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ABSTRACT

In this study the physical processes producing the major
centers of synoptic activity in the eastern Canadian Arctic are
examined. We choose the total vertical velocity at 85 centibars
as an indicator of the intensity of the synoptic activity.

A diagnostic three~dimensional atmospheric model from which the
total wvertical velocity from six physical processes may be
computed is designed and validated. These processes are: the
differential advection of vorticity, the thickness advection,

the rélease of latent heat, the effects of the surface enthalpy
flux, and the influence of friction and orography at the surface.
By partitionment of this diagnostic model (the omega equation)
into the component vertical velocities the magnitude and relative
importance of each process may be determined.

The significance of each physical mechanism is examined at
48 hour intervals throughout the history of a mid-latitude
depression system which enters the region as a developing cyclone
on July 13, 1973 and leaves on July 22 as a stagnant vortex.
The relationships between the large scale flow (the advected

properties) and the local influences at various stages of
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deyelopment and decay are of intexest, Also discussed is the
effect of tﬁis-synopftc system on the local thermal regime. An
important fce melt event occurred during this interval along
the eastern Baffin Island coast.

For the winter and summer seasons of 1973 the major synoptic
systems in the area are identiffed by pattern (eigenvector)
classiffcation of the 85 centibar total vertical velocity field.
For each synoptic feature the average physical processes
responsible for the vertical circulation are determined by
empirical comparison of patterns in each component field with
the pattern of the synoptic feature, and by comparison of
magnitudes of the total and component vertical velocities at the
center of the feature throughout time. The physical linkages
proposed by considerations of these two independent tests are
verified by subjective analysis of individual cases. Seasonal

trends of these mechanistic linkages are also discussed.
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CHAPTER ONE

INTRODUCTION

Statement of the Problem

In studies of synoptic systems interest is often focused
on the changing nature and intensity of the physical
mechanisms, changes which are responsible for the evolution
of an atmospheric vortex. One common measure of the strength
of synoptic activity at a given stage in this evolution is the
vertical velocity within the system. The relative contribution
by each physical process to the total vertical circulation may
be determined with numerical techniques derived through
considerations of atmospheric dynamics.

In this study the physical mechanisms responsible for major
synoptic features in the eastern Canadian Arctic are examined
for the winter and summer seasons of 1973. The data for
analysis are mid-tropospheric vertical velocities calculated
with a diagnostic atmospheric model. From these derived data
the magnitudes and relative importance of each process are
estimated. The seasonal variability of the mechanistic linkages
involved in the circulation of the synoptic systems and the

intensity of these systems is emphasized.



Background for the Study

There are six major physical processes involved in the
vertical circulation: advection of vorticity and thickness, and
local effects of latent heat release, surface temperature,
orography and friction.

For a cyclonic system Bjerknes and Holmboe (1944) have
related uplift and the concomitant surface pressure fall to
upper level divergence along the east limb of a trough in the
hemispheric flow. At this location there is positive advection
of relative vorticity from the region of maximum cyclonic
curvature at the base of the wave. The ascent may be enhanced
or subdued by lower level positive or negative thickness
(thermal) advection along a baroclinic zone (Petterssen, 1955).

The significance of these two advective terms may be
altered‘by processes of local origin. During winter, when
there is a large surface to air temperature difference over an
unfrozen water surface, Petterssen and Calabrese (1959) noted
that a strong positive enthalpy flux with low level convergence
has a dominating influence on cyclonic activity in the Great
Lakes region. This has been confirmed in numerical modelling
efforts by Danard and Rao (1972) who calculated a 7 mb pressure
fall with a 6C° temperature excess of the Great Lakes. This
has dramatic effects on the regional climate, largely in the
form of increased precipitation (Lansing, 1965; Lavoie, 1972).
Sutcliffe (1951) attributed the anchoring of a trough in the

hemispheric circulation to the thermal effect of the open



Hudson Bay

Also of importance in the wertical circulation is the
buoyancy due to latent heat release in a precipitation belt,
This can be shown to have a prolonging influence on a depression
system (Rao, 1966). The diabatic heating offsets thie inhibiting
adiabatic cooling within the uplift sector.

Bryson and Kuhn (1961) stress the frictional influence
on low level convergence in littoral regions which is related
to the land-sea differential of frictional drag. In a numerical
study Lavoie (1972) found frictional ascent to extend 50 km
inland from the Lake Erie shore.

Forced orographic uplift and descent will interact with
these processes on a local scale. TIn the large scale flow,
however, it is considered the dominating influence on
cyclogenesis in the lee of mountain barriers (Charney and
Eliassen, 1949). The vertical stretching and generation of
cyclonic vorticity downstream of the Rocky Mountains is the
suggested origin of the 'Alberta' and 'Colorado' lows (Chang,
1972).

During the history of a synoptic system the change of the
total vertical velocity is a function of the change in intensity
of each process and the change in the relative imbalance of all
§ix in combination. Often the stage of a system may be defined
with respect to the dominance of one or more of these advective

and local mechanisms (Krishnamurti, 1968b).



In the Arctic the identification of these mechanisms in

- synoptic processes has not yet received the same attention that
it has for the more fully documented mid-latitude features. It
is not for a lack of synoptic situations to study in a region
where the day to day variability is of more significance than
the mean map (Hare and Orvig, 1958). Rather it is related to
the acknowledged lack of experience in dealing with an area for
which adequate aerological data has become available only within
the last two decades. Before 1952 surface pressure maps were
drawn with the assumption of the existence of a polar
anticyclone (Reed and Kunkel, 1960).

Many of the Arctic analyses are based on subjective
examination using principles derived for mid-latitude
situations or inference from statistical association in the
available data. There are still many uncertainties. For
example, Dzerdzevskii (1945) and Vowinckel and Orvig (1970)
believe that strong thermal contrasts of ice covered land
and sea favour summer baroclinic development but Reed and
Kunkel (1960) suggest that this is over simplified and
orographic influences must be considered. Hare (1968), however,
notes that mid-tropospheric features are uniform and simple so
that these complex thermal effects must be restricted to a
shallow surface layer. Reed and Kunkel (1960) identified a
frequency maximum of cyclonic activity in Baffin Bay while
Petterssen (1950) found a similar feature in south Davis Strait.

Reed and Kunkel attribute the difference to revised and more
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reliable data but still acknowledge that general conclusions are
impossible from their small sample in light of the great year to
year variability of Arctic systems.

A clear physical understanding of the mechanistic linkages
involved in Arctic synoptic processes is necessary. On the
basis of synoptic experience, the Baffin Bay cyclone center may
be interpreted at times as an orographic effect superimposed
on the flow in a trough around Greenland or the result of
topographic obstruction and in situ decay of the advective
processes of mature mid-latitude systems deflected up Davis
Strait by strong North Atlantic blocking (Hare and Orvig, 1958).
There is a similar frequency maximum of low pressure over
southwest Baffin Island which Reed and Kunkel (1960) believe
is a meeting point for depression tracks from west Canada and
Colorado. This was subjective interpretation based on the
proximity of the mean positions of the respective fronts in this
region, positions which have since been redefined using revised
techniques (Bryson, 1966; Barry, 1967). The only studies
using dynamical models have been related to the thermal effects
on baroclinic disturbances by the teﬁperatﬁre gradient over the
North Atlantic (Mansfield, 1974) and the contribution of strong
surface heating to vorticity generation during a few case
examples of 'explosive' cyclogenesis in the Gulf of Alaska

(Winston, 1955).
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There are relatively few quantitative data on which to base
a complete analysis of synoptic dynamics in the Arctic. The
difficulty is that the pertinent data - the vertical velocity for
example - are not observed directly but are calculated from
theoretical models. The data that are available for the
Canadian Arctic are based on empirical approximations to these
models and hand analysis of charts for one season only

(Fogarasi, 1972).

Organization of the Presentation

A theoretical model of atmospheric dynamics is used
to generate vertical velocity data in the eastern Canadian
Arctic. Ffom these data the intensity and relative contribution
to the total circulation is examined for each of the advected
and local physical processes. The purpose is to determine the
dynamical explanation for the major synoptic features in this
region and any seasonal changes or biases in the mechanistic
linkages.

The study is subdivided according to the following topics.

In Chapter Two a three-dimensional diagnostic model of
the atmosphere is presented. Using the model the total vertical
velocity due to each advective and local process may be
calculated from grid point aerological data. The physical
interpretations of the terms and limitations of the
parameterizations are discussed.

In Chapter Three a verification of the model is presented.
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A convenient performance indicator is the precipitation predicted
by the model which is compared with reliable observations for
sixteen cases of cyclonic disturbance in the mid-west
United States.

In Chapter Four a detailed analysis of the history of a
single synoptic system in the eastern Canadian Arctic is
discussed. Magnitudes and contributions of each physical
process are presented for case examples and probable dynamical
relationships at various stages of the system are suggested.
This detailed study provides a foundation for the interpretation
of empirical analysis of the model generated data in the
following chapter.

In Chapter Five the data for a 234 day sample including
the winter and summer seasons of 1973 are examined empirically.
Mean centers of significant synoptic activity are identified
through the use of pattern recognition techniques. The
important physical mechanisms for each center are determined
and verified using two independent statistical tests. The
results are compared subjectively with those of the detailed
analysis in Chapter Four for selected cases.

In Chapter Six the results are summarized. Modifications
and improvements to the technique and experimental design are

suggested.



CHAPTER TWO

MODEL AND COMPUTATIONAL DESIGN

Introduction

To be a complete diagnostic tool for the study of advective
and local effects on synoptic behavior a model must include
realistic linkages between these three sources of influence
identified in the introduction:

1) advection of vorticity and thickness (temperature)

2) diabatic heating or cooling

3) orographic deformation of the surface flow and

frictional convergence or divergence.
The relative importance of each source must be determined by
analysis of synoptic cases.

The advective processes have been studied extensively on
the synoptic scale (disturbance wavelength of 103 km) .
Techniques for the calculation of the associated vertical
velocities vary from empirical vorticity tendency expressions
at one or two levels (Penner, 1963; Harley, 1964, 1965;
Fogarasi, 1972), the complete time dependent vorticity equation
(Winston, 1955), or the more tractable steady state 'omega'
equation (Petterssen et al, 1962; Pedersen, 1963; Baumhefner,
1968; Krishnamurti, 1968a and b; Stuart, 1964, 1974). The
advantage of the omega equation is that only space derivatives

are calculated; the time derivatives of the vorticity tendency



models and attendant computational stability criteria need not
be considered. In addition, the omega equation is a physical
model devoid of parameterization when applied to item one (above)
although in actual practice some assumptions are made on the
basis of scale analysis. Whereas empirical vorticity models
must have different coefficients at various levels, and are
therefore usually restricted to only one or two atmospheric
layers, the omega equation has complete physical integrity in
three-dimensions and a perturbation at any location may be
propagated throughout the system with complete fidelity.

A furthur advantage in the choice of a steady state model
is that data restrictions may be relaxed. Filtering of the
input fields through objective analysis to reduce instrument
errors and remove high order oscillations, which is a
requirement in prognostic models in order that spurious error
growth is damped, is not necessary (Smith, 1973).

For the computation of mid-tropospheric vertical velocities
on the synoptic scale the three~dimensional omega equation has
been reasonably successful (Stuart, 1970). If influences of
categories two and three (above) are to be included, however,
some terms must be parameterized or incorporated in the
computational scheme by appropriate boundary conditions. The
degrees of freedom and computational complexities are increased
and, consequently, there are fewer studies which include the
complete dynamics of synoptic processes. One scheme to include

all three factors of influence has been proposed by
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Krishnamurti (1968a).

A difficulty inherent in the omega equation is the lack
of verification statistics. There is not any observed field
with which to compare the only output - the vertical velocity.
Model reliability may be evaluated only by comparison with
other independent models (Smith, 1971) or by subjective
examination of indicators, such as the spatial relation between
the sign of vertical motion and cloud and moisture distribution
(Baumhefner, 1968). Therefore the omega equation is used
primarily as a diagnostic rather than as a prognostic model.
Comparative statistics and not absolute magnitudes are of
primary interest.

In this section the diagnostic omega equation is presented
with the necessary parameterization to permit a complete study
of the physical relationships in an Arctic synoptic system.

The computational design and data source is also discussed.

The Omega Equation

The derivation of the omega equation is based on a
combination of the thermodynamic energy equation and the
quasi-geostrophic vorticity equation manipulated such that all
time derivatives of these two expressions are removed (cf. Holton,

1972).
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The thermodynamic energy equation may be written as:-

3 {-30/3p)} = -Vg'V{—B‘I)/ap} +ow+RH

T: c
P

(2.1)

A B C D
where the symbols are identified in Appendix one and the
del operator (V) is in the two horizontal dimensions only.
Vg is the geostrophic velocity and w(omega) is defined as:
w = -pgw (2.2)
Thus a negative w indicates a positive vertical velocity (w).

The static stability parameter o is defined as:

o = RT 36 (2.3)
pé 3p
with units of m2 cb-2 s-z. We use the hydrostatic approximation
so that:
RT = a = 3¢ (2.4)
P ap

For a hydrostatic atmosphere 3% is proportional to the
op
temperature as dp>0. Term A of 2.1 is therefore proportional

to the local rate of temperature change on an isobaric surface
(Holton, 1972). The first term on the right hand side (B)

is then proportional to the geostrophic temperature advection
on an isobaric surface. The last two terms are, respectively,
the adiabatic (C) and diabatic (D) heating terms contributing to
the thickness change (A). Thus we have two of the three sources
of interest, but in a time dependent form. Term A must be

removed.
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The quasi-geostrophic vorticity equation may be written

as:

g = -V V{4 £} + £ 2w (2.5)
3t & ap
E F G

where the geostrophic vorticity is:

L= VzQ/fo (2.6)

and fo is the Coriolis parameter for the region. The beta-
plane approximation is used so that the variation of f with
latitude is constant.
The interpretation of the terms of the quasi—geostrophic
vorticity equation are as follows (Holton, 1972):
E the local rate of change of relative vorticity
F the horizontal advection of absolute vorticity
G the divergence term
From case study analysis (Krishnamurti, 1968b) we know that
the other terms of the vorticity equation (which include the
vertical advection of vorticity and the twisting or tilting
term) may be neglected without serious consequence. On the
synoptic scale they have a tendency to cancel one another.
The vertical derivative of w in G is definéd by the
continuity expression:

V-V = -3u 2.7
3p

Note that the horizontal velocity in 2.7 is not approximated



13

by the geostrophic value as is done in term F of 2.5 hence
the name quasi-geostrophic. If this approximation were made
there would not be any divergence and corresponding vertical
motion as it is the small departure from geostrophic flow which
accounts for mass divergence or convergence (Holton, 1972).

The continuity expression (2.7) has been used to compute
the vertical velocities directly through kinematic analysis
(Lateef, 1967; Fankhauser, 1969, 1975; Kung, 1972; O'Brien,
1970; Smith, 1971). With suitable error correction routines
(e.g. O'Brien, 1970) this method can yield reasonable results
from the horizontal velocity field only. However, since the
vertical velocity is only a function of small departures from
geostrophic balance, small data errors can have significant
effects on the result. For example, a 10 per cent accuracy
of the divergence requires a one per cent accuracy of the wind
observations (Thompson, 1969). The final error may be of
greater magnitude than the divergence itself. The wind data
in the Arctic are not of sufficient accuracy to permit a
kinematic approach (Baumhefner, pers. comm. 1975).

To remove the time dependent terms we take the
horizontal Laplacian of 2.1, equating ¥ = 3%/3t;

vzax/ap = -Vz{Vg-V(aélap)} - cVzw - R VZH (2.8)

c
P P
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Equation 2.5 is differentiated with respect to pressure:

a{v’)= £ 2 {V.V(L Ve + D)} £2 o2 (2.9)
ap ap g fo sz

Subtracting 2.8 from 2.9 to remove X yields the final form
of the steady state omega equation for isobaric co-ordinates:

tovi+e2a® du = £ 0 (V -V(LVZQ + £)} - vz{vg-vg}

o o 8
ap2 p fo op
H I J
2 2
—g - v HE - g - \ HLP (2.10)
P P
K L

This expression is a Poisson equation and is solved for w

using relaxation techniques. The major input is the geopotential
field (®) and 2.10 is often solved only using terms I and J.

The diabatic terms reﬁuire parameterization for heating due to
surface thermal effects (HE) and latent heat release (HLP)' The
terms of 2.10 are additive for the solution of omega and K and

L may be combined as a total diabatic effect.

Each term on the right hand side of 2.10 may be solved
individually for omega (Krishnamurti, 1968b, Petterssen et al,
1962) to assess the relative contribution of each energy source.
It is, tﬁerfore, useful to determine the physical meaning of
each (cf. Holton, 1972, McPherson et al, 1969).

For illustrative purposes consider a short wave baroclinic
system (Figure 1) in mid-latitudes. Term I ot 2.10 is the
differential vorticity advection. For southerly flow in a wave,

which at 50 cb is situated over a surface low, the relative
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vorticity advection is positive (export of vorticity from the
cyclonic curvature)., At the surface low vorticity advection is
small and differential vorticity advection is positive resulting
in negative omega (a rising motion field) over the low. If a
hydrostatic atmosphere is to be maintained within the cyclonic
system as the air cools through adiabatic expansion of ascent
the geopotential height must fall. This falling geopotential is
consistent with increasing vorticity at upper levels (cf. equation
2.6). Once positive horizontal advection dominates within the
low, the hydrostatic atmosphere cannot be maintained unless
development (falling geopotential and positive vorticity advection)
ceases. At the pre-occlusion stage vorticity advection is
reduced and thickness advection dominates the vertical circulation
(Krishnamurti, 1968b).

Term J is directly proportional to the thickness advection.
Recalling that 3%/3p may be referred to as temperature in a
hydrostatic atmosphere, J would be positive for warm air advection
in a baroclinic zone (increasing thickness advection). In the
absence of vorticity advectional diabatic effects omega is
negative (a rising circulation). Such is the case in Figure 1
ahead of the surface warm front under the 50 cb wave. Here,
increasing thickness advection builds the ridge by increasing
the geopotential height. To maintain geostrophic balance the
anticyclonic vorticity must increase. This is accomplished by
increased upper level divergence with resultant mid-tropospheric

ascent. WNote that this increases the differential vorticity
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advection over the low which has the effect of increasing the
low level cyclonic circulation and furthur deforming the
isotherms under the ridge. With the isobaric configuration of
Figure 1 and this positive reinforcement of thickness and
vorticity advection, the system is at the self-development stage.
The only inhibition is adiabatic cooling within areas of ascent
and possibly diabatic effects as the system moves over colder
surfaces.

The diabatic terms (K and L) represent the heating/cooling
due to convergence/divergence of the surface enthalpy flux and
the buoyancy effect of latent heat release during precipitation.
Note that it is the Laplacian of these terms - the topography
of the horizontal field - that is important, not the absolute
magnitudes. From case studies (Chapter Four) it is shown that
there may be ascent with cooling due to divergence of the surface
enthalpy flux because the cooling at neighbouring grid points is
more intense.

Since the Laplacian of the heating function is used,
radiative heating under clear skies for the computational area
can be neglected. Spatial differences would occur in a cloudy
atmosphere. To estimate the significance of the change of
longwave cooling under a cloud compared to neighbouring clear
grid points a sensitivity analysis is performed. Soundings for’
Clyde on Baffin Island for 1968 were selected and the 85 cb
cooling by longwave divergence was calculated using the routine

of Sasamori (1968) for clear days (cooling of -3 x 10-5kj kg-l
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s-l) and days with complete overcast above 85 cb (<1 x 10“5

ki kg s™l). Omega was calculated for a grid with this
cooling rate at one grid point (representing a cloudy
atmosphere) and the former rate at the surrounding points
(representing clear skies). The motion at the central point
due to the lower cooling under a cloud cover is estimated to
be -2 x 10—8 cb s-l. A representative total vertical velocity

for this region during July (Chapter Four) is -5 x 10—5

¢b s ~. By comparison, the vertical motion due to a latent
heat release of 7 x 10-5 kj kg_l s-1 at the same point with no
release at the surrounding points ( a figure characteristic of
stable upglide precipitation, from Krishnamurti, 1968a) is

-8 x 10—8 cb s-l. The difference is not negligible and
radiative effects would provide additional uplift in
precipitation areas. Following Krishnamurti (1968a), however,
the radiative effects are ignored since the required

computations are complex and time consuming when applied to a

large matrix of data.

The Frictional, Topographic and Diabatic Parameterizationms

In the three-dimensional omega equation presented above,
frictional drag and orographic uplift are not considered
explicitly. Friction could be considered as an internal term,
but it would be necessary to compute horizontal derivatives near
90 cb which is a layer not included in the NMC dafa set used for
this study. These two effects are parameterized in terms of the

vertical velocity at the top of -the Ekman layer (assumed to be
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the 100 cb observation) and incorporated into the computations
as the surface boundary criteria.

For the Ekman layer frictional pumping the formulation

of Charney and Eliassen (1949) is used:

We = TPF T (2.11)
Zfo
where the subscript e refers to the assumed height of the
Ekman layer. F may be called a 'friction' coefficient. Derome
and Winn-Nielsen (1971) have found a value of F = 4 x 10—6 s-1
for oceans and F = 8 x 10°% s7L for continents to yield
reasonable results. These values are adopted in this study.
The topographic forcing is expressed as (Knighting, 1969;
Derome and Wiin-Nielsen, 1971):

w, = Ve-Vpe (2.12)
which is added to 2.11 to give the total vertical motion field
at the surface due to mechanical deformation. The topography
at each grid point is converted to pressure equivalent heights
through the hydrostatic approximation. The result is a
smoothed topography where gradients are the average of those
between points. The intense uplift due to local steep
topographic slopes will not be represented in these calculations
which are of synoptic scale.

A great deal of parameterization is required for the
diabatic effects and the selection of models and coefficients

may be open to criticism. For the surface diabatic heating

the instantaneous enthalpy flux (FE)_is computed from a bulk
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transfer formulation:

FE = Ch Vg Cp p (Te - TS) (2.13)
where Vg is the geostrophic velocity at the top of the Ekman
layer, Te is the temperature at that point and TS is the surface
temperature. Ch is the bulk transfer coefficient applicable at
the top of the Ekman layer. Cp is the specific heat of air.

The bulk transfer relation is open to many objectionms,
largely because such a wide range of coefficients have appeared
in the literature for seemingly similar conditions (Robinson,
1966; Roll, 1965; Hicks, 1972). Hicks (1972) has observed small
but significant variations in the value of the coefficient with
fetch, wind speed and stability. For meso-scale experiments,
however, the bulk transfer formulations are used extensively
(e.g. Anthes et al, 1971).

In this study two broad classes are defined for the
selection of the coefficient value: stable, neutral and unstable
(defined as Te>TS, Te=TS, and Te<Tsrespective1y), and land or
sea surface. Csanady (1972) has suggested, from theoretical
arguments and observational evidence, a value of Ch at the top
of the Ekman layer approximately in the range of 2 x 10"3
at neutrality, 3 x 10“3 for an unstable regime and 1 x 10'.3
for a stable regime over land. For the north Alaskan coast
region Walters (1975) found that the 10 m value over water is
approximately one half of that over land. In the absence of

more precise measurements for the arctic at present these

values and ratios are used in this study.
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The heating function (HE) to be used in term K of 2.10 is
applied at the 85 cb level to compute the contribution to the
vertical motion by the surface thermal effects. It should be
applied at a level intermediate to 100 and 85 cb since it is an
average for that level, but there are no NMC data to complete
the balance of 2.10 and the approximation at 85 cb is necessary.
Krishnamurti (1968a) also applied this heating function at the
level where the surface flux is assumed to vanish.

The diabatic heating due to latent heat release is calcualted
at each level following Kuo (1965). One scheme is employed for
widespread stable upglide and another for situations of
conditional instability. The conditional instability for a

layer is defined as:

¥, < o (2.15)
oz

where ee is the equivalent potential temperature:

ee = Bexp(LqS/CPT) (2.16)

If there is vertical motion when the atmospheric layer
is stable and relative humidity is in excess of 70 per cent
(Krishnamurti and Moxim, 1971, adopted 80 per cent but this
value is revised in Chapter Three), the latent heat release is

calculated from:

aq
_-L s
HLP = N (2.17)
where qg is the saturation specific humidity and L is the

latent heat of condemnsation (L = 2.5 x 106 m2 5—2). This

relationship was proposed for all forms of large scale ascent

in nearly saturated air. Kuo assumes that all products of
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precipitation fall out of an air parcel and are not stored.
For this case the heating rate is:

—L(qu/dt) = —L(qu/at + V’Vqs + waqslap) (2.18)
If this change occurs only during ascent we may neglect the
horizontal components and if we assume steady state at a grid
point aqslat vanishes. We than have equation 2.17.

Conditional instability may be present over frontal shear
zones and this expression (2.17) would underestimate the local
convective precipitation (Krishnamurti and Moxim, 1971). The
second scheme of Kuo, originally applied to tropical storms, is
included for completeness.

If the atmosphere is conditionally unstable, moisture
convergence (negative divergence, D) is tested:

D= V'(Vg q) (2.19)
If there is convergence, precipitation is possible with
ascent and the latent heat release is calculated from:

Hp=ac (I, -T) (2.20)

At

where TS is the temperature of_the cloud at saturation and At

is the estimated time of convective formation and decay so that
the heat generated is completely mixed with the surroundings.

We assume this interval to be 3600 seconds (Kuo, 1965). a is the
cloud cover which may be computed directly, although a constant
of six tenths is assumed for frontal systems in this study to

simplify the computations.
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The term a Cp.(TS —~ T) has been derived by considering the

total mixing of a single cumulus tower with the environment
after time At (Kuo, 1965). 1If the fractional cover of cumulus is
a, the environmental air temperature is T and the temperature

of the cloud at saturation is TS, then the mean air temperature
after mixing of the energy is T*:

%
T

(1-a)T+ aTs (2.21)

T + a(TS -T) (2.22)
The increase in temperature due to mixing of the release latent
heat is a(TS - T) and the heating is a Cp(Ts - T).

It should be noted that, at present, there are conceptual
difficulties with the formulation of extratropical convective
development (Tracton, 1975). The intensity of development
is generally underforecast in official prognoses (Leary, 1971).
The assumptions used in the procedure outlined above may not
be entirely valid and the calculations are only expedient
approximations to reality. The omega model and the

parameterizations are tested in Chapter Three.

Additional Computations

To examine the contribution to synoptic behavior by each
source of influence it is necessary to compute indicators that
may be associated exclusively with each source. Two indicators
that may be so partitioned are the heating rates and vertical
velocities. Since the advective terms do not apply at the

surface and the surface heating effects vanish above 85 cb,



25
we must restrict our analysis to that level.

The heating due to latent heat release and the surface
thermal effects has been discussed. The other heat sources
(neglecting radiation) are advective, both vertical (adiabatic
expansion or compression) and horizontal.

The local temperature change following a parcel is:

dT = 23T + V.VT + wdT (2.23)
dt at 9z

From the first law of thermodynamics:

H =C_ dT - adp (2.24)
Pat at

where H is the non-adiabatic heating of the moving air parcel.
Combining we find:

H=C_ (3T + V-VT + wdT) -adp (2.25)
P 5t 3z dt

Defining dp in Cartesian co-ordinates we have:

dt .
H=C_ (3T + V-VT + wdT) ~ adp
P 3t 3z at
+ aV-Vp + awdp (2.26)
dz

If we restrict the analysis to isobaric surfaces the local
pressure change term (adp) may be neglected and the cross
isobaric flow of the hozzzontal wind (aV-Vp) is normally
small (Haltiner and Martin, 1957). We now have:

HEH{LP+HR=cp(_g%+v-VT+w{%+%_%]za_}) (2.27)
P

A B c D

The local rate of heating (B) is thus a function of the three
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diabatic heating sources (A: enthalpy flux, release of latent
heat, and radiative effects), the horizontal advection of
temperature (C) and the vertical advection (D). The two
components of the thermal advection (C and D) are computed
for comparison with local energy sources. Note that
all heating functions except the surface heating apply to 85
cb. The surface heating is an average for the layer below
85 cb.

