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ABSTRACT

Future-generation, operational, weather prediction systemswill likely include storm-scale, limited-areamodels
that will explicitly resolve convective precipitation. However, the high-resolution convection-resolving grids will
need to be embedded, or nested, within coarser-resolution grids that will provide lateral-boundary conditions.
It is the purpose of this study to illustrate how the convective environment on a convection-resolving storm-
scale model grid, and therefore the convection itself, can be significantly influenced by the treatment of convection
on the coarser grids within which the fine grid is embedded.

It was confirmed that, as in the actual atmosphere, mass-field adjustments resulting from convection in one
area (the outer grids, in this case) affect the convection in other areas (the inner, convection-resolving grid).
That is, the errors in precipitation timing, precipitation intensity, and the vertical distribution of latent heating,
associated with the treatment of convection on the outer grids, greatly affect the explicit convection on the inner
grid. In this case, the different precipitation parameterizations on the outer two grids produce up to a factor of
3 difference in the 24-h amount of explicit rainfall simulated on the inner grid. Even when the parameterization
is limited to only the outer grid, with explicit precipitation on both the middle and inner grids, over a factor of
2 difference in 24-h total explicit rainfall is produced on the inner grid. The different precipitation parameter-
izations on the outer grids appear to differently modulate the intensity and the timing of the explicit convection
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on the inner grid through induced subsidence.

1. Introduction

With improved methods of assimilating nonstandard
data, such as from the Weather Surveillance Radar-1988
Doppler (WSR-88D), and with faster computing plat-
forms, future-generation, very-limited-area operational
weather prediction models will likely be used for ex-
plicit forecasting of convective storms. One example of
thistrend is that the National Oceanic and Atmospheric
Administration’s (NOAA) Forecast Systems Laboratory
(FSL) is currently developing and testing prototype, op-
erational, models with computational domains that have
the area of one or two states (Schultz 1998; Szoke et
al. 1998). Also, the University of Oklahoma's Center
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for the Analysis and Prediction of Storms is running
daily a convection resolving version of the Advanced
Regional Prediction System model (Carpenter et al.
1998). An unavoidable situation with storm-scale mod-
els is that convection-resolving computational domains
will need to be nested within, and obtain their lateral-
boundary conditions (LBCs) from, coarser-resolution
domains on which the convection must be parameter-
ized. The problem to be addressed in this paper is the
sensitivity of the explicitly resolved convection to phys-
ical inconsistencies in the parameterized convection.
Warner et a. (1997), in areview of LBC requirements
for limited-area models, state the general rule that when
two domains are nested, their convective parameteri-
zations (CPs) should be the same, or similar, in order
to minimize inconsistencies at the interface of the com-
putational grids, whether the interface is two-way or
one-way interacting. Thisis, in practice, acondition that
is difficult to implement because specific CPs are often
only valid over alimited range of scales, and the scales
resolved on the different gridsin a nested system differ.
A potentially more serious problem may arise in the
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storm-scale model applications where one grid utilizes
a CP and another nested within it explicitly resolves
convection. Thisproblem will be addressed in thisstudy.
Specifically, we will demonstrate the sensitivity of the
explicit simulation of convection to the existence of,
and the nature of, the CPs on the grids that provide
|ateral-boundary conditions for the convection-resolv-
ing grid. Thisis a very practical problem that must be
addressed and understood in order for storm-scale op-
erational prediction of convective weather to be suc-
cessful.

Weisman et al. (1997) suggest, based on numerical
simulations of a squall line, that models with grid in-
crements as large as 4 km can explicitly reproduce much
of the mesoscal e structure and evol ution obtainablefrom
higher-resol ution convection-resolving modelswith grid
increments of, say, 1 km. Thus, because of computa-
tional constraints, it is likely that early-generation, op-
erational, convection-resolving models applied in mid-
latitudes will employ grid increments of from 2 to 4
km. Given the fact that grid nests generally involve
resolution steps of three to four between grids, the next-
coarser mesh within which the convection-resolving
grid is embedded will have a grid increment of about
10 km. This raises the question regarding whether to
utilize a CP on this grid, or to attempt to explicitly
resolve the convection and employ a CP only on the
even-coarser grids. Even though CP scal e-separation as-
sumptions are clearly highly questionable at this reso-
lution [i.e., Ax ~ 10 km; Molinari and Dudek (1992)],
Wang and Seaman (1997) have shown that the use of
a CP and agrid increment of 12 km produces a superior
quantitative precipitation forecast (QPF) than the use of
the same CP and a grid increment of 36 km. Addition-
aly, the National Weather Service's National Centers
for Environmental Prediction (NCEP) have produced
routine daily forecasts with a version of the Eta Model
that has a grid increment of 10 km and that employs a
CP (Black et al. 1998). Conversely, semioperational
model forecasts have been performed by NOAA FSL
without any CP, on grids with an 8-km grid increment
(Snook et al. 1998), and the University of Oklahoma's
Center for the Analysis and Prediction of Stormsisrun-
ning the Advanced Regional Prediction System model
daily, in real-time mode, where the model has a 9-km
grid increment and no parameterized precipitation (Car-
penter et al. 1998). Even though the above simulations
and forecasts of convection have shown promise, Cram
et al. (1992) describe how a 5-km grid increment model
was not able to explicitly simulate squall-line precipi-
tation, and they attributed this failure to the fact that
the excessively large grid increment did not permit the
accurate explicit simulation of the convection. Seaman
et al. (1998) also report difficulty in explicitly simulat-
ing a line of convection with a 4-km grid-increment
domain, but the difficulty was related to poorly param-
eterized convection on the surrounding grid, which had
a 12-km grid increment. Molinari and Dudek (1992)
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provide an excellent critical review of the successes and
failures associated with the use of CPs in mesoscale
models. Clearly there is uncertainty in the modeling
community regarding the relationship between model
resolution and the need to parameterize convection.
The work described here addresses questions that are
related to the needs and uncertainties described above.

» To what degree is the QPF associated with explicitly
resolved convection on a model fine grid affected by
the existence of parameterized convection on coarser
grids within which the fine grid is embedded?

» How sensitiveisthe explicitly resolved convection on
the inner grid to the specific choice of CP employed
on outer grids?

» When nesting down from NWS Meso Eta Model res-
olutions (Ax ~ 30 km) to resolutions that are poten-
tially capable of explicitly resolving convection (Ax
~ 3 km), what is the influence on the fine-grid QPF
of the decision to parameterize, versus explicitly re-
solve, the convection on the intermediate-resolution
grid (Ax ~ 10 km)?

e How successful is the model employed here at sim-
ulating convection using a 3-km grid increment?

