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ABSTRACT

Convective cloudiness generated by a cumulus parameterization scheme of a large-scale numerical weather
prediction model was compared with analyses of clouds observed by geosynchronous satellites. The comparisons
were performed over an equatorial Pacific Ocean region and the Amazon basin region for the period January-
February 1979. Fractional coverage of predefined areas by clouds with tops in several altitude-temperature
categonres was averaged in each area for the entire period of record and also for individual times of the day.
The overall mean provided a basis for comparison of the general spatial distributions of observed and model-
produced cloud, while hourly departures from the overall mean allowed a comparison of the diurnal variations.

Geosynchronous satellite cloud analysis serves as a useful reference for assessing the performance of a moist
convective parameterization scheme. In this case. it was found that the subject convective scheme produces an
accurate relative horizontal distribution of convective cloudiness, but produces too large a proportion of deep
convection compared to overall convection. This was believed to be due to a lack of an entrainment mechanism
in the scheme. The diurnal variation of model-produced convection was 9-12 h out of phase and somewhat
smaller in magnitude than the observed variation over the ocean region. Good agreement was noted between
the diurnal characteristics of observed cloud and model-produced convection over the land region.

1. Introduction a single "'snapshot" of the model atmosphere and not

Cumulus parameterization schemes in large-scale the statistical analysis of a series of model integrations.
models are difficult to verify. Such schemes produce On the other hand, the fact that the semiprognostic
heating and moistening profiles that modify the large- approach does not march in time is seen as an advan-

scale environment. Since direct measurements of cu- tage because it is free from model error sources other

mulus heating and moistening are not available, re- than those of the cumulus parameterization. Still, such

searchers such as Yanai et al. (1973), Miller and Vin- studies rely on datasets taken from experimental field
cent (1987). and others have deduced heating and programs limited to a few regions of the globe and

moistening profiles from conventional observations, times of the year.
i of heating Convective cloudiness as observed by geostationaryThese studies have involved the computation saeliefofrsadaasoreaerltoniuosintm

sources and moisture sinks as a residual from the classic satellites offers a data source nearly continuous in time

heat and moisture budget equations. These estimates and space that may be exploited to evaluate a cumulus

are only as good as the estimate of the magnitudes of parameterization scheme's performance for an ensem-

the other terms (such as boundary-layer fluxes and net ble of forecasts. In particular, infrared satellite cloud-
radiation), which are based on either uncertain obser- top brightness temperatures can be used to determinevations or another model. the approximate altitude or pressure level of the cloudStudies such as those by Lord (1982) and Grell et top assuming a knowledge of the vertical temperature

al. (1988) have used "observed" heating profiles de- structure. Infrared cloud imagery can thus be used to
duced from experimental datasets to verify semiprog- estimate fractional cloud coverage over an area as a
nostic tests of their cumulus heating parameterizations. function of cloud-top altitude or temperature.
Besides the aforementioned uncertainty of the reference Similarly, cloudiness produced by a cumulus pa-
heatiag profile, such studies are hampered by the in- rameterization can be diagnosed over an ensemble of
ability to examine the realism of the scheme's perfor- forecasts corresponding to the time and space sample
mance in a model integration exercise. Infrequent analyzed from satellite data. Then a direct comparison

conventional observations permit only a diagnosis of can be made of fractional cumulus coverage between
like ensembles of observed and model-produced cu-
mulus. Comparison for hourly departures from the

Corresponding author address: Donald C. Norquist. Department daily mean for both observed and model-produced cu-
of the Air Force. PL/GPAP. Hanscom Air Force Base, MA 0173 l- mulus allows an assessment of the model's diurnal cy-
5000. cle. The purpose of this paper is to show how the per-



MAY 1992 NORQUIST AND YANG 771

formance of a cumulus parameterization scheme cloud observations made in the Amazon basin. It is
within a large-scale model may be evaluated against also true that cirrus anvils often accompany deep con-
satellite-observed cloudiness. vection. The spatial coverage of the cloud top, including

