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10.2a Usage of isentropic charts
(p. 173)

Using the horizontal coordinates along

isentropic surfaces (6-system) offers a
number of advantages in detection of
atmospheric processes. Main advantage
comes from absence of vertical motion
under adiabatic conditions. In this way
the air parcels stay on the same
“horizontal” (x, y) coordinate surface.
Therefore the considerations about air
trajectories and advection of various
quantities are simplified. The trajectories

on 6 surfaces give a much better depiction

- of air motion than isobaric or isohypsic

trajectories. Otherwise, the methods
described for isobaric trajectories (in
Section 3.7) apply also to the trajectories

in B-system.

Disadvantages of the 6-system mostly
come from intersections of horizontal
surfaces with the earth’s surface. These

intersections appear in 6-system more
frequently than in z- or p-systems.

Another formal disadvantage of the 6-

system is that the data in 0-system are
currently not readily available. It is hoped
that the development of computerized
techniques will alleviate this problem.

Construction of an isentropic chart

The example in Fig. 10.4a shows the
isentropic chart of the 305 K surface for
0000 UTC 2 April 1982. Word
“isentropic” practically means “constant
potential temperature” since the potential
temperature can be obtained from the
exponent of entropy multiplied with a
constant, as shown by (E.30) in Appendix
E.

The elements for the present example
have been obtained from standard
radiosonde reports, using interpolation
between reported data. The values plotted
are:

— wind, using standard wind barbs,
with values in m s~1 (short feather for 5 m

s~1. long feather for 10 m s~1, pennant for

50 m s~1);

— pressure, in millibars, plotted on
the upper left (northwestern) side of the
observing stations;

— Montgomery streamfunction, in 10

m? s-! less 3x103, plotted on the upper
right (northeastern) side of the stations;

— pressure difference between the
305 and 300 K surfaces (on the left);

— last digit of the wind speed (m s-1,
under the station point); and

— mixing ratio (10-3, on the right).

Standards for plotting arrangement of
weather elements on isentropic charts have
not been established. Other ways of
plotting are also used in the literature.

Isopleths in Fig. 10.4a are drawn
only for pressure (dashed isobars,
intervals of 100 mb) and for the
Montgomery streamfunction (full lines,
every 1000 m? s=2). More examples and
further description of isentropic charts can

be found in the monograph by Moore
(1988).

Interpretation of the isobars

The elevation of the 305 K surface can
be inferred from the isobars. The
potential temperature in the atmosphere
between northern Mexico and Nebraska is
lower than 305 K, therefore no data are
plotted in this region. This situation can
be interpreted as if “the isentropic surface
is under ground level”.

The model in Fig. 7.9 and examples
in Figs.7.14 and 10.4 are of help in
interpretation of the isentropic chart. It
can be noticed that the isentropic surfaces
are comparatively horizontal within air
masses and in the stratosphere.

An example of almost horizontal
isentropic surfaces can be seen in
Fig. 10.4a where the 305 K surface
slopes little in the region from California
to Canada. The pressure in this region is
between 300 and 400 mb. Since this
region is on the polar side of the polar jet
stream, it is likely that the 305 K surface
is in the stratosphere.

Dense isobars indicate a steep
isentropic surface, and this is likely to
occur in a slanted polar frontal layer.
Such is the case in a belt between Arizona
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and South Dacota where the isobars of
600 and 800 mb are near each other. The
strong pressure gradient in this belt

signifies the polar front. The selected
isentropic surface of 305 K descends from
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about 6 km (446 mb) above Salt Lake City
(SLC) to the surface (near 850 mb in
Colorado). This steep isentropic surface
lies in the polar frontal layer.
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FIG. 10.4a. 305 K isentropic surface for 0000 UTC 2 April 1982. Isobars (mb, dashed, plotted in the

upper left posmon for each station) and Montgomery streamfunction (10 m2 s~1, first digit omitted, full
lines, plotted in the upper right position). Other plotted variables are pressure difference between 305 and
300 K surfaces (on the left), last digit of the wind speed (knots, under the station point), and mixing ratio
(1073, on the right). No data are plotted where the potential temperature at the surface is higher than 305
K. The data for this chart were evaluated and supplied by P. Pauley.

frontal layer in Fig. 10.4a occupies the

The front should be marked by two
blue lines, one on each side of the belt
with.- dense isobars. The front in
Fig. 10.4a is marked by heavy dashed
lines, in absence of colors. The pattern of
the frontal layer is somewhat similar to the
style of front with two lines in Fig. 7.18,
but the frontal layer in the isentropic
surface is typically much wider. The

whole frontal zone between the surface
and upper-level position of the front.