A case of summer season convection in the southwest
United States is used as the basis for this study. The
modeling system employed here is positioned over the
complex terrain surrounding the White Sands Missile
Range, New Mexico, and is a component of an oper-
ational forecasting system that is being developed by
the National Center for Atmospheric Research (NCAR)
for various U.S. Army Test and Evaluation Command
(ATEC) test ranges (Davis et al. 1998). Because the
terrain is complex, and the synoptic-scale forcing is
weak in this case, the convection isdiurnally forced and
modulated by the orography. Because the simulation is
not initialized with convective-scale data, it is reason-
able that the locations of the convective activity will be
deterministically predicted only to the extent that the
convection isfocused by the orography and other sourc-
es of differential heating that are related to the surface
energy budget. Thus, the metrics used for quantitative
validation of the simulations on the convection-resolv-
ing grid will be the total amount of precipitation on the
grid, and its temporal distribution during the heating
cycle. Qualitative comparisons will be made of the ob-
served and simulated spatial distributions of therainfall.

Section 2 will document the modeling system em-
ployed, provide a summary of the experiments, and de-
scribe the techniques used for validation of the simu-
lations. In section 3 the meteorological case will be
summarized, and in section 4 the results of the simu-
lations will be described. A summary and discussion of
the results will be provided in section 5.

2. Experimental design
a. Description of the model

The model used in this study isthe Pennsylvania State
University-NCAR nonhydrostatic Mesoscale Model,
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version 5. For details about this modeling system, refer
to Dudhia (1989, 1993), Grell et al. (1994), Warner et
al. (1992), and Daviset al. (1998). The planetary bound-
ary layer parameterization, based on Troen and Mahrt
(1986) and Hong and Pan (1996), is the MRF technique,
which isemployed in the Medium-Range Forecast M od-
el of NCER For the precipitation parameterization, three
approaches are employed: the Betts-Miller technique
(Betts and Miller 1993; Janjic 1994), the Kain—Fritsch
technique (Kain and Fritsch 1990, 1993), and the Grell
technique (Grell 1993). These CPs are in common use
by the mesoscale modeling community and have been
well tested. A simple explicit treatment of cloud mi-
crophysics is employed and is based on Dudhia (1989).
Both ice and liquid phases are permitted for cloud and
precipitation, but mixed phases are not permitted. The
model uses a radiation scheme in which longwave and
shortwave radiation interact with the clear atmosphere,
cloud, precipitation, and the ground (Dudhia 1989).

The triply nested computational grids are depicted in
Fig. 1la. The inner (grid 3), middle (grid 2), and outer
(grid 1) computational grids have mesh sizes of 61 X
61, 67 X 70, and 84 X 98 points and grid increments
of 3.3 km, 10 km, and 30 km, respectively. The nested
grids, each with 35 computational layers, interact during
the simulation (i.e., information is passed across the
interface in both directions, and each finer-grid solution
replaces the coarser-grid solution in the coincident area
at the end of its calculations). Figure 1 also shows the
topography for the middle grid (Fig. 1b) and the inner
grid (Fig. 1c). On the inner grid, the north—south-ori-
ented Rio Grande Valley is on the west side, with the
San Andres Mountains, the Tularosa Valley, and the
Sacramento Mountains to the east. The vertical distri-
bution of the computational layers is shown in Fig. 2.
The model top is located at 50 hPa.

The horizontal extent and the number of levels of the
computational grids are dictated by constraints associ-
ated with the fact that this model must run operationally.
Specifically, a 24-h forecast must be available within a
couple of hours, with the model calculations being per-
formed on an eight-processor, Silicon Graphics Origin
2000. Because the problem being addressed in this study
is related to the operational prediction of convection, it
is appropriate that the model configuration used be re-
alistic in terms of adhering to current operational con-
straints. It isrecognized that higher horizontal resolution
on the finest grid would have been better able to define
smaller-scale convective processes. However, even
though not ideal, the 3.3-km grid increment should be
adequate and represents the best that could be utilized
in the operational system.

The model initial conditions are defined through the
use of radiosonde and surface data, where thefirst-guess
field is the NCEP global, 2.5° X 2.5° analysis. Lateral-
boundary conditions for the outer grid, grid 1, are de-
fined using linear temporal interpolations between 12-
hourly NCEP global analyses.
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b. Summary of experiments

The experiments are summarized in Table 1. There
are two main series of experiments. In one series
(G12E3, BM12E3, KF12E3), the outer two grids of the
triply nested modeling system employ a CP, where the
inner grid has only resolved precipitation. The three
CPs, noted in section 2a above, are tested, where the
same CP is used on both outer grids. The second series
of experiments (G1E23, BM1E23, KF1E23) isidentical,
except that the CP is used only on the outer grid, with
no CP employed on the inner two grids.

In order to diagnose the effects of outer-grid CPs on
the temperature and moisture fields that define the con-
vective environment of the inner grid, four experiments
are employed. In all four experiments, no precipitation
processes are permitted on grid 3 because the objective
is to isolate the direct effects of the outer grid CPs on
the grid 3 environment. In three of the experiments, each
of the CPs is used on both grids 1 and 2 (G12D3,
BM12D3, KF12D3). In the fourth experiment, no pre-
cipitation processes are permitted on any of the grids
(D123). Comparison of the grid 3 convective environ-
ment from any one of the first three experiments with
that from the fourth isolates the effects on that envi-
ronment of the outer grid CP.

Three additional experiments involved various ap-
proaches for eliminating the use of outer-grid CPs. In
one (E123), only explicit convection was permitted on
all three computational grids. In a second, all precipi-
tation effects were eliminated from the outer two grids
(D12E3). In athird (E3), the two outer grids were elim-
inated, and the lateral-boundary conditions of the con-
vection-resolving grid were defined based on the NCEP
large-scale analysis.

It is important to be reminded of the fact that the
objective of the use of a nested operational modeling
system, such as this one, isto produce an accurate fore-

TaBLE 1. Summary of experiments. The abbreviations in the experiment designations are as follows: G refers to the Grell CP, KF refers
to the Kain—Fritsch CR, BM refers to the Betts—Miller CP, E refers to the explicit representation of convection, D refers to *“‘dry” physics
with no moist processes, 1 refers to the grid with Ax = 30 km, 2 refers to the grid with Ax = 10 km, and 3 refers to the grid with Ax =
3.3 km. For example, in experiment G12E3, the Grell parameterization is used on grids 1 and 2, and the explicit representation for convection

exists on grid 3.