Albright et al. (1985) reduced GOES-West infrared the anvil, represents a greater area as viewed by the
satellite data over a limited region of the equatorial satellite than the area covered by cumuliform cloud
Pacific Ocean to produce estimates of fractional cloud simulated by the model. Thus, in areas of observed
cover within 1.5' lat-long squares. This was done for deep convection, it may be expected that the satellite
cloud tops within certain temperature ranges for the would report a greater coverage of cloud than would
period 13 January-5 February 1979. They computed be simulated by the model. Furthermore, Leary and
the overall time period average of fractional cloudiness Houze (1980) observed that anvils can outlast the cu-
in each square for each range of cloud-top temperatures mulus that produce them: therefore, it is possible that
(tops cooler than - 18'. -36'. and -55°C). These av- time lags can exist between peak cumulus activity and
erages were based on data available at 3-h intervals, satellite-observed cloudiness.
They then computed the same averages at each 3-h Cumulus is the dominant cloud type in convectively
UTC time and subtracted the overall average from each active regions of the tropics. especially in the middle
3-h average to compute the departures from the daily and high (or colder than -36' and -55°C) categories.
mean at each 3-h UTC time. Nevertheless, since the presence of other cloud types

Minnis and Harrison (1983) performed a similar is an undeniable reality in cloud observations by sat-
study using GOES-East data over a limited region that ellites. it is difficult to sort out just the cumulus. The
included the Amazon basin. They generated total, assumption that total cloudiness increases with con-
low-, middle-, and high-cloud fractional coverages vective cloudiness is made (especially for middle and
within 250 X 250-km 2 squares for the period 30 Jan- high cloud) so that a relative comparison with model-
uarv- 15 February 1979. Cloud-top height categories generated cumulus is possible. That is. spatial and
were defined as: low clouds-altitudes less than 2 kin: temporal distributions of cloudiness can be qualita-
middle clouds-altitudes between 2 and 6 km; and tively compared only within the vertical range cate-
high clouds-altitudes greater than 6 km. The 24-h gories, assuming that cumuliform cloud is the domi-
average clear-sky infrared surface temperature and a nant observed cloud type. A quantitative comparison
6.5 K km-' lapse rate were used to assign cloud-top of the amount of cloudiness is outside the scope of this
temperatures to the proper altitude category. Minnis study.
and Harrison (1983) computed local time hourly av- The nature of the parameterization problem brings
erages for each square. They then identified the local yet another complication to the comparison of model-
hour with the maximum and minimum cloudiness for produced cumulus with observations in the case of bulk
each square. The difference between the maximum and (single cloud type) schemes. Because the parameter-
minimum fractional cloudiness they termed the diurnal ization scheme simulates the effect of cumulus con-
range. vection on the large-scale environment, the scheme

A krnowledge of the fractional coverage by actual produces a uniform cumulus representation at a grid
cloud tops indicative of shallow, moderate, and deep point per model time step. By contrast, the cloud coy-
convection provides information useful in determining erage in the infrared satellite data can vary by cloud-
the veracity of model performance. A cumulus param- top temperature within analysis grid square. Several
eterization scheme should replicate the time-averaged individual cloud elements, each with its own distinct
observed vertical extent of cloudiness. The scheme may cloud-top temperature. may exist simultaneously in the
consistently produce deep convection where only shal- grid square. Thus, even at a given time, the observation
low or moderate convection is typically observed to may have a range of cumulus depths within a grid
exist. In this case. we would conclude that the scheme square. The bulk model can only produce such a range
has a systematic error. The simulation of latent heat over one or more numerical forecasts. Therefore, one
release at upper levels where in fact no convection oc- must have a time sample of model integrations and
curs has important implications on the large-scale satellite observations for a valid comparison of average
forecasts produced by the model. Such a discrepancy cloud cover as a function of cloud altitude at a grid
in the temporal distribution would also be important point.
in daily forecasts of cloudiness. By comparing the diur- Finally, the mutual dependence between the con-
nal pattern of observed and model-produced convective vective scheme and the rest of the large-scale model is
cloudiness, one can determine the realism of the mod- noted. Feedbacks occur between the various model
el's simulation of the diurnal cycle of convection. components such that a given convective scheme may

It is recognized that not all of the cloudiness observed perform quite differently in a different large-scale
by infrared satellite sensors is convective. There is sure model. Thus, the approach of this study can only be
to be cloudiness data analyzed in these studies that are used to validate the cumulus scheme within the context
not of cumuliform. This is particularly true of low- of the parent model.
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In this paper, the convective cloudiness generated vective spinup deficiency in the initial hours of each
by a cumulus parameterization scheme of a large-scale forecast run, only forecasts for hours 25-120 of each
model is compared with the analysis of cloud obser- period were included in the overall forecast sample.
vations performed by Albright et al. (1985) and Minnis For the grid points lying within the regions of interest,
and Harrison (1983). The following section describes the precipitation rate, cloud-top temperature, and (for
the forecast data and how they were processed to fa- the Amazon basin region) lowest model-layer temper-
cilitate these comparisons. Section 3 discusses results ature were extracted. Cloud-top temperature was de-
of the comparisons, and section 4 summarizes the con- termined by a linear interpolation in the natural log-
clusions. arithm of pressure to the pressure level where the moist

