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ABSTRACT

A precipitation physics package for the NCEP Regional Spectral Modél designed to
improve the skill of precipitation forecasts is proposed. The package incorporates a prognostic
grid-resolvable precipitation schgrﬁe and parameterized convection scheme with a convective
trigger function that explicitly couples b.oundary layer and convective precipitation processes.
Comppehensive; sensitivity experiments were conducted with »a grid spacing of approximately 25
km for a heavy rain case ovér the United Sta;t.e:s during 15-17 May 1995. In this paper, the trigger
function set-up in thé convective parameterization scheme and its impact on the predicted
precipifation are discussed. Special attention is‘ given to the interaction of cloud properties in the
parameterized convection with the evolution of grid-resolvable precipitation ph;ysics. The impact of
convective forcing due td different convective triggers on the large-scale‘ pattern downstream is
also discussed. The implementation of the prognostic cloud scheme and performance are presented

in our companion paper (Hong et al. 1998).



1. Introduction

The nested, regional spéctral model (RSM) developed by Juang and Kanamitsu(1994) has
been used as an eXperimenta} model at the National Centers for Environmental Prediction (NCEP) R
for more than one year. Duriﬁé the cool season, its forecasts of precipitation have proven to be
comparable to those of other forecast rﬁodels, bﬁt, during the warm season, it has not been as
successful. This performance has been attributed té the fact that the algorithms used for the
computation of precipitatior} were taken directly from the larger scale, global medium-range
forecast model (MRF) within which the RSM is nested. The MRF physics algorithms are deécribed
in Kanamitsu(1989), Kanamitsu et al.(1991), and their subsequent de\}elopments are presented by

Pan and Wu(1995), and Hong and Pan(1996).

‘When a p?edictién model, such as the RSM, can resoive processes with horizontal scale
less than 50 km, fhe neglect of the storage of water as cloud droplets may becorie an UNNECESSary
source of error.‘There is general agreement that models intended for the.prediction of meséscale
processes must include at least some explicit treatment of cloud water. In a companionbpaper
(Hong et al. 1998), we have presented evidence that the inclusion of an algorithm that éxplicitly
predicts clouds in thé 25 km versién .of the RSM Has a significant, positive impact on the skill of

the model’s precipitation forecast.

In this paper, we report on tesfs ofa médiﬁcation of the parameteriiaﬁon of convective
precipitation used in the RSM and MRF models. The modification involves the use of a new set of
“convective trigger functions” in the terminology of Rogers and Fritsch(1996). As indicated by
Kain and Fritsch(1992), Stensrud and Fritsch(1994), and Rc;gers and Fritsch(lQ96), the convective

trigger function must be recognized as important as parameterized cloud characteristics in the



cumulus parameterization scheme. They showed that the simulations of mesoscale convective

systems are quite sensitive to the formulation of the triggering mechanism.

Difficulty arises when grid-resolvable forcing is weak over a broad area where CAPE is
relatively large. Under this syﬁoﬁtic situation, an air pafcel originating near the surface typically has
a negative buoyancy with respect to the environmental sounding. In a composite énalysis' of data
collected during the Preliminary Regional Experiment for STORM-Central ( PRE-STORM )
period, Zhang and McFarlane(1991) showed that air parcels ﬁad minimum buoyancy at their lifting
condgnsation levels (I.CL). Emanuel and Raymoﬁd(1991) pointed out that one must be able to
forecast the local disappearance or re&uction of the capping inversion that restrains convection
when the initial convection appears in a conditionally unstable atmosphere. Of irﬁportz;nce to the
cumulus paraméterization is the measﬁremént of the subgrid scale forcing required to raise an air
parcel up to its LFC. Recently, a general framework for convective trigger functions was proposed
by Rogers and AFrit'sch(1996). Readers are urged to refer to their péper for a comprehensive
description about the background of the new trigger. Their coﬁcept has been adapted in this study
to determine the buoyancy of the parcel due to subgrid scale buoyancy forcing, in conjunction
with the large eddy induced turbulence. Thermal excess of the buoyant parcel is used here, while
Rogers and Fritsch(1996) originally formulated it based on the vertical velocity perturbations in

the Kain and Fritsch(1993) scheme.

A brief review of the RSM is given in section 2. Then in section 3, we present the new
set of “convective trigger functions” and discuss their formulation in the context of previous
observational and experimental work. An evaluation of the proposed new system is conducted by

evaluating the RSM forecasts over a two day period beginning at 1200 UTC 15 May 1995. This



case is described, together with an explanation of out experimental design, in section 4. Results are

presented and interpreted in section 5. The paper ends with a summary and concluding remarks.

2. The NCEP RSM

a. General

The NCEP RSM  is a primitive equation modél using the sigma-vertical coordinate. A
detailed description of the model is given by Juang and Kanamitsu(.19.94). Further developments
and applications are available in Jﬁang et al.(1997). 'fhe version of the RSM used in this study'
employs the sarhe “physics paékagc” as the MRF, as documented in Hong and P_an(1996). Both
models include long-and short- wave radiation, cloud-radiation interaction, planetary boundary-
layer processes, deep and shallow convection, large-scale condensation, gravity wave drag,
enhanced fopography, simple hydrology, and vertical and horizontal diffusion. Since the surface,
boundary-layer, and precipitation physics are very important aspects of the model and have been
significantly changed recently, a more detailed description of these parameterizations is given

~ below.
b. Surface layer and boundary-layer physics

The current MRF model utilizes the 2-layer soil model of Mahrt and Pan(1984), Pan and
Mahrt(1987) with $ome modifications based on Pan(1990). The soil model includes soil
thermodynamics and soil hydrology, both modeled as a diffusion process. The evaporation process

in the surface energy balance is modeled by three compohents: direct evaporation from the bare
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soil surface, transpiration through the leaf stomatae, and evaporation of precipitation intercepted

by the leaf canopy.

The boundary layer physics employs a nonlocal diffusion concept developed by Hong and Pan
(1996). This scheme is str0£1giy coupled to the surface layer physics. In the scheme, the turbulent
diffusi\}ity coefﬁéiehts are calculated from a prescribed profile shape as a function of boundary- |
layer height and scale parameters derived from similarity reqﬁirements. Aboﬁe the mixed layer, the
local diffusion approach is applied to account for free atmospheric diffusion. Hong and Pan(1996)
examined the impacts of tuning the parameters of the scheme on the Prgdictcd precipitation and

also showed that consistent improvements in the skill of precipitation forecasts could be obtained.
c. Precipitation physics

Precipitation is produced by both large-scale condensation and the convective
parameterization schemes. The 1arge—scale'precipitation algorithm checks superlsaturation in the
predicted specific humidity. Latent heat is released as the specific humidity and temperature are
adjusted to saturation values. The scheme does not include a prognostic cloud, but evaporation of

rain in the unsaturated layers below the level of condensation is taken into account.

The current version of the deep convection scheme (NCEP scheme) follows Pan and Wu
(1995), which_is based on Arakawa and Schubert(1974), and simplified by' Grell (1993) with a
saturated downdraft. Recent changes to the scheme are discussed in Hong and Pan (1996). Hong
and Pan(1996) improved the scheme to allovs) convection in disturbed atmospheric conditions to
effectiY?Iy eliminate the convective available potential energy (CAPE). The primary differences
between Pan and Wu(1995) and Grell(1993) lie in the closure(the NCEP scheme uses the orif,;inal :

~ Arakawa-Schubert closure) and the treatment of subcloud layers (the NCEP scheme allows



entrainment of updraft and detrainmeﬁt of dowﬂdraft between the updraft-air originating level and
the level of frég: convection (LFC)). In the scheme, mass flux of the cloud is determined using a
quasi-equilibrium assumption based on a threshold cldﬁd work function deduced from observations
(Lord 1978). The levei of ma;ximum moist static energy between the surface and 400 hPa level
from fhe surface is used for an updraft-air originating level. Convection is suppressed when the
distance between the updrafi-air ofiginating level and the LEC exceeds a certain threshold (
currently 150 hPa). The LFC is the cloud base. Cloud top is determined as the first neutr_al level
from the cloud base upward. Cloud depth needs to be deeper than 150 hPa to initiaté convection.

i
{

The cloud work function must be greater than 0, a check on the integrated buoyancy of the cloud.

3. Convective trigger function

4 : /
According to Rogers and Fritsch(1996), the subgrid scale perturbation contribution terms

can be classified as due to surface inhomogeneities, convective turbulence, and clear air
turbulence, respectively. Surface inhomogeneities (e.g., compex terrain, land/water interfaces, and
vegetation coverage differences ) can play a role in triggering convection, especially during the
warm-season daytime hours. Due to the lack of an observational database for measures of
inhomogeneity, a grld—31ze dependence to the inhomogeneity spectrum as in Rogers and
Fritsch(1996), was adapted. This approach stems from the recogmtmn that there should be more
and larger-subgrid—sca’lel features that create inhomogeneities within larger grid elements, and it can

be expressed by

e ’ .
02, =—iﬂ‘-[tan'1{a(Ax—Axo)}+-g—}, ¢y



where 6/, represents the maximum potential temperature perturbation and is taken as 1K. Letter
a stands for the slope coefficient related to grid size dependency and is chosen to be 2x10°m™.

