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ABSTRACT

A procedure for adjusting temperature and humidity analyses used as initial conditions for numerical weather
prediction models so that diagnosed distributions of cumulus convection exist during the initial stages of the
forecast is applied in a global atmospheric model. This cumulus initialization procedure is designed to ameliorate
the problem of numerical weather prediction spinup, the departure of diabatic forcing from diagnosis and
observation, which is characteristic of the early portions of integrations in numerical weather prediction. Formally,
cumulus initialization consists of a minimization of the adjustments to the original analyses of temperature and
humidity, subject to nonlinear constraints imposed by the cumulus parameterization in the numerical weather
prediction model, if cumulus heating is taken as known by diagnostic methods as an initial condition. Experiments
with a global model exhibiting severe spinup when initialized with an analysis subject only to diabatic normal-
mode initialization show that cumulus initialization can recover initial horizontal and vertical distributions of
latent heat release (produced synthetically by spinning up the same global model through an independent
integration using an earlier analysis to provide initial conditions) quite successfully. This recovery depends on
the simultaneous initialization of the divergence, temperature, and humidity fields. The magnitudes of the
adjustments in the temperature and humidity fields produced by cumulus initialization are smaller than the
changes in those fields produced by the global model itself as it is integrated forward from an analysis without
cumulus initialization through spinup. The cumulus initialization procedure can be modified to allow for un-
certainties in the diagnosis of initial heating rates. Despite the successful initial recovery of cumulus heating,
further adjustment occurs as the global model is integrated forward from a cumulus-initialized analysis; this
adjustment is characterized by an overshoot in the intensity of both latent heat release and divergence. A severe
imbalance between globally averaged precipitation and evaporation that occurred without cumulus initialization
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is considerably ameliorated in integrations with cumulus initialization.

1. Introduction

The problem of “spinup” has vexed numerical
weather prediction (NWP) for much of his history. The
spinup problem is characterized by a marked departure
of predicted diabatic processes from observation during
the initial stages of forecasts. The problem is perhaps
most dramatic with respect to precipitation and surface
hydrology, both of which are critical forecast elements.
Spinup in precipitation is of course reflected in the
distribution of latent heat release, an important com-
ponent of diabatic forcing. The implications of dis-
torted diabatic forcing for the dynamics in NWP mod-
els are likely to be significant, especially in the tropics
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and in the extended range, but are as yet rather poorly
understood.

The spinup problem has been documented in both
research and operational NWP models. Miyakoda et
al. (1978) and Donner (1988) have noted some aspects
of the spinup phenomena in research models at the
Geophysical Fluid Dynamics Laboratory and National
Center for Atmospheric Research, respectively, while
Girard and Jarraud (1982) and Heckley (1985) have
documented spinup in the operational models at the
European Centre for Medium Range Weather Fore-
casts.

The source of the spinup problem is probably a mix-
ture of factors involving the physical parameterizations
in NWP and the initial data for the predictions. Climate
simulations using general circulation models with these
physical parameterizations are characterized by rea-
sonable distributions of precipitation (e.g., Donner et
al. 1982; Donner 1986), indicating the parameteriza-
tions are capable of performing well in spunup circu-
lations. While this could be the resuit of the evolution
of an unrealistic balance between the physical param-
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eterizations and other aspects of the simulated circu-
lation, viewing the spinup problem as one of initial-
ization is likely to be profitable.

The process of physical initialization for NWP was
described by Krishnamurti et al. (1984) and consists
of adjusting the dependent variables in an NWP model
so that diabatic processes at the beginning of a forecast
agree with observed or diagnosed diabatic forcing. This
technique affords a means of introducing such infor-
mation as satellite- or radar-derived estimates of pre-
cipitation as additional initializing information for
NWP. In addition to simply permitting additional data
to be assimilated into a prediction procedure, the tech-
nique imposes constraints on the initializing data that
make consistent the initial fields with respect to diabatic
forcing.

Donner (1988) developed an initialization for hu-
midity and temperature which produces heating rates
for cumulus convection consistent with diagnosis for
a specified divergence field. The heating due to cumulus
convection was assumed to depend parametrically on
the large-scale flow through a simplified form of a Kuo
scheme. Successful application of the technique re-
quires that a realistic divergence field also be available.
(If the divergence field is very unfavorable, adjusting
only the temperature and humidity fields cannot pro-
duce specified heating rates. The technique in this case
adjusts temperature and humidity to yield heating rates
as close as possible to the specified values.) Kasahara
et al. (1988) have developed a technique to initialize
the divergence field that can be used in conjunction
with the cumulus initialization for temperature and
humidity to produce observed cumulus heating rates
for NWP initialization.