Convection representation
Experiment 30 km Ax grid 10 km Ax grid 3.3 km Ax grid
G12E3 Grell Grell Explicit
BM12E3 Betts-Miller Betts—Miller Explicit
KF12E3 Kain—Fritsch Kain—Fritsch Explicit
G1E23 Grell Explicit Explicit
BM1E23 Betts-Miller Explicit Explicit
KF1E23 Kain—Fritsch Explicit Explicit
G12D3 Grell Grell None-dry
BM12D3 Betts-Miller Betts—Miller None-dry
KF12D3 Kain—Fritsch Kain—Fritsch None-dry
D123 None-dry None-dry None-dry
E123 Explicit Explicit Explicit
E3 No grid No grid Explicit
D12E3 None-dry None—dry Explicit
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cast on the inner grid. The middle and outer grids exist
simply to provide reasonable boundary conditions for
the inner grid. Thus, the various experiments represent
different approachesfor treating convection on the outer
grids, where the goal is to provide reasonable larger-
scale convective-environment information to the fine
grid.

The simulations were 24 h in duration, from 1200
UTC (0500 LST) 12 August to 1200 UTC 13 August
1997. The simulation length is dictated by ATEC test
range operational requirements and our desire to assess
forecast skill for at least one diurnal cycle.

c¢. Verification techniques

Because of the paucity of rain gauge data on the con-
vective scale, especialy in this geographic area, the 1.5-
km above sea level (ASL) reflectivity from the WSR-
88D radar at Holloman Air Force Base was translated
to rain rate for the innermost model grid using the stan-
dard Marshall-Palmer relationship, Z = 200R'¢, where
Z is reflectivity and R is rain rate. This 1.5 km ASL
reflectivity analysis was obtained by interpolation from
low-level radar scans. These radar-inferred rain rates
compare favorably with gauge data in the Tularosa Val-
ley. Because the objective of this study is to determine
the sensitivity of the rainfall simulation on this inner
convection-resolving grid (grid 3) to the coarse-grid pa-
rameterized convection, it is these rainfall fields that
will serve as the main focus of the verification.

Therainfall simulations on grid 2, the middle (10 km)
grid, are evaluated to determine whether it is more skill-
ful to resolve or to parameterize convection at that res-
olution. Also, rainfall simulation errors on the 10-km
grid influence errors in the rainfall simulation on the
inner grid. For verification outside the area of the in-
nermost grid, where the Holloman radar does not pro-
vide coverage, the NCEP multisensor National Precip-
itation Analysis and gauge data are employed. The
NCEP analysis is produced through a combination of
gauge data and gauge-corrected WSR-88D precipitation
estimates. Unfortunately, even though the NCEP anal-
ysis does capture the main area of rainfall in this case,
in eastern New Mexico and the western Texas panhan-
dle, it is suspect over the western part of grid 2 where
no rainfall isanalyzed even though gauge data and Next-
Generation Weather Radar (NEXRAD) National Mosaic
Reflectivity Images (available from the NOAA National
Climatic Data Center) imply the existence of some scat-
tered rain accumulation.

The simulated and radar-inferred temporal distribu-
tions of grid-total hourly rainfall on grids 2 and 3 are
quantitatively compared in terms of 1) the amount of
precipitation and 2) the temporal distribution of the pre-
cipitation during the heating cycle. In addition, radar-
inferred and simulated spatial distributions of 24-h total
accumulations will be qualitatively compared.
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Fic. 3. Regional surface analysis for 0000 UTC 13 Aug 1997
showing wind, temperature (F), and dewpoint temperature (F) for an
area that is slightly larger than grid 2. A long line on the wind staff
represents 10 kt and a short line represents 5 kt. For each station,
the upper number is temperature and the lower number is dewpoint
temperature.

3. Description of the meteorological conditions

During the 24-h period of this study, from 1200 UTC
12 August to 1200 UTC 13 August 1997, a weak low
pressure system moved from northern Missouri to north-
ern New York State. The cold front extending southwest
from thislow ended in New Mexico asaweak stationary
front, which drifted southward from the middle to the
southern part of the state during the period. Figure 3
showstheregional surfacewind conditionsat 0000 UTC
13 August. Speeds are in the range of 5-10 kt (2.6-5.2
m s1). At 700 hPa, the winds over New Mexico during
the period are generally from the west or southwest at
10-15 m s* (not shown). The 500-hPa conditions for
1200 UTC 12 August, shown in Fig. 4, are also quite
barotropic. Figure 5 shows the early morning El Paso
temperature and dewpoint temperature profiles for 1200
UTC 12 August. The lower troposphere below 700 hPa
exhibits dewpoint depressions of 5°~10°C, and there is
a hint of a humid layer at 650 hPa. The observed weak
vertical shear is consistent with fact that the atmosphere
supported disorganized multicellular convection rather
than more organized convection on this day. Typical
convective available potential energy (CAPE) under
such conditions ranges from 300 to 1000 J kg~*.

Figure 6 shows the grid 3, 24-h rainfall based on the
Holloman radar. Precipitation was observed over the
higher elevations of the Sacramento Mountains; in the
Tularosa Valley, with greater accumulationsin the south;
over the New Mexico border with Texas; and (scattered)
over the Rio Grande Valley of New Mexico. Even
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FiG. 4. Winds, temperatures, dewpoint depressions, and heights at
500 hPa for 1200 UTC 12 Aug 1997. The temperatures (dewpoint
depression) in °C are shown in the upper (lower) left of the station
location. Long (short) barbs on the wind staff represent 10 (5) m s—*.
The solid lines are heights in decameters plotted at an interval of 60
m, and the dashed lines are temperature in °C plotted at an interval
of 5°C.

though the 1.5-km elevation reflectivity data used for
this figure do not show rainfall to the east of the Sac-
ramento Mountains, significant reflectivity is observed
there in data from higher-elevation scans. Figure 7 dis-
plays the 24-h rainfall for both grids 2 and 3, based on
the NCEP multisensor precipitation analysis, the Hol-
loman WSR-88D radar, and gauge data. The SE symbols
denote areas where the NEXRAD National Mosaic Re-
flectivity Images (not shown) show scattered echoes of
35-55 dBZ at various times during the day.