An overall estimate of temperature at
the ground level can be obtained from the
isobars. Low pressure (high elevation)
indicates that the cold, presumably polar,
air occupies the lower troposphere. High
pressure (low elevation), or even missing
data due to the surface under ground,
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indicate a warm air mass. The example in
Fig. 10.4a shows a wide warm sector

around the ridge in the westerlies from

Minnesota to Louisiana. Western part of
the warm sector is characterized by
absence of surface data near southern
Rocky Mountains. The earth’s surface in
the eastern part of the warm sector is still
covered by a comparatively shallow layer
of cold air, so that the 305 K surface is
raised to about 700 mb. -

Temperature

Isobars on the isentropic charts are
also isotherms.
temperature and pressure are given, the
definition of potential temperature

x
= oL
T e(po)

determines the value of temperature. For
this reason, the isobars can be renumbered
so that they become isotherms. This is
usually not done. It is sufficient to notice
that low pressure values on isentropic
charts also show cold regions. This is in
agreement with a general decrease of
temperature with height (or with
decreasing pressure) in the troposphere.

Wind ’

The wind barbs in Fig. 10.4a show
the wind in m s—1. This is different from
the usual representation in knots. It is the
hope of the scientific community that the

metric units (as m s~1) will be more used
in the future. The representation with
long and short feathers is somewhat
imprecise: the values that end in digits
other than 0 and 5 cannot be represented.
Since these values are routinely observed
and reported, the last digit of the wind
speed is separately plotted under the
station point. A higher precision than 1 m
s~1 is neither reported nor can be used in
view of numerous turbulent fluctuations
that exist in the wind.

The wind on an isentropic surface is
always taken to be equal to the wind on
the corresponding isobaric surface. Only
the vertical component of the wind is

greatly different in 0 and p systems.

Once the potential -

The Montgomery streamfunction

Figure 10.4a contains the
Montgomery streamfunction
M=cpT+g:z (10.1)

from (E.21a) in Appendix E. The last
digit is omitted, what in effect means that
the units are 10 m2 s~2. The first digit is
also omitted. It is usually 3 and omitting

it means that 3x103 is subtracted. So, for
example, the number 0736 (at Nashville,
Tennessee, BNA) stands for 307360 m?2
s—2. On other charts sometimes values

under 3x105 appear. Then the leading 2
is omitted.

The definition (10.1) implies that the
Montgomery streamfunction can be
evaluated from vertical soundings of the
atmosphere by a vertical integration of
pressure to obtain the height z. This
integration is similar to the evaluation of
other integrated variables described in
Chapter 5. Unfortunately, a vertical
integration of pressure cannot be
performed with accuracy needed later to
evaluate the gradient of M. The two terms
in the definition (cp T and g 7) are large
and small inaccuracies in evaluation of z
yield comparatively large errors.
Sensitivity of M can be appreciated also
from the circumstance that he term cp T
decreases with elevation, whereas g z
increases. In this way M changes much
less with elevation than its two
constituents.

A correct way to evaluate M is to find
a value near the earth’s surface where g z
is small. Then the vertical integration of
the hydrostatic aequation (E...)

Z (10.2)

yields much more accurate values of M on
upper levels. An integration of (10.2)
yields the following expression for
evaluation of M over comparatively small
intervals in the vertical:

M2=MI+cpTIn 2
61
where T is the average temperature in the

layer between the levels marked 1 and 2.
This formula should be used to evaluate M
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at all levels above the earth’s surface,
sequentially, one layer at a time.