The central thrust of this paper is to apply Donner’s
(1988) technique in a global NWP model. (Donner
1988 demonstrated only the application of the tech-
nique to representative columns.) Section 2 describes
the experimental design. Initial diabatic forcing in the
global model is discussed in section 3. Section 4 treats
the evolution of diabatic forcing as the model is inte-
grated forward, including the impact of cumulus ini-
tialization on the hydrological balance.

Donner’s (1988) procedure recovers initial diabatic
forcing quite successfully, and this cumulus-initialized
state can also be normal-mode balanced. Decomposing
the cumulus initialization into its components shows
that divergence, humidity, and temperature are all
crucial to recovering diabatic forcing successfully. The
changes in the temperature and humidity analyses
produced by cumulus initialization are reasonable. The
evolution of diabatic forcing as the global model is in-
tegrated away from its initial state is characterized by
an overshoot related to intensification of the divergence
field. The changes in temperature and humidity pro-
duced by cumulus initialization lead to large changes
in stratiform precipitation and evaporation as well as
cumulus precipitation, and the imbalance in precipi-
tation and evaporation associated with spinup is sig-
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nificantly reduced by the cumulus initialization pro-
cedure.

2. Experimental design

Of the various components contributing to spinup
in diabatic forcing, cumulus convection is central. It
dominates precipitation in tropical regions, and, es-
pecially in models whose radiative-transfer parameter-
izations are linked to precipitation parameterizations,
plays an important role in determining the distribution
of radiatively active constituents as well. These cumulus
initialization experiments thus focus on cumulus pre-
cipitation as a key diagnostic of spinup. These exper-
iments are designed to exploit a synthetic environment
in which a global model will be used not only for NWP
but also for generating synthetic “observations” and
“diagnoses” of precipitation and heating that would,
in practice, be obtained from observation. This ap-
proach eliminates uncertainties arising from practical
issues relating to the evaluation of initial diabatic forc-
ing and permits a clearer assessment of the cumulus
initialization procedure itself.

The global model used in these experiments is the
Community Climate Model-1 (CCM 1) of the National
Center for Atmospheric Research (NCAR) (Williamson
et al. 1987), modified to include parameterizations for
gravity-wave drag (McFarlane 1987), fractional cloud
cover (Slingo 1987), and deep cumulus convection
(Donner 1986). Of special importance for cumulus
initialization are the criteria for moist convection im-
posed by the cumulus parameterization; in the param-
eterization used by Donner (1986), these criteria are
large-scale moisture convergence, conditional insta-
bility (sufficient to permit formation of a cumulus cloud
described by a one-dimensional, buoyancy-driven
cloud model), and upward vertical motion in the sub-
cloud layer. The CCM1 has also been modified so its
dry adiabatic adjustment does not mix moisture; this
eliminates the need to add an additional constraint to
the cumulus initialization. Also, the moist adiabatic
adjustment has been entirely removed from the CCM1,
and the dry adiabatic adjustment is allowed to operate
everywhere in the atmosphere; these changes are de-
sirable accompaniments to the deep cumulus param-
eterization used in the modified CCM1. All experi-
ments are at resolution T42.

As discussed in Donner (1988), estimates of the ini-
tial distribution of cumulus heating are required for
the cumulus initialization procedure, which uses these
estimates to invert a cumulus parameterization to yield
temperature and humidity profiles consistent with the
heating. The temperature and humidity profiles are
chosen to be as close as possible to those originally
analyzed while still satisfying the constraints posed by
the cumulus parameterization; this comprises a prob-
lem in nonlinearly constrained minimization. Donner
(1988) inverted a simplified version of the Kuo param-
eterization used in Donner (1986); the cumulus pa-
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rameterization inverted in the cumulus initialization
procedure should be as similar as possible to that used
in the NWP model.

Thus, applying cumulus initialization in a global
model requires analyses of some fields which differ from
those conventionally used in NWP. As the preceding
paragraph indicates, an analysis of the distribution of
cumulus heating is required. Successful application of
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cumulus initialization also requires a divergence anal-
ysis more accurate than those produced by conven-
tional analysis methods, especially in the tropics.
Methods for diagnosing these “unconventional” fields
are discussed below. Cumulus initialization uses these
unconventional fields to modify conventional analyses
of temperature and humidity. Subsequently, these un-
conventional heating and divergence fields will be re-

a. Cumulus Precipitation: NMI Only
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FIG. 1. Cumulus precipitation (mm day™) for cases (a) “NMI Only,” (b) “Diagnosis,”
and (c) “Div,T,q Init,” as described in Table 1. Lowest contour: 3 mm day™’, regions over
10 mm day™! shaded. (d) Zonally averaged cumulus precipitation for same cases.
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ferred to as “diagnosed,” in contrast to the other, con-
ventionally analyzed fields used as initial conditions
for NWP.