4. Results of the experiments
a. Analysis of grid-total hourly precipitation

In the first series of three experiments, the same CPs
were used on both of the outer two grids. The afore-
mentioned three CPs were employed: the Kain—Fritsch,
Betts—Miller, and Grell techniques. Figure 8 shows the
grid-3-average simulated hourly precipitation rate for
these three experiments (KF12E3, BM12E3, G12E3),
and the grid-3-average observed hourly precipitation
rate, as inferred from the Holloman WSR-88D. Also
shown is the simulated hourly precipitation from the
experiment that used no CP on any of the grids (E123).
It is worth being reminded that these plots are for grid
3 only, where the model physics on this grid are iden-
tical for al experiments. All differences result from the
different effects of the convection on grids 1 and 2 being
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for 1200 UTC 12 Aug 1997.
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FiG. 6. Total observed rainfall for the 24-h period from 1200 UTC
12 Aug to 1200 UTC 13 Aug 1997 for grid 3, based on radar re-
flectivity from the WSR-88D at Holloman, NM. Isohyets are plotted
at irregular intervals with the following values (mm): 5, 10, 20, 30,
and 40. Light shading reflects amounts of 5-10 mm, while darker
shading is for values greater than 10 mm. The dashed lines show
terrain elevation.
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Fic. 7. Total observed rainfall for the 24-h period from 1200 UTC
12 Aug to 1200 UTC 13 Aug 1997 for grids 2 and 3. The analysis
for the area covered by grid 3 is identical to the Holloman-radar-
based analysis in Fig. 4. The analysis outside of that area is based
on the NCEP multisensor precipitation analysis. Isohyets are plotted
at irregular intervals with the following values (mm): 5, 10, 20, 30,
and 40. Light shading reflects amounts of 5-10 mm, while darker
shading is for values greater than 10 mm. Numbers show rain gauge
measurements (mm) in areas where no echoes are reported in the
NCEP or Holloman radar analyses. The SE symbols indicate general
areas where scattered echoes of intensity 35-55 dBZ are reported
during the period in the NEXRAD National Mosaic Reflectivity Im-
ages available from the NOAA National Climatic Data Center.

passed through the nest interface to grid 3, and there
affecting the explicit precipitation.

The plot of radar-inferred precipitation clearly shows
a diurnal cycle to the convection, with a peak rain rate
at about 1500 LST. There is significantly more total
precipitation volume after the time of this maximum
than before. For all three CPs employed on grids 1 and
2, the grid-3-simulated rainfall has the following char-
acteristics: 1) significant rainfall correctly begins at
about 1000 L ST and increases at the correct rate for the
next 2-3 h, 2) thereisadiurnal cycleto the precipitation,
and 3) the amounts are generally underpredicted. With
the Grell and Betts-Miller CPs on grids 1 and 2, there
is a bimodal distribution to the rainfall on grid 3, with
maxima in both the afternoon and evening (as with the
observed precipitation). Except for the Kain—Fritsch ex-
periment, the time of the precipitation decay issimulated
well. The simulation with no CP (E123) produces a
rainfall rate maximum that is close to that observed, but
G12E3 also reproduces well the overall observed tem-
poral distribution. In general, the treatments of convec-
tion outside of grid 3 clearly have a considerable impact
on the resolved precipitation on grid 3.

WARNER AND HSU
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Fic. 8. Grid-3-average rain rate (mm h=*) as a function of time
during the 24-h simulation from 1200 UTC (0500 LST) 12 Aug to
1200 UTC 13 Aug 1997. Plots are shown for experiments KF12E3,
BM12E3, G12E3, and E123, and for the observed precipitation as
estimated from the Holoman WSR-88D radar.

As afirst step in understanding the mechanisms by
which the grid 1 and 2 CPs influence the rainfall on
grid 3, the grid-average hourly rain rates for grid 2
(excluding the area of grid 3) are plotted in Fig. 9 for
each CP. Asin Fig. 8, also plotted are the hourly rain
rates from the experiment that used no CP on any of
the grids, and the estimated observed average rain rate.
As noted earlier, outside of grid 3 the observed rainfall
estimate is based on the NCEP multisensor National
Precipitation Analysis, which does not capture the scat-
tered rainfall that existed over western New Mexico,
west Texas, and northern Mexico. However, the bulk of
the rain volume on this grid is associated with the large
convective system over eastern New Mexico and west
Texas, which is represented in the NCEP analysis. Thus
the WSR-88D rainfall plot in Fig. 9 represents probably
only a modest underestimate of the true amounts. The
time of initiation of significant observed rainfal is ~2
h later than for grid 3, and the highest rates occur be-
tween 1700 and 2200 LST. Both the Kain—Fritsch and
the Betts—Miller CPs trigger much too early. The Grell
CP triggers at about the correct time, and the rainfall
rates are realistic. Experiment E123 also initiates pre-
cipitation at about the correct time, but the maximum
is a few hours late.

In the second series of experiments, consisting of ex-
periments G1E23, KF1E23, and BM1E23, the use of
CPsislimited to grid 1. Figure 10 shows that the overall
timing of the explicit precipitation on grid 2 from ex-
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Fic. 9. Grid-2-average rain rate (mm h-'), excluding the area of
grid 3, as a function of time during the 24-h simulations from 1200
UTC (0500 LST) 12 Aug to 1200 UTC 13 Aug 1997. Plots are shown
for experiments KF12E3, BM12E3, G12E3, and E123, and for the
observed precipitation as estimated by the NCEP multisensor pre-
cipitation analysis.

periments BM1E23 and KF1E23 is much better than
that of the parameterized precipitation on the same grid
in the previously described series (Fig. 9). However, the
timing of the grid 2 precipitation maximum from the
parameterization in G12E3 is better than that of the
explicit precipitation in G1E23. The differences in the
grid 2 rainfall among the experiments demonstrate its
sensitivity to the grid 1 CP, analogous to the sensitivity
of grid 3 explicit rainfall to the grid 1 and 2 CPs in the
other series of experiments. Because the explicit rainfall
on grid 2 does not occur prematurely in this series, as
it does in the previous series for two of the CPs, this
may allow for improved precipitation rates on grid 3.
Figure 11, displaying the grid-average rainfall rates for
grid 3 for these experiments, shows that the grid 3 rain-
fall is sensitive to whether or not a CP is employed on
grid 2 (i.e.,, compare analogous curves in Figs. 8 and
11). With the use of the Kain—Fritsch and Betts-Miller
schemes limited to grid 1, about twice as much rainfall
is produced on grid 3. With the use of the Grell scheme
limited to grid 1, some differences are apparent, but the
impact is not great.

