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Lower temperature —» Higher temperature



decrease increase

Lapse rate is the rate of temperature change with a change

in altitude
Three types of lapse rate:
* Dry adiabatic lapse rate
unsaturated air (RH < 100%)

* Moist (saturation) adiabatic lapse rate

* Environmental (ambient) lapse rate

Useful criterion for atmospheric stability

Top of the
atmosphere

Sea level

Air pressure
decreases
with altitude

Ascending: expands
Descending: compresses


Steve Krueger
decrease

Steve Krueger

Steve Krueger

Steve Krueger
increase


Check the isothermal lines
on Skew T- log P
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Where should we start?

The fundamental law: the first law of thermodynamics

» Principle of conservation of energy

Work done by the system (— adP)

system

Increase in internal - Heat added to the system (dh)
energy (C,dT)

= One formis:

dh = cpdl — adp



Theoretical dry adiabatic lapse rate

The first law of thermodynamics for a parcel is

dh = cpdT — adp

dT
Our goal: a5 = -



Theoretical dry adiabatic lapse rate

The first law of thermodynamics for a parcel is

dh = cpdT’ — adp

. dTl __
Our goal: a5 = -

x. parcel properties
. environmental properties

First, let's try to convert p to z
Assumptions:

[1] We assume that the pressure of the parcel (p) is
always the same as that of the environment (p): p=7p



Theoretical dry adiabatic lapse rate

The first law of thermodynamics for a parcel is

dh = cpdT’ — adp

. dT __
Our goal: g = -

x. parcel properties
. environmental properties

First, let's try to convert p to z

Assumptions:

[1] We assume that the pressure of the parcel (p) is
always the same as that of the environment (p): p=7p
[2] The environment is in hydrostatic equilibrium:

1
dp = dp = ——gdz (1)



Theoretical dry adiabatic lapse rate

Use Eqg.1 in the first law to obtain
dh = ¢, dT + =g dz
(@



Theoretical dry adiabatic lapse rate

Use Eqg.1 in the first law to obtain
dh = ¢, dT + =g dz
(@

To further simply, considering that typically, tempera-
ture fluctuations in the horizontal are O(1K), at most

10 K, so that
Pa = RT;
Poa = RT'U
(0 TUN

Now we have a good approximation the first law of
thermodynamics for a parcel in a hydrostatic environ-
ment:

dh = cpdT + g dz (2)



Theoretical dry adiabatic lapse rate dh = cpdT + g dz (2)

For unsaturated dry air, no heat is added or lost
during the adiabatic process,

dh =0



Theoretical dry adiabatic lapse rate dh = cpdT + g dz (2)

For unsaturated dry air, no heat is added or lost
during the adiabatic process,

dh =0
Therefore, the dry adiabatic form of Eq. (2):

O=cpdl' +gdz

The lapse rate for a dry-adiabatic process is thus,



Theoretical dry adiabatic lapse rate dh = cpdT + g dz (2)

For unsaturated dry air, no heat is added or lost
during the adiabatic process,

dh =0

Therefore, the dry adiabatic form of Eq. (2):
O=cpdl' +gdz

The lapse rate for a dry-adiabatic process is thus,

dT’ g
I_d = _d_ -
< Cp

g=9.81m s2
cp = 1004 J kg~ K1 Lets do the calculation!



Theoretical dry adiabatic lapse rate dh = cpdT + g dz (2)

For unsaturated dry air, no heat is added or lost
during the adiabatic process,

dh =0
Therefore, the dry adiabatic form of Eq. (2):

O=cpdl' +gdz

The lapse rate for a dry-adiabatic process is thus,

g=9.81ms1

cp = 1004 J kg~ 1 K1
kft

[, for dry air is 9.76 K km~1 (5.4 F feet—1)
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log

Let's check it at the Skew T-tep P diagram
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HEIGHT in Meters (negative when pressure p less than 100 kPa)
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THOUSANDS OF FEET

EXPLANATION

ISOBARS are straight horizontal brown lines. The heights i feet of the
pressure surfaces in the U.S. Standard atmosphere are in parentesis ()
below the pressure values on the lft.

