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An Overview of
Numerical Weather Prediction

Bruce B. Ross

30.1. A Brief History of Operational Numerical Weather
Prediction in the United States

Starting with the first barotropic model experiments of Charney and
Von Neumann in 1950 (Charney et al., 1950), numerical models of the at-
" mosphere have developed into the primary means by which forecasters are
able to predict synoptic-scale weather beyond 6 h. The success of the early
numerical experiments of Charney led, in 1954, to the formation of the Joint
Numerical Weather Forecasting Unit in Washington, D.C., with the purpose
of developing operational versions of these research models. The first op-
erational numerical model, a geostrophic barotropic model of the Northern
Hemisphere, wal introduced as an objective forscasting tool for National
Weather Service (NWS) forecasters in 1958. This model (Cressman, 1958)
contained much of the same physics as had been used by Charney and his
~ssociates in 1850, However, because of improvements in computer speed
and capacity,* enhanced comymunication capabilities, and refinements in the
original barotropic model, two-dimensional barotropic forecasts ouf to sev-
eral days could Le provided in & timely fashion to field forecasters. Significant
improvements ir. 36 h, 500 mb predictions over subjective forecasts resulted
from the introdiction of this first objective forecast.

Figure 30.1 summarizes the increase in 36 h forecasting skill between
18565 and 1981 ts ﬂpen.tiuna'}l forecasting models were improved. The initial
improvements tnat the barotropic model made in the 500 mb forecasts were
followed by improvements in the suriace forecasts as well when a three-level
baroclinic filterd-equation (geostrophic) model (an outgrowth of Charney's
(1954] n level research model) became operational in 1962. During this pe-
riod, an increa:ing number of rawinsonde stations, located in North Amer-
ica, on some 20 ships, and in foreign countries, were providing upper-air

¥

In the 1960 experiments, the ENIAC computer had required $8 h to complets & 24 h
forecast (Flataman, 1979).
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Figure 30.1, The accuracy of short-range weather predietion from the time prior to numericnl
weather prediction o 1981 The curve indicates the skill, averaged annually, of subjective
and objective forecasts in predicting 500 mb heights at 58 h, The gkill parameter is related,
by the formulashewn, te the so-called Sy score Teweles and Wobus, 1954) which is s measure
of the normalized erter in harigontal pressure gradients. Important changes in operstionnl
modals and installe:ion dates for different computer systemns at NMC are indicated. {Data
from the NMC; figure courtesy of William Bonner and Kiku Miyakoda.)

data twice daily for use as initial conditions for the hemispheric model fore-
casts. The six-level, hemispheric, primitive equation (PE) model (Shuman
and Hovermale, 19068), which became operational in 1966, likewise benefited
from the earlier research of others as well as the extensive development work
at the National Meteorological Center (NMC), which was formed in 1961.

The Limited-area Fine-Mesh (LFM) model, introduced in 1971, was
a limited-domain version of this hemispheric PE model. The LFM model
provided increased horizontal resclution over North America, the region of
primary importance for short-range forecasis of synoptic weather systems.
This model represented the first operational version of a regional forecasting
gystem and cor.tained some features of what we would now call mesoscale
numerical modzls. As an outgrowth of the limited-area model, the higher
resolution Movable Fine-Mesh (MFM) model was introduced in 1975 for
use in an “on-call” basis to forecast hurricane movement a8 well as intense
precipitation patterns in severe weather conditions.

About 1974, observed winds were incorporated directly into models’ ini-
tial conditions: prior to this, initial wind fields were derived from observed
geopotential heights by means of a balance equation. A data asgimilation
gystern was mede operational in 1974 to improve the ongoing analysis of ob-
gervational dala and their incorporation into the global PE model. In 1978,
the horizontal grid size of the hemispheric model was halved to match that of
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the LFM model. Finally, in 1080, the grid-point hemispheric PE model was
replaced by a 12 level glabal gpectral model that predicts large-scale features
for periods of 5-10 days.

30.2. Comparison of Mesoscale and Global-Scale Numerical
Models

The evolution of operational numerical weather prediction (NWP) from
larger to smaller grid scales partially reflects the incressed computer power
that has allowed global models to resolve more details of atmospheric flow
fields. However, more specialized limited-area models, such as the LFM and
MFM opereational :nodels, have also permitted the simulation and forecasting
of subsynoptic and mesoscale weather phenomena.

In fact, just =s early operational numerical models were preceded by
experimental resenrch models, so also the increased emphasis of operational
NWP on smaller szales has been preceded by an increased research interestin
rnesoscale modeling. The last ten years have seen considerable advancement
in the simulation of many mesoscale phenomena in 2 regearch environment.
The diversity of 1aesoscale modeling efforts has reflected the great diversity
of mesoscale pheaomena. Hence, the different types of mesoscale models
have traditionally been categorized as follows, (Relevant review papers are
listed after each: also see Haltiner and Williams, 1980, for a review of numer-

ical weather prediction, and Pielke, 1984, for 2 general review of mesoscale
modeling.)

¢ Regional-scale phenomena (Kreitzberg, 1979; Anthes, 1983; UCAR,
1983).

o Hurricanes (Anthes, 1982; Ooyama, 1982).

» Orographica'ly forced flows (Pielke, 1981; UCAR, 1983).

« Convective clouds (Cotton, 1975; Schlesinger, 1982; Farley and Orville,
1982: Clark, 1982).

The clasgifications are somewhat arbitrary. For example, regional-scale sim-
ulations will cettainly contain terrain effects. Likewise, hurricane models.
which use several different grid sizes within the model domain, could conceiv-
ably resolve certain aspects of convective clond phenomena if high-reselution
regions of the model had sufficiently small grid size. This gection addresses

the primary fealures that distinguish mesoscale models from their more clas-
sical global-scale counterparts.

90.2.1. Phenomena To Be Maodeled

The phenomnena that are to be simulated determine the attributes re-
quired of the nimerical model. Hence, if one wishes to forecast the evolution
of baroclinic wives (with wavelength ~2000 km) for a period of geveral days
to a week, a global-scale model such as the NMC spectral PE model would
be required, cadable of resolving the smallest important baroclinic waves and
with representition of physical processes guch as radiation, cumulus convee

tion, and boundary layer effects in a manner appropriate to the large space
and time scales of the waves.
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Figure 30.2. Scale definition propoted by Orlanski, with examples of atmospheric processes
and their correspond ng time and horizontal apace scales. Representative physical time
scales are given at thu top. [After Orlanski, 1975; see also Fig. 2.12, this velume.}

When mesoscile phenomena are to be modeled, however, the spatial and
temporal scales t3 be resolved may be smaller by an order of magnitude
or more, Figure 30.2 shows the differences in time and space scales between
macroscale and mesoscale weather systems and processes. A numerical model
that is to represent these phenomena must be correct not only in its spatial
resolution and domain design, but also in the types of physical processes that
are included and the way in which they are represented (or parameterized).

g0.2.2. Grid Resolution and Domain Size

As in models representing baroclinic waves, the grid size (i.e., the dis-
tance between adjacent points in the gridded domain) of a mescacale model