The differences shown in Fig. 11 in the grid 3 rainfall
associated with the use of the three different CPs, and
with no CP, on grid 1 are surprising, given that the
physics are the same on both grids 2 and 3. The four,
grid 3 solutions begin to diverge at about hour 8, or
1300 LST. It is at about this time that the grid 2 explicit
rainfall beginsto be affected by the different grid 1 CPs,
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as seen in Fig. 10. Because the explicit convection on
both grids 2 and 3 seems to be affected almost simul-
taneously, it would seem that mass-field adjustments
that are initiated on grid 1 are responsible.

b. Analysis of the spatial distribution of precipitation

The analysis of the spatial distribution of the observed
and simulated precipitation will be limited to the 24-h
totals. Figure 12 shows the grid 3, 24-h rainfall for the
seven simulations discussed thus far and should be com-
pared with the Holloman-radar-based analysisin Fig. 6.
Regarding Fig. 6, recall that beam blockage of the Hol-
loman radar probably isresponsible for underestimation
of the rainfall to the east of the Sacramento Mountains.
The model simulations all agree with the observations
in terms of placing rainfall over the Sacramento Moun-
tains. Of the three simulations with a CP on grid 2,
G12E3 is best in terms of locating precipitation over
the Tularosa Valley and over the Texas-New Mexico
border in the southeastern corner of grid 3. All three
produce scattered precipitation over the Rio Grande Val -
ley. The four experiments with no CP on grid 2 all
produce similar spatial distributions, except BM1E23
clearly has too much rainfall along the southern bound-
ary of grid 3. None reproduce the observed rainfall in
the central Tularosa Valley, as seen in G12E3.

Figure 13 displaysthe simulated 24-h rainfall for both
grids 2 and 3 for experiments E123, KF1E23, and
KF12E3, and should be compared with the analysisin
Fig 7. All three experiments correctly simulate rainfall
to the east of the Sacramento Mountains, but the inten-
sities and distributions vary. None simulate the extent
of the observed rainfall over eastern New Mexico in the
eastern part of grid 2 (Fig. 7). Experiment KF12E3 per-
forms the best in this regard, but the rainfall is too far
north and not sufficiently extensive. The use of explicit
rainfall only, with no CR, on grid 2 (E123, KF1E23)
produces excessive rainfal in the southwest quadrant
of the grid over Mexico and southwestern New Mexico.
In contrast, the Kain—Fritsch CP in KF12E3 seems to
best replicate the scattered nature of the convection over
much of grid 2 that isinferred by the NEXRAD National
Mosaic Reflectivity Images (not shown) and theisolated
but significant rain gauge amounts (Fig. 7). The coin-
cidence of the rainfall boundary with the southern grid
2-3 interface in KF12E3 is obviously related to an in-
consistency between the physics of the resolved and
parameterized rainfall. Grid 2 rainfall patterns from the
other four experiments (not shown—BM12E3,
BM1E23, G12E3, G1E23) are qualitatively similar to
those from E123 and KF1E23 (Fig. 13) intermsof under
estimating the heavy rain in eastern New Mexico and
overestimating it in the southwest quadrant of the do-
main over Mexico.

WARNER AND HSU

2219

c. Discussion of interactions among the grids that
affect the fine-grid QPF

Erroneous precipitation-related processes on grids 1
and 2 could contribute to precipitation errors on grid 3
through a number of hypothetical mechanisms. If the
precipitation on grid 2 is immediately upstream of grid
3, errors could influence the tropospheric moisture and
cause the air advecting onto grid 3 to be too moist or
too dry to support the correct precipitation rates there.
However, for this case the main area of grid 2 rainfall
is to the east and downstream of grid 3. Alternatively,
if agrid 2 CP is capable of producing outflow bound-
aries (e.g., the Kain—Fritsch CP), these could propagate
through the grid interface and initiate convection. In
fact, none were observed near the grid 2-3 interface in
any of the simulations. Furthermore, given the physical
distances between grid 3 and the grid 1 CP effects in
the second series of experiments where no CP is used
on grid 2, it is not likely that outflow boundaries or
advection could be contributors to the observed grid 1
to grid 3 teleconnections over such large distances.

Another mechanism isrelated to the fact that the ther-
modynamic effects of the parameterized convection on
grids 1 and 2 will be felt by grid 3 on gravity wave
timescales through the modification of the grid 3 con-
vective environment by the induced vertical motion.
Differences in the grid 3 response to the different grid
1 CPs can be related to both the spatial and temporal
distribution of the grid 1 parameterized convection, as
well as to differences in the vertical distribution of the
parameterized latent heating. Because of the aforemen-
tioned observed short timescale associated with the re-
sponse of grid 3 convection to grids 1 and 2 convection
for this case, it is hypothesized that physical inconsis-
tencies in the parameterized convection on outer grids
influence the timing and amplitude of the explicit con-
vection on the inner grids through mass-field adjust-
ments associated with the outer grids' latent heating.
That is, differences in the amplitudes and vertical, hor-
izontal, and temporal distributions of the latent heating
among the CPs on outer grids produce different mass-
field adjustments on the outer grids. The resulting grav-
ity wavesthen propagate through the grid-nest interfaces
to the inner convection-resolving grid in the system.
Hence, the gravity wave response to the specific char-
acteristics of CP latent heating determines the spatial
and temporal distribution of the induced vertical motion
on the fine grid. A simple example would be a case in
which latent heating from parameterized convection is
excessive on an outer grid, thus possibly producing ex-
cessive subsidence on the inner convection-resolving
grid. Associated excessive drying and/or stabilization
of lapserates could erroneously inhibit the resolved con-
vection. It is also probable that inappropriate vertical
distributions of CP latent heat release could significantly
and erroneously affect the characteristics of the induced
vertical velocity on inner grids.
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Fic. 12. Total simulated rainfall for the 24-h period from 1200 UTC 12 Aug to 1200 UTC 13 Aug 1997 for grid 3 for the designated
seven experiments. |sohyets are plotted at irregular intervals with the following values (mm): 5, 10, 20, 30, and 40. Light shading reflects

Before discussion of model simulation diagnostics
that are aimed at quantifying the effects of outer grid
CPson the convective environment of inner, convection-
resolving grids, a brief review will be provided of other
work that describes the nature of the vertical motion
field that surrounds areas of convective heating. Mapes
(1993), Bretherton (1987), Pandya and Durran (1996),

Bretherton and Smolarkiewicz (1989), and Nicholls et
al. (1991) provide good physical descriptions of the pro-
cess. Specifically, compensating subsidence surround-
ing heated regions in the atmosphere is associated with
propagating gravity wave pulses, which Mapes refers
to as “‘buoyancy bores” because they are not ordinary
periodic waves. Rotation and turbulent dissipation ef-
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GR12E3
/

Fic. 12. (Continued) amounts of 5-10 mm, while darker shading is for values greater than 10 mm.

fects impose a distance scale to the radial gravity wave
propagation away from the region of heating, and there-
fore this radial distance scale applies to the vertical ve-
locity response as well. The deeper modes, stimulated
by deep latent heating, travel the fastest, and therefore
propagate the farthest before absorption by rotation or
dissipation effects. Thus, deeper modes dominate the
atmospheric response at large distances, while shallow

modes are trapped nearer the heated region. Mapes
(1993) and Nicholls et al. (1991) illustrate the vertical
motion response to a positive-only heat source that ex-
cites two vertical modes: a deep one with a vertical
wavelength that is twice the depth of the heating, and
a shallower one with a wavelength that is equal to the
depth of the heating. The deeper and faster mode gen-
erates a subsidence response over the depth of the heat-
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5-10 mm

