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ABSTRACT

A Lagrangian cloud classification algorithm is applied to the cloud fields in the tropical Pacific
simulated by a high-resolution regional atmospheric model. The purpose of this work is to
assess the model’s ability to reproduce the observed spatial characteristics of the tropical cloud
systems. The cloud systems are broadly grouped into three categories: deep clouds, mid-level
clouds and low clouds. The deep clouds are further divided into mesoscale convective systems
and non-mesoscale convective systems. It is shown that the model is able to simulate the total
cloud cover for each category reasonably well. However, when the cloud cover is broken down
into contributions from cloud systems of different sizes, it is shown that the simulated cloud
size distribution is biased toward large cloud systems, with contribution from relatively small
cloud systems significantly under-represented in the model for both deep and mid-level clouds.
The number distribution and area contribution to the cloud cover from mesoscale convective
systems are very well simulated compared to the satellite observations, so are low clouds as
well. The dependence of the cloud physical properties on cloud scale is examined. It is found
that cloud liquid water path, rainfall, and ocean surface sensible and latent heat fluxes have a
clear dependence on cloud types and scale. This is of particular interest to studies of the cloud
effects on surface energy budget and hydrological cycle. The diurnal variation of the cloud
population and area is also examined. The model exhibits a varying degree of success in simulat-
ing the diurnal variation of the cloud number and area. The observed early morning maximum
cloud cover in deep convective cloud systems is qualitatively simulated. However, the afternoon
secondary maximum is missing in the model simulation. The diurnal variation of the tropo-
spheric temperature is well reproduced by the model while simulation of the diurnal variation
of the moisture field is poor. The implication of this comparison between model simulation and
observations on cloud parameterization is discussed.

1. Introduction Recently, Boer and Ramanathan (1997) (hereafter
referred to as BR) developed an algorithm to
determine these cloud characteristics from theThe spatial and temporal characteristics of
satellite data over the tropical western and centralclouds are important climatic parameters.
Pacific. They found that over 95% of the radiat-
ively important clouds are of scales resolvable by
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50 km. They also examined the scale dependence† Additional affiliation: Nissan Cambridge Basic

Research, Cambridge, Massachusetts. of the cloud physical and radiative properties for
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various cloud types. Their study provides a new and other European countries. The dynamic
framework of the model is based on the ECMWFapproach to validating and improving cloud par-

ameterization in global and regional climate regional gridpoint model. The model has 16 ver-

tical levels in a hybrid coordinate system extendingmodels.
Validation of cloud simulation in GCMs and from the surface to 25 hPa, and a horizontal

dimension of 110×100 gridpoints at a resolutionregional models is often performed by comparing

the geographic distribution of the time-averaged of 0.5° in latitude and longitude. The model has a
comprehensive physical parameterization pack-fields with the observations (Del Genio et al.,

1996; Karlsson, 1996; Yu et al., 1997). While this age. The boundary layer processes are param-

eterized following Louis (1979). The short-waveapproach is useful for diagnosing the deficiency in
the simulated cloud climatology with respect to and long-wave radiation as well as the cloud

radiative effects are parameterized followinggeographic locations, it cannot relate the defi-

ciency to a specific cloud type. Since different Savijärvi (1991). Of particular interest to this
study is the cloud parameterization, which usesphysical processes are involved in the formation

and maintenance of different cloud types, the the prognostic cloud water parameterization

scheme developed by Sundqvist et al. (1989). Thistraditional approach offers little for improvement
in cloud parameterization except over regions cloud parameterization scheme has been used in

various forms by many GCM groups worldwide.where a particular type of clouds are prevalent.

On the other hand, the Lagrangian approach of Several studies have documented the performance
of the HIRLAM model. Huang and SundqvistBR examines clouds by their types and spatial

scales. When this approach is applied to the (1993) evaluated the use of initialization of cloud
water content and cloud cover in the improvementsimulated cloud fields and compared with the

observations, it will enable one to evaluate the of the model forecasts. Karlsson (1996) evaluated

the simulation of the cloud distribution in thesimulation of the individual types and spatial
scales of clouds, regardless of their location. Thus, Nordic region.

