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ABSTRACT

Diabatic forcing has been incorporated into a nonlinear normal-mode initialization scheme to provide more
realistic initial conditions and to alleviate the problem of the spinup time of the Naval Research Laboratory
Limited-Area Numerical Weather Prediction Model. Latent heating profiles are computed from the observed
rainfall and from the model-generated convective rainfall at locations where there were no observations. The
latent heating is distributed in the vertical according to the cumulus convective parameterization scheme (Kuo
scheme) of the model. The results of a case study from the Genesis of Atlantic Lows Experiment indicated that
model spinup of forecast rainfall can be reduced when diabatic initialization with merging of heat and/or rain

is used.

1. Introduction

The dominant forcing in the troposphere within
areas of large precipitation is diabatic heating (con-
vective and radiative heating, and large-scale conden-
sation). The present study deals strictly with diabatic
heating from cumulus convection. A convective heat-
ing term is incorporated in the balance condition for
the high-frequency normal modes (Bengtsson 1981;
Errico and Rasch 1988; Kitade 1983; Wergen 1983).
With the inclusion of heating corresponding to ob-
served rainfall data in the diabatic forcing term, the
initialization can force the model state toward the real
atmospheric state. As a result, the diabatic initialization
can improve the model’s forecast fields. Possibly, the
primary benefit of initialization with diabatic forcing
and moisture initialization is that the spinup problem
can be reduced. That is, diabatic nonlinear normal-
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mode initialization (DNNMI) produces an initial
model state that already includes realistic heating.

Model spinup appears in all numerical forecast sys-
tems both in midlatitudes and tropics (Kasahara et al.
1988). It is one of the most serious problems in nu-
merical weather prediction (NWP), and has been doc-
umented in research and operational models. Girard
and Jarraud (1982) and Heckley (1985) documented
spinup in the operational models used by the European
Centre for Medium-Range Weather Forecasts, whereas
Miyakoda et al. (1978 ) and Donner (1988 ) illustrated
different aspects of the spinup phenomena in research
models at the Geophysical Fluid Dynamics Laboratory
and National Center for Atmospheric Research, re-
spectively.

Inadequate physical parameterizations and incorrect
initial specifications of divergence, moisture, and ther-
mal fields are the primary causes of spinup (Mohanty
et al. 1986). Most normal-mode initialization methods
have been adiabatic in nature; that is, the existing latent
heating at the initial model time was excluded, leaving
out a significant heat source that affected the adjust-
ment between the mass and momentum fields. Lejenas
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(1980) found that adiabatic normal-mode initializa-
tion, while providing improved vertical velocity pro-
files, does not alleviate the spinup problem. Data as-
similation techniques that incorporate a more realistic
background field in the analysis of observed data have
been developed (Lejenas 1980). At the start of each
update cycle of the assimilation, the background fore-
cast field is corrected using the observations of mass,
momentum, and humidity. During this process, the
divergent part of the wind is not represented properly,
because the divergence has the same order of magnitude
as the errors in the wind field. A consistent diabatic
circulation can be generated if the analysis at each cycle
of the assimilation is initialized with a diabatic initial-
ization procedure. Turpeinen et al. (1990) concluded
that the inclusion of observed low-level latent heat
sources with a consistent and higher-resolution mois-
ture analysis are critical components in reducing the
underestimation of initial divergence and, hence, pre-
cipitation rates.

Throughout the 1980s, NWP models incorporating
initial latent heating based on rain rates have been de-
veloped. Turpeinen et al. (1990) summarized the main
features of some of these models. Mohanty et al. (1986)
investigated the inclusion of diabatic heating in the
normal-mode initialization (NMI) and found that the
divergent circulation was rapidly destroyed by the in-
tegrated model heating if it differed too much from the
observed heating. In the present study, we have merged
the model-produced heating, during the first few hours
of integration, with the heating used in the initializa-
tion.