TN
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should ideally be determined by the smallest scale associated with the plie- ' o
nomenon of interest. It 18 desirable that the smallest wave-like features be i 1
46 times the grid size in order to reduce numerical (truncation) errors in : )
wave propagation and advection to acceptable levels (see Pielke, 1981). (Such "l Fatue
criteria may be difficult to follow when convection is present, since the most lane
unstable scales for convection decrease to Zero in a hydrostatic model [Orlan- 1]: c
ki, 1981),) For exarr ple, if one wishes to model the meso-a-scale structure f;; :
of a hurricane (without trying to resolve the structure of the hurricane eye) 1 the
with & scale of several hundred kilometers, then a horizontal grid size of ; b :
roughly 50 km is needled. The integrationof & global-zcale model with 50 km | 3 mf_
horizontal resolution and & vertical resolution of 610 levels would be & ma- 1 :_;mpfl
jor undertaking even for present-day supercomputers. The obvious sclution { g
ia to use a limited-zrea domain, and communicate information about con- R
ditions outside the (omamn through, lateral boundary conditions. (Nesting 0.2
techniques are discussed in Sec. 30.3.) | -
90.2.9. Parameterization of Physical Procesaes , —
Many of the physical processes that are treated in synoptic-scale nu- I tioz
merical models ghotld zlso be included in their meso-c (regional)-scale and ' the
meso-3-scale counterparts. However, because of the reduced spatial and dat
temporal scales of “he mescscale model, the processes will have increased

importance in the simulation and may require & more detailed treatment
than in corresponding large-scale versions. (See Anthes [1983] for a review

w

olu
of different treatments of physical processes in regional-scale models.) air
Figure 30.2 helos to explain the increased importance of subgrid-scale l opt
processes in mesoscale models. Resolvable scales in synoptic and global sys- |
tems are confined o the macro-a and macro-3 length scales; the predom- F ob
inant subgrid effects, cumnlius convection and turbulence, occur on acales i e
of meso-~ and smaller. Hence, these paramemriz.ed effects are energetically 1 U:
guite separate in spatial scales from the jmportant processes treated by the ! tic
- synoptic-scale model and can probably be treated effectively in a statistical % ca
sense, In a mesos:ale model, on the other hand, resolved scales, such &s i it
the meso-o and meso-3, border on those categories that must still be pa- II de
rameterized. Hence these subgrid phenomena must be represented in a more i 0

detailed manner by the mesoscale model, because they are more energetically :
significant to the riodel representation. ‘ Ll

Cumulus parzineterization provides a good example of the need for dif-
ferent formulations between synoptic-scale and mesoscale models. Cumulus
convection may be¢ treated in synoptic-scale models as large cumulus cloud
ensembles within o grid box (Arakawa and Schubert, 1974), since the grid
spacing is hundreds of kilometers. In a mesoscale model with a grid size of
50 km, however, this statistical representation of convection is not so useful
(since cumulus cloud elements each will havea horizontal scale of & kilometer
or more and a sputial separation of the same order). A satisfactory param-
eterization of cumulus convection has vet to be demonstrated for mescscale
models, although a number of different methods have been proposed. In i
fact, ultimately the best approach to cumulus convection in a mesoscale
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model may not be to parameterize it, but rather to let the model attempt
to resolve it if sufficiently high resolution is feasible (Rosenthal, 1978; Ross
and Orlanski, 1978).

As a second example, in & synoptic-scale model used only for short-range
forecasts, details of t.1e vertical dynamic and thermodynamic structure of the
planetary boundary layer may be of only secondary importance. As shown
by Carlson et al. (1983), however, such details may be quite important
for the mesoscale simulation of convective outbreaks. Therefore, although
the representation of boundary layer and surface processes can be fairly
simple for a short-ringe synoptic forecasting model (surface effects become
important in synoptic models as the temporal forecast range is extended), a
fairly elaborate representation of surface and boundary layer physics may be
necessary for mesos:ale forecasting of the environment of convective events.

90.2.4. Data Sources

For the simulat'on of synoptic-scale baroclinic waves, a satisfactory rep-
resentation of the initial atmospheric state can be derived from the opera-
tional rawinsonde network, supplemented by aircraft and satellite data over
the data-sparse oceal regions. However, the horizontal resolution of such a
data set is sufficien: only to resolve conrse mesoscale features. Hence, if it is
necessary to initialze a mesoscale forecast with detailed mesoscale features
(in analogy with the global model's resolution of baroclinic waves), high res-
olution observatiors are needed. For example, detailed observations from
aircraft are potentially important for defining the initial storm structure in
operational hurriczne track forecasts.

Although such mesoscale observations are highly desirable and can be
obtained from ground- and satellite-based remote sensing systems, their ex-
tensive use in operational forecasting systems is unlikely in the near future.
Until such mesoscale data sources become available, idealized initial condi-
tions must be used, as they are in many research models and in the hurri-
cane track forecasting models, or olse the model must be allowed to generate
its own mesoscale features from larger-scale initial conditions, as has been
demonstrated in a number of mesoscale simulations (e.g., Anthes et al., 1982;
Orlanski and Polinsky, 1984).

30.2.5. Initialization Procedures

The initializalion of mesoscale models is discussed in Ch. 8 and Ch. 25
of this volume. Several points are made here, however, to contrast the ini-
tialization of mesnscale and of large-scale models; (1) Whereas initialization
procedures that assume geostrophic balance conditions may be quite suitable
for modeling syncptic weather onditions, such balance assumptions become
progressively less appropriate as the horizontal scale L of the phenomenon
Jecreages. The Rossby number, Ro = V/(fL), which is the ratio of the ne-
glected advection and tendency terms to the Coriolis terms in the momentum
equation, is an indicator of the validity of this geostrophic approximation
(f is the Coriolis parameter and V is a characteristic wind speed). When
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Ro << 1, advection terms may be neglected and the geostrophic approxima-
tion is useful; for Ro - 1, the approximation is not valid. For a wind speed
V ~20mes~! and f ~ 10—*s—*, the Rossby number will be 0.2, which is
of order one, when the length scale L ~ 100 km. Figure 30.2 shows this
to be in the range of imeso- phenomena. (2) When moist convection is an
important feature of he initial conditions, it may be necessary to include
latent heating effects ‘n the initialization.

In summary, methods such as normal model initialization and procedures
using geostrophic balance may have value for large meso-o circulations. How-
ever, satisfactory techniques have yet to be developed that permit initializa-
+ion of meso-g and small meso-a phenomena, particularly those in which
latent heating and gravity wave effects are important.

30.3. The Concept of a Nested Grid

The nested-grid concept is fundamental to all the mesoscale models dis-
cussed here. Becaus: of the fnite size and speed of computers, nurmerical
models are capable of resolving phenomena oyver only & limited range of hor-
izontal scales. For example, regional-scale numerical models, which also are
referred to as meso-a-scale or subsynoptic-scale models, use a horizontal grid
spacing on the order of 50-200 km, eo as to be capable of resolving phenom-
ena with sceles of several hundred kilometers in the small-scale end of the
meso- range (Fig. 30.2). Since the domain of such models would typically
extend over at least several thousand kilometers, it is reasonable to expect

_that such models would be capable of simulating a variety of phenomena,
ranging in size from the domain size (> 2000 km) down to 34 times the grid
spacing (~ 200 km).

In fact, if the computer resources were available, one could create z
mesoscale model spanning the Northern Hemisphere with a 50 km resolution.
Such a model woull be capable of resolving all scales from L > 10,000 km
(planetary waves) down to [ — 200 km (small meso-a phenomena guch es
mesoscale convective systems). However, it is not cost effective to use @
£0 km resclution over Europe and Asia if one 18 interested only in forecesi-
ing or simulating mesoscale features over North America. The planetary and
synoptic-scale wavis over the Eastern Hemisphere would certainly be impor-
tant to a medium range forecast (2-5 days) of North America, but these
waves (L > 2000 ki) could be very well resolved by 2 grid size of 200 km or
more.

Hence, a reasoneble strategy would be to use a grid that varies in the
harigontal from a |ine mesh over the mesoscale area to a coarser mesh over
the rest of the globe. Ideally, one could use a mesh that varied smoothly
from 50 km in the primary region of interest, North America in this case, to
200 km in the regions far from this zone. Another procedure, which is more
convenient, is to define a zone of constant grid resolution that is located or
“nested” within a coarser mesh outer domain.