.The geostrophic wind

The isopleths of M lie along the wind
in the case of geostrophically balanced
flow. This is analogous to the isobaric
surfaces where contours represent the
geostrophic streamlines. The geostrophic
.wind is given by the gradient of the
streamfunction as

Vg=%kaM;
ug=_£8M’_ vg___laM
foy fox

The variable factor f-! in these
equations shows that M is not exactly a

streamfunction as is y in (4.34). The
designation “streamfunction” should
imply that f is constant. Since f varies
only slowly in the horizontal, the
designation “streamfunction” is greatly
justified. That is the reason that this
designation is now generally accepted.
With a similar justification, it is common
to use the expression streamlines for the
M isopleths .

There is a degree of redundancy in
representation of the streamfunction and
wind since the air generally flows along
the isopleths of the streamfunction.
However, there is a purpose for this
redundancy. As on other charts, we are
paying most attention to the comparatively
rare cases where the wind is different
from the geostrophic wind.

Geostrophic deviation can be detected
when the wind observations show a
different direction than the streamlines. In
such cases we expect that the balanced
divergence and vertical motion can be
detected, as discussed in Chapters 4 and
6. Some changing patterns of
ageostrophic flow have prominent local
divergence or convergence that show
mesoscale weather processes. Other cases
may reveal that the flow pattern is
undergoing changes or oscillations that
characterize the geostrophic adjustment.

Contrary to the wind direction, the
deviation of wind speed from the
geostrophic wind speed cannot be easily
detected by visual inspection of the charts.

Computerized analysis of wind and
geostrophic wind is needed for a complete
assessment of geostrophic deviation.

Streamlines (isopleths of M) in
Fig. 10.4a follow the wind direction very
well in most parts of the chart. A
prominent deviation from the geostrophic
wind can be noticed at Rapid City, South
Dacota (RAP). This is near the center of a
developing cyclone in Montana. The
wind in this place has a large isallobaric
part. The isallobaric wind has about the
same main property on the M chart as on
the isobaric chart: it has a component of
air flow toward decreasing M.

Another place with ageostrophic flow
is the area of Arkansas-Mississippi-
Alabama where the warm air recently
started spreading northeastward. The
streamfunction shows a weak gradient,
and the wind speed is accordingly low. It
seems that the geostrophic adjustment has
not yet been accomplished in this region.

Thermal wind

The isobars practically are streamlines
of the thermal wind, except for
comparatively small variations of f and p
in the definition (W.4a) from Appendix
W:

K-

P F pox kxVp (10.3)

The most common conclusion from
this equation is that the thermal wind
points along isobars, analogously to the
thermal wind pointing along isotherms in
p and z systems. This analogy is
understandable, since the isobars are also
isotherms on the isentropic charts.

Equation (10.3) also shows that a

large pressure gradient (Vp) implies a
large vertical wind shear. The same

‘condition of large Vp was shown above to

indicate the possible presence of a sloping
frontal layer. These two conclusions
confirm the familiar concept that the large
thermal wind and sloping frontal layer
usually appear together. An important
advantage of the isentropic chart (over
isobaric chart) is that both phenomena
(large thermal wind and sloping frontal
layer) can be deduced from one element
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(pressure).

As it can be concluded from other
forms of the thermal wind, the wind can
be expected to be closer to the isobars on
levels above the depicted isentropic
surface. For example, in Fig. 10.4a,
southwesterly wind over Topeka (TOP)
and Omaha (OMA) blows at a large angle
across the isobars. The thermal wind
equation (10.3) and the direction of
isobars help us to conclude that the wind
is more westerly above the chart level.
This is confirmed by the observation that
the polar jet stream is westerly at 300 mb
(this 300 mb chart is not shown here).

Thermal advection

The wind blowing across the isobars
indicates thermal advection since the
isobars are isotherms as well. This

conclusion can be also made from the -

streamlines (M=const.) that intersect the
isobars. This latter case shows the
geostrophic thermal advection. The sign
~ of advection can be concluded from the
familiar rules that hold also in other
systems:

— the veering or backing of wind
with height implies warm or cold thermal
advection, respectively;

— wind coming from the warm side
of thé isobars shows warm (positive)
thermal advection. The wind from the
cold side shows cold (negative) advection.

