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ABSTRACT

The sensitivity of moist convection to a number of low-level thermodynamic parameters is examined with a
high-resolution, nonhydrostatic numerical model. The parameters examined are the surface temperature dropoff
(defined as the difference between the potential temperature measured at the surface and that in the well-mixed
boundary layer), the surface moisture dropoff (defined similarly for moisture), the boundary layer moisture
dropoff (defined as the vertical decrease in moisture within the boundary layer), and the depth of the moisture.
The typical variability in these parameters is estimated from two field experiments in northeastern Colorado.
Sensitivity is then defined relative to this typical observational variability.

Two convection initiation cases from northeastern Colorado are examined. In both cases, convection initiation
is found to be most sensitive to the surface temperature dropoff and the surface moisture dropoff. It is found
that variations in boundary layer temperature and moisture that are within typical observational variability (1°C
and 1 g kg™, respectively) can make the difference between no initiation and intense convection. For cases in
which convection is well developed, the storm’s strength is more sensitive to the typical observational variability
in moisture than in temperature. However, at the convection/no convection boundary, the storm’s strength is
more sensitive to the surface temperature dropoff than to the surface moisture dropoff (both in terms of equivalent
moist static energy and, for the cases studied, in terms of typical observational variability). It is shown that this
is due to the greater sensitivity of the negative area (or convective inhibition) to temperature variations than to
moisture variations. The implications of these results for the predictability of convection initiation are then
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briefly discussed.

1. Introduction

Accurately predicting the development of severe
thunderstorms is one of the most challenging problems
facing weather forecasters. Currently, forecasters rely
on a number of different data sources to aid them in
these predictions. These sources include the National
Weather Service soundings, surface stations, satellites,
radars and lightning detection networks. In recent years
there has been a considerable effort to combine these
separate data sources into gridded analysis and short-
term prediction systems. These systems include the
Mesoscale Analysis and Prediction System (MAPS,
Benjamin 1989) the Local Analysis and Prediction
System (LAPS, McGinley 1989), as well as a number
of variants on LAPS such as Oklahoma-LAPS (O-
LAPS, Brewster et al. 1994) and Terminal-LAPS (T-
LAPS, Cole et al. 1993).
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The analysis cycles of these systems should provide
guidance to the human forecaster in short-term thun-
derstorm prediction. However, it is still an open ques-
tion as to whether the predictive cycle of these systems
will be able to produce accurate, explicit, thunderstorm
forecasts. The purpose of this study is to explore the
prospects for explicit thunderstorm prediction by ex-
amining the sensitivity of convection initiation to a
number of boundary layer thermodynamic parameters.
The approach taken is sometimes called the ‘‘forward”’
method, where a forward simulation is performed from
an initial state and then compared with simulations
from slightly perturbed initial states. Examples of stud-
ies utilizing this approach are Weisman and Klemp
(1982), Droegemeier and Wilhelmson (1985a) and
(1985b), and Lee et al. (1991). Clearly, this is a some-
what limited approach since to calculate the sensitivity
to each perturbation around each initial state requires a
separate, forward, integration.

Recently, the adjoint method has proven to be a pow-
erful tool for examining the sensitivity of atmospheric
flows (see, e.g., Errico and Vukicevic 1992). With this
method, it is possible to examine the sensitivity of some
measure (e.g., the strength of an updraft) to the initial
fields with a single integration of the forward model
and one of the adjoint. However, adjoint models are
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usually complex to code and, to the author’s knowl-
edge, the only adjoint of a cloud model that presently
exists is that described in Sun et al. (1994). Further-
more, the sensitivity calculated by the adjoint method
is limited to linear variations of the measure, and thus
would be of less utility in the convection initiation
cases examined in this study. ;

Before the resuits from either method (forward or
adjoint) can be applied to a specific atmospheric event,
it is necessary to make a number of assumptions about
the model and the control simulation. The first as-
sumption that is made in this study is that the sensitivity
of the model reflects the real atmosphere’s sensitivity.
The second assumption is that the control experiment
accurately simulates the atmospheric event being ex-
amined. Obtaining an accurate simulation (i.e., one that
minimizes the model/data discrepancy ) is the problem
of four-dimensional data assimilation. If an adjoint of
the forward model exists then the model/data discrep-
ancy can be systematically reduced by using the
method of steepest descent. If an adjoint does not exist

-then this model/data discrepancy can be reduced only
through trial and error. In this work, a further assump-
tion is made that even if an accurate simulation has not
been produced, the sensitivity of this *‘less-than-opti-
mal’’ simulation reflects the sensitivity of an optimal
experiment. :

In the present study the forward method is used to
examine the sensitivity of two convective cases ob-
served in northeastern Colorado to thermodynamic
properties of the boundary layer. The technique de-
scribed in Crook (1994) and Crook and Tuttle (1994 )
is used to initialize a small-scale model with radar, sur-
face, and sounding data. The assumption is made that
the dynamic fields have been accurately represented in
the initial conditions and then the thermodynamic prop-
erties of the boundary layer are varied.

The outline of the paper is as follows. In section 2,
the initialization method is described and then some of
the sources of error in the thermodynamic field are ex-
amined. In section 3, the methodology of the sensitivity
studies is discussed. In section 4, two case studies are
described and then the sensitivity to some of the ther-
modynamic errors identified in section 2 is examined.
Section 5 contains an analysis of the results found in
the sensitivity experiments, and in section 6 the impli-
cations of these results are discussed. Finally, conclu-
sions are given in section 7.

2. Initialization method

The technique for initializing the numerical model
has been described in detail in two recent papers, Crook
(1994) and Crook and Tuttle (1994). Here this tech-
nique is briefly reviewed.

a. Velocity fields

The initialization commences by interpolating the
wind observations to the model grid. These observa-
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tions are derived from Doppler radar, a surface meso-
net, and a single upper-air sounding as shown sche-
matically in Fig. 1. To estimate the horizontal wind
component transverse to the radar beam, a technique
called TREC [tracking radar echoes by correlation,
Tuttle and Foote (1990)] is used. TREC estimates the
horizontal wind by tracking small reflectivity features
in the boundary layer using a cross-correlation method.
Typically, the radar-derived data extends up to 2—3 km
AGL in the High Plains. A standard Cressman filter is
used to interpolate the velocity data to the model grid.

b. Temperature fields

The thermodynamic retrieval method of Gal-Chen
(1978) is used to derive the pressure and temperature
perturbations in the boundary layer. The acceleration
terms are calculated by fitting a least squares curve to
the velocity data over a number of time levels. In the
traditional retrieval technique, the pressure and tem-
perature are accurate only to a horizontal constant,
which is usually obtained from a nearby sounding.
However, in many cases, the nearest sounding may not
be representative of the area of interest. As will be seen,
this can have an important effect on the model’s ability
to forecast convection.