ISOTHERMS (°C) are the stright, equidistant brown fines running diago-
nally upward from the let o ight.

DRY ADIABATS are the slighty curved brown lines that inersect the 1000
mb isobar at itervals of 2°C, and run diaagonally upwiard fom right 0 ef.

two (2)values. (See below).

1000
mb isobar at ntervals of 2°C, diverging upwird and fending o become par-
aletothe iy adiabts.

'SATURATION MIXING RATIO (in gm. per kg.) s represented by dashed
greenines. Their values appear at the bottom of iagram.

levels 1000, 700, 500, 300, 200, 150, and 100 mb. s represented by numbers.
and

from the virtual lemperalure curve by the equalarea method, using any
staightine as a dividing .

HEIGHT n geopotential meters above mean sea level,orstationlevl, ofthe
100 kPa surface is obtaind from the nomogram in the pper lefi-hand corner

through
the point p (mean sea level or saton pressure) on th pressure scale, and
reacing the height on the height scal.

us.
iine.

by use of vapor pressure over a plane water surtace at atemperatures.
Extensions of chart to 50 mb, has been accomplished by overlp with
pressure indicaled in bracket, [200] at 400 mb, and [50] at 100 mb. Dry
adiabts forthe overiap are labeled in parenthesis. ( )
APPROXIMATE VIRTUAL TEMPERATURE may be oblained fom the
ulaT =T+ where T is vital temperature in °C, Ts ree air temperature
n“C, and wis the mixing ratio in gramslkilogram. For purposes of thickness
computaton, use the mean temperature of the layer for T and use the mean
mixing rato of the layer for .

at which wind data s also entered.

SKEW T ANALYSIS
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Moist adiabatic lapse rate



Theoretical moist adiabatic lapse rate

Back to the first law of thermodynamics for a parcel in
a hydrostatic environment:

dh = cpdT + g dz

AsS saturated air ascends = water vapor begins to con-
dense and|release the latent heat of condensation| =

rate of cooling changes




Theoretical moist adiabatic lapse rate

Back to the first law of thermodynamics for a parcel in
a hydrostatic environment:

dh = cpdT + g dz

AsS saturated air ascends = water vapor begins to con-
dense and|release the latent heat of condensation| =

rate of cooling changes

@) ??



Theoretical moist adiabatic lapse rate

Back to the first law of thermodynamics for a parcel in
a hydrostatic environment:

dh = cpdT + g dz

As saturated air ascends = water vapor begins to con-
dense and|release the latent heat of condensation| =
rate of cooling changes

Therefore, dh # 0, and released latent heat is added
to the parcel:

dh = —Ldw = — Ldwg



Theoretical moist adiabatic lapse rate dh = cpdT + g dz (2)

Therefore, dh # 0, and released latent heat is added
to the parcel:

dh = —Ldw = — Ldwg

L=25x10%J kg1
dw mass changes in water vapor

Ea. (2) changes to:

—Ldws = cpdT + g dz. (3)



Theoretical moist adiabatic lapse rate
—Ldws = cpdT + g dz. (3)

Now, the main problem is dwg

We know that ws is a function of pressure and temper-
ature, ws = ws(p, T).



Theoretical moist adiabatic lapse rate
—Ldws = cpdT + g dz. (3)

Now, the main problem is dwg

We know that wgs is a function of pressure and temper-
ature, ws = ws(p, T).

Let’s first expand dws to:

dws = (295 ap+ (8w5> AT
8p T 8T P




Theoretical moist adiabatic lapse rate
—Ldws = cpdT + g dz. (3)

Now, the main problem is dwg

We know that ws is a function of pressure and temper-
ature, ws = ws(p, T).

