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ABSTRACT

A simple theoretical analysis of the impact of neglecting the virtual correction on calculation of CAPE is
made. This theory suggests that while ignoring the virtual correction does not introduce much error for large
CAPE values, the relative error can become substantial for small CAPE. A test of the theory is done by finding
the error made by ignoring the virtual correction to CAPE for all the soundings in 1992 having positive CAPE
(when the correction is made). Results of this empirical test confirm that the relative error made in ignoring
the correction increases with decreasing CAPE. A number of other “corrections” to CAPE might be considered.
In a discussion of the issues associated with the results of the analysis, it is recommended that CAPE calculations
should include the virtual correction but that other complications should be avoided for most purposes, especially
when making comparisons of CAPE values. A standardized CAPE calculation also is recommended.

1. Introduction

This note addresses the calculation of convective
available potential energy (CAPE). CAPE is a quantity
most closely associated with the environment in which
deep convection might occur, and has become widely
accepted as a forecasting parameter with the advent of
computer programs that calculate CAPE from opera-
tional soundings or model forecasts. Recently, it has
come to our attention that the algorithms for com-
puting CAPE are not all the same. In particular, some
schemes do not include the virtual temperature cor-
rection in the calculations.

It 1s well known that the virfual temperature T, is
the proper temperature to use in the equation of state
p = pRT, in order that the gas constant R be truly
constant. Otherwise, the addition of moisture changes
the “constant,” with the change depending on the
amount of moisture. Use of the virtual correction to
temperature 7" such that

T, = T(1 + ¢q), (D
where ¢ = 0.608 when the mixing ratio q is expressed
in g g7', allows the use of the gas constant for dry air,
R = 2.87 X 10> m? s72 K™, in the equation of state.
The virtual correction is always positive because adding
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water vapor to a parcel makes it less dense, which can
be considered equivalent to warming the parcel.
Since CAPE concerns the difference in density be-
tween a rising parcel and its environment, and since
an accurate calculation of density requires the virtual
temperature, it should be obvious that the virtual cor-
rection is necessary when estimating CAPE. To assess
the impact of ignoring the virtual correction, an analysis
of the contribution from this error follows in section
2. In section 3, the application of CAPE estimates is
discussed and some recommendations are made.

2. Theoretical analysis of the error

We begin with logarithmic differencing of the equa-
tion of state,

2

where the difference operator 6( ) is between the par-
cel and its environment:

5( ) = ( )parcel - ( )cnv-

The standard assumption in parcel theory is to ignore

the contribution to differences in density due to dif-

ferences in pressure between the parcel and the envi-

ronment. If this standard assumption is made and (1)

is logarithmically differenced, substitution into (2) gives
op oT,

~
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Since eq < 1, then

(1 +eq)" =~ (1 — eq) + O(Eq),
so that (3) becomes

0 oT
2 - (— + ebg — ezqéq) .

p T 4)

Neglecting the virtual correction means neglecting all
but the first term on the right-hand side (rhs) of (4).
To ascertain the error associated with this neglect, con-
sider the following estimates of the terms, appropriate
for a potentially convective situation:

(@ 6T~1—-10K

(b) T~ 300K

(c) 6g ~ 0.001 —0.010 (1 — 10 gkg™)
(d) g ~0.010 (10 gkg™.

Therefore, the first term on the rhs of (4), |67/T|
~ (1 — 10)/300 ~ 3 X (107 — 107%); the second,
|(edg)] ~ 6 X (107* — 1073); and the third, |(*géq)|
~ 3 X (107% — 1075). The first term is roughly an order
of magnitude larger than any of the other terms; that
is, the percent error is typically less than 10%. Certainly
the third term, which is O(e2¢?), is obviously negligible.

Under the right conditions, however, the second
term can become important. How might the contri-
bution from the virtual correction {which is dominated
by the second term on the rhs of (4)] be significant?
There are two dissimilar ways for éq to be at the high
end of the estimated range. If the temperature difference
8T is large, then, even for a saturated environment, dq
can be large simply because of the large difference be-
tween the parcel and environmental temperatures. In
such a case, the parcel would be rising along a moist
adiabat with a large associated value of wet-bulb po-
tential temperature (6,), whereas the environment
would be characterized by a low 6,. This means that
the associated mixing ratio differences between the ris-
ing parcel and its environment at any level would be
relatively large. For large values of 87, the ratio of | edg|
to |6Tq/T| can be as large as (6 X 107%)/(3 X 107%)
~ 20%. Such a case is somewhat unlikely; large 67
typically occurs with high lapse rates that are almost
never observed in nearly saturated conditions (Doswell
et al. 1985), but in conditions of convective instability
where dry layers with steep lapse rates surmount moist,
nearly saturated low-level conditions, the error made
can become large.