The major thrust of this paper is to incorporate the
latent heat forcing released due to convective precipi-
tation estimated from the conventional and satellite
observations into the normal-mode initialization of the
Naval Research Laboratory (NRL) Limited-Area Nu-
merical Weather Prediction Model in an effort to
shorten the spinup time. Our goal is also to demonstrate
that NMI with diabatic forcing provides improved in-
itialized fields over adiabatic NMI. We have included
a diabatic heating term, derived from “spunup” model
convective rainfall and observed rainfall, in our non-
linear normal-mode initialization (NNMI) to better
define the initial conditions for model integration.

Several model runs (test cases) are made to test the
effectiveness of DNNMI as compared to initialization
excluding the heating term, or adiabatic NNMI
(ANNMI). The NRL mesoscale model is briefly de-
scribed in the next section. The procedure for com-
puting the diabatic heating for the initialization is then
described, followed by the experimental design and re-
sults.

2. Model description

The model used in the present study was developed
at the Naval Research Laboratory, and is detailed in
Holt et al. (1990) and in NRL memorandum reports
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by Madala et al. (1987) and Sashegyi and Madala
(1992). This is a primitive equation model in terrain-
following coordinates having a one-way interacting
nested grid network. The coarse grid covers a domain
including the continental United States from 10° to
70°N and 40° to 140°W, with a horizontal resolution
of 2° longitude (170 km at 40°N) X 1.5° latitude
(166.5 km). The Genesis of Atlantic Lows Experiment
(GALE) (inner or fine) grid covers a smaller domain
including the eastern half of the United States and ex-
tending out over the Gulf Stream from 23.5° to 56.5°N
and 58° to 102°W with a finer horizontal resolution
of 0.67° longitude (56.7 km at 40°N) X 0.5° latitude
(55.5 km). In the vertical, both grids use 10 equally
spaced sigma levels. Model topography for both grid
domains is obtained from navy 10-min global topo-
graphical data. Even though this paper addresses latent
heat release due to convective precipitation, there are
two reasons for selecting this extratropical case. One is
the availability of a comprehensive GALE dataset. The
other is the existence of mesoscale convection over the
ocean and the coastal areas due to strong boundary-
layer baroclinicity.

The continuous governing equations are written in
flux form, and the model’s time integration scheme is
the split-explicit method that allows larger time steps
by effectively separating various terms in the prognostic
equations into parts governing the slow-moving Rossby
modes and fast-moving gravity modes. A staggered grid
network ( Arakawa’s C grid) is used for horizontal dif-
ferencing. Lateral boundary conditions suggested by
Davies (1976, 1983) are employed in the present ver-
sion of the model. Monin-Obukhov similarity theory
(Yamada 1979) is used to determine the surface trans-
fer of momentum, sensible heat, and latent heat. The
cumulus convective parameterization scheme used in
this model is the one suggested by Kuo (1974) and
modified by Anthes (1977). The parameterization of
large-scale or nonconvective precipitation follows Hal-
tiner and Williams ( 1980); that is, the excess moisture
in a supersaturated layer is condensed out isobarically.

3. Diabatic heating in model initialization

Until recently, the NRL model was initialized ex-
clusively using an adiabatic nonlinear normal-mode
initialization. The procedure is detailed by Sashegyi
and Madala (1990, 1993). In their NNM]I, only the
first three modes—the external mode and first two in-
ternal modes of the model—are initialized. Sashegyi
and Madala (1990) showed that the first two modes
require only two iterations of the scheme to converge.
The third mode converged after five iterations.

Adiabatic NNMI has proven to be extremely effec-
tive in controlling spurious large-amplitude gravity-
wave oscillations due 1o initial imbalances between the
mass and wind fields in primitive equation models
(Puri and Miller 1990; Sashegyi and Madala 1990).
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However, the use of adiabatic NNMI (ANNMI ) leads
to a drastic depletion of the divergent circulation.

Wergen (1983, 1987) introduced a procedure to
overcome this problem, in which average diabatic
heating is obtained by integrating the model for a few
time steps prior to the initialization. The average heat-
ing is then included in the nonlinear forcing of the
iterative initialization process. The fixed diabatic heat-
ing is determined as the time-mean heating generated
by model physics (cumulus parameterization and large-
scale heating) during the short integration. Unfortu-
nately, most forecast models do not produce realistic
heating rates during the first few hours. Therefore, in
our experiments we chose to integrate the model for
9 h before accumulating the model latent heating and
convective rainfall from which our time-mean heating
and rainfall rates were derived. The diabatic NNMI
(DNNMI) used in this study is similar to Wergen’s,
but it is original in that spunup model heating is applied
in the initialization rather than the heating from the
first few hours of integration, as is usually done. The
procedure involves the following steps.

