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SUMMARY

General-circulation models {GCMs) have generally treated solely the radiative impacts of vertically varying
cloud fraction by using a cloud-overlap assumption. In this study, the microphysical impacts of vertically varying
cloud fraction are addressed by developing a subgrid-scale precipitation model which resolves the vertical variation
of cioud fraction. This subgrid model subdivides the grid boxes into homogeneous columns which are either clear
or completely cloudy. By comparing the column-averaged microphysical quantities from the subgrid-scale precip-
itation model with the parametrization in the European Centre for Medium-Range Forecasts (ECMWF) model, the
ability of the ECMWEF model to account for the subgrid nature of cloud and precipitation microphysics i assessed.
1t is found that the BCMWF model overestimates the evaporation of precipitation in the tropical mid-troposphere.
‘This results from (a) an incorrect parametrization of the area of the grid box covered by precipitation, and {b) the
inadequacy of assuming a single value for the precipitation rate in the grid box.

In addition to assessing the ability of the ECMWF model to paratnetrize the subgnid nature of cloud micro-
physics, the subgrid precipitation model is used to show that the cloud-overlap assamption has a large impact on
the evaporation of precipifation. In light of the current trend towards more sophisticated cloud and precipitation
parametrizations in GCMs, more attention should be paid to the impact of vertical cloud-fraction variations on the
parametrized microphysics.

Keyworps: Global-circulation model Precipitation  Subgnid-scale variability

1. INTRODUCTION

The representation of clouds 1n atmospheric general-circulation models (GCMs) has
evolved considerably over the last ten years. Almost all global models now include para-
metrizations that describe the budget of the cloud condensate for each of the models’
vertical levels with a prognostic equation {e.g. Sundgvist 1978; Smith 1990; Tiedtke 1993;
Fowler ef al. 1996; Del Genio ef al. 1996). The predicted cloud condensate 1s then used
for radiation calculations, thereby coupling the cloud radiative forcing to the latent-heat
release associated with the condensation and evaporation processes.

Besides parametrizing the density of cloud condensate, many parametrizations also
describe, in some form, the fraction of a GCM grid box covered by clouds (Sundgvist
1978; Smith 1990; Tiedtke 1993). Cloud-fraction parametrizations of this kind represent,
in a simple way, the complex structure of cloud fields both in the horizontal and in the
vertical. Figure 1 is a schematic of a distribution of clouds frequently encountered in
tropical convective situations (e.g. Houze and Betts 1981} where penetrating convective
towers with their associated anvils and outflow cirrus coexist with shallow or medium
convective clouds. One may ask if a cloud parametrization scheme ought to resolve some
of the variability shown in Fig. 1 by representing the vertically varying cloud fraction and
condensate.

Vertical variations in cloud fraction and optical thickness influence the distribution
of the radiative fluxes in the atmosphere. Radiation parametrization schemes account for
this variability by introducing overlap assumptions {e.g. Geleyn and Hollingsworth 1979,
Morcrette and Fouquart 1986) which determine the horizontal position of a ‘cloud’ ateach
model level relative to the clouds at other model levels. Yu er al. (1996) have used these
overlap assumptions to divide model grid boxes into sub-columns when comparing model
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Figure 1. Schematic of a typical clound distribution in the tropics,

clouds to satellite observations. Stubenrauch ez al. (1997) recently proposed an overlap
scheme which creates blocks of cloud spanning several model levels in the vertical, and
then distributes the blocks in the horizontal following certain overlap rules.

The effects of vertical variations of cloud fraction on the parametrization of micro-
physical processes have received less attention than their radiative effects. For instance,
if ice from a cirrus anvil falls into a cloud with supercooled liquid water (as depicted in
the leftmost low cloud in Fig. 1), then the liquid water may be converted to ice through
the Bergeron process (Baker 1997). Whether or not this occurs depends on whether the
anvil ice falls into the lower cloud. Similarly, evaporation of precipitation can only occur
when precipitation falls into clear air. GCMs have shown a large sensitivity to the treat-
ment of the evaporation of precipitation (e.g. Gregory 1995), and it therefore appears to
be desirable to treat the subgrid-scale nature of the evaporation process more carefully. A
few studies have tried to account for such effects by determining a precipitation fraction
(Rotstayn 1997) or by adjusting microphysical parameters, such as autoconversion rates
and accretion rates in cases of vertically varying cloud (Bechtold ef al. 1993).

This exploratory study investigates the microphysical and macrophysical impact of
an explicit treatment of vertical variation of cloud fraction in the ECMWF* 1993 (E93)
cloud scheme (Tiedtke 1993; Jakob 1994). The technique applied is to divide each grid box
horizontally at each level into N smaller ‘sub-boxes’. Each of the sub-boxes is assigned
to be either clear or completely cloudy, depending both on the cloud fraction predicted
for the whole grid box by the cloud parametrization and on the cloud-overlap assumption
used by the radiation parametrization. This yields N vertical columns of sub-boxes with
up to N different vertical distributions of cloud. The microphysics parametrization is then

* European Centre for Medium-Range Weather Forecasts
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calculated separately for each column of sub-boxes. The relevant grid-mean quantities (e.g.
precipitation fluxes, evaporation rates etc.) are computed by averaging over all sub-boxes.
Comparison with the results of the original parametrization provides an indication of the
subgrid-scale effects of cloud microphysics.

Section 2 describes the E93 parametrization and the subgrid-scale precipitation model
is introduced in section 3. Section 4 compares the results from the more complex treatment
with the results from the E93 parametrization, and discusses the main differences. A
summary and discussion of the results is given in section 3.