Ax is the horizontal grid size (m) and Ax, the reference value of horizontal grid size, which is

taken as 3x 10*m. This formﬁlé gives a larger(smaller) value as the horizontal grid sizé increases
(decreases), r_anging from, for example, 0.37K at Ax: 10 km to0 0.92 K at Ax=230 km. A 230
km resolution corresponds to the spectral truncation of T62 (triangular truncation at wave number
~62)in the MRF model. (1) gives 0.48K at 25 km horizontal grid spacing which is the grid spacing
used in the present study. The choice of the values in (1), 8/, ,a and Ax, are preliminary in this
case study. Rogers and Fritsch(1996) selected optimal values of these parameters frqm sensitivity
experiments for a single case. In this study, these vé.lues are presumaﬁly set to be applicable in a |
~ wide range of model grid sizes of 26 to 300 km. However, they can be calibrabrated by testing this

trigger on a daily basis in numerical weather prediction models and applying it to climate modeling.

These cautionary remarks also apply to the constants, ¢, and ¢, in (4), and ¢, in (5).

For the turbulence induced buoyancy contribution, the scaled virtual temperature excess

near the surface, derived from the turbulence parameterization of the boundary-layer model (Hong

and Pan 1996) is introduced, -

, WO,

s

cbl =

= ’YT + 88 an ’ . (2)

where b is the nondimensional constant which depends on the surface layer similarity relationship.

Following the derivation of Hong and Pan(1996), the profile function of surface layer physics in
the RSM leads to »=7.8. (w’8/), is the virtual heat flux at the surface layer, whiéh is a function

of temperature and moisture flux terms. w,is the vertical velocity scale(=w.0, ', where u, is the



surface frictional velocity scale, and ¢, is the wind proﬁle function evaluated at the top of the
surface layer.)(see Hong and Pan (1996)* for ﬁe details). On the right hand side, 0, represents
the temperature at the lowest model le-vel, and & the coefficient in the virtual temperature formula
(=0.608). Note that the scaied temperature excess in (2) contains not only a temperature
perturbation (=Y,) but .also a moisture term (=Y,). A typical diurnal variation of ¥, émd Y,» PBL
height, and wind speed at IO‘m height above the surface is presented in Fig.A 1. The y, evolves

typically in proportion to the surface heat flux, and ranges from a maximum of 1-2 K during the

daytime to nearly zero at night. The y, has less diurnal variation than the temperature contribution

since surface moisture is not so strongly related to solar heating. We have noticed, however, that

the vy, can be unrealistically large when surface wind is very small. This large y, does not harm

the. turbulence diffusion because the vertical diffusivity 'coefﬁcienf. in that sifuation becomes very
small (refer p.2324 in Hong and Pan (1996) for a more discussion). Unfortunatély, this larg¢ value
is not reasonable in estimating mpisture perturbation for this study. Thus, the total perturbation in
(2) is constrained to be between 0 and 2K. The PBL height (Fig. 1b) has a diurnal cycle with
maximum at early afternoon. Note that the PBL height remains high even when‘surface flux dies
out. This is because the PBL height is calculated by the bulk Richardson number with a minimum
of 0.5 between the surface layer and a certain model level. In Fig. 1c, it can be seen that the PBL
height increases in the presence of strong winds after sunset. This is due to dynamical mixing. As
described in Hong and Pan(1996), the tﬁrbulence paranieferization in the \RSM is strongiy coupled
to the surface energy budget, and in turn the new convection package i_s explicitly coupled to

boundary layer and surface layer physics formulations.



*Note that (4) and (9) of Hong and Pan(1996) need to be corrected. The PBL height, %, should be in the denominator in (4),

while it should be taken out in (9) of their paper.

The maximum temperature perturbation arising from subgrid scale inhomogeneities and from

subgrid scale convective boundary layer forcing can be expressed by,

Ouoy =00 +021 » | . (3)

and is decreased for regions where the source layer is abbve the PBL,

/
’ ’ ¢ aev L
ep = ebuoy eXp—(cl(AzSL)2 + -62=5Z—} | | (4)

v

where Az, is the distance between the top of the boundary layer and the mid-height of the source
layer(h,;), G_U is the mean virtual potential temperature(K) between the boundary layer top and

U

0z

“the source layer , is the stability within Az, and ¢;and c,are constants set to 5x 107 mfz

and 3x10% m, respecﬁvely.

In contrast to Rogers and Fritsch(1996), the decrease of perturbation with the distance of
source layer from the surface is not considered in (1). However, this effect is taken into account in

(4) as the buoyancy contribution term. We assume that the subgrid scale forcing due to surface
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inhomogeneities is a constant below the PBL and decreases exponentially when the source is
loc;ated above the PBL. As explained above, a PBL heigﬁt can be above a surface layer even when
surface heating is stopped (Fig. 1). Therefore, during the nighttime, dynamicélly induced
turbulence forcing determines the sub grid scale buoyancy contribution. As a final step, the impact
of large scale motion is also considered, as in Rogers and Frits;:h(1996), where the buoyancy is

increased (decreased) depending upon convergence(divergence) in the source layer, and is given by
—_ 3 .
Jw :
6’ =07 (1+c, ——T ) - )

where w is the grid scale pressure vertical velocity, and ¢, is a constant of 3x10* m's" . Ax in
/

(5) accounts for the grid size dependency.of , E, while this Considergtion is no’é taken into account

. in Rogérs and Fritsch(1996). The qualitative basis for (5) is Chen and Orville’s (1980) study of

numerically-simulated ciouds that develop in low-level converéent ﬁeldé. Their results show that

bigger, deeper clouds develop in the presence of low-level convergence than when there is little or

no convergence.

Asin the operational‘ trigger, the level of maximum Ibnoist>stat-ic energy for the layer between
the surface and 400 hPa above the surface is u;c,ed for an updraft-air originating level. The
buoyancy of a parcel is checked by comparing the moist static energy of the parcel with that of the
environment at the LCL, Which is the cloud base. The cloud top is determined by searching the

first negative buoyancy level from the cloud base upwérd. The virtual temperature perturbation
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calculated from (1)-(5) is taken into account in checking the parcel buoyancy at the cloud base and
in determining the cloud top. This consideration enables the parcel be lessr inhibited by the capping
inversion that restrains convection when the initial convection appears in a conditionally unstable
atmosphgre. In order to sati‘sfy the enthalpy conservation within a cloud, the cloud work func;ion :
is computed on the cloud property without the perturﬁation. In other words, the virtual
temperature perturbation affects only the trigger in the convective parameterization scheme. Note
that the operaﬁoﬁal and new triggers differ not only in the buoyancy checking of the updraft
p@rcel, but also, in the cloud base detenninatioﬁ, which-is the LFC for the f'ofmer one, and the

LCL for the latter one.

In this study, it is assumed that the thérmai will be buoyant at the cloud base if its temperature
is greater than that of environment. Oﬁ the other hand, one may argue that the buoyant energy
between the source level and the cloud base has to be considered. This is not taken into account in
this study begause the parcel wogld be likely to have a minimum buoyancy at a LCL. This is based
on the observational characteristics of com}ective systems discussed in Zhang and McFarlane
(1991). They investigated the convective stabilization effect on the large-scale atmosphefe by the
composite analysis of upper-air souhding data sets obtained from PREfSTORM, and found tﬁat
negative buoyancy appears below 720‘hPa with its minimum near the LCL. One may also argue
that the integrated buoyancy would be important, rather than the 'buoyanéy at the LCL.. For
example, a small temperature deficit over a deep layer may be more effective at Suppressing
convection than a very stable, but shallow layer. This point is not taken into account here.
However, it is most likely that a temperature deficit does not‘ often exist since the enhanced parcel

temperature is used to check the buoyancy of a parcel. Furthermore, subsequent checking
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determines whether a cloud has enough buoyancy to initiate convection, as described in section

2c.