The example in Fig. 10.4a shows
prominent warm advection from Kansas
and Nebraska until Illinois, where the
wind blows at a considerable angle across
the isobars. This is a region of warm
advection since the wind blows from the
side of higher pressure and since the
thermal wind direction is to the right of
wind direction.

It will be seen below that thermal
advection also implies lifting of the
balanced flow in the atmosphere.

Stability

The difference in pressure Ap between
neighboring isentropic surfaces of 305
and 300 K is a fair measure of stability of
the atmosphere. Namely, the stability s
can be expressed as the vertical derivative
of potential temperature

_96_46
T h
Since the thermal difference A0 has
been selected as 5 K, the stability is
inversely proportional to the pressure
difference Ap:
_const.

In other words, as Ap is larger, the
stability is smaller. Small stability may
mean conditional instability, and this is
one of the favorable conditions for
development of convective clouds and
showers.

Small stability (large Ap) can be
noticed in the active region of the jet
stream over the Rocky Mountains in
Fig. 10.4a. Largest value of 352 mb can
be found at Grand Junction, Colorado
(JCT). Other charts (not shown here)
show that thunderstorms are in progress
in this region.

Another region of small stability is at
the warm front from eastern Nebraska to
Oklahoma and Arkansas. Values of 255
mb at Oklahoma City, OKC, and 213 mb

- at Little Rock, Arkansas (LIT), are also

comparatively large and indicative of
conditional instability. The release of
potential instability and formation of
showers in this region is also aided by
large-scale lifting, as it will explained
below.

Large stability (Ap of 12 to 18 mb)
over Washington and British Columbia
are in the lower stratosphere. Values of
60-90 mb in eastern United States show a
typically stable cold air in the lower
troposphere. This is the region of
subsidence in the polar air under a passive
region of the polar jet stream.

Humidity

The selected element in the example in
Fig. 10.4a is the mixing ratio. The units
are 10-3, also popularly known as g kg-1.
As it will be seen in the chapter on
mesoscale processes, high humidity is an
important contributing factor for release of
potential instability and formation of rain.
Other measures of humidity (vapor
pressure, relative humidity etc.) can be
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obtained from the mixing ratio using the
equations from Chapter 5.

Mixing ratio of over 7x10-3 (or over 7

g kg~1) that can be seen in Fig. 10.4a in
Texas and neighboring states are very
large and sufficient to support strong rain.
Such large values can be found only in the
lower troposphere where high temperature
allows a higher saturation mixing ratio.
The example in Fig. 10.4a shows that the
305 K isentrope is in the lower
troposphere in Texas, since the pressure is
higher than 750 mb. Also, high values of

mixing ratio (8—10x10-3) are usually
associated with southerly wind which
brings humid air from a tropical ocean.

Vertical motion

The logics behind introduction of
isentropic coordinates is that the vertical
motion does not exist in this coordinate
system, as long as the processes are
adiabatic. The definition of vertical

velocity in 0 coordinates
- do
& &
coincides with the main expression in the
adiabatic form of the First Law of

Thermodynamics (E.29):
de
a =0

If the students are not yet familiar with

the meaning of vertical motion in 6
coordinates, it may be useful to try to
solve the following easy puzzle: how can
we prevent lifting,in the atmosphere by a
mathematical trgnsformation of the
coordinate system? The answer is that
lifting still exists in other coordinate

systems (p, z) whereas the 6 coordinates
move together with the air. When the
coordinates move with air parcels, than
the air parcels do not have motion in those
moving coordinates. It is the lifting in the
more “realistic” coordinates (p, z) that can
be inferred from the wind on isentropic
surfaces.