Let’s first expand dws to:

dws = (295 ap+ (8w5) AT
(9p T 8T P

Substitute this into (3),

8w5 8'11)3
—L d d1'| = cpdT d
[<8p>T p+(8T)p ] peL T gaz



Theoretical moist adiabatic lapse rate

8’(1)3 a’lUS
—L d dT'| = cpdT d
[<8P>T p+(8T>p ] PELT 907

Recall that

Substitute the above two and divide the result by cpdz

to obtain:

Need your help!



Theoretical moist adiabatic lapse rate

8’(1)3 awS
—L d dT'| = cpdT d
[<8P>T p+(8T>p ] PELT 907

Recall that

Substitute the above two and divide the result by cpdz
to obtain:

L 0 0 dT dT
__[_( ’ws> pg—l—( ws> ]:__I_i
op ) ol /p dz dz  ¢p




Theoretical moist adiabatic lapse rate

Then solve for dT'/dz to obtain the lapse rate for a
saturation-adiabatic process,

= — == (4)




Theoretical moist adiabatic lapse rate

Then solve for dT/dz to obtain the lapse rate for a
saturation-adiabatic process,

s = —— = — (4)

Now, Let's go further, and write equation (4) in terms
of Wg.



Theoretical moist adiabatic lapse rate

Then solve for dT/dz to obtain the lapse rate for a
saturation-adiabatic process,

fg=— ==L L (4)

Now, Let's go further, and write equation (4) in terms
of Wg.

Use assumption for ws:



Theoretical moist adiabatic lapse rate

Then solve for dT/dz to obtain the lapse rate for a
saturation-adiabatic process,

= — == (4)

Now, Let's go further, and write equation (4) in terms
of Wg.

Use assumption for ws:

€s
Ws R €—
p

and the Clausius-Clapeyron equation for eg,

des _ _Les Only a function of Temperature
dT  RyT? Nice!




Theoretical moist adiabatic lapse rate

where R, is the gas constant of water vapor (461.5 J
kg~ K—1), R = R, is gas constant of dry air (287 J

kg1 K1)

e = Ry/Ry ~ 0.622

Then solve for dT/dz to obtain the lapse rate for a
saturation-adiabatic process,

dws
_dT_gl_pL(?wET (4)

)
dz o Cp 1 —l—c—ll;(%%)—?)p

FSE

Now, Let's go further, and write equation (4) in terms
of wg.

Use assumption for ws:

€s
Wg X €—

P
and the Clausius-Clapeyron equation for e,
des  Les
AT~ R,T?2



Then solve for dT/dz to obtain the lapse rate for a
saturation-adiabatic process,

dr _ gl-rL @%)T
)

dz cp1_|_c_];(%%s

Theoretical moist adiabatic lapse rate

s = (4)

p

Now, Let's go further, and write equation (4) in terms
of wg.

Use assumption for ws:

€s

where R, is the gas constant of water vapor (461.5 J C/ausius_aape;:;iaﬁon _
kg~ K—1), R = R, is gas constant of dry air (287 J des  Les |
k’g_l K_l) dT ~ RyT2

e = Ry/Ry ~ 0.622

The lapse rate for moist-adiabatic process is

_ AT _ g 1+ 5%
Mg=—— == ,

2 we
" eont oy




Theoretical moist adiabatic lapse rate

where R, is the gas constant of water vapor (461.5 J
kg~1 K—1), R = R, is gas constant of dry air (287 J
kg1 K—1)

e = Ry/Ry ~ 0.622

The lapse rate for moist-adiabatic process is

_ 4T _ g 1+ 7%
I_S p— —E pu— C—l 6L2 0
pl—+ cp RT2

[s is not a constant
It is equal to I'; multiplied by a factor that depends on
temperature and pressure.

Then solve for dT/dz to obtain the lapse rate for a
saturation-adiabatic process,

Ows
_dT_gl_pL(%T

)
& "ot E ()

s = (4)

p

Now, Let's go further, and write equation (4) in terms
of wg.