One method for obtaining a more representative
sounding, which is often used by operational forecast-
ers, is to adjust an earlier sounding based on current
surface observations. This is generally done by assum-
ing a well-mixed boundary layer with a potential tem-
perature equal to the current observed surface value.
However, mixing out the boundary layer based on the
surface temperature will generally introduce error into
the initial fields. In a recent paper by Mueller et al.
(1993), the boundary layer potential temperatures from
290 Cross-chain Loran Atmospheric Sounding System
(CLASS) launches were compared with nearby surface
mesonet stations (either collocated or within 5 km)
from the Convection Initiation and Downburst Exper-
iment (CINDE). The statistics of this intercomparison
are listed in Table 1. The standard deviation between
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F1G. 1. Schematic showing the data sources that are used in the
model initialization. Here, d, is the radius of influence of the Cress-
man filter and (6x, 8y, 6z) is the vector displacement from the model
grid point to the data location.
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the two measurements was 2.1°C. Only a small bias of
0.2°C was found between the surface and sonde mea-
sured potential temperature, with the sonde measure-
ment being warmer. This intercomparison has been re-
peated with data collected during the Realtime Analysis
and Prediction of Storms (RAPS) experiment con-
ducted in northeastern Colorado in 1992 and 93, Neil-
ley et al. (1993). This dataset includes observations
from PROFS (Program for Regional Observing and
Forecasting Systems) mesonet stations. The intercom-
parison has also been limited to cases where the sound-
ing was collocated with the mesonet station. This in-
tercomparison produced a standard deviation of 0.7°C
and a surface warm bias of 1.0°C.

Possible reasons for the difference between the po-
tential temperature measured by a surface station and
that measured by a sonde in the boundary layer include
instrument error and error of representativeness. Tem-
peratures measured by the mesonet stations and
CLASS sondes have an rms accuracy of about 0.5°C
(C. Wade, personal communication). Also the sensors
used in the mesonet stations and CLASS sondes are not
the same and may have different instrument responses.
The second possible reason is that the mesonet station
is sensing air in the surface layer, which is often su-
peradiabatic during the day. In a heated boundary layer,
the surface potential temperature should be greater than
the sonde-measured value and probably accounts for
the 1.0°C bias found from the RAPS experiment. The
reason that the warm bias in the CINDE dataset is sig-
nificantly less is not known at present.

c. Moisture fields

The initialization of the water vapor field presents
even more difficulties than that of the temperature field,
since moisture data are usually only available from sur-
face stations and widely separated soundings. To ini-
tialize the water vapor field from these data sources it
is necessary to make a number of assumptions about
the vertical distribution of moisture throughout the
boundary layer. To investigate this distribution, 125

TaBLE 1. Typical errors in thermodynamic parameters
(AB,s in degrees C, Agyys in grams per kilogram).

Standard

Experiment deviation Bias
CINDE Aot 2.1 0.2
A G 1.0 1.1
RAPS JAY 0.7 1.0
Aqsurf 09 07

Adgay 0.15 0.15
Sensitivity experiments ABgs 1.0 1.0
Aqsurf 10 10

Gray 0.15 —0.15
Ay 0.25 0.0
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FIG. 2. Mean and standard deviation profile of moisture throughout
the boundary layer from 125 soundings from the RAPS experiment.

soundings from the RAPS experiment were examined.
The moisture profile for each sounding was normalized
by the mixing ratio measured by the sounding in the
lowest 200 m of the atmosphere ¢, and by the depth
of the boundary layer.' The mean normalized profile
and standard deviation are plotted in Fig. 2. On the
average, the moisture decreases monotonically from its
value near the surface to 0.85g.,r at the top of the
boundary layer. The standard deviation increases
monotonically to 0.15g.,+ at the top of the boundary
layer.

The profile shown in Fig. 2 was normalized by the
near-surface moisture measured by a sonde. Another
source of variability results from the fact that this value
in general will differ from the moisture measured by a
surface station. This difference was investigated by
Mueller et al. (1993), who found that from 290 sound-
ings, the mesonet mixing ratios averaged 1.0 g kg™
greater than the mixing ratios measured by the sound-
ings over the lowest 50 mb of the atmosphere. The
standard deviation of the difference was 1.1 gkg™'.
This difference has also been investigated with data
from the RAPS experiment. In this dataset the surface
mesonet value averages 0.7 g kg ~! more moist than the
mean value measured by the sounding over the lowest

! Since our purpose is to obtain an estimate of the moisture at the
lowest level of the boundary layer and as there is some variation in
moisture across the boundary layer, g, has been calculated over a
shallower depth (200 m) than potential temperature, which tends to
be more well mixed.
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200 m of the atmosphere. The standard deviation of the
difference was 0.9 g kg ™'.

Mahrt (1976) has also examined the average mois-
ture profile in the High Plains convective boundary
layer from soundings taken during the National Hail
Research Experiment (NHRE). His analysis was re-
stricted to midafternoon (1400 local time) soundings
taken on relatively cloud-free days. Figure 2 of Mahrt

(1976) indicates that, on the average, the moisture de- .

creases approximately linearly to a value at the top of
the boundary layer of 60% of the surface value. How-
ever, this decrease includes the decrease between the
surface-measured value and the value at the top of the
surface layer, which has not been included in our Fig.
2. The decrease across the boundary layer (excluding
the surface layer) is approximately 30% in Mahrt’s
analysis. This is a somewhat larger decrease than found
from the RAPS soundings (15%). One reason for this
difference may be.that the present analysis has included
a number of soundings taken earlier in the day (1100
local time) when there is generally a larger cap at the
top of the boundary layer. Under these circumstances,
the moisture is usually distributed more evenly
throughout the boundary layer.

3. Methodology of sensitivity experiments

The base state sounding that is used in the sensitivity
experiments is shown schematically in Fig. 3. Through-
out the boundary layer, it is assumed that the potential
temperature is constant while the mixing ratio de-
creases linearly. With these assumptions, the sounding
is controlled by three parameters. These are

1) A8+, the surface potential temperature dropoff.
The difference between the surface measured potential
temperature and the boundary layer value;

2) Agqus, the surface moisture dropoff. The differ-
ence between the mixing ratio measured at the surface
and the value in the lowest levels of the boundary
layer;

3) Aguay, the boundary layer moisture dropoff. The
fractional decrease in the mixing ratio from the bottom
to the top of the boundary layer.