2. THE 1993 ECMWF CLOUD SCHEMF

The E93 cloud scheme has been described in detail by Tiedtke {1993), and some
later changes have been listed by Jakob (1994). The scheme is based on two prognostic
equations for cloud fraction ¢ and cloud condensate / (the sum of cloud liquid water and
ice), L.e.

da

_"’"":Aa Sa“Dm 1
Y + (1)
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e = Ay b K e Dy 2
o ;S z (2)

where A, and A, represent the advective terms, S, and §; represent the source terms, and D,
and D, represent the dissipation terms for the cloud fraction and condensate, respectively.
Sources for cloud fraction and condensate in the scheme arise from convection, boundary-
layer turbulence in case of stratocumulus clouds, large-scale hifting and diabatic coochng.
The dissipation terms are determined by evaporation processes due to subsiding motion
(including both large-scale subsidence and cumulus-induced subsidence), diabatic heating,
turbulent erosion processes at both cloud top and cloud sides, and by precipitation processes
in the case of condensate.

The parametrization of microphysical processes is as described by Tiedtke (1993) and
Jakob (1994) throughout this study. The generation of precipitation 15 dependent on the
phase of the condensate, which is distinguished between pure ice, mixed-phase water and
pure water by a quadratic function of temperature varying from pure ice below —23°C to
pure water above 0°C. For pure-ice clouds, the mean terminal fall velocity of ice particles is
prescribed as a function of ice content following Heymsfield and Donner {1990). In mixed-
phase and water clouds, Sundqgvist’s (1988) conversion scheme is used. The evaporation
of rain and snow follows the formulation of Kessler (1969) and the melting of snow is
parametrized by allowing a layer to cool to the melting point (0°C) over a time-scale of
five hours. The numerical treatment 1s implicit for the conversion from cloud water and
ice to precipitation (Tiedtke 1993), and explicit for melting and evaporation.

As suggested by Fig. 1, large vertical variations in cloud fraction can exist in nature
over an area the size of a GCM grid box. Before investigating whether the representation
of these effects in the ECMWF model is of importance, 1t 1s necessary to establish if the
model produces significant vertical variations in cloud fraction. Figure 2 shows the zonal-
mean cloud distribution as a function of latitude and model level in the operational model
for 12 utc 1 July 1997. The zonal-mean cloud fraction varies substantially in the vertical.

However, in the zonal mean such a variation could be caused by the occurrence of clouds
at different grid points in the horizontal and does not necessarily imply strong vertical

variations at any given location. However, Fig. 3 shows the cloud-fraction profile for a
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Figure2. Zonal-mean distribution of the cloud fraction in the BCMWE model for 12 urc 1 July 1997 as a function
of latitude and model level (the model-level number decreases with pressure, as indicated in the axis labelling of
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Figure 3. Vertical profile at a single point in the tropics (2°N, 160°E) of the cloud-fraction distribution illustrated
in Fig. 2.
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single randomly chosen point in the tropics, and it is evident that instantaneous local cloud
fields produced by the ECMWF scheme can mdeed have large vertical variations of cloud
fraction. The cloud fields depicted in Figs. 2 and 3 form the basis of the investigations in
the following sections.

3. THE SUBGRID-SCALE PRECIPITATION MODEL

Bulk microphysical parametrizations (e.g. Hsie et al. 1980; Lin et al. 1983; Rut-
ledge and Hobbs 1983) describing the formation and evaporation of different precipitation
species are typically formulated such that they are applicable on small scales in regions
that are either clear or totally cloudy. Their application in large volumes, such as a GCM
grid box that can contain both cloudy and cloud-free areas, is therefore not straightfor-
ward. Several approaches to this problem have been proposed. The simplest approach is
to ignore partial cloudiness and assume the cloud fraction to be 1 whenever condensate
occurs in a grid box (e.g. Fowler ef al. 1996). Schemes that parametrize cloud fraction are
often expressed in terms of the in-cloud water content [, = [ /a in microphysical calcula-
ttons, where [ is the grid-mean liquid-water and ice content and a is the cloud fraction
(Tiedtke 1993). Until very recently (Bechthold er al. 1993; Tiedtke 1993; Rotstayn 1997),
parametrizations have ignored the rather obvious fact that partial cloudiness may give rise
to precipitation covering only a fraction of the area of a grid box. |

In order to assess the effects of partial cloudiness and partial precipitation coverage
systematically, a subgrid-scale precipitation representation has been developed. The basic
idea 1s to subdivide each grid box intc N sub-columns (N = 20 is used for most of this
study) in which the cloud fraction 15 assigned to be either 0 or 1 at each model level.
The microphysical parametrization is then applied to each of the sub-columns and the
relevant grid-mean quantities (e.g. precipitation flux, and melting and evaporation rates) are
calculated by summing up the values over all sub-columns. This is equivalent to adopting an
increased horizontal resolution for the microphysical calculations. A possible distribution
of cloudy and clear-sky sub-columns for the distribution of cloud fraction in Fig. 3 is
shown in Fig. 4. Several assumptions were made in arriving at the distribution of cloudy
and clear-sky sub-columns shown, the details of which are explained below.

Firstly, 1t 1s assumed that when clouds are present they completely fill the grid box in
the vertical; 1.e. the fraction of grid box volume that contains cloud is equal to the fraction
of the horizontal area of a grid box that contains cloud. For the ECMWF model, which
has 31 levels in the vertical with typical resolution of 40 hPa (about 400 to 700 m) in the
troposphere, this may not be too bad an approximation, although many clouds are observed
to have thicknesses less than 500 m {Wang and Rossow 1993).