4. Case description and experimental design

a. Case description

In Figs. 2 and 3, we show the surface and 500 hPa analyses at 1200 UTC 15, 16 and 17 May
' 1995, réspectively. The surface maps are extracted from the daily ;’veather maps issued by the
NCEP. The 500 hPa maps are constructed from the operational Global Data Assimilation Syétem
(GDAS) (Kananﬁtsu 1989) product. At 1200 UTC 15 May 1995 (Figs. 2a, 3a) (model
initialization time) a stationary front extended from Texas to the Virginia-North Carolina bbrder.
To the north of this front, a high pressure system was éentered at the border between Kansas and
Missouri. At 500 hPa, a cutoff low appeared to be nearly equivalent Bérotropi!'(: over thé west
coast; little témperature advection was evident in any quadrant. ‘There was no precipitation in
Great Plains at this time. By 1200 UTC‘16 May 1995(Figs. 2b, 3b), alow preésure system in mid-
western Canada had crossed the US-Canada border with its center in Minnesota. As a fcsult, a
long frontal line extending from Minnesota southwestward to New Mexico had developed.
Meanwhile, a surface front that was located over the south-central Unites States at 1200 UTC 15 -
had moved northeastward tﬁrough Missouri énd a frontal éircuiation had formed in the Great

‘ Plains. At 500 hPa, the cutoff low remained stationary and a Weakéning of its intensity was
indicated by an increase of geopofentiél height at the low center. Ahead of tﬁis cutoff low a

thermal ridge extended from Texas to Wisconsin. To the east of this thermal ridge, weak

southwesterly flow advecting warm air to Kansas and Missouri is visible. More apparent is the
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warm advection at 700 hPa(Fig. 4) in northern Texas, Oklahoma, Arkansas, Kansas, and Missouri.
At this level, northwesterly flow behind the pressure trough fr01_n North Dakota to Jowa advected
cold air southward. These simultaneous increases in the cold a:pd warm advection are indicative of
baroclinic energy conversion for surface cyclogenesis. ‘During the 24hour period between 1200
UTC 15 and 1200 UTC 16 May 1995, rainfall was observed in northern Texas, along with an east-
west oriented area over Kansas, Missouri, and Tlinois (Fig. 5a). At 1200UTC 17 (Fig. 2¢), as the
surface low pressﬁre system centered in Minnesota moved northeastward, a cold front surged
southeastward extending from Texas to the Great Lakes regi?m. A continental high pressure
system with dry and cold air can be found to the noﬁh of this front. At 500 hPa (Fig. 3c), as the
cutoff low moved eastward to the Colorado-New Mexico border, the system became more
baroclinic as the southwesterly wind intensified to the east of this low, and cold advection behind
the pressure trough became better organized. Significant‘ precipitation was found ahead of the cold
front (Fig. 5b). A largé area of 24-h accumulated rain greater than 32 mm cove%ed Kansas,
Missouri and Hlinois. To 'the west of this Heavy rainfall was an area of lighter precipitation over
southeastern Wyoming, western Nebraska, and eastern Colorado. This rainfall seemed to be
associated with upslope flow along the eastern Rockies embedded in the north-south oriented

surface front.

The rainfall in Kansas, Missoqri and Illinois was located in the Same area for two
consecutive days. This persistent rainfall led to flooding in this region. Reflecting the absence of
baroclinicity at 500 hPa by 1200 UTC .16 May 1995, rainfall in‘that region seéms to be associated

'wit‘h the surface warm front propagating northeastward from 1200 UTC 15 to 1200 UTC 16 May

1995 ( Figs. 2a and b). It is most likely that the precipitation in the Great Plains during this period
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is not directly associated with baroclinic processes in the upper troposphere but is formed by
frontal cyclogenesis confined in the lower tropospheric level. The upper air analyses ( not shown )
revealed the barotropic structure associated wﬁh the cut-off low in southern California continued
until 1200 UTC 16 May. 19§5. After 1200 ﬁTC 16 May 1995, precipitation in Kansas, Missouri,
and Tllinois formed ahead of the cold front advancing southeastward. This cold front intensified as
the cut-off low finally moved eastward. Thus, rainfall during i:his second 24h period seemed to be
highly associated with baroclinic processes in the upper troposphere. The frontal system slpwly
Atraveled eastward after 1200 UTC 17 May 1995 with heavy rainfall accompanying it in eastern

United Sates, centered in Illinois and Indiana regions.
b. Experimental design

In this study, we used the RSM which has the physics of the MRF model as of June 1996.
The RSM has a nominal horizontal resolution of 25 km over the United States-‘/and a vertical -
resolution of 28 layers in the. sigma coordinate system. Fig. 6 shows the model integration domain
with the model orography. Because of the computer resources, the domain is not big enough to
avoid a possible lateral boundary problem. However, it is large enough to focus on the
precipitation fofecast over the Great Plains. With this resolution, orography is resolved in some
detail. For exémple, a sharp gradient of orography over the California c_qastal region in an east-
west direction is distinct. Mountains over California and Colorado are higher than 3000 m. On
the other hand, the négative values overr ocean come from the spectral representation of the
~ orography. The lowest model level has a sigma value of 0.995 which corresponds to about 30-50
m above the surface. The pressure at the model top layer for prognostic variables is about 5 hPa.

Initial data are intérpolated from the operational GDAS. Base fields and boundary conditions are
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updated from the 6 hourly MRF model output which has a resolution of T126 ( triangular

truncation at wave number 126). The model is integrated for 48 hours starting from 1200 UTC 15

May 1995.

Table 1. Summary of numerical experiments

No. Code Convective

trigger function

Grid scale precipitation scheme

Domain averaged

rain, mm/48 hours

Precipitation

total (grid-resolvable)  skill score (ETS)

OBS
1 OPIM Operational trigger
2 TRIM New ﬁigger
3 0P3M " Operational trigger

4 TR3M New ftrigger

Diagnostic liquid species
Diagnostic liquid species
Prognostic liquid species

Prognbstic liquid species

5 NOPT New trigger with 0’=0in (5) Prognostic liquid species

2.82

6.69 (4.59)
6.94 (4.14)
6.00 (2.79)
6.00 (2.52)

5.94 (2.72)

0.119
0.125
0101
0.183

0.177

As summarized in Table 1, five experiments were designed to permit investigation of the

impact of the convective trigger formalism. In the table, the operational trigger in the convection

scheme includes the formalism described in section 2¢, while the new convective trigger includes

the modifications discussed in section 3. The #M represents the number of water substance

categories in the grid-resolvable physics. The OP1M experiment employs the current operational

precipitation physics in the MRF model which were described in section 2. The TR1M experiment

which employs the new trigger, is to investigate the impact of triggering function within the simple
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" diagnostic grid-resolvable precipitation physics. The comparison of the OP3M and TR3M
experiments are the same to that of the OP1M and TR1M experiments, except for a more

sophisticated grid-resolvable precipitation process.

| The prognostic liquid phase scheme used in this study has three prognostic variables fér
water substance, including one for water vapor and 2 for hydrometers with ice nﬂcrophysical
processes as déveloped by Dudhia (1989). Implementation and intercomparison of various cloud
schemes are given in Hong et al. (1998). The NOPT experiment is identical with the TR3M
experiment, but removes the subgrid scale buoyahcy contributipn in (5). This experiment

demonstrates the importance of the subgrid scale perturbation in the new trigger formalism.

Also shown in Table 1 is the 48-h accumulated domain averaged -rain. The value in the
parénthesis represents the grid-resolvable rain contribution to the' total rain. The equivalent threat
scores(ETS) of the precipitation forecast are presented to compare the skill of {Jrecipitation
forecasts. Whereas the simple threat score is the Ciuotient of the intersection of the observed and
forecast areas of precipitation divided by the union of these areas, the ETS refines the definition by
accoﬁnting for apparent skill derived only- from random chance (Rogers et al. 1996). The scores
are computed over the United States using forecast precipitation énd observed precipitation
_(;omputed by avéraging fajn gage data within each model grid cell. Scorc;s are averaged in
precipitation categories for the two day forecast period. Together with domgin averaged total

. precipitation amount, the_ETS gives a measure of the skill of precipitation forecasts. Values in the
table are the average over all précipitation categories. Although the ETS in each prec_ipitation
category is rc;Bust in representing the precipitation skill, the average seems to be sufficient to

compare the skill of precipitation predictions from each experiment for a single case study. It is
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important to note that at NCEP the ETS and bias scores are routinely computed at 80 km grid.

" Both model forecasts and observations are interpolated to that grid. Hence, higher precipitation
biases’. from the model are not only due to the model’s error but also due to the lack of
observations ever3;' 25 km over United States. This reéults in the reducti‘on of thé ETS when it'is
computed on 80 km grid. Therefore, comparison of the scores in Table. 1 is valuable, but not for
its absolute magnitude.» From the table, it is evident that the TR3M experiment had the best

performance.