The ability of a finite-difference model to represent a propagating dis-
{urbance depends on the local grid size (particularly when the scale of the
disturbance is 4—€ times the grid size). Therefore, the effect of the interface
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between fine and coarse grids upon & disturbance propagating through it will
be larger or smaller as the ratio between the inner and outer grid sizes is
chosen to be lzrger or smaller. To reduce this interface effect, one could use
a telescoping nested grid, in which each successively coarser grid has a mesh
size that iz double the size of the next interior mesh.

Phillips (1979) usied this basic approach in the Nested-Grid Model (NGM)
that is the regional {orecasting model in NMC's new Regional Analysis and
Forecasting System. The NGM consists of three grids, denoted A, B,and C
(Fig. 30.3), as definad on a polar stereographic projection of the Northern
Hemisphere.

The grid-nesting approach used in the NCM involves a so-called twWo-wey
interaction. This terminology is used because information is communicated
not only down-scale: from the larger grids A and B to smallest grid C, for
example, but also up-scale from grid C to grids B and A. That is, not only
will changes in syncptic-scale features in region A be sensed by grid points
in region C, but also mesoscale disturbances within region C will influence
the larger scale solution in region A,

Most mesoscale models in use today, other than those simulating hurri-
canes, use only one-way interaction. In this simpler nesting procedure, the
nested model receives information from the larger domain model in which it
is nested; however, it is unable to influence the outer solution. In fact, the
large-domain solution need not be integrated with the ene-way nested solu-
tion but rather may be run by itself at an earlier time. The previous NMC
operational forecas;ing system with the LFM and global PE models was an
example of one-way interaction (Fig. 30.4). After the global PE model was
run, its predicted fields were used to provide lateral boundary conditions for
the nested LEM madel forecast during the next forecast cycle.

Although ome-way interaction produces a physical approximation that
causes some errors in the numerical solution (Phillips and Shukla, 1973},
it also provides certain conveniences to the modeler. The nested mesoscale
model can be run repeatedly using different numerical and physical param-
eters but with the larger-scale host model only run once. The forecast from
the host model (e.g., the LFM or gpectral PE forecast) is needed so that
time-varying lateral boundary conditions can be constructed that are used
by the nested simulation. In fact, researchers frequently use observations
alone, taken over the time period of the simulation, to prescribe these lat-
eral boundary fields. Note that, in the latter case, the model is no longer 2
predictive system, since it then requires knowledge about the observed fields
along the model I oundaries after the initial time.

30.4. Examples of Mesoscale Simulations and Forecasts

Several examles of mesoscale simulations /forecasts will gerve to indi-
cate the philosophy behind the design and use of two types of models:
(1) regional-scale (meso-a) models treating a springtime severe storm out-
break and (2) nested hurricane models. In the latter case, two different types
of simulations/forecasts are presented: (a) simulated changes in the struc-

ture of an idealized storm during landfall and (b) examples of storm-track

. il |
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Figure 30.5. The three-grid configuration
of the Nested Grid Model (NGM), an ex-
ample of two-way interaction. The suter
grid A is hemispherie. Grids B and C have
bwo and four times, respectively, the res-
olution of Grid A. The shaded areas indi-

ROSS

Figure 30.4. Forecast domain (indicated
by heavy line)of the Limited-ares Fine-
Mesh (LFM) model, an example of a one-
way interacting model. Boundary condi-
tions for the LFM model are derived from
the global spectral mede] forecast mada

cate gones where ad acent grids overlap.

during the previous prediction cycle. (Af-
(After Hoke, 1984.)
-

ter Hoke, 1984.)

forecests. (Simulations of two other claszes of mesoscale phenomena, namely
terrain-forced circilations and isolated convective storms, are described in
Ch. 22 and Ch. 15 respectively.)

All the models treated here use the hydrostatic approximation (i.e., the
vertical momentuni equation reduces to a balance between buoyancy and ver-
tical pressure gradient forces; advection and tendency ferms are neglected).
Most have a primary meso-a-scale cuter domain (with resolved horizontal
acales ~200-2000 tm), although several solutions resolve meso-£ scales (ie.,
20-200 km).

80.4.1. Comparison of Regional-Scale Models

Regional-scale numerical models, that is, models that resolve subsynop-
tic or meso-a-sca e phenomena, should be capable of treating a variety of
phenomena, ranging from synoptically forced phenomena, such as fronts and
frontal circulations, to terrain-induced processes, guch as mountain waves
and land /sea~brecze effects, Tdeally, such models should be able to represent
warm-season mesoscale convective systems as well as wintertime snowstorms.
For a regional-scale model to simulate all these diverse phenomena properly
would seern to reruire complex and general portrayals of the different phys-
ical processes, suzh as subgrid-scale convection and turbulence, surface en-
ergy balance, anc radiation, suited to each flow regime and phenomenon to
be modeled. However, Anthes et al. (1982) demonstrated that a model with
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rather simple physics can produce realistic simulations of & variety of different
cnesoscale processes in the same solution. Similarly, Orlanski and Polinsky
(1984) produced good sirnulations of both winfer- and springtime precipi-
tation events, using a model with simplified physical processes. However,
although such succeises are evident in the research literature, one should
expect that different models, using different initialization procedures and
data and different luteral boundary information, will produce significantly
different results, This point is emphasized in the examples that follow.

The LFM mode. was one of the earliest regional-scale numerical mod-
els; its resolution of roughly 160 km in middle latitudes permits it to resolve
meso-a phenomena with herizontal scales ~B00 km. Operational use of the
LFM model has beer shown to produce a significant improvementin forecast-
ing skill over North America (Shuman, 1978). However, although predictions
of surface temperature and 500 mb winds have improved, accuracy of precip-
-tation forecasts, pa:ticularly those indicating locations where rainfall should
exceed 1 inch in & 24 h period, has remained relatively unchenged.

Analysis of seasonal variations in the success of LFM rainfall predictions
shows that forecast skill is best for winter and worst for summer (Fawcett,
1977). This trend in explainable by the fact that wintertime precipitation is
stable and is forced on scales that are meso-a OT larger; on the other hand,
rainfall during the 'warm season .3 often convective, the most unstable scales
oceurring in the range of mesa-~ or small meso-fA. Thus, while the winter
precipitation scales are largely resolvable by 2 regional-scale model, the most
unstable summertime scales are not and may need to be parameterized.
In the latter case, one would hope that the convective system as & whale,
which is made up of individual convective elements, is organized by resolvable
dynamical processzs, such as frontal lifting. If it is not, as in the case of
cummertime isolated thunderstorms, +hen the resulting convection will nof
be predictable, in 2 deterministic sense, by regional-scale models.

Although & numerical forecast nay prediet the unstable environment
properly, the forecust model may still not Le able to produce observed severe
weather or preciptation in a given case. In <uch a case, the failure of the
model to produce -onvective activity at a given location may be due to its in-
ability to resolve the triggering mechanism that initiated the convection. AS
discussed in Sec. 30.2., any numerical prediction uses incomplete mesoscale
initial conditions and approximate subgrid-scale parameterizations to fore-
cast mesoscale phenomena of interest. Hence, once cannot expect a model to
provide & deterministic forecast of mesoscale precipitation events when the
triggering event, guch as a propagating gravity wave or some other meso-
or meso-~ disturbance, is not resolvable by the model or, if it is resolvable,
e not represented properly by the initial and/or boundary conditions. This
point needs to be emphasized in any discussion of numerical prediction of
mesoscale precip tation.