In this study, the model is run over the tropicalit would be possible to relate the simulation

deficiency to that of the representation of the western and central Pacific, covering (155°E,
150°W) and (30°S, 20°N). The period of simulationphysical processes responsible for the particular

cloud types. is 30 days from 7 March to 5 April 1993. Since

HIRLAM is a forecast model, we perform a 36-hIn this study, we will apply BR’s approach to
the cloud fields simulated by a regional atmo- forecast for each of the 30 days starting from

00 GMT. To allow for model spin-up the first 12 hspheric model and compare the spatial character-

istics of the model clouds with those from the model output is discarded and only the last 24-h
data are used to represent the simulation day. Thesatellite observations. All satellite observations

shown in this paper are taken from BR. Section 2 data are saved every 6 h. The analyzed atmo-

spheric fields and sea surface temperature fromof this paper will describe the model used in this
study and the simulation of the cloud systems. ECMWF are used for the model’s initial and

lateral boundary conditions.Section 3 presents the analysis method. The main

results will be presented in Section 4. Section 5 The size distribution of the simulated clouds is
determined using the cloud classification algor-will summarize the main results and present some

discussions on the implication of the model results ithm of BR, with the cloud top temperature and

the fractional cloud cover as input. BR usedfor cloud parameterization.
effective brightness temperature as input to their
algorithm. Since the model does not have this

variable, we use the cloud top temperature instead.2. Model and simulation of the cloud systems
According to Liu et al. (1995), brightness temper-

ature Te and loud top temperature Tc may beThe model used for this study is the Stockholm
University version of the HIgh Resolution Limited related by the following approximate expression:
Area Model (HIRLAM). It is a primitive equation

Tc=Te+8(Te/150−1) .
weather forecasting model developed by the
HIRLAM project involving a number of Nordic This expression cannot be applied near the
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cloud edge, where the optical depth is such that Therefore, we devised a method to generate a
geometric temperature field (Tg) that also showsTe no longer represents the cloud top temperature,

but is a measure of the combined effect of radiation an increase towards the edges of cloudy regions,

and use it as input to our DAS.from the cloud itself, the column of air below the
cloud and the surface. Due to the approximate We first briefly discuss DAS as presented in BR,

followed by a discussion of the changes we made.nature of this relationship, we will not use it to

convert model output Tc to Te . Instead, we will Cloud segmentation in DAS consists of a multi-
stage process. It first detects cores of very colduse it to estimate the Tc bounds for each cloud

type, so that the cloud types have approximately clouds (i.e., Te<Td1 ). A core is defined as a set of

pixels whose temperature is less than a particularthe same Te bounds as used in BR. Due to the
relatively coarse vertical resolution of the model, value and are connected via pixels that also satisfy

this temperature criterion. Then it grows each corethe clouds are divided into three categories: deep

convective systems with cloud top temperature by adding adjacent pixels whose temperature is
‘‘close’’ (i.e., Te<Ts1>Td1 ). In a three-step iterativeless than 235 K, mid-level clouds with cloud top

temperature between 235 K and 275 K, and low process it spreads each core out a little at a time

to prevent one core’s edge from wrapping aroundclouds with cloud top temperature greater than
275 K. The deep clouds roughly correspond to another core. Subsequently it enters the second

detect stage in which it finds cores whose temper-those with cloud tops above 300 hPa, the mid-

level clouds have their tops between 600 hPa and ature is warmer than Td1 but colder than Ts1 (i.e.,
Te<Td2 where Td1<Td2<Ts1 ). The latter con-300 hPa, and the low clouds have their tops below

the 600 hPa level. Within the deep cloud category, straint is necessary to avoid new cloud cores being
directly attached to already existing grown cores.the cloud systems are further divided into meso-

scale convective systems (MCS) and non-mesoscale Now it grows all new cores and already existing

grown cores a little further until their edge reachessystems (non-MCS) using the criterion set by BR.
To be classified as an MCS, a cloud must have a either the Ts2 contour or another grown core (i.e.,

Te<Ts2 ). This process of detecting new cores andcore with the cloud top temperature less than

219 K and an area greater than 5×104 km2. The spreading all new and already existing grown
cores is repeated until the desired maximum tem-core must be surrounded by anvils with cloud top

temperature less than 240 K, and the area of the perature is reached or all remaining pixels are

either clear sky or already labeled. Upon comple-core plus anvils must exceed 105 km2. The deep
cloud systems that do not belong to MCS are tion, DAS produces cloud size distribution, aver-

age cloud area within each size bin, and the scaleclassified as non-MCS.

dependence of a number of cloud physical and
radiative properties.