Cumulus convection forces the large-scale flow in
which it is embedded by latent heat release and by
inducing eddy fluxes (e.g., Donner et al. 1982; Donner
1986). The latter are neglected in the simplified cu-
mulus parameterization inverted by Donner (1988),
although they are calculated in the modified CCM1.
These approximations considerably simplified the for-
mulation of the cumulus initialization. To apply cu-
mulus initialization to a global model, diagnosed latent
heat release is required. In practice, the vertical integral
of latent heat release (precipitation) could be diagnosed

¢. Cumulus Precipitation:
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from satellite or raingage data (e.g., Griffith et al. 1978;
Arkin 1979; Stout et al. 1979; Richards and Arkin
1981; Krishnamurti et al. 1983), but diagnosis of its
vertical distribution is more difficult. Approximations
could be obtained by evaluating diabatic forcing as a
residual using the thermodynamic equation (e.g., Ka-
sahara et al. 1987) and then subtracting parameterized
estimates of forcing by processes other than latent heat
release. Use of climatological vertical distributions
could be considered. The problem of diagnosing latent
heat release from observations will be bypassed here
by generating latent heat release distributions synthet-
ically using the CCM 1. Synthetic diagnosed distribu-
tions of latent heat release will be generated by inte-
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TABLE 1. Global model integrations.

Integration Description

NMI Only Integration from 15 February 1979 with nor-
mal-mode initialization (described in text)
only. External mode only initialized.

Cumulus initialization (divergence, tempera-
ture, humidity) on 15 February 1979 anal-
ysis; external mode only initialized in dia-
batic normal-mode initialization.

Div,T,q Init

Diagnosis Integration from 12 February 1979 with nor-
mal-mode initialization (described in text)
only.

Div Init Integration from 15 February 1979 for all
fields except divergence, which is from “Di-
agnosis.” Normal-mode balance applied to
blended initial conditions.

Div,q Init Initialization for divergence and humidity.

Div,T Init Initialization for divergence and temperature.

Div,T,q Init-NMI  Same as “Div,T,q Init,” except six largest ver-

with 6 modes tical modes initialized in diabatic normal-
mode initialization.

T,q Init Temperature and humidity initialization; di-

vergence as in “NMI Only,” except for
normal-mode balance to accommodate
temperature initialization.

Cumulus initialization (divergence, tempera-
ture, humidity) in which precipitation is in-
itialized to agree with diagnosis but heating
at an arbitrary pressure is allowed 50% un-
certainty.

Cumulus initialization (divergence, tempera-
ture, humidity), but temperature initializa-
tion requires only that cloud parcels at
cloud base be warmer than large-scale envi-
ronment.

Div,FlexT,q Init

Div,StabT,q Init

grating the CCM 1 for three days from an analysis valid
three days prior to the initialization time for an ex-"
perimental forecast. Much of the spinup in the CCM 1
is overcome in three days, as a comparison of Figs. 1a
and 1b shows.

A diagnosis for divergence is also required. This issue
is addressed by the techniques of Julian (1984), Krish-
namurti et al. (1984), and Kasahara et al. (1988). How-
ever, consistent with an experimental design aimed at
assessing the cumulus initialization for temperature and

TABLE 2. Initial, globally averaged cumulus
precipitation (mm day™).

Integration Precipitation
NMI Only 0.21
Div,T,q Init 1.38
Diagnosis 1.43
Div Init 0.28
Div,q Init 0.76
Div,T Init 0.90
Div,T,q Init-NMI with 6 modes 1.69
T,q Init 0.93
Div,FlexT,q Init 1.25
Div,StabT,q Init 1.31
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a. Latent Heat Release: NMI Only
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FIG. 2. Zonally averaged latent heat released by cumulus convection
(K day™") for cases (a) “NMI Only,” (b) “Diagnosis,” and (c) “Div,T,q
Init,” as described in Table 1.
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humidity, the divergence also will be synthetically di-
agnosed using the CCM1. To be fully consistent with
the diagnosed latent heat release, a divergence field is
diagnosed by integrating the CCM 1, beginning three
days prior to the initialization time for an experimental
forecast.

Once synthetic diagnoses for latent heat release and
divergence have been obtained by integrating the
CCM1 for three days up to the initialization time, a

cumulus initialization for temperature and humidity -

can be performed on the conventional analysis at the
initialization time. Examination of forecasts using cu-
mulus-initialized analyses as initial conditions com-
prises the main theme of this paper.