It is instrucsive to compare precipitation forecasts produced by sev-
eral different mesoscale models for & single case, the first observing day of
SESAME-AVE [Severe Environmental Storms and Mesoseale Experiment-
Atmospheric Variability Experiment). For the period of this case (1200
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Table 30.1. Characteristics of simulations and forecasts of the
ficst observing day of SESAME-AVE

Integration Initial
Madel pericd Convective condition
(GMTh/day) parameterization data source
1 LFM-I {a) 12/10-12/11 Convective NMC obaerved

[NMC Operstional]  (b) 12/9-12/11  Adjustment

II Anthes et al. |1982) 12/10-12/11 Kuo-type (Anthes) NMC observed
Benjamin & Carlson

{10988)
[NCAR-PS1|
Kaplan et al. (1982) 12/10-12/11 Resolved NMGC observed
[MASS]
IV  Mills & Hayd:n (1983) }n] 12/10-08/11 Kuo-type l(n] NMC observed
[ANMRC| b) 21/10-03/11 b) Satellite cba.
V  Orlanski et ol. (1985) 12/9-12/11 Convective {s) NMC observed
|GFDL/HD3U} Adjustment
(b) FGGE observad
VI  Orlanski & Polinsky 12/9-12/11 Resolved NMC obaerved
(1984
|GFDL/MAC]
VI  Kalb (1984) 31/10-08/11 Plume-cloud type SESAME cbeerved
|Drexel/L4MPS| (Kreitsberg-Perkey)
VIT Kuo & Anthes (1984)  12/10-12/11 Kuo-type (Anthes) SESAME observed
|[NCAR-PSU|
IX Chang ct ol. {1934) 12/10-13/11 Plumeclond type NMC observed
[Drexel/L/MFPS] (Kreitzbarg-Perkey)
X Ross (1983) 12/10-12/11 FResolved SESAME obnerved
|GFDL/BIS]

CMT, 10 April-1200 GMT, 11 April 1979), at least eight different mod-
els have been run to produce ten different simulations /forecasts. Table 30.1
summarizes the nalient characteristics of each simulation/forecast.

Grid and Domain Sizea

The models may be roughly divided into two groups according to grid
size: (1) those in the range of 67-160 km, madels I, II, IV, V, VI, and
IX, and (2) those in the range of 20-50 km, models III, VII, VIII, and X
Using the criterion that a model resolves phenomena with horizontal scales
greater than or equal to roughly four times the horizontal grid size, one could
categorize the former group as meso-a models. On the other hand, models in
the latter group are resolving some meso-f-scale phenomena (i.e., scales less
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Table 30.1. Continued

Laterid Horisontal grid No. of
Model boundary size [middle- Domain vertical
data gotrce latitude] (km)*  array size levels
I NMC humispheric 110 ToOxE7 T
PE for:scast
n NMC ohserved 111 ITx 3T 11
I NMC cheerved 41 157T=117 14
IV NMC vhaserved a7 101=71 10
' GFDL global 158 49%27 9
me:trn.L
PE foreenst
VI NMC cbserved 180 21x21 17
&0 Bl=51
VI SESAME observed -1 44 x50 15
(21, o, and 12GMT only)
yIIl IESAME ohaerved 50 4bxad 11
X NMC abaerved 140 41x35 16
= SESAME cbaerved 40 21=x21 17
20 414l

* Cases I, IV, V, V1, VIII, and X use models with staggered grid meshes, ie., grid configu-
rations in which not all variables are at the same spatial location. For these medels, the grid
size shown hers, which. ia the distance between the nearest like-varizble points, 38 an oVer-
estimation of the actunl efective grid size when compared with the other, unstaggered-grid
models in this table.

—

than 200 km). Regarding domain size, the models in the former group all
cover at least two-thirds of the United States. In the latter group, the large
domain size of case III allows it to cover most of North Armerica, whereas
cases VII and VI include only the south-central United States and case
X covers only par: of Oklahoma and Texas. All models except the LFM-II
(model I) contain at least nine vertical levels.

- ol |
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Integration Periods

The integration ‘yeriods of six of the ten cases extend over the 24 h
SESAME-I period, 1200 GMT, 10 April, to 1200 GMT, 11 April. The two
meso-c GFDL simulations, V and VI, have 48 h periods from 1200 GMT,
9 April, to 1200 GMT, 11 April, as does one of the LFM solutions. Cases
IV and VII are integrated for only 2 portion of the 24 h period.

Parameterization S chemes

Several different parameterization schemes are employed (Table 30.1).
Models I and V use a convective-adjustment-type scheme (see, eg.,
Miyakoda, 1973). Solutions 11 and VIII use a Kuo-type parameterization
(Anthes, 1977). Case IV also uses a Kuo scheme for one solution but typ-
ically involves solutions without convective parameterization. The model
used in cases VII and IX employs & parameterization based on a plume-type
cloud madel (Kreitzberg and Perkey, 1976). Finally, three of the solutions,
111, VI, and X, do not specifically parameterize convection but rather include
only resolved moist convection.

Data Sources

Four different cata sources are used for initial (and lateral boundary)
conditions. (The detailed procedures by which the observed data are con-
verted to the mode, grids may differ considerably among the cases and may
have a significant effect on the resulting simulations. See general discussion
of the procedures in Chs. 8, 24, 26, t+his volume. However, such details are
beyond the limits of the present discussion.) The designation NMC indi-
cates the standard operational data set used by the National Meteorological
Center to initialize its forecast models. Because these are operational data,
the data set is tes:ricted to include only those upper-air reports that met
the cut-off time for reporting. Solutions I, 11, I1I, IV, Va, VI, and IX use
ihese data. In several of these cases, significant as well as mandatory levels
are used from the soundings. Seolution II also uses subjective enhancement
to ermnphasize mescscale features. The second data set, designated FGGE, is
used only in solution Vb. These data were collected s part of the 1979 First
CARP Global Experiment [FGGE% and were prepared at the Geophysical
Fluid Dynamics Laboratery (GFDL through a dynamic assimilation method
(Ploshay et al., 1983). The data encompass the upper-air reports included
in the NMC operational analysis a8 well as late reports not meeting the op-
erational cut-off time and special observations from normally data-sparse Te-
gions over the ocean. The third data set, designated SESAME, was obtained
from the SESAMI field experiment and was employed in solutions VI, VI,
and X. The upper-air data used in these experiments were obtained from a
rawinsonde netwcrk over the central United Stales with average spacing of
roughly 250 km and with soundings made every 3 h from 1200 GMT 10 April,
to 1200 GMT, 11 April (Alberty et al., 1979). Note that solution VII uses
reports only at 2100, 0000, and 1200 GMT, whereas sclutions VIII and X use
all sounding times. Finally, in case IVh, high-resolution satellite sounding
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Figure 30.5. Analysis of observed 24 h
accumulated precipitation for the period
1200 GMT, 10 April, to 1200 GMT,
11 April 1879. Maximum (9.40 em] oe-
eurred over central Oklaheme, Contours
are in centimeters. [Analysis courtesy
of the Heavy Precipitation Forecasting
Group of NMC.)

Chim-as [ R ] -0z

data from two orbiial passes (2140 and 2200 GMT) over the United States
are used to enhanc: temperature and moisture fields in the model solution
at 2100 GMT, 10 April.

Synoptic Conditions

The synoptic conditions associated with the 10-11 April case have been
described by several zuthors (e.g., Moore and Fuelberg, 1981) and are dis-
cussed only briefly here as they relate to the discussion that follows. At
1200 GMT, 10 April, a deepening surface low was located over Colorado.
A surface cold frort extended south into eastern New Mexico, and a warm
front ran east-west along the gulf coast. Warm moist air was being advected
northward from the Gulf of Mexico beneath a capping inversion over east-
orn Texas. The warm front moved northward during the period, reaching
the Texas-Oklahoraa border about 0000 GMT, 11 April, while the cold front
slowly moved into western Texas.