The sensitivity to a fourth parameter, Ah,qy,, Which
is the ratio of the depth of the linear moisture profile
to the depth of the boundary layer, is also examined.
Although the mean moisture profile in Fig. 2 showed a
linear variation throughout the depth of the boundary
layer, often a distinct two-layer structure exists in in-
dividual soundings. In these cases, the moisture is rel-
atively constant through a certain depth of the boundary
layer and then has a rapid dropoff to a second value.
In Mueller et al..(1993), it was found that convection
can be very sensitive to moisture profiles with this
structure. '

The values used for the four parameters in the control
experiment are listed in Table 1. Also listed are the
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FiG. 3. Schematic of base-state sounding showing the four control
parameters, A, AGu Agpay, and Ahyy,, which are varied in the
sensitivity experiments. The dashed mixing ratio line illustrates how
the moisture profile changes as the parameter Ahyg, is varied. The
relative decrease in moisture at the height, dyq,, is set at 50%.

values observed from the CINDE and RAPS experi-
ment. As already noted, there is some difference in the
bias and standard deviation of A, observed in the
CINDE and the RAPS experiment. For the sensitivity
experiments, values similar to those observed during
the RAPS experiment (bias = 1.0°C, ¢ = 1.0°C.) are
taken since the cases occurred during this field exper-
iment. The bias and standard deviation for Agg,s are
both set to 1.0 g kg™', which is similar to the values
observed during both CINDE and RAPS. For Ag,,, the
bias is —0.15 and ¢ = 0.15 (similar to the values ob-
served during RAPS). In the sensitivity experiments,
Agrqy is not increased greater than one standard devi-
ation (which is the case of a well-mixed moisture pro-
file) since it is extremely rare to find convective bound-
ary layers in which the mixing ratio increases upward.
Finally, Ah,y, = 1 is taken for the control; that is, the
depth of the moisture is the same as the depth of th
boundary layer. :

Two measures will be used to determine the strength
of convection. Both measures are the maximum value
that occur during the simulation period of 2 h:
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(a) Xgq,, the integral of the rain water field over the
total domain,;

(b) Wpmax, the maximum vertical velocity in the do-
main.

In this study the sensitivity of these measures to
the four parameters discussed above will be com-
pared. To facilitate this comparison, the variations of
these parameters will be normalized by the standard
deviations listed in Table 1. Accordingly, if it is
found that Zq, varies more as parameter A is changed
by one standard deviation compared to varying pa-
rameter B, then it will be stated that g, is more sen-
sitive to parameter A than B.

The model used in this study is the anelastic, non-
hydrostatic model described in Clark (1977) and Clark
and Farley (1984). The model equations are cast in a
nonorthogonal, terrain-following system of coordi-
nates. The subgrid-scale turbulent processes are param-
eterized using the first-order closure of Lilly (1962)
and Smagorinsky (1963) (Clark and Farley 1984).
Only warm-rain processes [ which follow the parame-
terization of Kessler (1969)] are considered in this
study. In the majority of simulations, Ax = Ay = 2.5
km, Az = 300 m, and the size of the model domain is
125 km X 125 km X 16 km. A time step At = 10 s is
used.

4, Case studies
a. 21 June 1993

On this day, a line of intense convection developed
just to the east of Denver around 1400 LT (all times
listed in local time, which is UTC minus 6 h). The
convection developed along a low-level convergence
line that formed very rapidly between 1300 and 1400
LT. This convergence line developed as a cold air
surge, forced by previous convection over the Rocky
Mountains, propagated eastward, and encountered the
low-level southeasterlies over the Plains. The cold air
surge continued to propagate eastward at a speed of
approximately 8 m s ™' as convection developed along
and slightly behind the convergence line. The reflectiv-
ity from Mile High Radar (MHR) at an elevation of
1.2° at 1440 LT is shown in Fig. 4. The convergence
line at this time is approximately 30 km to the east of
Mile High Radar. About 10 km to the west of the con-
vergence line, several 60-dBZ storms have developed.

The sounding used in the control experiment is
shown in Fig. 5 and is based on a CLASS sounding
taken at Stapleton International Airport at 1100 LT.
The CLASS sounding has been modified by mixing out
the boundary layer based on a surface temperature of
29°C. This value was obtained by subtracting the mean
surface temperature bias of 1.0°C (see Table 1) from
the temperature observed at Stapleton at 1300 LT,
which was 30°C.
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The control experiment was initialized at 1300 LT
and integrated for 2 h. A horizontal cross section of the
predicted rainwater and velocity field at 1400 LT is
shown in Fig. 6a. A line of storms has developed in the
simulation, which are within 5 km of the observed lo-
cation. Figure 6b is an east—west cross section of the
rainwater field along the line AA’ shown in 6a. The
maximum in rainwater occurs just west of the low-level
convergence line at an altitude of 7.5 km AGL. Rain
is falling out to the west of the convergence line and
reaches the surface 10 min after the time shown in Fig.
6. The integrated rainwater field, Xg,, maximizes at a
value of 2.03 X 10® kg. (Since this magnitude does not
have much meaning per se, the rainwater masses in the
other experiments are normalized by this value.) The
maximum vertical velocity wy.,, = 24.8 m s~'. A time
series of the integrated rainwater from the control ex-
periment is plotted in Fig. 7.

To examine the effect of model resolution, the con-
trol experiment was repeated with the horizontal grid-
length reduced to 1.5 km. The time series of Xg, from
this simulation is also plotted in Fig. 7, and shows a
similar trend to the control with an increase in the max-
imum rainwater of 25%. The vertical velocity also ex-
hibited a similar trend with the maximum being 30%
greater than the control.

To verify the model results, g, was compared with
the integrated rainwater estimated from the observed
radar reflectivity. Estimating rainwater from reflectivity
has been the subject of numerous studies [see Battan
(1973) for an extensive list]. It is well recognized that
these estimates are generally only accurate to a factor
of 2 or 3. Consequently, two Z—M relationships have
been used, one which gives an estimate on the high
side of the relationships in Battan (1973) and one on
the low side, to indicate the range of likely rainwater
totals. The first relationship, from Jones (1956) is

Z=3.0Xx 10*M"*, (4.1)

where M is expressed in grams per cubic meter. The
second relationship from Morgan and Mueller (1972)
is

Z=120X%10*M". (4.2)

The integrated rainwater calculated from the two
relationships is plotted in Fig. 7. As can be seen, the
modeled convection in both the control and the
higher-resolution simulation develops at about the
same time as the observed case, and have maximum
values which fall between the maxima calculated by
the two Z—M relationships. However, some differ-
ences in the rate of growth are apparent. First, the
modeled rainwater develops faster than the rainwater
calculated by both Z—M relationships. Second, the
modeled rainwater decreases after reaching a maxi-
mum at 1430 LT, whereas the observed rainwater
continues to increase after 1430 LT.
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' FiG. 4. Reflectivity at an elevation of 1.2° measured by Mile High Radar at 1440 LT June 21.
All reflectivity above 25 dBZ is shown as solid black. The maximum reflectivity at this time is
approximately 65 dBZ. Note the convergence line just to the east of the line of storms.