adiabat temperature equals the environmental tem-
2. Data and methods perature (level of zero buoyancy in a nonentraining

cloud).
An early version of the Phillips Laboratory (PL) Another quantity that was calculated within the

global spectral model (GSM) has been described and convective parameterization scheme is the fractional
used in data assimilation experiments by Louis et al. coverage of the grid box by convective cloud (Kuo
(1989). The 30-wave rhomboidal truncation requires 1974). This fraction accounts only for the cumulus
a transform grid of 76 Gaussian latitude points and 96 cylinder, not for any horizontal spreading of the cu-
regularly spaced longitude points for a computation of mulus as it develops vertically, nor for the cirrus out-
the nonlinear processes within the model. Thus, each flow. For this reason. an empirical relationship between
grid box represents an area of approximately 2.350 lat- observed tropical convective cloudiness and model-
itude and 3.75' longitude, produced precipitation was sought that would yield a

The current version of PL GSM differs from the ear- realistic depiction of convective cloudiness from the
lier version in two major respects. First, the vertical model's convective rainfall rates. Several studies, in-
resolution has been increased from 12 to 18 sigma cluding Albright et al. (1985) and Arkin and Meisner
(pressure/surface pressure) layers. The sigma layer in- (1987), have cited such empirical relationships based
terfaces are at 0.000. 0.050, 0.100, 0.150, 0.200, 0.250. on observations of precipitation rates and satellite
0.300. 0.350. 0.400, 0.450. 0.546. 0.642. 0.735, 0.820. brightness temperatures. Slingo ( 1987) cites an empir-
0.893, 0.948, 0.973, 0.990, and 1.000. This vertical ical relationship derived from a comparison of model
structure is the same as that of the National Meteo- precipitation rates and frequency distributions of trop-
rological Center (NMC) Medium-Range Forecast ical convective cloudiness. Slingo states that the scheme
(MRF) Model (Kanamitsu 1989). The second major has been used successfully to diagnose convective cloud
modificaiion has been the replacement and addition amounts with two different convective parameteriza-
of the physics model. Mahrt et al. (1987) developed a tions (including Kuo) in the context of a large-scale
planetary boundary-layer parameterization that is ap- model. Because of the need to relate model-produced
plied over both land and ocean surfaces. Liou et al. precipitation to satellite-observed convective cloudiness
( 1984) designed a scheme that calculates both infrared in the tropics, Slingo's (1987) formula was used to
and solar radiation transfers in both clear and cloudy compute fractional coverage of a grid square by con-
atmospheres. Krishnamurti et al. (1976) proposed a vective cloud C, from model precipitation rate P in
closure for the Kuo (1974) cumulus parameterization millimeters per day. That formula is C, = a + b lnP.
scheme that allows the computation of the moisture in which the empirical constants a = 0.24733 and b
partitioning parameter. Also, evaporation of falling = 0.12580 were derived from Table I of Slingo (1987)
precipitation within the cloudy portion of the grid box. (which gives discrete values of C, and corresponding
a new computation of the lifting condensation level P). The value of C, was constrained to a value not to
and moist adiabat. and a center-difference (in time) exceed 0.8. Slingo's areal reduction factor for deep
moisture convergence computation were added (Nor- convection (only 25% of the predicted amount allowed
quist and Yang 1990). All three parameterization to occupy the full depth) was not used for two reasons.
packages were used in the PL GSM. First, Slingo states that it is an assumption (not nec-

The PL GSM was initialized using the reanalyzed essarily based on quantitative empirical evidence) made
FGGE Ill analyses for 1200 UTC on the following to represent the relatively small fraction of the sky oc-
dates: 12. 16, 20, 24, 28 January and I, 5, 9 February cupied by cumulonimbus compared to lower-level
1979. These dates were chosen to coincide with the convection. Second, all model convection considered
analyses of cloud data from geosynchronous satellites in this study exceeds Slingo's criterion for deep con-
by Albright et al. (1985) and Minnis and Harrison vection (extending above 400 mb). Therefore, the rel-
(1983). The model-generated cumulus in this study was ative cloud amounts would remain the same for all
compared directly with their results. cloud-top temperature categories.