Two separate convective systems can be identified to have occurred dur-
ing the period. The first developed about 1800 GMT, 10 April, to the west
and south of the Red River Valley, which forms the Texas-Oklahoma border,
The southernmest part of this system then meved east, producing numerous
tornadoes and hail storms (see Alberty et al, 1979). A second system be-
gan over west-central Texas about 0130 GMT, 11 April, and developed into
a slow-moving squall line that extended to the northeast and persisted for
the next 9 hours. The combined effect of these two systems was to produce
the 24 h accumulution of precipitation shown in Fig. 30.5, the heaviest rain-
fall having occurred over central Oklahoma about 0300 GMT, 11 April. Of
particular note in Fig. 30.5 is the orientation of rainfall fields in & streaked
pattern from sou:hwest to northeast over Texas, Oklahoma, and Missouri.
This alignment reflects the orientetion of the 11 April squall line, which was
determined by the strong middle- and upper-level winds over the region.
This pattern will be shown to differ quite dramatically from most of the
model rainfall patterns which show more of an east-west alignment.

15T
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$0.4.2. Comparison of Results in Modeled Precipitation

The model precipitation results have been taken from the work of sev-
aral different groups and therefore tend to differ with regard to the period
of accumnulation (zs well as the contour interval used for each display). The
reader should note that the maps of “observed” rainfall differ considerably
from each other. This reflects the well-known fact that precipitation pat-
terns, particularly in convective situations like this, have spatial and tempo-
ral scales that make them difficult, if not impossible, to analyze in a coherent
and objective way ‘rom relatively sparse rain-gauge network data (see e.g.,
Krietzberg, 1979; Wilson and Brandes, 1979). (The Heavy Precipitation
Forecasting Group at NMC produced Fig. 30.5 through the use of satellite
cloud photography and radar summaries in addition to rain-gauge reports.)
Accordingly, the comparison made here can only be qualitative with regard
ta differences between the simulations and “reality.”

Also note that the results of casze IV are not discussed here, because
Mills and Hayden (1983) did not present explicit precipitation results, except
to indicate regions of vertical motion over Oklehoma that might produce
precipitation in their model.

Case I

Two LEM precipitation forecasts (case I of Table 30.1) are shown in
Fig. 30.6 for the same 24 h period as that in Fig. 30.5. No results from
a global PE model are given here; however, relative to the discuseion of
Sec. 30.2, the LFM results provide some indication of what such a2 PE pre-
diction might be like. Figure 30.6a shows the accumulated rainfall from
the LFM-II forecust, initialized at 1200 GMT, 10 April, most of ihe rainfall
having occurred during the last 12 hours. Figure 30.6b shows the 24-48 h
accumulation fromn the LFM forecast initialized at 1200 GMT, 9 April. The
0-24 h forecast (Fig. 30.6a) providesa reasonable forecast of rainfall amounts

(b))

Figure 30.8. Precipitation amounts for the period 1200 GMT, 10 April, te 1200 GMT,
11 April, as predicted by two LFM-II forecasts: (a) 0-24 h forecast, initialised 1200 GMT,
10 April, and (b) 24-48 h forecast, initialized 1200 GMT, 9 April. Labeled contours are
\n millimeters; the cutermest contour is 2.5 mm. H indicates local maximum; X indicates
figure maximum. [Data courtesy of NMC.)
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over Oklahoma, Texas, and Missouri, but predicts 2 maximum of 10.8 cm
over Alabama and Mississippi where no rainfall occurred. A maximumin the
southeast also was forecast in the 24—48 h result, which showed precipitation
less than 1 cm in Oklanoma and Missouri. In addition, both model results
suggest a southeast-to-northwest slignment of the rainfall distribution, in
contrast to the southwest-to-northeast pattern of the observations.

Caae IT

Figure 30.7b show: the 24 h accurmulated precipitation from solution II
by Anthes et al. (1982), which uses the NCAR-PSU mesoscale model (An-
thes and Warner, 197¢) with enhanced NMC observed data for initial and
boundary conditions (started at 1200 GMT, 10 April). The analyzed precip-
itation map, Fig. 30.7Ta (with logarithmic contouring scale), shows agreement
with Fig. 30.5 with regard to pattern over the eastern portion of the heavy
sainfall area, although more significant difierences are evident to the west.
Model results indicate precipitation >1.48 cm (level 5 of their scale) in a
region on the east side of the domain oriented approximately west to east.
Comparable rainfall wis observed in this region over Oklahoma and Missouri
but not to the east and occurred in a swath running gsouthwest to northeast.
(There is a suggestion of the squall line in the level-3 and -4 contours of
the model results over Texas as there was in Fig. 30.7a.) The large rainfall

{a) OBSERVATIINS {b) SIMULATION (NMC Data)

(c) SIMULATION (SESAME Data)
r__t_j_'-____-'-'f-'a’—'-'-"-“‘ = Figure 30.7. (a) Observed 24 h accu-

r—ﬁ.’.

: mulated precipitation, and carresponding

]\l\ _,JI'E'."L sccumulsted precipitation frem (b) case
i ol

=
A
i

11, which used NMC data set, and frem
(c) case VIII, which uzed SESAME data
set. Both simulations used the NCAR-
PSU medel. Contour interval designa-
tions 3,4,5, and 8 correspond to precip-
itation amounts of 0.19, 0.54, 1.48, and
4.06 cm, respectively. [After Anthes et
al., 1982; Kuo snd Anthes, 1984,
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maximum over M ssissippi was hypothesized by Anthes et al. (1982) and
later demonstratecd by Benjamin [1933] to be caused by erronecus low-level
convergence in the initial conditions along the gulf coast, which was believed
to be due to differing data densities from land to sea. (Figure 30.7c shows
results from Case VIII, discussed below )

Case IIT

Solutions for case III are shown in Fig. 30.8. Kaplan et al. (1982) used
their MASS mescscale model to produce this 24 h gimulation using NMC
observed data for initial conditions and apparently also for lateral boundary
conditions. The analysis of observed rainfall amounts for each 12 h pe-
riod used only re'n gauge data from first-order NWS stations and therefore
contains considerably less detail than the analyses in Figs. 30.5 and 30.7.
The model results, which were produced by resolvable moist convection only
(more recent versions of the MASS model use a convective parameterization
scheme), show small precipitation amounts during the first 12 h of the solu-
tion. This result reflects the tendency of numerical models to under-predict
precipitation duiring the early stages of an integration as well as the bias
of resclvable convection in a mesascale model to respond more slowly than
parameterized ccnvection (beceuse of the model’s reliance on resalved verti-
cal motion to advect moisture aloft and the requirement for the entire grid
box to reach saturation before convection can oceur). The model precipi-
tation during th2 next 12 h, when the major precipitation occurred, shows
heaviest amounts over Missouri, but relatively weaker amounts over Okla-

OBSERVATIONS SIMULATION

%

60CO GNMT, 1| APRIL, TO 1200 GMT, I1 APRIL

Figure 30.8. Observed sccumulated precipitation (first-order N'WS rainfall measurements
only) and results from MASS model (Solution III) for succeasive 12 h periods. Conbour
‘ntervals: 0.25,12 6,25.0,37.5mm. (After Kaplan et ol., 1983.)
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homa where the heaviest precipitation was obgerved to occur. No significant
rainfall occurs in the southeast, in agreement with observations.