Fic. 13. Total simulated rainfall for the 24-h period from 1200 UTC 12 Aug to 1200 UTC 13 Aug 1997 for grids 2 and 3 for the designated
experiments. Isohyets are plotted at irregular intervals with the following values (mm): 5, 10, 20, 30, and 40. Light shading reflects amounts

of 5-10 mm, while darker shading is for values greater than 10 mm.

ing, while the shallower mode, which travels only half
as fast, produces upward motion in the lower half of
the layer and subsidence in the upper half. Because most
heating profiles likely do not have simple vertical struc-
ture, the separation of the waveswith distancewill cause
a complex response in the vertical motion. Thisis sup-
ported by Pandya and Durran (1996) who describe sen-
sitivity studies that show that the characteristics of the
mesoscale circulations around a squall line are more
sensitive to the shape of the thermal forcing than to the
properties of the convective environment through which

the gravity waves propagate. Bretherton estimates an
e-folding distance of 12 000 km for turbulent dissipation
in the stably stratified convective environment. The ap-
propriate scale for rotation effects is the Rossby radius
of deformation, where a typical midlatitude e-folding
distance would be approximately 300-500 km for deep
disturbances caused by a deep layer of latent heating.
The vertical motion response is largely limited to this
radius. The results of these modeling and theoretical
studies are confirmed by observations. For example, Ni-
nomiya (1971a,b) and others have documented that the
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outflow area above thunderstorms can have dimensions
of 500 km and produce dry areas around the storm.
Johnson et al. (1995) describe how subsidence between
two mesoscale convective systems along a cold front
suppresses the devel opment of convection in the several
hundred kilometers between them. A similar situation
was documented by Stensrud and Maddox (1988).

In order to document how outer grid CPs affect the
grid 3 convective environment, a series of experiments
was performed in which the grid 3 temperature, specific
humidity, and vertical motion were compared with and
without the CP effects from outer grids. No precipitation
effects were permitted on grid 3, to alow a more
straightforward interpretation of outer grid CP effects
on the environment there. The three CPs were used on
both of the outer two grids in experiments G12D3,
BM12D3, and KF12D3 (see Table 1). The grid-3-av-
erage hourly vertical profiles of temperature, moisture,
and vertical motion from these experiments were sub-
tracted from the profiles from experiment D123 inwhich
no moist effects were permitted on grids 1 and 2. The
difference fields, or CP impact fields, isolate the effects
of the different CPs on the grid 3 convective environ-
ment.

It should be noted that the temporal variationsin these
grid-3-average impact fields reflect the superposition of
the CP effects from numerous areas of convection on
both grids 1 and 2. In addition, it is worth keeping in
mind a couple of points when relating the impact fields
of vertical motion with those for temperature and mois-
ture. First, the vertical motion is the field that corre-
sponds directly to the effects on the grid 3 environment
of the gravity waves initiated by the CPs, whereas the
temperature and moisture impacts result from the tem-
porally integrated effects of the vertical motions. Cor-
relation of vertical motion with temperature is compli-
cated by the fact that the temperature response of alayer
to its vertical displacement is related to its static sta-
bility. In terms of the effects of vertical motion on mois-
ture, lower-level vertical velocities will cause larger ad-
vective changes in the local moisture content because
the gradients are larger.

Figure 14 shows time—height sections of the impact
fields, with hourly resolution, for each of the three CPs.
For all CPs, the CP impact is for enhanced weak (sub-
sidence) warming early in the period throughout most
of the troposphere, especially for the Betts-Miller CP,
which has early heavy precipitation on grid 2. Very
quickly, a vertical wavenumber 1 structure developsfor
all CPs, with warming above 600—700 hPa and cooling
below. This evolution could be reflecting the rapid ar-
rival on grid 3 of deep subsidence from fast, deep gravity
modes, with the arrival later of higher vertical wave-
number slower modes with low-level upward motion
and higher-level subsidence. The magnitude of the
downward vertical gradient in these hourly temperature
impact fields is proportional to the amount of stabili-
zation of the grid 3 temperature lapse rate caused by
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the outer grid CPs. Thus, the CPs generally caused an
increase in static stability below about 600 hPa. The
specific humidity impact fields show that the CPs cause
drying on grid 3 below about 500 hPa, with limited
areas of low-level moistening. The moistening (not the
maximum) roughly correlates temporally and spatially
with the low-level upward motion.

The Betts—Miller plots illustrate well the transition
from the deep mode to a pattern with more vertical
structure associated with a superposition of modes. In
Fig. 9 it was shown that the Betts-Miller grid 2 pre-
cipitation develops rapidly during the first hour of the
simulation, where some is located near the eastern grid
2-3 interface (not shown). A reasonable speed for the
fast gravity mode is 30 m s%, and thus the associated
subsidence could have traversed the entire area of grid
3 in less than 2 h. Therefore, the timing of the deep
warming maximum at hour 3 in the Betts-Miller plot
in Fig. 14 is reasonable. Again using this CP as an
example, the appearance of the significant low-level
cooling after hour 8 would correlate with the arrival on
grid 3 of the slower modes having upward motion at
low levels (see vertical motion panel in Fig. 14). Indeed,
except for the early deep subsidence, the largest average
vertical motion during the period isupward at low levels
(~hour 11). It is generally straightforward to relate the
changes in the sign of the vertical motion impact during
the period to the sign of the temperature and humidity
impacts, especialy if one keeps in mind that vertical
motion extrema correlate temporally with the changes
in the temperature and moisture impact fields and not
with their extrema.

Aside from the above broad similarities in the pat-
terns, there are many distinctions associated with the
different CPs. For example, the timing of the grid 2
precipitation, shown in Fig. 9, seems to correlate well
with the timing of the onset of the grid 3 convective-
environment modifications seen in Fig. 14. For the
Betts—Miller CR, convection on grid 2 peaks during the
first few hours, and the temperature and humidity chang-
es to grid 3 first appear during this period, earlier than
for any other CP. The Grell precipitation devel opslatest,
and most realistically, on grid 2, and the higher-ampli-
tude temperature and humidity effects on grid 3 appear
later than for the other CPs. Also, there is a correlation
between the magnitude of the convection suppression
on grid 3, as implied by the grid 3 precipitation rates
in Fig. 9, and the amplitude of the drying and static-
stability increases on grid 3 seen in Fig. 14. For ex-
ample, the grid 3 resolved precipitation is most strongly
suppressed by the Kain—Fritsch parameterization on the
outer grids (Fig. 8), and it is this parameterization that
produces the greatest drying and the largest stabilization
of lapse rates during the time when the precipitation
should be developing on grid 3. Conversely, the most
realistic precipitation on grid 3 is associated with the
use of the Grell CP on the outer grids, and it is this CP
that causes the least drying and smallest static stability
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Fic. 14. Vertical time sections of grid-3-average temperature, specific humidity, and vertical velocity differences
between experiments with CPs on grids 1 and 2 (G12D3, BM12D3, G12D3) and that with no moist processes on these
grids (D123). No moist processes were permitted on grid 3. The difference fields show the effects of the outer grid
CPs on the convective environment of grid 3.
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FiG. 15. Grid-3-average CAPE as a function of time for the first
6 h of the experiments indicated.

increases during the period of heaviest observed pre-
cipitation.