For small values of 67, 4q still can be large when the
environment is dry. In such situations, it is conceivable
that the virtual correction to the buoyancy could be as
large as (6 X 1073)/(3 X 107%) ~ 200% of the uncor-
rected value. It should be observed, however, that to
have a small 6T over a deep layer, the environmental
lapse rate cannot be large in comparison to the rising
parcel. When the environmental lapse rate is not far
from moist adiabatic, it is somewhat unlikely that such
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an environment also would be extremely dry. There-
fore, it is correspondingly unlikely that this extreme
sensitivity to the virtual correction would be encoun-
tered either. Most often, the error incurred by neglect-
ing the virtual correction would be considerably less
than this extreme. An important exception to this rule
is when treating shallow convection (e.g., ordinary cu-
mulus clouds). For such clouds, the thermal pertur-
bation can be small in the presence of enough dg to
make the virtual correction quite important.

There is an additional consideration. The preceding
discussion concerns the buoyancy at a particular level.
But CAPE is the result of integrated buoyancy:

5T,

T,

CAPE = gf dz,

ZLFC

where g is the acceleration due to gravity, the subscript
“LFC” denotes the level of free convection, and the
subscript “EL” denotes the equilibrium level. The errors
made by neglecting the virtual correction do not cancel
but accumulate with height because the correction is
always of the same sign (positive). However, the mag-
nitude of the correction decreases with height, because
the saturation vapor pressure decreases with decreasing
temperature, Since virtual corrections typically are on
the order of 1°C or less, the average correction over a
depth of several kilometers is going to be less than 1°C.

The relative error E, due to computing CAPE with-
out the virtual correction is found by

6T, 6T
E—gf T dz—g sz gf(eaq)dz

L=
v

g f T, dz
where the O(¢*¢%) term in (4) associated with the virtual
correction has been neglected. In (5), it can be seen
that, as already observed, when the CAPE is small, the
correction can become a significant fraction of the total,
whereas for large CAPE, the accumulated error is not
likely to be a substantial fraction of the CAPE. The
parcel’s virtual correction always is larger than the en-
vironment’s for positively buoyant parcels and might
be substantial with large amounts of low-level moisture
surmounted by a deep, dry layer. All of the foregoing
suggests that the magnitude of the correction should
increase with increasing CAPE, in general. As exem-
plified in Fig. 1a, however, when the buoyancy is large,
the relative error is small.

If the corrected CAPE happens to be small, the vir-
tual correction should be small but can assume large
relative importance (as in the example of Fig. 1b). Sup-
pose the net effect of the virtual correction increases
the parcel’s buoyancy by an average amount of 0.3°C
over the depth of the positive area. This would corre-
spond to a difference in the CAPE of about 100 J kg™
if zgr, — Zipe ~ 10 km. A correction to the CAPE of

(5)

6T, CAPE ’
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this amount would not be significant in comparison
with the errors associated with the radiosonde ther-
modynamic measurements if the frue CAPE (i.e., in-
cluding the correction) is about 3000 J kg™', but it could
be imlportant if the true CAPE is on the order of 300
Jkg.

3. An empirical test

The preceding theory suggests that the relative error
is inversely proportional to CAPE, whereas the absolute
error should increase with increasing CAPE. To test
this concept against the real observations, we evaluated
all available soundings within the continental United
States for the year 1992. We consideréd only soundings
that have positive values of CAPE when the virtual
correction has been made. As expected, the occurrence
frequency decreases as CAPE increases (Fig. 2), and
the magnitude of the correction shows a general in-
crease as CAPE increases (Fig. 3). The relative error
distribution validates the theory presented above (Fig.
4), confirming that large relative errors occur only for
small CAPE values. Given the large number of sound-
ings evaluated (5876), significant departures from this
basic analysis should be considered rare.

4. Discussion

With the convenience and simplicity of today’s
computing resources, it is easy to include the effect of
the virtual corréction when calculating CAPE. Should
an existing program to determine CAPE #not include
the virtual correction, a revision of the program may
not be an urgent need, dependmg on the uses for the
CAPE calculations. This raises the issue of the purposes
to which CAPE estimates from soundings might be
applied. If CAPE is used to estimate vertical velocity
via pure parcel theory, then there are many problems
with such an application: ignoring the virtual correction
is only one among the many. Vertical motion estimates
also need to consider including the effect of (i) con-
densed water loading, (ii) entrainment, (iii) nonhy-
drostatic pressure gradients, and (iv) latent heat asso-
ciated with the ice phase, if possible. It is not obvious
that CAPE is a very useful parameter for anything more
than very crude estimates of vertical motion. Those
seeking a good estimate of vertical motion would be
better off using a one-dimensional cloud model to in-
clude the appropriate physical processes than trying to
adapt CAPE as a parameter to suit their needs.

