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A Short Course on
Atmospheric Physics




Terminology:

Front:

A front may be defined as a sloping zone of pronounced transition in the
thermal and wind fields. Consequently, they are characterized by a
combination of:

A. Large Static Stability
B. Large Horizontal Temperature Gradient .

C. Absolute Vorticity ( horizontal wind shear).
D. Vertical Wind Shear.

When depicted on a quasi-horizontal surfaces, fronts appear as long, narrow features in
which the the along front scale is typically an order of magnitude greater than the across
front scale. ( 1000-2000 km versus 100-200 km). (Keyser, 1986)

S€ 10 km~621miles °
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Terminology:

Front:

A front is an "elongated" zone of "strong"
temperature gradient and relatively large static

stability and cyclonic vorticity.
(Bluestein, 1986)
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Terminology:

Front:

A front is an "elongated" zone of "strong" temperature gradient and
relatively large static stability and cyclonic vorticity.
(Bluestein, 1986)

Strong - At least an order of magnitude greater than the synoptic scale
value of 10 K/ 1000 km.

Elongated - A zone whose length is roughly half an order of magnitude
greater than its width.

«Static Stability - Buoyancy forces and gravitational forces lead to
decelerating a parcel's upward motion

*Cyclonic Vorticity - The curl (turning) of the wind with counter clockwise
cyclonic circulation around a low in N. H. being positive.

)7 10 km~6.21 miles °
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Terminology:

Cold Front — “Cold” Air Mass Replaces
“Warm” Air Mass.

Cumulonimbus (Ch)

Heavy
precipitation
Warrn air

" Cold frant




Terminology:

Cold Front — “Cold” Air Mass Replaces
“Warm” Air Mass.
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Terminology:
Cold-Type Occlusion — Air behind advancing
cold front colder than cool air ahead of warm
front
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Terminology:
Warm-Type Occlusion — Air behind the
advancing cold front is not as cold as the air
ahead of the warm front.
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Terminology:

Up
North _
V: svina
East
V;md—xz—l—y]—l—zk
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Terminology:

Warm

~

~.) 4

Front
Parallel
Component

Front

Cold

Front
Normal
Component

Actual
Wind
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Terminology:

Vorticity :

Defined as the curl of a vector. It is the rotation of air around a vertical axis.

VX7 = (

O
< 4
l@x

%—I—kaay))((u?—l—v}'—l—wfc
VXV=Ei+nj+Ck
_O0v Jdu _ Ou
T ox ay oy
Front Cold

Warm
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Terminology:

Convergence (Divergence) :

Convergence - The winds result in a net inflow of air. Generally associate
this type of convergence with low-pressure areas, where convergence of
winds toward the center of the low results in an increase of mass into the
low and an upward motion.

Divergence — The winds produce a net flow of air outward. Generally
associated with high-pressure cells, where the flow of air is directed
outward from the center, causing a downward motion.

Oy
> > [OJu Ov ov
VH ox 0O0y| Oy ., .,
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Terminology:

Virtual Temperature:

Virtual Temperature takes into account the moisture dependence of an air parcel.
Virtual Temperature is the temperature that makes the ideal gas equation correct
when considering moist air.

T =(1+0.6¢|T

V

T' = Virtual Temperature

g =Mixing Ratio=Ratio of mass of water vapor to mass of dry air.

T =Temperature
PV =nRT Ideal Gas Law
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Terminology:

Potential Temperature:

Potential Temperature is the temperature an air parcel would have if it were
bought adiabatically to a reference pressure of 1000mb.

PO Rlcp
O~T
P

0=Potential Temperature

I'= Temperature of the Air Parcel
P_=Reference Pressure ( 1000 mb)

P = Pressure of the Air Parcel

R= Universal Gas Constant

C ,= Specific Heat at Constant Pressure

17



Terminology:

Equivalent Potential Temperature:

Equivalent Potential Temperature is the temperature an air parcel would have if it were
bought adiabatically to a reference pressure of 1000mb and all the moisture condensed out
and the latent heat used to warm the parcel.

