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ABSTRACT

By combining traditional sensitivity studies with techniques that focus on the conservation and invertibility
properties of Ertel’s potential vorticity (PV), we illustrate the effect of latent heating on the structure and
evolution of three simulated extratropical cyclones. The cases include one continental cyclone development
(15 December 1987), which we examine extensively, and two cyclones over the western Atlantic Ocean (6
January 1983 and S January 1985) of somewhat greater intensity, which are diagnosed to assess the generality
of our findings for the continental case.

Each storm featured a weaker cyclonic low-level circulation when latent heating was removed from the
simulation, but the magnitude of the effect varied greatly. In all cases, the difference in intensity was attributed
to velocities associated with a positive, condensation-produced PV anomaly above the warm front. The am-
plification of the surface thermal perturbations was not strongly altered in even the case most affected by
condensation. Hence, the primary effect of condensation at low levels was simply to superpose a positive PV
anomaly onto the cyclonic circulation that would exist without latent heating.

Indirect effects associated with latent heating were an increase in the translational speed of the surface thermal
perturbations, intensification of the downstream ridge aloft, and an enhanced upper-level cyclonic wrapping of
positive and negative PV anomalies. Much of the amplification of the upper-level ridge could be traced to
upward and poleward advection of the tropopause by the irrotational and vertical motions that were augmented
by latent heating. However, the scale of the changes aloft was small enough that they had a negligible effect at
the surface. Therefore, the feedback of latent heating onto the interaction of tropopause PV and surface potential
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temperature anomalies appears small.

1. Introduction

One of the more intriguing aspects of extratropical
cyclones is the fact that precipitation, which often
marks the passage of such systems, is intimately cou-
pled to the cyclones’ dynamics through the release of
latent heat of condensation. Among the earlier at-
tempts to quantify the effects of condensation on cy-
clogenesis are works by Manabe (1956) and Klein-
schmidt (1957), who focused on the potential vorticity
(PV) that is conserved without diabatic heating or fric-
tion present. This property makes it useful for diag-
nosing the effects of latent heat release in mesoscale
and synoptic-scale systems. With an assumed relation-
ship between the fields of PV, wind, and temperature
(an invertibility statement), the PV perturbation cre-
ated by a particular nonconservative process can be
translated into an associated velocity and temperature
perturbation field (Hoskins et al. 1985). Thus, one can
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quantify the contribution of PV anomalies produced
by condensation, for instance, to the total flow. In ad-
dition, to the extent that one can think of baroclinic
development as the interaction of PV perturbations
embedded within large-scale gradients of PV, this ap-
proach can elucidate how the circulations induced by
latent heating affect this interaction.'

A problem with using observational analyses of PV
is that it is often difficult to tell which PV perturbations
arise from a particular process. In the lower tropo-
sphere, condensation typically results in a region of
large PV just above the surface warm front of a cyclone.
Such structures have been identified by several inves-
tigators (Manabe 1956; Boyle and Bosart 1986; Whi-
taker et al. 1988; Kuo and Reed 1988; Reed et al.
1992). The balanced circulations associated with these
anomalies have been calculated by Davis and Emanuel
(1991, hereafter DE), and shown to contribute signif-
icantly to the total cyclonic circulation. However, the

! We refer to condensation as a nonconservative process in the
material sense, that is, following individual air parcels. Haynes and
Mclntyre (1987) have shown that from a broader perspective any
diabatic heating away from boundaries simply acts to redistribute
PV, preserving its mass-weighted volume integral.
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effect of condensation in the upper troposphere is less
clear, mostly because of large ambient PV gradients
associated with the tropopause, such that one cannot
easily separate the local PV changes due to material
nonconservation from changes resulting from advec-
tion by condensation-generated circulations. In addi-
tion, conventional observations often have insufficient
resolution to verify that PV is conserved in situations
where heating and friction are negligible.