Despite these differences it is felt that the model has
simulated the initial storm evolution,-which is the focus
of this study, with reasonable accuracy. As discussed
in the introduction, in this study the assumption has
been made that the sensitivity of this simulated storm
reflects the sensitivity of a simulation in which the
model/data discrepancy has been minimized (as could
be done with the adjoint technique).

The sensitivity of the total rainwater and the maxi-
mum vertical velocity to the four boundary layer pa-
rameters is now examined. Figure 8 shows the variation
of Xg, and wp,, against (i) Afgr, (1) A, (iii)
Aqbdy, and (IV) Ahbdy'

As can be seen from Fig. 8a, the total rainwater pro-
duced, Xgq,, is most sensitive to Af,,. At one standard

deviation less than the control, no convection develops.
At one standard deviation greater than the control, Xg,
increases by a factor of 3.9, at 20 by a factor of 4.75.

The maximum vertical velocity w,,,, also shows a

strong sensitivity to Afy,, particularly for values

less than the control. At Af,,; = — 10, wp., decreases
to 3.0 m s~ (this maximum velocity occurs in the
convergence line, since no convection develops in
this simulation). For positive values of Afgyt, Wiax
increases only slowly. This is a feature that occurs in
both case studies and will be discussed in more detail
in section 5.

The total rainwater also shows a strong sensitivity to
the surface moisture dropoff. At Ag.+ = —20, no con-
vection develops, at —lo, Xgq, = 0.27, at +1o0, Xgq,
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F1G. 5. Sounding used to initialize the 21 June control simulation.
Sounding is the same as the CLASS sounding taken at 1100 LT
except that the boundary layer has been mixed out based on a surface
temperature of 29°C. The wind vectors on the right point in the di-
rection of the wind.

= 2.3 greater and at +20, Zg, = 3.7. The maximum
vertical velocity varies from 5.0 m s~ at —2¢ to 33.0
m s ' at +20. Note that when convection develops,
Wmax 1S MoOre sensitive to moisture variations than to
temperature variations. Again, this is a feature that oc-
curs in both case studies and will be discussed in sec-
tion 5.

The sensitivity of the convection to Agyg, and Ahy,
is significantly less than for the other two parameters.
As Agpgy varies from —20 to +o0, Xq, increases from
0.4 to 1.49, while the maximum vertical velocity in-
creases from 22.4 t0 269 m s~!. As Ahyy, varies from
0.25 to 1.0, Xgq, changes from 0.35 to 1.0, while w,,,
increases from 22.3 t0 24.8 ms™'.

Simulations with varying Af,r and Ag,. were also
performed at higher resolution (Ax = 1.5 km). The
two measures, Xg, and wn.x, showed a similar sensitiv-
ity to Afg,r and Agg,r in these higher-resolution sim-
ulations. Specifically, convection was shut off at both
A0surf = —o and Aqsurf = —20.

To illustrate the reason for the strong sensitivity to
the surface temperature dropoff, A#,,, vertical cross
sections are plotted along the line AA’ from the control
simulation and the simulation with the boundary layer
cooled by one standard deviation (1°C). Figure 9a
shows the velocity field and the perturbation potential
temperature field §' from the control simulation after
50 min of integration. Figure 9b shows the same fields
from Af,,s = —lo simulation. (The 8’ field represents
the perturbation from that experiment’s base state
sounding, which varies between the two experiments.)
The first point to note about Figs. 9a and 9b is that the
boundary layer is deeper in the control experiment
since it has been mixed out to a greater depth. The
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second point is that negative buoyancy has developed
near the top of the convergence line in the region where
the updraft pushes into the stratified layer above the
boundary layer. (Since no cloud water has formed at
this time, it can be assumed that latent heating has not
affected the temperature field.) This negative buoyancy
causes the air in the updraft to decelerate above the
boundary layer. In both experiments, the updraft ex-
tends to approximately 900 m above the top of the
boundary layer. However, since the boundary layer is
deeper in the control experiment, the updraft reaches a
greater height and is able to lift air to the level of free
convection (LFC). In other words, the energy needed
to lift air to the LFC, the negative area, is less in the
control experiment. Based on a surface mixing ratio of
8 g kg™?, the negative area in the control simulation is
20 J kg~', while in the —1c simulation the negative
area is 60 J kg ' (an increase of a factor of 3).

Although the primary concern of this study is the
sensitivity to low-level thermodynamics, one simula-
tion with varying dynamics is presented to illustrate the
complexity of the convection initiation problem. Figure
9b indicates that the updraft is being sheared off to the
east by the westerlies above the boundary layer. To
examine the influence of these westerlies, the simula-
tion shown in Fig. 9b was repeated with the winds
above the boundary layer set to zero. As shown in Fig.
9c, the updraft in this simulation is stronger and able
to penetrate further into the stable layer. Convection
now forms in this simulation with a strength similar to
that found in the control experiment. These experi-
ments indicate that convection initiation is very sensi-
tive to both the stability and the shear at the top of the
boundary layer. A similar sensitivity to shear was found
by Weisman and Klemp (1982) in their simulations of
storms generated by low-level warm perturbations. It
is planned to investigate the sensitivity to shear above
the boundary layer in a future study.

The 21 June case has shown a strong sensitivity to
variations in the initial thermodynamic fields, particu-
larly the surface temperature and moisture dropoff,
which are within the accuracy of the present observing
system. A second case from RAPS93 is now examined
in order to explore how general this result is.

b. 15 July 1993

On this day, a stationary east—west convergence line
formed over Denver and persisted for several hours. A
CLASS sounding taken at 1400 LT, 20 km to the east
of Mile High Radar and 5 km south of the convergence
line, is shown in Fig. 10. The potential temperature
profile is well mixed up to 2200 m AGL and then has
a fairly uniform stratification of 3°C km™' up to 7 km.
At 7 km, an inversion of 3°C exists.