LCQS
C.T

0,~0e

0,=Equivalent Potential Temperature

0=Potential Temperature

I'= Temperature of the Air Parcel

R= Universal Gas Constant

C ,= Specific Heat at Constant Pressure

S& g ,=Saturation Mixing Ratio =621.97

eS
18
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Experiment on Rapidly Intensifying
Cyclones over the Atlantic (ERICA)

Data collected by aircraft.
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This is what | want.

Front
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This is what | received.

Front
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Temperature [K ]
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Equivalent Potential Temperature
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East-West Wind - E102131E
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North-South Wind - E102131E
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Cyclone Models

(a) Norwegian Model
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- _a a Warm front
A A Cold front

- A a Occluded front
— — ———= Winds aloft

L Center of lowest
pressure at surface

/> Clouds
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Stages in the Life Cycle of a
Mid-latitude Wave Cyclone
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Life Cycle of a Wave Cyclone




Life Cycle of a Wave Cyclone

Cold

Warm
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Life Cycle of a Wave Cyclone
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Life Cycle of a Wave Cyclone

(d) Occlusion begins




Life Cycle of a Wave Cyclone

(e) Occluded front developed




Life Cycle of a Wave Cyclone

(f) Cyclone dissipates




Cloud Patterns — Mature Wave Cyclone
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Limited Area Mesoscale
Prediction System

(LAMPS 90)




Conservation of Horizontal Momentum
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Conservation of Horizontal Momentum

ou_(_0u_ou_ ou) 10P o w, ., Ou  Ou
Ot ox o0y 0z]| Paoy r, ot, = Ot,
@= —u@—vﬂ—wﬁ —la—P+fu+u—2tanoc+ v +6v
ot \ Ox 0Oy oz| Poy r, ot,, Ot

E i . i, iv. v. vi. vii.

I. local time change

li. advection

lii. pressure gradient force
iv. Coriolis force

v. curvature term

vi. convective transport
vil. eddy transport
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Conservation of Vertical Momentum

ow_(_ O0w_ ow_ dw)| 1oP__ w+v' 0w 0w
ot ox oy "oz)| Paz &7, Tor ot
i ii iii iv., V Vi . Vii

i. local time change

Ii. advection

ili. pressure gradient force
iv. gravity

v. curvature term

vi. convective transport
vii. eddy transport
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Conservation of Thermal Energy

or_(_,or 0T _ or) 1,
ot ox 0y oz | cp
x i . ii .
1 [OP oP oOP oP oT ol oT
+ tu——+v——w— |+ + +
oc,\or "ox 8y oz et ot ot
iv . v. vi. Vvii.

I. local time change
il. advection

ili. latent heat (condensation/evaporation)

iv. compressional warming

v. convective transport

vi. radiation (heating/cooling)
vii. eddy transport
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Conservation of Mass

op op 0Op op ou 0O0v Ow
— =y =y ———w— |+ - _ —_
or | "ox "oy "oz ox 0y 0z
. i . i .

I. local time change

. advection

lii. divergence

Ideal Gas Law

PV =nRt

P=pRT
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Incoming and Outgoing Long and Short Wave Radiation

R,=Kt+Ki+Il+It-G=0.-G
08T, smY  daytime, sin¥ > Q[
K\ = [ o . ]
10 nighttime, sinY < 0f

nnt [
elevation angle sin¥ = sing sind, - cos@ coso COSH@ lljoC@ t )

] ]
] ]
i 0 latitude I
1 A logitude 1
] , .4
D5 Dsmt SanbH Lo declination t, celestial longituder
solar declinati
1 u N 0, = 409095
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There are eight variables required to start the model:
East-West Components of the Horizontal Wind
North-South Components of the Horizontal Wind

. Temperature

Moisture

Pressure

. Terrain

Surface Water Coverage

. Surface Temperature

ONOORWN =

45




2.99 H
e 2M 53280 882131280 1m0

k' 7oK Lt}
THETAE max = 332871 min = 2723.522 1nbk = 2000
SLF max = 102719 min = 18001 .56 1ntk = 4. 0d

Incipient Frontal Cyclone



2.9d H
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2k Jak =) El'd
THETAE  max = 338.389 min = 275,795 1nk = 2.000
SLP mex = 1026.85 min = 1808.24 1nk = 4.00
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Frontal Fracture
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Bent Back and T- Bone Phase
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2.9 H
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Warm Core Frontal Seclusion
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Terrain Following Coordinates
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10P2 Low Pressure Centers
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Transect of Equivalent Potential Temperature 10P2 12/14/88 1200 UTC
[comparing three grid resolutions)