Five-day forecasts were produced from each of the In the equatorial Pacific region, the instantaneous
aforementioned initial dates. To avoid the classic con- precipitation rate was used at the 3 h centered around
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0000, 0300, 0600, 0900. 1200, 1500, 1800, and 2100 period of satellite observations of cloudiness analyzed
UTC to compute a 3-h average value at each of these by Minnis and Harrison (1983).
eight times. The averaging formula gave a weight of
0.25 to the value at the hour before and after the central
time, and a weight of 0.50 to the central time value. 3. Results
The fractional cloud amount C, for each of the eight a. Equatorial Pacific region
UTC times was computed from the averaged precipi-
tation rate. The coldest of the three cloud-top temper- The sample average model-generated cumulus cov-
atures was assigned to represent the cloud's 3-h value. erages for the equatorial Pacific region are shown in
This dictated the cloud-top temperature category Fig. I for each cloud-top temperature category. The
(colder than - 18*, -360, or -55'C) in which to place corresponding satellite-observed averages are repro-
the cloud. If cloud-top temperature was not cold duced here as Fig. 2 from Fig. 5 of Albright et al. (1985).
enough to include the cloud in a particular temperature In both cases, the threshold temperatures of - 18',
category, zero cloud was attributed to that category for -36*. and -55*C delineate the vertical extent of the
that time period. Then the computed fractional cloud cumulus penetration. These temperatures correspond
amounts were averaged by cloud-top temperature cat- approximately to pressure levels of 40, 28, and 20 kPa.
egory for each UTC time and over all eight UTC times respectively. Longitudes in Fig. I are expressed in east
for each model grid box. The six 4-day forecast periods longitude; the right side of each plot corresponds to
resulted in an overall time sample covering the period 127.5'W. The center of both sets of figures lies at
1200 UTC 13 January 1979 to 0900 UTC 6 February 160 0W (200 0E). Figure 1 has a slightly greater extent
1979. This period coincides closely with the period of in longitude than Fig. 2 in order to accommodate
cloud analysis performed by Albright et al. (1985). enough model grid points to cover the longitude do-

In the Amazon basin region, following Minnis and main of 170 0E-130*W in Fig. 2.
Harrison's (1983) example, averages of model frac- The zone of maximum cloudiness in Fig. 2a (values
tional cloud amount were computed for each hour of greater than 30%) marks the location of the South Pa-
local time at each model grid box. The hourly grid-box cific convergence zone (SPCZ). This zone is reflected
cloud amount was derived directly from the hourly in maximum cloudiness values in Figs. 2b and 2c as
precipitation rate. In addition, an overall time average well. The presence of this maximum in all three figures
of fractional cloud amount was computed at each grid indicates that this zone is characterized by some deep
box. This was done for total cloud (that is, the diag- convection; however, the fractional cloudiness is re-
nosed cloud amount without regard to cloud-altitude duced significantly with altitude, indicating that only
category) and for individual altitude categories. The a small portion of the convection penetrates above
reference temperature for a given altitude was deter- -55'C. The axis of the SPCZ as indicated by Fig. 2a
mined from the lowest model-layer temperature and is an arc from 5 0 to 70S at the western edge of the area,
assuming a 6.5°C km-' lapse rate. The cloud-top tem- down to 148 0 W at 170S, the southern edge.
perature was compared with the reference temperature A zone of maximum cloudiness (here, greater than
to place the cloud top in one of the three altitude cat- 25%) is apparent in the model-generated clouds as seen
egories of Minnis and Harrison (1983): low (less than in Fig. Ia. The axis of this zone arcs from 10°S at
2 km), middle (between 2 and 6 km), or high (greater 168.75 0 E to approximately 206 0 E (154*W) at 150S.
than 6 km). Unlike the equatorial Pacific region study The similarity between averages for the - 18 and
where cloud may exist in as many as three altitude -36 0 C categories indicates that virtually all of the
categories, cloud was assigned to the total category and model-generated convection reaching - 180 also pen-
only one of the altitude categories. Thus, value of zero etrates to -36 0 C. In fact, in the western portion of the
cloud is registered in the computation of the average zone of maximum cloud coverage, most of the con-
of the other two altitude categories for that local time. vection that reaches - 18* also ascends to -55 0 C (see