The name “convective available potential energy”’
suggests that an appropriate application would be to
estimate the contribution to parcel dynamics from pure
parcel theory buoyancy. If this is the agreed-upon ap-
plication, then we have indicated that the virtual cor-
rection should be applied. Even though the error as-
sociated with neglecting the virtual correction tends to
be small, making the correction is too easy not to do
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FI1G. 1. Examples of soundings plotted on a skew T-logp diagram,
illustrating the effect of the virtual correction. The solid lines show
the original sounding and the pseudoadiabatic ascent curve for the
most unstable parcel in the lowest 300 mb for (a) Wallops Island,
Virginia, on 12 August 1992 at 0000 UTC—the corrected CAPE is
4737 J kg™! and the uncorrected value is 4390 J kg™', giving a dif-
ference of 347 J kg™' (7.3% of the corrected value); and (b) Tallahassee,
Florida, on 25 February 1992 at 0000 UTC—the corrected CAPE is
402 J kg™' and the uncorrected value is 341 J kg™ for a difference
of 61 J kg™' (15.2%). The dashed linés on each show the effect of the
virtual correction on the sounding and the rising parcel.

and, in making the correction, the CAPE estimate is
done in a way that is physically consistent with the
application. Including such esoterica as ice phase con-
tributions and condensate loading seems inappropriate
for this general application, although they may well be
important contributing factors in particular applica-
tions. There does not appear to be any simple way to
include them without creating complications well be-
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F1G. 2. Histogram showing the occurrence of CAPE values. All
soundings showing a positive CAPE (when using the virtual correc-
tion) during the year 1992 are plotted; the total number of such
soundings is 5876.

yond the scope of the basic task of estimating available
buoyancy. ’

Users of CAPE in this proposed application should
be aware of the imprecision of radiosonde thermody-
namic measurements: the virtual correction is typically
within the instrumental imprecision. Therefore, the
parameter values should not be interpreted too pre-
cisely. Certainly one cannot put too much confidence
in CAPE differences smaller than 100 J kg™! simply
because of measurement inaccuracy.

Moreover, a question of some import, perhaps even
greater import than including the virtual correction, is
deciding on which parcel tolift (see Williams and
Renno 1993). This can make a significant difference,
even when the CAPE is large (see, e.g., Doswell and
Brooks 1993). There does not appear to be much
agreement on a standard way to select the parcel to
lift. Various schemes choose (a) the surface parcel, or
(b) a parcel with the average properties (mixing ratio
and potential temperature) within some layer (and the
layer depth is not universally agreed upon), or (c) the
parcel with the largest CAPE in the lower troposphere.
For the lifted index (Galway 1958), a predecessor to
CAPE, the lifted parcel has the forecast (for the expected
time of convection) mean mixing ratio and potential
temperature in the lowest 100 mb of the sounding.
This artifice obviously is designed to account for some
of the diurnal variation.

We propose the following standard for using CAPE
as a forecasting tool and to make comparisons from
one sounding to another

(i) Use the simple pseudoadiabatic, pure parcel the-
ory calculation for the lifted parcel ascent.
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FIG. 3. Scattergram of the differences between CAPE values caused
by ignoring the virtual correction as a function of CAPE.

(ii) Make the virtual correction.
(i) Pick the most unstable parcel in the lowest
300 mb.

The use of parcels having properties of some well-
mixed sublayer always involves arbitrary choices about
what layer depth to use, and it is hard to get consistency
among users on the chosen layer depth. Choosing the
most unstable parcel has the advantage of being ap-
plicable when surface-based parcels or layers are clearly
inappropriate, as in nocturnal convection. We rec-
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FIG. 4. Plot of the relative difference in the CAPE with and without
the virtual correction for the 1992 positive CAPE soundings (as in
Fig. 2) versus CAPE (with correction). )
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ommend ignoring all other complexities unless a par-
ticular application requires them directly. If someone
wants to evaluate a sounding constructed either by ex-
trapolation as in a forecast or by interpolation in be-
tween stations, then we recommend using the proposed
standard method on the constructed sounding. This is
in contrast to what is done with the lifted index, which
frequently is interpreted to represent the instability as-
sociated with a given sounding but really represents
the instability of a forecast sounding,.

A final issue concerns the computation of convective
inhibition (CIN) associated with a rising parcel’s low-
level, negatively buoyant area typically found in ob-
served soundings. CIN values tend to be relatively small
in convective situations, and they occur low in the
sounding, where the virtual corrections can be ap-
proximately 1 K. Of course, integration layer depths
are correspondingly lower, which contributes to small
CIN values. If the integration depth is only 1 km but
the virtual correction’s change in the buoyancy averages
1 K, the corresponding effect on CIN would be ap-
proximately 35 J kg™!. For a CIN of —100 J kg™, this
is an important contribution. Since programs to com-
pute CIN typically are the same programs used to
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compute CAPE, this is an argument in favor of chang-
ing to include the virtual correction if the algorithm
in use does not do so.
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