Use assumption for wsg:
€s
Ws ~ €—
b
and the Clausius-Clapeyron equation for es,
des  Les

AT~ R,T?2



log

Again, let's check it at the Skew T-lep P diagram


Steve Krueger


Steve Krueger
log
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EXPLANATION
ISOBARS are straight horizontal brown lines. The heights in feet of the
pressure surfaces in the U.S. Standard atmosphere are in parenthesis ()
‘below the pressure values on the left.
ISOTHERMS (°C) are the straight, equidistant brown lines running diago-
‘nally upward from the left o right.
DRY ADIABATS are the slightly curved brown lines that intersect the 1000
‘mb. isobar at intervals of 2°C, and un diaagonally upward from right to left.
two (2) values. (See below).
1000
‘mb. isobar at intervals of 2°C, diverging upward and tending to become par-
allel to the dry adiabats.
'SATURATION MIXING RATIO (in gm. per kg.) is represented by dashed
green lines. Their values appear at the bottom of diagram.
levels 1000, 700, 500, 300, 200, 150, and 100 mb. is represented by numbers
P
from the virtual temperature curve by the equal-area method, using any
straight line as a dividing fine.
HEIGHT in geopotential meters above mean sea level, or station level, of the
(°C) through
the point p (mean sea level or station pressure) on the pressure scale, and
reading the height on the height scale.
us.
by use of vapor pressure over a plane water surface at all temperatures.
Extensions of chart to 50 mb. has been accomplished by overlap with
‘adiabats for the overiap are labeled i parenthesis. ( ).
'APPROXIMATE VIRTUAL TEMPERATURE may be obtained from the
wla T =T+ where T is virtual temperature in °C, Tis free air temperature
in °C, and w is the mixing ratio in grams/kilogram. For purposes of thickness
computation, use the mean temperature of the layer for T and use the mean
‘mixing ratio of the layer for w.
at which wind data is also entered.
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EXPLANATION

ISOBARS are straight horizontal brown lines. The heights i feet of the
pressure surfaces in the U.S. Standard atmosphere are in parentesis ()
below the pressure values on the lft.

ISOTHERMS (°C) are the stright, equidistant brown fines running diago-
nally upward from the let o ight.

DRY ADIABATS are the slighty curved brown lines that inersect the 1000
mb isobar at itervals of 2°C, and run diaagonally upwiard fom right 0 ef.

two (2)values. (See below).

1000
mb isobar at ntervals of 2°C, diverging upwird and fending o become par-
aletothe iy adiabts.

'SATURATION MIXING RATIO (in gm. per kg.) s represented by dashed
greenines. Their values appear at the bottom of iagram.

levels 1000, 700, 500, 300, 200, 150, and 100 mb. s represented by numbers.
and

from the virtual lemperalure curve by the equalarea method, using any
staightine as a dividing .

HEIGHT n geopotential meters above mean sea level,orstationlevl, ofthe
100 kPa surface is obtaind from the nomogram in the pper lefi-hand corner

through
the point p (mean sea level or saton pressure) on th pressure scale, and
reacing the height on the height scal.

us.
iine.

by use of vapor pressure over a plane water surtace at atemperatures.

Extensions of chart to 50 mb, has been accomplished by overlp with
pressure indicaled in bracket, [200] at 400 mb, and [50] at 100 mb. Dry
adiabts forthe overiap are labeled in parenthesis. ( )

APPROXIMATE VIRTUAL TEMPERATURE may be oblained fom the
formulaT =T+ where T is virtual temperature in °C, T's ree air temperature
n“C, and wis the mixing ratio in gramslkilogram. For purposes of thickness
computaton, use the mean temperature of the layer for T and use the mean
mixing rato of the layer for .

at which wind data s also entered.

i
6 [m
M
2 s ALY
g
5| n o B
2 rvee
9 | “ — "
2
"
= I 0
1 o
Grows
T T T T T
N — I T
1 I I
N — I I
rm
I
gy
oearee I
ax wo cusrs I
T
5 —f—

Z1 = 2.5 km

LO = O.N:Imkm -