As was done by Minnis and Harrison (1983), the Fig. Ic).
overall time-average fractional cloud amounts in each A zone of secondary maximum cloudiness centered
of the cloud altitude categories were expressed as a per- on 100 N in the eastern half of the region is evident in
centage of the overall time average of total cloud for Figs. Ia and lb. Values of average cloud cover greater
each grid box. Then for each grid box, the local times than 25% are also evident in this zone in both - 18
with the maximum and minimum average cloud frac- and -36 0C categories; however, compared to the
tion f'or each altitude category were identified. The SPCZ, this area has a more distinct reduction of cloud
maximum-minimum difference represents the diurnal coverage between - 18* and -36 0 C. In addition, very
range for each category. Four 5-day model runs gen- few (less than 5% coverage) of the model-produced cu-
erating forecasts covering the period 1300 UTC 29 mulus have tops colder than -55 0 C in this area. Ac-
January- 1200 UTC 14 February 1979 contributed data cording to Albright et al. (1985), this axis of secondary
to the forecast sample. The period coincides with the maxima corresponds to the intertropical convergence
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from 0000 to 2 100 UTC. Corresponding plots for the (Fig. 3c) have given way to the growth of positive de-
-l8 * and - 5 5 C thresholds (not shown) exhibit spa- partures. These positive departures grow in intensity

tial patterns similar to those of the -36'C figures and area until their maxima are reached at local mid-
shown. This was particularly true for the -1I8*C night.
threshold. Maxima and minima of approximately the Looking back at Fig. lb, recall that the secondary
same size and magnitude were evident. In the case of maximum areas of cloudiness corresponding to the
the -55*C plot, departures were present only in the ITCZ were present at 10*N in the eastern half of the
SPCZ and were of somewhat lesser magnitude than region. In tracing the diurnal cycle of this band of
for -36'C. This reflects the relationship between the cloudiness, we find from Fig. 3 that no clear diurnal
period average plots shown in Figs. lb and Ic. Most pattern is evident. There is some suggestion of positive
of the model-produced convection attains all three departures in the vicinity at 1300-1400 (Fig. 3a) and
threshold temperature levels in the SPCZ only. 1600-1700 LST (Fig. 3b) and negative departures at

In Fig. 3. we see the areas of largest departure from 2300 (Fig. 3d) and 1100 LST (Fig. 3h); however, the
the average of convective cloudiness occur in the SPCZ amplitude of these departures is smaller, and the peaks
at local midnight (see Fig. 3e). Three hours later (Fig. are less distinct in time than in the SPCZ area.
3f) these areas are somewhat reduced in area] extent Figure 7 of Albright et al. (1985) has been reproduced
and magnitude and are displaced to the north. In the as Fig. 4 to allow a visual comparison with Fig. 3. The
early morning hours (Fig. 3g) the maxima have in- observed cloudiness in the SPCZ achieves its maximum
creased from 3 h earlier and are still farther to th1e north, values in the afternoon (1300-1700 LST) as is evident
now more coincident with the ITCZ. By 0900-1000 from Figs. 4a and 4b. While some cloudiness maxima
LST (Fig. 3h) the maxima have stabilized their position, are still apparent in the extreme southwestern portion
and only the eastern maximum has retained its value, of the region between 1700 and 2000 1ST, the central

It is at this time that the minima take over in the and eastern portions of the SPCZ experience cloudiness
area of the SPCZ. Large areas of minima as high as minima between 1800 and 0100 LST. The plots of
-9% (more than 25% of the mean) are evident at both diurnal variation of the observed cloudiness for - 18*C
0900 (Fig. 3-h) and 1200 LST (Fig. 3a). The negative in Albright et al. (198 5) show a rather clear maximum
departures diminish in magnitude but are still evident in the ITCZ between 0000 and 0300 1ST and a min-
in the SPCZ at 1500-1600 (Fig. 3b), and by 1800 LST imum between 1100 and 1500 1ST. These areas do
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FIG. 4. Diurnal variation of the percent coverage by satellite-observed cumulus with tops colder than -36°C. expressed as departures
from the average percent coverage (from Albdght et al. 1985).

not appear in Fig. 4 because of the relatively shallow low- and middle-cloud coverage plots. To put this al-
nature of the observed convection in the northeastern titude in perspective, the equivalent standard tropical
portion of the region (compare Figs. 2a and 2b). atmosphere temperature and pressure at 6 km are ap-

proximately - I00 c and 49 kPa (U. S. Standard At-
b. Amazon basin region mosphere Supplements 1966). Thus, nearly all model-

produced convection exceeds midtropospheric levels
Average total cloud cover from the 29 January-14 over continental South America during its season of

February 1979 forecasts for the Amazon basin region greatest convective activity.