5. Results and discussion
a. Synoptic pattern

As mentioned earlier, the TR3M experiment produced the best;, results in terms of -
precipitation forecast. In Fig. 7, the 500 hPa geopotential height, temﬁerature distribution, and
wind vectors at 1200 UTC 16 and 1200 UTC 17 from the TR3M experiment are presented.
Overall, the model predicted the synoptic patterns associated with the heavy precipitation event
rather well. For example, thé model correctly forecastes the position and intensity of the cut-off
low during the two day period. The low stayed over California for the 24-h forecast period valid
at 1200 UTC 16 and then traveled eastward as heavy precipitat'ion occurred over Kansas. In
addition, the southward progress of a trough, initially centered over central Canada, was very we
simulated. In association with precipitation over Kansas and Missouri during the forecast time, tt
model reproduced the intensification of a thermél ridge over Kansas and Missouri at 1200 UTC
At 48-h (1200 UTC 17)(Fig. 7b), the thermal ridge, aheéd of a cutoff low, was also well

simulated.
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The other experiments also reproduced lérge scale patterns that cdmpare well - to those
from the TR3M experiment. They include the movemént of the cut-off low, thé intensification of
baroclinicity, aﬁd the development of thermal ridge ahe;ad of a pressure trbugh. However,
differences between the experiments with the operational and new triggers were distinct where
heavy precipitation was simulated. The impact of different grid-resolvable physics on the large
scale pattern was described in Hong et al.(1998). From Fig. 8, it can be séen that compared to the
results from the TR3M experimeﬁt a cold bi_as- was dominant over the heavy precipitation ;egion in
the lower troposphere in the OP3M expérinient. The thermal ridge ahead of the préssure trough
was weaker in the éxperiment-s with the operational trigger. In the 48-h forecast, this colder area '
extended eastward toward the eastern Unifed States. In the middle to upper troposphere, the
_ difference field shows a less distinct cold bais acompanied by a highly complicated pattern because

of the nonlinear feedback between the precipitation physics with the larger-scale patterns. :
b. Precipitation forecast skill

In Fig. 9, we show the predicted 24-h accumulated precipitation valid at 1200 UTC 16, and
1200 UTC 17 May 1995 resulting from the OP1M and TR1M experiments. In the 24-h forecast
using the operational physics (Fig. 9a), the model produced excessive rainfall over Kansas and |
northwestern Texas, which is due to grid-resolvable precipitation physics(dotted lines in the

figures). The maximum amount of grid-resolvable precipitation over Kansas is as high as 200 mm.

In the 48-h forecast (Fig. 9b), the major precipitation area extended eastward from
Missouri through West Virginia, which is too far to the east (cf. Figs. 5 and 9). The model also
overestimated the réinfall over Colorado, Oklahoma, and southern Michigan and Wisconsin, which

is mostly due to grid-resolvable precipitation physics. The maximum amount of grid-resolvable rain
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in that region is as high as 100 mm. In contrast to the excessive rainfall due to grid-scale rain, the
subgrid scale rain is relatively weak and widespread. A small area of 24-h accumulated rain greater
than 32 mm appears in Missouri. The area greater than 16 mm enclosing the 32 mm contour is

oriented northeastward from central Missouri to central Illinois.

Compared to the results from the OP1M experiment, the TR1M experiment enhances the -
precipitation forecast skill; the ETS increased from 0.119 to 0.125. The total amount of
precipitation during the 48-hr forecast period also increésed (Table 1). The reason why the total
precipitation is enhanced is unclear. However, it is worth noting that in the 24-h forecast period
ending at 1200 UTC 16, grid-resolvable rain is significantly reduced ( fig. 9¢). The updated
convective trigger removes the excessive rainfall due to grid-resolvable precipitation phyéics in
Kansas, and northwestern Texas. In the 48-hr forecast period (Fig. 9d), the major grid-resolvable
precipitation area extended eastward from Missouri to Virginia and has the axis notably to the

south, while this axis is too far to the northeast in the OP1M experiment (Fig. 9b).

In Fig. 10, the comparison of the 24-h accumulated precipitation from the OP3M, TR3M,
and NOPT experiments is shown. Ovefall, it can be seen that for grid-scale precipitation, the -
impact of the operational and new triggers with the sophisticated microphysical processes on the
precipitation distribution is comparable to when the diagnostic.cloud is employed. For example, the
OP3M experiment Wim the operational tl*igger produces widesptead light subgrid scale rain
compared with that from the TR3M experiment. In the 24-h forecast, the model with the
operational trigger st_ill shows the excessive grid-resolvable rain over Kansas, and to the southeast
of this grid-resolvable rain area subgrid scale rain appears which is too widespread. The excessive

grid-resolvable rain over northwestern Texas is not reduced. The degradation of precipitation skill
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is more prominent in the 48-h forecast (compare Figs. 10b and 10d). The subgrid scale rain area
from the OP3M experiment is centered over Missouri and southern Hlinois, which is not far from
what the ﬁgw trigger showé. However, the subgrid scale rain is widespread compared to what the
new trigger produéed. As a result, the operational trigger tends to separate the grid-resolvable rai:
and subgrid scale rain over the heavy precipitation area, which leads to s-igniﬁcant degradation of
the precipitatién forecast skill. The ETSs from the OP3M and TR3M runs are 0.101 to 0.183,
respectively(Table 1). The degradation of the scores by the OP3M experiment was found to be
caused by underestimating heavy precipitation amounts and overpredicting the area of light
‘rainfall. The precipitation forecast skill from the OP3M run is even worse than that from the
OP1IM experiment with the diagnostic cloud scheme for grid-resolvable precipitation physics. The
= ETSs from the OP3M and OP1M runs are 0.119 and 1.101, respectively. This implies that
sophisticated microphysical processes alone do not guarantees the improvement of forecast skill.
The comparisori of different microphysical processes on the predicted precipitation are discussed

in Hong et al. (1998).

From Figs. 10e aﬁd f ( NOPT experiment ), it can be seen that the impact‘of the temperature
* perturbation in (5) on the predicted precipitation, while not negligible, is not signiﬁcant enough to
account for the difference in the distribution of preéipitation between the OP3M and TR3M

: experimen,ts.. Overall, the NOPT experiment produces less subgﬁd scale rain and more grid-
resolvable rain than the TR3M experiment (Table 1, Fig. 11). As in the case of the comparison of
two different triggers, a more significant difference is found in the distribution of grid-resolvable
precipitation. For example, a more éoncentrated grid-resolvable rain is predicted by the NOPT

experiment on the border between Kansas and Missouri for the 24-h forecast. In the 48-h foreé_ast,
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the area of grid-resolvable rain from the NOPT experiment is much larger than the TR3M

experiment. The impact of the perturbation buoyancy is further discussed in section 5d.

An important result shown in this section is that the grid-resolvable rain from Indiana
eastward valid at iZOO UTC 17 May 1995 is more influenced by the convective parameterization
than by the change in the grid-resolvable algorithm. (Cdmpare Figs. 9b z;.nd 9d, and lz)b, 10d).
This outcome follows the arguments of Kuo et al.(1996), obtained in a systématic evaluatién of
precipitation physics in the simulation of marine cyclogenesis. In that research it was determined
that the distribution and intensity of précipitation, and its partitioning into grid-resolvable and
subgrid scale portions, were extremely sensitive to the choice of convéctive parameteriiation

scheme.

¢. Comparison of the two convective trigger functions

As discussed in the previous section, for grid-scale precipitation, the impact of the
operational and new triggers with the sophisticated microphysical processes on the precipitation
distribution is comparable to when the diagnostic cloud scheme is employed. Therefore, more

attention will be paid to the comparison of the OP3M and TR3M experiments.

Note that the two trigge;rs differ not only in inclusion of perﬁrbation buoyancy, but also in
bouancy checking of the updraft parcel and.cloud base determination. In the opefational trigger |
the depth between the updraft-air originating level and the LFC should be less than 150 hPa to
initiate conveétion, while the new trigger checks the parcel’s buoyancy at the LCL. The cloud base

for the operational and new triggers is determined as the LFC and LCL, respectively. Note also
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that the entrainment of an updraft parcel aﬁd the detrainment of a downdraft parcel in the
convection scheme are confined between the updraft originating level and the cloud base and the
amounts of mixing of a parcel with that in the environment are propotional to the depth between

the two levels.

Since the interaction between subgrid scale and grid-resolvable rain procésses is intimately
related and highly complicated in a thrée—dimensional model frame work, a detailed illustration éf
the irhpact of convective trigger function on the predicted precipitation is focused on the 24-h
forecast when the subgrid scale rain is dominant and before the grid-resolvable rain is initiated.
Comparisons of the résults from the OP3M and TR3M experiments are given for three grid points_,
marked in Fig. 10a. One grid point is located in Missouﬁ ( point A; near Springfield, Missouri );
| and two grid points in Kansas ( point B, near Russell Kansas and point C, near Wichita, Kansas). A
summary of precipitation amount during the first 24-h forecast period at those grid points is given
in Table 2. The point A represents the area over which the OP3M experiment with the
operational trigger produced rain during the first 24-h forecast period, while the TR3M
experiment with the new trigger produced very little rain. The points B and C represent the areas
where the OP3M experiment produced thé subgrid scale and grid scale rain together, while only
subgrid scale rain appeared in the new trigger experiment. At the point B, the two experiments
produced comﬁarable amount of ‘total rain, while the operational trigger .produced excessive grid-

scale rain at the point C.
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Table 2. 24-h accumulated total (subgrid scale ) precipitation amount (min) from the TR3M and
OP3M experiments, valid at 1200 UTC 16 May 1995 at the points, “A’, “B”, and “C”, marked in

Fig. 10a. Corresponding observed amount is also shown.