The problem of resolution, especially in time, is re-
duced considerably when one uses numerical simula-
tions to study baroclinic waves. The internal dynamical
consistency of a model allows one, in principle, to de-
termine with some precision the contribution of con-
densation (or any other process) to the instantaneous
PV distribution and, hence, to the balanced flow. Al-
though PV has been used extensively in recent years
to diagnose observed flows, there has been little quan-
titative application of its conservation and invertibility
properties to simulations that integrate the primitive
equations ( PEs). Perhaps this stems from a lack of an
exact relation between the wind and temperature fields
in the PEs, such as are contained in quasigeostrophy
and semigeostrophy. However, the condition of non-
linear balance (Charney 1955) is a very accurate trun-
cation of the divergence equation as long as the motion
is not dominated by high-frequency buoyancy oscil-
lations (Gent and McWilliams 1983). Such an accurate
balance relation is useful for assessing the circulation
associated with PV anomalies, an important step for
quantifying the effects of PV nonconservation.

Nearly all numerical investigations of latent heating
effects have been sensitivity studies in which compan-
ion simulations with and without the release of latent
heat are analyzed. Both idealized, three-dimensional
waves (Gall 1976; Golding 1984; Nuss and Anthes
1987) and observed systems (Anthes et al. 1983;
Uccellini et al. 1987; Kuo and Reed 1988; Kuo et al.
1991) have been simulated using this approach. Results
support the findings from theoretical studies of two-
dimensional waves (Emanuel et al. 1987; Montgomery
and Farrell 1991) that condensation reduces the effec-
tive stability of ascending air, collapses the scale of the
updraft, and increases the growth rate. However, sen-
sitivity studies suggest a large case-to-case variability
of the importance of moisture on the growth rate and
structure of observed cyclones (Kuo and Low-Nam
1990), even though the stability of ascending air may
be roughly zero for most cyclones [or perhaps slantwise
neutral as documented in Emanuel (1988)]. An im-
portant factor in this variability is the structure and
amplitude of the wave itself, which determines the lo-
cation and strength of the latent heating and can vary
greatly from one cyclone to another.

Perhaps the largest shortcoming of sensitivity studies
arises because condensation is often strongly coupled
to other processes; hence, its artificial removal can affect
all aspects of the model integration. Therefore, to as-
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cribe the difference between simulations solely to con-
densation can be misleading. In addition, sensitivity
studies have focused extensively on the changes in sur-
face features brought about by latent heating, but have
been less concerned with moisture effects in the upper
troposphere. Because cyclogenesis often involves the
interaction of upper- and lower-tropospheric distur-
bances, it is important to examine how this interaction
is affected by condensation.

One view of the effect of condensation is to simply
augment the cyclone ascent and vortex-tube stretching
in the lower troposphere, thereby resulting in a deeper
storm. In terms of PV, this amounts to superposing a
positive PV anomaly near the cyclone center without
significantly altering the PV elsewhere. However, if
there are pronounced changes in the gross PV structure
of the wave resulting from latent heating, this expla-
nation becomes incomplete. A theoretical example il-
lustrating this point was considered by Snyder and
Lindzen (1991). In this study of the free-shear problem
(constant vertical shear, no horizontal boundaries),
unstable perturbations could exist only in the presence
of condensation. Thus, condensation more than mod-
ified cyclogenesis; it was necessary for cyclogenesis. In
this case, the PV perturbations arising from latent
heating produced vertical motions and heating in the
proper phase so as to reinforce each other. When mean
PV gradients are present, there is the additional pos-
sibility that the anomalies produced by condensation
can create or reinforce other anomalies by advection.
It has yet to be demonstrated whether either of these
scenarios is realized in the atmosphere or whether the
simple superposition idea provides an adequate de-
scription.

In this study, we present an application of PV prin-
ciples to simulations of three observed cyclogenesis
cases with the intent of elucidating the structural
changes brought about by latent heating, as well as
their resulting feedbacks onto development. We will
use the Pennsylvania State University—National Cen-
ter for Atmospheric Research (PSU-NCAR) Meso-
scale Model (MM4, Anthes et al. 1987), which inte-
grates the hydrostatic PEs over a limited domain and
uses observations for both initial and boundary con-
ditions. Two complementary approaches will be em-
ployed. First is the traditional sensitivity study, where
a “control” simulation is compared to a “dry” simu-
lation in which latent heat release is omitted from the
thermodynamic equation. Second, we insert a predic-
tion equation for PV produced by condensation into
the model in order to assess the accumulated PV from
this process along trajectories. Comparison of results
from these two approaches will be used to distinguish
the PV perturbations arising directly from condensa-
tion from perturbations induced by advection. This
method is then generalized to account for the effect of
other nonconservative processes, such as friction and
surface heat fluxes.
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In principle, our approach will determine the origin
of any PV perturbation important to the cyclogenesis,
and the invertibility relation can be used to quantify
its interaction with the rest of the PV field. For the
cases considered here, we find that condensation acts
primarily to superpose a PV perturbation onto a given
baroclinic structure. Alteration of the PV structure at
the tropopause and at the ground occurs, but the hor-
izontal scale of the changes is too small to affect the
interaction between the upper and lower anomalies.
Therefore, dynamical feedbacks from latent heating
appear to be minor, even though the effects of con-
densation may be locally large.