Around 1550 LT, several convective storms devel-
oped as a low-level wind surge moved up from the
south and strengthened the convergence line. Reflectiv-
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ity from Mile High Radar at an elevation of 1.2° at 1630
LT is shown in Fig. 11. A major storm has formed
directly over the radar. The convergence line that
formed this storm can be seen to the north of the radar.
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FIG. 7. Domain-integrated rainwater against time for the 21 June case
from the control simulation (solid line), from a high-resolution simulation
(short-dashed line), from the observed reflectivity using the Morgan and
Mueller Z-M relationship (dot-dashed line), and from the observed re-
flectivity using the Jones Z—M relationship (dashed line).

Unfortunately, due to various hardware problems
with MHR on this day, radar data was only collected
after 1500 LT. The control experiment was thus ini-
tialized at 1500 LT and integrated for 100 m. The
CLASS sounding used in the control experiment was
modified slightly by mixing out the boundary layer to
give a surface temperature of 31.0°C (which was the
surface temperature measured at Stapleton minus the
1.0°C temperature bias listed in Table 1). Figure 12a
is a horizontal cross section of the rainwater field at 2.5
km AGL at 1630 LT (the same time as shown in Fig.
11). Wind vectors at the surface are overlaid on Fig.
12a. As can be seen, the center of the storm is to the
south of the surface convergence line. However, the
simulated storm is entirely to the northeast of Mile
High Radar, whereas the radar observations show that
a portion of the storm formed directly over the radar.
A north—south vertical cross section of the rainwater
field is plotted in Fig. 12b and shows that significant
rain is reaching the ground at this stage. The rainwater
integrated over the total domain maximizes at 8.0
% 107 kg. The vertical velocity maximizes at 18.5
ms'.

Again, the total rainwater has been compared with
the rainwater estimated from the observed radar re-
flectivity. Figure 13 shows a time series from 1520
LT of the simulated rainwater amount and that esti-
mated from the observations by the Z-M relation-
ships of Jones (1956) and Morgan and Mueller
(1972). As can be seen, the simulated storm begins
to develop around 1600 LT, which is about 30 min
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(b) Variation of max. vertical velocity

30. —
é 2.
B
10. -
1 | j
2 -1 0 1 2
Aesurf
30.
5
g 20
B
10.
| ] ] 1
2 -1 0 1 2
Adgyef
30,
g 20.
B
10. I~
| 1 | |
2 -1 0 1 2
Adey
30.
. S
g 2 |
=
10. [~
| 1 | 1
0 25 5 75 1.0
Ahpgy

FIG. 8. (a) Variation of integrated rainwater Zg, against surface temperature dropoff Af,,., surface moisture
dropoff Ag,.+, boundary layer moisture dropoff Agyy, and depth of the moisture Ay, for the June 21 case.
(b) Same as (a) except for maximum vertical velocity Wpax.

after the observed storm. This timing error is most
likely due to the fact that the model could not be
initialized earlier than 1500 LT because of lack of
radar data, and thus may have missed some of the
convergence that was required to lift air to the level
of free convection. Once the simulated storm is ini-
tiated, it produces a similar rainwater amount as the
Morgan and Mueller estimate.

The sensitivity of Zg, to the four boundary param-
eters, Abgur, Agsut, Agpay, and Ahygy, is plotted in Fig.
14a. As in the 21 June case, the total rainwater is very
sensitive to both A#,,; and Agy,s. For this case, the
convection is more sensitive to Agg,; (Zg, = 4.3 at 20)
than to Afy,s (£q, = 3.5 at 20).

The maximum vertical velocity shows a similar be-
havior to the 21 June case. As A6, is decreased below
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(a) Control
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Fi1G. 9. (a) Vertical cross section of 8’ and velocity field through
the convergence line in the control simulation. The cross section is
along the line AA’ in Fig. 6a. Here, 6’ represents the deviation from
that experiment’s base-state sounding. The contour interval is 0.4°C.
(b) Same cross section for a simulation with A8, reduced by 1°C.
(c) Same simulation as in (b) except with mean wind above the
boundary layer set to zero.

the control, wy,, decreases very rapidly to 4.0 m s~ at

—1o. At values larger than the control, w,,, increases
only slowly. Here, wy,,, is more sensitive to moisture
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variations, increasing from 2 m s
at +20.

Compared to the 21 June case, this case is more sen-
sitive to the parameters, Agyg, and Ahy,y, that control
the shape of the boundary layer moisture profile. As
Agyqy varies from —2¢ to +10, Zg, increases from 50%
to 190% of the control. As the depth of the surface
moisture decreases to one-third of the total depth of the
boundary layer, Xg, decreases to 20% of the control.

5. Analysis of results

Although there are some differences in the sensitiv-
ities between the two case studies, the main results can
be summarized as follows:

1) Convection was found to be most sensitive to the
temperature and moisture dropoff at the surface, Af,¢
and Ag.s, respectively. As Afy¢ and Ag,,¢ increased
from —20 to +20 the maximum rainwater increased
from zero to 4—6 times the control simulation.

2) The maximum vertical velocity was most sensi-
tive to Afy,s at the convection/no convection bound-
ary. However, for cases with well-developed convec-
tion, wp,, was more sensitive to Agg,s-

3) Convection was least sensitive to the parameters,
Agpay and Ahyg,, which controlled the shape of mois-
ture profile in the boundary layer.

Some insight into these results can be gained by ex-
amining how the positive area (or convective available
potential energy, CAPE) and the negative area (or con-
vective inhibition, CIN) changes as the low-level ther-
modynamics are varied. Since the results have shown
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FiG. 10. CLASS sounding taken at Stapleton at 1400 LT 15 July
1993. The sounding used in the control simulation was modified
slightly by mixing out the boundary layer to give a surface temper-
ature of 31°C.
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Fic. 11. Reflectivity at an elevation of 1.2° measured by Mile High Radar at 1630 LT 15 July.
Convergence line that generated the storm can be seen to the northeast.

that convection is most sensitive to the surface tem-
perature and moisture dropoff, only the sensitivity of
CAPE and CIN to Af,, and Ag,, will be examined.

a. Analysis of CAPE

As illustrated in Fig. 3, since all of the positive buoy-
ancy occurs under saturated conditions, CAPE depends
uniquely on the moist adiabat along which the surface
air ascends. Along this moist adiabat, the moist static
energy

h=gz+cT+ Lg (5.1)

is conserved. Thus, in terms of CAPE, a moisture vari-
ation of Agq is equivalent to a temperature variation of
AT = (L/c,)Aq. Since L/c, =~ 2.5 (mks units), 1
g kg ' is equivalent to 2.5°C. This also means that the
typical error in Agy,¢(1 g kg ') has 2.5 times the effect
on CAPE compared to the typical error in Afg, (1°C).