The grid point Total ( subgrid scale ) precipitation amount (mm) -

OP3M TR3M OBS
“A” 21.0 (21.0) 0.7(0.7) 1.0
“B” 7.6( 1.4) 7.5(7.5) - 3.0.
“C” 23.9 (1.5) : 770117 4.0

' /
Figure 12 shows the temporal evolution of hourly rainfall from the OP3M experiment,

together with the equivalent potential temperature (6,) and saturated equivalent potential
temperature (Ges) profiles at point A ( marked in Fig. 10a) in the presence of convective initiation. -
There was no grid-scale precipitation. From the profile, the paréel originating level is 940 hPa and
the LEC is 800 hPa. The depth between the two levels satisfies the convection initiation by the
operational trigger. However, the new trigger does not initiate convection because the parcel
originating at 940 hPa has a negative buoyancy at the LCL, which is 875 hPa. This kind of
thermodynamic profile is not unusual during the nighttime when surface layér cools. It can be
deduced that the operational trigger tends to initiate convection more often than the new trigger,
even when subéloud layer is dry. This is because the operational trigger does not check humidity of

the environment. It is clear from the evolution of domain averaged precipitation amounts, as shown
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in Fig. 12, that the operational trigger yields more convection during the nighttime than the new

trigger.

In Fig. 13, we compare the temporal evolution of the rainfall and vertical distribution of
relative humidity at the poi~nth (marked in Fig. 10a). The rain in the TRBM experiment starts at
0548 UTC and lasts about 4 hours with a short break at 0630 UTC. On the other hand, sebgrid
scale rain started at 0224 UTC in the OP3M experiment with the operational trigger which is about
3 hours earlier than in the TR3M experiment. Alsovin the TR3M experiment, several time steps
later, grid-resolvable rain is initiated and lasts about 4 hours with a higher intensity than subgrid
scale rain. Differences in large-scale environments by both schemes can be visualized from the |
evolution of relative humidity (Figs. 13c and 13d). As convection is im’tiated, the OP3M
experiment shows the increase of relative humidity within the entire troposphere. Over time, a
saturated layer in the upper level extends down to middle troposphere below 600 hPa. In the
TR3M experiment, the increase in relative humidity appears centered at the parcel originating level, -
875 hPa prior to convective initiation. The saturation layer is limited to a shallow layer between

875-835 hPa, and relative humidity decreases as convection decays.

The reason for the differenf partitioning of subgrid and grid resolvable scale rain can be
explained by a compairison of the thermodynamic proﬁlee, as shown in Fig. 14. From the figure it
can be seen that the new tfigger initiates convection when CAPE is large enough and the source
level, which is 875 hPa, is nearly saturated. It is due to the fact that the new trigger checks the
buoyancy of the parcel at the LCL Whiie the operational trigger checks the depth between the
source level and LFC. As a resuit, the new trigger initiates convection when the subcloud layer is

~ moister while the operational trigger develops the convection even when the subcloud layer is dry.
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-In addition to the timing of convective initiation, another factpr exists to cause for the
operational trigger to removes less CAPE. Note that the convection scheme reduces the buoyancy
of the updraft parcel by entrainmen-t. Because of a larger entrainment of the updraft parcei due to
a longer distance between the (;1§ud base and the updraft-air originating level, the operational
trigger tends to remove less CAPE than th¢ new trigger. Initiating convection in such a weak
CAPE condition adds water vapor to nearly saturated middle to upper troposphere by detraining
process at the cloud top. From the analyses of g.;and g, ( not shown ), it was found that in the
operational trigger experiment, the falling snow frorﬁ pre-existing ice crystals grows at the expense
of this water vapor in the middle atmosphere and forms grid-scale rain, while in the TR3M
experiment the falling snow in the middle atmosphere is removed by sublimation process because
wéter vapor is detrained in the higher troposphere. Although the total rainfall amount at point B
is comparable for both experiments, the resulting synopt"1c patterns due to differeflt heating

- characteristics can be very different. This issue will be further discussed at the end of this section.

In Fig. 15, we compare the temp‘orél evolution of the rainfall and vertical distribution of
relative humidity at the i)oint C(marked in Fig. 10a). Precipitation in the TR3M experiment with
the new trigger appears at 0400 UTC and lasts about 3 hours. On the other hémd, tﬁe OP3M |
experiment with the operational trigger produces subgrid scale rain starting at 0300 UTC which is
about 1 hour earlier than the TRBM experiment. At 0430 UTC, major grid-resolvable rain starts
and lasts about 2 hours with a higher intensity than the subgrid scale rain. From 'the corflparison of
relative humidity(Figs. 15 ¢ and d), both experiments show a saturated layer at about 875 hPa

level as the convection is initiated. A primary difference between two experiments is that the

operational trigger devélops a deep saturated layer centered at 875 hPa and eventually extends to
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the entire troposphere after 0500 UTC. However, as in the case of the point B, the saturation
from the TR3M experiment is limited to a shallow layer between 875-835 hPa, and relative

humidity decreases as convection decays.

To illustrate the contr‘ést in the initiation of convection by each trigger, 6, and 6, are
compared at the point C as ‘shown in Fig. 16. The profiles were constructéd just before the onset
of convection and one hour later for each éxperimen‘t. Note that the difference in timing of onset
at this grid point is less than an hour, while at point B the operational trigger initiates convection
about 3 hours earlier than the new trigger. Therefore, subéloud layer for both experiments is very
similar with a neaﬂ}; saturated layer prior to initiating convection. | Both experiments also have the
same parcel originating level, which is the maximum 8, level at 875 hPa. Despite these
' ‘agreements, the adjusted temperature and moisture profiles diverge accompanied by excessive
rainfall from the operational trigger experiment (Table 2). T he primary reason for this difference is
in cloud base determination. The new trigger checks the buoyancy of the parcel at the LCL while
the operational trigger checks the depth between the s;)urce level anci LFC. In the TR3M
experiment the parCell at tﬁe source level is nearly safurated, }s'o that the cloud base, the LCL, is
835 hPa. In the OP3M experiment with the operational trigger, the cloud base is the LFC
determined as the first positivé buoyancy level by conserving 8, at the source level, which is 735
hPa. Consequently, the prhnaﬁly difference between the two triggers is -the depth between the
source level and fhe cloud base. The depth is 35 hPa and 140 hPa for the TR3M and OP3M
experiments, respectively. As explained in the case of the point B, the operational trigger results in
less buoj/ancy of the updraft air parcgl than the neﬁv trigger due to more entrainment over a deeper

subcloud layer, thus a less removal of CAPE.
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Realizing the fact that the detrainment of the downdraft parcel is limited to the layer
between the cloud base and the updraft-a.if originating level and results in moistening and cooling
the environmental air, the experiment with the operational trigger has more-chance to become
‘saturated. Conseqlieﬁtly, in the OP3M experiment, the LFC becomes close to the LCL as
convection co-ntinues, eventually producing an absolutely unstable layer between the LFC and the
updraft-air originating level. This absolufely unstable layer eXperienées ﬁpward motion due to grid
resolved forcing. Conditions are such that cumqus parameterization initiates in the TR3M
experiment with the ﬁew trigger because of less mixing of updraft and downdraft air. However, ir
the OP3M exﬁeriment relative humidity simply keeps rising until saturation is reached abdve the
cloud base. The existence of saturation in a conditionally. and convectively unstable sounding abov
the LCL prociuces an unrealistic situation. In particular, because the resolvable-scale heating |
maximumroccurs at relatively lower levels in the OP3M experiment, it tends to enhanqe the lower-
level moisture convergence fnore efﬁcieﬁtly than those With a higher-level heating méximum in the
TR3M experiment. Eventually a deep dry-adiabatic but saturated layer forms as the heating layer

deepens. This layer rapidly overturns, producing intense precipitation on the grid scale.

Despite the impacts of two trigger functions at three grid points described above, one may
speculate the importance of the specification of cloud base. To confirm this, two prelimin_ary
experiments ( not shown ) were conducted, one is thé: new trigéer with the cloud base at the LFC,
and the other is the operational trigger with the cloud base at the LCL. In the 24-h forecast valid
at 1200 UTC 16, the former experiment showed the heavy precipitation confined in Kansas as-in
the TR3M experiment, but with much of grid—scéle rain as in the OP3M experiment. In the 48-h

forecast, the distribution of precipitation was very comparable to that from the OP3M experimen
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The latter experiment with tﬁe operational trigger with the cloud base at the LCL showed a very
similar distribution of precipitation to thét in the OP3M run during the first 24 forecast. In the 48-h
forecast, the distribution of precipitation was between the OP3M and TR3M experiments. These

. experiments suggest that tfle.parametcr to which two different trigger experiments are most
sensitive is the buoyancy checking of the updraft parcel. As shown in the point C, the specification
of cloud base mainly affects the cloud properties such as the entrainment of updraft and the |
detrainment of downdraft, and following partition of subgrid and grid scale rain, so that its impact

is large after the 24-h forecast, when heavy precipitation is simulated.