The “conventional” analyses used are the FGGE
[First GARP (Global Atmospheric Research Program)
Global Experiment] 3-B reanalyses produced by the
European Centre for Medium-Range Weather Fore-
casts (ECMWF), interpolated to the CCM1 grid. (The
procedures used to generate the ECMWF 3-B analysis
are described by Bengtsson et al. (1982); the dataset is
archived in the Scientific Computing Division at
NCAR.) These analyses were further subjected to a
diabatic initialization for the CCM1 (Errico and Eaton
1987) using Rasch’s (1985) iteration scheme. The ini-
tialization time for these experiments is 1200 UTC 15
February 1979. As implied by the preceding discussion,
another integration from a similar analysis for 1200
UTC 12 February 1979 was used to obtain the syn-
thetic diagnoses required by the cumulus initializations
for the 15 February data.

After applying cumulus initialization, which changes
the temperature field, a normal-mode initialization was
used to rebalance the mass and wind fields. (This se-
quence was actually iterated three times to permit the
cumulus initialization to recapture some of its changes
which may have been eliminated by the subsequent
normal-mode initialization. To ensure that the model
is integrated from a state in normal-mode balance, the
last procedure is a normal-mode initialization. Even
without iterating the cycle, most of the changes pro-
duced by the cumulus initialization survive the normal-
mode initialization.) The procedure for normal-mode
initialization was identical to that applied to the FGGE
analyses, described in the preceding paragraph. The
integrations are summarized in Table 1 and discussed
in detail in sections 3 and 4.

3. Initial latent heat release

The globally averaged cumulus precipitation at the
first time step for the various CCM 1 integrations from
15 February and as diagnosed for 15 February is shown
in Table 2. These different integrations were chosen to
demonstrate the properties and viability of the cumulus
initialization procedure. As Table 2 shows, initial cu-
mulus precipitation with only a conventional normal-
mode initialization is only 0.21 mm day™!, against 1.43
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mm day~! predicted for the same time by integrating
the CCM|1 forward from an analysis valid three days
earlier. This disparity signals a severe spinup, which is
far worse by design than in operational settings where
analyses are constructed to be consistent with their
NWP models through an assimilation cycle. The se-
verity of the spinup here provides a demanding test on
the cumulus initialization. Comparing Figs. la and 1b
also illustrates spinup. Note that, with only a diabatic
normal-mode initialization, there are only a few scat-
tered areas of cumulus precipitation, and, further, that
these areas are unnaturally distributed, mostly outside
of the tropics. The diagnosed cumulus precipitation
for the same time shows many more areas of cumulus
precipitation, centered in the tropics and producing
heavier rain.

Cumulus initialization restores globally averaged
cumulus precipitation to 1.38 mm day™’, in excellent
agreement with the synthetically diagnosed 1.43 mm
day~!. Figure 1c shows that cumulus initialization has
also captured the spatial distribution of cumulus pre-
cipitation quite well. Figure 1d exhibits zonally aver-
aged precipitation for the cases “NMI Only,” “Div,T,q
Init,” and “Diagnosis,” strengthening the case that cu-
mulus initialization has successfully captured much of
the diagnosed initial precipitation. Some differences
between the cumulus-initialized and diagnosed precip-
itation exist, however. The initialization procedure is
applied to individual columns (cf. Donner 1988) and
is constructed to recover fully diagnosed precipitation.
It may be unable to do so, however, should the diver-
gence field be sufficiently unfavorable for the column.
(In the modified CCM 1, cumulus precipitation is pro-
portional to large-scale moisture convergence. The ini-
tialization constrains humidity to remain nonnegative
and below supersaturation, implying an upper bound
on moisture convergence for a given divergence profile.
Further discusston can be found in Donner 1988.) This
problem is largely precluded in the present case by the
experimental design, which selects from “Diagnosis”
consistent divergence and latent heat release. The slight
differences in precipitation which persist are likely to
be mostly consequences of imposing a normal-mode
balance and spectrally truncating, which occurs during
the course of the model integration. It is nonetheless
desirable to impose a dynamical constraint such as
normal-mode balance; the temperature changes ef-
fected by cumulus initialization produce transients in
the mass and wind fields in the absence of normal-
mode initialization. The dependence of the solutions
of the cumulus initialization problem on normal-mode
balance will be demonstrated further later in this sec-
tion.

In addition to the vertical integral of latent heat re-
lease, its vertical distribution is also important. Figure
2a shows zonally averaged latent heat release when only
normal-mode balance is imposed. Mirroring the pre-
cipitation distribution, latent heat is released primarily






