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Abstract. The quasigeostrophic theory is used to address
the role of diabatic forcing in synoptic scale processes
over Iberia. A parametrization of diabatic heating is
obtained in terms of a thermodynamic variable called the
ice-liquid water potential temperature which is conser-
vative under all phase changes of water. A case study
objectively selected by means of a rotated principal
component analysis over the diabatic field is analyzed to
test the proposed parametrization. This study highlights
the fact that the magnitudes of diabatic forcing and
dynamic forcing are very nearly the same throughout the
troposphere. The results also show that the composite
diabatic heating is a better representation for both
cloudiness and precipitation fields than the dynamic
forcing.

1 Introduction

Accurate prediction of the onset, end, areal extent, and
amount of precipitation has long been one of the
primary goals of weather forecasting. Precipitation
forecasts are based upon the knowledge that the upward
displacement of saturated air parcels will produce
precipitation. A number of investigators (Yip and
Cho, 1982; Chang et al., 1984; Smith et al., 1984; Smith,
1987) have produced evidence that forecast precipitation
amounts and updraft strengths are considerably under-
estimated by dynamic models that ignore the effects of
condensation occuring in synoptic scale ascent regions.

Vertical motions associated with traveling baroclinic
systems are able to be diagnosed from quasigeostrophic
theory. From the classical quasigeostrophic omega
equation, vertical motions are forced by vertical differ-
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ential vorticity advection and the Laplacian of thermal
advection (Holton, 1972). Trenberth (1978) pointed out
that in the middle troposphere these two forcing effects
often nearly cancel each other. He combined these two
forcing effects mathematically and estimated vertical
motions from a weather map containing thickness and
vorticity contours. Hoskins et al. (1978) presented a
more general formulation of the complete geostrophic
forcing terms in the omega equation including the term
ignored by Trenberth. They showed that the right-hand
side of the omega equation could be written in a more
compact way using the Q vector analysis, by which the
vertical motion tends to be upward when the field of Q
vectors is convergent. Divergence of Q vectors is
proportional to the three-dimensional Laplacian or
curvature of the omega field under assumptions that
the flow is adiabatic, in hydrostatic balance and that
advections are accomplished solely by the geostrophic
winds (Chen ez al., 1988). An interpretation of the Q
vector is that it provides an approximate picture of the
ageostrophic horizontal wind in the lower branch of the
circulation that develops in order to maintain thermal
wind balance in an evolving synoptic disturbance. By
virtue of this scheme, in the lower troposphere, the Q
vector would point toward the region of ascent while in
the high troposphere, the direction of the Q vector
would be opposite to the ageostrophic motion.

The obvious disadvantage is that the quasigeostroph-
ic forcing does not incorporate vertical motion produced
by diabatic heating or cooling. In fact, because the Q
vector analysis is obtained in adiabatic conditions, this
latent heat release is not taken into account. On the
synoptic scale, diabatic heating appears to be very
important because widespread ascent of saturated air
and its associated latent heat release will tend to
reinforce the ascent. In agreement with Hoskins and
Pedder (1980), we think that the absence of diabatic
processes in quasigeostrophic diagnosis might be a
drawback.

The importance of diabatic effects on synoptic scale
processes over Iberia is investigated in this study within
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the quasigeostrophic theory framework. A parametriza-
tion of diabatic heating is proposed, which is described
in Sect. 2. To gain insight into the skills of parametri-
zation, some meteorological products are computed for
a case study objectively selected by a method described
in Sect. 3. In Sect. 4, the proposed parametrization is
tested on the case study developed in Sect. 3 in order to
examine its ability to describe precipitation and cloud-
iness fields. Finally, the results of this study are
discussed in Sect. 5.

2 Parametrization of diabatic heating

Quasigeostrophic theory has been the cornerstone of
dynamical meteorology and has provided the conceptual
basis for understanding the behavior of extratropical
synoptic systems. Within the framework in this theory,
is the well-known omega equation for estimating vertical
motion. If the diabatic effects are not neglected in the
thermodynamic equation, then omega equation includes
a further term on the right-hand side which is propor-
tional to the horizontal Laplacian of the diabatic
heating. Therefore, the quasigeostrophic omega equa-
tion with diabatic heating included, can be rewritten
according to Bosart (1985) as:

V2+f o= -2V ~Q—iv2J (1)
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A list of symbols is provided in Appendix A. In general,
J is the rate of heating per unit mass due to radiation,
conduction, and latent heat release; in this study, J is
limited to latent heat release. Note that the forcing terms
do really indicate that upward motion would be favored
in regions where the field of Q vectors is convergent and
diabatic heating is positive.