Cgae V

Figure 30.9 shovs the 24 h amounts for 1200 GMT, 10 April, to 1200
GMT, 11 April, from forecast solutions Va and Vb reported by Orlanski
et al, (1983). As with the LFM model, these are true forecasts rather
than simulations; they were obtained from the limited-area GFDL/HIBU
(Hydrometeorologicul Institute and Belgrade University |Yugoslavia|) model
(see, e.g., Mesinger and Strickler, 1982) nested within the GFDL global
spectral model (Gordon and Stern, 1982). Both the spectral and limited-
area models were initizlized at 1200 GMT, @ April. In the first run, solution
Va, the NMC oper:.tional analysis was used for initialization of the HIBU
and speetral models; in the second, solution Vb, the special FGGE data set,
analyzed by GFDL. was employed. Both solutions were run to 48 h. The
precipitation forecants for the last 24 h of both runs show great gimilarity to
each other and to tae LFM result over the goutheast United States. Again,
this result does not appear in the observed rainfall, obtained by a hand
analysis of the primary NWS station data.

CRSERVED

CL ELE i maESA 8 T

Figure 50.9, Accumulated precipitation for period from 1200 GMT, 10 April, to 1200 GMT,
11 April: as observed (from first-order NWS stations); according te LFM-II prediction
(Cases 1), started 1200 CMT, 9 April; as forecast by GFDL/HIBU model using NMC initial
conditions (Sclution Va); and as forecast by GFDL/HIBU model using GFDL-FGGE initial
conditions {Solution Vb). Conteur interval and meaximum are shown below each frame.
[After Orlanski et al, 1983.)
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Figure 30.10. Accumulated precipitation
(1200 GMT, 10 April, te 1200 GMT,
11 April) from GFDL/MAC model (Se-
lution V1), Contours are in centimeters.
(Figure courtesy of Orlanski and Shagi-
naw.)

Orlanski et al. (1983) attributed this erroneous precipitation in the
southeast to the model’s over-intensification of the warm front that moved
north from the (3ulf of Mexico. The modeled rainfall occurred along and
ahead of this frent. Orlanski’s suggestion may also be the physical expla-
nation of why E:njamin (1983) was able to eliminate this precipitation by
changing his treatment of data along the Gulf Coast. In fact, when he
started his run—1200 GMT, 10 April—the warm front was positioned along
the coast line, Therefore, by reducing the data contrast, presumably of both
wind and temperature, across the coast line, he was effectively reducing the
initial intensity of the warm front.

The new and unique feature of these results, compared with earlier model
results, is the large precipitation band in solution Vb running from south-
west to northeast over Texas, Oklahoma, and Missouri (Fig. 30.9¢). This is
the first strong indication of the squall line character apparent in Fig. 30.5.
The unique feature of this solution is the use of the FGGE data set, which
includes improved ebservations over the data-sparse Pacific Ocean. The ef-
feet of this seemrs to have been to increase the upper-level winds over this
region, thereby ‘ntensifying the surfece cold front and its associated cross-
streamn circulation. This apparently provided the lifting for the convection
and probably also increased the low-level transport of moist air from the
Gulf that fueled the convective system. (In fact, whereas previous solutions

tended to underestimate the effect of the cold front, this solution tends to
overestimate it.)

Case VI

The 24 h precipitation pattern from solution VI was produced by Orlan-
ski and Shaginaw (see Orlanski and Polinsky, 1984) using the GFDL/MAC
model (Ross and Orlanski, 1982) with initial and boundary conditions de-
rived from the NMC analysis, The western portion of the major precipitation
zone (Fig. 30.10) has the same location 2s the observed pattern (as does the
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local rainfall maximum over Kansas), but the modeled pattern extends more
to the east, The ancmalous precipitation to the east has been reduced con-
siderably in this solution, compared, for example, with the LFM solution
(Fig. 30.8a), suggesting that the influence of the warm front has been re-
duced. However, the major region of rainfal] still occurs too far to the east;
also, the ebsence of = southwest-to-northeast pattern indicates that the cold
frontal intensity over Oklahoma and Texas remains too weak.

Case VIT

Solution VII, periormed by Kalb (1984, 1985) using the Drexel/LAMPS
(Limited Ares Mesoucale Prediction System) model (Perkey, 1978), is dif-
ferent from the previous solutions in several ways. First, the model was
initialized at the asynoptic time, 2100 GMT, 10 April, using only SESAME
data for the initial conditions and for the boundary conditions at 0000 and
1200 GMT of 11 April. In addition, only mandatory-level, observed geopo-
tential height data were used in a nonlinear balance equation to determine
the wind field above 1250 m (the nondivergent part of the observed winds was
used below 1250 m). This was done in order to simulate a procedure of using
satellite temperature soundings to produce the initial mass and momentum
fields for the model.

A major effect of the choice of the initialization procedure and starting
time was to produce several short waves in the simulation. One of these
waves persisted and moved northwerd over Oklahoma and Kansas during
the 9 h simulation. IMigure 30.11 shows a composite of 700 mb geopotential
heights and precipitation rates from the solution at 0300 GMT, 11 April,
and the observed raclar summary at 0235 GMT. Although no accumulated
precipitation is shown, the two precipitation rates, both resolved and param-
eterized (convective), indicate the effect of the short wave and are supported
to somme extent by the radar summary. The squall line shown in the radar
summary iz also suggested by a tongue of increased relative humidity (see
Kalb, 1985) but is not evident in the rainfall rates.

Coaes VIII, IX, and X

Case VIII involvzs another simulafion that uses the NCAR-PSU model.
However, this sclution uses a smaller domain (primarily encompassing the
caverage of the regional-scale SESAME network) with a grid resolution of
50 km, rather than the 111 km used in case II. In addition, both the ini-
tial and boundary data used in the simulation were obtained from the 3 h
SESAME rawinsondz observations. Figure 30.7c shows the accumulated pre-
cipitation from this solution. The broad zone of weaker rainfall (levels 3 and

4) still shows the same orientation as in case II. However, the regions of

heavier rainfall (level 5, >1.48 cm) now have a north-south orientation over
Oklahoma and Missouri, This result is also found in case X, which also used
the SESAME data s=t.

Case X (Fig. 30..2) was performed by Ross (1983) using the GFDL/BES
model (similar to the GFDL/MAC meodel) on an 800 x 800 km domain over
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T00mb GEOPOT NTIAL HEIGHTS NMC RADRA SUMMARY

HESOLVED PRECIP, RATE CONVECTIVE PRECIF. RATE
(16 mms') (10-4mms=")

Figure 30.11, Geopolential heights at 700 mb for 0300 GMT, 11 April, of Selution VII
{contours are in tens of meters); NMC radar summary at 0335 GMT,; precipitation rate

resolved by model at 0500 GMT; convected precipitation rate parameterized by model at
same time. [After Kab, 1385.)

southern Oklahon-a and northeastern Texas. The precipitation accumulated
at 3 h intervals is ;ompared with observations at several different times dur-
ing the 24 h integration. Simulations with 40 km and 20 km grid size are com-
pared with observations. The observations were objectively analyzed from
hourly rain-gauge data and reflect the great spatial variability of the rainfall
data. The squall line structure is clearly evident for the period 0300-0600
GMT, 11 April, 2 though the simulation provides a more continuous rainfall
areal coverage than the rather sparse observations do. Ross found that the
use of SESAME +winds and the sssociated temperature field, and proximity
of the boundary conditions to the location of the squall line were both nec-
essary to represent the cold front system properly and thereby to produce
a realistic squall Jine structure in the simulation. This supports the conclu-
sions made earlier with regard to solutions Va and Vb: the enhanced FGGE
data set produced the proper orientation of the heavy precipitation zone over
Oklahoma whereas the operational (NMC) data set did not. Also this agrees
with the improved precipitation results from case VIII (Fig. 30.7¢), which
used the SESAME data, compared with results from case II (Fig. 30.7b),
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Figure 30.12. Cemparison of 3 h accumulated precipitation at three different timea: as
observed (left column), as modeled for Case X with 40 km grid sige (center column); and

fromn the same model with 20 km grid size (right column), Centour intervals are 0.5 cm.
{After Ross, 1983.)

which used NMC data, (The greater proximity of the upstream boundary
in the former case probably also played a role in thie improved simulation.)
Although the correct mass and momentum fields were shown to be important
in defining the forcing for the squall line in case X, the relative humidity field
was found to control the structure and intensity of the resulting squall line.