On the other hand, the unrealistically generated excessive rain at a grid point from the
operaﬁonal trigger experiment was pointed out by Molinari and Dudeck(1986) and Zhang et
| al.(1988). They found that either grid-scale precipitation physics alone or combination of N
parameterized convection and diagnostic explicit cloud scheme for grid-resolvable precipitatidn
physics induces a runaway type of positive feedback ‘among latenf heat release, larger-scale
moisture con?ergence and the surface pressure fall.‘ By contrast, the same séenario was found in
this stﬁdy by introducing a subtle change in the convective trigger, even though the cumulus
parameterization scheme and prognostic cloud scheme incorporating water loading and melting are
separately responsible for subgrid scale and grid-resolvable precipitation ﬁhysics. This excessive
rainfall problem is more serious when diagnostic cloud is employed for érid—resblvable
precipitation physics, as shown in Fig. 9. This is due to the lack of stabilizing microphysical
processes such as evaporation, water loading and melting processes as shown in our companion
paber (Hong et al. 1998), and pointed oqt earlier by Zhang et al. (1988). From thése findings we

can say that the realistic treatment of precipitation physics in a mesoscale model does not only
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depend upon what kind of combination of physical processes is employed, but also how the

interaction between the subgrid scale and grid resolvable precipitation physics is represented.

From Figs. 13c, 14a, 15¢, and 163, it can be seen that compared to the operational trigger
the new trigger tends to ininafe convection in the presence of a moist subcloud layer and to mix
weakly the updraft parce] with the environment, leading to a deeper cloud with a large cloud work
function. This characteristic is in line with the initiation of deep moist convection found by Ziegler
et al.(1997), which is the combination of deep mesoscale lift, weak mixing following the motion,
and high boundary layer humidities appears to be necessary for deep convection to form near the
dryline. Another interesting feature in the TR3M experiment with the new trigger is the generation
of saturated layer in the subcloud layer. These unntably stratified snturated layers around the cloud
base are in line with the recent ﬁnding from the modeling study for convection at the dryline
(Ziegler et al. >1997). The explicit treatment of mircophysical processes without parameterized
convection was utilized in a 5 km grid mesh for their study. According to their results, the
absolutely, convectively unstable stratification of the saturated layers were found in the active stage
of deep convection at the dry line, and were explained as a transient state that arises from the
strong mesoscale lifting of air parcels with warm.an‘d moist air. This saturated layer was also found
from an analytical modeling study in a cloud model by Crook and Moncrieff(1988). They
investigated the effect of large-scale convergence on the genenation and fnnintenance of deep moist
convection, and speculated that this saturated layer formed just prior to convection in the presence

of large-scale convergence.

Note that the total amount of rain is nearly the same during the 48-h forecast period (Table

1) for both runs. This implies that despite the significant differences in the distribution and intensity
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of subgrid scale rain and grid—résolvéble rain, the total amount of water vapor processed is about
the same for both the OP3M and TR3M experiments. This coiﬁcidence does not seem to be valid
all the time because the heavy precipitation in this case lasts after the integration period. Despite
this coincidence, the resultir;g. feedback to large scale is quife different, as explained in the
comparison of thermodynamic profiles. The new trigger redistributes the heat and moisture
following the. parameterized cloud evolution such as moistening and éooling in the subcloud layer
due to downdrafts and drying and heating in the middlé cloud layer.and mqis_tehing and heating in
the high cloud layer. On the éther hand, in the OP3M experiment the heat and moisture
distribution are mainly controlled by the grid-resolvable raiﬁ process, which follows the
microphysical processes in the cloud scheme. The diabatic heating ‘proﬁles for both experiments
are not available. However, from the difference in synoptic scale feedback due to the differenf
heating and moistening characteristicé, in the parameterized convection and grid;—resolvable
precipitation physics (Fig. 17), it can be deduced that the operational trigger experiment produces
a more stabﬂizéd and moister environmental air than the new trigger experiment. Because of these
differences that occur by the 24-h forecast time, the forecasts diverged thereafter. These changes in
the larger-scale patterns downstream in the 48-h forecast dué to changes in the convective fofciﬁg
* in the 24-h forecast was also pointed out by Zhang and Harvcy(199$). Note that the OPlM anci
OP3M experiments with the operational trigger have very similar axes for the grid-resolvable rain
from Indiana eastwar(i in the 48-h forecast, anci that the TR1IM aﬁd TR3M experiments with the
new trigger have the axis notably to the south(Figs. 9 and 10). The importance of the subgrid scale

thermal excess in (5) can be explained from the same point of view, comparing the TR3M and
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NOPT experiments (Figs. 10d and 10f), even though the impact is smaller than that from the

different convection triggers.
d. Impact of the temperature perturbation in the new convection trigger

As mentioned in section 5b, the impact of the temperature perturbation in the new
convection trigger is not significant as to account for the difference in the two triglger experiments,
but may be important to the successive development of precipitation system. It can be seen that
the NOPT experiment produces less rain in northwestern Texas, southern Arkansas, nc_)rthern
Mississippi, and northeI:n Alabama (Compare Figs. 10c and 10e). These areas are where the
modeled convectiqn was initiated in the afternoon (not shown). We éompafed the resulting rain
from the TR3M and NOPT experiments at many pointsin those areas. In general, the TR3M
éxperiment tended to generate convection earlier by a few hours than the NOPT experiment,
implying th;at the subgrid scale buoyaﬁcy played a role in accelerating the initiation of convection
by adding the perturbation to the parcel at the source level. Since the perturbation amount is high
during the daytime due to boundary layer turbulence forcing (Fig. 1), the domain average of
subgrid scale rain from the TR3M experiment is larger during the daytimé than in the OP3M
experiment (Fig. 11).. Meanwhile, the relatively small impact of the buoyancy perturbation in the
. new trigger seems to be due to the fact that the convective precipitation in the model is i.nitiated
during the nighttime. However, it is likely that the subgrid scale buoyancy perturbaﬁon may be
important when convection is initiated in the afternoon. It is also noted that the constants in Egs.
(1), (4), and (5) are preliminary, as discussed in section 3, from the p’efspectiye of operational.
implementation. More tests are being conducted to examine the precipitation distribution over the

ocean for climate modeling as well as over land for daily weather forecasts.
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6. Summary and concluding remarks

In this paper, a convective trigger function that explicitly couples the boundary layerk
turbulence and precipitating convection processes is proposed. The scheme is based on the Rogers
and Fritsch (1996) concept that the subgrid scale perturbation is a combination on forcing due to
surface inhomogeneities, boundary layer turbulence, and free atmospheric turbulence, and its
modulation by grid scale vertical motion. The ;:oncept is adapted in this study in a rﬁodiﬁcation of
the 51mp11ﬁed Arakawa—Schubert scheme (Grell 1993; Pan and Wu 1994; Hong and Pan 1996)
used in the NCEP RSM. A major difference bétween the Rogers and Fritsch (1996) scheme and
that used in this study is that a parcel method considering subgnd scale thermal buoyancy derived
.from the counter gradient Imixingv term of large eddy induced mrlqulent boundary layer (Hong and
Pan 1996) is used instead of verﬁcal velocity perturbatic;n employed by . Rogeré and Fritsch. The
scheme was implemented as a part ofv the new pfecipitatioh physics package for the NCEP RSM,

- together wifh a prognostic cloud scheme to improve the precipitation prediction skill during the
convection season over United States. The package has been tc_asted with a grid spacing of

approximately 25 km over United States for a heavy rainfall case during 15-17 May 1995.

Itis evident that the new convective trigger is capable of enhancing the precipitation
predictability. The new trigger removes excessi\V'e rainfall due té grid-resolvable precipitation
physics in Kansas, and northwestern Texas during the first 24-h forecast period. In fhe 48-h
forecast period, the major grid-resolvable precipitation area in the forecast extended eastward from
Missouri to Virginia, while this axis is too far to the northeast in the experiments wthh the

operational trigger. The impact of the trigger change on the predicted precipitation is comparable
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to that for grid-resolvable physics, either a simple diagnostic cloud scheme or a prognostic cloud

scheme with sophisticated microphysics is employed.