In this section an expression for the diabatic forcing,
based on the entropy state function for a system of
cloudy air, which retain latent heat release associated
with processes involving ice phase changes is now
developed.

Using the entropy form of the first law of the
thermodynamics, heat flow may be related with specific
entropy, s, by means of:

J ds

?EE. (2)

For a closed adiabatic system of dry air, the entropy
change is given by

ds = Cpd1n 0 = 0. (3)

Thus, if the system consists only of dry air, the dry
potential temperature, is a constant. If water vapor is
included, the potential temperature of dry air is not
suitable to characterize the system. Instead, the potential
temperature of moist air, 6,, should be used which is
conserved when water vapor is included (Iribarne and
Godson, 1973; Lips and Hemler, 1980). If liquid water is
taken into account, the liquid water potential temper-
ature, 0;, defined by Betts (1973), must be used.
Nevertheless, it would be more desirable to extend the

definition of 6; and include the ice phase since
consideration of ice is essential for deep convection.
Tripoli and Cotton (1981) defined an ice-liquid water
potential temperature, 0;;, which they considered to be
conserved even under nonequilibrium conditions. They
based the definition of 0;; on an approximated form of
the thermodynamic energy equation and made some
further approximations to obtain the following expres-
sion:

Li(To)rn
C, max(T,253)

Liu(To)’”i
C,max(T,253)]

0 =0[1 — (4)
0;; is conserved under all phase changes of water if
reversibility is assumed (i.e., for non-precipitating
systems). This temperature is an extension of the liquid
water potential temperature and reduces to 6 in
subsaturated conditions. Moreover, 0;; varies continu-
ously from clear air to cloudy air.

Because it is often desirable to handle a thermody-
namic variable which is conservative under adiabatic
liquid and ice transformations, the variable 0; was
defined by Tripoli and Cotton (1981) so that its internal
variations are zero. Variations in 6;; occur only due to
external changes of »; or r;. Therefore, it is evident that
precipitation will affect 0;;.

Hauf and Holler (1987) analyzed the relationship
between entropy change and thermodynamic variables
by which the entropy change can be related for a cloud
system to 0, as:

ds = Cpd In 0. (5)

By introducing this expression in Eq. (2), it follows
that:
dIn 911
J=T1C,—— 6
— (6)
Furthermore, by inserting Eq. (6) into Eq. (1), the
omega equation can be rewritten as:

R dln@i
<V2+f082> ——2Vp-Q—]—?Vf,<T - ’>. (7)

We may then notice that a synergistic interaction
between dynamics and thermodynamics can occur. By
dynamics, we are referring to processes associated with
quasigeostrophic forcing (—2V, - Q) and by thermody-
namics to processes related to convective conditions.

3 Selecting a case study
3.1 Data

The data set consists of surface rainfall and upper-air
measurements throughout the year 1990. The synoptic
network of 90 rain gauges measuring 24-h accumulated
precipitation was used to collect distributions of rain-
fall overall Iberia. Twice daily soundings at 0000 and
1200 UTC were taken at the seven stations shown in
Fig. 1. Numerical computations for both dynamic forc-
ing and diabatic forcing terms (G and D, respectively,
hereafter) were performed from interpolated state vari-



M. L. Martin et al.: Evidence for the role of the diabatic heating in synoptic scale processes 489

b o U

O < . o
“Balearic Sardinia

Islands %

Mediterranean
Sea

Atlantic
Ocean

3

Fig. 1. Map with geographical names referred to in the text indicating
location of the seven sounding stations in Iberia by numbers: /, La
Coru na 2, Santander; 3, Lisbon; 4, Madrid; 5, Murcia; 6, Gibraltar;
7, Palma de Mallorca