The fact that moisture and temperature variations are
equivalent in terms of CAPE can be seen in the sensi-
tivity plots of wy,.. Parcel theory, which assumes that
the energy released by the buoyancy force is converted
entirely into kinetic energy, predicts that

12 — CAPE.

5 (5.2)

Figure 15 is a plot of wy,, against (2 CAPE)'? for
simulations with varying Afy, and Agg,s. Only sim-
ulations in which convection develops have been plot-
ted. A linear relationship is clearly evident with a cor-
relation coefficient of 0.9. This shows that, in terms of
Wmax» Surface moisture variations are equivalent (ap-
proximately) to temperature variations with the same
moist static energy change.

The slope of the line of best fit, however, is about
0.6, whereas parcel theory predicts a slope of 1. The
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F1G. 12. (a) Horizontal cross section of rainwater field at 2.5 km AGL at 1630 LT (same time as shown in Fig. 11). Contour interval 0.05
g kg~'. Wind vectors at the surface are overlaid. (b) Vertical cross section [along the line AA’ in (a)] of the rainwater and velocity field

(contour interval 0.05 g kg™").

reasons that parcel theory generally overpredicts wppa,
are well recognized and include, but are not limited to,
the following.
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FiG. 13. Domain-integrated rainwater against time for 15 July case
from (a) model simulation, (b) observed reflectivity using Jones Z—
M relationship, and (c) using Morgan and Mueller Z—M relationship.

1) Waterloading. This reduces the buoyancy of the
updraft and hence the potential energy that can be con-
verted into kinetic energy. For a given change in moist
static energy, the effect of waterloading will be greater
for those cases in which Agg,s is increased compared to
cases in which A#,, is increased. However, this effect is
probably small; in terms of waterloading, a 1 g kg™' in-
crease in Agg, is equivalent to a 0.3°C decrease in Ay,
(assuming that all the condensate remains with the air
parcel), while in terms of moist static energy, 1 g kg™
of moisture is equivalent to 2.5°C in Afgy;.

2) Diffusion. Mixing of the updraft air with the en-
vironment reduces the potential energy that can be con-
verted into kinetic energy. Because of the simple pa-
rameterization of mixing that is used in the model, the
magnitude of this effect should be similar for cases in
which A, is increased compared to cases in which
Agq. is increased.

3) Shear. The effect of shear on the maximum ver-
tical velocity attained for a given CAPE has been ex-
amined by Moncrieff and Green (1972) and Weisman
and Klemp (1982 ) among others. Weisman and Klemp
calculated the parameter S = Wy (2 CAPE) ™2 (the
ratio of w,,, to the maximum expected from parcel the-
ory) for a number of simulated storms with varying
Richardson number, R [R = CAPE(0.5i?) !, where it
represents a difference between the environmental
wind speeds at low and midlevels]. They found that
for the initial convection, S increased as the Richard-
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(b) Variation of max. vertical velocity
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F1G. 14. Same as in Fig. 8 except for the 15 July case.

son number increased [see their Fig. 13a] although
above R ~ 100 the value of S tended to level off at
around 0.6. In the present study in which the shear
has been kept fixed, R is directly proportional to
CAPE and varies from 20 to 200. Over that parameter
regime, S remains relatively constant at a value of
approximately 0.6, with no indication of a decrease
at smaller values of R. In the Weisman and Klemp
(1982) simulations, S varied from 0.40 to 0.58 over
this Richardson number range. The reason that the
present results differ from the findings of Weisman
and Klemp (1982) is not clear, but may be due to the
use of different base states or to different initiation

mechanisms (convergence line compared to warm
bubble).

Despite these limitations with parcel theory, Fig.
15 indicates that some aspects of the convection,
particularly the maximum updraft velocity, can be
estimated by measuring the CAPE of the environ-
ment. This also explains the feature noted previ-
ously that for cases in which convection develops,
Wmax 1S more sensitive to observed moisture vari-
ability than to temperature variability, since one
standard deviation in moisture variability has 2.5
times the effect on CAPE as one standard deviation
in temperature variability.
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FIG. 15. Maximum vertical velocity Wy, against (2 CAPE)" for
all simulations in which convection develops. Shown also is the pre-
diction of parcel theory.

It should be emphas1zed that the relatlonshxp
shown in Fig. 15 is only valid for those cases in
which convection develops. The magnitude of
CAPE does not give any guidance for predicting
whether convection will develop or not, which is the
main emphasis of this study. As illustrated by Fig.
9, convection initiation depends very sensitively on
the magnitude of CIN. For soundings in which the
LCL is above the top of the boundary layer, CIN
does not depend uniquely on the moist static energy
(unlike CAPE). As will be shown, this means that
CIN is more sensitive to temperature variations than
to moisture variations with the same moist static en-
ergy change.

b. Analysis of CIN

The sensitivity of CIN to moisture and temperature
variations is illustrated in Fig. 16. The first panel shows
a typical summertime sounding plotted on a skew 7—
logp diagram. The surface temperature and moisture
are T,.; and gq., respectively, the top of the boundary
layer is at a pressure p;, the lifting condensation level
at pia, and the level of free convection at py.. On this
thermodynamic diagram, CIN is proportional to the
stippled area, and is equal to

CIN = f RAT d In(p), (5.3)

Pife

where AT is the temperature differénce between the
lifted parcel and the environment.

The change in CIN due to moisture variations
Agg. and temperature variations ATy is now con-
sidered. Figure 16b illustrates the change in CIN
due to an increase in moisture of Agg,s. The de-
crease in CIN is due solely to the air parcel being
warmer in the saturated section of the lifting. The
air parcel moves along a moist adiabat that has a
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moist static energy increased by LAg.,. Using the
Clausius—Clapeyron equation, it can be shown that
the temperature increase along this new moist adi-
abat is

LAqsurf
(¢, + L*q,/RT?)

The change in CIN that this temperature increase
causes is approximately

ATy = (54)

ACIN,, ~ RAT. In (p ‘“) ) (5.5)

Ditc

where AT, is the mean value of AT, between p,,, and
Pir.. In Eq. (5.5) it has been assumed that the change
in CIN due to the difference between the dry-adiabatic
lapse rate and the environmental lapse rate is small (in
other words, the difference between the areas C’ and
C” is small compared to the overall change in CIN).
Figure ‘16c¢ illustrates the change in CIN due to a
temperature increase of AT,,s. Now the air parcel is
not just warmer in the saturated portion of the lifting,
but also warmer in the unsaturated section. The tem-
perature increase in the region of unsaturated mixing

is
ATunsat = ATsurf <—£_> .
Psurt

The change in CIN that this temperature increase
causes is approximately
P > 1n<—’3ﬁ>, (5.7)
psurf pi

where p is a mean pressure between p; and p,. Again,
it has been assumed that the difference between the two
areas D’ and D" is small compared to the overall de-
crease in CIN.