Three major factors in the tpigger mechanism are responsible for the difference in the
precipitation forecast between' the operational and new trigger expefiments : 1) buoyancy checking
of the updraft parcel; 2) cloud base determination; and 3) inclusion of perturbatfon buoyancy.
Since the operational trigger tends to initiate convection even when subcloud layer is dry, it
produces more convection during the nighttime than the new triggér. Because of a deeper mif(ing
layer of the updraft parcel due to the difference in cloud base determination, the operatidnal trigger
activates with smaller values of CAPE. The above two reasons allow the operational trigger to
initiate convection in situations with'weaker CAPE than the new trigger. Initiatiﬁg the convection
in such conditions adds water vapor to ﬁearly saturatea middle to upper troposphere by the cloud
top detrainment. This leads to the development of grid-scale rain at the expense of supersatufation,
while the new trigger produces subgrid-scale rain. Although comparable amount of rainfall at the
surface can exist in that situation, the feedback to larger scale is very different due to the different
heating characteristics in the parameterized convection and grid-resolvable precipitation physics.
On the other hand, the operational trigger tends to produce excessive grid-scale rain when

- convection is initiated in the presehce of nearly saturated subcloud iayers. This is not only becaﬁse
of the rgduced buoyancy of the updraft parcel, but also because of the rrioistening and cooling of
‘the environmental air due to the detrainment of the downdraft air. These findings reinforce
previous studies(e.g., Zhang et al. 1994) in showing rthat the realistic tfedtment of precipitation

physics in a mesoscale model does not only depend upon what kind of combination of physical
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processes is employed, but also how the interaction between the subgrid scale and grid resolvable

precipitation physics is represented.

Meanwhile, the new trigger tends to initiate convection in the presence of a moist subcloud
layer and to mix weakly the ﬁpdraft parcel with the envirohment, leading to a deep convection with
a large clqud work function. This characteristic is in line with the profile of deep moist convection
shown by Ziegler et al.(1997). Another interesting feature of the parameterized convection with
the new triggef is the generation of a shallow saturated layer in the subcloud layer. The formation -
of this saturated dry adiabat can be explained by stabilizing the absolutely, convectively unstable
- layer due to the vertical diffusion processes. These existence of unstably stratified saturated layers
around the cloud base is in line with the findings given by Ziegler et al.(1997) and Crook and

Moncrieff (1988).

Another aspect of the results is that the location of the grid-resolvable re{in is more
influenced by the convective pararﬁeterization than by the change in the grid-resolvable
precipitation algorithm. There is also a downstream impact of convective precipitation in the 24-h
forecast so far to the distribution of grid-resolvable precipitation in the 48-h forecast. The
significant impact of the grid-scale precipitation due to parameterized convection was addressed
by Kué et al.(1996). The éignifican't changes in larger-scale patterns so far downstream due to
changes in the convective fbrcing also was pointed out by Zhang and Harvey(19§5). However, in
this study the significant impacts are found to be due to a subtle change in paraméterized
convectiop, rather than either switching the parameterized convection scheme(Kuo et al. 1996) or
refﬁoﬁng the convective heating in the succéssive development of a cyclone(Zhang and Harvey

1995). This aspect of the experiments also warrants emphasis showing that the interaction
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between convection and grid-resolvable precipitation physics is not just a local phenomenon, but
rather a highly nonlinear feedback. Therefore, it is concluded that in a mesoscale model a proper
treatment of subgrid scale precipitation (convection) physics is crucial to provide the favorable

synoptic condition for grid—resoli/able precipitation physics to be activated at the correct location

and may be a prerequisite to realizing better precipitation physics.

The impact‘of the temperature perturbation in the new con\iection trigger is not so
significant in this case study, but is not negli;gible for the successive development of precipitation
system. The relatively small impact of the blioyé.ncy perturbation in the new trigger seems to be
due to the convective precipitation in the model being initiated duririg tile nigkittime. However, it
is likely that the subgrid scale buoyancy perturbeition may be important when convection is
" initiated in thé afiernoon. It is also noted that'ihe constants in Egs. (1), (4), and (5) are
preliminary, as discussed in section 3, from the perspective of operational implementation. From a
testing of the. new convective trigger function in the MRF model with a resolution of T126, some
improvement was found in the skill of the precipitation forecast over land, which accompanies a
decrease in the lighter precipitatioii categories and an incréase in the heavier precipitation
categories. However, problems still remain in the convection over the ocean when model is
integrated more than a month, which accompanies somewhat lesvs precipitation over the western
Pacific than what it should be. More tests are being conducted. to imprové the scheme by changing

the parameters in estimating the subgrid-scale temperature perturbation.

Although the ETSs can provide an object measure of skill for precipitation forecasts,
many uncertainties still remain in evaluating the performance of a mesoscale model. This is mainly

because the routine ETSs at NCEP are calculated against the 24-h accumulated rain gauge data,
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whose spatial distribution is much more sparse than the model grid spacing. A new hourly
precipitation archive combining rain gauge data and radar estimates is under development for use
at NCEP ( Baldwin and Mitchell 1996 ) that may be more appropriate for the evaluation of

mesoscale mdoel forecasts.



- 37
Acknowledgments

The authors would like to thank Jack Kain and two anonymous reviewers, whose comments
and suggestions improved the clarity of the paper. The authors also would like to express their

gratitude to Joseph Gerrify and Shrinivas Moorthi for generous internal reviews.



38

REFERENCES

Arakawa, A. and W. H. Shubert, 1974: Interaction of a cumulus ensemble with the large-scale
environment, Part L. J. AWOS- Sci., 31, 674-704.

Baldwin, M. E., and K. E. Mitchell, 19_96 : The NCEP hourly multi-sensor U.S. p_recipitation
analysis. 11th conference on numerical weather prediction, August 9-13, Norfolk, Virginia.

Chen, C., and H.D. Orville, 1980 : Effects of mesoscale cohvergence on cloud convectionf J. Appl.
Meteor., 19, 256-274.

Crook, N. A., and'M. W. Moncrieff, 1988 : The effects of large-scale convergence on the

generation and maintenance of deep moist convection. J. Atmos. Sci., 45, 3606-3624.

Dudhia, 1989: Numerical study of convection observed during the iwint:er mons/oon experiment

using a mesoscale two~dimensiona1 model. J. Atmos. Sci., 46, 3077-3107.

Emanuel, K. A. and D. J. Raymond, 1992 : Report from a workshop on cumulus parameterization. .
Bull. Amer. Meteor. Soc., 73, 318-325.

Grell, G. A., 1993 : Prognostic evaluation of assumptions uged by cumulus
parameterization. Mon. Wea. Rev., 121, 764-787.
| Hong S.-Y. and H.-L. Pan, 1996 : Nonlocal boundary layer verti:cal diffuéion ina medium—fange
forecast model. Mon. Wea. Rev., 1v24, 23222339,
| , H-MH Juaﬁg, and Q. Zhao, 1998 : Implementation of prognostic cloud scﬁeme for é

regional spectral model. Mon. Wea. Rev.,



39

Juang, H.-M. H. and M. Kanamitsu, 1994 : The NMC nested regional spectral model. Mon. Wea.

Rev., 122, 3-26.
,S.-Y. Hong, and M.\K}anamitsu, 1997 : The NCEP regional spectral model: An
update. Bull. Amer. Meteor. Soc., 78, 2125-2143. |

Kain, J. S. and J. M. Fritsch, 1992 : The role of the convective “trigger functions” in numerical

fqrecasts of mesoscale convective systems. Meteorol. Atmos. Phys., 49, 93—106..

and - 1993 : Convective parameterization for mesoscale models : The Kain-

Fritsch scheme. The representation of cumulus convection in numerical models. Meteor.
Mono., 24, A__mer.- Meteor. Soc., 165-170.

Kanamitsu, M., 1989: Description of the NMC global data assimilation and forepast system.
Wea. and Forecasting, 4, 3_35-342.

. and Coauthors, 1991: Recent changes implemented into the global forecast
system at NMC. Wea. and Forecasting, 6, 425-435.
| Kuo, Y.-H., R. Reed, anci Y.'Liu, 1996: The ERICA IOP 5 Storm. Part IIl: Mesoscale

cyclogenesis and precipitation parameterization. Mon. Wea. Rev., 1459-1434.

Lofd, S. J. 1978: Development and observational verification of a cumulus cloud parameterization

from the anvil clouds of deep tropical convection, University of California, Los Angeles,

359pp.



40

Mahrt, L. and H.-L. Pan, 1984 : A two layer model of soil hydrology.‘ Bound.-Layer
Meteor., 29, 1-20.
Molinari, J. and M. Dudeck., 1986 : Implicit versus explicit convective heating in numericai
weather predictidn models. Mon. Wea. Rev., 114, 1822-183 1.
Pan, H.-L., 1990: A simple parameterization scheme of evapdtranspiration over land for the
NMC Medium-Range forecas;c model. Mon. Wea. Rev., 118, 2500-2512.
and W.-S. Wu, 1995 : Implementing a mass flux convective parameterization package
| for the NMC Medium—Ra'nge forecast modél. NMC office note 409, [NOAA/NW S/NCEP,
Environmental Modeling Center, WWB, Room 207, Washington DC 20233.]
| and L. Mahrt, 1987: Interaction between soil hydrology and boundary llayer
developments. Boundary-Layer M eteor;., 38, 185-202. |
Rogers, R. and J. M. Fritsch, 1996: A general framework for convective trigger functions. Mon.