are shown in Fig. 5. The largest total cloud coverage Figure 7 depicts the average total cloud cover for the
values are located over the southern Amazon basin, period 30 January- 15 February 1979 as analyzed from
The zone of greatest total cloud cover is located along GOES satellite data by Minnis and Harrison (1983).
an axis oriented from northwest to southeast. A smaller Values as high as 90%-I 00% average cloud cover are
area of maximum cloud cover lies southwest of the in evidence over the central Amazon basin. Cloud coy-
major area. Both of these areas contain values exceed- erage greater than 70% (the red area) covers essentially
ing 50% total cloud coverage, which is considerably all of the Amazon basin and spreads southeastward
greater than the maximum values exceeding 30% coy- into the southern Atlantic Ocean.
erage for the equatorial Pacific region. Maps of outgoing longwave radiation (OLR) pre-

Average high-cloud coverage is shown as a percent- pared by Bess and Smith (!1987) for January and Feb-
age of total cloud coverage for model-generated cu- ruary 1979 show minima of OLR centered over this
mulus in Fig. 6. Almost all of the total cloud coverage same area. They depict satellite-observed average OLR
over the Amazon basin and central South America is of less than 200 W m-2 over the central Amazon basin
due to high (tops higher than 6 kin) cloud. Bkecause and values of less than 230 W m-2 extending over the
virtually afl of the model-generated cumulus penetrates southern Atlantic Ocean. These low values of OLR are
to levels above 6 kmn, it was unnecessary to show the characteristic of radiation emitted from the tops of



"lAY 1992 NORQUIST AND YANG 779

(e) 12 cMT LOCAL TIME (f) 15 cGM LOCAL TIME
3 3 45

ION-IO

-6 .6,N

S.3 o0 •\-3
3 3
o -3 -*1Y •W. .4..

-3 0 -3-33

15S -. 15S -_3 -3

ý70E " 110 .7DI! 16011 150V 14ow 1OE 180 170W 180W 15OW 140W

(g) 18 GMT LOCAL 71ME (h) 21 GMT LOCAL TIME

6 7 8 9 9 10 1' 12

.. N . 1  •- 0 N!5N - I5 N

3 3
-3"-"33

0o 0 o

l s • -3 -3 5 1 S . .

10 L,- 3j._ -3C

170E 180 170W 160W 150W 140W 17GE 180 170W 160W 15OW 140W

FIG. 4. (Continued)

moderate-to-deep cumulus clouds. They have an emit- The diurnal range of observed high cloudiness from
ting temperature lower than warmer surfaces such as the Minnis and Harrison (1983) study is depicted in
low clouds or the earth's surface. Fig. 11. Over the Amazon basin. virtually all of the

Some 30%-40% of the observed total cloud cover area is characterized by 30%-50% maximum-to-min-
over the central and eastern Amazon basin is made up imum ranges. Since observed high cloud made up some
of high cloud, according to Fig. 8. Observed middle- 40% of the total cloud cover (observed to be at least
cloud cover was in the range of 40%-50% of the total 70% coverage over the region), it can be said that the
over almost the entire area of total cloudiness exceeding mean high-cloud coverage was at least 28% (0.4 of the
70%. Only on the southeastern Brazilian coastiine and 70% total coverage). This means that the amplitude of
just offshore does observed high-cloud cover exceed the diurnal variation of cloud cover of the observed
that of middle-cloud cover, high clouds was 50%-90% of the mean. The time of

The diurnal range (difference between maximum maximum total cloud cover for observed clouds in the
and minimum hourly averages) of model-generated western portion of the Amazon basin was 0000-0600
high cloud cover is shown in Fig. 9. In the interior of LST, and for the eastern portion, generally 0800-12C0
the Amazon basin, values exceeding 30% are in the LST. However, according to Minnis and Harrison
majority. Recalling that high cloud made up almost (1983), the time of day for maximum high-cloud cover
all of the total cloud cover de icted in Fig. 5. we can (indicating primarily convective cloud) appears to oc-
see by comparing Fig. 9 with Fig. 5 that the amplitude cur in the late afternoon (1500-1800 LST) over most
of cloud-cover maxima (half the diurnal range) is com- of the Amazon basin (see their Fig. 10).
monly 50%-100% of the mean. Thus, the model-pro-
duced diurnal variation is much greater in amplitude 4. Conclusions
over the Amazon basin than over the equatorial Pacific.
The maximum total cloud cover for model-generated In this pape. we have evaluated the cloud production
cumulus (Fig. 10) occurs in the afternoon hours (1200- of a typical large-scale cumulus parameterization
1700 LST) throughout most of the Amazon basin, scheme operating within a global spectral model. We
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i 1(. . \%erage model-generated percent total cumulus coverage during the period 29 JanuarN-14 Fehruarv 1979 tor model gnd boxes.