Since each term on the right hand side of the omega
equation (2.10) may be solved individually for omega we
may determine the contribution towards the total vertical
motion by differential vorticity advection (wv), thickness
or thermal advection CWTH), latent heat release (wLP),
and surface diabatic heating CwH). Unfortunately, this
partitionment is valid only if the boundary conditions are
zero. For non-homogeneous boundaries each term, when solved
individually for omega, is forced by the same magnitude during
the relakation computations as the total equation and the
total is no longer a sum of the components. Consequently,
when the advected and local influences on the vertical circulation
are discussed the model generated data do not include
orographic or frictional effects; these are included only in the

total vertical velocity.
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The Computational Scheme

The computational design for the solution of the omega
equation is now discussed. Routines are not described in the
literature and the computer programme is designed specifically
for this study (Appendix Two).

The omega equation is a Poisson equation in three-
dimensions of the form:

Vu=TF (2.28)
where u is the unknown and F is a previously determined
group of forcing functions that may be considered as a constant
for each case under consideration. The del operator is in
three dimensions with pressure as the vertical co-ordinate
and distance as the horizontal co-ordinate. For the omega
equation the left hand side of 2.28 also includes constants,
however this does not alter' the computational scheme.

The Poisson equation is solved through relaxation
techniques. Initially, guesses of u are made at all points
within a three-dimensional grid and the equation is solved for
each point using these values at neighbouring points. The
result is a new three-dimensional field of u which is used as
input for the next series of calculations over the grid. The
iteration process is repeated until the difference between two
successive iterations for the sum of all grid points falls below
a specified tolerance level. This level is two orders of
magnitude smaller than the expected values for this study.

This may be interpreted as the accuracy of the solution of this
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part of the calculations.

The scheme used is the Gauss-Siedel (Liebmann)
relaxation method. The two-dimensional form given in Carnahan
et al (1969) is modified for the three-dimensional case. All
derivatives are forward differences. Boundary values of
w=0 are specified at the top and sides of the matrix. The
vertical motion due to orographic and frictional effects is the
lower boundary condition. An 8 x 8 data grid in the horizontal
dimension is expanded to a 10 x 10 grid by linear extrapolation
of the data towards the edge. The model generated data for
analysis is the central 6 x 6 grid so that the influence of the
major 'edge' effects due to zero boundary values of omega are
reduced. These effects are not entirely removed and may extend
five grid points towards the center from the outer (10 x 10)
margins (Baumhefner, pers. comm. 1975). However, the disadvantages
of the greatiy increased size of data storage requirements and
number of computations is considered to outweigh the accuracy
advantages of increasing the computational area for the present
study. Error estimates of the zero boundary assumption are made
in Chapter Three.

The solution of the omega equation is non-linear in that the
latent heat release function includes an estimate of omega
(cf. equations 2.10 and 2.17). Omega is first computed without
the latent heat release term. This term is then calculated using
this initial estimate of omega and the final omega field is

calculated with the latent heat release included.
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Data Input

The data are from the National Meteorological Center
(NMC) analysis. Rawinsonde data were interpolated by this
group to give estimated data on a nearly equidistant grid of
350 km along the horizontal interval with six constant pressure
surfaces in the vertical (100, 85, 70, 50, 30 and 10 centibars).
The data selected for this study represent a 64 point grid
centered on Baffin Island (Figure 2). In three-dimensions omega
is computed at 384 points and after removal of edge effects 216
points are suitable for analysis.

Other grid configurations are possible; for example
spherical polar co-ordinates with equal distances along each
meridian and latitude circle have been used in atmospheric
models. Spherical polar co-ordinates have the effect of
artificially increasing the resolution near the poles with the
result that higher order circulation oscillations are resolved
near the poles than near the equator (Schmidt, 1975). Moreover
a non-homogeneous framework requires a complex modification of
the relaxation scheme. For time dependent models Schmidt (1975)
notes that both configurations have inherent errors but "for
physical reasons, the atmosphere works mass or area wise, not
polar co-ordinate angle wise". For these reasons, a homogeneous
grid is used.

Although the basic omega equation requires only fields of
geopotential height, the following data are needed for the

surface boundary conditions and diabatic parameterizations:
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Figur
e 2 EIGHT BY EIGHT DATA GRID
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relative humidity, temperature and sea surface temperature.
This latter data set, derived from satellite radiation data, is
not always available fqr the 1973 period and is not available at
all before 1973. 1In addition surface winds are unavailable; these
are approximated from the 100 cb pressure pattern through
geostrophic considerations and the resultant wind vector is
rotated 20 degrees towards low pressure to include, in a gross
manner, frictional modification to the geostrophic flow
at this level.

The actual pressure level for the top of the Ekman layer
is not known and will vary with the synoptic situation and
topographic height. It is assumed to be 100 cb for all
calculations. This is a necessary approximation if the
computations are to remain in pressure co-ordinates. In
prognostic models, where the resulting error may amplify with
time, it is common to use sigma co-ordinates which relate a
pressure level to the observed surface pressure in
non-dimensional terms (Holton, 1972). The necessary revision
is not warranted on the present grid scale for a diagnostic
study when comparative effects, not actual magnitudes, are

of major importance.

The Climatic Characteristics of the Sample Period

On account of the great amount of computer time required for
this type of study, and the exploratory nature of the experimental

design, only a limited sample is examined. The computer expense
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involves not only the model computations and subsequent analysis
but also the abstraction of the aerological data for the limited
area model from the large file of world data tapes from the
National Meteorological Center. If the data for this study are to
be limited to one magnetic tape an eight month sample is a
practical limit. Upon confirmation of the suitability of the
techniques adopted for this study a more extensive sample
involving several source tapes may be considered.

The sample year of 1973 was selected for practical reasonms.
As mentioned above, for one parameterization the radiometric
surface temperatures are required. These data are not available
before 1973 in the NMC grid analysis used in this study. When
this investigation was started, NMC data were unavailable after
1973.

It is generally recognized that there is a great inter-
annual variability in the Arctic circulation (Namias, 1958;

Reed and Kunkel, 1960). Even the five year data base of Reed

and Kunkel does not correspond at all locations with a fifteen
year 'normal' pressure distribution. The results of the 234 day
sample of 1973 must be interpreted in terms of the restrictions of
this variability.

There are not any long term statistics comparable to the
results of the diagnostic model used in this study; however, an
indication of the climatic representation of the sample period
is possible from an examination of thg 70 cb pressure field,

surface synoptic data, and the sea ice extent.
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Departures of the 70 cb pressure field from monthly means

are published i# the MONTHLY WEATHER REVIEW (Vol. 101, numbers
4 to 11) for the period of interest. These monthly departures

for Davis Strait and Foxe Basin are in Table I.

TABLE I

1973 MONTHLY DEPARTURES OF THE 70 CB SURFACE IN DECAMETERS

Davis Strait -9 -5 -6 43 0 -3 -3 +3

Foxe Basin ~4 -6 -6 0 0 0 +4 +6

The departures are not the same in both locations during the
sample. In July the difference is seven decameters. It is
apparent that there has been a change in the regional circulation
from the normal throughout most of the period of analysis. To
put these figures in perspective, note that the standard
deviation of the 85 cb surface in the eastern Canadian Arctic

on July 15, 1973 (Appendix Three, this case is examined in detail
in Chapter Four) was seven decameters when there was a steep
pressure gradient between a southerly low over Quebec and a
Greenland ridge. Standard Deviations for other days in this
synoptic episode varied from three to eight decameters. Although

the two data sets are not strictly comparable, it seems that
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the departures, and differences in departures between the two
locations, are of significant magnitude so that the circulation
of the sample cannot be considered to be truly- representative of
the long term mean. The effects of the non-normal circulation on
the interpretation of the vertical velocity field are unknown.

Monthly averages of surface synoptic data and departures
from the 30 year normal are published in MONTHLY CLIMATIC DATA
FOR THE WORLD (U.S. Department of Commerce, Environmental Data
Service, Asheville, N.C., Vol. 26, No. 1 to 8). These data are
reproduced in Table II for Frobisher and Hall Beach (stations
which correspond closely to the Davis Strait and Foxe Basin
locations. of Table I). The monthly areas of sea ice extent
outside the minimum area of cover observed during the 1966 to
1974 interval (from Sanderson, 1975) are presented in Table III
for 1972, 1973 and 1974 for the eastern Canadian Arctic.

At Frobisher temperatures were below normal throughout most
of the sample. The eight month precipitation total was 24 mm
above normal. For Hall Beach temperatures were below normal
during the winter and above normal in the summer, and the total
precipitation was 47 mm below normal. Corresponding to the
anomalous circulation regime, there is not a consistent deviation
of synoptic observations over the region of interest.

The maximum winter extent of sea ice in the Davis Strait
Labrador Sea area (Table III) for the 1966 - 1974 period occurred
during 1972. 1In 1973 there was a return towards decrease extent

although the monthly values were above the 1966 to 1974 mean - an
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MONTHLY AVERAGES AND 1973 DEPARTURES OF SYNOPTIC DATA

FOR FROBISHER AND HALL BEACH

J F M A M J J A
HALL BEACH o
Temperature (" C)
Normal -33.9 -34.1 -29.7 -22.2 -9.5 2.6 6.8 6.0
Departure -3.2 -1.3 -1.4 -2.1 0.2 2,0 0.7 1.5
Vapour Pressure (mb) .
Normal 0.3 0.3 0.5 1.1 3.1 6.5 7.8 7.8
Departure na na na 0 0 0.9 0.1 0.3
Precipitation (mm)
Normal 4 6 8 13 4 7 8 31
Departure -4 -4 13 3 -13 -1 =31 -10
FROBISHER o
Temperature ( C)
Normal -29.1 -29.8 -25.6 -14.3 -3.3 3.6 7.3 8.0
Departure -2,6 -4.3 -5.1 -0.6 -0.2 O -0.6 1.1
Vapour Pressure (mb)
Normal 0.5 0.4 0.8 2.1 4.1 5.9 7.8 7.9
Departure -0.4 -0.6 -~0.2 0.2 0.1 -0.2 -0.1 O
Precipitation (mm)
Normal 19 9 38 61 24 37 63 20
Departure -3 -18 19 40 5 4 10 -33
Per cent of the
long term mean of
sunshine 162 150 102 83 105 136 53 213
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TABLE III1
SEA ICE EXTENT IN THE EASTERN CANADIAN ARCTIC OUTSIDE THE MINIMUM

AREA OBSERVED DURING THE 1966 to 1974 INTERVAL

areas are km2 X 106

MONTH
F M A
1972 0.90 0.85 0.45
1973 N.65 0.60 0.35
1974 0.55 0.55 0.25
1966 to 1974 mean 0.55 0.45 0.33

Data are from R.M. Sanderson (1975)
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obgservation consistent with the below normal winter temperatures
in the region. Dickson et al (1975) found a pressure fall of
9.6 mb between 1966-70 and 1971-74 over Greenland. They
attributed the weakening of northerlies over north Europe and
the succession of mild winters to this circulation change.
Similar arguments would indicate a weakening of southerly flow
in the eastern Canadian Arctic to the west of this feature with
a corresponding reduction in warm air advection. The 1972
maximum of sea ice extent was related to an anomalous northwesterly
wind component in the Canadian Arctic (Sanderson, 1975).

We may conclude that 1973 cannot be considered a representative
year. The circulation regime, synoptic observations and sea ice
extent ( which affects sea surface temperatures and thus the
enthalpy fluxes) were anomalous. 1972 was an extreme period in
terms of ice extent while 1973 represented a recovery, but still
there were below normal temperatures along the east Baffin Island

coast.
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CHAPTER THREE

MODEL VALTIDATION

Introduction

The atmospheric model described in Chapter Two is designed
as a diagnostic tool. The output is used to assess the‘relative
importance of the various processes which generate the vertical
circulation. A by-product - precipitation - is an important
feature of the atmospheric hydrological balance. For
interpretation of the derived data it is useful to have some
level of éonfidence for their magnitudes and the spatial
configuration.

On account of the diagnostic rather than prognostic nature
of the omega equation, verification of the performance has not
received much attention in the literature. Danard (1964)
adjusted the parameters in his form of the omega model by
comparison of the vertical motion field with results of
kinematic analysis, despite the errors inherent in the latter
technique (cf. previous chapter). Smith (1971) made a similar
comparison but first assessed the kinematic technique
qualitatively through correspondence of the calculated field
with the circulation expected for particular synoptic features.
Baumhefner (1968) related the sign of vertical motion to the
spatial pattern of moisture convergence and cloudiness. The
forecast precipitation field (assuming air to be saturated in

all regions of ascent) was compared with observed patterns by
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Stuart (1970) who foundvthat his assumptions led to under-
estimates of an order of magnitude. He concluded that the
methodology was not suitable for regions where sub-grid
convective storms may be important precipitation mechanisms.
Stuart suggested that a diabatic heating term incorporating
latent heat release is required to yield higher omega values
and therefore larger precipitation rates. Using the latent
heat scheme employed in this study, Krishnamurti and Moxim
(1971) found that computed intensities and distributions
compared favourably with observations in a qualitative manner
for a single case of a mid-latitude disturbance.

These studies represent the present state of validation of
the omega equation. Most workers have avoided the difficulty
of not having an observational field for comparison by
examining the product of a sub-model - precipitation. The
common ground to all is the qualitative nature of the
discussion and the limited number of cases examined.

Following the studies cited the performance of the omega
equation is evaluated by a qualitative examination of the
precipitation field. Several cyclonic disturbances are modelled
so that the resultant data base is large enough for a simple
quantitative comparison of the forecast and observed fields
of precipitation. The cases are restricted to instances of
frontal upglide precipitation processes as these types are more
amenable to systematic comparison with classical concepts than

non frontal occurrences. In addition, magnitudes are larger
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and there are more clearly defined cases for analysis.

It is possible that poor correspondence of the observed
and predicted precipitation fields may be the result of errors
in the latent heat parameterization, not in the omega
formulation directly. As an independent check, grid average
precipitation is also forecast from an independent statistical
model (Sasamori, 1975). The input fields are identical to the
latent heat model. Thus, the suitability of the latent heat
formulation alone may be determined.

For the eastern Canadian Arctic, only five of the NMC grid
points are near observation stations with precipitation data
(Clyde, Hall Beach, Churchill, Baker Lake and Egedesminde).

To provide an adequate data base for statistical analysis a

great number of storms passing over these stations would have

to be examined. A study of spatial patterns would be inconclusive.
As an alternative, the target area is shifted to the mid-west
United States. The precipitation network is more dense and there
is a station within reasonable distance of each of the thirty-

six grid points. Therefore, a large sample may be accrued from
computations for relatively few storms. However, independence

of the sample data is sacrificed and the statistical tests must

be limited.

The grid area is illustrated in the first map of Figure 3.
The northeast border is the Great Lakes. The Western Cordillera
is not included and problems of precipitation measurements in

mountain area (Hutchinson, 1968, 1970) need not be considered.
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However, the orographic effects of the mountains are included as
boundary conditions for the western two rows of the 10 x 10
computational grid.

Sixteen days representing stages of eight cyclonic

disturbances from the spring of 1973 are examined. These
storms are characterized by intense precipitation due to frontal
passage through the target area with a pronounced trough aloft
(Figure 3). The validation therefore pertains to the vertical
motion field resulting from the advection of vorticity and

thickness during cyclogenesis.

Limitations of the Validation Data

The observed precipitation data are from the DAILY
WEATHER MAPS of the United States Department of Commerce.
The observation nearest each grid point is recorded.

There is considerable error associated with this
manner of data abstraction. Despite the dense station network,
subjective interpolation between stations was required in some
cases. In addition, we assume the observed data to represent
a smooth pattern that would correspond to the large scale
grid point calculations when, in fact, a station record may be
biased considerably by local, sub-grid scale, convective storms.
Bosart (1973) notes that much of the east coast winter
precipitation is the localized intensive type of convective

uplift with the storm system operating on the scale of a few



42

hours. From radar observations Browning et al (1973) found
that a cellular structure with widths of less than 100 km
is a major feature of frontal systems with intensities of 1 - 4
mm hr-1 within cells and less than 0.5 mm hr_1 between.
The records used in this study are 24 hr totals ending at 100
EST whereas the calculations are instantaneous values
multiplied through time to yield 24 hr totals. A point by
point comparison would be valid only if the storm were
stationary and precipitation rates constant through the 24 hr
observation period. In reality, the storm has travelled east-
ward and the records reflect the integration of several stages
of the disturbance.

The representation of the precipitation records themselves
may be suspect. Allis et al (1963) note that "The true
areal precipitation is unknown". Using five years of data,
Hendrick and Comer (1970) illustrate precipitation differences
of 3 cm per day within an eight kilometer radius for a small
watershed network. Within one kilometer the difference may
be 2 cm. The authors noted that spatial variability changes
with storm size, direction of moisture influx and season. The
instrumentation may also be a source of error, with the catch
changing with windspeed (Wilson, 1954) and exposure (Green, 1970).
For two similar gauges 3 m apart, Court (1960) recorded a
difference of 50 per cent of the smaller catch. For annual
averages the differences may be smoothed (Allis et al, 1963),

but for individual storms these uncertainties must be considered.
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There is not any a priori reason to expect a station record to
correspond to a calculation at a grid point several kilometers
away. In the empirical analysis, we must anticipate considerable

error in point by point comparisons.

Synoptic Analysis

To illustrate the synoptic characteristics of precipitation
predicted by the model for situations of cold polar outbreaks
four cases in the mid west United States are selected. The
50 cb flow (700 EST), surface frontal positions and the extent
of 24 hr precipitation are shown in Figure 3. Also shown are
computer drawn isohyets of calculated precipitation, expressed
as inches per day for ease of comparison with the official
records. The fronts are clearly within the grid area for
these cases. For the examples not shown the grid encompasses
only the leading edge or decaying tail of a frontal complex.

According to the classical theory of atmospheric kinematics
(Bjerknes and Holmboe, 1944; Sutcliffe, 1947; Petterssen, 1955)
the difference between subgeostrophic flow in the cyclonically
curved base of an upper level trough (region of generation of
positive vorticity) and the supergeostrophic flow in the
anticyclonically curved crest of this wave results in diffluence
or divergence along the east - poleward - limb of the trough
(ca. 50 cb). This divergence in the zone of positive vorticity
advection‘is associated with lower level convergence and vertical

uplift in order that mass continuity be preserved (cf. discussion
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of Figure 1, Chapter Two). The attendant precipitation is
usually along the east side of the resulting cyclonic vortex
at the surface (Palmen and Newton, 1969, pp 265).

The actual structure of this precipitation belt has been
investigated using radar data by Browning et al (1973) and
Harold (1973). They found that the belt is organized into
bands with widths of less than 100 km which develop close to the
surface warm front, move through it and then dissipate at the
leading edge. The large scale flow is likened to a 'conveyor
belt' with the moist warm air iﬁtrustion being forced over the
warm front by the advancing cold front. This explains the
foreward movement of the precipitation bands with the warm
'upglide' front. This band structure is the result of small
scale convection superimposed on the widespread ascent. The
source of the convectional instability is unknown. These
studies emphasize that the synoptic scale flow is responsible
for the areal distribution of precipitation but does not
necessarily enhance the intensity which may be linked more
strongly to the cellular meso scale (<100 km) dynamics. For
a severe east coast precipitation event in 1956 Stringer
(1973, pp 455) cites nine contributing aerological factors in
addition to the 'classical' frontal influences of forced uplift.
Some characteristic spatial relationships are evident, however,
in the examples studied for the mid west United States even
though these small scale features cannot be expected to be

resolved with the present grid interval.
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For a case study of the energetics of a mid-winter storm
in the United States, Danard (1964) computed precipitation
rates from the vertical motion field. The rates increased to
a maximum along the cold front and then decreased in a smooth
'bell shaped distribution. Such a computed form is found for
the cases illustrated, in particular for May 25.

These isohyet patterns also exhibit a characteristic
elliptical shape, with the major axis roughly orientated along
the frontal surface. From a statistical study of 30 year
precipitation records, Caffey (1965) noted that this elongated
configuration and frontal alignment is a significant feature
of cyclonic precipitation in the plains region.

The relationships between the polar front jet and
precipitation has been examined for seven intense storms in the
central United States by Smith and Younkin (1972). Their cases
correspond closely with those of this study with a deep
southward intrusion of polar air over the mid-west and strong
cyclonic curvature of the 50 cb wind field. For all cases they
found a well defined elliptical isohyet pattern with dimensions
similar to those of Figure 3 (1300 km along the major axis, 350
km along the minor axis). This pattern was aligned along the
northward 1imb of the jet wave with the maximum intensity
slightly to the east of the maximum flow. The magnitudes, as
well as position, were similar to those of this study.

As mentioned above, the general 50 cb pattern over the

areas of precipitation is northward flow which implies



47

positive vorticity advection (a decrease of relative vorticity
towards the wave crest) and upper level divergence. For
individual cases this simple explanation may be complicated
by other factors.

On April 9 (Figure 3 ) the trough is centered over the
central portion of the grid with positive vorticity advection
in the east over the surface front. The extreme curvature of
this wave results in large precipitation amounts (one inch per
day maximum). Precipitation declines to zero to the west
and northwest. Commonly, in cold air outbreaks vertical
shrinking is found on the southern and western edges of the
intrusion (Palmen and Newton, 1969, pp 292) with the strongest
descent in the southernmost sector. Thus, the predicted
reduction of precipitation is expected.

On April 15 the curvature is weaker and the vorticity
export extends over the entire plains area. The surface front
is occluded. Ascent is weaker and widespread. The isohyet
pattern is roughly orientated with the flow, along the frontal
surface, and maximum rates are relatively low - 0.6 inches
per day (1.5 cm dy—l) as compared with one inch per day
(2.5 em dy_1 ) on April 9.

The May 6 pattern of flow is similar, except that the 50 cb
geopotential gradients are lower with the result that the
maximum of precipitation is only 0.2 inches per day (0.5 cm
dy_l) along the cold frontal surface. A second non-frontal

maximum in the south of the grid is related to upper level
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diffluence as the flow approached a weak local ridge south

of the Great Lakes. This feature is evident in the observed
limit of 24 hour precipitation over east Texas.

On May 25 flow over the southern United States is
predominantly zonal, however there is marked convolution west
of the Great Lakes with 'a local cut off low which represents
the decay of a polar outbreak. Strong vorticity export to
the east from the tight vortex is combined with strong diffluent
flow to produce an intense local precipitation maximum of
1.2 inches per day (3.1 cm dy-l) over Lake Michigan. This is
situated at the apex of an occluding system. There is a steep
gradient of precipitation towards the south and west where the

flow is zonal and weak.

Empirical Analysis

In this section the forecast precipitation field is compared
with the observed data at each grid point to determine the
reliability of the computed magnitudes. Rigorous statiétical
testing is impossible due to the limitations of the observed
data and the fact that the predicted data are not completely
independent. In this section we can only infer the source and
range of error in the model.

In an exploratory test seven cyclonic disturbances were
modelled assuming precipitation to occur in all regions of
uplift with relative humidity in excess of an arbitrary level

of 80 per cent, a level adopted by Krishnamurti and Moxim
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(1971). The forecast field (not shown) was restricted in area
and grid averages were an order of magnitude less than the
observed field. Although the error is similar to that noted by
Stuart (1970), the scheme employed here is more realistic
and, despite the aforementioned errors inherent in such a
comparison, the correspondence should be closer. The
calculations were repeated with a cut-off level of 70 per cent
relative humidity. Since relative humidity does not enter into
the calculations, the magnitudes at each point where precipitation
was previously predicted does not change, but the number of
points where precipitation is forecast increases. For these
revised tests the mean of all grid points is increased by an
order of magnitude to within 5 x 10_2 cm dy-1 of the observed
mean. For the entire sample of sixteen cases the means of
the observed and predicted fields are 4.1 and 2.8 cm dy_l,
respectively, for a total of 576 grid points. The corresponding
standard deviations are 7.4 and 5.8. In light of the large
standard deviations of both the forecast and observed fields the
small difference of means is accountable. The data for the
individual cases are in Figure 4 and Table IV.

The nature of the discrepancy may be investigated furthur
with the aid of a frequency table (Table V). To allow for
considerable error latitude the data are arranged in intervals
of 1.2 cm dy“l (0.5 in dy-l) with a separate category for zero
or trace values (less than 0.1 in dy_l or 0.3 cm dy-l). A Chi-

square statistic is not applicable since the table would be



50

STVIOL NOLLVLIIO3Yd HH $Z Q310i334d ANV J3AY3SEO

ST 6

1%
o} ll

papipald SHY
panesq0 SH1

1lowesesg

o

L

O -

- NN

o

Tydy
Z Gz T e 0z L St S 0L 6
NORANaHARRTE
(o] o]
o | 4 -
_ 414 s 11
o] o
. - 1 b -
_‘ L
. ] L ]
N L
) |

]
-

 2unbi4

€0

g0

el

R4

NOWYLIIDIHd

|-Ava WO



51

TABLE IV

PRECIPITATION DATA FOR MODEL VALIDATION

85 cb Vertical Velocity

-1

Precipitation cm dy

Date 1973

cm

Observed Predicted Sasamori

8D -

1.8
3.8 6.8 1.0 2.0

April 9 2.5 4.3 4.3 8.3
10

20128/43
.
3213111

6201523
1001000

33800135
621/4/422

9808838
9416123

/.-._/51708
620309&2

0_8211401
1_12221]

8/0.!..532)).
0010000

5838811
/405/433

8316/431
. .
5275626

0)51131
3043/.-.13

960446))
).—527765

/46781500
9/40/.—.53né

2367895
[}

May

Statistics for the entire sample

7.4 2.8 5.8 3.1

4.1

SD grid point standard deviation

X grid point mean



FREQUENCY OF PRECIPITATION AMOUNTS

TABLE V

Data are based on daily totals of precipitation.

52

Total sample size is 576 grid points. 208 points are out of

range.

Class units are cm dy-1

Observed

Total

0.3

1.2

2.5

3.8

5.0

Predicted Total
0. 0.3 1.2 2.5 3.8 5.0
129 49 8 3 187
68 27 9 1 105
40 18 27 1 66
5 3 1 0 9
1 0 0 0 1
240 97 25 5 368
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overcollapsed to get a minimum of five in all categories.

Rates in excess of 5 cm dy—l are rejected. These probably
represent intense localized convective storms. There are not
any such cases in the forecast field but in the observed data
there are 208 rejections. In the predicted population there is
a distinct bias towards rates of less than 1.2 cm dy_1 with
few values in excess of this. These characteristics are
anticipated since small pfecipitation totals are associated with
slow wide spread ascent, for which the model is suitably designed,
while large rates are usually associated with intense local
storms which may not be resolved by the grid (Bosart, 1973).
There is also a high predictive capability for points of
zero or trace precipitation. Of 187 points of observations
in this category the model is correct for 129.

As an independent measure of the suitability of the latent
heat parameterization precipitation is also forecast from the
statistical model described by Sasamori (1975). The input fields
are identical except that grid averages and standard deviations
of omega are used instead of point values. The prediction is an
average over the grid. The only constants to be set are the
time scale describing the mean growth rates of cloud droplets
and crystals and the lifetime of vertical motion of an individual
air parcel. These constants are taken as specified by Sasamori
which yield reasonable estimates of the annual global
precipitation rate. The data are included in Table IV and

Figure 4.
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For the sixteen storms the mean of the Sasamori estimates

is 3.1 cm dy'“1 which is slightly greater than that of the model
used in this study. The case by case comparison (Figure 4)
illustrates the near coincidence of forecast of .the two mutually
exclusive parameterizations. The Sasamori forecast is always
within one standard deviation of the forecast of this study
and the means of both are within one standard deviation of
the observed mean (except for April 15 and May 6). We may
be reasonably confident that the model used in'this study
gives realistic results and that an analysis of the vertical
motion of the omega equation in terms of the precipitation

distribution and intensity is valid.