1) The model is integrated for 12 h from adiabati-
cally initialized fields. Convective rainfall, from which
the diabatic heating is derived, is accumulated from 9
to 12 h of this initial integration (control run), allowing
ample time for model spinup.

2) Time average convective rainfall rates over the
3-h period are derived for all grid points using conven-
tional and satellite-derived observations. Model rainfall
was used for locations over the coastal ocean, since
satellite rainfall data were unreliable.

3) The model is tested for convective instability at
the observed rainfall locations. The average rain rates
are converted into vertical profiles of heating using a
reverse Kuo cumulus parameterization only at the lo-
cations where the atmosphere is convectively unstable,
Inversion of the Kuo scheme is essentially straightfor-
ward and is done only when the atmosphere is con-
vectively unstable at a location (Harms et al. 1992).
This vertical distribution of the latent heating is based
on the cumulus convective scheme of the model. Thus,
no simplifying hypotheses are needed. The advantage
of the present approach is an improved consistency
obtained with the physical parameterization scheme of
the model.

4) This three-dimensional diabatic heating field is
then added as a forcing term in the NNMI thermo-
dynamic energy balance equation as the DNNMI is
performed. As a result, diabatic effects are explicitly
included in the specification of the heating field.

The aforementioned diabatic initialization is pri-
marily for heating associated with convective precipi-
tation. The heating is nearly zero in the lower tropo-
sphere and varies significantly from case to case in the
upper troposphere. The first three modes of the model
account for 40%-50% of the convective heating in the
upper troposphere. Therefore, we assume that the
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method described here accounts for a significant part
of the divergence field. The iterative scheme used in
the DNNMI does not converge to a solution with the
inclusion of the fourth mode, although it may contrib-
ute significantly to convection.

The conversion of rainfall rates into vertical profiles
of convective heating depends on the stability of the
environment as determined by the cumulus parame-
terization. If convective instability occurs, a heating
function is computed using the reverse Kuo scheme.
This heating function is then used to distribute the
diabatic heating, derived from the average rainfall rates,
in the vertical direction. If the environment is convec-
tively stable, the diabatic heating associated with the
two-dimensional rainfall distribution will be taken as
zero. Therefore, nonconvective precipitation does not
contribute to the diabatic heating in the present ini-
tialization scheme.

The persistence of balance achieved by DNNMI
during the early stages of the model integration depends
heavily on the compatibility between the specified
heating during initialization and the model-produced
heating during integration (Puri and Miller 1990). Puri
(1987) suggested that one possible way of retaining
this compatibility in the heating rates would be to adjust
the moisture field until the model-produced heating
rates determined by the convective parameterization
in the model are similar to those used during DNNMI.
Here, two procedures are used to retain this desired
compatibility in heating rates. First, the model rainfall
and heating rates produced during the first 3 h of in-
integration are merged with the corresponding rates
from the initialization. A nonlinear weighting factor «
is employed where « = 1 att = O hand a = 0 at
t = 3 h. The relation is given by

R, =aR; + (1 — a)R,, (1)
where R; is the convective rainfall rate (from the con-
trol) used in DNNMI, R, is the model-produced con-
vective rainfall rate, R,, is the merged rain rate, and o
is given by

_ [1 +sin(wt/3 — x/2)]

> (2)

a=1
The foregoing relations allow the influence of the ini-
tialized heating and rain rates to approach zero in a
smoother manner than a simple linear relationship
would allow. Merging is applicable only for DNNMI
cases, since ANNMI, by definition, does not include a
diabatic heating term in its balance equation.
The second method involves adjusting the humidity
fields prior to initialization. The importance of mois-
ture adjustment in diabatic initialization was empha-

,sized by Wolcott and Warner (1981). They argued that

if the environment is not humid enough, the upward
motion associated with the initialized divergence field
will not be sustained by latent heat release. In the pres-
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ent study, specific humidity is enhanced only at grid
points where convective rainfall is occurring and the
relative humidity is less than 95%. At those points, the
specific humidity is increased to 95% of the saturation
specific humidity at the three lowest model levels.
However, we found that the changes in the humidity
fields were small and, as a result, the adjustment had
minimal effect on the convective rainfall. Since the
modeled large-scale condensation occurs only upon
supersaturation, not at 95% relative humidity, this
moisture adjustment would have little effect on non-
convective precipitation.