The remainder of the paper is organized as follows.
Section 2 contains a description of the first cyclone
case we examine, which occurred on 15 December
1987 over the central United States, and compares our
MM4 control simulation with observations. Section 3
reviews the invertibility diagnostics associated with PV
that we will use. Section 4 details the difference between
simulations of the continental case run with and with-
out condensational heating. Section 5 introduces the
explicit integration of PV within MM4 and uses the
continental case to discuss the results of this technique.
In section 6, we examine the effect of moisture on two
marine cyclones and compare results with those for
the continental case. We summarize the findings in
section 7.

2. Case description and numerical simulation
a. Cyclogenesis of 15 December 1987

The first case we examine occurred over the central
United States in December 1987. Of the three cases,
this will be studied in the greatest detail. Results for
the marine cyclones will be presented to test the gen-
erality of our findings.

Development occurs when a large-amplitude upper-
level disturbance forms near the west coast of North
America, progresses eastward, and excites low-level cy-
clonic development on a baroclinic zone east of the
Rocky Mountains. This development generally resem-
bles the scenario described by Petterssen et al. (1955)
in which low-level spinup is initiated by a finite-am-
plitude precursor upper-level disturbance. Although the
initial PV perturbation aloft is confined to the tropo-
pause, it possesses a velocity field that penetrates to the
surface and creates a warm perturbation on the surface
baroclinic zone and associated cyclonic flow (Fig. 1).
As shown by Davis (1992b), the surface signature of
the upper-level perturbation then partly superposes
upon the warm surface anomaly (an effective positive
PV anomaly) to produce an intense cyclonic circula-
tion. In that paper, it was also inferred that conden-
sation produced a positive low-level PV perturbation
near the cyclone center, which further augmented the
circulation.
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FIG. 1. (a) Potential vorticity on the 315-K 6 surface (solid lines)
and 6 averaged between 1000 and 850 mb (dashed lines) at 1200
UTC 14 December 1987; (b) surface circulation associated with upper
PV perturbation at 1200 UTC 14 December overlayed on surface 6;
(c) as in (b) but for 1200 UTC 15 December. Vector scale is in
meters per second.

Because of the importance of the upper-level per-
turbation in initiating and controlling the low-level de-
velopment, an important question is whether moisture
affected the structure of the tropopause feature, es-
pecially the pronounced cyclonic wrapping of high-
and low-PV air and whether such changes could affect
the amplification of the surface thermal wave. Another
important issue is whether the PV produced by con-
densation at low levels altered the structure or motion
of the surface thermal perturbations. Both of these
questions will be addressed with the aid of numerical
simulations.

b. MM4 simulations

The starting point for our simulations is 0000 UTC
15 December. Although surface cyclogenesis is well
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underway by this time, test simulations begun at 1200
UTC 14 December reveal only a minor influence of
latent heat release in the 12 h preceeding 0000 UTC
15 December. The model is run with a 45-km hori-
zontal resolution and 23 vertical levels in terrain-fol-
lowing o coordinates. Here, ¢ = (p — pr)/(ps — Pr),
where ps is the surface pressure and pr is the pressure
at the top of the model (100 mb) where a rigid lid is
placed. There are five levels in the first 100 mb above
the ground to accommodate the Blackadar boundary-
layer scheme (Anthes et al. 1987). This scheme con-
tains linear predictive equations for surface variables.
If the boundary layer is unstable, explicit mixing of
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FIG. 2. (a) MM4 wind and potential temperature at ¢ = 0.91 for
(a) 0000 UTC 15 December (initial time), (b) 1200 UTC 15 De-
cember, and (c¢) 0000 UTC 16 December. Contour interval is 5 K.
Note that the full model domain extends beyond what is shown by
several hundred kilometers in all directions. “Maximum vector” (m
s™1) refers to the longest vector allowed in the plot. Here, every third
vector is plotted, centered on its respective grid point.
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F1G. 3. Time series of central pressure (mb) at 6-h intervals in the
control simulation (solid line), dry simulation (long-dashed line),
and observations (short-dashed line).