Wea. Rev., 124, 2438-2452.
Rogers, E., T. L. Black, D. G. Deaven, G. ‘J . DiMego, Q. Zhao, M. Baldwin, N. W. Junker, and Y.
Lin, 1996 : Changes to the 6perational “Early” Eta anglysis/férecas’t system at the Naﬁional
" Centers for Environmeﬁtal Prediction. Wea. and Forecasting, 11,391-413.
Stensrud, D.J., and J.M. Fritsgh, 1994: Mesoscale convective systems in weakly forced large-scale

environments. Part III : Numerical simulations and implications for operational forecasting.

Mon. Wea. Rev., 122, 208472104.



41

Zhang, D.-L., and R Harvey, 1.995 : Enhancement of extratropical cyclogenesis by a mgsoscale
convective system. J. Atmos. Sci., 52, 1107-1127. :
., J. S. Kain, J.M. ngtsch, and K. Gao, 1994: Comments on “Parameterization of
convective precipitation in mgsoscale numerical models: A cFitical re'view”_., Mon. Wea.
Rev., 122, 2222-2231.
_____;, E.-Y. Hsie, and M. W. Moncrieff, 1988 : A comparison of explicit and impiicit
- predictions of convective and stratiform prec;ipitating weather systems with a meso-B ~scale
numerical model. Q. J. Royal Meteror. Soc., 114, 31-60.
Zhang, G. J. and N. A. McFarlane, 1991: Convective stabilization in midlatitudes. Mon. Wea. Rev.,
119, 1915-1928. j
Ziegler, CL., T.J. Lee, and R', A Pielke, 1997 : Convective initiation at the dryline: A modeling

study. Mon. Wea. Rev., 125, 1001-1026.



42
Figure Lists

Fig. 1. Diurnal vanatlon of the (a) scaled virtual temperature perturbation due to temperature ( solid line)
and moxsture(dotted line)in (2), (b) PBL heights, and (c) wind speed at 10 m height level from the
surface at the point “A”, marked in Fig. 10a, obtained from the TR3M experiment with the new
convective trigger in the cumulus convection scheme and prognostic cloud seheme for grid-

resolvable physics.

Fig. 2. Surface analyses for (2) 1200 UTC 15, (b) 1200 UTC 16, and (¢) 1200 UTC 17 May 1995.
Areas of precipitation are indicated by shading. Tracks of well-defined low pressure areas are
indicated by a chain of arrows ; locations of these centers at 6, 12, and 18 hours precedmg map time

are indicated by small white crosses in black squares.

Fig. 3. Analyzed 500 hPa geopotential height ( solid lines ), temperature ( dotted lines ), and wind vector
for (a) 1200 UTC 15, (b) 1200 UTC 16, and (c) 1200 UTC 17 May 199/5.

Fig. 4. Same as in Fig. 3, but for the 700 hPa level at 1200 UTC 16 May 1995.

Fig. 5. Analyzed 24-h accumulated rainfall (mm) ending at (a) 1200 UTC 16 and
(b) 1200 UTC 17 May 1995. Values are box averages on the 25 km RSM grid from station data.

Fig'. 6. Model domain and terrain distribution ( contour intervals at 300 m ). Interior box indicates

the analysis domain for heavy precipitation in Figs. 5, 9, 10, and 11.

Fig. 7. 500 hPa temperature and geopotential height for the (a) 24-h and (b) 48-h forecasts from the
TR3M experiment, valid at 1200 UTC 16 and 1200 UTC 17 May 1995, respectively.

Fig. 8. Difference of the 700 hPa temﬁerature at the 24-h forecast valid at 1200 UTC 16 May 1995 from
the OP3M and TR3M experiments(OP3M-TR3M).

Fig. 9. Predicted 24-h accumulated rainfall (mm) for the (a) 24-h and (b) 48-h forecasts, valid at 1200
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UTC 16 and 1200 UTC 17 May 1995, respectively, from the OP1M, and the (c), and (d) from the
TR1M experiment. Shaded areas and dotted lines denote the subgrid scale (implicit) and grid-
resolvable (explicit) rain, respectively. Scales of the subgrid scale (implicit) rain are denoted as

a bar below each figure.

Fig. 10. Same as in -Fig. 9, but (a) and (b) from the OP3M, (c) and (d) from the TR3M, and (e) and (f)

from the NOPT experiments, respectively. Letters A, B, and C in the figure designate the

station points for temporal evolution anayses in section Sc.

Fig. 11. Domain-averaged, 6-h accumulated (a) total and (b) subgrid scale(implicit) rain,
. from the TR3M(solid lines), OP3M(dashed lines) and NOPT(dotted lines) experiments.

Average is over the heavy precipitation region in the interior box of Fig. 6.

Fig. 127 (a) The temporal evolution of surface precipitation (mm by and (b) vertical profiles of the
equivalent potential temperature, 0, (dotted lines) and saturated equivalent potential temperature, 6,
(solid linés) at the point “A”, marked in Fig. 10a, from the OP3M experimeﬁt. The profi.les in (b) are
constructed at 0400 UTC 16 May 1995. |

Fig. 13. The temporal evolution of (a) surface precipitation (mm h') and (c) vertical distribution of

relative humidity (%) at the point “B”, marked in Fig. 10a, from the TR3M experiment, and the
corresponding forecasts, (b) and (d) from the OP3M experiment. Solid and dashed lines in (a) and (b)

designate convective and grid-resolvable rain, respectively.

~ Fig. 14. Vertical profiles of the equivalent potential temperature, 8,, (dotted lines) and saturated

equivalent potential temperature, 6, (solid lines) at the point “B”, marked in Fig. 10a, from the (a)

es?

TR3M experiment at 0548 UTC (thick lines) and 0748 UTC(thin lines}, and from the (b) OP3M
experiment at 0224 UTC(thick lines) and 0424 UTC(thin Hnes) May 16 1995.



Fig. 15. Same as in Fig. 13, but for the point “C”, marked in Fig. 10a.
Fig. 16. Same as in Fig. 14, but for the point “C”, marked in Fig. 10a, from the (a)
TR3M experiment at 0400 UTC (thick lines) and 0500 UTC(thin lines), and from the (b) OP3M

experiment at 0315 UTC(thick lines) and 0415 UTC(thin lines) May 16 1995.
Fig. 17. Vertical profiles of domain-averaged, time-averaged (a) temperature and (b)
water vapor mixing ratio differences (OP3M- TR3M). Profiles are obtained from the data sets

during the 48-h forecast over United States with 12 min. interval (every 6 time steps).
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Fig. 3. Analyzed 500 hPa geopotential height ( solid lines ), temperature ( dotted lines ), and wind vector

for (a) 1200 UTC 15, (b) 1200 UTC 16, and (c) 1200 UTC 17 May 1995,



20,

Fig. 4. Same as in Fig. 3, but for the 700 hPa level at 1200 UTC 16 May 1995.
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Fig. 5 Analyzed 24-h accumulated rmnfall (mm) ending at (a) 1200 UTC 16 and
(b) 1200 UTC 17 May 1995.Values are box averages on the 25 km RSM erid from station data.
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Fig. 7. 500 hPa temperature and geopotential height for the (a) 24-h and (b) 48-h forecasts from the
TR3M experiment, valid at 1200 UTC 16 and 1200 UTC 17 May 1995, respectively. '



Fig. 8. Difference of the 700 hPa temperature at the 24-h forecast valid at 1200 UTC 16 May 1995 from
the OP3M and TR3M experiments(OP3M-TR3M). -



(b} Precnp (mm) at 1200 UTC 17, OP1M

(c) Precip (mm) at 1200 UTC 16, TR1M

Fig. 9. Predicted 24-h accumulated rainfall (mm) for the (a) 24-h and (b) 48-h forecasts, valid at 1200
UTC 16 and 1200 UTC 17 May 1995, respectively, from the OP1M, and the (c), and (d) from the
TRIM experiment. Shaded areas and dotted lines denote the subgrid scale (implicit) and grid-

resolvable (explicit) rain, respectively. Scales of the subgrid scale (implicit) shaded areas are

denoted as a bar below each figure.



F1g 10. Same as'in Fig. 9, butv(a) and (b) from the OP3M, (c) ahd (d) from the TR3M, and (e) and (f)
from the NOPT experiments, respectively. Letters A, B, and C in the figure designate the

station points for temporal evolution anayses in section 5c.

(a) Precip (mm) at 1200 UTC 16, OP3M

(c) Precip (mm) at 1200 UTC 16, TR3M

d) Precip (mm) at 1200 UTC 17, TR3M
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Fig. 11. Domain-averaged, 6-h accumulated (a) total and (b) subgtid scale(implicit) rain,
from the TR3M(solid lines), OP3M(dashed lines) and NOPT(dotted lines) experiments.

Average is over the heavy precipitation region in the interior box of Fig. 6.
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Fig. 12. (a) The temporal evolutioﬁ of surface precipitation (mm ) and (b) vertical profiles of the
equivalenf potential temperature, ‘69, (dotted lines) and saturated equivalent potential temperature, 6.,
(solid lines) at the point “A”, marked in Fig. 10a, from the OP3M experimenf. The profiles in (b) are
constructed at 0400 UTC 16 May 1995.
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