Fiws. 6. High-cloud coverage as a percentage of average model-generated total cumulus coverage
during the period 29 JanuarN- 14 Februar'y i979 for model gnd boxes.
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Fin,. 7. Awcrage satellite-observed percent total cloud coverage during the period
30 January-15 February 1979 for 250 x 250-km 2 areas.

FIG. 8. High-cloud coverage as a percentage of average satellite-observed total cloud coverage during the
period 30 January- 15 February 1979 for 250 x 250-km2 areas.
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Fi(;. '.Diurnal range of model-generated high-cloud co~er rduring the period 29 Januat-v-14 Februarv 19"9 for model grid boxes.

Fir;. 10. Local time of maximum model-generated total cloud cover during the period
'9 January- 14 February 1 97() for model grid boxes.
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I R(, 1 .i. Diurnal range o ,,atehte-ohscrx cd higzh-CIOuId 10%C1 I during [ht period
30 January- 15 Fehruars 1979 I) 25]or 2-, ti-kni areas.

compared model-generated cumulus cloud coverage cumulus in the equatorial Pacific to fit that of'Albright
within model grid boxes with analyses of observed et al. (1985). This %sas done b\ mapping the approxi-
cloudiness from geosynchronous satellite infrared data. mate cumulative percentage of cloud achieving in-
The investigation was carried out over a section of the creasingly higher pressure-level thresholds (lower alti-
equatorial Pacific Ocean in January-February 1979 tudes) onto the c'umulative percentage of occurrence
and over the Amazon basin in February 1979. The of heating-partitioning parameter (complement of
goal of this study was to demonstrate that geosynchro- moisture-partitioning parameter) categories in this re-
nous satellite-observed cloudiness is a useful tool in gion. This type of mapping of cumulative frequencies
verifying the spatial and temporal distribution of the of occurrence is analogous to that used by Mitchell
intensity of model-generated cumulus convection, and Hahn (1990) to derive cloud-relative humidity re-

The particular cumulus scheme used in this study is lationships. The result was a relationship between val-
the Kuo (1974) convection parameterization scheme ues of heating-partitioning parameter and correspond-
with the Krishnamurti et al. (l1976) closure in the PL ing pressure-level cumulus-top thresholds. The limiting
(iSM. It o'erdewelops cumulus in vertical extent as cloud-top pressure decreases with increasing heating
compared with satellite observations, This means that, partitioning parameter value. It was found. for exam-
in general, too much of the heating of the large-scale ple. that a heating fraction of 0.9 (90' of moisture
tropical atmosphere occurs in the upper troposphere. supply going to condensation) would limit cloud top
Icaking ,a deficit of heating of the lower troposphere. to a pressure lcel not less than 27 k Pa. Heating fraction
Yang et al. (1990) have documented a similar problem values of 1.0 (occurring about 32', of the time) will
in the NMC MRF model, noting too much tropical ensure convection ascending fully to the level of zero
high cloudiness. They pointed to a lack of entrainment buoyancy without a limiting threshold. Applying the
in its convective scheme as a possible cause. Kuo (1974) entrainment formulation in the manner

We did attempt to address the issue of the excessive of Soong et al. (1985) at these distinct imposed cloud-
vertical extent of the model-generated cumulus in a top limits resulted in a vertical distribution of model-
separate experiment. We derived an empirical rela- generated cumulus as depicted in Fig. 12. The cloud
tionship between the moisture-partitioning parameter coverage is slightly reduced at - 180C. somewhat more
(from Krishnamurti et al. 1976) and the cloud-top reduced at -36°C. and appreciably reduced at -55°C
pressure that would force the vertical distribution of from the corresponding fields depicted in Fig. I. lnclu-
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Fit. 12. A~erage model-generated percent cumulus coverage (using the empirical entrainment
formulation) during the period 13 January-6 February 1979 for model grid boxes by clouds with
tops colder than (a) - 18°C. (b) -36°C. (c) -55 0C.