Error Analysis of the Zero Boundary Assumption

Seven of these storm examples will serve to illustrate the
probable range of error that may be traced to the assumption of
zero omega at the lateral boundaries of the computational grid
(cf. Chapter Two). For each example (April 9, 10, 15, 16, 17, 20
and 21) omega was computed assuming zero boundaries and those
values of omega at the interior grid points adjacent to these
boundaries were used as revised boundary values for a second
computation of the omega field. These values are not true values
of the boundaries consistent with the input data sinée they have
been initially affected by the zero boundary assumption; however,
this revision is conceptually more realistic than the adoption of

zero values. For all seven cases the initial mean 85 cb vertical
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velocity for the 36 grid points is 0.29 cm s—l. For the revised
boundaries the mean is 0.31 cm s-l. The corresponding mean
precipitation values are 2.5 and 2.8 cm dy-l. Obviously the effect
of the revised boundaries will be different for a case with the
major synoptic feature in the center of the grid with near zero
vertical motions at the boundaries as compared to a case when the
major feature with strong vertical velocities is near the boundary,
but for these seven cases with features both at the center and at
the edge this simple test suggests that the effect of the revised
boundaries is only marginal when grid point averages of the
central 36 point matrix are considered. A more rigorous, but
more complex, test would be to compute an omega field for a very
large data matrix, perhaps on a hemispheric scale. Omega could
then be recomputed for a small section of this matrix, where edge
contamination is non existent in the hemispheric scale analysis,
with zero boundaries to estimate the true effect of this

approximation.

Summary

For validation purposes, we assume that the pattern and
magnitude of precipitation is a faithful indicator of the
overall behavior of the omega equation. Comparison of the
precipitation (latent heat) sub-model used in this study and
an independent statistical model (Sasamori, 1975) using identical
input data confirms this assumption. Major discrepancies in“the

forecast and observed precipitation fields should be traced
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directly to the omega equation, or to the observational data.

Synoptic considerations indicate that forecast isohyetal
patterns conform to those expected from observational studies of
similar storm systems in size, intensity, orientation and
configuration. Precipitation is predicted where vertical
uplift is expected from subjective examination of 50 cb flow
features. Conversely, where we anticipate nearly zero or
negative uplift, precipitation is not forecast. The location
of latent heat release is in accord with the broad scale
circulation regime.

The empirical analysis is hampered by the inadequacy of the
observational data for the purpose of this study. This could be
reduced partially by using 3 hr records at the time of forecast,
but uncertainty due to instrumental and spatial sampling errors
would remain. Overall the forecast compares favourably with
observations in variability and relative magnitudes providing
a 70 rather than 80 per cent relative humidity cut off for
precipitation computation is used. Despite the incorporation
of a conditional instability parameterization in the precipitation
sub-model, intense rates are not well reproduced, probably due
to the coarse resolution of the data set and local nature of
these convective storms. Weak, widespread upglide types of
rainfall in stable stratification are well predicted.

We may conclude that the magnitudes and spatial patterns
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of the omega calculations are both reasonable and acceptable.
For cyclonic disturbances the model may be used to forecast
instantaneous precipitation with reasonable confidence. The

reliability for non-frontal processes is less certain.



58

CHAPTER FOUR
A CASE STUDY OF A DEPRESSION SYSTEM IN THE EASTERN CANADIAN ARCTIC

Introduction

As noted in Chapter One the physical explanations for the
Arctic synoptic systems identified on mean pressure maps
(Namias, 1958; Keegan, 1958; Reed and Kunkel, 1960; O'Connor,
1961) have been largely speculative. Interpretations were
based on synoptic experience and statistical associations.
Prognostic models have been used successfully to simulate
actual circulations in the Arctic (Winston, 1955; Namias, 1958),
however, these numerical techniques have not been employed in a
diagnostic sense to examine the dynamics involved in a specific
circulation feature.

In this chapter the steady state diagnostic model described
and tested in chapters Two and Three is applied during the
course of a single synoptic event in the eastern Canadian Arctic.
For this July event the relative significance and magnitude
of each of the various mechanisms of advected and local origin
is determined at different stages of development, stabilization
and decay. The system is characteristic of the summer
circulation. A mid-latitude depression is deflected up Davis
Strait by strong North Atlantic blocking. This route is one of
the principal storm tracks found on the mean (1951-1970)

July maps (Reiten, 1974). Although the results of this detailed
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case analysis cannot be considered to have general application,
they can, however, provide a point of reference for the
interpretation of features found in the empirical analysis of
a large sample of model generated data in Chapter Five. Also
included in this detailed study is a discussion of the effects

of the synoptic system on the regional thermal regime.

Synoptic Background for the Case Study

Hare and Orvig (1958) have characterized the Arctic
circulation in terms of ceaseless change. Standing circulations
do not exist during the summer when‘persistence of small scale
features rarely exceeds a day or two (Wilson, 1958). Day to
day variability is more significant than the mean condition.

This vigorous variability is clearly illustrated in the
1973 summer synoptic record for Broughton Island (Figure 5,
radiation data are from Jacobs, 1974). For the case study the
thirteen day interval from July 13 through 25 is chosen. There
is a steady pressure decrease from a maximum on the 13th but the
rapid initial cooling followed by a slow warming to a maximum
on the 23rd seems interesting since commonly the low pressure
is associated with immediate advection of southerly warm air.
Records of ice thickness (R.L. Weaver, pers. comm., 1975)
indicate a major ice melt of 25 cm within 48 hours at
Broughton Island during the delayed warming interval beginning
on the 19th.

In terms of atmospheric energetics this synoptic episode
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seems worthy of detailed analysis. Jacohs (INSTAAR memorandum)
found the July 14-19 period to be important with respect to
surface energy budgets. According to Barry's (1974) subjective
scheme the July 19 regional circulation may be classified as a
'SW low' type with a low to the southwest of Baffin Island at
the surface, a ridge over northern Baffin Bay, and southeasterly.
flow over Davis Strait.

Records from the Broughton Island station log (R.L. Weaver,
pers. comm. 1975) indicate persistent low level fog with
visibility restricted to less than 1 km and intermittent rain
until July 22 when there was a general clearing. The ice
surface quality degraded as the rain saturated the upper levels
and melt holes expanded. Accurate figures for the surface
albedo are in preparation by Weaver but there was a noticeable
reduction in surface reflectance during this synoptic event.

The period selected for detailed analysis comes
immediately after an abrupt transition from quiescent zonal
flow of the Westerlies to a convoluted meridional transport,

a circulation which remained until August 3. The trigger for
this meridional flow was a low which originated over the Gulf
of Alaska on July 1 and remained anchored there until July 11.
It then weakened and may be traced on the maps as a small
convolution in the 2zonal circulation which drifted eastward
until it approached a major trough over Hudson Bay. On July 12
this convolution deepened over Keewatin as a closed low. The

trough has also deepened and formed a closed low over the central
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St. Lawrence region. The large scale circulation has now
developed into a deep broad trough encompassing the two systems.
It is this dual depression formation which enters the Arctic
along the east limb of the trough bringing the initial pressure
drop to the Baffin Island area.

On July 12 the surface pressure pattern in the easterm
Canadian Arctic is similar to the Thule low configuration which
Keegan (1958 ) identified as being characteristic of the winter
meridional circulation. There is an elongated trough over
eastern Canada with a shallow surface low west of Thule. This
is associated with a slow moving primary cyclomne to the
southeast of Greenland with closed isotherms in mid-troposphere.
This leads a wave train over Canada with the above mentioned
secondary low over the St. Lawrence region bringing southerly
air into the Davis Strait sector.

This is the surface situation at the beginning of the
episode of meridional flow and at the beginning of the period
choseri for detailed numerical analysis. The subsequent
movement of the southerly depression is illustrated in Figure
6 for the 85 cb level (the level chosen for analysis). The low
moves northward with a maximum depth on July 15. It becomes
anchored over south Baffin Island until July 19 when it drifts
east, with the height of the center stabilized, and leaves the
grid area to the south of Greenland. During the first days of
this interval the NMC charts indicate a deep depression system

(120 decameters -dm- on July 12) in the central Polar Basin.
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As this circulation weakens it enters the discussion area from
the northwest and drifts southward along the west coast of
Greenland. This is a major cyclomnic track during July
(Namias, 1958) prompted by the thermal contrast along the
Polar Basin and resultant baroclinicity. Even though the
analysis period includes the entire history of an instrusion
of a southerly system Fhrough the grid area, it also includes
the influence of a northern synoptic system which will be
shown to have an appreciable effect of the Baffin Island thermal
regime.

The north steering of depressions over eastern Canada
is evident on mean maps and there is a local maximum of
_eyclonic activity in Baffin Bay (Keegan, 1958) but here they
tend to stagnate and fill (Reed, 1958 ). Although this trend
may be seen on Figure 6 there is also a definite revitalization
of the vortex as it leaves the regionm. Only after passing east

of Creenland does it fill and decay to any extent.

Synoptic Analysis

This section is a detailed examination of the model
generated data for the period July 13-25, 1973. The primary
purpose of this analysis is to jdentify the relative importance
of advected and local energy sources and sinks in the behavior
of a synoptic system within the grid area. Here we include
orographic and frictional effects at the surface as a local

energy effect in terms of the cyclone circulation.
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On account of the enormous amount of data computed from the
model some restrictions are necessary in the discussion with the
realization that pertinent information may be overlooked. The
maps presented (Figures 7 through 14) are only for the 85 cb
level and therefore the interpretations are limited to lower
tropospheric activity. This is a compromise so that both
surface influences and features of the broad scale circulation
may be included. Where appropriate, important factors from
other levels are discussed verbally. To simplify the presentation
furthur, data at 48 hr intervals only are presented in map form
although regional averages at 24 hr intervals are tabulated
(Appendix Three). For each day discussed the following data are
contoured: 85 cb heights, 85 cb total vertical velocity (WT),
85 cb vertical velocity due to vorticity advection (wV)
thickness advection (wTH) and surface thermal effects (wH),

85 cb thermal advection, total precipitation and total vapour
flux divergence. The 85 cb temperature fields are in Figure 15.

A restriction on interpretation should be clarified. Unlike
the vorticity tendency equation the omega equation is not a
development model; it describes steady state fields.
Explanations for development and advective processes must be
conservative since they are based on a subjective examination
of a sequence of maps, not on a prognosis from one map to
the next. Temporal trends are not clear from one map in

isolation.
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On July 13 the southern depression system is in two
centers, one over the Gulf of St. Lawrence (134 decameters at
85 cb) and a more vigorous vortex over southern Keewatin
(131 dm). The curvature of the 50 cb flow suggests steering
towards the northeast. A weak localized high over Baffin
Island separates this system from a deep low (122 dm) over the
Polar Basin. The steep gradient of the Polar depression extends
to the northern sector of Baffin Island.

The strongest uplift (Figure 7) is in the southeast
quadrant of the grid; in advance of the St. Lawrence low. At
50 cb the vorticity advection along the east side of the deep
trough containing the two southerly depression centers is

-2 _nd ascent due to differential

approximately 2 x 10_9 s
vorticity advection (WV) is strong (1.8 cm s—l). Positive
thickness advection resulting from the import of relatively

1

warm air (advective heating of 1 x 107 kj kg ¢! in this

sector) contributes additional uplift (wTH approaches 1 cm s-l).
There is a total vapour flux convergence of 0.2 mm em ™2 hro
(negative divergence) and this uplift promotes intense
precipitation and additional ascent of 0.2 to 0.5 cm z-:..1 due
to latent heat release. These factors are augmented by strong
cyclonic frictional convergence ( 1 cm s“l at the surface)

and topographic uplift from onshore flow over the Torngat

mountains ( 2 cm s-1 at the surface). This latter factor acts

to anchor the 85 cb total vertical velocity maximum (wT is
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4 cm s_l) at this shore region. At this stage, the system
exhibits the classical signs of a developing mid-latitude
wave cyclone, as described by Krishnamurti (1968b). Ahead of
the vortex, in the direction of the 50 cb flow, vorticity and
thickness advection as well as latent heat release act in
conjunction to remove mass and promote a pressure fall with
attendant development of the depression.

Over the entire grid area the surface enthalpy flux is
negative. The resulting cooling is a maximum in zones of
maximum warm air advection - in advance of the system - since
there is a maximum air-surface temperature contrast. Since
it is the spatial pattern of the surface flux that determines
the vertical motion related to it (wH) there is subsidence
to the south (wH is -0.1 cm s_l) acting in mild opposition
to the thickness advection, while to the north there is ascent
where the cooling is a relative minimum (WH is +0.1 cm s_l
over central Baffin Island).

The isotherm pattern (Figure 15) is of interest since, in
later maps, a cold dome forms which eventually coincides with
the isobaric pattern. The result is an example of the classic
cold low described by Reed (1958) and Scherhag(1957). At this
map time there is a decaying primary depression to the southeast
of Greenland. The no;thwesterly flow along the west coast of
Greenland coupled with the southwesterly flow along the east
side of the St. Lawrence low sets up a strong deformation field

over southern Davis Strait and the Labrador Sea. With this
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circulation the axis of dilation is roughly orientated
northeast - southwest (cf. Palmen and Newton, 1969, pp 240)
and a tongue of cold air is drawn southward over Baffin Bay.
The zero degree isotherm is along the east coast of Baffin
Island. The cyclonic flow from the Polar low is crossing into
this tongue bringing warm air advection to the northern
region (0.5 x 1074 kj kg‘l s'l) which acts to shift the
northern sector of the tongue east. In the central Baffin
Island area the circulation of the St. Lawrence depression acts
in opposition, deepening the tongue to the southwest. The
interaction of these three vortices set the isotherm-isobar
configuration for the development of the cold low.

By July 15 the two southern depression centers have
coalesced into a deep low of 124 dm over Ungava Bay. The
isobaric gradient has intensified and extends into the area of
northern Baffin Island where it joins the Polar Basin low; the
147 dm isoline encircles both systems. This map (Figure 8, cf.
also Figure 6) represents the maturation of the system, the
center weakens noticably in the next map. The synoptic
sequence thus illustrates fully the decay of a mid-latitude
system as it enters the Arctic.

The strongest ascent due to differential vorticity advection
(wv = 0.6 cm s_l) is weaker than on the previous map and is
situated to the northeast of the vortex center over Davis Strait.

8

The 50 cb vorticity advection is 1 x 10 s-2 here. Although

the location relative to the low is similar to that of the
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13th, the magnitude of the maximum vorticity advection has
decreased by one-half.

The patterns of vorticity and thickness advection are no
longer coincident and, within the depression, thickness
advection dominates the vertical circulation. This is
characteristic of the peak of development for mid-latitude
systems (Krishnamurti, 1968b). Deformation of the temperature
pattern has extended into Hudson Bay and the zero degree
isotherm forms a closed dome immediately to the west of the
depression center. The result is warm air advection

4 1 s-l) to the north and west of

(approximately 0.8 x 10 ' kj kg
the system with ascent of 0.6 cm s_l, effectively overriding
the descent due to differential vorticity advection. Where

w, is a maximum to the northeast w, . is zero or slightly

\) TH
negative.

As the patterns of Wy and Wy mOVe out of phase local
effects assume dominance. The maximum total ascent (1.5 cm s-l)
is to the north of the low over southeast Baffin Island. Since
Wy and Wy are both zero here, this is directly related to
orographic precipitation effects and frictioﬁal and topographic
uplift.

For this particular case the surface vertical velocities due
to frictional and topographic factors are illustrated in

Figure 9. The onshore southeasterly flow results in an

orographic uplift of 1 cm s”1 over southern Baffin Island.
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Over Foxe Basin, the lee side, descent is of the order of

-0.8 cm s"1 and uplift is 0.1 cm s—'1 over Keewatin. Note the
marked influence of the Greenland ice cap (-1.8 cm s_l) even
though flow is more alongshore than offshore. Offshore
descents may reach -4 cm s-]' on other dates. Frictional
cross-isobaric convergence within the low vortex approaches
1.5 cm s‘l. A slight curvature of the isoline over southern
Baffin Island due to onshore convergence and differential

drag is noticable. Elsewhere there is moderate descent of the
order of -0.3 cm s—l due to frictional divergence.

Precipitation and latent heat release in the surface
(100 to 85 cb) layer is significant in response to the
orographic and frictional ascent. Heat release of 3 x 10—5 kj
kg_l s-1 is calculated over southern Baffin Island which
results in additional ascent of 1 cm s_1 at 85 cb. As before,
the net vapour flux divergence is negative in this northeast
sector of the depression (-1.5 mm cm 2 hr~l).

The surface enthalpy flux results in a cooling except
over Baffin Island where the warm surface coupled with negative
temperature advection promotes a heating of 4 x 10_5 kj kg-l s—1
at 85 cb with a strong local ascent approaching 0.7 cm s—1 over
the east coast. Note that this augments local topographic,
frictional and latent heat effects in this sector. Elsewhere
the advective pattern is the predominant control on Wy e

Generally Wy and Wy are in opposition. The two are nearly

equal in magnitude over Davis Strait and the Labrador Sea
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while over Foxe Basin and Hudson Bay, in the region of the
cold dome, thickness advection has a much greater effect.

Part of the cold dome is off the grid and a complete
examination of the internal energy exchanges is not possible
until the next example.

This map illustrates the maturation of a mid-latitude low
in the subarctic. Vorticity and thickness advection patterns
are out of phase with the latter dominating the vertical
motion field within the depression. Considering only these
two parameters at 85 cb the vertical motion in the vortex
center would be near zero. The surface frictional convergence
and uplift of 0.5 cm s-l would rapidly fill the system in the
lower troposphere leading to decay. Any displacement
would be a response to the steering of the large scale flow.
However there is strong ascent and concomitant pressure fall
to the north related to local effects.

The importance of these local controls is apparent on
July 17 (Figure 10) when the depression center has moved
northward to south Baffin Island. It has weakened to 130 dm
and the regional scope of the cyclonic circulation is much more
restricted as compared to July 15. The Polar low remains
unchanged.

The decay of the system is reflected in the advective
terms. The pressure pattern is almost in phase in the vertical
(other pressure levels are not shown) such that there is very

1ittle differential vorticity advection over the system center.
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Wy is almost zero here. To the northeast of the system the
50 cb vorticity advection is still positive but has been
reduced to 1 x 10_10 s—l (this may be suspect on account of
NMC analysis errors over Greenland) as the circulation
weakens and vorticity generation and export of the depression
falls.

The isobaric and isotherm patterns at 85 cb are almost
coincident. The geostrophic thickness advection results in a
vertical circulation of less than + 0.1 cm s'-1 within the
low and acts to oppose the equally small vorticity effect.
Only in the northeast sector does one factor, tﬁe differential
vorticity advection, predominate, but this uplift is cancelled
by orographic descent. The advective fields have a negligible
net influence on the synoptic system.

The low is stabilized, however, by strong net ascént
(0.8 cm s_l) within the vortex, with the result that the system
remains anchored here for three days. Again, this may be
attributed entirely to local effects. Over the Hall Peninsula
region surface orographic uplift is 0.3 cm s-l, there is a
strong onshore frictional convergence of 0.6 cm s-l, the release
of latent heat (1 x 10—5 ki kg-l s_l) contributes o.1 cm s_l
at 85 cb and the enthalpy heating by the warm land surface
under the cold dome contributes an additional 0.5 cm s_l.

The near coincidence of the isothermal (Figure 15) and

isobaric patterns is a classic indicator of an occluding



77

system (Palmen and Newton, 1969) and also defines a cold low
which can be first discerned at this stage for this example.

The zero line of horizontal advection runs through the closed
zero degree isotherm which encompasses two computational grid
points, one to the northwest and one to the southeast of the
cold dome over southeast Baffin Island. With the circulation of
July 17 there is warm air advection on the upstream (southeast)
side of 5 x 10‘“6 kj kg—l s“l and cooling of -4 x 10‘_6 kj kg—l
s_1 on the downstream (northwest)side. However, there is a
reverse trend due to the surface enthalpy flux with a heating

5

of 2 x 10~ kj kg—l snl over land to the northwest and a

5

cooling of -1 x 10~ kj kg~1 s over Davis Strait. Over land

there is a latent heat release of 2 x 10_5kj kg-l s-l and over

3 kj kg_1 s L, Corresponding

water to the southeast it is 1 x 10~
cooling rates by vertical advection (adiabatic expansion) are
-3 x 10..5 and -1 x 10—5 kj kg—l s_l - the orographic influence
is evident. Noting the restrictions of the coarse grid
resolution and approximate nature of the parameterizations we
can estimate the total 85 cb energy exchange within the cold

low to +6 x 1078 kj kg_l ¢! to the northwest and -5 x 1078

kj kg_l ¢! to the southeast. Thus, there is a net
intensification of the cold dome to the southeast which may be
traced to the dominance of adiabatic expansion over advective
heating. This dominance of vertical expansion was also noted

by Reed and Tank (1956) and Scherhag (1957). The 85 cb cooling

in this sector is approximately -0.4 c® dy-l. However, the
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decay to the northwest is traced to the failure of the combined
effects of adiabatic expansion and advective cooling to exceed
heating by the surface enthalpy flux and precipitation. The
heating is approximately 0.5 c® dy-l.

By July 19 (Figure 11) the depression center has shifted
slightly toward the northeast - still influenced by the strong
localized ascent over Baffin Island. It is no longer a closed
low but forms part of a southeast trough extension of the Polar
Basin low which is over the Queen Elizabeth Islands.

With this slight displacement, the flow over Baffin Island
is from the northwest and there is orographic descent of
~0.2 cm s‘—1 at the surface over the east coast. The cold dome
is displaced slightly eastwards, as antiéipated from the
energy exchange considerations on July 17, and as a result there
is a broad region of negative thickness advection within the
depression with a maximum that coincides with the orographic
descent to produce a region of net subsidence at 85 cb within
the low. On the west coast of Greenland southerly air is
5

flowing into the cold dome (+2 x 10" kj kg~l s-l) with a

moderate positive Vol of 0.3 cm s—l. This adds to the. positive

vorticity advection along the east side of the trough (1 x 10~

s—2 at 50 cb, the increase from the previous day probably

9

reflects the combined circulation of the Polar and Baffin Island

low around the trough) which contributes an ascent of 0.5 cm s_%

As a result, there is precipitation and latent heat release

(4 x 107 ki kg—l s_l). The total uplift approaches 1.3
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cm s_l along the east side of the trough ahead of the
depression promoting vortex development in this direction.

Two features are worthy of note. The influence of the
Polar low is now evident in the positive thermal advection
4 x 10—5 kj kg”1 s-l) to the northwest as cyclonic flow
crosses the isotherms (Figure 15) of the cold tongue. This
increases in magnitude and southward extent in the next map.
There is also an 'anomolous' precipitation zone on the west
1imb of the trough where there should be net subsidence
(cf. synoptic discussion in Chapter Three) due to negative
thickness and vorticity advection. However, there is
significant onshore frictional convergence and orographic
uplift along the west shore of Baffin Island with a total
surface ascent of 0.3 to 0.5 cm s-l. This is responsible
for the net uplift and precipitation at 85 cb.

The configuration of the cold dome (Figure 15) with
respect to the isobars is such that inflow is from the north-
west across a very weak temperature gradient with a small
horizontal advective heating of 4 x 10'-7 kj kg_l s—l.

The advective cooling at the outflow, to the northeast (note

the reversal of relative flow from July 17) is -3 x 10-'5

kj kg_l s—l. The corresponding figures for the surface

7

enthalpy flux effect are 1 x 107" kj kg-l s_l over land

at the inflow and -6 x 10-6 kj kg—l s—lover south Baffin Bay.

5

The adiabatic effect is positive (1 x 10~ kj kg_l s71) over

land due to subsidence in the lee side of Baffin Island, and



81

negative at the outflow (-6 x 10—6 kj kg—l s—l). The net

result at the outflow region is a strong cooling of 3.6 C0
dy_l, dominated by advective cooling in this situation. At
the inflow adiabatic compression dominates a heating of 1 c®
dy-l. The conclusion of Reed and Tank (1956) and Reed (1958)
that adiabatic cooling is the dominating factor in the
maintenance of the cold low is obviously an oversimplificationm.
The controlling parameter changes with shifts in the isobar-
isotherm patterns and in relations between local features and
the large scale flow. It is necessary to use more detailed
grid resolution to make more confident conclusions.

With the eastward displacement of the cold dome Vorn
becomes significantly positive to the east-southeast of the
depression. This augments an increased wy as the circulation
intensity increases with the combination of the Polar and
Baffin Island lows in a trough. There is a definite impetus
for development towards the south of Greenland resulting
from advective effects. Note the increased thickness advection
has its roots in local intensification of the cold dome on the
previous map.

On July 21 (Figure 12) the vortex has indeed moved
southeast and the height of the 85 cb surface is stabilized.
It remains at 136 dm from July 19 through 21 (Figure 6). Thé
Polar low has deepened to 120 dm and the increased influence

is evident in the cyclonic curvature over the northern half

of the grid. Over the southern section the anticyclonic
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curvature is part of a major high over the central Canadian
plains. The net result of the two opposing systems is strong
upper level diffluence over the Baffin Bay-Davis Strait region.
This phase may be considered as a transition between the
dominance of a southerly depression system and the Polar low,
the development of the latter paradoxically initiating a period
of strong positive thermal advection over the Baffin Island
region.

The relative warming is a result of west - northwest flow
into the cold dome (Figure 15), which is now stationed over
Davis Strait. It is behind the southern depression and the
cold low configuration no longer exists. The advective
warming and adiabatic compression at the inflow of the cold
5

dome (northwest sector) is 4 x 10—6 kj kg~1 s_%nd 1x 10

kj kg—l s_l, respectively. The corresponding figures at the

6 5 1

outflow sector are -6 x 10 ~ kj kg—l s! and -1 x 10” kj kg

s . However, cooling at both locations due to downward

enthalpy flux toward the water surface is strong (-4 x 10-5

1 sfl)- The dominance of this latter factor over

kj kg
adiabatic and advective effects no doubt accounts for the
anchoring of the cold dome over Davis Strait behind the low
for the period from July 20 to 23.

The pattern of wy opposes the ascent to the west and descent
to the east due to this thickness advection. The trough

containing the low along the west coast of Greenland promotes

uplift due to positive differential vorticity advection and
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to the west the anticyclonic curvature around the mid-plains

high seems to predominate. However, the combined effects of

TH
broad region of quiescent vertical circulation. With this

the weak opposing fields of Wy and w,,.. seems to result in a

nearly zonal flow topographic controls are again important.

Over Creenland the orographic uplift (0.2 to 2.0 cm s-l) and
onshore frictional convergence (0.3 to 0.5 cm s_l) combine

to produce strong ascent in this sector. This is reinforced by
latent heat release with additional uplift of 0.2 cm s—l

at 85 cb. Over west Davis Strait-Baffin Bay there is a general
subsidence due to combined topographic descent in the lee of
Baffin Island (-0.4 cm s—l) and frictional effects (~0.2 cm s-l)
as air dccelerates eastward from land to sea.

The Polar low has shifted to the east and extended the
cyclonic influence in the grid region by July 23 (Figure 13).
On July 22 it had reached the maximum depth of 116 dm. The
trough extension along the west coast of Greenland on the
previous map (Figure 12) is now almost a cutoff low between
Greenland and Iceland with a relatively shallow height of 135
dm. The northwest flow along the west side of this trough
has shifted the cold dome to the south near the coast of
Labrador.

The contribution by differential vorticity and thickness
advection is still weak. The maximum Wy of +0.6 cm s—1 is
located over northern Baffin Island where the cyclonic

circulation is analagous to a mid-latitude trough with positive
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vorticity advection to the east and negative advection and
descent a;ong the western limb. To the southeast the
anticyclonic curvature represents an export of vorticity from
the high towards the low to the east of Greenland with a
corresponding descent of -0.7 cm s7L.

The Baffin Bay maximum of iy is opposed by wTH(-O.7 cm s-l)
as cold air is transported from the temperature minimum over
the Queen Elizabeth Islands. Over Davis Strait positive
thickness advection and warming is associated with the same
flow but which is directed into the cold tongue (Figure 15).
It is a combination of the Polar low circulation and the position
of the cold tongue (previously a part of the southerly
depression system) which accounts for the marked warming
interval around July 21 (Figure 5). The effect subsided as
the cold dome shifted southward.