€ ” b . d .
“Real” vertical motion, say @ = Zg in

the p-system, can be estimated in 6

coordinates as
=4+ VeVp + 9 P 10.4
% a6 ( )

Interpretation of vertical motion @ can
be made in several schematic cases,
depending on the terms on the right-hand
side of (10.4). First conclusions may be
done by ignoring the local time derivative

. Such conclusions are justified in the

cases when the wind is “much” faster than
the movement of weather patterns. In
these cases the troughs and ridges move
slower than the wind and the air parcels
traverse through the patterns.

The last term with 0 disappears in the
case of adiabatic flow. The flow in the
atmosphere is most closely adiabatic in the
cases of subsidence. In such cases there
is no release of latent heat of
condensation. Otherwise, condensation
of water vapor is a major source of heat
for weather development.

The pressure advection —V+Vp, which

appears in (10.4), is an important term
that needs interpretation. The case of —

V+Vp > 0 in the adiabatic stationary flow

corresponds to lifting:
we—w=-VeVp>0 (10.5)
and the other case
we—-—w=-VVp<0 (10.6)

shows sinking.

It should be noticed that —V+Vp
represents also the thermal advection since
the isobars are isotherms on isentropic
surfaces. Therefore the conclusions from
(10.5) and (10.6) correspond to our old
experience (Section 6.6) that warm
advection usually is accompanied with
lifting.

Using the above conclusion in
interpretation of Fig. 10.4a, we can find
lifting in eastern Kansas and eastern
Nebraska where the wind points at a large
angle across the isobars. In conjunction
with very small stability, it can be
understandable that potential instability
has converted to an unstable atmosphere
and that showers have developed in this
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region. This area was also mentioned
above as dn example of warm advection.

Subsidence is noticeable in Georgia
and Florida, where the wind barbs show
air flowing down the sloping isentropic
surface. The polar air subsides and
spreads out near the earth’s surface. This
region also shows cold advection, as
mentioned before.

Vertical motion in fast moving
patterns

The time derivative in (10.4) is
important in the cases when the weather
patterns move about at the wind speed.
The influence of the time derivative can be
seen in two following typical cases, one
with no wind and the other when the
pattern moves with the wind. Both cases
will be discussed only in the adiabatic
form.

Case (a), no wind. (10.4) becomes

w=> (10.7)

In this case the vertical motion @ is equal
to the local pressure tendency on the
isentropic surface. Such cases are rather
rare in the atmosphere. For example,

subsidence in the center of an anticyclone
may show lowering of isentropic

surfaces. In this case there will be % >0

i
and sinking with ax>0.

Case (b), the weather pattern moves
with wind speed. This case can be
schematically represented as in
Fig. 10.4b. The isentropic surface of
290 K is shown in two positions, perhaps
6 h apart. Several isobars are shown as
dots on the isentropic surface. It may be
seen that the pressure on the isentropic
surface above A has increased, thus there
is %[2 >0. At the same time the wind
(presumably along the isentrope) crosses
the isobars from the side of higher values.

Thus there is -V+Vp >0. The weather
situation may be described by the
condition

w=0=%+- V+Vp (10.8)
where each of the two terms on the right-

hand side is large, but they balance each
other.

1000
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Fig. 10.4b. Displacement of an isentropic surface (290 K) in presence of strong pressure advection and
large local pressure tendency. Dots along 290 K surface show the isobars. Conditions above point A show
that the pressure is 900 mb on the 290 K isentropic surface initially. After a 6-hour displacement, the

pressure is 1000 mb on the same 290 K surface over point A, indicating a positive pressure tendency (%lf
>0). Pressure advection is positive (-V+Vp >0)since the wind comes from the higher pressure values.
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The practical problem is to distinguish
when does the pressure advection —-V+Vp
represent vertical motion as in (10.5) and
(10.6), and when is the vertical motion
equal to zero, as in (10.4). In each case

there is —V+Vp 0, but the vertical motion
is entirely different. The answer is that
.the motion of the system should be
considered. If the system is stationary,
the vertical motion is correctly represented
by (10.5) and (10.6). In the case of short
waves, which may travel practically with
the speed of wind, the pressure tendency

may counteract the conclusion from

pressure advection.