The apparent sensitivity of rainfall results to the initial (and boundary)
momenturm fields ajrees with the findings of the meso-o simulations in case
[X as described by Chang et al. (1984). Using the Drexel /[LAMPS model
employed in case VII, but with a 140 km grid size, Chang et al. performed
two simulations of the 24 h SESAME period that were identical except for
the wind ficlds used to initialize the model. By altering the first-guess wind
field in their initialization for 1200 GMT, 10 April, primarily by excluding
a single wind observation over northwestern Mexico, they produced a con-
siderable intensificition in the jet streak over California and Mexico in the
model’s initial conclitions. Compared with the solution based on a complete
initial wind data set, the solution with the overly intense jet produced heav-
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ier precipitation over Oklahoma and enhanced the unverified rainfall over
the southeastern states (the latter result being similar to what was found in
many of the other solutions reviewed above). The authors concluded that
the prediction of the severe storm environment can be very sensitive to un-
certainties in the initial wind field used for the forecast.

Conelusions From Precipitation Results

There is some difficulty in comparing modeled precipitation patterns with
observations, parily because of the difficulty in producing a representative
picture of the acti.al precipitation amounts that occurred. One would expect
some differences hetween modeled and observed rainfall results, because of
the considereble 1nodel variation in grid size, model physics, etc. Certainly,
actual accumulated rainfall megnitudes differ widely as do details of rainfall
patterns. However, although there are significant differences between model
formulations, sevaral features are common to many of them, namely, the er-
roneous rainfall it the southeast and the absence of an intense squall line over
the south-central United States, These similarities suggest the pozsibility of
similar biases in rnany of the different mesoscale models as well as & possgible
strong dependence of model solutions upon potentially inadequate initial and
lateral boundary conditions. Work is still needed to identify these biases and
the sensitivity of model precipitation and associated forcing mechanisms to
different initial, houndary, and surface data.

80.4.8. Hurricane Modeling

Tropical cyclones are ideal candidates for nested-rnesh models because
they are compaci and most of the smaller scale convective features and large
gradients are near the vortex center. Because of this characteristic struc-
ture of hurricanes, several research groups have developed three-dimensional
mesoscale models that use telescoping nested-grid systems, in which the finest
mesh is near the center and meshes grow progressively coarser outward from
the center (Mathur, 1974; Ley and Elsberry, 1976; Jones, 1977; Ockochi,
1978; Kurihara ¢t al,, 1979). Most of these maodels also have the capability
of shifting the interior grids relative to coarser outer grids so as to maintain
the high-resolution mesh over the hurricane center 83 the storm moves. As
an example, the telescoping nested-grid model, used by the Hurricane Group

at GFDL (Kurihera et al., 1979; Kurihara and Bender, 1980) is described
here in detail.

GFDL's Nested-Grid Hurricane Model

In this triplr nested model, the grid is defined on constant latitude and
longitude lines, The three meshes, A, B, and C, are progressively finer—
1, 1/3, and 1/8 degree, respectively—and have corresponding domain sizes
(Fig. 30.13). The outermost lateral boundaries (for mesh A) are either open
(i.e., use conditions from an externally defined state through one-way inter-
action) or eyclic (i.e., disturbances passing out through the boundary on one
side will enter ~he domain on the opposite side). Each internal boundary
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Figure 30.13. Horizoital structure of the triply-nested-mesh system, showing {above)] do-
main and [below) gril sizes (not same scale s domain sizes). (After Kurihara and Bender,
1950,

hetween mesh doraains has an interface zone (between the dashed and solid
lines in the figure), several coarse grid elements wide, in which the two-way
interaction takes pilace during the time-marching of the model. The fluxes of
physical quantities such a3 momentum and moisture through the interface
are conserved by this procedure.

The movable :neshes B and C are positioned with respect to the center
of gravity of the surface pressure depression. For example, when this center
moves in mesh C by more than the grid size A p of the next coarser mesh (B),
the fine mesh C i moved by the distance Ap in the direction of movement
30 &s to recenter the storm. This movement is accomplished by converting
coarse to fine gric. points at the leading edge and replacing fine with coarse
points at the trailing edge. Mesh B is moved relative to A in a similar manner,
as recentering becomes necessary. As one might expect, computational noise
is generated during this procedure. This noise is suppressed in the GFDL
model through the use of a time-integration method that selectively damps
high-frequency noise, and by nonlinear horizontal viscosity and occasional
spatial smeoothing.
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Comparison of propagating vortex solutions with and without the nest-
ing procedure demaonstrates several advantages of nesting. First, as shown
in the landfall simulation (next section), the detailed structure of the hurri-
cane, including the wind field, surface pressure, and precipitation patterns,
is represented much more satisfactorily in the nested model. In addition,
the motion of the storm as a whole is altered significantly when the movable-
nested-mesh system is used (Kurihara and Bender, 1980). This improvement
seemns to be due to the improved numerical as well as physical representation
of the storm. Although such advanftages are clearly desirable in & research
mode, they must be weighted against the considerable increase in computa-
tional expense that would be incurred if a high-resolution nested model were
used operationally.

Sirnulation of [andfall

The landfall of a hurricane is discussed in Ch. 14. The simulation of
an idealized landfall event by the GFDL hurricane model is described here
as an example of hurricane modeling in 2 research mode. Issues concerning
initialization of th2 model for 2 real-data case and complications due to
contrasting air masses, topography, etc., are not addressed in this study
but are obviously impertant for an operational forecast. Other research
simulations of landfall have been done by Moss and Jones (1978), Tuleya
and Kurihara (1973), and Chang (1982).

GFDL's simulstion (Tuleya et al., 1984) deals with a simplified landfall
situation. However, the capability of the simulation to be rerun with dif-
ferent conditions, such as reduced land surface temperature or varying land
surface roughness, permits evaluation of the importance of each effect. In the
solution presented here, the land surface is characterized as having the same
moisture availability ps the ocean surface, but a reduced surface temperature
of 298 K (ocean vilue = 302 K} and an increased surface roughness length
z, of 25 cmn. (The ocean value 13 typically less than 1 em.) The large-scale
wind field in the simulation consists of an approximately constant easterly
wind of 10 m s~ 1.

The hurricane is initialized in the model by adding an appropriate non-
divergent vortex wind field to the basic background conditions. At the be-
ginning of the simulation, ocean surface conditions are used over the entire
dorain: zlso, cyelic east-west boundaries are applied during an initial ad-
justment period. After the model has been integrated for 55 h of model time,
the cyclic conditivns on eastern and western boundaries are replaced by open
boundaries; also, land surface conditions are imposed at all latitudes west
of = longitude thit is 8° west of the storm center. Landfal]l then occurs at
76.3 h.