Secondly, at each level the specification of which sub-columns contain cloud is en-
tirely consistent with the cloud-overlap assumption used for the subgrid-scale flux calcu-
lations in the radiation scheme. The overlap assumption currently used in the radiation
scheme 1s that of maximum-random overlap (Geleyn and Hollingsworth 1979; Morcrette
and Fouquart 1986). It can be described using the following equation which specifies the
total horizontal area, C*, covered by clouds between the top of the atmosphere and a given
model level k as :

1-C* 1 — max(a*~!, a*)

1—C1  1—min(@! 1-23)
where a* is the cloud fraction of level k , 8§ =107, and k = 1 for the top model level

(C? and a° are set to zero). This equation yields random overlap for clouds which do not
occur in adjacent vertical levels, but maximum overlap if clouds occur at adjacent levels

(3)
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Figure 4. Arrangement, following the subgrid-scale algorithm {see text), of cloudy (black squares) and clear-sky
columns for the cloud-fraction profile shown in Fig. 3.

with cloud fraction monotonically increasing or decreasing with height. This 1s broadly
consistent with the data on cloud overlap of Tian and Curry (1989). At each level, the
nuniber of sub-columns that contain cloud is defined to be the nearest integer value of
20a”.

The use of Eq. (3) provides a total cloud cover, C*, by applying it from the model
top to level &, given the distribution of clouds layer by layer. However, the knowledge
of C* and ¢* alone is not sufficient to assign the distribution of cloudy sub-columns
unambiguously. In Fig. 4, for instance, it is obvious that C* does not change below model
level 11, where it reaches a value of 1. Hence, the five cloudy sub-columns in level 14, where
a'? = 0.25, could be placed in any sub-box without violating (3). Therefore, two additional
assumptions are made: (1) in the spirit of maximum ovetlap for clouds in adjacent levels,
clouds are assigned to those sub-columns that contain cloud in the layer immedzately above
in preference to those sub-columns that do not contain cloud in the layer immediately above
but do have clouds higher in the same sub-column, and (11) the assignment of cloudy boxes
begins from the sub-column furthest to the ‘left’ (i.e. as m Fig. 4) that fulfills (1). Since
(i1), especially, 1s rather arbitrary, sensitivity tests to the placement of cloudy sub-columns
were catried out. The ‘left’ assumption is used as the default assumption for the rest of this
study because this is the cloud placement that is implicitly assumed in the E93 scheme.

The amount of liquid and ice at each level is calculated over the mean cloudy area of
the grid box in the manner described by Tiedtke (1993). It must then be divided among the
cloudy sub-columns of each level. For want of a better method, each cloudy sub-column
1s assigned the same amount of liquid and ice, assuming a constant in-cloud liquid-water

and ice content defined as .
!
ﬁ

gint — TET (4}

IE:I:iﬂt
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where [* is the grid-mean liquid-water and ice content and a¥_ is a rounded cloud fraction
calculated as the fraction of sub-boxes at each level that contain cloud (it is necessary to
use a rounded cloud fraction in the definition of IX,  in order to conserve water). After the
allocation of the condensed water in the sub-columns, the same microphysical formulae
used for the original model are applied to each sub-column separately. That is, for each
sub-box the generation and evaporation of precipitation is calculated at each level. Aver-
aging over sub-columns yields grid-mean quantities (precipitation and evaporation rates)
that can be compared with the E93 parametrization. In all calculations a homogeneous
distribution of temperature at the beginning of the microphysical calculations is assumed,
1.e. each sub-column has the same temperature initially. Through melting and evaporation
of precipitation the temperature will change differently in each sub-column, The new grid-
mean temperature 18 calculated from the grid-mean melting and evaporation rates that are
calculated by averaging over their values in the individual sub-columns.

Two changes are necessary in applying the microphysical formulae to the sub-
columns. The first is related to the melting of snow. In the E93 scheme, the amount of
melting 1s limited such that the whole grid box is cooled back to the freezing temperature
over a time-scale T = 5 h, even if precipitation covers only a small fraction of the grid box.
For the subgrid-scale precipitation model, the amount of melting is limited such that only
the sub-column in which melting occurs can be cooled to the freezing temperature. This
implies that, if the fraction of the grid box covered by precipitation is less than unity, the
energy available for melting will be smaller in the subgrid-scale precipitation parametriza-
tion than in E93. The main effect of this difference is to spread melting further in the
vertical.

The second change concetns the evaporation of precipitation. The formula for evapo-
ration of precipitation depends in part on the humidity of the air into which the precipitation
is evaporating. Instead of using the grid-mean humidity in the formula (as is done in the
E93 parametrization), an estimate of the humidity of the clear portion of the grid box is
calculated using the cloud fraction and the grid-mean humidity. Assuming that the tem-
perature inside the cloud is the same as the grid-mean temperature, the grid-mean specific
humidity (g, ) is the sum of the saturation value at the grid-mean temperature in the cloudy

portion of the grid (g,) and a mean clear-sky value of humidity (g);

gv =aq; + (1 —a)g". (5)

In the calculation of the evaporation of precipitation in the subgrid precipitation model it
is assumed that each cloud-free sub-column has a value of specific humidity equal to the
value of g°* which satisfies (5).