4. Experimental design

Before the experiments are described, the synoptic
situation for our study is given.

a. Synoptic setting

During the period 0000 UTC 25 January-0000 UTC
27 January 1986, coastal frontogenesis and cyclogenesis
took place along the eastern seaboard. At 0000 UTC
26 January, the coastal front extended from Georgia
to southern New England. Cold-air damming and
warming of the air over the Gulf Stream led to the
strong thermal gradient along the coast. By 1200 UTC
26 January 1986, a weak surface disturbance was lo-
cated across the Carolinas and Georgia. This distur-
bance would strengthen over the next 12 h due to cold-
air advection aloft approaching from the northwest in
association with a cold front in the Ohio River valley.
The surface cyclone center became evident off the Car-
olina coast around 0000 UTC 27 January 1986.

By 1200 UTC 27 January 1986, a developing low
pressure system was found off the New Jersey coast,
replacing the coastal front wave that had moved north-
ward into New England and disappeared. Behind the
developing cyclone, cold air associated with a midtro-
pospheric vortex continued southeastward. This influx
of cold air over the warm waters of the Gulf Stream
fueled coastal frontogenesis south of the developing
cyclone.

b. Description of the model experiments

Initially, three test cases (model runs) were per-
formed to determine improvements (if any) in the
model initial state and subsequent forecasts using
DNNMI versus ANNMI. The first is a control run in
which the model is initialized at 1200 UTC 26 January
1986 using the NMC analyzed data. These fields of
2.5° resolution are first interpolated to the model grid
and then initialized with the ANNMI for the first three
vertical normal modes of the model. The model is then
integrated for 24 h. The 12-h forecast from the control
run serves as the initial fields for experiments 2 and 3.
In case 2, the model is initialized using DNNMI on
the forecast fields from case 1 valid at 0000 UTC 27
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January 1986. The analyzed rainfall that includes the
observations and the model rainfall in data-void areas
(2100 UTC 26 January-0000 UTC 27 January 1986
of the control ) is used to compute heating rates at each
vertical level of the model for the DNNMI. The model
is then integrated for 12 h, with heat and /or rain merg-
ing. The initialization for the next case (run 3) is simply
an ANNMI on the control run’s 12-h forecast.

For this study, the control run is compared against
the other two cases; from 1200 UTC 26 January to
0000 UTC 27 January 1986 of the control run, the
model should have developed the divergent part of the
wind reasonably well. By using model-generated rain-
fall rates in the DNNMI (case 2), one would expect a
negligible spinup during the subsequent forecast. Also,
one might expect little change due to the initialization
using model rain since the model heating function is
consistent with other model parameters. By comparing
the initialized and subsequent forecast fields from case
2 with the corresponding fields from the control, one
can determine if the model-generated rainfall, which
is a 2D distribution, can re-create the 3D distribution
of vertical heating rates accurately.

5. Results

The results obtained by making qualitative com-
parisons of meteorological fields from the different
model initializations and forecasts of the three test cases
indicate that the differences between cases 2 and 3 of
their respective initialized fields of 1000-, 500-, and
250-mb geopotential height, temperature, and winds
are extremely small. As expected, the first-order analysis
fields (12-h forecast of run 1) changed little with each
initialization in these test cases, and as a result, the
forecasts (valid at 1200 UTC 27 January 1986) of these
variables from these two runs are almost identical and
agree well with the control run forecast.