For model data, since the effective brightness3. Analysis method
temperature is not available, a geometric temper-
ature field (Tg ) is used to quantify our intuitiveTo evaluate the model’s ability to reproduce

satellite observed cloud spatial characteristics, we notion that cloudy regions that are similar in

cloud top temperature but are connected only byextended the Detect-And-Spread (DAS) algorithm
of BR to accommodate the issues particular to a narrow pathway of cloudy pixels should be

segmented into separate clouds. To generate Tg ,our low (0.5° in both latitude and longitude)

model resolution. BR used GMS satellite observa- the following algorithm is used. First, fractional
cloud cover has to be converted to one possibletions registered at approximately 0.05° resolution.

Furthermore, the original DAS operated on the realization of the underlying cloud field, assuring

that the total cloud cover is preserved. This iseffective brightness temperature field Te , which is
not available from our model. The primary reason accomplished by assigning complete cloud cover

to every grid cell for which a random numberfor using Te in the original cloud segmentation,
besides its diurnal availability, was the fact that generator generates a uniformly distributed

number between zero and one that is less thanTe increases as a cloud’s optical depth decreases

towards its perimeter. This characteristic was used the fractional cloud cover of that cell. This results
in a binary cloud map. The binary cloud map isto break apparently attached clouds apart.
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then converted to an Euclidian distance map
(Russ, 1992) in which the values represent the
distance of each non-zero grid cell to the nearest

cloud edge; i.e., a cloud cell which has an adjacent
cell (8-connected adjacency) with a zero. The
distance is measured in terms of the minimum

number of east–west plus north–south steps
required to reach a cloud edge cell. Given that the
model resolution is 0.5° in latitude and longitude,

a distance of one corresponds to about 55 km
around the equator.

The Euclidian distance map D and the cloud

top temperature Tc are used as follows to compute
Tg for each grid cell:

Tg=GTc D>3

Tc+
(3−D)

2
(285−Tc) D∏3,

Fig. 1. Scatter plot of simulated versus observed totalwhich means that Tg approaches the clear sky
cloud cover averaged over the 30-day simulation period.

brightness temperature (considered to be 285 K)
The satellite observations are collocated with the model

at the cloud edge. This simple technique proves grid points.
very effective for the intended cloud segmentation
purpose. DAS then is applied to Tg in a similar ciency of certain cloud types and scales becomes
manner to BR. The distance limit of D=3 from apparent.
the cloud edge to modify Tg is admittedly arbitrary. Fig. 2 compares the cumulative distribution of
However, sensitivity tests with different values of the fractional cloud cover between the satellite
D suggest that the results of the cloud size distribu- observations and the model simulation for the
tion are not sensitive to it (use of larger D gives three broadly grouped cloud types as defined in
slightly more smaller clouds). Section 2. The shaded areas represent the un-

certainty scale due to the model resolution. The
area contribution from the relatively smaller

(<105 km2 ) deep convective cloud systems in the4. Results
model is significantly less than observed. On the
other hand, the total contribution to the cloud4.1. T ime-mean cloud statistics

4.1.1. Cloud distribution. Fig. 1 shows the scatter cover by the deep clouds of all sizes in the model
is only slightly less than observed (23% versusplot of the monthly mean cloud cover between

satellite observations and the model simulation. 26%), suggesting that the modeled deep convective

cloud systems are biased toward large cloud sizes.The cloud cover from satellite observations are
obtained by dividing the area of cloudy pixels This may be partially due to the coarse vertical

resolution of the model. For instance, the model(Te<285 K) by the total area of each 0.5°×0.5°
grid cell collocated with the model grid cell. In would not be able to detect the cloud top variation

within the thickness of a model layer, but thegeneral, there is a good agreement between the
observed and simulated cloud cover. The slope of satellite would. Therefore, a few small clouds

connected by shallow valleys may have been rep-1.05 with a correlation coefficient of 0.89 suggests
that the model simulation of the total cloud cover resented as one big cloud in the model. However,

it is unlikely that the model resolution is respon-is about 5% lower relatively and the model
explains about 80% of the cloud cover variation. sible for the majority of the difference in the area

contribution as functions of cloud size. Within theHowever, as we will see below, when the total

simulated cloud cover is broken down into differ- deep convective cloud systems, the cumulative
contribution from MCSs to the fractional cloudent cloud types and scales, the simulation defi-
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Fig. 2. Cumulative contribution from different cloud types to the total cloud cover as functions of the cloud area.
The monthly mean total cloud cover is 42% from the satellite and 40% from the model.