As on the 21st, extremes of vy and W are nearly self-
cancelling and the major vertical motion features are related
to the local effects, predominantly the strong orographic
ascent of 4 cm s_l at the surface over western Greenland. Net
subsidence over Baffin Island is clearly related to topographic
descent and frictional divergence of the anticyclonic curvature.

The map of July 25 (Figure 14) illustrates the decay of the
Polar low to 133 dm as it drifts southward along the west coast
of Greenland, undoubtedly prompted by strong surface orographic
ascent and latent hgat release in this area on the previous

map (Figure 13).
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With the southward intrusion of the low, coupled with
the almost complete disappearance of the cold tongue, there
is a general negative thermal advection approaching
2 x 107 kj kg_l s"lat Baffin Island. The cold advection
accentuates the effects of land-sea temperature contrast on
the surface enthalpy flux. Over Baffin Island the positive
1 -1

s

heating approaches 8 x 10--5 kj kg in the north and

2 x 107° kj kg_l &L in the south as compared with a cooling

> kj kg—l s L over central Davis Strait. The

of -4 x 10~
abruptness of the change gives rise to intense gradients of
L 1.0 cm s—l over Baffin Island and -0.5 cm s-1 over
Foxe Basin and Davis Strait. Under conditions of warm air
advection the fluxes over land are reduced and horizontal
gradients are subdued with the result that the resultant
vertical motion field of Wy does not have the intense gradients
‘ and extremes of this case.

As expected from the classical model of trough circulation
there is strong ascent due to positive vorticity advection
at the base of the wave (1.3 cm s-l) and descent to the west
(-0.7 cm s_l). Both extremes are much stronger than on the
previous example. However, they are opposed by the thickness

advection to produce a quiescent vertical motion field, the

noticeable exceptions may be attributed to local factors.
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85 cb Thermal Regime for East Baffin Island, Davis Strait

and Baffin Bay

Since the period studied in the preceding section was
selected partly on the basis of the interesting temperature
and ice melt episode it is useful to examine some thermal
characteristics of the synoptic event at selected locationms.
The model generated heating rates at 85 cb are presented in
Table VI and Figure 16 for east Baffin Island, Baffin Bay
and Davis Strait. The data for Baffin Island most closely
represent the synoptic data for Broughton Island in Figure 5.
In Figure 17 the positions of maxima of horizontal thermal
advection within the grid region are plotted. The "trajectories"
of these centers are based on subjective interpretation of
Figures 7 through 14. There is a boundary problem in that
the absolute maximum for a given system may be off the grid.
This map .should not, therefore, be considered as a complete
analysis but serve only to indicate sectors where advective
influences are prominent and the probable time-space relation-
ships of these centers.

The two warming periods identified in Figure 5 are
evident at 85 cb (Figure 16) for east Baffin Island. There is
a small warming of 4 c® centered on July 16 and a major episode
around July 22. At Broughton Island the recorded 48 hr ice
melt (beginning on July 19) was 25 ecm, the highest rate
observed during the 1973 season. The interval between

observations was too great to associate a definite melt rate
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TABLE VI

85 CB THERMAL DATA FOR SELECTED LOCATIONS

Line 1: east Baffin Island

Line 2: Davis Strait
Line 3: Baffin Bay

Temperature: oC

-1 -1
s

kj kg

Heating Rates:

Date

Latent

Vertical Horizontal Surface

July

Advection Advection Enthalpy Heat

Release

Flux

NN
e o o
O NN

13

< 0 N
NO M

OCOo

\O N O

-3.6E-5

2.8E-4
-1.7E-5
-5.8E-5

-1.2E-5
~1.1E-5
~4.0E-5
~4,0E-5
-2.6E-5
-1.5E-5
~6.9E-5
~2.1E-5

14

0

3.7E-5

-6 .5E-6

15

1.1E-5

0

4 .4E-5
‘-' 4 . 1E_6

[ Jye ol o]
DBl 3

NN~

g N

0
0
0

3 . 9E—5
-8.8E-6
-9.5E-6

3.6E-5
-4 .0E-6
2.2E-5
-1.1E-5

2.9E-6
-3.7E-5
-1.7E-5
-2.3E-5
-9.5E-

16

1.6E-

3.3E-5
-6.8E-6
-1.9E-5
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N~
L

6.3E~-
1.3E-
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4 . 3E-6
9.3E-6

0

7.0E-6
-6.3E-6
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-1.4E-5

E-6
-1.9E-5
-1,1E-5
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with the first warming episode, but it was noticeably smaller.

fhe net heating attributed to horizontal advection,
vertical (adiabatic) advection, surface enthalpy flux and
latent heat release does not correspond very well with the
_temperature trend (Figure 16). This may be related to the
accumulation of errors (most suspect is the surface enthalpy
flux), the coarse grid resolution used to calculate the
advective components and the fact that the data represent
instantaneous rates at a point rather than accumulated
energy (indicated by temperature) between observations.
Despite these restrictions there is some indication of a net
heating increase on July 16 at Baffin Island and the
maximum of July 22 is clear.

The development of the cold tongue in the Baffin Island
region as a result of shear between the St. Lawrence low and
the primary depression southeast of Greenland has been
discussed in the previous section. The formation of this
feature accounts for the unexpected sharp drop in temperature
from the maximum on July 12 (Figure 5) while the regional
pressure drops as the southerly depression moves north. The
delayed warming episode on July 16 was initiated by strong
horizontal advective heating (cf Figure 17) when the
depression intensified over north Quebec and the increased
circulation brought southerly air into the cold dome over
Baffin Island. The regional effect is more obvious in the
Davis Strait illustration (Figure 16) where advective heating

increased sharply on July 14 to 12 x 10-5 kj kg—l s_l
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(equivalent to 10 c® dy_l). The warmed air would subsequently
be advected northwest under the cyclonic regime. This

explains ' the relative delay of advection maximum and the lower
rate over Baffin Island.

Over Baffin Island the horizontal advective heating is of
the same scale as the surface heating during this early
episode, but both values are opposed by adiabatic expansion
resulting from orographic uplift. Over the ice (Broughton
Island area) the rate of uplift would be smaller and advective
heating would contribute to a net energy increase. The
correspondence between net heating and observed temperature
change would then be closer than indicated in Figure 16.

After the 19th the advective effects are related to the
flow of the Polar low into the same Baffin Island cold center

3 kj kg—l s_l) are

(Figure 17). The maximum rates (14 x 10
comparable to those identified with the southerly system and
are found to the northwest over Victoria Island. There is a
strong eastward gradient of this heating (cf Figure 12) and
values over Baffin Bay reach a maximum of only 8 x 10—5

kj kg-l s-l; which is, however, greater than the maximum

of the previous episode (July 16). This is augmented by
heating due to adiabatic compression in the lee of Baffin
Island (4 to 5 x 10"5 kj kg—l s—l). Descent is related to the
negative vorticity advection aloft and shift of the flow over

the east coast so that topographic and frictional effects are

reversed as the depression shifts eastward.
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There is an ahrupt change in the energy regime on July 23
over Baffin Island and Baffin Bay, and on July 24 over Davis
Strait, as the decaying Polar depression enters the region
bringing cold air with an advection rate of -4 to -10 x
10“5 ki kg"l s-l and an end to the ice melt episode.

To summarize, we note that over Baffin Island the
energy regime is a balance of a wide range of fluctuations
in all the energy sources. At times the surface enthalpy
heating may reach the same magnitude as the advective
influences. Latent heat release is commonly an order of
magnitude smaller. Over the water surfaces, however, the
dominant control is the horizontal advection. In this
example, there are no large surface to air temperature
contrasts, nor the large enthalpy fluxes found over land.
Adiabatic effects are controlled by the large scale flow which
usually results in weak vertical velocities in the Arctic.
Consequently, the rates of vertical advection are much less
than over land surfaces where topographic and frictional uplift
is important. One exception, which may be related to the grid
point resolution and computational design, is the adiabatic
cooling on July 23 over Baffin Bay which is related to strong
orographic uplift over Greenland with the onshore flow.

In this discussion we have identified only the magnitudes
and nature of the synoptic scale thermal interactions for a

particular case. In particular we have speculated that the



97

major coastal ice melt of east Baffin Island was related

to warm advection from the west, prompted by the circulation
of the Polar depression, coupled with adiabatic compression
in the lee of the island. With the present grid resolution
(350 km) we cannot determine the perhaps significant effect
of subgrid advection on the surface energy balance. This may
be large at the land sea boundary. It would also be useful
to determine the adiabatic contribution when the lécal, steep
topographic gradients are considered. However, a meso-scale
time dependent model (the three dimensional sea breeze model
of Pielke, 1974, for example) with a much finer grid mesh

is required to investigate such situations in more detail.

Summary and Discussion

In this chapter a detailed analysis of the components of
the omega field at 85 cb in the eastern Canadian Arctic has
been present at 48 hr intervals from July 13 to 25, 1973. The
purpose is to examine the changes in the imbalance of the
physical processes contributing to omega at various points in
the evolution of a typical summer synoptic system within the
region. Of particular interest is the relative importance of
the advected versus tﬁe local terms in the vertical circulation
and their effect on the behavior of the system.

During this period a developing mid-latitude depression
moved into the grid area from the St. Lawrence and drifted out,

south of Greenland, as a decaying system. Following this a
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deep Polar low also passed through the region in its decaying
stages, although its regional influence was evident from the
beginning of the study period. This particular case was
chosen because there were two marked warming episodes, one of
which had a significant influence on the surface energy balance
in that there was a major ice melt along the east coast of
Baffin Island.

In June the hemispheri¢ circulation was predominantly
zonal but there was a major transition to meridional flow which
characterized most of July (Wagner, 1973). This was prompted
by blocking over west Canada and north Europe, and a deepening
of the Azores high. A trough over Davis Strait, which
extended to Texas, is evident on the mean July map. In Davis
Strait the 70 cb height was approximately 25 meters below
(low pressure) the normal while over central Canada, north
Europe and the central North Atlantic it was 40, 80 and 70
meters, respectively, above normal., In the grid area of this
study the pressure surface dropped 70 meters from the June 1973
average.

As the southerly depression entered the region on July 13
it can be identified with the characteristics of a developing
system as described by Krishnamurti (1968b) . Vorticity and
thickness advection patterns are in phase and the upward
circulation in advahce is augmented by strong diabatic effects.
At the maximum depth of the vortex on July 15 these advective

patterns are no longer coincident. At 85 cb there is almost
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no vertical motion and the depression would quickly fill since
there is still strong low level frictional convergence with
the cyclonic circulation., This would be identified as the
occlusion stage according to the classical model and indeed
the NMC surface analysis indicates an occluding front.

This out of phase shift of the thickness advection relative
to the vorticity advection is related to the development of a
deep cold tongue through Hudson Bay - Davis Strait which was
initiated by the sudden transfer to meridional circulation and
the formation of a strong deformation of the isotherms between
an Icelandic low, a Polar low and the mid-latitude system. The
position of this cold tongue is important throughout the entire
study period. In addition to prompting the destruction of the
southerly system it leads to the development of a cold low.

As the two advective terms become self-cancelling the local
effects become important and act to stabilize the vortex.
Orographic as well as frictional ascent and a strong surface
enthalpy flux produce a region of intense vertical motion over
southern Baffin Island. There is also latent heat release and
furthur uplift. The maximum 85 cb ascent of 1.5 cm s-l on July
15 in this area is less than the previous maximum (4 cm s—l) to
the south when advective terms dominated but nevertheless it is
sufficient to force the northward drift of the low.

The cold dome intensifies over Davis Strait with attendant

thickness advection to the southeast of the system on July 19.
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This coincides with intensified vorticity advection in this
area as the low becomes a trough extension of the Polar low
as the two circulations combine. This rejuvination of the
advective terms initiate development towards the south of
Greenland and the low eventually leaves the region by July 23.
Previous studies of the cold low feature have emphasized
the role of adiabatic expansion due to uplift within the vortex
in the formation of the mid-tropospheric cold center (Reed and
Tank, 1956; Scherhag, 1957). 1In this case study, however, the
physical relationships are more complex. The initiation of the
isotherm configuration can be traced, prior to the cold low
formation, to the horizontal deformation over Hudson Bay -
Davis Strait between three depression centers. The cold low
forms over the east coast of Baffin Island as the southerly
system moves northward and the isobars coincide with the
closed isotherms. The movement is not a result of large scale
flow but rather of local ascent over Baffin Island. Adiabatic
cooling is important at the upstream sector of the cold low,
but downstream the feature is degraded by strong surface
heating and latent heat release over the island. The net result
is a retrograde travel of the cold center with intensification
against the direction of flow. 48 hours later the flow
characteristics have changed such that intensification is in
the direction of flow but horizontal advective cooling

dominates. On the following map (48 hours later ) the cold
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dome is stabilized over Davis Strait by strong cooling related
to the downward enthalpy flux. It is evident that local as
well as advective effects are influential in the maintenance
of the cold low, for this example. As the flow changes and
the nature of the underlying surface varies, the mechanisms
change. More defailed study is necessary using more examples
with a finer mesh grid. It may be that this complex situtation,
involving imbalances of land-sea thermal effects, the large
scale flow (horizontal advection) and orographic ascent, may
be an anomaly, especially in light of the very high frequency
of cold lows found spread over all sectors of the Arctic
(cf. Flohn, 1952).

When choosing the period for this detailed study it was
noted that the rapid cooling at Broughton Island at the
onset of an interval of decreasing pressure is unexpected in
that the reduced pressure is usually associated with advection
of warm southerly air. This cold episode has been traced to
the development of the cold tongue over Hudson Bay - Davis Strait.
The expected warming is observed on July 16 over Baffin Island.
The peak is 24 hr earlier over Davis Strait and is of greater
magnitude. This is obviously the effect of warm air advection
with the northward moving mid-latitude system. However, the
more intense warming centered on July 22, which was coincident
with a vigorous melt of the fast ice in the Broughton Island
area, is associated with a different system and an additional

physical process. The cyclonic flow around the Polar low
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has intensified in the central grid sector bringing relatively
warm air from the west into the cold tongue. This advection
is augmented by adiabatic compression as the air descends
the east coast of Baffin Island. The two heating effects
are of similar magnitude. The subgrid scale effect of surface
heating of air over land and its subsequent advection éver
nearby ice cannot be evaluated with the present grid resolution.
The grid averages and standard deviations of the model
generated data at 24 hr intervals are in Appendix Three. Since
they are not restricted to the synoptic system they do not
adequately represent the synoptic behavior and therefore are
not discussed in the day by day analysis. However some general
features are worth of note. The vigor of the 85 cb vertical
circulation ié not comparable to that furthur south. The grid
average for a polar outbreak in middle latitudes (Table I,
April 15) is 1.6 cm s-l, with a large standard deviation of
3.2 cm s—l. By contrast the comparable statistics for a mature
Arctic system (July 15) are 0.02 cm s-1 and 0.7 cm s—l.
Krishnamurti (1968b) reports extremes of vertical circulation
of +11 to -13 cm s—1 for a mid-latitude storm in the United
States. The more quiescent Arctic circulation is, in part,
related to the lower static stability with the lower temperatures
and smaller specific volumes. For the United States a typical
value is 3.13 at 50 cb (Stuart, 1970) while for the Arctic it
is 2.58. At 30 cb the difference increases (11.08 and 3.54,

respectively). In this respect a useful study would be a
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comparison of the magnitudes of the contribution to omega

Ly the various processes (advected and local) for Arctic and
mid-latitude systems to find additional causes for the different
vertical circulations.

Also of interest is the relatively large grid average
contribution by diabatic effects at 85 cb. In several cases
(e.g. July 15, 18, 20,23) the contribution to the total
vertical motion is of the same scale as the advective terms.

In one instance (July 19), the latent heat release dominates
the total vertical circulation.

For the purposes of this study the grid format is not
ideal. The eight by eight by six data grid was chosen to
restrict computer storage to within reasonable limits for an
exploratory study. At present the storage of the model has
exceeded the core limit of a CDC 6400 computer. The size of
the grid, however, is not sufficient to identify with confidence
origins . and maximum magnitudes of advective processes through
the history of the disturbance. In the discussion of the daily
features it has been noted that significant sectors are often
at the edge or entirely off the grid. Sutcliffe and Forsdyke
(1950) recommend a hemispheric scale to analyze adequately
synoptic evolution. An alternate scheme would be to use a
movable grid referenced with respect to the depression center,
such as that employed by Petterssen et al (1962). However, this
would entail re-analysis of the input fields at each calculation

to fit the data with the new grid position.
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The results of this chapter have illustrated the

suitability of the steady state omega equation for discussion

of synoptic systems in the Arctic. The influences of advective
and local energy sources and sinks can be clearly differentiated
and studied. The observed synoptic behavior closely follows
that expected from an examination of the model generated data
and characteristics of the local climate can be interpreted
adequately from these data. A more comprehensive examination
of the energetics of the local climate would require a time
dependent model of greater resolution to couple local surface

effects with the large scale flow.
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CHAPTER FIVE

EMPIRICAL ANALYSIS OF WINTER AND SUMMER VERTICAL VELOCITIES

Introduction

In Chapter Four a single synoptic event is analyzed in
detail throughout its history in the eastern Canadian Arctic.
The purpose is to identify magnitudes of the vertical motion
at various stages of development and decay and to determine
the intensities and types of the physical processes affecting
the vertical circulation. By this type of subjective
examination it would be difficult to consider a large sample of
cases in order to reach general conclusions regarding synoptic
processes.

In this chapter attention is focused on seasonal and
inter-seasonal synoptic characteristics. With the large amount
of data it is necessary to investigate empirical techniques
which reduce the products of the omega computations to statistics
which may be interpreted according to synoptic principles.

From these statistics major temporal trends and physical
relationships for the total vertical velocity may be identified
and discussed.

In many climatological studies a spatial field is
decomposed into characteristic patterns and a large sample is
thus reduced into fewer categories and attendant frequencies.
If system evolution and history is of interest the data may be

air parcel trajectories or depression tracks (kinematic
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classification). A spatial data set representing an instant
in time falls into a static classification. The emphasis is
on morphology and a pattern illustrates the mean location and
configuration of a synoptic feature. The data and objectives
of this study in the eastern Canadian Arctic dictate a static
view.

The majority of the studies reported in the literature
have concentrated on the pressure field and the patterns may
be interpreted in terms of depression systems and flow
characteristics. Numerous examples have been reviewed by
Barry and Perry (1973). These classified patterns may be
related to local climatic elements (Barry, 1974; Fogarasi,
1972), hemispheric scale atmospheric dynamics (Craddock and
' Flintoff, 1970, Dzerdzeevski, 1968), patterns of other climatic
or biological data (Fritts et al, 1971; LaMarche and Fritts,
1971) or the classification itself may be of interest
(Kirchhofer, 1974). To date the emphasis has been on averaged
conditions, and the seasonal characteristics of the patterns
and the variable intensity within patterns have not received
much attention (Barry and Perry, 1973).

In a static classification the major patterns reveal mean
or preferred locations of the most common synoptic features.
Unless pattern sequences are examined this technique is not
amenable to historical studies (Chapter Four, for example),

however static analysis is most suitable for comparison of
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patterns with those of other fields recorded at the same time
for the same region. In this chapter the total vertical
velocity at 85 cb is broken into characteristic patterns or
eigenvectors for the eastern Canadian Arctic which are compared
with patterns of the component fields to determine the probable
physical mechanisms responsible for the major synoptic features
of the region. The sample interval is from January 2 through
August 24; 1973 and includes the winter, transition and summer
periods. This chapter is organized as follows:

Pattern identification for 85 cb total vertical velocity.

The technique of empirical pattern classification is discussed
and applied to the 85 cb total vertical velocity (WT)’ the 85
cb geopotential height (&) and the six component fields of

the total vertical velocity - Wy 85 cb vertical velocity due

to vorticity advection; 85 cb vertical velocity due to

WTH,

thickness advection; w. p? 85 cb vertical velocity due to latent

L
heat release; Wi 85 cb vertical velocity due to surface thermal
effects; P surface vertical velocity due to friction and w .,
the surface orographic vertical velocity. The patterns of the

total vertical velocity and their seasonal trends are described.

Canonical analysis of the eigenvector weights. The patterns

of the fields mentioned above are compared throughout the entire
sample to find those patterns and fields which are highly
correlated throughout time for specific synoptic features. The

objective is to define the physical processes (wv, w,.. etc.)

TH

which are responsible, on the average, for each feature in Ve
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Seasonal Interpretation of the first five eigenvectors QE_ET.

The seasonal variations in intensities of the major synoptic
systems of the region and changes in the physical mechanisms
responsible for those systems are discussed.

Case studies of eigenvector relationships. Cases from the

detailed study interval of Chapter Four which illustrate two
major patterns or eigenvectors of total vertical velocity are
examined. The probable physical relationships for the synoptic
features ih each pattern which have been identified empirically
from canonical analysis are compared with the relationships found
by the subjective analysis of Chapter Four.

Summary and discussion. The major synoptic features in Vi

and their probable physical mechanisms are summarized. The
validity of the empirical techniques used in this chapter is

discussed and modifications and improvements are proposed.

Pattern Identification for 85 GB Total Vertical Velocity

The classification schemes of Barry (1974) and Kirchhofer
(1974) are based on the recognition of dominant or 'key'
patterns in the spatial field of pressure and the grouping of
other days with similar configurations into the respective
categories. The advantage is that each day or case is
associated with only one 'key' pattern but there is also a
tendency to define a large number of categories so that as much
of the sample as possible may be classified. The Barry
catalogue includes forty 'types' of sea level pressure for the

eastern Canadian Arctic. The derivation of a catalogue may be
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based on a laborious subjective examination of maps (Barry, 1974)

- a procedure which invokes circularity arguments when the

results are analyzed since selection of classes is usually

based on an a priori understanding of the major circulations
involved (Barry and Perry, 1973). The Kirchhofer method uses

a time consuming computer programme but large amounts of data

may be handled easily and operator bias is relatively insignificant.

An alternate method, which is more economical in terms of
computer requirements, is to decompose a spatial field into
eigenvectors. These are non-correlated mathematical surfaces
in the spatial field. Each surface or eigenvector has an
associated weight for each case which is an indication of the
importance of that vector in the original data for that day.

A disadvantage is that each case may be represented by a
multiplicity of surfaces or patterns, but the number of

significant patterns is usually less than for 'key' day

techniques.

The use of eigenvectors to represent two dimensional
meteorological fields was first described by Lorenz (1956) but,
presumably on account of limited computer storage, reports of
extensive applications have been made only recently (Sellers,
1968; Craddock and Flood, 1969; Peterson, 1970; for example).

In this study eigenvector analysis is applied to products
of the omega computations in the eastern Canadian Arctic for a
234 day sample to decompose the data fields into characteristic

anomaly patterns which may form the basis for classification
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and furthur analysis. Since eightfdata sets are to be examined
(WT, Wys Wipgs Wips Wys Wps Vo, ?) computer expense is of primary
concern and for this reason the Kirchhofer method is not used.
In the next section we investigate the hypothesis that
characteristic patterns of vy may be related to patterns of
particular physical processes. If each case has several component
patterns of different relative importance (i.e. eigenvectors) it
is more probable that one of these patterns may be related to
a particular assemblage of physical processes which may
alwvays be present, but at different intensities for different
days, than if each case has only one pattern. This is the
second reason for the adoption of the eigenvector techmnique.

The utility programme for eigenvector analysis restricts
the number of variables (grid points) to 25. The western column
and southern row of the original matrix are deleted and the
5 x 5 grid encompassing Baffin Island and Baffin Bay - Davis
Strait is retained. The data for each case are standardized with
a spatial mean of zero and standard deviation of one. This has
the effect of preserving patterns in the data while enabling
comparison of fields with different units (for example vertical
velocity and geopotential height). This procedure has the
adverse property of subduing intensities so that two cases with

similar spatial relationships but very different ranges of values

would be depicted as being identical.
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The methodology of eigenvector analystfs in meteorological
applications is well established (e.g. Sellers, 1968). The
standardized observational data are represented by the matrix
mFn (m=25, n=234) which is transformed into a correlation
matrix mCm. The eigenvector matrix mEm is determined from:

mCmEm = mEmLm
where mLm is the diagonal matrix of the latent roots (or
eigenvalues) of the correlation matrix. The weights (mXn)
of each eigenvector are determined for each case.
> mFn = mEmXn

The eigenvalue may be interpreted as a single number
representing a topographic surface found in the original data
field (Gould, 1967). A high value may indicate a nearly planar
surface while successively lower values are considered to be
convoluted surfaces of greater complexity with wider ranges
of heights.

The eigenvectors are realizations of these eigenvalues
in the variables (grid points). Each eigenvector may be plotted
and contoured. The plot then displays the spatial topography
which the eigenvalue represents, and, since each eigenvector is
orthogonal to those preceding it, each map is uncorrelated with
the others. These maps are termed 'characteristic anomaly
pattern(s)' (Grimmer, 1963) and form the basis for classification
of the data. A summation of all eigenvector patterns results in
a pattern of the original data averaged through all the cases (n).

The first few eigenvectors may be interpreted in physical terms
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but higher order maps represent high frequency variability which
is usually considered noise. According to the Kaiser criterion
(Kaiser, 1960) only those vectors with eigenvalues greater than
unity have physical significance.
The weight of an eigenvector is an indication of the
relative importance of that pattern in the data for each case.
If the value is large (on a relative scale), the vector
closely resembles the original field. If the value is large but
negative the patterns are similar but the data are opposite in
sign to the terms of the eigenvector. )
The 85 cb geopotential and seven vertical velocity fields
are decomposed into their respective patterns. The major
eigenvalues and cumulative variance of each are in Table VII.
Since the total vertical velocity is the final objective
of the omega computations and is an indicator or synoptic
activity, the patterns of this field are discussed in detail.
The contours of the eight eigenvectors for the 234 day sample are
plotted in Figure 18. The ten day means of the weights are in
Figure 19 with plus and minus one standard deviation. The
weights are tested for linear trend of the relative importance
of each eigenvector through time. The F - statistics, indicating
the significance of such trend, are in Table VIII.
Eigenvector one: has an eigenvalue of 4.5 and accounts for
18 per cent of the variance in the original data. Two synoptic
features are evident in this anomaly pattern. There is a circular

region of ascent (we interpret the patterns for cases of positive
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Format:

Eigenvalue

TABLE VII

Cumulative Proportion of Total Variance (per cent)
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See introduction of this chapter for a definition of the data
field symbols.

Data Field Eigenvalue Number
1 2 3 4 5 6 7 8 9 10
Vip 4,5 4.1 3.2 2,5 2,2 1.7 1.3 1.1
18 34 47 58 66 73 79 83
Wy 4.3 3.9 2.7 2.6 2.4 1.7 1.3 1.1
17 33 44 55 64 71 76 80
Voru 3.7 3.3 2.7 2.3 2.0 1.8 1.6 1.2 1.1
15 28 40 49 57 64 70 75 80
Y p 2,5 2.2 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0
10 19 26 32 38 44 50 54 59 63
Wy 6.0 2.1 1.8 1.6 1.4 1.1 1.0
26 33 40 46 52 56 60
Vg 4.7 4.2 3.6 2.5 2.1 1.8 1.2
19 36 50 60 68 76 80
Y 9.7 4.9 2.8 1.8 1.6 1.3
39 59 70 77 83 89
® 8.8 6.5 3.7 2.2 1.7
35 61 76 85 92
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TABLE VIIL

TEMPORAL TRENDS OF EIGENVECTOR WEIGHTS FOR WT
The weights are tested for linear trend with time.
If the trend is significant at the 0.05 level the equation is
presented. y is the weight and x is the day according to the
Julian calender.

Eigenvector F-statistic Equation of Trend
1 0.481
2 0.057
3 1.478
4 16.310 y = 0.71 - 0.01x
5 26.225 y = 0.82 - 0.01x
6 3.890 y = 0.29 - 0.02x
7 5.595 y = -0.31 + 0.02x

8 2.632



117

weights) centered over Foxe Basin. From this location there is
a broad even drop in the topography to a feature of opposite
sign over the Baffin Bay - west Greenland sector. This may
represent an extensive system not represented completely within
the grid space.