a. Comparison of initialized vertical velocity

Since vertical velocity or w (dp/dt) is directly related
to diabatic heating, we can expect noticeable differences
between the initial states of omega from cases 2 and 3.
Furthermore, the effectiveness of diabatic heating in
inducing divergent circulations can be seen by com-
paring omega fields from DNNMI and those resulting
from ANNMILI. As expected, in geographic areas absent
of precipitation, vertical velocity patterns in cases 2
(DNNMI) and 3 (ANNMI) are approximately the
same and very close to the “control simulation” (Fig.
1). Off the East Coast, an area of strong ascent stretches
along the eastern seaboard, and is associated with the
old frontal boundary and the developing cyclone off
the North Carolina coast. In this region, where the
control run (“truth”) predicts heavy rain at initializa-
tion time (0000 UTC 27 January 1986 ), the initialized
state for run 2 is very close to the control simulation.
The pattern and positions of maxima and minima in
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FIG. 1. Vertical-motion fields (mb h~") for 500 mb valid at 0000 UTC 27 January 1986: (a) from 12-h forecast of the control run,
(b) after DNNMI (case 2), and (c) after ANNMI (case 3).

the omega field show little change from the control
run, suggesting the 3D structure of model convective
heating can be re-created from a 2D rain distribution.
A further comparison between case 2 and case 3 reveals
the deficiency of ANNMI. In the vicinity of the de-
veloping cyclone, the magnitude of w has changed sub-
stantially using ANNMI; the maximum upward ve-
locity is only about 60% of that resulting from DNNMI.
Since a significant amount of the divergence (and hence
vertical motions) associated with heavy precipitation
events may be forced by latent heat release, and since
the nonlinear step in the ANNMI does not include this
diabatic forcing, the divergence due to this forcing will
be removed as if it were associated with unwanted
gravity waves. As a result, the vertical velocities are
underestimated.

b. Forecast precipitation comparisons

The patterns of 12-h (0000-1200 UTC 27 January
1986) rainfall in runs 2 and 3 are very similar to each
other and to the control (run 1) in areal coverage and

accumulation. The 12-h rainfall forecast from the adi-
abatically initialized fields is just as good as the forecast
originating from the diabatically initialized fields. Since
the physics and dynamics of the nonlinear normal-
mode procedure are internally consistent with the nu-
merical model (which provided the analysis fields),
the initialization procedure, whether with or without
diabatic heating, changes the model forecast fields only
a small amount. As a result, the subsequent forecasts
are essentially the same. Therefore, additional model
experiments were performed in which GALE 3-h sur-
face and upper-air data at 0000 UTC 27 January 1986
were analyzed using a multivariate, successive correc-
tion objective analysis scheme (Sashegyi et al. 1993).
Model forecast fields served as the first guess for the
analyses. Adiabatic (ANNMI) and diabatic (DNNMI)
initializations were performed on the analysis fields.
In the latter case, rain data from conventional raingages
over land and from satellite-based observations over
water were combined with the model-produced rainfall
for computation of the 3D heating function in the
model initialization procedure.
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FIG. 2. Forecasts of accumulated total precipitation (cm) (0000-0600 UTC 26 January 1986) originating from (a) DNNMI and
(b) ANNML. (c) Observed precipitation (cm) for the same period.

Figure 2 shows 6-h observed rainfall and accumu-
lated forecast rainfall valid 0000-0600 UTC 26 January
1986. The observations over the GALE area were ob-
tained using raingages and were averaged over 6 h.
Over the open ocean away from coastat regions and
over the land west of 90°W and north of 45°N, where
conventional rainfall data were not available, data were
obtained from the University of Wisconsin and con-
sisted of rainfall rates derived from the outgoing long-
wave radiation (OLR ) sensor aboard GOES-6 with 1°
resolution. Near the coastal ocean where OLR data is
not reliable, model-produced rainfall rates are used.
These three datasets are blended in a way to ensure
smooth transition. Forecast and observed rainfalls in
this figure include both convective and nonconvective
precipitation. Since this version of the model is the
same as the NORAPS (Navy Operational Regional
Analysis Prediction System) used by Liou et al. ( 1990),
the breakdown of the convective versus stratiform pre-
cipitation is essentially similar to their results. The
forecast in Fig. 2a was initialized with DNNMI at 0000
UTC 26 January. The rainfall pattern is similar to the
observed; in particular, over Alabama and along the
central Gulf coast region, the model was able to predict