area as a function of the cloud area is very well the observations. The cumulative contribution of
the low-level clouds is also well simulated in thesimulated compared to the observations. The

cloud cover from MCSs accounts for slightly less model. Most of the differences between the simu-
lated and observed contributions are from thethan half of the total cloud cover from all deep

cloud systems. gridpoint scale clouds where large uncertainty

exists. Due to the relatively small fractional cloudThe simulation of the cumulative area contribu-
tion from the mid-level clouds is qualitatively cover from this cloud type, the bias is not as

significant as for the other two cloud types. Notesimilar to that of the deep clouds, that is, the
contribution from the smaller cloud systems is that the contributions to the total fractional cloud

cover from deep, mid-level, and low clouds in theunder-simulated, with a bias toward larger cloud

sizes. The total contribution from this cloud type model are 23%, 14% and 3%, respectively,
yielding a total modeled fractional cloud cover ofof all sizes in the model is in good agreement with
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40%. These numbers compare well with the cloud types, although large clouds account for a
significant portion of the cloud cover. For instance,observed values of 26%, 13% and 3%, respect-

ively, for a total fractional cloud cover of 42%. there are only a few MCSs per scene, but they

account for almost half of the total deep cloudThe number distribution of clouds as a function
of cloud area for different cloud types is shown in cover.
Fig. 3. Consistent with the cloud cover, the model

significantly under-simulates the number of clouds 4.1.2. Dependence on cloud type and scale. Cloud
physical and radiative properties strongly dependwith area less than 105 km2 for deep convective

systems and 3×104 km2 for mid-level clouds. For on the cloud types. Using satellite infrared and

microwave data in the western Pacific, Liu et al.larger cloud systems, the model performs much
better. In general, clouds of relatively small sizes (1995) showed that precipitation and cloud liquid

water path vary widely from one cloud type todominate the cloud number population for all

Fig. 3. Number distribution of different types of clouds as functions of their area. The dashed line is based on the
satellite results of Boer and Ramanathan (1997).
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another. Similar results are obtained in our model. type and area is not as direct. However, note
that cloud systems affect the large-scale circula-Fig. 4 shows the cloud liquid water path and 6-h

cumulative rainfall as functions of the cloud area tion, which in turn affects the surface air–sea

fluxes. The cloud liquid water path in deep andand type from the model. Also shown are the
surface sensible and latent heat fluxes underneath mid-level convective cloud systems increases

with the cloud size for small clouds, then levelsthe cloud systems. While the association of precip-

itation and cloud liquid water path with cloud off and even decreases as cloud scale further
increases. On the other hand, within the low-systems is intuitively obvious, the dependence of

surface sensible and latent heat fluxes on cloud level clouds, the cloud liquid water path

Fig. 4. Liquid water path, 6-h cumulative rainfall, surface latent and sensible heat fluxes as functions of the cloud
area based on the model simulation.

Tellus 51A (1999), 5



       929

increases with cloud area over the entire cloud mid-troposphere and that relative humidity
increases with the cloud area in the upper tropo-size spectrum. The kinks are noises due to size

binning and the fact that there are only very few sphere. For small convective cloud systems, say

10 to 100×103 km2, the relative humiditylarge low level clouds. The cloud liquid water
path is the largest for low-level clouds, and increases with the cloud size, particularly in the

upper troposphere.smallest for deep clouds, similar to the observa-

tions of Liu et al. (1995). The 6-h cumulative Observational studies using satellite data (Rind
et al., 1991; Sun and Lindzen, 1993; Soden andrainfall for low clouds increases with cloud area.