ables on a cartesian coordinate grid with a mesh size of 2°
latitude by 2° longitude in an area encompassing the
Iberian Peninsula and the Balearic Islands. The sounding
data from the seven locations were objectively interpo-
lated by moving averages (Ripley, 1981) in order to build
up such a regular grid. This computationally simple,
weighted-averaging method assigns a weight to a datum
solely as a known function of distance between datum
and grid point. Derivatives appearing in terms are
approximated using centered differences of dependent
variables over finite space and time intervals. Finite
differences are discrete approximations to continuous
derivatives D and G were computed for every day of the
year 1990 and for a number of mandatory levels in each
grid-point. Table 1 shows space-time averages of D and G
absolute values at 850, 700, 500, 400 and 250 hPa. It is
worth emphasizing that in general the order of magnitude
is the same for the two types of forcing and that the
diabatic forcing is somewhat greater than the dynamic
one below the 500 hPa level. The difference between
dynamic and diabatic forcing reaches its maximum at
about 700 hPa. This is the reason why we focus our
analysis on that level.

3.2 Criterion of selection

To avoid bias, the selection of a case study should not be
made subjectively. We might objectively draw a case by
a random method but in this case the selected D field

Table 1. Space-time averaged absolute values for dynamic (G) and
diabatic (D) forcings (x 10! hPa~'s™) at several mandatory levels
(hPa)

Level 850 700 500 400 250
G 2.7 3.6 7.2 7.5 7.4
D 3.6 6.1 3.4 33 3.1

might be poorly representative. That is the reason why
in this work the case study has been chosen through an
objective (automated) classification scheme based on
principal component analysis (PCA) trying to find a
daily weather situation, which will most closely resemble
the first rotated principal component of the D field. The
case study has been chosen from the complete D data set
in order to validate the diabatic forcing term in Eq. (7).
PCA has proven to be a reliable method for data
reduction and for examining the variance structure.
PCA applied to spatial data, known as S-mode decom-
position (Richman, 1988), enables patterns to be
identified that, by inference or (as proposed in this
study) by statistical assessment, can be attributed to
specific forcing mechanisms.

Let D, represent a set of observation vectors at the
each grid-point for N observations in time. D, may be
then expressed by using summation notation as:

M
D, = Zy[l«Ei
i=1

where M is the total number of grid-points, E; the
eigenvector associated with the i™ eigenvalue and yy is
the time-dependent coefficient (score) of the i eigen-
vector for the k'™ observation in time. In our case, the
total number N of observations is equal to 365 and M
represents the 40 grid-points. Hence, 40 eigenvalues and
eigenvectors are produced. Generally, the most impor-
tant (first one) eigenvector tends to describe the D region
with largest fluctuation (generally, where D is greatest).

Spatial maps of these principal components and their
interpretation can be enhanced by rotation. A few
desirable qualities of rotated solutions for regionaliza-
tion works include the domain shape independence and
that it maximizes the correlation of a few variables with
a given principal component PC, at the detriment of
explaining total variance across the data set (Karl et al.,
1990). Rotation also allows easier interpretation of the
PCs. Indeed, both unrotated and orthogonally rotated
solutions (Varimax) were computed for D, but interpre-
tation of the rotated solutions becomes much more
straightforward because it may aid in identifying unique
D fields. PCAs advantage of maximizing the variance in
a few (a number much smaller than the number of
variables, or grid-points in this case) linear combina-
tions of variables dictates that the number of PCs to
retain for rotation must be decided prior to rotation.
One technique, commonly referred to as “rule N”,
compares eigenvalues to a distributions of uncorrelated
Gaussian variables. For a complete description of the
method see Preisendorfer (1988). In general, rule N
seemed overly conservative retaining only a few (three,
herein) components. The first unrotated and rotated
components approximately explained 78 and 36% of the
total variance, respectively (Table 2). The first rotated
component was therefore of most interest for describing
diabatic processes operating over the Iberian Peninsula
for most explained variance reasons. It would appear,
then, to be reasonable that the case study would be one
bearing the strongest resemblance to the first rotated PC.

k:1327"'7N7 (8)
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Table 2. Variances /; and cumulative variance ratios (percentages) of the first three PCs

Ist PC 2nd PC 3rd PC

Nonrotated Rotated Nonrotated Rotated Nonrotated Rotated
Variance explained 31.1 14.2 3.6 13.0 2.4 9.8
Cumulative proportion 78 36 87 69 93 93

of total variance

To elucidate this requirement, Molteni et al. (1983)
procedure has been used here. At root, Molteni’s
approach is intended to obtain the rotated first-PC
score corresponding to the k™ day that the projection of
the data vector Dy onto the first rotated eigenvector is a
maximum. To do this, a two stage classification is
conducted as follows:

1. Only the scores y}, of the first rotated PC whose values
are higher than an empirical threshold are retained. Put
mathematically, the following conditions are to be held
for:

r Z?k

zZy, > 1.5 and max(Zy)
where zj, =),/ if/ ? is the normalized score, being )L;/ ?
the standard deviation of the first rotated principal
component;
2. In such a discriminated score set, the score most
conformed to the first rotated PC was isolated: corre-
lations between the 700 hPa averged D-field and each of
the 700 hPa individual D-fields were computed. It is the
individual 700 hPa D-field showing maximum correla-
tion with the joint discriminated averaged field that was
chosen as a snapshot of the first rotated PC.

>2j#1 ©)

4 The example of 15 March 1990

The implementation of the methodology allowed the 15
March 1990 atmospheric situation to be objectively

o

\\.

[i5603 —.( " . v

1200 UTC
15 March 1990

selected to analyze the diabatic forcing obtained by
means of the proposed parametrization.

The selected day corresponds to the synoptic pattern
characterized by a stationary, high-amplitude ridge, i.e.,
by a blocking high as viewed in Fig. 2. Despite the fact
that such a situation may be considered rather special
(since blocking situations usually occur on 10% of all
days over western Europe, Tibaldi ez al., 1994), such
situations are of interest because of their profound effect
on local and regional climates and particularly on
southwestern Europe.

On the surface chart (Fig. 2a), an anticyclone centered
over Central Europe extended over the west of Europe.
A deep cyclone with a 980 mb center was located west of
Iceland possessing a secondary low as a pivotal point for
a cold front extending southwestward to the Azores
Islands. Figure 2b shows the 500 hPa geopotential
analysis for the same day. The surface low pressure
center, situated to the west of Iceland, is also present at
500 hPa while a ridge stretched along a tilted SW-to-NE
axis through Iberian. Also of remarkable interest is the
existence of a weak but very significant low over Sardinia.

In such a situation, strongly stable conditions prevail
over most of the Iberian Peninsula, except for the zone
of Balearic Islands and eastern Iberia where stratiform
cloudiness was reported (Fig. 3). Unlike the 1200 UTC
Palma de Mallorca and Murcia soundings, which show
unstable conditions (Fig. 4), the remaining soundings
over Iberian Peninsula (not shown) are not representa-
tive of such conditions. Both soundings depict a moist
layer below 700 hPa separated from a dry layer above by

1200 UTC
15 March 1990

Fig. 2a,b. Synoptic situation at 1200 UTC on 15 March 1990. a Surface analysis (pressure contours every 4 mb); b 500 hPa analysis (height
contours, every 60 m, continuous lines; temperature contours, every 4 °C, dashed lines)
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Fig. 3. Spatial pattern of cloudiness for 15 March 1990. Numbers
indicate sky covered by cloud in oktas

a shallow stable layer with inversion. Furthermore, it
can be observed in the Palma de Mallorca sounding a
moderate convective available potential energy (CAPE)
of 404 JKg~!' that suggests convective instability. A
northerly flow around the western flank of the low over
Sardinia affects completely eastern Spain. In fact, Fig. 4a
highlights this northerly flow. It is apparent that the
atmosphere has an approximately equivalent barotropic
structure in the troposphere. Lines (1970) asserts that a
northerly flow over western Mediterranean is a condi-
tion well suited for rainfall over such a zone. Indeed, the
precipitation field (Fig. 5) displays some daily rainfall
(lower than 1 mm) associated with stratiform cloudiness
over the Balearic area and the absence of it over Iberia.

The computed quasigeostrophic forcing, G, for ver-
tical motion is displayed in Fig. 6 for 700 hPa at 1200
UTC. Relatively moderate positive values (=~ 8 x 10717
hPa~!'s™3) are located to the northeast of Iberia. This
area is directly affected by northerly air flow brought
about by Sardinia’s low and convergence of Q vectors
results. The remaining area of Iberian Peninsula shows
negative, relatively moderate values associated with
subsidence at the high pressure area.