Useful metrics for summarizing the convective en-
vironment on grid 3 are the CAPE and the convective
inhibition (CIN). The CAPE represents the work done
on a parcel by the environment as it is accelerated up-
ward from its level of free convection (LFC) to its equi-
librium level. The CIN is the work required to lift a
parcel from the surfaceto its LFC. The parcel properties
are defined here as the mean in the lowest 500 m. Figure
15 shows the grid-3-average CAPE as afunction of time
for the first 6 h of experiments KF12D3, BM12D3,
G12D3, and D123. These grid 3 CAPE plots begin to
diverge soon after the grid 2 convection develops (Fig.
9). Divergence of the CAPE evolutions, of course, is
entirely aresult of the outer grid CPs. The grid 3 CAPE
responds to outer grid precipitation first (after 1 h) in
BM12D3 because the outer grid precipitation occurs
first for that CP (Fig. 9). Subsequently, as KF12D3 be-
gins to develop precipitation on grid 2, its grid 3 CAPE
begins to diverge from that of experiment G12D3 for
which grid 2 precipitation has not yet developed. Ex-
periment D123, of course, has no outer grid moist effects
to influence the grid 3 environment. Until about hour 5
when significant precipitation develops on grid 3 (Fig.
8), the grid 3 CAPE plots for these experiments are
identical to the corresponding plots from the series of
experiments that employs complete moist physics on
grid 3 (e.g., KF12D3). After the time of precipitation
initiation, CAPE is only consumed in the experiments
with moist convection allowed on grid 3. Corresponding
grid 3 CIN plots show differences among experiments,
but they are not as significant. Figure 16 illustrates the
horizontal variability in the effects of the outer grid CPs
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Fic. 16. Horizontal distribution of the grid 3 CAPE at hour 12 for the experiments indicated. The values of CAPE are plotted in J kg—.
The dashed contours show terrain elevation labeled in m at an interval of 400 m.

on grid 3 CAPE at 12 h. Even though these values of To complement the discussion of the grid-3-average
CAPE are large because there are no grid 3 moist pro-  effects just described, Fig. 17 shows an example of the
cesses to consume the CAPE, the plots nevertheless evolution of specific temperature and dewpoint tem-
serve as a good metric of the effects of the outer grid  perature profiles on grid 3. The grid point that is closest
CPs on the inner grid convective environment. to the southern terrain elevation maximum of the Sac-
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Fic. 17. Vertical profiles of temperature and dewpoint temperature at simulation hours 2, 8, and 12 for the model grid point nearest the
southernmost elevation maximum in the Sacramento Mountains in grid 3 of experiment KF12E3 (see ** X" symbol in Fig. 1).
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1200 UTC 13 Aug 1997. Plots are shown for experiments D12E3,
E123, and E3, and for the observed precipitation as estimated from
the Holoman WSR-88D radar.

ramento Mountains (see ““ X"’ marked in Fig. 1c) was
chosen. Experiment KF12E3 will be utilized as an ex-
ample because the cessation of simulated rainfall was
most premature for that experiment (Fig. 8). Figure 17
shows the profiles at simulation hours 2, 8, and 12. This
particular temperature sounding does not change sig-
nificantly, remaining approximately moist adiabatic dur-
ing the period. However, the dewpoint temperature in-
creases until saturation is reached by hour 5, the depth
of the saturated layer reaches a maximum by hour 8,
and by hour 11 the atmosphere below 500 hPa has dried
dramatically so that the entire column is subsaturated.
Relative to this point, the nearest separate area of sub-
stantial convection is over 150 km away on grid 2.

In order to help further isolate the effects of the outer
grid CPs on the resolved convection, two additional
experiments (E3 and D12E3) were performed. In ex-
periment E3, no outer grids were used, and the LBCs
for the convection-resolving grid were defined based on
NCEP analyses. Thus, only large-scale information was
provided to grid 3. To provide a more controlled ex-
periment in which CP effects are not permitted to in-
fluence grid 3 convection, but where other coarse-grid
processes are, experiment D12E3 was performed in
which all precipitation effects were eliminated from
grids 1 and 2.

Figure 18 shows that the temporal distribution of the
precipitation in E3 is similar to that from E123, even
though the initiation timeislate. The spatial distribution
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of the rainfall (not shown) is qualitatively similar to the
patterns from the other experiments, with most of the
accumulation being over the Sacramento Mountains. In
some respects it can be argued that this simulation that
is produced without the use of a nested grid system is
superior to some of the simulationsthat employ the nest,
such as KF12E3. It should be pointed out that the re-
moval of the outer two gridsin this experiment has more
impact on grid 3 than simply through the elimination
of the effects of the CPs. That is, in E3 there is no
mesoscale signal of any kind in the LBC information.
For experiment D12E3, except for the erroneous sim-
ulated nocturnal rainfall, it is a reasonable claim that
this simulation of rainfall amount and temporal distri-
bution is as good as or better than that of all the other
experiments, with arealisticinitiation timeand rain rate.
In fact, it did better than all the other experiments in
reproducing (not shown) the northeast—southwest-ori-
ented band of 24-h total rainfall in the southern Tularosa
Valley (Fig. 4). Thisis an ironic situation because the
implication is that these CPs on the outer grids have
more of anegative than apositiveimpact on theresolved
convection on the inner grid.

5. Summary and discussion

The results of the above-described experiments are
summarized below.

» Thedifferent CPsemployed produce considerably dif-
ferent simulations of rainfall, even though these dif-
ferences are not uncharacteristically large relative to
CP comparisons in other studies (Wang and Seaman
1997).

e The characteristics of the convective parameteriza-
tions on the coarse grids have a large impact on the
resolved rainfall on the convection-resolving grid.