But for mid-level and deep clouds it increases Fu, 1995) indicate that the upper tropospheric

humidity in the tropics is closely associated withfor small cloud size and then either levels off or
decreases as the cloud scale further increases. At convection and clouds. Convective regions are

moister than the suppressed regions. The modela given cloud scale, rainfall is heaviest in deep

clouds and lightest in low clouds. behaves in similar fashion. Fig. 6 shows the vertical
profiles of cloud fraction, relative humidity andThe dependence of the surface latent and sen-

sible heat fluxes on cloud type and area is inter- deviation of the specific humidity from the domain

mean, stratified according to the vertical velocityesting. The latent heat flux under deep and mid-
level clouds is relatively low and remains constant at 600 hPa, which approximately measures the

low-level mass convergence. A gridpoint is con-or decreases with cloud area. Under low clouds it

is significantly higher, and remains roughly con- sidered having upward motion if the vertical
p-velocity v<−0.15 Pa/s, a descending region isstant for smaller clouds, but increases considerably

with cloud area for cloud areas >105 km2. Similar defined with v>0.01 Pa/s, and the transition
region has the vertical velocity in between. Thefeatures are seen for sensible heat flux. One poss-

ible reason is that low clouds often occur in the vertical velocity values used here are arbitrary,

only for the purpose of qualitatively separatingsubtropical areas where surface winds are rela-
tively strong compared to the equatorial convect- the upward motion region from the downward

motion region within the model domain. Theive regions. Another reason may be that large-

scale convective regime tends to have weak surface fractional cloud cover is the largest in ascending
regions and smallest in subsidence region, withwinds and fluxes (Zhang et al., 1995).

To examine how the vertical motion and relative that in transition region falling in between. There

are abundant low-level clouds as well as highhumidity in cloudy region depend on the scale of
the convective systems, Fig. 5 shows the vertical clouds in the subsidence region. The low-level

clouds may be from shallow convection undervelocity and relative humidity distribution as func-

tions of the cloud area for MCS and non-MCS. convectively suppressed conditions whereas the
high-level clouds may be the extended anvils fromThe upward motion in MCSs has a broad max-

imum in the mid-troposphere from about 600 hPa the adjacent convective regions that can be an

important source of water vapor in the subsidenceto 300 hPa. In terms of scale dependence, max-
imum upward motion occurs inside MCSs of size region (Sun and Lindzen, 1993). The largest

difference in relative humidity between differentclose to 1000×103 km2. In other words, giant

supercluster type of MCSs do not necessarily have vertical velocity regimes is above the 800 hPa
level. The atmosphere is moister in ascendingthe strongest upward motion inside them. The

relative humidity has a minimum in the mid- regions than in the subsidence and transition

regions. Despite the considerable difference introposphere, and changes little with cloud area in
both the middle and lower troposphere. In the cloud cover between the subsidence regions and

the transition regions, particularly in the middleupper troposphere, relative humidity reaches a

maximum above 200 hPa in MCSs, and it troposphere, the relative humidity difference is
small, consistent with the suggestion by Sun andincreases with the cloud size. The intensity of

upward motion inside non-MCSs is weaker than Lindzen (1993) that the high clouds may serve as
important moisture sources for the atmosphereMCSs. The maximum occurs for cloud areas

between 100 and 1000×103 km2. The relative below. In terms of specific humidity, the profiles

of its deviation from the domain average showhumidity distribution for large non-MCSs is sim-
ilar to MCSs in that there is a minimum in the that the upward motion region is moister than
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Fig. 5. Dependence of vertical velocity and relative humidity on cloud area for MCS and non-MCS deep convective
cloud systems as simulated by the model.

the domain average while the subsidence region 4.2. Diurnal variation
is drier. The transition region is about the same

There is a significant diurnal variation of con-as the domain average except in the lower tropo-
vective activity in the western Pacific warm poolsphere below 800 hPa where the transition region

is drier. (Fu et al., 1990; Mapes and Houze, 1993; Chen
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before dawn and decreases throughout the day,
while modestly cold cloud areas reach a maximum
in the afternoon.

Fig. 7 demonstrates the diurnal variation of the
cloud population and area for all deep clouds as
well as MCSs from the model and observations

of BR. Here the number and area are normalized
by the maximum of each cloud type within the
24-h period to emphasize the diurnal variation.

Note that the model output is four times a day
whereas the satellite observations are available
hourly. The total number of deep convective sys-

tems shows a slight maximum at noon in the
model while the observations show a maximum
before dawn and a secondary maximum in the

afternoon. Noting that the cloud number is domin-
ated by small clouds and that the model under-
simulates small clouds, it is not surprising that the

model does not simulate well the diurnal variation
of the total cloud number for deep convective

clouds. For MCSs the observed pre-dawn max-
imum in cloud number is reasonably well repro-
duced by the model, although the amplitude of

the diurnal variation is less than observed. The
modeled total area for all deep clouds exhibits a
maximum in the early morning, in agreement with

the satellite observations. Same as for the total
number population, the late afternoon secondary
maximum in cloud area is missing in the model.