There is not any significant linear trend of the weights
between the winter and summer seasons, although there is a marked
increase in magnitude of both positive and negative ten day means
beginning in mid-May. This may be interpreted as an increase
in the significance of this pattern in the data for average
conditions. The one standard deviation envelope may exceed plus
or minus three on a relative weight scale in both seasons. These
large standard deviations (relative to higher order eigenvectors)
are indicative of cases with very large weights when the
configuration of the data may be very similar to this idealized
pattern.

Eigenvector two: accounts for an additional sixteen per cent of
the variance in the data. There is a steep anomaly over central
Davis Strait with a vector value of -0.4 at the center. A
smaller secondary feature of limited extent and reverse
circulation (vector value of +0.2) is found to the west over
Melville Peninsula.

No temporal trend is associated with the weights of this
pattern. Except for a brief period in April the ten day averages
vary about zero but the one standard deviation envelope has a

range similar to that of the first eigenvector.
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Eigenvector three: (thirteen per cent of the variance) represents
dual centers of positive anomaly, each of equal significance,

over south Davis Strait and northwest Baffin Island. They are
separated by a quiescent zone of near zero circulation over
Baffin Island. A more intense anomaly of opposite sign is
situated to be southwest but this is very restricted in area

on this grid. It may be the edge of a more extensive system

over Hudson Bay.

The weights do not illustrate any significant seasonal
trends for this vector.

Eigenvector four: has an eigenvalue of 2.5 and accounts for eleven
per cent of the variance. With the smaller eigenvalue the
topography of the pattern becomes more complex with greater
extremes of vecfor values, indicating more intense vertical
circulations. Maximum vector values for patterns one and two are
0.3 and 0.4, regpectively. These should be compared with a
maximum value of 0.5 for this pattern which is situated over

the northeast coast of Baffin Island. The major axis of this
elliptically shaped feature runs parallel to the coast. The edge
of another system of opposite vertical circulation is found over
north Quebec.

This is the first eigenvector which has a distinct seasonal
trend. The F - statistic for a linear trend (Table ViII) is 16.3.
In Figure 19 we see that there is a bias towards positive
weights during the winter months (ascent with a positive vector

anomaly over east Baffin Island) and negative weights during



119
the summer (an opposite circulation for the anomaly feature).
Note that the variance of the weights fs reduced considerably
when compared to that for the three previous patterns. This
means that this eigenvector is rarely as predominante in the
original data as patterns one, two or three. Probably it is more
often found in combination with other patterns.

Eigenvector five: includes eight per cent of the variance of the
data. There is an anomaly over central Baffin Island (maximum
vector value of -0.2) with systems of opposite sign but equal
intensity over south Davis Strait and Hudson Bay (vector values
of +0.2 for each). These two features may be sectors of vortices
which have their major areas outside of the grid.

For this pattern there is also a distinct seasonal trend,
slightly more extreme than for the previous vector (cf. the slopes
of the regression equations in Table VIII). -Weights are positive
during the winter. At the start of the sample the ten day average
is +2. During May they become negative and remain so for the
rest of the sample,

Eigenvector six: (seven per cent of the variance) includes a
negative anomaly over Baffin Bay and a major feature (vector value
of +0.4) over the west Greenland coast. This is very restricted
in area. There is a small but significant linear seasonal trend
of the weights. Ten day averages oscillate about zero from April
through June, however, there is pronounced increase in mean
activity of this pattern (for both positive and negative weights)

during the winter months of January, February and March, and the
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summer months of July and August.
Eigenvector seven: (six per cent of the variance) represents a
major anomaly over north Baffin Island (maximum vector value of
+0.6). Less intense features are found over north Quebec
(+0.2) and central Foxe Basin (~-0.2). There is a small seasonal
trend of the weights with a summer bias towards positive values;
however, the ten day means are very close to zero and the standard
deviations are small when compared to those of the previous
patterns.
Eigenvector eight: contains only four per cent of the variance.
It is difficult to physically interpret some of the features
of these higher order patterns which explain very little variance
in the data. In eigenvector eight, the most intense gradients,
which are all of the same sign, are at the three corners of the
grid. They may represent systems moving into or out of the region,
but there is also a suspicion of model edge effects. Two distinct
modes of anomaly are found within the grid - one over the east
coast of Baffin Island (vector value of +0.4) and another, of
opposite sign, over the west coast. There is not any distinct
linear seasonal trend of the weights of this pattermn, although
there is a noticeable but relatively minor increase in activity
towards the summer months (Figure 19).

These eight vectors account for 83 per cent of the total
variance in Wi Using another routine for the total vertical
motion field only, the grid number may be increased to the total
36 and the number of major vectors is increased to twelve as

more information is included. However, this programme is too
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expensive to use on all of the fields considered in this
chapter.

There is ample evidence in the literature for periodicities
and repetition of sequences in synoptic data. Much of the
subjective synoptic forecasting is based on these features. For
example, Lamb (1964) found evidence of a 30 day wave in the
strength of anticyclones over central Europe and Craddock (1956)
found that the first two Fourier components of the annual
temperature series in central and northern Europe accounted for
99 per cent of the variance. He also showed evidence of
autocorrelation at a five day lag. Numerous examples are cited
in Barry and Perry (1973). To examine the possibility of
recurring sequences of patterns for total vertical velocity which
could be interpreted in terms of synoptic histories the eigenvector
weights for each day are examined and the vector or pattern with
the largest (positive or negative) weight is recorded. For the
majority of .the cases there is a clear dominance of one véctor
or pattern over the others. A series of pattern types is so
constructed, with one (dominant) pattern identification for
each day. This series (Figure 20) is tested for periodicity
using Fourier analysis and autocorrelation is examined at
various lag intervals using a routine designed for integer data
(Davis, 1973). The variance explained by a harﬁonic component
is always less than four per cent. At most lag intervals the
autocorrelation is significant; however, the number of

autocorrelated cases at a specific lag is always less than
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fifteen per cent of the sample. Visual inspection of the series
does not reveal persistence of any one pattern for more than

two days. We may conclude that there are no significant sequences
of eigenvectors which recur at regular intervals.

Since previous synoptic studies for this region (Barry, 1974;
Barry et al, 1975) have emphasized pressure classification, the
eigenvectors of the 85 cb geopotential field are illustrated
in Figure 21. These data are standardized with a mean of zero
so negative components of the vector indicate a negative anomaly
or low pressure (relative to the mean field) when the weight is
positive or high pressure when the weight is negative. A direct
comparison with the subjective classification of Barry et al (1975)
is not strictly valid since this was based on sea level pressures.
However, some general correspondences are apparent and the
numeric identification of the similar type from the Barry
catalogue is presented in Table IX. The five eigenvectors
account for 92 per cent of the variance in the original data.

These patterns are discussed in detail in the next section.

Canonical Analysis of the Eigenvector Weights

In this section an attempt is made to interpret the synoptic
features of the eight eigenvectos of Vi in terms of the regional
85 cb height field and the six component vertical velocity
fields representing the physical processes affecting L (wv, Weer s

Wips W Vg and wb). There are two independent types of

empirical analysis. 1In the first (canonical analysis of the
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TABLE IX

RELATIONSHIP BETWEEN THE 85 CB HEIGHT EIGENVECTORS

AND THE BARRY PRESSURE CLASSIFICATION

I indicates that the correspondence with the Barry catalogue
is with the inverse of the pattern of Figure 21 (a negative
weight). Note that the areas of the eigenvectors of Figure 21
are not identical to those illustrated in the Barry catalogue
(Barry et al, 1975).

85 cb Height . Surface Pressure Pattern
Eigenvector Number Identification from the
from Figure 21 Barry Catalogue
(Barry et al, 1975)
1 c3 (1), C4
2 Cc2 s A4 (I), A5
3 Cl
4 A2 (D)
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eigenvector weights) we are dealing with standardized data

and are therefore only investigating relationships between spatial
configurations. The results are verified in the second analysis
(multiple regression of magnitudes at a grid point). The
relative contribution by each process to the total intensity of
the vertical circulation is determined using raw data.

The premise for the first empirical analysis of this section
is stated as follows. An eigenvector of Vi illustrates the mean
morphology of a particular synoptic feature. There is a specific
assemblage of physical processes, each with an average pattern,
which interact to develop this feature. This characteristic
pattern of each process is revealed by an eigenvector of the
respective field. Weights of the pertinent eigenvectors for

w,, and the component fields will be highly correlated through

T
time if these physical relationships hold throughout the
entire sample interval.

Multivariate regression techniques are used to identify the
eiggnvectors of Vo and of the seven other fields which are
highly correlated throughout the sample (234 days). It is
possible that the correlations may be fortuitous and not
represent a physical relationship at all or they may be biased by
match or mismatch of the patterns in areas of the grid external
to the synoptic feature of interest. Consequently a subjective
examination of the pattern assemblages identified by correlation

analysis is necessary and independent tests are helpful.

The correlation of eigenvector weights (each weight
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indicating the degree of dominance of the respective pattern)
with meteorological variables is the basis of the work of
Peterson (1970) and LaMarche and Fritts (1971). These authors used
multiple step-wise regression to determine a series of weights
most highly correlated with a variable. When the dependent
variable is decomposed into eigenvectors and weights one has
several dependent as well as independent variables and, rather
than test all possible combinations using linear regression,
canonical analysis is used to identify correlated patterns.
Canonical analysis was first described in a meteorological
context by Glahn (1968) and used by Fritts et al (1971) to
related eigenvectors of tree ring width and atmospheric pressure.
A summary of the theory is given by Clark (1975) and Cooley
and Lohnes (1971). It is similar to factor analysis except that
for canonical analysis vectors are selected which maximize the
covariance between two variable sets or domaines rather than
maximize the variance within one domain. A vector is selected
for each domain such that the correlation between the vectors is
a maximum. We are thus identifying the most similar patterns in
each data domain. A measure of this similarity is the canonical
correlation coefficient (0 <r, < 1) and the significance may be
determined by Chi-square tests. Once the variance explained by
these similar patterns is removed, the procedure is repeated to
identify the next most important pair of canonical vectors.
Therefore each set is orthogonal and uncorrelated to those
prededing.

For each canonical vector there is a weight or loading for
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each variable in the associated data set which is the correlation
coefficient between the data of that variable and the canonical
vector. Variables in both domaines with similar and large
weights on a certain vector pair are highly correlated with
each other. The interpretation of 'similar' and 'large' is
subjective and may vary with the investigator. Extraction of
significant canonical correlations is usually made with some
knowledge of the probable relationships and this is a serious
handicap. The advantage is that several complex interactions
of many variables may be summarized quickly and efficiently.

Canonical analysis is performed between the eigenvector
weights of Vi and each of the seven other fields. Those
canonical vectors significant at the 0.05 level (determined by
Chi-square tests) are in Table X with the highly correlated
variables and their canonical weights. A furthur restriction is
that canonical correlations of less than 0.3 represent 'trivial'
vectors (Cooley and Lohnes, 1971) and are excluded.

Problem one is a correlation of L with 85 cb height
eigenvectors. On the first pair of canonical vectors (canonical
correlation of 0.78) there is a high association between height

pattern one and the inverse of w,, pattern two. Since the

T
canonical weights are of opposite sign (-0.75 and 0.87) the
similarity in temporal patterns is between eigenvector weights of
opposite sign, and therefore the inverse of one pattern is

considered. From inspection of the eigenvector contours (Figures

18 and 21) we see that this is an intuitively reasonable
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SUMMARY OF CANONICAL ANALYSIS OF EIGENVECTOR WEIGHTS

Variable subscript refers to eigenvector identification in

Table VII.

Canonical Canonical

Chi-

D.F.

Highly Weighted Variables

Vector Correlation Square Canonical Weights in

Pair Parentheses

Problem one: relate WT(A) and 85 cb height (B)

1 78 603 40 AZ( 0.87), Bl(—0.75)

2 74 382 28 A4(—0.67), B3(—0.73)

3 61 192 18 A3(-0.73), Al( 0.46), B4( 0.83)
4 53 92 10 A4( 0.69), BZ( 0.68)

Problem two: relate WT(A) and WV(B)

1 76 724 64 A2(-0.64), Bz( 0.91)

2 72 528 49 A3(-0.68), BA(—0.85)

3 67 362 36 AS(—0.60), B3(—0.73)

4 59 228 25 Al(—0.38), Aﬁ( 0.74), Bl(-0.80)
5 40 129 16

A6( 0.49),

Problem three: relate WT(A) and WTH(B)

1

71
69
66

63
56
45

718
555
411

282
164
80

72
56
42

30
20
12

A,( 0.71),
Az( 0.66),
A,(0.43),
A,(-0.51),
A (-0.53),
A, (-0.60),
A,(0.53),
A ( 0.55),
A,(-0.52),

B6( 0.78)

Bz(-0.81)
Bl( 0.81)
B7(‘0.56)
36(-0.49)
54(-0.51)
As( 0.61), 34( 0.74)
33( 0.85)
BS( 0.62)
36(-0.52)
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TABLE X (continued)

Canonical Canonical Chi- D.F., Highly Weighted Variables
Vector Correlation Square Canonical Weights in
Pair Parentheses

Problem four: relate WT(A) and WLP(B)

1 75 877 80 Az(-0.80), B2( 0.71)
2 71 692 63 Al(-0.82), Bl(-0.63)
3 71 533 48 A3(—0.97), B3(-0.71)
4 68 376 35 A4(-0.70), 34( 0.77)
5 65 235 24 A&( 0.44), A5( 0.47), BS( 0.68)
6 48 109 15 A8(—0.99), BS(-O.74)

Problem five: relate WT(A) and Wﬁ(B)

52 209 56 AS( 0.66), Bl( 0.88)
46 135 42 A3(-0.62), B2( 0.62)
39 80 30 Aﬁ( 0.57), B3( 0.65)

Problem six: relate WT(A) and WF(B)

82 990 56 4,(-0.56), B,(-0.51)

81 736 42 A,(0.62), By( 0.68)

75 490 30 A(0.51), B (0.59
A,(-0.54), B,(-0.56)

67 303 20 Ag( 0.55), B,( 0.49)

5 58 166 12 4,( 0.50), B( 0.71)

Problem seven: relate wT(A) and WO(B)

1 89 1199 48 Al(—0.51), Bl(—0.56)
A6( 0.49), B6( 0.44), B3( 0.44)

2 85 827 35 Az(-0.67), BS(—0.67)

78 525 24 Al(-0.63), Bl(—0.52)

69 303 15 A4( 0.67), B3( 0.63)
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relationship. For positive eigenvector weights of the 85 cb
hefght pattern one there is a low pressure cell over the southwest
of the grid. The inverse of Vi pattern two includes a major
region of ascent in the northeast sector of this low pressure
vortex. This displacement of the pressure and ascent
centers is consistent with the observations of a developing
depression in Chapter Four (case studies of these relationships
are discussed below).

On the second set of canonical vectors there is a
significant relationship between Vi pattern four with a positive
anomaly (ascent for instances of positive eigenvector weights)
over the east coast of Baffin Island and 85 cb height eigenvector
three with a widespread central low. Again, this is a Plausible
associlation,

The same is true for the correlation on the third canonical
vector pair between W pattern three and the inverse of the 85
cb height pattern four. For negative anomalies (low pressure)
in the northwest and southeast quadrants there is ascent (positive
anomalies) of almost identical spatial configuration. There is a
less obvious relationship between this pressure pattern and Wi
pattern one. The canonical weight is low and the association
seems to be restricted to south Davis Strait (a high pressure
cell with moderate widespread descent).

For the last significant pair of canonical vectors there is
a relationship between w,, pattern four and height pattern two.

T

Both the canonical correlation and the canonical weights are
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lower than for the previous groupings and the visual
correspondence of contours is poor. A physical linkage between
the two data fields is not as obvious.

In this problem the associations revealed by canonical
analysis of the eigenvector weights are realistic in a physical
sense with areas of ascent related to depression systems. When
the canonical weights are high the contour maps for each field
are very similar. If the canonical correlations are low or
the canonical weights are low and very different for the two
variables, certain sectors of the maps seem to correspond while
others do not.

If the canonical weights are very low or obviously very
different for two variables, the respective patterns may not have
been included in Table X since selection of groupings is based on
a highly subjective consideration of the largest canonical
weights for the canonical vector pairs. The low weight may be
related to low association throughout the entire sample when in
fact there may be higher correlation for one segment of the sample,
perhaps for one season., In future analysis it may be desirable to
subdivide the sample and analyse each season separately to isolate
possible differences in the mechanisms responsible for a given
pattern of total vertical velocity.

The assemblages of similar eigenvectors in all the vertical
velocity and height fields revealed by the canonical analysis are
summarized in Table XI. Only those eigenvectors of the component

velocity fields found to be related to patterns of Wy are presented
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TABLE XI
SUMMARY OF CANONICAL RELATTONSHIPS

These eigenvector assemblages are based on subjective interpretations
of the canonical relationships of Table X.

Number in parentheses indicate a relatively low correlation over

the grid, an evaluation based on the canonical correlation

and subjective comparison of the points of correspondence in the
patterns.

A negative number indicates an association of the inverse of the
pattern with w,,.

See the introdiiction of this chapter for the definition of the

data field identifications.

Data Field Identification Eigenvector Number
Wi 1 2 3 4 5 6 7 8
85 cb height -1 =4 3
Wy -2 4 -1 3 6
Vi 2,1 3 -4 4 5 & (4)
Vip 1 -2 3 -4 (5) 8
Wy 1
Vo 1 (5 4,3 7
\'j 1 5 3) 6
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in Figures 22, 23 and 24.

WT eigenvector one: is clearly related to local effects in this
analysis. The high canonical correlations are with the first
patterns of latent heat release, friction and orography. The
visual correspondence between the maps is striking. The broad
region of total ascent centered over Foxe Basin (Figure 18)
has contours similar to those depicting ascent due to latent
heat release and frictional convergence (Figure 23). The feature
over Baffin Bay - west Greenland is obviously associated with
orographic and frictional processes. The pattern in this sector
is also similar to that for latent heat release (WLP pattern one)
and this mechanism may be a contributing factor for cases of
ascent (negative eigenvector weights).
WT eigenvector two: includes the well defined circulation feature
over central Davis Strait. This is related to advective effects
(wv and Yy patterns two, note that the canonical correlation is
with the inverse of these patterns) with a contribution by latent
heat release (for negative eigenvector weights with ascent only)
and friction. For the circulation feature of opposite sign to
the west (centered over Melville Peninsula) these same patterns
of vorticity and thickness advection, and latent heat release
(for positive weights with ascent only) have similar contours.
There is an additional orographic effect (w0 pattern five) over
the west coast of Baffin Island.

For negative weights of Vip pattern two there is a low pressure
system over north Quebec. Positive vorticity and thickness

advection produce ascent in the northeast sector of the depression






FIGURE 23 EIGENVECTORS OF VERTICAL VELOCITY COMPONENTS
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FIGURE 24 EIGENVECTORS OF VERTICAL VELOCITY COMPONENTS
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which is augmented by latent heat release and frictional
convergence. At the same time the advection terms produce
subsidence to the north of the low over Foxe Basin and Melville
Peninsula. As the easterly flow crosses Baffin Island orographic
descent adds to this feature. For positive weights all signs

are reversed and latent heat release is effective over Foxe Basin
and not Davis Strait.

For the assemblage related to this eigenvector the
correspondence of canonical weights is not always ideal and
subjective interpretation is necessary. The relationship
between W, pattern two and W pattern five (canonical weights
of -0.50 and -0.71 respectively with a canonical correlation of
0.58) is an example. There is an obvious relation over southern
Davis Strait and part of Foxe Basin but elsewhere there is
complete mismatch. 1In the north and northeast sectors the sign
of the contours of the two fields is reversed. Here wg pattern
five is correlated on this canonical vector pair with the inverse
of Vip pattern three (canonical weight of -0.38). It is difficult
to interpret a large eigenvector weight ( the basis of the
canonical correlations) when in one case it may be biased by
good representation in the original. data at one sector and in
another case the dominance of features in another sector may be
responsible. This makes empirical analysis less than perfect and
opens the possibility for one pattern to be related realistically

to two different patterns of a different data field.



139

Wi efgenvector three: has two major features of ascent (with

positive weights) in the southeast and northwest of the grid
space and a region of descent to the southwest over Hudson Bay.
WV pattern four has ascent in these southeast and northwest

quadrants separated by a steep dome of descent. WTH pattern
three acts to augment the two sectors of ascent, counter-

act the sector of descent in the center over Baffin Island, and
adds to the descent to the southwest. WLP pattern three has
very similar contours. It is apparent that the advective terms
dominate and the resulting ascent prompts latent heat release.
With this vertical velocity pattern and positive weights the
pressure field is the inverse of 85 cb height eigenvector four
(A2 from Barry's catalogue) with a central ridge from southwest
to northeast and low pressure cells in regions of positive
vorticity and thickness advection over northwest Baffin Island
and south Davis Strait.

W, eigenvector four: is dominated by an elliptical zone of ascent

T
orientated along the east coast of Baffin Island associated with a

widespread low pressure cell (85 cb height pattern three).

Vorticity (inverse of w_, one) and thickness (inverse of w.. four)

\ TH

advection have maxima of their respective eigenvectors in this
region. There is also a similarity over central Baffin Island with

the inverse of Vip pattern four. Frictional convergence (wr

patterns three and four) and orographic ascent (the match with

Yo pattern three is evident only along the northeast coast of

Baffin Island) also seem to be significant factors in this uplift.
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W& eigenvector five: is the only eigenvector of Vi that is
significantly related to a pattern of surface thermal effects

th pattern one) in the canonical analysis. The correspondence
between the two patterns with a negative anomaly over central
Baffin Island and positive anomalies over Davis Strait and

Hudson Bay is very clear. In this connection the seasonal trend

of Vi eigenvector five (cf. previous section) should be emphasized.
In winter the weights are positive with descent over land and
ascent over water in the south (to the north there is not any
significant distinction between ice covered sea and land) and they
are negative in summer with uplift over land and subsidence over
the water. This is consistent with the expected effects of the
temporal changes in the land-sea constrast of thermal properties
on w,.

H

The correspondence of this Wi eigenvector with advected
mechanisms is restricted to parts of the respective maps with
mismatch of contours elsewhere. Vorticity advection pattern
three matches to the southwest and central sectors only and
thickness advection pattern four matches to the southeast and, to
a lesser extent, to the southwest. Over Davis Strait and Baffin
Island there is also a relationship with Vg pattern seven.

WT eigenvector six: is correlated with wv pattern six and

Ve pattern five. Note that these patterns of these two different
component fields are nearly identical. Both processes give rise
to features of descent (with positive weights) in the north

central sector of the grid and over Hudson Bay. Orographic
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effects Cwb pattern six) strengthen the feature of descent to
the north, and are responsible for an intense feature of ascent
over the west Greenland coast.

pattern six with

WT eigenvector seven: is related only to WTH

ascent due to positive thickness advection (with positive weights)
to the north and south with a broad band of descent across the
central portion of the grid.

W, eigenvector eight: has correspondence of features on the west

T
and east coasts of Baffin Island with those in pattern eight of

Vip = latent heat release. This is also true in the northeast,
northwest, and southwest corners of the grid. The relationship

with thickness advection (w, . pattern four) is very poor except

TH
for the feature at the west coast of Baffin Island.

Note that not all possible relationships indicated in
Table X are included in the summary Table XI. Many with low
canonical weights, or with widely different weights, or
represented on a vector with a low canonical correlation with
the data, wefe rejected after inspection of the eigenvector
patterns. 1In some cases a relationship is indicated between a
synoptic feature in Vi and one in a component field in
another sector of the grid. This is most probably related to the
large scale circulation associated with the Vo feature but not
necessarily a component of that feature. This illustrates
the ambiguous nature of canonical analysis and the need for

independent empirical or subjective verification. It is

worth re-emphasizing that the comparison is only of patterns,
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not the relative contribution to the total intensity of the
vertical circulation since standardized data are used. We are
relating features of the circulation which have similar spatial
distributions for average conditioms.

To test these proposed assemblages independently, we select
thirteen grid points which represent seemingly important loci of
synoptic activity in the Yo eigenvector patterns. Using a step-
wise linear regression of W (dependent variable) against the
six component fields of the vertical velocity (independent
variables) we may determine which physical processes are most
highly correlated with the total vertical velocity (non-normalized
"data are used so we are comparing magnitudes) by an examination
of the variance explained by the regression.

If a 'key' day classification were used (e.g. Barry, 1974)

we could associate a pattern with a unique sample of data but
this is not possible when several patterns may be represented
in a given day's data. As a compromise the sample for each grid
point regression is taken from those cases when the weight of the
eigenvector of interest is very large, which means that the
pattern is well represented in the original data. The arbitrary
criterion of large is a weight in excess of plus or minus 1.5
standard deviations from the 234 day mean. A level of two
standard deviations resulted in a very small sample and one
standard deviation included up to one-half of the total period.
The final sample size varies from 23 to 33. With high order

eigenvectors (i.e. six) the standard deviations of the weights



143

is relatively small (cf. Figure 19) and the representation of the
pattern in the data is not as good in this abbreviated sample

as for the first eigenvectors and we expect the verification to
be less reliable. The results of the step-wise multiple
regression are summarized in Table XII for the synoptic systems
selected.

The confirmation of the canonical analysis is very good in
many instances. For example, the dominance of orography on the
vertical circulation over Baffin Bay - west Greenland for
eigenvector one is evident both in a comparison of patterns and
~ a comparison of magnitudes at one point. The related vertical
motion field accounts for 58 per cent of the variance in the
magnitudes of the total vertical velocity. The linear regression
indicates that the two advective terms account for 98 per cent
of the variance in the vertical circulation of the central Davis
Strait synoptic system (eigenvector two). These terms account
for 96 per cent of the variance for the feature over southeast
Davis Strait (eigenvector three), 81 per cent of the variance
over Hudson Bay (eigenvector three) and 92 per cent over the
northeast coast of Baffin Island for eigenvector four. Over
west Greenland for eigenvector six orographic influences account
for 81 per cent of the variance. These physical linkages are in
substantial agreement with those proposed from the pattern analysis.

For eigenvector five, the best visual correspondence
is with a pattern of surface thermal effects, yet this

factor accounts for only one per cent of the variance in the
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TABLE XII

SUMMARY OF STEP-WISE MULTIPLE REGRESSION OF WT (DEPENDENT

VARIABLE) VERSUS THE COMPONENT VERTICAL VELOCITIES (INDEPENDENT
VARTABLES)

Samples are bases on cases when eigenvector weights exceed

+ 1.5 standard deviations from the 234 day mean.

figures in parenthesis are increases in per cent variance
explained by the linear regressiom.

Location Eigenvector Sample Order of Component Variables
Size
Baffin Bay one 32 WO(SS)’ wv(22), WTH(IQ)’ wF(l)

W (0), W (0)

Foxe Basin one 32 wV(47), WTH(44), WO(S), WF(4),
Wﬁ(o), WLP(O)

Central two 32 wv(73),

W (25), w (1), w (1),
Davis Strait TH H F

wo(O), WLP(O)

Melville two 32 w_ (70), w_..(17), w,(11), w (1),
F TH v o
Peninsula 1), w..(0)
W'\t Yp

Southeast three 31 wv(47), WTH(49), WO(Z), WF(l),

Davis Strait

Northwest three 31 WF(60), wv(lS), WTH(19), w0(3),
Baffin Island

Hudson Bay three 31 . wv(SS), wTH(26), w0(14), WF(4),
Northeast
Coast of four 33 WV(73) ’ WTH(19) ’ WO(6) ’ WH(]-) ’
Baffin Island WF(l)’ WLP(O)
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TABLE XIT (continued)

Location Eigenvector Sample

Order of Component Variables

Size

Central five 29 w,(76), w.(10), w_.(5), w,(8),
Baffin Island F(l) 0(0) ? T TV

Vil Vip
Hudson Bay five 29 WV(53), WTH(40), wF(6), Wﬁ(l),

WLP(O)’ WO(O)
West six 28 Wb(Bl)’ wv(lS), WTH(3), wH(l),
Greenland (0) (0)

Vpptt s Vg
North Baffin seven 29 WF(59), wV(12), WTH(27)’ WLP(Z),
Island 0), w..(0)

Yo't Yy
East Baffin eight 23 wV(Sl), WTH(BS)’ w0(8), wH(4),

Island

v (1), WLP(O)
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magnitudes for the entire sample. The highest explanation is for
the advective mechanisms over Hudson Bay (93 per cent) and
frictional effects over central Baffin Island (76 per cent). In
the canonical analysis the significance of these linkages is

less certain. Over Baffin Island the visual match of contours

is not very good and the Hudson Bay feature is at the corner of
the grid and the match of the patterns is restricted to one or two
grid points - elsewhere there is complete mismatch. A larger grid
space is necessary for this type of analysis.