In implementmg the subgrid-scale precipitation model, special treatment was given
to those grid boxes which have a cloud fraction less than half the size of a sub-column (i.e.
a* « 0.025 for a model with 20 sub-columns). Normally, the rounding of cloud fraction
to the nearest sub-column would assign all sub-columns as clear sky, and no precipitation
could be generated from clouds with these small cloud fractions. In order to avoid problems
of that nature, it is required that if the cloud fraction is greater than O then at least one
sub-box in layer £ must be filled with cloud. Water conservation in this case is ensured by
redistributing the water quantities over the whole sub-box.

Itis worthwhile pointing out that the distribution of the cloudy columns in Fig. 4 should
not be interpreted as a spatially contiguous distribution. Shifting all columns randomly,
treating each one as a whole in the vertical, will by construction not change the results
of the simulation since each column is treated as an independent quantity. It is therefore
better to think of the distribution of the cloudy columns as a probability state given the set
of rules outlined above.
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Figure 5. As Fig. 3, but for the grid-mean profile of cloud liquid-water plus ice.

4, COMPARISON OF THE SUBGRID-SCALE PRECIPITATION MODEL WITH THE ORIGINAL E93
SCHEME

{a) Single grid-point simulations

Both the subgrid-scale precipitation model and the E93 parametrization have been
used to simulate the precipitation processes at a single grid point. To assess the direct
effects of the subgrid model on precipitation related processes, only the first time step of
the integration was considered, with all other physical processes switched off. Hence, the
simulation was entirely governed by the initial profiles of cloud cover, cloud liquid-water
and ice, humidity and the thermodynamic variables. The profiles used are those of the
tropical case in Fig. 3. The initial profile of grid-mean cloud water and ice is shown in
Fig. 5. The time step used was 15 min, a typical value used in ECMWF’'s T213L.31 model.

The aim of the study is to assess the impact of variations in cloud fraction on cloud
microphysics. For this purpose the subgrid model can be regarded as a higher resolution
model, which yields more accurate values of precipitation. The E93 parametrization should
approximate the subgrid model results if it were to properly account for the subgrid-
scale varitability of cloud and precipitation. Many factors, inclading a poor microphysical
formulation itself, may cause the results of the subgrid model to be far from reality, but
only the differences between the two simulations are of interest for the sensitivity study
which is the purpose of this work. |

Using the distribution of cloudy and clear-sky sub-columns shown in Fig. 4 the micro-
physical part of the cloud scheme was integrated separately for each of the sub-columns.
A large variation was found in the precipitation fluxes between the different sub-columns.
For example, Fig. 6 shows the vertical distribution of precipitation for sub-columns 1 and
6. Sub-column 1, by construction, contains the maximum number of cloudy levels. Hence,
precipitation falls through clouds from model level 5 down to model level 27, leading to
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Figure 6. Vertical distribution of precipitation after a single time step of the subgrid precipitation model (a) in
sub-column | and (b) in sub-column 6. The values refer to precipitation leaving the base of the cloud layer at a
given model level.

large amounts of accretion and no evaporation above cloud base. As a consequence, the
precipitation rate reaches a maximum of more than 120 mm d~! just above cloud base. In
contrast, sub-column 6 contains three cloud layers, extending over one, four and five model
levels respectively, separated by layers of clear sky. Precipitation forms first in model level
3. Although levels 6 through 9 contain unsaturated air, the precipitation rate remains con-
stant until the next cloudy layer {(model level 10). No sublimation occurs between levels
6 and 9 because the E93 scheme assumes that precipitation cannot evaporate when the
relative humidity exceeds a critical value of 80%. After leaving the base of the second
cloud layer, evaporation of precipitation results in the total depletion of the precipitatien
at level 17 so that no precipitation reaches the lowest cloud layer with its top at level 21.
This 13 an example of the importance of the seeder-feeder mechanism; no precipitation
reaches the low cloud from above so that only the warm-phase microphysics is important
for the development of the lowest clond layer. The precipitation reaching the surface in
this sub-column (slightly more than 2 mm d~') is entirely due to conversion processes in
the lowest cloud layer, and has been reduced by evaporation in the sub-cloud layer.
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By counting the sub-columns that contain precipitation at each level it is possible to
derive the fraction of the grid box covered by precipitation (from now on this is referred
to as the precipitation fraction, ¢p). This parameter is used in several ways in existing
parametrization schemes (Bechthold et al. 1993; Tiedtke 1993; Rotstayn 1997). For ex-
ample, the evaporation of precipitation in model level k in the E93 parametrization is
described as:

k

EX = max(a® — a*, 0) x 5.44 x 107%(¢* — ¢") P ! il (6)
pusvany — ﬂ . P ’
P @p ’ 4 — 4 Peut /| 5.9 x 1073 af,

where pq is the surface pressure. The precipitation fraction, a%, appears twice in Eq. (6).
Firstly, it is used to calculate the area over which evaporation can occur, a% — a*, assum-
ing maximum overlap between precipitation and cloud. Secondly it determines the local
precipitation rate in the area that contains precipitation as P*/a%, where P* is the grid-
mean precipitation rate. The E93 parametrization contains a description of a} which can

be expressed as
., {a*AP +ai P¥!
a%, = max {af, ! ( AP 4 pii : (7

where a%! is the area covered by precipitation leaving the level above and is thus the
area covered by precipitation entering level £, P*~! is the amount of precipitation leaving
level k¥ — 1, AP is the amount of precipitation generated in level &, and a* is the cloud
fraction at level k. Evaporation of precipitation does not alter a p, except when precipitation
gvaporates completely.