The two terms on the right-hand side
of (10.4) do not necessarily exactly
balance each other. Many other cases may
occur where one of the terms
predominates. The above example is only
an idealized case that shows the basic

. . .. g
circumstances with the quantities as 31[1

and -V+Vp.

Another small puzzle awaits the
reader: why are there two wind vectors in
Fig. 10.4b? The answer is that the
“horizontal” (or isobaric or isentropic)
flow is assumed equal in all these
coordinate systems. Only the vertical
component is different. The “horizontal”
" wind vector in Fig. 10.4b is drawn twice,
one for each coordinate system. If the
flow is exactly adiabatic, then the air
moves exactly along the isentropes. The
flow in this example is also assumed
“horizontal” (isobaric) so that it displaces
the isentropic surface as shown. In this
case the parcel stayed on the same isobar
and on the same isentrope. Still, for the
purpose of finding the pressure advection,
the wind had to be assumed “slanted”

along the isentrope. The angle a between
the two drawn wind vectors is assumed

small, so that cos a =1.

Vertical motion under diabatic
conditions

There is hardly a need to explain the

importance of diabatic processes.
Differential heating is the ultimate cause of
all atmospheric motions. Most heating for
the processes that last 1-3 days comes
from release of latent heat during lifting.
For this reason, the cases with lifting are
regularly more interesting in weather
development than the cases of subsidence.
Precipitation and a number of other

~ phenomena occur due to lifting.

When heating due to condensation of
water vapor appears, the above mentioned
conclusions about vertical motion are less

correct since the term with 6 was ignored.
The influence of heating due to release of
latent heat can be seen next in several
cases where diabatic influences appear.
The time derivative will be ignored in each
case.

Case a, no wind. Vertical motion is
different from zero in the case of heating,
even if there is no vertical motion in the p-
system. Naively we may think that (10.4)
reduces to

woe—-—n= 0 P

a0
However, in the case of heating, the
isentropic surfaces move very much from
air parcel to parcel, rushing toward new

high values of 6. In this way the
isentropic surfaces approach the earth’s
surface. = They descend from the
standpoint of the p or z systems. In these
cases the local pressure derivative is very
much different from zero and must be
retained in consideration. Therefore the
relevant equation is

w=2+0% (109
w ()] al'*‘ ae ( ~)

The first term %?is positive since the

isentropic surfaces move toward higher
pressure. The second term is negative

since =~ <0. These two terms essentially

! )
counteract each other. As it can be

expected, plain heating without air '

movement is not necessarily associated
with appreciable vertical motion. Heating
only causes small vertical displacement
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(from the standpoint of z system),
showing an increase of thickness between
neigboring isobaric surfaces.

Case b, heating occurs together with
pressure advection. If the time derivative
is temporarily ignored, (10.4) yields

c—w=-VVp —8 %2 (10.10
w p ae( )

The heating term with 8 is close to
impossible to estimate from weather
charts. (This term may be available from
models of numerical weather prediction.)
Fortunately, it is rather easy to estimate

the sign of 6. This sign is positive for the
case of lifting and condensation of water
vapor. Therefore, a qualitative estimation
of lifting vertical motion is still reliable. If
the estimation based on pressure advection
indicates lifting, then the lifting is
enhanced by the contribution of heating
term.

The above situation of the Case b can

~ be also described in the following way, by

an estimation of the sign of the terms in

(10.10). In the case of lifting, bcan be
positive (if condensation occurs) and

9 P is negative (since iis negative).
d6 a0

The term V+Vp is negative with lifting
too. In this case both terms on the right-
hand side of (10.10) have the same sign.
The estimation of lifting using pressure
advection only (-V+Vp) will yield an
underestimation of lifting. This is useful
in visual inspection of weather charts: the
lifting can be inferred from advection, and
we know that our conclusion will not be
refuted by diabatic processes. The vertical
motion will be likely stronger due to the

term bthan concluded from the advection
term only. :

In the case of sinking, 0 is zero, and

this is the adiabatic case that is described
in the preceding subsection.