The poor confirmation of some assemblages may be related to
the differences in the two types of analysis. For the system
located over Melville Peninsula in eigenvector two the advective
terms (which include a total of 28 per cent of the variance) are
seemingly insignificant when comﬁared to frictional processes
(70 per cent of the variance). A similar situation exists for
the northwest Baffin Island feature in eigenvector three. The
dominance of friction was not so evident in the visual match of
eigenvector contours while those of the advective components
compared most favourably with the synoptic systems. Friction may
be a local factor influencing only the one grid point chosen for
comparison of magnitudes (a point close to a land-sea boundary on
Melville Peninsula and northwest Baffin Island) whereas the
canonical analysis was based on patterns defined by several grid
points. This aspect is an important limitation to the confirmation

of the proposed process assemblages.
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By comparing magnitudes, we find that the advective terms
are important (91 per cent of the variance) in the Foxe Basin
center of eigenvector one. From pattern analysis we proposed that
the local effects should predominate. From inspection of Table X
we see that the first eigenvector of W is not correlated at
all with any patterns of either thickness or vorticity advection.
The reason for this apparent contradiction is not clear.

For high order eigenvectors, the disparity between the two
types of analysis may be traced in part to the method of data
selection. These eigenvectors have weights with relatively
low standard deviations and so have a lower representation in
the original data field. Each case of the sample may include
another pattern of equal importance which may be related to a
different set of mechanistic linkages. Perhaps the cut-off
point for case selection could be raised for these patterns but
the original sample would have to be increased considerably to get
a large enough sub-sample for regresssion analysis.

For the first six patterns of total vertical velocity which
represent 73 per cent of the variance in the data these independent
tests confirm the interpretation of the canonical analysis of
patterns for many synoptic features despite the different
approaches. Analysis of similar patterns is most reliable when
the patterns match visually over several grid points. When the
process is restricted to one or two grid points (localized land-
sea frictional contrasts, for example) or when the synoptic

system is at the edge of the grid and represented in the grid
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space by only one grid point, the results of the canonical

analysis will be biased by match or mismatch over the rest of

the grid. It is also possible that the patterns may match closely
over much of the grid, yet the actual significance in terms of the
total magnitude may be minor. Other independent processes may
affect both data fields. One mode of analysis cannot be considered
sufficient. From a comparison of magnitudes we do not know the
regional relationships of the features of circulation and from

a comparison of patterns we do not know the relative significance

of each process linkage.

Seasonal Interpretation of the First Five Eigenvectors gf_ET

From inspection of ten day averages of the Vip eigenvector
weights (Figure 19) it was noted that there afe distinct seasonal
trends for the importance of several of the patternms. It is also
possible that there may be seasonal changes in the process
linkages proposed in the previous section. In this section this
seasonality is discussed with reference to the magnitude and sign
of the vertical circulation and the relative contribution by 85 cb
processes.

The data for each of the first five eigenvectors are selected
only for those cases when the corresponding weights indicate high
representation of the pattern in the data. We use the criterion
adopted in the previous section to determine cases of high

representation. Because of the low standard deviation of weights

of the high order patterns the sample so selected does not
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necessarily contain a large percentage of cases when the pattern
under consideration is highly represented ( see the discussion of
this point in the previous section) and for this section these
eigenvectors are omitted.

For the cases considered the vertical velocity data at 85 cb
(non-normalized) are extracted for grid points representing loci
of activity in each pattern. The 85 cb vertical velocities
attributed to each process at that level (vorticity and thickness
advection, latent heat release and surface thermal effects) are
calculated by solving each term on the right hand side of the
omega equation for w. By comparison of each with the total of
all four terms the per cent contribution by each process may
be determined. For 60 day periods the mean total vertical
velocity, the contribution by each process and frequency of
occurrence are presented in Table XIII. The data are separated
for cases of positive and negative weights. Unfortunately
orographic and frictional effects cannot be included in this
discussion as they are not internal terms of the omega equation at
85 cb but are boundary conditions. Therefore we do not include
synoptic centers which, in the previous section, have been
shown to be dominated by orographic or frictional controls.

For Vip eigenvector one the Foxe Basin data illustrate the
importance of the advective terms, for both positive and negative
weights, throughout the year. The contribution by vorticity
advection varies from 15 per cent to 67 per cent of the total

while the range for thickness advection is 31 to 127 per cent.



TABLE XTII

VERTICAL VELOCITY DATA FOR CASES WHEN THE FIRST FIVE EIGENVECTORS

Format: Positive Weights

Negative Weights

Freq. : Number of occurrences in the 60 day period. -1
W, : Period mean of total vertical velocity at 85 cb, cm s ~.

T

W, W_, etc. : Period average of per cent contribution to
the total vertical velocity by each 85 cb source

vV’ "TH

ARE PREDOMINANT

J-F M-A M-J J-A
Eigenvector One
Foxe Basin Freq. 0 2 3 3
4 7 9 4
WT 1.4 0.6 0.3
-1.2 -0.8 -0.8 -0.6
WV 39 15 27
67 -30 46 =23
W 55 84 64
T 31 127 53 71
WiP 2 2 33
WH 4 3 =24
2 3 1 51
Eigenvector Two
Central Davis Strait
Freq. 3 6 3 5
1 8 2 4
WT -0.9 -0.8 -0.9 -0.7
1.6 0.9 1.1 0.8
WV 70 64 81 43
48 62 12 88



TABLE XIIT (continued)
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J-F  M-A M-J J-A
Eigenvector Two :
(continued) WTH 25 32 21 50
48 35 83 3
W
Lp 7 5 11
W, 4 4 -1 8
H 4 1 1 2
Eigenvector Two
Melville Freq. 3 6 3 5
Peninsula 1 8 2 4
W& 0.7 0.6 1.4 1.4
-0.6 -~0.5 -0.9 -0.6
WV =45 53 30 53
63 131 -10 86
Wy 150 47 60 7
35 -38 110 31
W. 1 1 9 22
LP 0 0 0 0
Wh -6 -1 1 18
3 7 0 -17
Eigenvector Three Freq. 2 6 2 2
Southeast 7 5 5 2
Davis Strait
WT 1.7 0.5 0.4 -0.2
-0.3 -0.4 -0.3 -0.3
WV 45 63 42 =74
56 -165 -254 88
WTH 55 34 50 110
54 249 545 35



TABLE XIII (continued)
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J=F M-A M-J J-A
Eigenvector Three WiP 1 1 10 0
(continued) 0 0 0 0
Wﬁ -1 2 -2 64
-10 ~16 =191 -23
Eigenvector Four Freq. 7 5 3 1
Northeast Coast of 0 2 6 9
Baffin Island
WT 0.5 0.8 0.3 0.2
-0.7 -0.4 -0.9
WV -310 73 231 80
154 100 79
W 442 22 =77 50
TH =57 1 8
W 0 2 0 0
Lp 0 0 0
WH -32 3 =54 =30
3 -1 12
Eigenvector Five Freq. 5 5 1 0
Central 1 4 8 5
Baffin Island
W& -1.01 -1.23 -0.3
-1.6 0.7 0.3 0.1
WV’ -7 73 36
38 53 223 -39
WTH 102 24 -31
59 46  -147 100
W 0 0 0
LP 0 1 0 0
Wﬁ 5 3 [
3 0 24 38
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There are eight cases with positive weights with a slight bias
of occurrence towardé the summer and the total ascent has a
wide range of values (+0.3 to 1.4 cm sﬂl). There are more
cases with negative weights (24) with a slight increase in
occurrence during the March-June interval but the vertical
motion is more moderate (-0.6 to -1.2 em s—l). The loecal
processes are insignificant through all months except July-
August when latent heat release contributes 33 per cent towards
ascent and descent due to cooling by the water surface (Wﬁ)
counteracts 24 per cent of the total for cases of ascent and
contributes 51 per cent to the total for cases of descent. For
the entire sample, these data tend to confirm the results of the
regression analysis of magnitudes in the previous section which
characterized this feature as a function of advective processes,
but for the summer interval there is evidence for a strong
contribution by local effects which supports the interpretation
of the canonical analysis of patterns. For this problem a
similar seasonal analysis of the functional and orographic terms
is needed.

The significance of the advective terms in the central
Davis Strait feature of eigenvector two is clearly evident in
Table XIII., For positive weights (17 cases) there is moderate
descent of -0.7 to -0.9 cm s T with a slight increase in
frequency during the March-April and July-August periods. The
two advective terms act in nearly equal strength during these

intervals. For negative weights (15 cases) ascent has a wider
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range of intensities (0.8 to 1.6 cm s-ll with a minimum frequency
(1) during January-February and a maximum (8) during the March-
April period. TIn this period vorticity advection contributes 62
per cent while thickness advection contributes 35 per cent. For
these cases of ascent the effect of létent heat release varies
from zero during the winter to 11 per cent during the summer.

Over Melville Peninsula, with the same eigenvector, the
synoptic system is also dominated by the advective processes, but
during the summer (July-August) both latent heat release and
surface thermal effects produce significant ascent. Note that
the frictional effects considered in the previous section cannot
be included here.

The synoptic feature over southeast Davis Strait (Wi
eigenvector three) is found most often with negative weights
(19 out of a total of 31 cases) and mild descent of -0.3 to
0.4 em s-l. Negative thickness advection is always a major
factor in this descent. It is opposed by less intense positive
vorticity advection during March-June but in the other months
negative vorticity advection acts to increase the subsidence.
Surface heating effects oppose the vertical circulation at all
times when there is negative thickness advection (advection of
cold air over a warmer water surface). The contribution varies
from -10 to -191 (during May-June) per cent.

There are nearly equal numbers of cases with positive
weights (16) and negative weights (17) for eigenvector four which

includes the synoptic system at the northeast coast of Baffin
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Island. Cases with positive weights are biased towards the
winter with ascent of 0.5 (January - February) and 0.8 cm s—1
(March - April). Both advective terms are significant.

They are large but act in opposition during January - February.
In the March - April interval they are smaller in magnitude but
4are additive. Cases with negative weights are biased towards
the summer with descent of -0.4 (May - June) and -0.9 cm gL

(July - August). The contribution by negative vorticity advection
is 100 and 79 per cent, respectively. The other processes
have a small effect. The seasonal trend identified in Figure 19
is clearly evident, as is the significance of the advective

terms which was proposed through considerations of the canonical
analysis.

The seasonal trend of eigenvector five is apparent in the
frequency tabulation of Table XIII. There is a prevalence of
positive weights in winter and negative weights in summer.
Vertical velocity data are for the synoptic feature over central
Baffin Island. From the canonical analysis we found that this
eigenvector has a good correlation of weights and visual
correspondence with a pattern of Wy (surface thermal effects).
During the summer months the surface heating contributes a
substantial amount (24 per cent during May - June and 38 per cent
during July - August) to the mild ascent (0.3 and 0.1 cm s-l).

In the winter the thermal effects are relatively minor and the
advective terms tend to dominate the vertical circulation for

this feature. Note again that the important frictional term is
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not included in this discussion.

From examination of these examples it is apparent that there
are seasonal variations in the process linkages for many of the
synoptic features. The assemblages derived from canonical analysis
of patterns may be valid in one season while those derived from
independent regression analysis of magnitudes may be valid in
another period. It would be advisable to base the analysis on
samples subdivided according to season in future studies in

order that more confident interpretations may be made.

~ Case Studies of Eigenvector Relationships

An eigenvector is an abstract concept. It is one of
several mathematical surfaces found in the data for a given case.
It is instructive, therefore, to study specific cases in order
to identify visual similarities between the raw data and the
highly weighted eigenvectors, and to verify the mechanistic
linkages that have been suggested by analysis of the canonical
relationships. According to the criterion adopted for the
dominance of an eigenvector in the previous sections, there are
two days in the detail study period considered in Chapter
Four which illustrate the first two eigenvectors of Wp
eigenvector one is dominant on July 25, 1973, and eigenvector two
is found on July 15. 1In this section these two cases are studied.
For the other days eigenvector ome is represented, but less
strongly than on July 25, or high order vectors are weighted only

slightly more than the others and thus the data pattern is a
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composite of several eigenvectors. For each day considered the

eigenvector weights of w,, Wy and 85 cb height are in

Wy Vi
Table XIV. The other fields are not included since the raw

data for each are not mapped in Figures 8 and 14 and are therefore
unavailable for visual comparison with the respective
eigenvectors. Reference is also made to the results of the
canonical analysis summarized in Table XI and the contour plots

of Figures 18, 20, 22, 23, and 24.

The weights for July 15 emphasize w,, vector two, and, to a

T
lesser extent, vector four. Vector two with a negative weight
(all signs are reversed) is evident in the raw data (Figure 8) in
a depression system to the southeast of Baffin Island over Davis
Strait with a feature of descent over Foxe Basin. Ascent over
Davis Strait is 1.5 cm s—l and the mild subsidence over Foxe
Basin is -0.2 cm s_l. 85 cb height pattern one is highly
represented, which is in accord with the assemblage suggested

in Table XI. There is a deep low over north Quebec and a high
pressure cell to the northeast. Vorticity advection pattern two
with a zone of ascent over east Baffin Island is also highly
weighted. Again, this is in agreement with the interpretation
of ghe canonical analysis. The exception is the dominance of the

highly convoluted w, .. pattern eight. This pattern effectively

TH

opposes the Wy pattern so that local effects control the vertical

circulation (cf. the discussion of the case in Chapter Four).

Since, for average conditions, we see from Table XI that the two

advective processes reinforce each other to produce this Vi
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TABLE XIV

ETGENVECTOR WEIGHTS FOR SELECTED DAYS OF THE DETAILED STUDY

PERIOD - JULY 13 - 25, 1973

See the introduction of this chapter for definitions of the data
field symbols.

Data Field ' Eigenvector Number

July 15

W& 0.3 -3.2 0.3 -1.6 -0.5 -0.8 0.3 0.1

WV -0.7 2.2 -1.9 -1.6 0.7 1.2 1.7 -0.3

Wy -1.1 0.5 -1.5 1.0 -1.2 0.3 -2.4 2.8 1.3
Wﬁ -3.6 -1.8 0.5 -0.7 -0.9 -0.1 -0.1

85 cb height 4.5 3.2 -0.8 -1.1 -1.0

July 25

WT -3.9 1.1 2.0 0.5 -2.3 1.3 1.4 -0.5

WV 2.4 1.9 0.4 -0.2 -1.6 1.4 -1.6 0.2

WTH -0.1 -3.0 3.2 0.2 0.4 0.7 0.5 -0.1 0.3
Wy -4.0 -0.3 1.1 1.6 0.7 0.6 0.7

85 cb height -3.1 1.7 1.1 1.- -1.3




159

pattern, we must conclude that the dominance of local terms at
this stage of the depression evolution in the southeast Baffin
Island area for this particular case cannot be considered typical.

From subjective analysis in Chapter Four the Foxe Basin
descent was attributed to the orographic effects to the lee of
Baffin Island. This is one of the mechanisms proposed in
Table XI for average conditions.

WT pattern one has a very large weight of -3.9 on July 25.
The correspondence in the data is with the center of ascent over
Baffin Bay - west Greenland (with a negative weight the signs are
reversed) and a zone of descent over Foxe Basin. The Baffin Bay
sector of the pattern was identified in the canonical analysis
with an orographic mechanism. This is the case on July 25.
Trough flow around a southward moving polar low is forced up
over Greenland with a vertical velocity approaching 3.5 cm s_l.
This promotes a pattern of latent heat release very similar to
Wip pattern two, which, for average conditions, is highly
correlated with Vi eigenvector one (Table XI).

In the regression analysis the Foxe Basin system is related
to a dominance of the advective terms. For the July 25 example
both the thickness and vorticity advection are strong, but are
effectively self-cancelling. Vorticity advection is negative,
but thickness advection is positive since the flow is directed
into a cold low over Davis Strait. For an ideal wave structure
(cf. Fibure 1) this would be negative to the west of the trough

and both mechanisms would reinfore each other to produce a zone
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of descent. From the regression analysis we may conclude that
this is normal for this sector of pattern oné; In this case,
the two effects counteract each other and the cooling over
Foxe Basin by the downward enthalpy flux is responsible for

the subsidence.

Summary and Discussion

In this chapter empirical techniques are used to identify
average locations, types and intensities of major synoptic
features for a 234 day sample in the eastern Canadian Arctic.
The probable physical mechanisms for those features are also
determined.

For the total vertical velocity at 85 cb eight characteristic
patterns or eigenvectors are found for a five by five NMC
grid which, in total, explain 83 per cent of the variance in the
original data. The physical processes responsible for several
well defined synoptic features found in the major patterns are
found and verified in two independent statistical tests and
subjective analysis of individual cases.

In the first test multiple regression (canonical analysis)
is used to find patterns in the total vertical velocity and each
of the six component fields - each resulting from one physical
process — which are highly correlated through time. If similar
patterns are related throughout the sample we may assume that
there are realistic physical linkages. In the second test the

magnitudes of the vertical circulations for each field are compared
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for the grid point central to each synmoptic feature using step-
wise linear regression. In this manner the variance in the total
vertical velocity explained by each of the component fields for
the entire sample is found. The results of these two independent
tests - one comparing spatial features and the other comparing
intensities at one point - are in substantial agreement. Two
days are found in the detailed study period discussed in Chapter
Four when each of these first two patterns is highly represented
in the data. The subjective analysis of the process mechanisms
(Chapter Four) for each of the key synoptic features in these
patterns is similar to the results of the statistical analysis
of the entire sample. It is also found that, despite the
abstract nature of eigenvectors, the patterns can be easily
recognized in the raw data if the weights are high.

WT eigenvector one includes a synoptic feature over Baffin
Bay which is closely related to the orographic influence of
Greenland on the flow which, for negative weights, induces uplift
and latent heat release. A system of opposite vertical circulation
is found over Foxe Basin. For average conditions it is related
to advective influences, but during the summer months the local
effects of latent heat release and the surface enthalpy flux are
significant. There is an increase in importance of this pattern
beginning in mid-May. For the case examined in detail (July 26,
1973) this pattern was predominant when an arctic low decayed

and drifted south along the west Greenland coast forcing a trough
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circulation with the west limb over Foxe Basin (which normally
would be associated with negative vorticity and thickness
advection) and the east limb was over Greenland with strong
topographic forcing.

In eigenvector two there is a major synoptic vortex over
central Davis Strait. As a feature of ascent (with a frequency
maximum in March - April) it is in advance of a large depression
over north Quebec and is controlled by positive vorticity
and thickness advection, latent heat release, and frictional
convergence. At the same time the advective terms are negative
to the north of the low over Foxe Basin and Melville Peninsula
producing a region of descent which may be intensified by
orographic descent over the lee (west) side of Baffin Island.
With the opposite vertical circulation the vertical velocity is
less intense and there are two frequency maxima - one in March -
April and another in July - August.

There are three important features in eigenvector three -
over southeast Davis Strait, northwest Baffin Island, and a system
of opposite vertical circulation over Hudson Bay. For all
features thickness and vorticity advection are significant
processes. For instances of positive weights, which have a
frequency maximum during March - April, there is ascent over
Davis Strait and northwest Baffin Island within low pressure cells
which flank a central high pressure ridge orientated northeast-
southwest. The most common case is with negative weights and
mild descent of -0.3 to -0.4 cm s_1 over Davis Strait. There are

large frequencies from January through June.
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Eigenvector four illustrates a broad synoptic feature
orientated along the northeast coast of Baffin Island which, with
positive weights, is a zone of ascent related to a widespread
low pressure cell. These cases are biased towards the winter and
both advective termé are significant, Ascent is in the range
of 0.5 to 0.8 cm s—l. Cases with negative weights are biased
towards the summer with moderate descent of -0.4 to -0.9 cm s-1
governed almost entirely by negative vorticity advection.

Eigenvector five is the only pattern related in spatial
configuration to the surface thermal effects. Over central Baffin
Island these effects are insignificant in terms of the
contribution to the variance of the total vertical velocity
for the entire sample, however during the summer months the
contribution to the total ascent by surface heating is 38 per cent.
Frictional influences are significant at all times for this feature.
Over Davis Strait and Hudson Bay the synoptic systems in this
pattern are of opposite vertical circulation and are dominated
by wvorticity and thickness advection.

The empirical techniques used in this study have been |
reasonably successful in the identification of major synoptic
features, their seasonal bias and process linkages. It is
probable that the results would be more reliable if a 'key'
day type of classification were used for all fields. A
pattern could then be associated with a unique set of data for
statistical tests. With eigenvector classification a set of

data may be realistically associated with several patterns.
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For a 'key' day classification, however, a much larger sample
would be required since there would be many more patterns to
be analyzed, each with itédbﬁn unique set of data for the
component vertical velocity fields.

In this type of 'static! classification it is impossible
to trace the ?hanges in procesétlinkages during the history of
a synoptic evént and there do;s not seem to be a well defined
repetitive sequence of domiﬁant patterns that could be studied
in terms of the evolution of a system. Such a study would be of
major interest especially in light of the alternation between
advective and local influences found during the course of the
system examined in Chapter Four. It would be possible to produce
a modified static classification by moving the grid with
reference to the center of a depression system. Klein et al
(1968) have used this approach to classify the probability and
amount of precipitation in various quadrants of a depression
system for different cyclone intensities. The techniques used
in this chapter could still be applied but instead of
identification of mean features and processes at a location the
characteristic pattern and assemblage of mechanistic linkages
would be related to a certain stage in the evolution of the system.
This would certainly lead to a greater understanding of the
influence of the Arctic surface on synoptic systems. It would be
necessary, however, to consider a much larger grid system to
include the entire vortex as it drifts in and out of the region

of interest.
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CONCLUSIONS

In 1932 Hesselberg defined dynamic climatology as the
" ..quantitative application of the laws of hydrodynamics and
thermodynamics ... to investigate the general circulation and
state of the atmosphere, as well as the average state and motion
for shorter time intervals" (Barry and Perry, 1973). Hare (1957)
adds that dynamic climatology is "... the explanatory description
of world climates in terms of the circulation or disturbances
of the atmosphere”. These are apt descriptions of this study
in the eastern Canadian Arctic. A three-dimensional diagnostic
model of atmospheric dynamics is used to determine the physical
mechanisms responsible for the major synoptic features of this
region. The mechanisms considered are of advected and local
origin: differential advection of vorticity, horizontal
thickness (thermal) advection, release of latent heat, surface
thermal effects, and frictional and orographic influences at the
surface. Each acts in combination with the others‘to produce
a vertical circulation and attendant pressure rise or fall.
With the ald of the diagnostic model we can calculate the
magnitude of each mechanism and the relative contribution to
the total intensity of the vertical circulation, and thus
examine its effect on synoptic activity. In this manner we
relate, quantitatively, the occurrence of low and high pressure

features on the regional map to the dynamics of the large scale
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flow (the advected mechanisms) and to the processes of‘local
origin.

We examine these relationships with two different
approaches. In the first the history of a mid-latitude
depression system in July, 1973, is traced through the
eastern Canadian Arctic. This system is a common feature of
the summer synoptic map. A mature vortex is deflected north
towards Davis Strait by strong North Atlantic blocking.

For this example it leaves south of Greenland as a decaying
gsystem. From qualitative analysis of the products of the
diagnostic model we interpret the evolution of this .system,
within the region, in terms of the shifts in the imbalance
of the advected and local mechanisms.

The second approach is a static view in contrast to this
case study of development and decay, however, a large sample
(234 days) can be evaluated conveniently and general
conclusions may be made. The data include the winter and
summer of 1973, For average conditions the major centers of
synoptic activity in the eastern Canadian Arctic are defined
by classifying the field of the total vertical velocity into
characteristic patterns. Using empirical techniques to compare
both magnitudes and spatial configurations of the total
vertical velocity and the component vertical velocities, the
prominent mechanisms responsible for each synoptic center are
identified. Seasonal changes in both the intensity of these

centers and the proposed mechanisms are also discussed.
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For the case étudy of a mid-latitude depression center
entering the region of interest we may make the following
observations:

1. Upon entering the grid region from the south over
central Quebec (July 13) the vortex exhibits the signs of a
developing mid-latitude depression. Patterns of vorticity and
thickness advection are in phase promoting intense uplift
(4 cm s_l) and pressure fall in advance of the system. This
uplift is augmented by diabatic effects (latent heat release)
which, in mid-latitude systems, commonly acts to prolong the
1life of the depression.

2. The abrupt shift from zonal to meridional flow as this
system enters the Arctic results in a deformation of the
1sothermg with the development of a cold tongue in the Hudson
Bay - Davis Strait area. This alters thickness advection features
such that on July 15, 48 hrs after the mature vortex stage, the
vorticity and thickness advection act to self cancel within
the low. The system would fill and decay rapidly since
surface frictional convergence and zero uplift at 85 cb
results in mass accumulation in the lower troposphere. However,
the southeasterly cyclonic flow at the southeast coast of
Baffin Island promotes frictional onshore convergence, orographic
uplift, latent heat release, and, coupled with surface heating
over the Island, these factors result in local uplift of

-1
1.5 em s — and surface pressure fall. The vortex moves over
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this area (July 17) and is stabilized there until July 19
by these local mechanisms.

3. A Polar low over the Queen Elizabeth Islands
intensifies and the cyclonic circulation combines with that
of the Baffin Island low in a trough in the grid area (July 21).
The enhanced vorticity advection along the east 1imb of this
trough is combined with thickness advection into a cold
dome in this sector resulting in uplift of 1.3 cm s_1 over
Davis Strait. This rejuvination of the advective terms
prompts movement of the Baffin Island low towards Davis Strait
and out of the grid area towards the south of Greenland on
July 22, nine days after it entered the region.

4. The intensification of this Polar low results in
increased westerly flow over Baffin Island with warm air
advection of approximately 8 x 10-5 ki kg—l s“1 at 85 cb on
July 22 into the cold dome which is now situated over Davis
Strait. This is coupled with adiabatic compression in the
lee (east) side of Baffin Island (4 x 10-5 ki kg—1 s-l).

The resultant warming episode is coincident with a major ice
melt of 25 cm in 48 hr along the east coast of Baffin Island.

5. On July 24 the Polar low abruptly decays (85 cb height
of 129 decameters as compared to 120 decameters on July 23) and
moves into Baffin Bay as the mid-latitude system leaves the
grid. The movement of this weakened low into Baffin Bay and

south along the west coast of GCreenland is prompted by strong

G em s-l) orographic uplift as the flow of the trough around
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this low ascends the west coast.
6. The creation of the cold tongue over Hudson Bay

and Davis Strait by deformation of the isotherms as the flow
changes from zonal to meridional at the beginning of the study
period sets the stage for the development of the classical Arctic
'cold low'. This develops as the isobars coincide with the
isotherms of this tongue on July 17, when local effects dominate
the vortex circulation. Note that the mid-tropospheric cold center
does not form in situ within the low due to adiabatic expansion,
as previously suggested, but is rather a feature of the large
scale flow. The maintenance and intensification in any direction
may be a result of adiabatic expansion. However, depending on flow
and surface characteristics, it may also be a result of horizontal
advection (cooling in the direction of flow) or surface thermal
influences (cooling from below). This latter factor causes the
cold center to be stabilized over Davis Strait as the low
drifts out of the region on July 21. The uplift and
adiabatic cooling within the low at this stage is still intense,
however the cold low formation is broken because of this
dominance of the local surface thermal effect. These complex
mechanistic interactions between the flow and local features may
not provide a general explanation for the cold low, which has
a high frequency in many sectors of the Arctic. A systematic
diagnostic examination of many more cases is required for
different locations.