Figure 7 compares the precipitation fraction diagnosed from the subgrid model with
that given by (7). The parametrization following (7) does not correctly capture the vertical
distribution of ap. There are two major differences; in the anvil region (model level 11
to 16), the precipitation fraction is underestimated by (7), and below those levels it 18
considerably overestimated. The reasons for these differences lie in the construction of (7).
Tn this parametrization, a%, is determined as a weighted average of the precipitation fraction
of level k — 1 and the cloud fraction in level &, where the weights are the precipitation flux
in layer & — 1 and the change in precipitation flux due to microphysical processes in layer
k. This weighting was introduced to prevent levels that do not contribute to precipitation
from being contributors to ap. In the example shown, this parametrization underestimates
ap in the anvil patt since the precipitation added to the flux in that part (AP) is not
large enough compared to the incoming flux from above (P) to increase the precipitation
fraction to the correct value of 1. However, as is shown below, a more important difference
is the overestimation of a» below level 16. This results from the maximum statement in
(7), which prevents a reduction in a» unless all the precipitation evaporates. This has an
impact on the evaporation of precipitation because the area over which precipitation is
allowed to evaporate is defined as a% — a*.

Figure 8 compares the grid-mean evaporation rates of the subgrid and E93 models.
The grid-mean values for the subgrid model are calculated by averaging over the values of
the individual sub-columns. As expected, large differences exist in the middle troposphere
with a strong overestimation of evaporation by the E93 scheme. The most likely explanation
of this difference is that an overestimation of ap also leads to an overestimate of the amount
of precipitation available for evaporation. To test whether this is the major source of the
difference, the simulation of the E93 scheme was repeated with the precipitation fraction
prescribed to be that diagnosed from the subgrid precipitation model (see Fig. 8). At least
in this case, the overestimation of ap did cause most of the large differences in evaporation
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of precipitation in the middle troposphere. However, there are still major differences, such
as at model level 16.

It is worthwhile investigating the cause for this difference, since model level 16 1s the
only level where the ‘true’ ap is much larger than the cloud fraction, so that a significant
area of the grid box is subject to evaporation of precipitation. Because the formula for
evaporation depends on the local precipitation rate in the volume undergoing evaporation
of precipitation, an overestimation of evaporation could result from an overestimation of
the precipitation rate in this volume. Figure 9 shows the distribution of the precipitation
rate in model Ievel 16 for the subgrid model and the E93 scheme with prescribed ap, just
before the parametrization of evaporation is calculated. Since #'® ~ 0.07, only the first
sub-column is assumed to be cloudy while g}’ = 1. It is evident that for most of the sub-
columas undergoing evaporation (columns 2 to 20) the precipitation rate before evaporation
is lower than the mean precipitation rate given by the E93 scheme with prescribed ap. In
fact, excluding the sub-column with the largest precipitation rate (column 1), which is not
subject to evaporation since it is cloudy, the average precipitation rate of the subgrid model
is 5.8 mm d~! as compared with 7.9 mm d~' for the E93 model. This difference directly
contributes to the difference in evaporation rate at level 16. This suggests that a very
important error source in the E93 parametrization, even with a perfect simulation of aj,
may be that the local precipitation rate in the region undergoing evaporation is significantly
less than the grid-mean precipitation flux divided by the precipitation fraction. Using only a
grid-averaged precipitation flux implies the averaging of the fluxes inside the cloud (where
it increases downwards due to conversion and accretion) and outside the cloud (where it
decreases downwards due to evaporation). This averaging leads to an artificial horizontal
transport of precipitation from generally larger values inside cloud to generally smaller



CLOUD-FRACTION VARIATION IN MICROPHYSICS PARAMETRIZATION 953

ok

Model level
—
)]

ha
—

26 |

0 1 2 3 4 5 8 7 8 9 10 11 12
Precipitation: rate (mmy/day)

Figure 10. As Fig. 8, but for the precipitation rate.

values outside cloud, and thereby to an overestimation of evaporation. This problem will
tend to occur at all cloudy levels having both precipitation and 4% > a*.

Figure 10 compares the grid-mean precipitation flux for the same simulations as in Fig.
8. Large differences between the subgrid and the E93 model begin at level 16 and increase
downwards. The precipitation reaching the surface differs by more than 8 mm d~! (leading
to consequential differences in the net latent heating of the column), with no precipitation
at all reaching the surface in the E93 scheme. Forcing the precipitation fraction to be that
diagnosed from the subgrid model alleviates most of the discrepancies, except near level
16.

(b) Global model

Several errors in the parametrization of microphysical processes that result from
improperly accounting for the subgrid-scale distribution of cloud and precipitation have
been identified for a single case. To assess the generality of these results, the global
ECMWF model was integrated for one time step (Az = 60 min) at spectral resolution
T63. The reason for using only one time step was again to establish the direct effect
of the subgrid model on the model physics without allowing feed-backs to occur. The
precipitation fraction, evaporation rate, and precipitation rate were compared using the
subgrid precipitation model and the E93 parametrization for the initial conditions of the
ECMWF operational model on 12 utc 1 July 1997. The initial distribution of cloud fraction
for this time is shown in Fig. 2.