sion of entrainment in the scheme appears to lend some tionship would probably vary significantly in time and
control to the vertical development of cumulus. How- space. It was carried out in this study merely to help
ever, this type of approach is highly empirical. The explain the cause of vertical overdevelopment of cu-
cloud-top pressure-cumulus-heating parameter rela- mulus in the baseline parameterization scheme.
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The model produced the most intense convection cloud. Still, this allows comparison to be conducted in
generally in the correct locations. We saw good agree- most of the regions where the convection scheme would
ment between the position of the SPCZ and the ITCZ be expected to have its greatest effect on the model
as depicted by observed cloudiness and the zones of atmosphere.
most intense model-generated cloudiness. The position In this study we chose to use the results of other
of greatest total cloud cover as observed by satellite investigators' analyses of satellite data and to compare
covered the same area within the Amazon basin region model-generated cloudiness to them. A disadvantage
as for cloudiness produced by the model. This was fur- of this approach is that the model has to be run for the
ther confirmed by independent analysis of satellite-ob- time and place of the satellite obserxations. Strictl\
served outgoing longwave radiation, with minima (in- speaking. this limits the applicability of the comparison
dicating coldest cloud) located squarely over the Ama- to just that time and region. We expect. however, that
Lon basin. Our conclusion is that the model does a our conclusions may be generally valid over all areas
good job of geographically positioning the areas of most of intensc tropical convection, but cannot prove this
intense moist convection. We reached the same con- without comparisons conducted in other times and re-
clusion in a separate study of the PL GSNI over other gions (tor example. over the East Indies or central All
tropical regions (Norquist and Yang I QQO). rica in June).

Calculating separate averages of observed total A benefit of using pure observations or analyses
cloudiness and model-generated convective cloudiness based solely on observations (such as those used here)
at several times throughout the day allows a qualitative as a reference, rather than a hybrid of a model and
comparison of the diurnal variation of cloudiness. In observations (such as in a standard analysis of large-
the equatorial Pacific region. we computed the depar- scale meteorological fields), is that the results are not
ture of the average for each of the eight UTC times of biased toward any one model. Entirely different con-
the day from the daily mean and compared these with clusions about the eflicacy ofcumulus parameterization
the corresponding observed departures from Albright may be drawn from any two schemes. The geosyn-
et al. (1985). In the Amazon basin region, we followed chronous satellite-observed cloudiness data is a ref-
the procedure of Minnis and Harrison (1983) by com- crence that is not limited in its applicability to a single
puling an average for each hour of the day for the convection scheme or model.
model-produced cumulus cloud coverages. The diurnal The vertical extent of the model-generated convec-
range is defined as the difference between the hourly tive cloud depends on the value of equivalent potential
maximum and minimum values, temperature. which defines the moist adiabat. and on

We conclude from these comparisons of diurnal the environmental temperature profile at the same grid
variation that the model's diurnal pattern is much more location. The equivalent potential temperature in turn
realistic over land than over oceans. Over oceans, the depends on the temperature and water vapor mixing
model seems to be 9-12 h out of phase with the ratio near the surface (the base level for the parcel of
observations in prediction of maximum and minimum air), It is obvious that the vertical penetration of pa-
cloudiness, and the amplitudes seem to be somewhat rameterized cloudiness in such a scheme depends on
smaller. Over land, model-produced maximum cloud- the model temperature and moisture forecasts at each
iness occurs on average just I or 2 h earlier in the af- step. Cumulus parameterization is only one component
terroon than observed. The high-cloud diurnal varia- in determining these forecast values. Other model
tions agree well over land. This more favorable model components such as the hydrodynamics and other
behavior over land may have been expected because physical parameterization packages also play a major
the physical mechanisms for causation of diurnal con- role. For this reason, it is not possible to apply conclu-
vection patterns are much better understood over land sions from this type of study to a similar convective
areas (see the review of this topic in Albright et al. parameterization scheme operating within a different
1985). forecast model. Yet the comparison procedure used in

Unfortunately, the limitations of this study do not this study can be readily repeated for any large-scale
allow a quantitative comparison between model-gen- model. and as such. provides a useful tool in assessing
erated and observed cloudiness. This is primarily be- the validity of such a model.
cause satellites observe al forms of cloud, and from
the infrared sensor estimates of cloud-top temperature, .lcknowlegdmenis. We wish to express our appreci-
only an approximate altitude position can be assigned. ation to Mark Albright and Patrick Minnis for supply-
In this study, on the other hand. the model cloud ing us with the figures from their respective papers.
amount is diagnosed from the precipitation rate using Douglas Hahn provided invaluable help in producing
an empirical relationship based on observed tropical the color graphics of the model-generated cloud fields.
convective cloudiness and model precipitation rates. Audrey Campana and Anna Tortorici performed the
Hence. we can only compare cloudiness qualitatively word processing task. This research was supported by
and only in areas known to be dominated by convective the Air Force Office of Scientific Research.
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