This detailed study of an actual synoptic event lends
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confidence to the suitability of the diagnostic model for the
identification of physical processes involved in a vortex
circulation. The observed development and decay follows
closely that expected from analysis of the computed vertical
velocity field. The vorticity and thickness advection effects
are consistent with the observed flow and isotherm
configuration. The reliability of the magnitudes of the local
effects is unknown, however, their combined intensity can be
appreciable (1.5 cm s_1 at 85 cb) and may account for the
observed synoptic development when the advective processes are
insignificant. Throughout this synoptic episode dominance
of advective and local effects alternate. Upon entering
the region advective influences are important. Once the system
is over Baffin Island, advective influences self cancel and
local effects stabilize the circulation. The depression leaves
the area when advective effects once more predominate, but at
this point they result from the circulation of the Polar low.

In the second type of analysis, the total vertical velocity
field at 85 cb for a sample of 234 days (January 2 to August 24,
1973) is decomposed into characteristic patterns or eigenvectors.
The first eight patterns have some physical significance and
account for 83 per cent of the variance in the original data.
The physical mechanisms for the synoptic featuers in the first
five eigenvectors (66 per cent of the variance) are well
documented using two independent statistical tests and

subjective verification with the detailed case study
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analysis for July 15 and 25. We make the foilowing
observations.

1. The most prominent pattern of vertical circulation
accounts for 18'per cent of the variance. This includes a
system over Baffin Bay which is closely related to the
orographic influence of Greenland. With ascent there is also
significant latent heat release. A vertical circulation of
opposite sign is found over Foxe Basin for these cases. It is
dominated by advective processes, but during the summer months
latent heat release and effects of the surface enthalpy flux
may also be significant. This pattern increases in importance
for both positive and negative weights during the June through
August interval of the sample. For the case studied in detail,
this pattern occurred when a polar low decayed and drifted south
along the west Greenland coast. Here the orographic influences
were apparent. The large scale flow was a deep trough around
this low which would normally be associated with negative
vorticity and thickness advection and attendant subsidence along
the west 1limb over Foxe Basin.

2. 1In eigenvector two (16 per cent of the variance) are two
major synoptic features associated with a low pressure cell
(for negative weights) over north Quebec. To the north east of
this depression positive advection of vorticity and thickness,
combined with latent heat release and surface frictional
convergence, produce a zone of ascent over central Davis Strait

with vertical velocities in the range of 0.8 to 1.6 cm s-l.
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To the north and northwest over Foxe Basin and Melville
Peninsula the advective terms are negative and there is a
region 6f descent in the range of -0.5 to -0.9 cm é_l. This
may be augmented by orographic descent over the lee (west)
coast of Baffin Island. There is a frequency maximum of this
situation in March-April. With reverse signs of vertical
velocity (positive weights) the vertical circulations are
less intense and the frequency maxima are in March-April and
July-August.

The Davis Strait low is found in the mean pressure maps of
Petterssen (1950) who used U. S. Weather Bureau historical
maps from 1899 to 1939, and is also found in the July-September
cyclone frequency maps of Reed and Kunkel (1960) for the 1952-
1956 period. On this same map there is a maximum of anticyclonic
frequency over Foxe Basin. This configuration corresponds to
eigenvector two with negative weights.

3. The third eigenvector includes 13 per cent of the
variance in the data and illustrates three centers over Davis
Strait, northwest Baffin Island (both with ascent for cases of
positive vector weights) and Hudson Bay (with descent for
positive weights). All of these synoptic features are dominated
by the advective processes. There is a maximum frequency of
instances with positive weights during the March-April interval.
For these cases there is a central high pressure ridge orientated
northeast-southwest flanked by low pressure cells over Davis

Strait and northwest Baffin Island. Over Davis Strait ascent is
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moderate (0.5 cm s—l). However, the most common case is with
negative weights and mild descent of -0.3 to -0.4 cm s-1 over
Davis Strait. There are large frequencies from January through
June: The pressure pattern is reversed with low pressure
replacing high pressure.

4, The fourth pattern (11 per cent of the variance)
represents a zone over the east coast of Baffin Island. With
positive eigenvector weights there is ascent of 0.2 to 0.8 cm s'-1
associated with a widespread depression system over Baffin Island.
These cases are bilased towards the winter and both advective
terms are significant. For cases of negative wéights the bias
is towards the summer with descent of -0.4 to -0.9 cm s—l.
Negative vorticity advection dominates the vertical circulation
under the high pressure dome.

5. The spatial configuration of eigenvector five is very
similar to a pattern of the surface thermal effects. Weights
of the two patterns are highly correlated throughout the sample;
however, this process is insignificant in terms of the magnitude
of the total vertical circulation for the synoptic feature over
. south Baffin Island, except for the summer months. For the
entire sample interval, most of the variance in the total vertical
velocity is explained by the frictional processés over the Island.
In this pattern there are two other synoptic systems over Davis

Strait and Baffin Bay. These features are dominated by thickness

and vorticity advection.
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In this static analysis the emphasis is on the average
location and morphology of the major synoptic systems. By
comparing patterns and magnitudes of the total vertical velocity
and the component vertical velocities, we can adequately define
the mechanistic linkages for these systems - for mean conditions.
However, we do not know the geographical origin of these systemsy
except for a historical study of one episode, nor the dominant
processes at different stages of the average development of a
system through the region. An attempt is made to find
significant sequences in the occurrence of the patterns of total
vertical velocity which could be interpreted in evolutionary
terms. The results are negative.

For both the historical and static analyses it is
emphasized that the preseﬁt grid format is not ideal. Often a
vortex is only partially in the grid, and major events in this
circulation may be off the grid entirely. In future work it
would be advisable to base the calculations of the diagnostic
model on a much larger grid and analyse the derived data for a
reduced grid referenced with respect to the depression center.
The grid would move with the system and encompass the entire
vortex. The processes could be examined with reference to their
location in the system. A classification and study of the
process linkages could be made so that each category represented
one stage in the evolution of the low, which would have its own
average characteristic pattern, rather than for average

geographical locations. This design would be more suitable for
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the study of depression development and decay.

The methods used in this study to investigate the regional
dynamic climatology are new and previously untested. Diagnostic
models of atmospheric dynamics have been used extensively in the
middle latitudes to investigate the properties of individual
systems. The purpose of these theoretical models has been to
verify or refine dynamic concepts derived from forecast
experience or statistical studies of readily available
climatological data. But these models have not been used to
generate a large sample of derived data which may be interpreted
directly with respect to the prominent or average mechanistic
linkages involved in the major synoptic systems of a region.
Whereas the magnitudes and importance of each process involved
may be examined easily by manual analysis of the model generated
data throughout the evolution of one system, it is much more
difficult to handle and interpret a large sample of data - data
which are several steps removed from the observations. The
empirical analysié of Chapter Five only applies to two levels
and is based on 46,000 data values from the model calculations
and the regional pressure field. In these original calculations
there are six levels in the model with approximately 160,000
values of vertical velocity alone. Computer requirements for
data analysis and storage are expensive. A major proportion of
the effort in this study was directed towards the development

and verification of an experimental design that would satisfy
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the objectives with a minimum of operator bias in the analysis

yet be relatively efficient in terms of computer demands.
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APPENDIX ONE

LIST OF SYMBOLS

bulk transfer coefficient
specific heat of air
divergence of water vapour
friction coefficient
surface enthalpy flux
coriolis parameter
acceleration of gravity
diabatic heating

latent heat of condensation
pressure

specific humidity

gas constant

temperature

time

geostrophic wind velocity
vertical velocity

height

geopotential height
static stability

omega

density of air

potential temperature

vorticity

K kgt st

2 =2
m s
cb centibars

kg kg



187

APPENDIX TWO

ANNOTATED LISTING OF THE COMPUTER ROUTINE FOR THE CALCULATION

OF OMEGA AND ASSOCIATED FIELDS DISCUSSED IN THIS STUDY

This programme is designed for the CDC 7600 of the National
Center for Atmospheric Research. It takes 79 seconds to

run this routine for 234 days with a ten by ten by six grid.
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LINIT,T=2
‘LINIT,PR=16¢
‘LINIT, PT84
‘LINIT,PU=2000
*ASSIGN,B5657=1,R
*7L18,19,RT,BN
*ASSI16N,B5575=8
*1L18,8,0C,NS,07
*FORTRAN,FL
PROGRAN OMECA
COMMON VARS, VARG, VAR7,VARS, VARD, VAR ¢
COMMON T,6,RH, V,H,587,M4,17,TDE,DENS, PP, W0, WV
COMMON DG xDG, YDG,DUM, ADSE, YDSG, DUNM, DG, DUNT , XDUMM, TDUNM, VARY , VAR, VA
.2,VARS, VARC.DPRI
COMMON/10/DAG,AG(70,5)
DIMENSION GOON{S),TOON(B)
DIMENSION ANG(10,10)
DIMENSION VARS(10,10,8),VARE(10,10,8) ,VAR?{10,10,0),VARS{10,10,8),
JVARD(10,10,8) ,VAR10(10,10,0)
DIMENSION AVWI6),AVT(6) ,AVRH(E) ,STHI6)
DIMENSION FRICT(10,10)
DIMENSION VARG (10,10,8)
DIMENSION SIGMA(8)
DIMENSION DEN(B)
DIMENSION PREW{10,10,8), 70902"0.!0..! VCONST (&)
DIMENSION TOPO1(10,10)
DIMENSION GA(66,40)
DIMENSION H(10,1¢,81,TT(10,10,8),TDE(10,10,8) ,0ENSID),
JPP(10,10,8), UU(M 10,8),vv(10, IO.II
DlﬂENSION NM 10,8), G(N 10,0) ,RH(10,10,8),P110,10,00,U(10,10,00,
N{10,10,8), H(M 10, ﬂ! SSNN 100
DIHENSION DG(ID 10, N.XDGHO 10,80,YD6110,10,8),DUN(10,10
+¢81,X086110,10,8), YDSG(W 10, ll.DWHO |0.|l.086(10 10,0),0UM1 (10
o ll, B).XDW(IO.IO 9, VWM(IO.!O.II VARY(10,16,00,VAR2{10,10,8),
JVARS(10,10,8) ,0PRI (10,10,0)
D"tNSlON SS!NM !0.".ASNHO.".".SA"(M 10.0)
C FORMAT STATEMENTS
1 FORMAT (8A10)
S FORMAT(15F5.0)
8 FORMAT (1X,F4.1,5X,15F0,0)
? FORMAT {1X,SHIOENT, I15)
13 FORMAT (1H!,2F10.0,8€10.2)
1000 FORMAT(10F1,0)
1019 FORMAT (X, 15)
1199 FORMAT(1X,10F4.0)
1089 FORMAT(10F5.0)
10 FORMAT (1H0,6E£10.2)
1" FORMAT (F10,0)
12 FORNAT (6F10,6)
S004 FORMAT (1X, 1SHNARNING, NO SST)
S005 FORMAT (1X, SIHNARNING, CONDITIONALLY UNSTASBLE)
5006 FORMAT(1X,18,2X,13)
8007 FORMAT(1X,4HDATE, F15.0)
5008 FORMAT(1X,E10.2)
1089 FORMAT(1X,10E10.2)
9 FORMAT (1X,10M] EXCEEOED, I5)
C  ZERO MATRICES
CALL Z2ERO(T)
CALL ZERO(G)
CALL ZERO(RM)
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CALL ZERO(V)
CALL ZERO (W)
CALL ZEROITT)
CALL ZERO(TDE)
CALL ZERO(PP)
CALL ZERO(W)
CALL ZERO(VV)
CALL ZERO(DG)
CALL ZERO(XDG)
CALL ZERO(YDS)
CALL ZERO(DUMI
CALL ZERO(XDS6)
CALL ZERO(YDSE)
CALL ZERO(DUMM)
CALL ZERO(DSG!
CALL ZERO(DUMIY
CALL ZERO(XDUMM)
CALL ZERO(YOUMM)
CALL ZERO(VAR1)
CALL ZERO(VAR2}
CALL ZERO(VARS)
CALL ZERO(VARG)
CALL ZERO(VARE)
CALL ZERO(VARE)
CALL ZERO(VARY)
CALL ZERO(VARS)
CALL ZERO(VARS)
CALL 2ERO(VARIO)
CALL ZERO(DPRI}
CALL ZERO(SST)
DEFINE CONSTANTS
FOR CONVERSION OF RELATIVE HUNIDITY TO SPECIFIC wumMIDITY
ALPHA=0,6
DELT=3600.
CON=ALOG10(6,1078)
Ae7.567
B=2066.926
C=33.45
FIRST DAY T0 BE READ
DAYet,
DAY COUNTER
1TINE=1
10ENT =0
CORJOLIS PARAMETER
FOe1,3705E-4
HORIZONTAL GRID DIMENSIONS METERS
XY=3,9ES
XXe$,9ES
SPECIFIC HEAT
CPe=1,008
CONVERSION FROM OMEGA TO VERTICAL VELOCITY
DEN{1)=-8,52E3
DEN(2)=-9,40E3
DEN(S)=-11,22€3
DEN(41=-14,64L3
DEN(5)=-21,688ES3
DEN(6)=-61,72E3
DENSITY
DENS(1)=1,275
DENS(2) 1.1
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SENS(5)=0.093
DENS(4)=0.650
DENS(5) 29,388
LENS(6)=0.920
AMASSSDENS (1) * 1894,
CONSTANTS FOR PRECIPITATION CALCWATIONS
VEONST (1) =1,94E-6
VCONST (2)21,02€-6
VCONST (3120, 76E-6
VCONST (81 20.89€-6
ALL COMPUTATIONS START AT TOP MORTH-MEST CORMER OF GRID
K 1S LEVEL NUMGER IN THE VERTICAL, | 18 RON DESIGNATION, J 18 COLUNN
MATRIX FOR THESE COMPUTATIONS 18 10()) X 10(0) X 6IK)
READ CARD DATA FOR LAND-SEA POSITIONS AND TOPOGRAPNIC HEIGHTS (MLTERS)
READ (5,1000) ((FRICTCI, 1, 129,100,de1,10)
READ (S, 1099) ((TOPOY (1,J), 121,100 ,Je1,10)
READ ANGULAR DEVIATIONS TO comcr H"@ ﬂ!l.b FOR EQUAL AREA CO-ORDINATES
DO 750 12,9

780  READ(S,1000) (ANG(],u} ,val,10)

00 786 1=t,10 .
DO 786 J=t,10
T0P01¢1, Jl'".ts-(DW!(II".I'WPOHI JE-S

786 CON'HNUE

<
¢
3
4
86

97
99

92
1]

READ INPUT FIELDS AND TRANSFORM INTO 3-D MAIRICES
INPUT FIELDS IN NMC FORMAT ON TAPE 1
351 WORDS PER RECORD, 1 1D NUMBER AND B FIELDS OF 70 WORDS, ORDER-1D m
YEAR, MONTH, DAY, 64 DATA WORDS (8 X 8), PRESSURE LEVEL OATA, 10 COBE

IFCITINE.EQ.1160T009

IDENT [ =6~ IDENT

NelDENT

DO 97 l=t,IDENTI

HO=AG (3,N)

DA=AG(4,N)

DO 98 u=1,66

GALY, 11 =AG(Ue&, N}

NeN¢Y

CONTINUE

CONTIME

11=1DENT]+1

RRLIREL

CONTINUE

NNDS=351

CALL ROTAPE(1,1,0,DA6,M08)

CALL 1OMAIT(Y,MSTATE,XMDS)

IF (NSTATE.ME. $)60T07006

Net

00 8¢ 1ei}, 11l

YoAC(2,N)

NO=AG (3, M)

DA=AG (&, M)

IF(M0.EQ.8.AND.DAEQ. 30)8TOP

IF (DA.NE.DAY)GOTOOS

DYneDA

D0 92 J=1,66

CALJ, 1) oA (ued, N}

DAv=DA

NeNet

il=]]e§

Ili=l11+8

IF(1.6T.S5IMRITE6,9) )
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60T08¢
93  CONTINE
DAYSPA
PAsDYN
1=7°0.€6
M0=10°1.E3
DATE=Y+N0DA .
10ENToN
WRITE (G, 71 IDENT
1TIME=ITINE*]
IFLITING.EQ. 21607006
IF (DATE.EQ. 1973002020) 607096
1COUNTR=]~1
IRH=Q
170
1620
IW=0
1y=9
tved
C SORT RAN DATA INTO S-D MATRICES AND CHECK FOR DUPLICATE RECORDS
DO 80 lef,1COUNTIR
Jebé
IF(GA(68,1) ,NE.1000.160T009
IF(GALY, 1) . NE.1160TOBY
(1241 1}
83 CONTINVE
DMAXeGA(Y, })
DO 82 J=t,64 .
02 DMAX=AMAXY (OMAX,GA (Y, 1))
IF (DMAX.LE.401GA(66, 1130
81 CONTINVE
Je66
IF(GA(6%,11.EQ.GA(68, 11 AND.GAI66, 1) . EQ.GA(86,1-11)60TO8
IFAGALY, 1) .EQ. 11CALL STACK(GA,1,v,16,6)
IF(GA(J, 1) .EQ. 10D CALL STACKIGA, 1, v, 1T,T)
IF(GALJ,}) . EQ.S0)CALL STACKIGA,!,v,10,0)
IF(GAIY, 1) (EQ. 11 CALL STACKIGA,1,v,1V,V}
IF(GA(J, 1) ,EQ.8Q)CALL STACKIGA,1,J, IRH,RNI
IF(CGALY, 1) . EQ.871CALL STACKI(GA,1,v,S8T)
8¢ CONTINVE
00 CONTINVE
C SPECIFY PRESSURE LEVELS IN CENTIBARS
DO 89 l=1,10
00 89 Ju=1,10
Ptil,ui,t)e100,
P(ll,uy,20088,
P, W, 81070,
Ptil,oi,0)a80,
Plll,vy,8)080,
P‘l.'“."."c
Plll i, el 0
(1] CONTINVE
C CORRECT WIND FIELD FOR GRID SHIFTY
€ COMPUTE FOR ALL POINTS
DO 775 12,9
00 778 u=2,9 .
C  CONVERT ANG DEV T0 RADIANS
ANGR=ANG (1,01 /57.3
DO 778 Ket,6



C CONPUTE GEOSTROPHIC VECTOR

{
Retvil,J,K1°°2)41UL1,4,K1°°2
ReABS (R)

ReSORT (R}
pumi(l,J,K) R

¢ COMPUTE ANGLE IN RADIANS

¢ CORRECT SURFACE MINDS FOR EXKRAN SPIRAL

TANGoV(],J,K) /U] ,J,K)
TANG=ABS {TANG)
TANG=ATAN(TANG)

IF (K. EQ. 1. AND.FRICT(1,J) LT, 0.8. A U(1,d, 00, 6E.0.

JAND, V(T ,J,1).6E,8) TANGoTANG 0, 58

lf(K.EG.l.Hﬂ.l’ll(lll.Jl.l.'...ﬂ.“o”".do"-“...

JANDVIT,J, 17,07, 0) TAMGoTANG- 0,58

IF(R.EQ. 9. AND FRICT(N, V) LT, 0.8.AM0.UL1,di 1) LT 0,

JAND VL 0o 1) LT ) TANGSTANG 0, 38

IF(K.EQ. 9. AND. FRICTE] ,J) oLT. 0. 8. ANDULL 10 LT 0,

+AND. V() .J.".‘t..l'm"uﬁ'..”

1F (K.EQ. 1. AND.FRICT (1,00 ,6E.1.0,AM0,UL1, 0,

JANDLVE,0, 1) ,GE, 01 TANGoTANG+0, 07

IF(K.EQ. 1, AND.FRICT(],J) . 6E. 1. 0. AND. VLT ody

.M.V(l.d." "'o.' ﬂﬂﬁ‘uﬂ'...?

".“‘.l
11.6€.9.

IF (K, EQ. 1, AND FRICTI], ). 6E. 1,0 AND. UL Ui 00 LT, 0,

JAND VUL, Jy 10 LT, 01 TANGOTANG 0,07

1F (K, EQ, 1 AND.FRICT(1,U) (6E. 1. 0. AND VLD, 0, 1) 41T, 0,

.Mﬂ.V(l.J." .‘:.NYW'TM'.."'

¢ CHECK QUADRANY

IF (VLD ,J,K),67.0)60TOTE2

€ LORER HALF

IFIUCT,J,K) 6T, 026OTOTEY

€ QUADRANT 1})

760

1F (J, LT, 5) TANG e TANG- ANGR

JF (J.GT.8) TANGTANG*ANGR
|10

IF(J. LT B, AND, TANG.LE.0) | =Y
I1F (J.GT.5,AND TANG .GE. 1.5706) | 122
1P (IT.EQ. 1) TANG== TANG
1F(17.£Q.1)6070762
IFL1T.£Q.216070761

CONTINVE
Utl,J,K)e-R°COS(TANG)
Vil,J,K)e=R*SIN(TANG)
GoTo?7S

€ QUADRANT 1V

™

761

52

CONTINGE

IF(J.LT.5) TANG TANG4ANGR
1F1J.67.5) TANG=TANG-ANGR

1T=0

1F(J, LT S AND TANG.GE.1.5706) I T=)
1FJ.CT. 5. AND, TANG.LE, 011702
1F (1T.EQ. 1) TANG= (22,77, )= TANG
IF (17,EQ,2) TANGa~ TANG
IFLIT,EQ,116070760
1F¢17,EQ.2)6070263

CONTINVE

Vtl,J,K1=R*COSITANG)
Vil,J,Kle=R°SINITANG)

6070778

CONTINUE

192
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" € UPPER MALF

1F (UL, J,K) .67, 916070783

€ QUASRANT 11

762

IF (J.LT.5) TANG=TANG*ANGR
1F(4.67.9) ,“."“’M

17=0

IF(J.LT.B.AND, TANG.GE.1.8706) | Tot
IF(J.CT. 0. AND, TANG.LE. $) 1722
IFCIT.EQ. ) TANG=(22,/7.)-TANG
IFCIT.EQ.1)6070763
IF(17.£0.21607076¢

CONTINVE

Vil,J,K)IoR°SIN(TANG)

6oT0778

€ QUADRANT |

753

763

775

CONTINVE

IF (U, LT, 8 TANGoTANG- ANGR

IF (U, 6T.8) TANGoTANGANCR

1720

IF(J.LT. 8, AND, TANG.LE. §) | Tot
1F{J.CT . B.AND . TANG,CE,1.8706) 1702
IF()7.6Q.1) TANGe- TANG
IFLIT.EQ.21 TANG® (22,77, )= TANG
IFL17.£6.126070769
IF(17.£Q.206070762

CONTINVE

UL1,J,K)=R*COSITANG)
Vil,J,K)sR*SIN(TANG)

CONTINVE

DO 351 K=1,6

00 381 Jsi,10

DO 359 le1,10

Vi1, JoKhe=¥(),4,K)
6t1,4,K)a6L1,4,K)*9,.0
Re0,207

€ CHECK FOR MISSING SURFACE TEWPERATURES

500¢

5001
$002

TOTAL=0.0

DO 8000 l=1,10

00 8000 Je=1,10
TOTALTeSST(1,d)
TOTAL=TOTALATOTALT
TOTAL=ABS{TOTAL)
IF(TOTAL.GT.6.1)60T05002
DO 5001 1e1,t0

DO 5061 vei, 10
SSTU(l,J)ePP(],u,0)
CONTINUE

WRITE (6,5000)
CONTINVE

DO 5013 1=1,10

DO 5013 vet, 10

PPL1,J,t)eSST (),
CONTINVE

Ne6

Letd

Netd

¢ CONVERT RELATIVE MUMIDITY TO SPECIFIC HUNIDITY

00 649 l=t,L
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00 648 J=4,N

L, J, 108 ,4,2)

RHET,J,202(R(] , 3, 50 0RN(] , 4,200 72,

Rt ,J, 30 oMM, 4, 5}

RHL) .J.Cl'(‘“l.-l.‘l‘.“l .J.’. lﬂ.