Figure 11 compares the zonal means of the precipitation fraction analysed from the
simulations with the subgrid model and the E93 scheme. The differences between the
two models are large, with the most significant differences occurring in the tropics. As
with the single-column case, the E93 scheme underestimates the high-level ap, but largely
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TABLE 1. GLOBAL MEANS OF COMPONENTS OF THE HYDROLOGICAL CYCLE

(LARGE-SCALE ONLY)} FOR THE FIRST TIME STEP QF AN INTEGRATION OF THE

GLOBAL T63L.31 MODEL WiTH THE FE93 SCHEME AND THE SUBGRID PRECIPI-
TATION MODEL.

E93 scheme  Subgrid model

Liquid-water and ice content (mm) 0.126 0.126
Formation of precipitation (mm d-%) 2.67 2.65
Hvaporation of precipitation (mm d—) 0.99 0.78
Surface precipitation {mm d~1) 1.68 1.87

overestimates the mid-level ap. The differences in the extratropical regions are smaller,
although the subgrid model yields a smaller a » in the middle troposphere. In the extratropics
one could speculate that vertically varying cloud fraction plays a smaller role because the
cloud fraction tends to be more uniform, e.g. in frontal cloud systems.

With errors in ap similar to those in the single-column simulation, similar errors in the
grid-mean evaporation and precipitation rates can also be expected for the global model.
Figure 12 shows the zonal mean of the grid-mean evaporation rate for both the E93 and the
subgrid model, and Fig. 13 the zonal-mean surface large-scale precipitation. The strong
overestimation of evaporation in the middle troposphere in the tropics is evident and leads
to a difference of up to 1.5 mm d™’ in zonal-mean large-scale precipitation, equivalent to
a latent-heat release of more than 40 W m? .

Table 1 summarizes the global-mean values for some of the components of the hy-
drological cycle for the first time step. Starting from the same initial liquid-water plus
ice content (0.126 mm) both models generate about the same amount of precipitation
(= 2.65 mm d~'). However, the evaporation rate for the subgrid model is about 20%
smaller than that of the E93 model leading to about 0.2 mm d~! more large-scale pre-
cipifation, The difference in the net latent-heat release due to large-scale precipitation
constitutes an extra forcing for the model, and it could certainly affect a full global model
simulation. As this study conceatrates on the direct physical effects of vertically varying
cloud fraction, a discussion of the effects on a full simulation of the model climate is
beyond its scope and will be carried out elsewhere.

(¢} Sensitivities

Before ascribing differences between the E93 scheme and the subgrid model to errors
in the parametrization, it is necessary to establish that the results of the subgrid model are
not sensitive to arbitrary assumptions in the construction of the model. The two main
assumptions that might influence the results are the placement of cloudy boxes and the
number of subgrid columns used.

As already mentioned in section 3, the horizontal distribution of the columns in
Fig. 4 should not be interpreted as a spatial distribution. In fact if all the columns were
redistributed randomly the result of the precipitation calculations would not change at all.
Itis, therefore, more appropriate to consider the distribution of the columns as a probability
distribution rather than as a spatial one. One of the constraints for the distribution is the
cloud-overlap assumption for the grid box. This determines how many of the cloudy sub-
boxes 1n a model level need to be placed in columns containing clouds in at least one of the
higher levels in the column, and how many in columns that contain clear sky in all higher
levels of the column, However, as explained above, the exact placement within each of these
two groups (referred to as “cloud under cloud’ and ‘cloud under clear sky’) is ambiguous.
The distribution used so far in the study (Fig. 4) was built by assigning higher probabilities
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Figure 13. Latitudinal variation of the zonal-mean large-scale precipitation rate at the surface for the first time
step of an integration of the global T63L31 model using the subgrid precipitation model (full line) and the E93
scheme {dashed line).

to certain columns being cloudy. For instance, in the case of cloud under cloud, cloudy
boxes were preferentially placed in columns that contain cloud in the layer immediately
above. Furthermore, for each of the two groups, the probability is artificially a function
of the column index because boxes are filled preferentially from the left (Fig. 4). In order
to study the impact of these assumptions on the grid-mean results, these preferences were
removed and new clouds were placed randomly within each group. Note, however that the
maximum-random cloud-overlap assumption for the grid box as a whole as expressed in (3)
was retained. The precipitation rate for the one-time-step integration in the tropics differs
between these two column-placement options (for convenience named left and random)
by about 1 mm d~! (Fig. 14). The smaller precipitation rates in the random case result
from smaller accretion rates caused by the removal of the ‘tower’ of cloud that exists in the
left-placement case in column 1 (Fig. 4). The differences between the results from the two
cloud distributions are, however, much smaller than the differences between the results
from the subgrid model and the E93 parametrization (cf. Fig. 10). The global-model results
(not shown) confirm the results of the single-column simulation.

Another important sensitivity test is whether the results of the subgrid model depend
on the number of sub-columns used. Since the subgrid model rounds the actual model
cloud fraction to a multiple of the sub-column size, which is obviously a function of the
number of columns used, it is desirable to use as many sub-columns as possible to minimize
rounding errors. However, if one expects the model cloud fraction to be accurate to not
more than (.05 than the use of, say, 100 sub-columns would not be sensible. The differences
between simulations with different numbers of sub-columns (Fig. 15) are smaller than the