The area of the modeled MCSs has a primary
maximum in the early morning and a weak sec-
ondary maximum in late afternoon, in qualitative

agreement with the satellite observations. This
suggests that the missing afternoon peak in cloud
area is mostly from non-MCS type of deep con-

vective clouds. To see if the coldest cloud systems
in the model exhibit a single peak in the early

Fig. 6. Vertical profiles of vertical velocity, relative morning, as observed by Mapes and Houze (1993),
humidity and specific humidity (deviation from the

we isolated these cloud systems from the MCSs
domain mean) in upward motion, downward motion

in the model. From Fig. 7, it is clear that the areasand transition regimes, stratified according to vertical
of the very cold cores of the MCSs (areas withvelocity at 600 hPa.
cloud top temperature <219 K) reach a maximum
in the early morning and decrease as the day
progresses, in agreement with Mapes and Houzeand Houze, 1997; Sui et al., 1997). As a result, the

cloud area also undergoes a similar diurnal vari- (1993).
The diurnal variation of the population andation. Fu et al. (1990) showed that there is a

maximum in deep convective cloud cover in the area for the mid-level and low clouds is shown in
Fig. 8. The observed mid-level cloud populationearly morning and a maximum in mesoscale anvil

cloud cover in the late afternoon. Mapes and shows two maxima, one in the early morning and

one in the afternoon, similar to the deep cloudHouze (1993) found that the coldest cloud areas
in organized cloud clusters reach a maximum population. The observed low cloud population
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Fig. 7. Diurnal variation of number and area of deep clouds normalized by the maximum number of these clouds
across the 24-h bins.

shows a single peak in the early morning and then in the atmospheric thermodynamic state. Fig. 9
shows the domain averaged deviation of temper-decreases throughout the day. The diurnal vari-

ation of cloud number for both these two cloud ature and specific humidity from the daily mean

for both the model and the ECMWF reanalysis.types is poorly simulated in the model, which
shows a minimum during the day and a maximum The diurnal variation of temperature from

ECMWF shows that the troposphere is colder atat midnight. The diurnal variation of the normal-

ized cloud area for both the mid-level and low night and warmer during the day. The same
diurnal variation of temperature was documentedclouds from the observations shows a primary

maximum in the early morning and a secondary by Sui et al. (1997) during TOGA COARE. The

model simulates this diurnal cycle very well. Themaximum in the early evening. A broad minimum
is observed during the day. This minimum is diurnal variation of the specific humidity shows

that the atmosphere is significantly moister atqualitatively simulated in the model. However, at
midnight the model shows a maximum instead of midnight and drier in the early morning and

evening. At local noon, the lower troposphere isthe observed minimum.

Associated with the diurnal variation in convec- slightly moister except near the surface where the
air is drier. This diurnal variation is poorly simu-tion and clouds, there is also a diurnal variation
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Fig. 8. Same as Fig. 7, but for mid-level and low clouds.

lated in the model. For instance, the model atmo- clouds to the total cloud cover is in good agreement
with satellite observations. However, both thesphere at midnight is drier instead of moister

compared to the other times of the day. The number population and area of the relatively smaller
clouds are under-simulated compared to the obser-opposite is true at 6 a.m. local time. Also, near the

surface the reanalysis shows the largest diurnal vations. On the other hand, the simulated numbers

and cloud cover of large convective systems, invariation whereas the model diurnal variation is
insignificant. The poor simulation of the moisture particular MCSs, as functions of the cloud scale are

in very good agreement with the satellite observa-field reflects the difficulty in simulating the mois-

ture field in numerical models. tions. The statistical properties of the simulated low
clouds are also in good agreement with the observa-
tions. It is also shown that the model cloud liquid

water path, which is important for cloud radiative5. Summary and discussions
effects, precipitation and surface air–sea fluxes vary

considerably with cloud type as well as cloud scale.The cloud classification algorithm by Boer and
Ramanathan (1997) is applied to the cloud fields These results are directly relevant to the effects of

cloud systems on the surface energy budget andfrom a regional model in the tropical central and

western Pacific region. It is shown that the area hydrological cycle.
We also examined the diurnal cycle of convec-contribution from different types of the model
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Fig. 9. Deviation of temperature and specific humidity from the daily mean averaged over the model domain for
model output and ECMWF reanalysis.