" (N".J.“ .u.m".‘.,, ."‘..J.ﬂ'*‘"ﬂ‘o“‘ ‘m" .dl”’"”.‘."

ol
l"mu.J.‘lo“.m"u’.'.’m“u‘."“"n’."'“m".‘.’”ﬁ“l.d.."/’.
J172.0
DO 649 K=1,8
RH(),J,K)oRN(],4,K0 7108,

649 CONTIME
00 680 12,6
00 680 Je2,9
D0 65¢ K=1,8
SECOMS (A°CT(D,u,K14273,16)=817(T(1,J,K1 4279, 16-C)
SEe=10.°°St
ASEeRH{1,J,K) °SE
ASHI,d,K)@(0,621°ASE)/Z(PL],J,K)*10 ,=(0,379°ASE) ) *1.ES
SSHI1,J,K)I=(0,621° SEN/Z(P(),J,K)*10 ,=(0,370° 8L))"1.ES
SATT(),J,KIal(ALOGIOIASE)~CON) *C-B)/ (IALOGIO(ASE) -CON-A) )

650 CONTINVE

S03  CONTINUE
WRITE(6,8007)DATE
WRITE(8,B00710ATE

CALL OMAXX{V, 1) -
€ COMPUTE STATIC STABILITY FOR EACH LEVEL, AVERAGED FOR ALL GRID POINTS
D0 9807 Kei,6
AVT0e0,
AVGO=0,
DO 987 I=1,10
DO 997 u»1,10
AVTOeAVTOCT (], v,K)
987  AVGO=AVGO+6(],v,K)
GCOON(K) =AVGO/100,
AVTO=AVTO/Z104,
9887  TOON(K) = {AVT0427S, 960 ° L{1000,7(PL1,J,K1°10,1)°°(2,/2.))
00 0989 x<2,6
POIFsP(],u,K)=PL] i, K1)
3::“: (R)={(1GOON(K)=GOONIK=1))/PDIF)/TOCNIK) ) ® ({TOONIK)~TOONIK-1)}
+/POIF) :
9989 CONTINE
C  COMPUTE ENTHALPY FLUX, KJ KG=1 S-1 AND (B N S-9
: CALL ZERO(DUM:
CALL ZERO(BUMI)
CALL ZERO(VARS)
DO 610 Jei,L
DO 610 vet 0
IF (DATE.LT.197300601516070600
$STi1,Jie0,
IFIFRICT U, V0 ,LT.0.8188T(1,J) 8,
l' ('RICNI o} OL" .-'QMO"O“' 70‘.0 l.u.‘llﬂ [§] .J’ g,

600 CONTINME
VCoABS (UL, v, 8114V, J, 10210
V6=SQRT (v6)
IF(FRICT(I,J) LT 0,50 CHe2.E-S cont
IFIFRICTIL,4) .68 1 01 CHe) E-9 OCEAN

IFE TUl.d,00-88TL0,000600,602,609
601 CH=CH'S, USTARE
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614

CONTIME

SUMII, J, 202~ (T(0,4,00-88T11,401 *VE6°CH
DUMICI,u, 202 DUNLE, U, 20760, ) °61, 088) /ANASS
CONT INUE

PO 611 Jei,L

0O 611 y=t N
VARS(1,J,2)=(0UM(1,u,20°0.70°00.8/18,
DO 613 J=3,8

WRITE(S, 100 (DUM) ¢1,4,2) ,J=3,8)

CALL HDELSQ(DUM,DUMI, VARD,L,N,N, XX, XY}
CALL ZERO(DUMI)

CALL ZERO(DUN)

D0 614 ust,n

00 614 Isf,L

VARG () ,Jd,2)==VARS () ,u,2)
VARS(1,J,20aVARB([,4,2) * (RZ(CP*PL1,u,20))
CALL 2ERO(W)

¢ COMPUTE OMEGA FORCING FUNCTIONS FOR ENTIRE MATRIX

618

€ COMPUTE LAYER t OMEGA INCLUDING EKMAN LAYER PUMPING = WINN-NIELSEN

CALL VERDER(G,P,D6,L,M,N)

00 618 [=,L

D0 618 Jei M

DO €18 Kat,N

QC(I.J.H”DG(I.J.K)

CALL HDEL(DG,DUM, XDG, YDG, LMy N XX, XY}
CALL HDELSQ(G,0UM,D8G,L,M,N,XX, XY}

DO 900 Jei,L

DO 900 vei,N

IF(FRICT(1,J) LT, 0.8)DENN=D.E~6
IF(FRICT(1,J) GE, 1. JDENNE.E~6

WiL,0u 00e=1,%((D8G (1,3, 1) /FOI/12,FOLI*PLL, U, 1) DENNONLT U, 1)
VL1, Js 1ol v, 00 *DENLY)

CONTINVE

C COMPUTE LAYER 1 OMEGA INCLUDING TOPO FORCING

"o

¢

3

70

List=1
Mie-

00 710 192,00

DO 710 us2, M0

HET o 10oMEl, 0, 000 LCLTOPOY (100,40 =TOPOY (1,40 )7 (XRI) VL, 4, 1))
<HLLITOPON LI, Je)=TOPOY (1, V1 )/ LRYI ) UL, 4, 102
Wl J, 10 tut], g, 1) DENLTII=UULE,J, 1)
CONTINUVE

DO 720 vet N

N, J,10e0, 0

Hit0,J, 000,08

00 730 )et,t0

el 0,000,0

Wil 10,000,0

DO 7001-t,L

DO 7004010

00 700Kt

DU, U K10 (0, /F0) *DSG LI, J.K)

CONTIMUE

CALL HOEL (DUNN, DUN, XDUMN, TOUMN, L, N, N, XX, XV)
CALL DOT (xDuUM, YOUMN, DUNI .U, V, L, N, N)

B0 17 ley,L

195
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50 17 oot .M
80 17 K=t B
1 1 [ 7 ]] ‘..‘.”m ll.d.ﬂﬂ“.d.ﬂ".“’“
CALL VERSER(DUN],P,PUN, L, N, M)
00 78 l=9,L
90 75 Jet 0
90 78 Ket,N
VAR (1,J,K) =FO°DUN(L, U, K}
B CONTIME
CALL ZEROIDUM))
CALL DOT(XDE, YDG,DUIMI,U,V,L,M,N)
CALL MDELSQIOUM],DUM, VARZ,L .M, N, X), RYT
00 8001=9,L
00 Se0u=t 0
DO §00X=1,N
VARS(1,d,K) =VART (1,4, K] ¢VAR2( 1,4, R} $VARB (], 4, K)
000 CONTINUE
C COMPUTE INITIAL OMEGA, MINUS LATENT MEAT FUNCTION
CALL RELAX(VARS,N,L,N,N,XX,XY,P,81CNA) .
CALL ZERO(DUM)
CALL ZERO(DUM}}
CALL ZERO(DUMM)
€ COMPUTE VAPOUR FLUX DIVERGENCE IN NN CM=2 WR= ¥
DO 650 12,9
DO 830 v=2,9
00 811 Ke1,4
TOPOZ LY, J It (VLT od UKD *100.0° (ASM(D04,u,Ke0) *VCONST (KE) >
VUL, KD 100.0° (ASHIL,J,K*1) *VCONST(K)) D/ EXR*TO0. KD o CECOLE, Jeof KF
«P100.0° (ASHIL,Jo 0, Ke1) *VCONST (D)= (U] ,J,K)*100,)° (ASHI),J,K00)°
+YCONSTIRI))/Z(XY*100,))
PREW(T,J,K)=ASHIT,d, K1) *VCONST (K)
811 CONTINVE
TOPQ2(1,y,1)=70P02¢1,y,1)°S.6E4°%1,5E8
TOPO2(1,4,2)2T0P02¢1,J,2)°3,684°) . BE8
T0P02(1,v,31=T0P02(1,4,3) °3.6£4°2,580
10P02(1,u,8)2T0P021(1,J,4) °S,6EL"S. 528
PREM(I,J, 1)2PREM (], J,1)°1 ,BEGOPRENIT, U, 2)°1  BESPREN(L, U, 51 %2, 8080
+PRENC],J,4)°S,.BE8
PRENt],J, 1) PREW(T, 4, 1)°10,
C TEST FOR CONDITIONAL INSTABILITY
TE=(TE),,200278,0°(1,176°°0.208) ) *EXP (2480, ° ((SSH(1,4,21°1.E-817
(T01,9,2002780))
TEE(T(1,J,1)0278,) EXP(2488. ° ((S8NC1,J, 10 °V E-SIZCT (1,0, 100278, 11

o
TCS"'H'“'?!II(“I.J."'l".“".d.ﬂ'l”-l
C COMPUTE LATENT MEAT FUNCTION
JT(TESTI.LT. 006020804
DO 809 Ket,S
IF(NL1,9,K) .GE. 006070 802
IF(NLT,0,K0.LT.0)60T0008
C ABSOLUTELY STABLE - NO PRECIPITATION
802 DU, u,K)=0.0
6070809
€ ABSOLUTELY STABLE - PRECIP POSSIBLE
803  IF(RN(I,J,K).LT.0.7)60T0802
OUMNC], o, K @~890. NIl U, KD * LUSSHIT,J KT )*Y E-8-S8H (1, J, KL S, E=9)/
«tPUI L, K0P (], 4, K0 ))
DUMMCI, K2 oDUMNL L, 0, K) °4, 1888
IF (QUMMIL,J,K) LT, 020UMNL ], 3, K1 =0, ¢
809 CONTINVE
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coT0000

"€ COMBITIONALLY UNSTARE
COnTImE

C TEST FOR COMVERSDIKE

807

808

IFIT0PO2(1,4,1).L7.006070808
IFLT0P02(1,4,1).6E. 016070808
CONTINUE

DUNNEI,J, 10 (CP ALPHA® (BATT (1,4, 00=T11,4, 1000 /B6LT
oUMNCI,u, 1) e=pupNL] 4, 1)
IFDUNNE),u, 00,17, 000U08¢1 4, 0000, &
WRITE 16,5008)

WRITE(6,8006) ),y

bunil, v, 1e1,.¢

6070808

CONT INVE

DO 810 Ke2,3

1F(ML1,9,K).6E. 016070800
IFONCL,U,K),LT. 006010807

CONTINVE

IF (RHED,J,K) .LT.0.7)60700¢8

1T, 1§] oKl a=800, *KiI oK) * CMH.J.KON 'l.(-l-m(l .J.KD o ] £/
AP, Ke0)=P(],4,K0))

DUMN(],J,K) sDUMM(],y,K) ¢, 1898

IF (DUMMCT,u,K) LT 0IDUMNC],J, k00,0
60108190

DUMN( I, v, K1 =0, 0

CONTINVE

CONTINVE

D0 12348 1e2,9

D0 12348 yve2,9

12345 TOPO2(1,v, 11aT0902(1,4,1)4T0P02¢1,v,2)¢T0P02(1,u, 31 ¢70P02(1,4,4)

DO 818 K=1,8
00 018 1=2,0
00 818 u=2,0
OUMNLI, u,K) e (DUMNLI, J,K)/72€69.4) °2,.886

C RECOMPUTE W INCLUDING LATENT MEAT RELEASE

CALL HOELSQ(DUMM,DUN,DUMI,L,M,N, XX, XY}

DO 310 jei L

DO 311 =t .8

DO 314 Ke2,4
Vn‘(l.J.Kl'm/(CP'P“.J."”'UWIﬂ.J.K'"
VARGLL,d,K)o=VARS (1,J,K}
VARS(1,J,K)eVARS(),J,K) $VARG (], K)

CALL RELAX(VARS,N,L,M,N, XX, XY,P,516MA}

€ CALCULATE PRECIPITATION

86¢
861

DO 860 1+2,9

DO 860 ue2,9

DO 939 Ket,3

UM, v, k) eDUM(], v, K} /2,586

DUMMCL,u, 11aDUIM(], 0, 1) "DENSIY) *1,.E2°1.8
DUNM(],u, 20 =DUMMLL, v, 2) "DENS(2)°1 ,E2°1.8
DUMM(I,u, 31 =DUMM(},y, 3) *DENS (31 *Y,.E2°2.8
DUMMIT, 3, Q) oDUMNL T, u, 1) 4DUMMC L, u, 20 4DUMML] , U, 8}
OUMM(],J,8) DU, u,0) *3600.°10,
CONTINUE

D0 861 13,8

NRITE (8,10 (DUMN(], 4,81 ,Ue8,8)

C COMPUTE PER CENT CONTRIBUTION AT 850 M8
€ COMNPUTE WITHOUT BOUNDARY

CALL ZERO(VARG)



CALL ZERO(VART)

CALL ZERO(VARS) '

CALL ZERO(VARS)

CALL ZEROIVARIO)

CALL RCLAK(VARE,VARS ,L,M,0,AX,%7,P,S160A
CALL RELAX(VARZ,VART ,L,0,0, XN, 2V,P, S16MAY
CALL RELAX(VARS,VARS ,L,M,N,N%,17,P, 81680
CALL RELAX(VARS,VARTO,L,M, N, A%, XY,P,B16MA)

¢ COMPUTE ADVECTIVE HEATING AT 080 18

CALL ZERO(DUMI}
CALL ZEROIDUM)
CALL ZERO(DUMM)
00 550 142,98
00 586 ve2,9

OUMI(I,u,200( (7014, 20=TE1,001,2007(X001 °Ut1 4y 2)

OUMCE,J, 2000 1T 11,0, 20=T1140,0, 200 24XR1)*VLE, 0,30

DUMMC],J, 20 0M 11, J, 20 CLUT L 03T 0 2012(P 11,2, B0=PLL 200 D= 1L
RP(L,9,201/CPN)

C VERTICAL

DUNM(L,J, 11 DUMM(],¥,2) *CP

C HORIZONTAL

380

DUMM(T, J, 20 = (OUNE (1,4, 2) 4DUNTT 4, 200 °CP
CONTINVE

C ALL DATA WRITTEN ONTO TAPE O

00 384 13,8
WRITE(8,10) (DUMMLI,J,2) ,ue8,8)

854

. DO 388 |e3,8
335  WRITE(S,10) (DUNN(T,u, 1) ,ued,0)
¢ CONVERT OMEGA INTO VERTJCAL VELOCIT

502

E REDUCE MATRIX INTO CENTRE CORE - REMOVE EDSE EFFECTS

DO B02 l=V,L .
DO 802 J=i,N

DO 802 Kei,N

Wil kil ,J,R) *DENIK)

CALL WRITR(N)

DO 982 12,0

D0 652 v=2,9

VARY (1,4,2) =VARS (1,4, 2} *DEN(2)
VARZ(1,4,2)oVAR?(],J,2) *DEN(D)
VARE(],J,20aVARD (1,4, 2) *DENIR)
IF (VARG (1,J,20 .LE.QIVARG (L, J,2) 0.0
VARS(1,J,20aVARYIO (1,4,2) *DENC2)
CONTINUE

DO 038 )e8,8

MRITE(D,00) (VARY (],4,2),d°8,0)
00 654 |=3,0

NRITE(0,10) (VAR2({1,J,2) ,u*9,8 )
D0 9538 1=3,8

MRITE (0,000 (VARG (] ,v,20 ,JeS3,8 )
DO 056 13,0

WRITE(D,10) (VARS(],J,2) ,J=8,0 )
CALL DMAXX(N ,2)

CENTER CORE IS6 X 6

Lot-8

Het-¢

DO 400 Kol N

DO 401 let,L

DO 40t Jet N
TU,J,R)eT{102,002,K)
RHCD,J R RNET42,002,K)

198



T4 WD, KIeME142,002,8)
69 ConTIME
90 €08 lei,L
80 €93 Jei M
Wi, J, oWV (]e2,002,1)
Wi, J, S auile2,002,1}
W3  TOPO2(1,,1)oT0P02( 102,002, )
Ke2
00 590 11,6
WRITE(, 10 (M) ,J,K) ,Jo0,6!
500  CONTINE
90 503 11,6
503 WRITE(S,10) (T0PO2(1,J,10,ve1,6)
0O 806 )=t,6
808 WRITE(S,10) (W1, 10,d01,6)
DO 805 let,6
805 KRITE(S, 100 (VW(),4,1) ,0e1,6)
DO 669 1e8,8
669 WRITE(S,10) (PREWC], U, 11 ,ve3,8)
90 8571 13,0
8971 WRITE(S,100(6(1,u,2),ve8,8)
€ AVERAGE AND PUNCH FOR SASAMORI PRECIPITATION CALCULATIONS
00 670 Ke),8
AVHIK) 0,0
AVT(R)®0,0
AVRM (K} a0, 0
STHIK) a0, 0
DO 674 le1,6
D0 671 Jst,6
AVI(K) sAVR{K) *N (1, U, K)
AVT(K) sAVT(RDT{L,J,K)
AVRH{K) sAVRH{K] 4RH ), J,K)
671 CONTINUE
AVI(K) =AVH(K) 786,
AVT(K) =AVT (K) /86,
AVRH{K) sAVRN(K) /96,
D0 672 yot,6
D0 672 1e1,6
672  STNIKISTHIR) ¢ LINCE,J,KI=AVHIKI ) **2)
STN(K) eSTHIK) /36,
WRITE (8, YSIDATE,P11,1,K) , AVNIR) ,STHIRD ,AVT (K) , AVRH(K)
670  CONTINE
60T0SS
259 CALL EXIT
7896 CONTINVE
PRINT MSTATE,KWDS
ST0P
N
SUBROUTINE VERDER(X,V,2,L,M.0)
€ CALCULATE VERTICAL DERIVATIVES
DIMENSION X(00,00,00,7(10,10,8),2110,10,8)
NN~
00 & ley,L
00 ¢ vet i
00 & K-l.ﬂl
RN RN SIS N Y N IS 13 TN 47
¢ CONTINUE
RETURN
en
SUBROUTINE MDEL (X, 2, X7, RXK, L, M,N, XX, ¥7}



€ CALCULATE NERIZONTAL SERIVATIVES
INDBIN X(19,10,00,2119,10,8) ,EXR(99,19,8) XV 10,10,8?
(YR X4 ] .
=i
B0 & Kot B
90 6 1.2,
90 & =2,
ARK(T ,J, K)o (RE00 ,J,K1=RE1, 4, K) I /RR
Y01, J, KV LK00 S0 RORED S KD IIVT
200, RISRRNLY i, RICRT (] 0o, K}
] contime
RETURN

e
SUBROUTINE HOELSA(X, ¥, Z,L 0,0, XX, ¥7)

C CALCULATE SSUARE OF HORIZCNTAL BERIVATIVES
DINENSION XI00,90,00,7(10,10,8),2148,10,8)
Lot
L)

DO & Kot N

00 & 1=2,LL

00 & Jo2,M

UL, RISCIRET= 1,y RI= 120 "X 1,0y k1D SREION I RIDLERX" D0k
RRET 00, K0 (2, °R 1,0, KDDORCT ,J01,KI7HPT°°200

¢ CONTINE
RETURN

END
MW"" lﬂ"l.bxom.lht.ﬂ.m
€ CALCULATE DOT PRODUCT
DIMENSION XC10,10,00,7200,10,81,2118,10,81,XXK110,10,8),XV(14,19,9

00 & ye2,MM

P AN ST (R Ihe ¢ (T RO SR RS LY S0 S AR PO 2 < B
4 CONTINE

RETURN

m .
SUSROUTINE  RELAX(X,U,NX, NV, N2, XX, 7,8, 8158A
¢ SOLVE POISSON EA )N 3D MITH UNEQUAL NESW S1ZE, BELSALIVI4FUXTTI
C T0P AND SIDE BOUNDARIES ARE OMEGA = ¢
€ BOTTOM BOUNDARIES ARE ONECA OF TOPOGRAPHY AMD FRICTIDN
DIMENSION S16MA(S)
DIMENSION P(10,10,0)
_DIMENSION U(10,6,0),X(10,10,8)
¢ USE GAUSS-SEIDEL ITERATION TECHNIQUE CF. CARMANAN £T AL, PP 488
XSexx**2
YSey**2
CPel, 370864
CP=CP**2
1TMAX =S¢
EPSMARe! .E-8
EPSMAXel E-7
EPSHAX=1.E-8
CALCULATE APPROXIMATIONS TO UtIJK)
1TER=Q
EPSed
1 TER= ) TER*Y
NZZeN2

wu n

200.



201

NXNX-1

NYYeiey=-14

90 ¢ k2,022

90 & [-2,00X

90 & y=2,87Y

Xt1,4,6020.0

CoSI6MAIK)

8= (PL1,4,Ke1)-P(1,4,K)1 %2

DENN=2, °* (C/XSeC/1S0CP/28)

HOLDT=U(1,4,K)

U1, Ko LCo CIULI41, 0, KIWULD= 1, J,KDIZRBO UL, U0 1, KI U] = 1,KD 1 /Y8
.NCP'(W" \I.KOHW".\hl-lllllﬂ-ltl.J.Nl/ﬁm
EPS‘EPSOIBBW(I.J.H-WN

ST0P ITERATIONS IF CONPUTED VALUES SHON LITTLE FURTHUR CHANGE
IF (EPS,LE. ”mx"o’o‘
l""u"m". |
PRINT VALUES OF THE ITERATION COUNTER AND FINAL FIELD
CONTINUE
RETURN
COMMENT IN CASE 1TER EXCEEDS |TMAX
HRITE(6,208)
CALL WRITR{W)
SToP

202 FORMAT(X,10£10.2)

203  FORMAT(X,48M NO CONVERGENCE. CURRENT VALUES OF FIELD ARE)

208 FORMAT(X,/)
END
SUBROUTINE STACK(GA,1,v,1P,666)
DIMENSION 6AG(10,10,0)
DIMENSION €6G(10,10,0),6A166,40)
1P=]1P+1

20 FORNAT {1X, 1GHNARNING, IP 6T §)
IFLIP.GT.INRITE (G, 20)
IFLIP.GT.BIRETURN
00 3 liet,10
00 2 Juel, 10

2 666(uy, 11,1P)e0, 0

3 CONTINVE
Net
00 & Jue2,9
00 8 11+2,9
666 tuy, 11, IP1=GA(N, )

. Najet

L] CONT INVE

q CONTINVE
D0 8 Ju=t, 10
Jiet =gy
00 8 ll=t, 10

L] CAGLU, 11, 1P1 =666 LU, 11, 1P}
00 9 wust, 10

$ 666y, 11,1P)=6AG VY, 11,1P)
00 10 Juet, 10
CO6 UV, 1, IP)aCEC Ly, 2,1P)

1" 666 LJJ,10,1P) =666 (Wy,9,1P)
DO 11 1=y, 100
66611,11,1P126662,11,1P)

" GCEI10,11,1P) =66 (0,11,1P)

O

[ Kal [ X o]



SUBRSUTINE STACKI (64, 1,V,668)

DIMENSION CAGI10,190)
DIMENSION 666(10,10)
DIMENSION GAL66,80)
00 3 1let,10

00 2 Ju=1,10
666¢JJ, 111200
CONTINVE

Nei

00 & Jue2,®

00 5 J1e2,8

G6GLUJ, 11)oGAIN, 1)
NeNeY

CONTINVE

CONTINVE

00 8 Juei,10
JuJsi§=JJ

00 0 Jlet,10

GAG (U, 1119666 (uy, 1 })
DO 9 Juei,10

00 9 14,10
666U, 1 1) eGAG LIV, 11}
D0 10 uJst, 10

666 (JJ, 119666 (U, 2)
666 (U, 1012666 1y, )
00 11 Jl=y,18
66611, 11)=666¢2,11)
666 110,111e666(0,11)
RETURN

N

SUBROUTINE ZERO(A)
DIMENSION A(10,10,0)
00 2 1=1,10

00 2 y=t,10

00 2 Ket,8
All,J,K1e0, 0

RETURN

£

SUBROUTINE WRITR(A)
DIMENSION A(10,10,0)
FORMAT (X,00£10.2)
FORMAT (X, /)

00 8 Ket,0

DO 6 l=1,10

BRITE(E,2000) (ALL,J,K) 4=1,10)

WRITE(6,2000)
CONTINUE
WRITE(6,2000)
RETURN

END
SUBROUTINE DMAXX (A, K)

MAX AND MIN OF ONE LEVEL OF A MATAIX

DINENSION A(10,10,00
OMAXeDNINeA(S, S, K)
00 V¢ [=3,0

00 10 J=3,0

OMAX=ARAXY (ONAX,A(1,J,K))
ONINANING (BNIN,A L) J,KD)

202



20 FORMAT{IX,6M0MAX,£20.2,8K, HONIN,E20.2!

900
2800 900
20

F1s

12

10

9

MRITE (6, 20)0MAX,BIN
RETURN
END
‘RUN
1"
1" 1
119 119
1 11914
(1)
t 1
14
1 119
181980114
3 L
180 8¢
180
1200 1200 200
600 1200
2500 2800 600
2500 2500 2800 000
2500 2500 2800 2800
2500 2800 2800 2800
4 36 10
3 27
s 22 1
ar 19 9
a4 s
2y 13 ?
20 12 ¢
19 12 8

s
4
6

L)
)
186

8¢

a8 80

L)

730 600

880
50

203
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APPENDIX THREE

85 CB MODEL GENERATED DATA FOR THE PERIOD FROM JULY 13 - 25, 1973

vertical velocity due to thickness advection
vertical velocity due to surface thermal effects

vertical velocity due to vorticity advection

\'
TH
H

w total vertical velocity

Wy
W,
W,

Vip vertical velocity due to latent heat release

36 grid point standard deviations

Line 1: 36 grid point averages

Line 2

/5]
1)
)]
o8
SHE
ny o
o [ o
[=N
5 o
B+ O
i
1
PS
= §
-
|
2]
= 8
i
[}
ms
o 8
-
I
(/)]
& B
-
]
1]
= B
[}
&
o
a

141
4

9.5E-1 4,4E-1 3.1E-1 1.3E-1 1.0E-1 3.0

7.1E~2 1.3E~-1 5.1E-2 -1,4E-3 3.2E-2 4.2
2,38-1 1.1E-1 1.2E-2 3.2E-

13

o™ o~

5.9E-1 2.6E-1 3.2E-1 2.0E-

14

o ™~
[32]

—

sl o
[ Mol
%
M|
[Ta l=)}
L .
~
o~
U
R
g N
. L
aNal
N
[
A
O ~
L] L]
— N
N~
U}
(SR
—
L] .
0 N
% 7
ol
M~~~
. .
O
[7a}

—

7.5E-3
6.56-1 1.3E-1 1.5E-1* 2.9E-1

1.2E-1 4.,3E-2 5.2E-3

16

137
4
136

2 3.4
2 2.6

5.3E-2 5.5E-2 -3.7E-3 2.6E-2 1.3E-
4.3E-1 1.8E-1 2.0E-1 2.4E-1 2.6E-
1.0E-1 6.1E-2 -2,3E-2 2.3E-2 1.8E-2 3.2

17

3
139

4.,86-1 1.1E-1 1.4E-1 1.5E-1 3.9E-2 2.9

18

3

4.3-1 2.8E-1 1.7E-1 1.1E-1 3.9E-2 3.0

1.6E-2 7.6E-3 -1.3E-3 -1.4E-3 1.7E-2 3.4
4,8E-2 -2.0E-2 -4.7E-2 1.4E-

19

o

4.7E-1 3.8E-1 2.2E-1 1.5E-

20

~ njo
3] (3]
~ ~
- OV
Ualhs g =)
o NN
(R
K iR
™ N\
N}
3 N
[N
Lol LAl
N ol
) |
1 !
o =N
U R
= KR
< Wwhn
< =
e~ ==
1111
= =]
© ™|co
i e
! }
o N
R
B mE
o O~
331_..
~ ~N
o~ ~N

8
141

2 6.1
-2 5.6

5.5E-1 2.8E-1 3.4E-1 2.0E-1 2.8E-
2,7e-1 -2,7E~2 2.5E-2 2.9E-2 2.2E
8.2E-1 3.4E-1 2.7E-1 4.8E-1 7.4E

23

7

"2 7.6

N O
<

s

N
. L4
o~
AN
[
[
@ ~
. .
0 o~
N =
[
L2
o~
. .
™~ N
o~
[
/| =
o O
L .
—
S
=
vy O
. .
~wn
N o~
[
==
N O
. L4
~wn
~

o

139

3.7E-1 1.3E-1 -2.8E-2 1.4E-2 3.7E-2 2.1

25

7

1.1E0 5.8E~-1 3.6E-1 3.9E-1 7.9E-2 5.1
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APPENDIX THREE (continued)

Vapour flux divergence, 100 to 30 cb.

Heating by surface thermal effects
Precipitation

Latent heat release

Vertical (adiabatic) advection
Vo. A. 50 cb vorticity advection

Horizontal advection

v .. .‘A.
H. A.

H. E.
L. H.

V. F.
Prec.

F. Prec.
-2 mm hr—l

v.
mm cm
h1r:-1

H. A. H.F. L.H. Vo.A.
-1 S—Z

kilojoules k.ilogram-1 second

Date V. A.

4E-1

-1.6E-6 1.3E-5 -2.3E-5 9.2E-6 9.2E-11 2.0E-2 5.8E-2
5.4E-5 3.8E-5 2.0E-5 2.6E-5 7.1E-10 5.0E-1 1.

13

25-6 3.7E-6 —1.9E-5 1.7E-6 1.5E-10 1.7E-1 2.9E-2

—60

14

.3E-5 2.0E-5 4.5E-6 6.7E-10 4.7E-1 6.9E-2

5E-6 -2.2E-5 3.5E-6 1.3E-10 1.1E-1 3.1E-2
.9E-5 2.3E-5 7.3E-6 7.7E-10 5.5E-1 5.6E-2

5E-6 7.
3.4E-5 4

2.

15

6 -2.6E-5 &4.8E-6 6.3E-11 1.5E-1 2.3E-2
5 3.38-5 1.0E-5 3.7E-10 3.4E-1 5.1E-2

-4 .0E-6

2,4E-5 2

3.9E-5 2.9E

-6.1E-6 -3.0E-
-2.3E-6

16

-2.0E-5 5.5E-6 1.2E-10 -9.3E-3 2.8E-2
.8E-5 2.6E-5 8.8E-6 5.5E-10 3.2E-1 3.3E-2
.1E-6 -1.8E-5 6.3E-6 6.0E-11 1.9E-2 3.6E-2
.9E-5 2.3E-5 1.1E-5 4.7E-10 1.7E-1 5.0E-2
.1E-6 -1.3E-5 &4.56-6 1.7E-11 7.5E-2 3.4E-2

8E-5 4.

17

3.1E-5 1
2.

-5.4E-6 -1

18
19

2E-5 1.4E-5 8.7E-6 6.8E-10 2.9E-1 5.6E-2

.4E-6 -1.3E-5 5.0E-6 7.3E-11 4.4E-2 3.3E-2
.6E-5 1.7E-5 8.9E-6 1.1E- 9 2.4E-1 4.7E-2

-3.9E-6 1
2,7E-5 4

20

1E-5 -2.0E-5 &4.3E-6 —-6.2E-11 -5.5E-2 1.9E-2
5 5.0E-5 2.1E-5 7.8E-6 4.3E-10 2.3E-1 3.5E-2

-2.3E-6 4.
2.3E-

21

.5E-5 -2.9E-5 6.6E-6 -9.5E~11 -1.1E-1 2,0E-2

6E-5 7.6E-5 2.9E-5 1.2E-5 4.8E-10 2.5E-1 2,9E-2
7E-5 -3.2E-6 -1.8E-5 5.2E-6 -2.8E-11 -1.3E-2 3.5E-2

3.2E-7 2

3.
-lo

22

5 5.3E-5 4.9E-5 1.3E-5 9.0E-10 2.9E-1 8.6E-2

6 -1.9E-5 -1.4E-4 2.4E-6 2.5E-10 ~1.2E-1 1.4E-2
7E-5 7.5E-5 2.3E-5 8.5E-6 9.6E-10 2.9E-1 2.8E-2
5E-5 -3.6E-5 -1,1E-5 1.2E-5 2.5E-10 1.4E-1 7.4E-2

6.3E-5 6.3E-5 3.7E-5 2.3E-5 1.3E- 9 4.0E-1 1.1E-1

4.9E-
-7 .8E-
2.
=2.

23

24
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