the precipitation during this short-range forecast.
However, the forecast originating from ANNMI (Fig.
2b) fails to capture any rainfall over the Gulf coast
associated with the developing short wave. The absence
of diabatic heating from the NNMI has caused a spinup
problem in this case. Root-mean-square differences
between these forecasts and observed rainfall were
computed. The differences were computed only at grid
points in which at least 0.01 cm of either forecast or
observed rainfall accumulated during the 6-h period.
When initializing with ANNMI and DNNM]I, the rms
differences were 0.9 and 0.7 cm, respectively. The larger
rms difference in the ANNMI case is due to model
spinup. The disparity between these two cases would
be even greater, if only the accumulated rainfall from
the first 3 h of model integration was compared.

6. Summary and conclusions

In this study, we took the viewpoint that the “best”
initialized states were those that were least altered by
initialization. From comparisons of vertical velocity
fields, we found that DNNMI with the analyzed rain
produced an initial state very similar to the control
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simulation and, thus, successfully re-created the 3D
distribution of convective heating from the 2D model
rain distribution. The ANNMI (case 3) changed the
analysis significantly by reducing the maximum vertical
velocities to about 60% of that resulting from DNNMIL
With the diabatic heating term that forces (to a large
degree) convective precipitation, the DNNMI (unlike
the ANNMI) retains the divergence (or vertical mo-
tion) associated with the convection.

When DNNMI is performed on the analysis fields,
model spinup time is reduced. The preforecast inte-
gration of the model ensures that the analyses are spun
up and that the circulations in these analyses are con-
sistent with the model resolution and external param-
eters such as topography. The initializations and fore-
casts were performed in this study for the midlatitudes,
which dictates a relatively short spinup. In the data-
sparse tropics, spinup can be expected to be much
greater. In the tropical case, DNNMI with merging will
be critical in reducing spinup time.

In the present study, we considered only diabatic
heating associated with convective precipitation. We
plan to investigate the latent heating resulting from
large-scale, nonconvective rainfall in the near future.
The spunup model heating approach will again be in-
corporated and tested.

Acknowledgments. This research was supported by
NRL’s basic research program, by SPAWAR, and by
the U.S. Air Force. Part of the computer time was pro-
vided by the North Carolina Super Computing Center,
Research Triangle Park.

REFERENCES

Anthes, R. A., 1977: A cumulus parameterization scheme utilizing
a one-dimensional cloud model. Mon. Wea. Rev., 105, 270-
286.

Bengtsson, L., 1981: Current problems in four-dimensional data as-
similation. Data Assimilation Methods. ECMWF Seminar 1980,
ECMWF, 195-217. [Available from the European Centre for
Medium-Range Weather Forecasts, Shinfield Park, Reading
RG29AX, England.]

Davies, H. C., 1976: A lateral boundary formulation for multi-level
prediction models. Quart. J. Roy. Meteor. Soc., 102, 405-418.

-——, 1983: Limitations of some common lateral boundary schemes
used in regional NWP models. Mon. Wea. Mon., 111, 1002~
1012.

Donner, L. J., 1988: An initialization for cumulus convection in
numerical weather prediction models. Mon. Wea. Rev., 116,
377-385.

Errico, R. M., and P. J. Rasch, 1988: A comparison of various normal-
mode initialization schemes and the inclusion of diabatic pro-
cesses. Tellus, 40A, 1-25.

Girard, C., and M. Jarraud, 1982: Short and medium range forecast
differences between a spectral and grid point model: An extensive
quasi-operational comparison. Tech. Rep. No. 32, European
Centre for Medium-Range Weather Forecasts, 176 pp. [ Available
from ECMWEF, Shinfield Park, Reading, England.]

Haltiner, G. J., and R. T. Williams, 1980: Numerical Prediction and
Dynamic Meteorology. 2d ed. John Wiley and Sons, 477 pp.

MONTHLY WEATHER REVIEW

VOLUME 121

Harms, D. E., K. D. Sashegyi, R. V. Madala, and S. Raman, 1992:
Four dimensional data assimilation of GALE data using a mul-
tivariate analysis scheme and a mesoscale model with diabatic
initialisation, Tech. Rep. NRL/MR/4223-92-7147, 219 pp.
{ Available from Naval Research Laboratory, Washington, DC
20375-5320.]