As the cyclore encounters the change in surface conditions, the sudden
:nerease in surfac: roughness, with its associated increase in drag, produces 2
drop in the low-level wind speed and a larger inflow angle of parcel trajecto-
ries into the hurricane. (These features were observed in Hurricane Frederic
by Powell, 1982.' Figure 30,14 shows the evolution of the wind fleld in the
lowest level above the surface as the storm encounters land. At 73 h, which
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Figure 30.14. Analysis of 'winds et the firat level above the surface within the mesh C domain
of the landfall experiment st 73, 77, 81, and 85 h. The storm center defined by tha surfacs
pressure is indicated by = heavy dot. Contours indicate wind speed (m s~'). Vectors show
wind direction and magnitude. Land is to the west (left) of the indicated coastline. (After
Tuleya et al,, 1284,)

is prior to landfall, the wind maximum is to the right and somewhat forward
of the storm center (surface pressure minimum). Just after landfall (77 b},
several wind peaks are evident. In fact, the location of the peak wind speed
oscillates after this time but tends to occur, on average, at a right-rear po-
sition relative to the storm center. Winds decrease below hurricane force
(which is defined as >33 m s~!) by 81 h (hurricane force winds penetrate
185 km inland) and continue to drop thereafter. However, comparison of
the hurricane motior. with a control run that inclides only ocean surface
conditions shows onl minor deflection (~50 km &t 90 h) of the storm track
due to landfall.

Figure 30.15 shows an analysis of rainfall rates and surface isobars for
the times represented in Fig.’30.14. Because of the increased convergence
within the storm, cavsed by the sudden change in surface drag, average pre-
cipitation rates increise slightly at landfall. Subsequently the area of heavy

. precipitation (>2.9 cm h™!) begins to decrease 2 h later. The rainfall rates

and areal coverage are similar to those estimated over land by Parrish et al.
(1982) for Hurricane Frederic, However, their observation of 2 50% increase
in the area of convection at landfall is larger than that shown in the present
simulations, probably because of differences in land surface conditions.

i ——
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Figure 30.15. Analysis of rainfall rates for the landfall gxperiment, for the domain and times

represented in Fig, 30.1+. Dashed lines show isobars of surface pressure in 6 mb intervals,
{After Tuleya et al.,, 19584.)

The realistic siriulation of the landfall event can be attributed to the
4° decrense in the lend surface temperature as well as the increased surface
roughness. The decay, indicated by the rise in surface pressure in Fig. 30.15,
is due to the associa’ed reduction in surface evaporation. Although the avail-
ability of surface moisture was the same over land as over ocean, the cooler
land temperature d:creased the surface evaporation rate, thereby reducing
the water vapor aveilable to the storm. In addition, the cool land conditions
caused a decrease in the conditional instability of the storm environment and
an alteration of the planetary boundary layer. Hence, the energy source that
maintains the storm, the latent heating due to this convective instability, is
reduced and the sterm decays as it moves inland.

Recent experim:nts (Bender et al., 1985) have shown that topographiecal
influences may enhance the decay rate through their disorganizing effect
on the storm systemn. Topography also intensifies the precipitation rate at
landfall and affects the storm track.

An Operational Hurricane Forecast Model

The above description of a hurricane simulation indicates what may be
possible operationzlly in the future. However, current operational modeling
does mot attempt fo predict intensity or to resolve detailed features of the
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hurricane, such as winds and precipitation patterns. The primary and vi-
tally important objective of present-day operational models is the prediction
of storm movement. Storm track forecast models are operational in three
different organizations: the National Meteorological Center (Hovermale and
Livezey, 1977); the U.S. Navy’s Joint Typhoon Warning Center (Harrison
and Fiorino, 1982); and the Japan Meteorological Agency (Ookochi, 1878).
Following is a description of how NMC produces a storm track forecast, using
its Movable Fine-Mesh (MFM) model.

The MFM mode' is a limited-area model designed for on-call use, to
resolve severe mesoscale weather phenomena such as hurricanes and other
heavy-precipitation weather systems. A typical configuration for the model
consists of 10 vertical levels, a horizontal domain of 3000 x 3000 km, and
80 km grid spacing. “"he model uses fields from the NMC global spectral (or
hemispheric grid-point) forecast to provide lateral boundary conditions in 2
one-way interaction inode. Also, in order to keep the hurricane away from
the lateral boundarics, the mesh moves (relative to the global model) in &
manner similar to that described for the GFDL model.

Given the limited computer resources zvailable at NMC prior to 1983
and the typical paucity of detailed mesoscale observations of hurricanes in
an operational time frame, NMC initialized the MFM model with a hurri-
cane vortex derived from an ideelized conceptual model rather than from
observations. (The @0 km resolution of the model is unable to resolve the
detailed inner core o the hurricane, anyway.)

The procedure mied in 1975-76 to initialize the model was as follows:

e The standard NMC global analysis is interpolated to the MFM model;
any small-scale features due to the presence of the hurricane are filtered
out. Thig establishes the basic steering flow in the initial conditions.

e A two-dimensioral (2-D), axisymmetric hurricane model, similar in its
physics to the 3.D MFM model, is run using 2 representative tropical
sounding and warm ocean until a quasi-steady hurricane is produced (1-
2 minutes of IBM 360/195 time). This storm is in balance with respect
to the 2-D model and the MFM model physics. However, it does not
contain asymme-ric features such as large-scale vertical wind shear and
beta effects, i.e., effects due to changes in the Coriclis parameter across
the storm. The |atter may be included to some extent by modifying the
2-D wind field through a gradient wind relation.

e The resulting mass and momentum fields are then added, as perturba-
tions, to the smoothed steering flow provided in step 1, and the 3-D MEFM
model is then run for the 48 h period of the forecast (using boundary
conditions provided by the NMC global forecast).

As one might exaect, the merging of the rnodeled vortex from step 2 with
the background steering flow of step 1 produces an adjustment period during
the early stages of the MFM forecast. Certain characteristics of the initiel
storm, such as its intensity and asymmetric features, affect the subsegquent
storm-track prediction. Figure 30,16 shows an example of the influence of
these initinl-condition features on track forecasts of Hurricane Eloise. The

FE
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firat forecast, mace operationally in 18975, included an overly strong and
symmetric initial vortex. The resulting model vortex (solid line) moved too
rapidly northward, compared with observations (indicated by the hurricane
symbols in Fig, 30.16) and was not pushed eastward by a propagating middle-
latitude trough passing through the region until it was only several hundred
kilometers from landfall. In a later experimental forecast, the intensity of
the initial vortex was reduced, and the wind field was corrected somewhat
for B-effect asymmetries. These changes caused the model hurricane to move
northward more slowly (dashed line). As a result, the trough encountered
the storm more to the south, thereby pushing it farther to the east and
producing a very accurate prediction of landfall location. (However, the
predicted landfall time seems to be too late.)

Frodaped pakh Iniplaied widh
g iysmair *erfsn
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5 S-dlaurly abgsresd pasilians
al slarm sy

Hurrlcare "ELDISE"

Figure 30.16. Observ:d track of Hurricane Elsise compared with twe pradicted tracks basad
on two different initinl vertsx conditions. (From a figure provided by John Hovermale,)

This exemple indicates how some of the many factors involved in a hur-
ricane forecast can alter the storm-treck prediction. Some of these factors
can be controlled through improvements in the initialization procedure and
enhancements of the dynamical model, such as increasing grid resolution.
For example, a riore recent version of the operational MFM model uses &
three-dimensiona ly derived vortex to reduce initial adjustment effects in the
forecast and therzby to improve short-range (0-24 h) predictions. Finally,
a good forecast of the synoptic-scale conditions, used to prescribe lateral
boundary conditions, is important in this case as in regional model predic-
tions for forecast periods beyond a day or so.
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