differences between simulations with different cloud placements (Fig. 14), and certainly
much smaller than the differences between the subgrid model and the E93 scheme (Fig. 10).
These results are confirmed by the global-model experiment (not shown).
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Figure 15. Vertical profile of the precipitation rate as simulated by a single time step of the subgrid precipitation
model asing 20 (fuil line), 10 (dashed line) and 130 (dotted linej sub-columns,
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The use of different values for specific humidity in the calculations of precipitation
evaporation (g, in the E93 parametrization and ¢ in the subgrid model) might also con-
tribute to the differences shown. Therefore the single-column calculations were repeated
using g, in the subgrid model and ¢°" in the E93 scheme. The results (not shown) indicated
little sensitivity to the choice of specific humidity for the subgrid model, but increased the
evaporation rates in the E93 parametrization, leading to even larger discrepancies between
the two simulations. The different behaviour of the two schemes can be explained by their
very different simulation of precipitation fraction. In the case of the subgrid model, the
precipitation fraction decreases rapidly below the anvil so that evaporation of precipitation
can occur in only few sub-columns, or not at all. Hence the small sensitivity of this scheme
to the choice of specific humidity. In contrast, the E93 parametrization creates large
areas of evaporation below the anvil because of its overestimation of precipitation fraction.
Hence changing the specific humidity used in the evaporation calculations exerts a larger
influence.

All the sensitivity tests described so far used the maximum-random overlap cloud-
overlap assumption of the current E93 model. However, altering this assumption would in-
dicate what role the cloud-overlap assumption plays when using a more complex treatment
of vertically varying cloud fraction. It should be noted that, since the E93 parametrization
uses maximum-random overlap for clouds (and implicitly assumes a maximum overlap of
cloud with precipitation), a comparison of the E93 scheme with the results of the subgrid
model with a different overlap assumption would not be appropriate. Hence, the main
purpose of such a test is to establish the sensitivity of the subgrid scheme (and, hope-
fully, of the parametrized cloud microphysics as well) to the cloud-overlap assumption.
Figure 16 shows the zonal-mean precipitation of three one-time-step integrations of the
global model using the subgrid precipitation scheme with maximum-random, maximum
and random overlap. All integrations use the default (left) method to place cloudy boxes.
It is evident that a large difference exists between the random-overlap and the other two
overlap assumptions. The reason for the large reduction in precipitation when using ran-
dom overlap is the horizontal spreading out of the cloud which leads to higher evaporation
and lower accretion rates. The implications of this result are discussed below.

5. SUMMARY AND DISCUSSION

This study has used a subgrid precipitation model to assess the performance of the
1993 ECMWEF stratiform precipitation scheme in the presence of vertically varying cloud
fraction. The basic idea of the subgrid scheme is to divide the model grid box into several
sub-columns and, after distributing the parametrized cloud such that each column repre-
sents either cloudy or clear sky, to solve the microphysics part of the parametrization for
each column separately. Extensive comparisons between the subgrid model and current
E93 parametrization have been carried out in the context of one-time-step experiments for
both the single-column model and the global model. One-time-step simulations have been
preferred to longer model integrations because they help the understanding of the direct
mmplications of the different treatment of clondiness variations in the vertical.

The comparison has revealed two important shortcomings of the E93 parametrization:

» there is an erroneous simulation of precipitation fraction;

o large truncation errors are introduced by averaging the precipitation flux over the
whole precipitation area. This average results from the assumption that the local
precipitation rate equals the grid-mean precipitation rate divided by the precipitation
fraction.
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Figure 16. Zonal-mean large-scale precipitation rate for the first time step of an integration of the global T631.31
model using the subgrid precipitation model with maximem-random (full line}, maximum (dashed line), and
random {dotted line) cloud-overlap assumptions.

The main effect of these errors has been found to be an overestimation of evaporation
(an important finding becanse GCMs are known to be very sensitive to the parametrization
of evaporation). A generalization of these results to other parametrization schemes is
difficult, since little has been revealed in the literature about the details of the treatment of
cloud and precipitation overlap when parametrizing stratiform precipitation in connection
with cloud fraction. An exception is the study of Rotstayn (1997), which addresses the
first item on the list above. However, to the authors knowledge, no parametrization has so
far attempted to address the second item above; this can be equally important once a good
parametrization of the precipitation fraction has been found.

Several sensitivity studies were carried out to estimate the influence of assumptions
used in the construction of the subgrid model. Little sensitivity has been found to the number
of sub-columns used, as long as the number is large enough to avoid large rounding errors;
a number greater than ten appears sufficient in the ECMWF model. There was a slightly
larger sensitivity to the way the sub-columns were filled with cloud once the general cloud-
overlap assumption had been enforced. Although larger than the sensitivity to the number
of sub-columns, these differences were small compared with the differences between the
subgrid model and the E93 parametrization, thereby giving some confidence in the findings
of the comparison.

A large sensitivity to the general overlap assumption has, however, been found. A
“change from maximum-random to random overlap led to a dramatic decrease of the strat-
iform precipitation rate over the whole globe. This is not surprising since the random-
overlap assumption maximizes the spreading out of the clouds in the grid box, thereby
reducing the accretion rate and increasing the evaporation rate. It is necessary to stress
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again that this large sensitivity does not invalidate the general results of the study, since
the E93 parametrization uses a maximum-random overlap of clouds and, therefore, cannot
be sensibly compared with a subgrid scheme that uses a different cloud-overlap scheme,
However, the large sensitivity stresses the need for improved knowledge on the best way
of overlapping clouds when introducing a treatment of vertically varying cloud fraction
into both the radiation and the microphysics parametrizations. It is also noteworthy that,
given the relatively high vertical resolution of the ECMWF model (around 40 hPa in the
free troposphere), the random-overlap assumption does not seem appropriate.