Heckley, W. A., 1985: Systematic errors of the ECMWF operational
forecasting model in tropical regions. Quart. J. Roy. Meteor.
Soc., 111, 709-738.

Holt, T., S. Chang, and S. Raman, 1990: A numerical study of the
coastal cyclogenesis in GALE 10P 2: Sensitivity to PBL param-
eterizations. Mon. Wea. Rev., 118, 234-257.

Kasahara, A., R. C. Balgovind, and B. B. Katz, 1988: Use of satellite
radiometric imagery data for improvement in the analysis of
divergent wind in the tropics. Mon. Wea. Rev., 116, 866-883.

Kitade, T., 1983: Nonlinear normal mode initialization with physics.
Mon. Wea. Rev., 111, 2194-2213.

Kuo, H.-L., 1974: Further studies of the influence of cumulus con-
vection on large-scale flow. J. Atmos. Sci., 31, 1232-1240.
Lejenas, H., 1980: On the influence of the technique of nonlinear
normal mode initialization on the nonconvective precipitation

rate. Mon. Wea. Rev., 108, 1465-1468.

Madala, R. V., S. W. Chang, U. C. Mohanty, S. C. Madan, R. K.
Paliwal, V. B. Sarin, T. Holt, and S. Raman, 1987: Description
of the Naval Research Laboratory Limited Area Dynamical
Weather Prediction Model. NRL Memo. 5992, Naval Research
Laboratory, Washington, D.C., 131 pp.

Miyakoda, K., R. F. Stricker, and J. Chludinsky, 1978: Initialization
with the data assimilation method. Tellus, 30, 32-54.

Mohanty, U. C., A. Kasahara, and R. Errico, 1986: The impact of
diabatic heating on the initialization of a global forecast model.
J. Meteor. Soc. Japan, 64, 805-817.

Puri, K., 1987: Some experiments on the use of tropical diabatic
heating information for initial state specification. Mon. Wea.
Rev., 115, 1394-1406.

——, and M. J. Miller, 1990: The use of satellite data in the speci-
fication of convective heating for diabatic initialization and
moisture adjustment in numerical weather prediction models.
Mon. Wea. Rev., 118, 67-93.

Sashegyi, K. D., and R. V. Madala, 1990: Tests of initialization pro-
cedures with the NRL limited area numerical weather prediction
model. NRL Memo. 6648, Washington, D.C., 88 pp.

———, and , 1992: Test of a nested mesoscale model for the case
of the development of an extratropical cyclone during GALE.
Tech. Memo., Naval Research Laboratory, Washington, D.C.

——, and ——, 1993: Application of vertical mode initialization to
a limited area model in flux form. Mon. Wea. Rev., 121, 207-
220.

——, D. E. Harms, R. V. Madala, and S. Raman, 1993: Application
of the Bratseth scheme for the analysis of GALE data using a
mesoscale model. Mon. Wea. Rev., 121, 2331-2350.

Turpeinen, O. M., L. Garand, R. Benoit, and M. Roch, 1990: Diabatic
initialization of the Canadian regional finite-element (RFE)
model using satellite data. Part I: Methodology and application
to a winter storm. Mon. Wea. Rev., 118, 1381-1395.

Wergen, W., 1983: Initialization. Interpretation of Numerical Weather
Prediction Products, ECMWF Seminar/Workshop 1982,
ECMWF, 31-57. [Available from the European Centre for Me-
dium-Range Weather Forecasts; Shinfield Park, England
RG29AX, England.]

——, 1987: Diabatic nonlinear normal mode initialization for a
spectral model with a hybrid vertical coordinate. ECMWF Tech.
Rep. No. 59, ECMWF, 83 pp.

Wolcott, S. W., and T. T. Warner, 1981: A humidity initialization
utilizing surface and satellite data. Mon. Wea. Rev., 109, 1989~
1998.

Yamada, T., 1979: PBL similarity profiles determined from a level-
2 turbulence-closure model. Bound.-Layer Meteor., 17, 333~
351.