» The timescale with which the parameterized rainfall
on the coarse grids affects the resolved-scale precip-
itation is very short (less than 1 h).

e Even when the use of a CP islimited to the outermost
grid of the three, there are significant CP impacts on
the resolved convective rainfall on theinner grid. The
timescale for this response is aso rapid, even though
the effect of the differences in the CPs on the outer
grid has to pass through the intermediate-resolution
grid before impacting the convection-resolving grid.

 For the intermediate-resolution grid 2 (Ax = 10 km),
more accurate rainfall is generally obtained from sim-
ulations that did not employ a CP on that grid. The
better rain rates on this grid are associated with better
rainfall simulations on the inner grid.

» On the convection-resolving grid, the timing of the
initiation and decay of the convection is generally
simulated well, regardless of the CPs employed on
the outer grids. However the total amount of rainfall
and the timing of the peak rain rate are generally not
simulated well, often because the simulated rainfal
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seems to be suppressed after experiencing normal de-
velopment for the first few hours of the diurnal cycle.

o Comparison of grid-3-averaged temperature, humid-
ity, and vertical motion distribution with and without
the use of CPs on grids 1 and 2 demonstrates the
existence of major differences in the grid 3 impacts
of the CPs. The general consequences of the CP-in-
duced vertical motion are 1) warming above 600—700
hPa and cooling below, and 2) drying between 500
and 700 hPa, with some moistening below. The stron-
gest induced stabilization and drying is produced by
the Kain—Fritsch and Betts—Miller CPs, that also pro-
duce the greatest suppression of precipitation on grid
3. The timing of the maxima in the CP-induced sta-
bilization and drying correspond with the periods dur-
ing the observed precipitation when the simulated pre-
cipitation is deficient.

» When rainfall simulations on the convection-resolving
grid areinsulated from coarse-grid parameterized con-
vective effects through the drastic measures of elim-
inating coarse-grid moist physics or eliminating the
entire coarse grids, the quality of the simulation of
the resolved convection is improved compared to that
from at least some of the simulations with parame-
terized moist physics on the coarser meshes.

The most intriguing questions are 1) what isthe mech-
anism by which the parameterized convectioninfluences
the resolved convection on such short timescales and
over considerable distances and 2) why is the impact
so large, on the resolved-scal e convection, of thesefairly
typical differencesin rainfall simulated by the different
CPs.

In answer to the first question, the rapidity of the
response of the rainfall on the convection-resolving grid
to distant differences in the parameterized convection
on the surrounding grids implies that 1) advective or
outflow-boundary effects cannot be responsible and 2)
convection-related mass field adjustments across the
nested computational grids are the likely mechanism
that links the resolved convection on the fine grid with
the parameterized convection of the coarser grids. That
is, parameterized convection with a time evolution and
spatial distribution that isinconsistent with theexplicitly
resolved convection produces mass-field adjustments
that incorrectly affect the convective environment on
the convection-resolving grid. In this case, adrying and
stabilization of the model soundings after convection is
initiated on the convection-resolving grid(s) is respon-
sible for the premature shutdown of convection after a
normal development for thefirst few hours of thediurnal
cycle. These effects seem to result from erroneous mass-
field adjustments to the parameterized convection on the
coarser grids.

Regarding the second question, in the atmosphere
there is a natural interaction among different areas of
convection. The nature of theinteraction, which depends
on the proximity of the convective areas, includes com-
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petition for boundary layer moisture and modification
of the environment through induced vertical motion. An
interesting question is whether this natural competition
among convective areas in the atmosphere is simulated
well in a nested model where convection is parameter-
ized on one grid and explicitly resolved on another. For
example, consider equivalent areas of convection that
develop approximately simultaneously on two such
grids within a nested system; is there a normal, that is,
physically realistic, competition between the convective
areas, or does one dominate for purely numerical rea-
sons? This question is obviously important in the con-
text of the present study. The qualitative answer is that
there definitely is an inherent and unavoidable non-
physical aspect to the competition between parameter-
ized and explicit convection. For example, the param-
eterized convection, depending on the cloud model em-
ployed, may not be as sensitive to subsidence-related
drying or stabilization in the environment as is the ex-
plicit convection. Or, even though the explicit and pa-
rameterized convection may initiate simultaneously, and
the parameterized convection may develop the correct
rain rates, the parameterized convection may develop
too rapidly after initiation and suppress the explicit con-
vection early in its life cycle. The possible mechanisms
for nonphysically realistic competition between areas of
resolved and parameterized convection are numerous,
and depend on the specific parameterization employed.
However, even with perfect CPs, the competition be-
tween resolved and parameterized convection is inher-
ently nonphysical. This is related to the fact that the
gravity waves created by the latent heating on the con-
vection-resolving grid contain higher wavenumber com-
ponents than those created by the coarser latent-heating
field on the outer (coarser) grids with parameterized
convection. The higher wavenumber components orig-
inating on the fine grid are going to be adversely affected
(partialy reflected, aliased, damped) as they pass out-
ward to a coarser grid through even a well-designed
nest interface. However, the longer gravity waves gen-
erated by the CPs crossing the interface in the other
direction will not be adversely affected in the same
ways. Further work is required to determine how this
problem affects the resolved convection.

The conclusions described here are obviously based
on only one case. Case-dependent aspects of the results
likely include

» the relative skill of the different CPs,

« the nature of the resolved convection in terms of how
strongly it is forced by local conditions or mesoscale
dynamics,

« the horizontal resolution required to successfully sim-
ulate convective processes explicitly, and

» the relative skill with which convection is simulated
with and without parameterizations at intermediate
model resolutions (e.g., Ax = 10 km).

However, it is felt that the demonstrated sensitivity of
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the resolved convection to the parameterized convection
on surrounding grids in a nested system is sufficiently
robust that it is not a peculiarity of the case chosen for
study.

Clearly, the results described here have considerable
implications for high-resolution operational numerical
prediction of convective weather using nested modeling
systems. In this study, the emphasis has been on the
identification and documentation of one of the chal-
lenges that must be addressed, that is, the sensitivity of
the resolved convection to the surrounding parameter-
ized convection. The province of future work will be
to investigate modeling techniques that will minimize
the problems identified here. It isintuitive that possible
measures for mitigating the problem may include the
following:

e utilizing sufficiently large convection-resolving grids
so that coarse-grid effects will not penetrate, even on
gravity—inertia wavetime scales, to the area of con-
vection during the duration of the simulation (the
computational cost of this would be prohibitive, ex-
cept in a research setting);

o utilization of CPs that produce physically reasonable
local mass-field responses to the convection, such that
the interaction with other areas of convectionisreadistic;

« identifying CPs that can be tuned such that there is
minimal nonphysical competition between explicitly
resolved and parameterized convection; and

e continuing to test the adequacy of marginal grid res-
olutions (Ax = 3-5 km) for the explicit simulation of
convection.
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