these quantities to higher levels is performed; otherwise,
only diffusion (V2 in the vertical, V* in the horizontal )
is present. A Kuo (1974) scheme is used to handle
subgrid-scale precipitation, and an explicit integration
of water vapor and liquid water (but not ice) is per-
formed on resolvable scales. Other details of the model
are presented in Anthes et al. (1987)4

The advantage of simulating a cyclone over central
North America is that sufficient data exists to verify
the synoptic scale and some mesoscale features pre-
dicted by the model. Figure 2 shows the winds at o
= (.91 at 12-h intervals through 24 h of integration.
The study by Schneider (1990) documented a large-
amplitude, mesoscale gravity wave in the boundary
layer just to the west of the cyclone center that is only
partially captured by the control simulation (J. Powers,
personal communication). Although we believe this
disturbance had little influence on the cyclogenesis, its
presence makes comparison of surface fields in the
model and observations difficult. However, from Fig.
3, the central pressure in the model did fall slower
than was observed, so that the minimum pressure of
the simulated cyclone occurred nearer to 1800 than
1200 UTC.

Further comparison of model and observations is
shown in Fig. 4a, where we have superposed rawin-
sonde winds on the 12-h MM4 forecast for 1200 UTC
15 December at 850 mb. The model’s predicted lo-
cations of the circulation center and major wind shifts
appear consistent with the data. The primary differ-
ences in winds are in the warm sector where the ob-
servations show more of a westerly component to the
flow (but similar magnitude) and north of the warm
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F1G. 4. Observed and forecasted winds at 1200 UTC 15 December
for (a) 850 mb and (b) 500 mb. Observed wind barbs are plotted
darker, and the station locations are denoted with a filled circle at
the end of each stem. Long barb is 10 kt; short barb is 5 kt; pennant
is 50 kt.

front where the observed casterlies are stronger. By
0000 UTC 16 December (Fig. 5a) agreement between
observed and simulated winds is excellent. Comparison
of winds at 500 mb (Figs. 4b and 5b) reveals that dis-
crepancies at 1200 UTC 15 December are generally
larger than 12 h later.

Perhaps the most stringent check on the accuracy
of a numerical simulation of cyclogenesis is a com-
parison of its precipitation forecast with observations.
For this purpose we have acquired hourly precipitation
data from the National Climate Data Center, measured
at several thousand stations with an average spatial res-
olution of about 50 km. These data are gridded objec-
tively on a 1° X 1° latitude-longitude mesh using a
simple scheme in which all observations within 150
km of a grid point are weighted by the reciprocal of
their distance away. Figure 6 shows precipitation totals
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over the 2-h period from 1100 to 1300 UTC 15 De-
cember (scaled to millimeters per hour) from (a) ob-
servations and (b) MM4. The area of stratiform pre-
cipitation near the southern Great Lakes is well cap-
tured by the model. The apparent excess in the model’s
area-integrated precipitation results partly from a lack
of observations over the lakes. Other areas, particularly
the region to the south, are not well captured. This
southern region consists mainly of convection that was
initiated 12 h earlier as an intense squall line over Ar-
kansas and Louisiana ahead of the cold front. The
model did not forecast the initiation of this convection;
therefore, it could not predict its subsequent evolution.
However, it will turn out that the majority of the dia-
batically produced PV that influences the cyclone is
unrelated to this convective line. In general, 24-h in-
tegrated precipitation totals correspond quite well with
observations apart from rainfall along the cold front
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Fi1G. 5. Observed and forecasted winds at 0000 UTC 16 December
for (a) 850 mb and (b) 500 mb. Plotting conventions are as in Fig.
4.