The change in CIN due to temperature variations
compared to the change due to moisture variations can
be written as

ACIN (temperature)
ACIN(moisture) ACIN,,

By setting ¢,ATsus = LyAgsue, the change in CIN
due to moisture and temperature variations that have
equivalent moist static energy difference can be com-
pared. Substituting Eqs (5.5) and (5.7) into (5.8)
and using the expansion In(1 + x) =~ x for x| <1,
gives

(5.6)

ACINunsat ~ RATsurf<

ACINypear + ACIN,

(5.8)

ACIN (temperature)
ACIN (moisture)
Ll% s p\“ i — Ml
-1+ (1 N qz)<g> (pi = Pat)
¢ R,T Po) (Pt — Piee)
—1+A (pi — pia) )
(plcl p]fc)
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L2 } =\ K
A=<1+ o V(L) (5.9)
Cp Rv T Po

For typical High Plains summertime conditions, p
~ 600 mb, g, ~ 6 gkg ™' and T ~ 273 K, which gives
A =~ 2. (For warmer climates, A will be higher, since
qs in the numerator increases faster with temperature
than 77 in the denominator. Also, A will be slightly
higher for moister climates, as p,, increases.)

Equation (5.9) indicates that the relative sensitivity of
CIN to temperature variations compared to moisture varia-
tions depends on the ratio of (p; — p.y) compared to (piy
— D). In turn, this ratio can be related to the stability of
the environment 96.,,,/dp compared to the moist potential
temperature lapse rate 96,/ Jp . Since the change in potential
temperature of the environment between p, and p,. must
equal the change in potential temperature along the moist
adiabat between p,y and py. (see Fig. 16a), it follows that

8HCI’IV aasal
—5;' (pi — pe) = _B_p_ (Pa — Pe). (5.10)
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(b) Moisture Increase 'l
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FiG. 16. (a) Schematic of CIN (stippled area) in the base
state sounding. Here, p; represents the pressure at the top of
the boundary layer, p; the pressure at the lifting condensation
level, and py. the pressure at the level of free convection. (b)
Change in CIN due to an increase in surface moisture of
Agq. The moist adiabat of the unmodified surface air is
shown by the dashed line. The change in CIN is due solely to
the temperature increase in the saturated portion of the lifting,
AT, (c) Change in CIN due to an increase in surface tem-
perature of AT, In this case the decrease in CIN is due to
both the temperature increase in the saturated portion, AT,
as well as the temperature increase in the unsaturated
region, AT s

Therefore,

ACIN (temperature) |
ACIN(moisture)

6956[ agenv ~I
+A[(—5;)(7,,~) B 1]' 1D

Thus, the relative sensitivity of CIN to temperature
and moisture variations depends on the ratio of the en-
vironmental stratification to the moist potential tem-
perature lapse rate. When 96.,,/0p = 00,,/Jp then
ACIN (temperature )/ ACIN (moisture) = 1 since in
this limit the LCL is at the top of the boundary layer
and all of the lifting occurs under saturated conditions.

For the soundings used in this study, 30,/0p ~ 300,/
Jp . Hence, for the same moist static energy, CIN for these
soundings is 5—6 times more sensitive to temperature vari-
ations than to moisture variations. To express this in terms
of typical observational error, it is first noted that one stan-
dard deviation in moisture error (1 g kg™') has 2.5 times
the effect on moist static energy as one standard deviation
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in temperature error (1°C). Hence, in terms of observa-
tional error, CIN is still more sensitive to temperature vari-
ations than to moisture variations (in the cases studied).
Finally, this explains the fact that at the convection/no
convection boundary, the maximum vertical velocity is
more sensitive to temperature errors than to mmsture errors
(see Figs. 8b and 14b).

As already discussed, some of the conclusmns about
the relative sensitivity of CIN will depend on the par-
ticular form of the thermodynamic profile. Usually, the
stratification above the boundary layer is stronger than
in the cases studied herein which, from Eq. (5.11), will
decrease the sensitivity of CIN to temperature varia-
tions compared to moisture variations. However, as
previously discussed, in warmer, moister environ-
ments, the parameter A is larger, which has the opposite
effect of increasing the sensitivity to temperature com-
pared to moisture.

6. Discussion

The results presented in the previous sections indi-
cate that convection initiation is very sensitive to vari-
ations in boundary layer thermodynamics that are dif-
ficult to detect with the present observing system. A
similar result, at least for temperature, was reported by
Brooks et al. (1993), who found that the structure of
a simulated storm changed significantly when the low-
level temperature was altered by 1.0°C. In turn, these
results suggest that convection initiation has limited
predictability at least for numerical models initialized
with data from the present observing system. Three ap-
proaches that could lead to improved predictability are
now discussed.

1) More accurate initial conditions. The most ob-
vious method to increase the predictability of the nu-
merical forecasts is to improve the accuracy of the ini-
tial conditions. Unfortunately, with the present observ-
ing system of twice-daily soundings and surface
measurements, there is not a large potential for in-
creased accuracy. Some improvements could be gained
if the sources of the error in the parameters A6,
AGsurss Agray, and Ahygy, were better understood and
could be more accurately parameterized. The analysis
in the previous section has shown that CIN is most
sensitive to the surface temperature dropoff, hence of
the parameters examined in this study, the greatest im-
provement in convective initiation predictability,
should arise from improvements in the parameteriza-
tion of Afg+.

New technologies for observmg the low-level ther-
modynamic fields should also result in improved initial
conditions. Radio acoustic sounding systems (RASS)
can give high resolution (<300 m) profiles of virtual
potential temperature throughout the convective
boundary layer every 30 min. Comparisons of RASS
data from Denver with over 50 radiosonde ascents
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showed rms differences of 1°C (May et al. 1989).
Since this is similar to the accuracy of surface mesonet
temperatures, it could be argued that these observations
will not improve the problem of thunderstorm predict-
ability. However, since RASS measures a profile of
boundary layer temperature, it will remove the neces-

* sity of making assumptions about that profile.