On the other hand, a composite 700 hPa diabatic
forcing, D, is displayed in Fig. 7. It is noticeable that
there is a region with positive values (about 12x
10~7hPa~'s~3 which means a relatively strong diabatic
heating associated with latent heat release over eastern
Iberia and Balearic Islands. By comparing Fig. 7 and
Fig. 3, it can be observed how the area of positive
diabatic heating matches the cloudiness area reported on
this date. Such a feature may well be due to the inclusion
of the ice-liquid water potential temperature in the
diabatic heating parametrization since for adiabatic
conditions (Fig. 6) it does not occur. Moreover, the
strongest diabatic heating area seems to be quite realistic
when compared to the precipitation area in Fig. 5. The
remainder region of the data window shows distinctly
negative values (=~ —13 x 107'7hPa~!s—3) that denote
moderate diabatic cooling and favor downdrafts. This is
consistent with the mentioned strongly stable conditions
stretching over much of Iberia.

5 Concluding remarks

As already mentioned this study basically focused on the
question of how the diabatic forcing term is to be applied

Fig. 4a,b. Skew T-log p plot for 1200 UTC on 15 March 1990 for a Palma de Mallorca sounding; b Murcia sounding. Solid line is the temperature;

dashed line is the dewpoint. Wind barbs are in knots
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Fig. 5. Isohyets of daily rainfall (mm) for 15 March 1990

accurately in the quasigeostrophic omega equation over
Iberia. Certain aspects of this subject have been exam-
ined. A formulation of diabatic term, including all phase
changes of water, has been considered in this study.

G and D were computed in 40 grid-points over Iberia
and Balearic Islands from Spanish Sounding Network for
every day 1990 and for a number of mandatory levels. By
studying the space-time averages of D and G absolute
values at 850, 700, 500, 400 and 250 hPa, it can be
observed that the order of magnitude is the same for the
two types of forcing and that D is greater than G below the
500 hPa level. We also compared the calculated outputs of
the diabatic term against the dynamic forcing term in the
omega equation for an objectively chosen case.

The chosen case study was selected by applying a
methodology aimed at finding a spatial D pattern for
diabatic term whose resemblance is the largest when
compared to the first rotated PC for the D field. The
situation for 15 March 1990 is identified as that corre-
sponding to the first principal component. The related
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Fig. 6. Divergence of the Q-vectors (times -2) at 700 hPa for 1200
UTC 15 March 1990. Contour interval is 2 x 10717 hPa~!s=3
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Fig. 7. Diabatic heating at 700 hPa for 1200 UTC 15 March 1990.
Contour interval is 2 x 1077 hPa~!s™3

synoptic situation is characterized by a stationary, high-
amplitude ridge which produces strongly stable condi-
tions over much of Iberia. Eastern Iberia and Balearic
Islands are, on the contrary, undeniably affected by a low
situated over Sardinia which induces a northerly air flow
and brings cloudiness and precipitation into such a zone.
At 700 hPa level, the D term is significantly greater than
the G term and therefore the D term must be considered
when applied the quasigeostrophic formulation in Iberia.
The D spatial distribution matches the observed rain and
cloud pattern to confirm the skill of the diabatic forcing
parametrization developed in this study.

One might reasonably suppose that by including only
a slightly further level of sophistication in the classical
quasigeostrophic omega equation by adding the de-
scribed parametrization, it might well gain some insight
into rain and cloudiness features over Iberia. However,
the checking of this assumption would have to depend
on more specific research which, with almost complete
certainty, would lead to a rather different study.
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Appendix A

List of symbols

specific heat of dry air at constant pressure
diabatic forcing term, i.e., —2V? (TM)
p P dt

SIS

eigenvector associated with the i principal com-
ponent

Coriolis parameter

dynamic forcing term, i.e., (—2V, - Q)

Q™™
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rate of heating per unit mass

latent heat of sublimation

latent heat of vaporization

total pressure of air

Q vector

dry air gas constant

r;  mixing ratio of ice water

r;  mixing ratio of liquid water

s specific entropy

t time

T  temperature

yik  score of the " principal component in the k™ day

¥} score of the i rotated principal component in the

kM day

zj, standardized score of the it
component in the k" day

standard deviation of the /" principal component

0  potential temperature of air

0, liquid water potential temperature

0,, potential temperature of moist air

0;; ice-liquid water potential temperature

o  static stability parameter

o  vertical motion

HOT SIS

rotated principal
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