tion and clouds, and the associated atmospheric compared to the satellite observations. The prim-
ary maximum of cloud area in the early morningthermodynamic states. It is shown that the diurnal

variation of the number and area of the mesoscale for deep clouds as a whole is also reasonably well
simulated. However, the model fails to reproduceconvective systems is reasonably well simulated
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the diurnal variation of the number of deep clouds. gence. Another area in association with the con-
The diurnal variation of temperature in the model vection and stratiform cloud interaction is the
compares well with the ECMWF reanalysis. The treatment of anvils. Anvils are treated as stratiform
atmosphere is warmer during the day and colder clouds, including their microphysical processes
at night. On the other hand, the diurnal variation and the relative humidity threshold for cloud
of the moisture field is poorly simulated in the formation. In regions of relatively small convective
model. In the mid- and lower troposphere, the cloud systems, relative humidity is low (Fig. 5),
ECMWF reanalysis shows a moister atmosphere resulting in under-prediction of the anvil cloud
at midnight and a drier atmosphere in the morn- cover. Lowering the relative humidity threshold
ing, whereas the model atmosphere is drier at for cloud formation can effectively increase the
midnight and moister in the morning. Near the anvil cloud cover (Sigg, 1995). However, this
surface the observed diurnal cycle in the moisture would create too much cloud cover for large cloud
field is almost completely missing in the model. systems. Apparently choosing a right relative

The most significant deficiency in the model humidity threshold is a complex issue. Another
simulated cloud statistics is that cloud population factor may be the treatment of hydrometeor
and area contribution to the total cloud cover at re-evaporation in the model. Evaporation of
the lower end of the cloud size spectrum are under hydrometeor is an important source of water
represented for both deep and mid-level convective vapor in the atmosphere, therefore directly affects
cloud systems. The unsatisfactory simulation of the formation and maintenance of the cloud sys-
the diurnal cycle of some cloud types may also be tems. Evaporation of precipitating water and
related to it. How is this deficiency related to cloud water/ice increases the environmental
cloud parameterization, and how can it be humidity, which increases both the convective and
improved? While this is beyond the scope of this

stratiform cloud cover. From Fig. 5, the relative
paper, here we offer some discussions on some

humidity for small cloud systems is significantly
possible approaches one can take. Note that large

less than for large cloud systems. Correspondingly,
convective cloud systems, particularly MCSs are

cloud cover is also small. Allowing for enhanced
well simulated in both number and area distribu-

evaporation at low relative humidity probably will
tion with respect to cloud size. It is the simulation

help alleviate the problem of under-simulating
of the relatively smaller clouds (<105 km2 in area)

small clouds by the model.
that is more problematic. One possible area to

This study is the first attempt to use a
look for improvement is the interaction between

Lagrangian cloud classification algorithm to valid-
convection and the stratiform/anvil clouds in the

ate the simulation of the cloud fields by a high-
model. The cloud parameterization scheme of

resolution regional model. More research isSundqvist et al. (1989) makes use of a modified
needed to estimate the sensitivity of the cloudKuo (1974) scheme to parameterize convection. It
statistics to various assumptions in the algorithmallows anvils to develop from convection if the
and the limitations of the model. For instance, acloud top temperature is <253 K. Convection
geometric temperature field Tg is used as input tooccurs when both the low-level moisture conver-
the cloud classification algorithm in the currentgence and static stability criteria are met. The low-
study. Alternatively, an effective brightness tem-level convergence is closely connected to the rep-
perature field can be obtained using outgoingresentation of the dynamic processes in the model,
long-wave radiation using some empirical rela-which are affected by such factors as horizontal
tionships. However, the outgoing long-waveresolution and numerical damping. The damping
radiation field in the current version of the modelused in the model is such that almost all of the
may not be accurate enough for this purpose2-grid waves and a significant part of the 4-grid
because of the crude radiation parameterization.waves are filtered out, making it unfavorable for
One possible extension of the current study islow level convergence, thus convection and clouds
to use a more comprehensive radiation parameter-on such scales. Use of a stability dependent con-
ization. This together with the aforementionedvective parameterization scheme such as Zhang
convection/anvil interaction will be the subject ofand McFarlane (1995) may alleviate the problem

since it is not constrained by the low level conver- future study.
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