Measurements of boundary layer moisture on a con-
tinuous basis are somewhat more problematic. The
CASH program (commercial aviation sensing of hu-
midity, Fleming and Hills 1993) will provide some
low-level measurements, especially around airports.
GPS (Global Positioning System, Ware et al. 1996)
observations can provide very accurate measurements
of column-integrated water. However, before these
measurements can be used, it is necessary to make a
number of assumptions about the distribution of mois-
ture through the entire depth of the atmosphere. Finally,
Raman lidar offers the potential of high-resolution pro-
filing of low-level moisture; however, currently its use
is limited to night-time operations (Goldsmith et al.
1994).

2) Ensemble forecasting. One method of improving
the predictability of atmospheric flows is to perform a
number of simulations each starting with slightly dif-
ferent initial conditions. As long as the different initial
conditions span the domain of expected error in the
initial fields, the ensemble mean should provide a better
forecast than most individual forecasts. Ensemble fore-
casting has recently been implemented at ECMWF and
NMC (Tracton and Kalnay 1993) for long-range fore-
casting. A considerable amount of research is currently
being performed on the viability of ensemble forecast-
ing on the short range (0—48 h) (see Brooks et al. 1995
for a discussion). The results presented in this study
concerning the magnitude of error growth in convective
flows suggests that ensemble forecasting would also be
beneficial for the thunderstorm initiation problem.

3) Using analyzed and predicted fields for guidance.
Although the results presented above have suggested
that explicit numerical forecasts of thunderstorm initi-
ation have limited predictability, some of the model
fields may provide guidance to the operational fore-
caster. Several observational studies have shown that
the surface moisture convergence field is a useful pre-
dictor for storm initiation (see, e.g., Byers and Braham
1949; Watson and Blanchard 1984; Ulanski and Gar-
stang 1978; Fankhauser 1988). It should be noted that
the reason that surface moisture convergence acts as a
good predictor for storm initiation is that it generally
correlates well with regions where unstable air is being
lifted to the LFC. However, using surface convergence
alone can sometimes lead to misleading results.

To illustrate this point, the surface moisture conver-
gence is plotted from the 21 June, control simulation
(Fig. 17a) and from the simulation with the A#,, re-
duced by one standard deviation (1°C), Fig. 17b. The
fields are plotted at 1345 LT, which is just before con-
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vection develops in the control simulation. The maxi-
mum moisture convergence in the control simulation is
1.3 X 107%s~!. In the A, = — o simulation it is 1.1
X 107¢s™', which is a reduction of only 15%.%> How-
ever, as already noted, no convection develops in this
second simulation.

The reason that no convection develops in the second
simulation, despite the fact that there is significant sur-
face moisture convergence, is that the unstable air at
the surface is not being lifted to the LFC because of
the increased negative area at the top of the boundary
layer. In this latter simulation there is sufficient diver-
gence below the LFC to offset the convergence at lower
levels. This suggests that a field that takes into account
the integrated convergence/divergence throughout the
depth of the boundary layer would be more useful for
indicating the potential for convection initiation.

A candidate for this field is the vertical moisture flux
at the top of the boundary layer. In Fig. 18, this field is
plotted at 1345 LT in the control simulation and in the
Al = —o simulation. In the control simulation the
maximum flux is 75 gkg™' m s, while in the Af,,
= —¢ simulation, the maximum is 15 gkg™' ms™,
which is a reduction of 80%. Hence, the change in vertical
moisture flux at the top of the boundary layer more ac-
curately reflects the potential for convective initiation than
does the surface moisture convergence. Of course, it
could be argued that even though the vertical moisture
flux is a more discriminating field, it is more difficult to
analyze and predict accurately due in part to the obser-
vational errors outlined in this paper. Nevertheless, the
accuracy of fields in, and above, the boundary layer such
as the vertical moisture flux should improve as more re-
mote sensing platforms are deployed and as data assim-
ilation techniques continue to improve.

7. Conclusions

This paper has examined the sensitivity of thunder-
storm initiation to a number of boundary layer ther-
modynamics parameters. These parameters include the
surface temperature dropoff, the surface moisture drop-
off, the boundary layer moisture dropoff, and the depth
of the moisture. The typical variability in the first three
parameters was examined using data from CINDE and
the RAPS project.

“‘Forward’’ sensitivity experiments were then per-
formed on two convection initiation cases from the

2 Since the initial flow field is the same in the two simulations, this
result indicates that the surface moisture convergence develops
slightly more slowly in the Af,,; = —o simulation due to the shal-
lower boundary layer (which is the only external parameter that var-
ies between the two simulations). This is presumably due to a feed-
back between the convergence line and the negative buoyancy gen-
erated above; however, the exact nature of that feedback is unclear
at the moment.
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SURFACE MOISTURE CONVERGENCE
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FiG. 17. Surface moisture convergence just prior to convection
initiation (1345 LT) from the (a) control simulation and (b) simula-
tion with AT, reduced by 1.0°C. Contour interval is 2 X 1077 s™'.

RAPS93 project. The general findings from these ex-
periments are

1) convection was found to be most sensitive to the
surface temperature dropoff, Af,, and the surface
moisture dropoff, Agus.

2) The maximum vertical velocity was most sensi-
tive to A, at the convection/no convection bound-
ary. It was shown that the convective inhibition (CIN)
is more sensitive to temperature variations than to
moisture variations in terms of equivalent moist static
energy and, for the cases studied herein, in terms of
typical observational error.
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FiG. 18. Vertical moisture flux at the top of the boundary layer (z
= 2.0 km, AGL) at the same time shown in Fig. 17 in (a) the control

simulation and (b) simulation with AT, reduced by 1.0°C. Contour

interval is 5 g kg™' ms™L.

3) For cases with well-developed convection, the
maximum vertical velocity wy,,, was more sensitive in
terms of observational error to Agg,s than to Abg,. It is
shown that w,,, correlates well with the environment’s
CAPE, which in turn is directly proportional to the moist
static energy of the low-level air. In terms of moist static
energy, the typical error in Agq (1 g kg™') is 2.5 times
greater than the typical error in Af, (1°C).

4) Convection was least sensitive to the parameters
Agpay and Ahy,y,, which controlled the shape of the
moisture profile in the boundary layer.
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It should be noted that in both cases studied herein,

-the convection was forced primarily by boundary layer

processes. Although the convergence in these cases
was large, the forcing has been confined primarily to
the boundary layer. It is quite possible that moist con-
vection that develops from deeper forcing, for example
in larger-scale synoptic systems, is less sensitive to the
parameters described herein.

As mentioned in the introduction, convection initi-
ation is a vast problem, which this study has only begun
to explore. It is hoped that the present work has indi-
cated some areas for further research.
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