compared to CZ (also to CONTROL and ZEROBD) IS jiive feedback. Figure 14 shows the difference in the ra-
associated with weaker evaporation at the surface, as showfi4tive heating rate (long-wave plus short-wave) in the two
in Fig. 12. It is interesting to note the different moisture bal- experiments. With strong and persistent radiative cooling
ances among the surface evaporation, VTD, and shallow Congfecting the vertical mixing in the cloud layer through the
vection in ZEROBD and CTEI. Moisture transport from the pg) parameterization, CZ obtains a different (stratocumu-
surface in ZEROBD is all consumed by the shallow convec-) gy cloud regime than the others, which tend to a shallow
tion, with little stratocumulus formation. ~cumulus regime where radiative forcing plays no important
Figure 13 shows the ensemble monthly mean vertical e in regulating the vertical mixing. This is a clear exam-
cross-sections of heating rates (shaded) due to large-scajfie of how allowing the radiation to affect turbulence, even

condensation/evaporation and temperature (contours) along only by affecting large-scale stability as in our case, could
2(° S in the four experiments. Positive heating rates (Warm'change the picture.

ing) due to large-scale condensation are found in CZ. The
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The positive feedback proposed here is different from thatfour experiments, such as the rain bands associated with the
discussed by Wang et al. (2005). In their regional study of|ntertropoical Convergence Zone (ITCZ), South Pacific Con-
marine boundary layer clouds in the SEP Wang et al. arguegiergence Zone (SPCZ), mid-latitude oceanic storm tracks,
that there is a positive feedback between radiative coolinggnd maxima over the continents at monsoon locations. But
and large-scale dynamic warming, which maintains the in-compared to the values in CMAP, the experiments produced
version and the boundary layer clouds. We examined verticajoo much precipitation over the western warm pool and too

velocity field in our simulations and did not see the occur- little precipitation over Indian Ocean south of Equator.
rence of peak velocity in the cloudy regions.

This distinction between the CZ experiment and the oth-
ers can also be seen in the vertical distribution of moisture8 Summary and discussion
Figure 15 shows the July mean total water mixing ratio at ) )
80° W, 20° S for the four cases. Compared to the CZ Cases,Several methods_ have been tested to alleviate an important
these other cases show what we commonly found in currengyStematic error in the NCEP GFS model: the lack of stra-
generation GCMs in this region. The low-level moisture pro- tocumulus in the SEP region. The present paper describes
files in these cases have rather smooth vertical moisture grdW0 model modifications (a) the elimination of background
dient, and itis difficult to even define the inversion using their Vertical diffusion above the low-level inversion (ZEROBD-
moisture gradients. In CZ, the moisture profile improves, condition), and (b) the incorporation of a tunable parame-
with larger values near the top of the PBL (910-950 mb) andter based on the CTEI criterion for determining cloud tops

much smaller values just above 900mb, thus producing a petior the shallow convection parameterization when low-level
ter defined inversion. inversions exist (CTEl-condition). Four experiments con-

sisting of six-member sets of integrations were performed

to examine both the individual and combined effects of the
7 Impacts on global precipitation modifications on the simulation of stratocumulus clouds. It

was found that both modifications contributed to enhance
Figure 16 shows the July 2008 mean global precipitation ratecloud generation in the SEP region. The CTEI-condition is
(mm/day) in the four experiments. The Climate Prediction more effective than ZEROBD-condition in producing low-
Center (CPC) Merged Analysis of Precipitation (CMAP; Xie level clouds. However, ZEROBD-condition is also shown to
and Arkin 1996) 2008 July mean precipitation rate (mm/day) be important, especially close to the coast. A comparison
is shown in Fig. 17. The differences in precipitation rate arewith the ISCCP climatology reveals that both modifications
not large among the four experiments. An interesting featurandividually produced too little cloudiness. However, the
that occurs only in CZ is the 1-2 mm/day precipitation rate intwo modifications applied together in CZ produced about the
the SEP region. This light precipitation is primarily caused right amount of total cloudiness in the region. This combina-
by large-scale processes. In reality, this is the region wherdion, therefore, is much more effective than either of the two
drizzle occurs. When compared with the CMAP climatology modifications alone. The reason for this nonlinearity is that
most of the main precipitation features are reproduced in théooth changes reinforce each other in reducing the leakage
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low, middle, and high cloud amounts than the observations.
The availability of reliable observations of the vertical distri-
bution of cloud water will be very helpful for verifying the
performance of climate models in the simulation of such fea-
tures. The impacts of this mismatch on the coupled climate
system simulation have yet to be studied.

Our experiments have demonstrated that it is possible
to simulate realistic marine boundary clouds in large-scale
models with direct and physically based changes in the ma-
jor model parameterizations. We are currently considering
several revisions to further improve upon the results of CZ,
which tends to generate too much stratocumulus in the core
Fig. 17. The global July mean CMAP precipitation rate (mm/day) region. First, NCEP is currently moving towards implement-
averaged between 1979 and 2005 (Xie and Arkin, 1997). ing in its operational models the RRTM shortwave radiation

parameterization with maximum/random overlap. This ra-

diation scheme has less shortwave absorption in the clouds,
of moisture across the inversion. Less mixing traps morewhich together with a slightly tuned microphysics should fur-
moisture in lower levels below the inversion, which leads tother improve the surface shortwave radiation at the ocean
an increase in cloud amount and cloud-top radiative coolingsurface. Second, the direct effect of cloud radiative pro-
Then, a positive feedback due to enhanced turbulent mixcesses on turbulent mixing in the boundary layer, and in the
ing in the PBL driven by cloud-top radiative cooling leads shallow convection layer below the inversion is being incor-
to and maintains the large stratocumulus cloud cover in CZporated into the GFS. Third, for a better simulation of the
This enhanced response in CZ also implies that the effectransition between the stratocumulus and shallow cumulus
tiveness of the CTEI-based algorithm is highly sensitive toregimes in the SEP, we need to consider the decoupling be-
the strength of the inversion. In generating clouds the largetween cloud and sub-cloud layers since decoupling is associ-
scale condensation process was the main contributor. Thated with more vigorous cumulus growth in the cloud layer,
RAS scheme also provided a positive, but relatively smallthus favoring penetrative convection across the inversion. At
contribution. Although it was roughly of the correct mag- the present time, the two modifications presented in this pa-
nitude, the amount of total cloudiness obtained in the sim-per have been implemented in the new CFS model and re-
ulation with both modifications (CZ) may produce different analysis (Saha et al., 2010). Another method addressing the
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