In the light of the current tendency to improve microphysical parametrizations in
large-scale models by introducing more and more complex bulk microphysical schemes,
the results here suggest that great care has to be taken when addressing the fact that modern
cloud parametrizations can produce large variations in cloud fraction in the vertical. A
balance between the sophistication of the cloud microphysics and the sophistication of
the cloud macrophysics (such as the cloud and precipitation fractions and their overlaps)
would seem to be prudent.

A necessary step is, of course, the validation of the vertical cloud variation produced
by the parametrization. Little is known about the performance of cloud schemes for GCMs
in that respect, although a recent first study by Mace ef al. (1998), which compares model
clouds to radar observations at the model’s vertical resolution on an hourly time-scale,
shows encouraging results for the ECMWF model. The study is, however, limited to
cloud-occurrence statistics at one location and during one season and, therefore, does not
cover the variety of cloud situations encountered globally. Wang and Rossow (1995) have
presented some general statistics on cloud layering based on radiosonde observations at
30 sites, A qualitative comparison of the ECMWF model results with their findings can be
found in the appendix. It confirms the ability of the model to produce reasonable vertical
cloud structures.

Observations of precipitation fractions near the surface have recently been derived
from radar measurments by Sui e al. (1997) during the Tropical Ocean and Global Atmos-
phere project’s Coupled Ocean~Atmosphere Response Experiment*, and these could prove
extremly useful in the validation of this crucial parameter. Further guidance is also to be
expecied through the intercomparisons of single-column versions of GCMs with cloud-
resolving models as they are currently performed within the GEWEX (Global Energy and
Water-cycle Experiment) Cloud System Study* and the Atmospheric Radiation Measure-
ment programme*,

There 1s a variety of possible applications of the subgrid model developed for this
study. The most obvious is its direct implementation within a GCM, although this might
not be practical because of the extra calculations introduced by the multiple integrations
of the microphysics parametrization. Including the subgrid model with 20 sub-columns
in the ECMWF T63L31 model increased the computer time by about 10% in a 4-month
integration. One can speculate that this increase would be even larger if more sophisticated
microphysical parametrizations were used. Nevertheless, the subgrid model can provide
guidance in the development of the parametrization of the effects discussed. The results
above indicate that such a parametrization has to contain at least two components: a treat-
ment of precipitation fraction and a technique that avoids the averaging of the precipitation
flux over the whole precipitation area, for instance by introducing separate clear-sky and
cloudy precipitation fluxes. A parametrization using the results of this study has been
developed at ECMWF; it will be described in a future paper which will also address the
impact of the changes in precipitation parametrization on the model climate.

* A component of the Global Climate Research Programme
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Other applications of the subgrid model include the testing of the radiation para-
metrization in terms of its treatment of vertically varying cloud fraction, given a fixed
overlap assumption (Liang and Wang 1997). Developing suitable methods of treating
cloud inhomogeneity, using the subgrid model for guidance, also appears to be a potential
application (e.g. Tiedtke 1996). There is no doubt that, with the improvements in cloud
parametrization over the last decade, more thought has to be given to the role of variations
of cloud within single-column and subgrid models of the types presented here, and to how
these can be used in the development of appropriate parametrizations of their effects.
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APPENDIX

In this appendix, the statistics of cloud vertical structure in the ECMWEF model are
compared with those inferred from an analysis of radiosondes presented by Wang and
Rossow (1995). Histograms of the number of cloudy layers in a column, their thicknesses,
and the separation distances between cloud layers in vertical columns containing mult-
layered clouds are presented. In comparing model data with observations, it is assumed
that if cloud occurs in vertically adjacent model layers then they are part of a single cloud
Jayer. Cloud is said to occur in a model layer when the cloud fraction in that layer is greater
than a threshold value, here taken as 10~°. For example, if cloud occurs in model layers 6,
7. 8, and 23, then there are two cloud layers, one with a thickness of 3 model layers and
the other with a thickness of 1 model layer, and a separation distance between the layers
of 14 model layers.

The histogram in Fig. A.1 is taken from a 24-hour forecast of the current ECMWF
model run with 31 vertical levels at T63 horizontal resolution. Approximately a third of
the cloud columns contain multi-layer clouds, with the majority of multi-layered cloud
columns containing two cloud layers. According to the analysis of radiosonde soundings
with 30 hPa or 50 hPa vertical resolutions, multilayer cloud systems occur in 56% or 28%,
respectively, of the soundings containing any cloud layers (Fig. 18 of Wang and Rossow
(1995)). Considering that the thickness of the ECMWF model levels is about 40 hPa in the
mid-troposphere, the ECMWF model slightly underestimates the frequency of multilayer
cloud systems.

Histograms of cloud thickness and separation distance are presented in Fig. A.2.
Qualitatively, the shape of these histograms agrees well with the observations (Figs. 20
and 25, respectively, of Wang and Rossow (1995)). One important difference is that if one
model level is assumed to be 500 m thick, the histogram of cloud thickness falls off more
slowly than indicated by the observations; i.e. the ECMWF model has more cloud layers
of moderate to large thickness than are observed. However, the thickness of cloud layers in
‘the ECMWF model is sensitive to the threshold used to define cloud occurrence. If levels
with cloud fractions less than 0.1 are excluded, the histogram of cloud thickness falls off
more rapidly. The abundance of cloud fractions less than 0.1 in levels next to those with
cloud fractions greater than 0.1 has been found to be related to vertical advection of cloud
fraction by the mean wind.

Statistics of cloud vertical structure resolved by the subgrid model (see Fig. 4) are
similar to those presented above.
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