Equivalent Potential Temperature (K)

-G -GE -64 -62 -G00 -53 56 -54
Longitude
e 2Skm 1 2:00 1201 4538 32,50
el 0km 1200 120 4538 32 .5M
== 40km 1 2:00 121 4085 32 .50
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Data Analysis

Fourier versus Wavelet
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Computation of Fourier Series
on Interval -t<=x <= +7

i[akcos +bksin(kx)]

Fourier Coefficients of the Function f(x):

60



Computation of Fourier Series
on Interval -t<=x <=7

4
3

k=t

2 k=2

k=3

— k=4

1 k=5

- k=6

gl e

‘ AN ' ’ — k=8

0 )
, \ ;XQM ) ’ -~ k=9
k=10
-1 —Sum

—f(x)=x

-9.42 -6.28 -3.14 10 (20(0_ 1 >k+1 3.14 6.28 9.42

% Slo(X)=Z I sin (kx )

k=1




Computation of Fourier Series
on Interval -a <=x <= a

Even
Sawtooth
1.8
1.6
A A A A =
: E
: .
= 08 g o~ S~ o~ o o~ S~ o~ >~ :"z?‘)

J v v Vv \

\ \
-6.28 -4.71 -3.14 -1.57 0 1.57 3.14 4.71 6.28

X

I Z 1

Sm(x):Z—szz;)(zk—l—l)z cos|(4k +2)x|




Fast Fourier Transform ( FFT)

2 0]
SE-
—R.5 - | | | | | I
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Time(t)
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Fast Fourier Transform ( FFT)

{}6 I L ] I l I L I l I I I L | I I 1 L | I I I I | L I I I | L I
-
g
-
o
% .
g = =
]
E 0.4 -
f»
=
o
= .
=
2 P &
2 0.2 -
QO
=
s
S e &
v
s
=1

0.0 40.0 80.0 120.0 160.0 <00.0 <40.0
k

Original Signal discretized with 2°=256 points. 0<¢ <21t

Noise has a frequency that is larger than 5 cycles per 2 interval.

Sun Performance Library FFT used to generate the Discrete Fourier Coefficients y, , k=0,...,255.
Drexel
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Fast Fourier Transform ( FFT) — use to Filter out Noise.

2.5 7

Filtered by keeping first five
I il - Jcoefficients and completing
15 3 T ) - Jinverse FFT.

”y_yc 2

201

E a : Error= =0.26
1.0 . [ | P | . “y "12

0.5 -

0.0 3

F(t)

—05 ]

—1.0

—1.5

—2.0 1

—2.5 - T T T T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Time(t)

Original Signal discretized with 2°=256 points. 0<7<2m
Sun Performance Library FFT used to generate the Discrete Fourier Coefficients y, , k=0,...,255.
Noise has a frequency that is larger than 5 cycles per 21t interval.
Keep only y, for 0<k <5 and set y,=0.0 for 6<k <128 .

ﬁf By Theorem, y,=0 for 128 <k <250. Applying FFT to filter y, ©




lll. What is a wavelet?
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Haar Wavelet Analysis

Scaling Function: ¢ Sometimes called the Father Wavelet.
Wavelet : Y Sometimes called the Mother Wavelet.

Haar Scaling Function

1.2 J
g }

1

0.8

0.6

0.4

0.2

0 -_#I:
-0.2 - | i

| | | | | |
-1.5 -1 -0.5 0 0.5 1 1.5 2 25

X

" 1 ifo<x<1 L€tVo be the space of all functions of the form:
bl =0 Elsewhere. Z akCI>(x—k) a,€R
keZ

Where k can range over any finite set of

- . . 67
positive and negative integers.




Haar Wavelet Analysis

Scaling Function: ¢ Sometimes called the Father Wavelet.
Wavelet : Y Sometimes called the Mother Wavelet.

Haar Scalir

() =1 1f0<x<l1
blx =0 Elsewhere.

2$(2x—k]

N
|
|

»—-- . . . .
X

N
+
N | —
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Haar Wavelet Analysis

Scaling Function: ¢ Sometimes called the Father Wavelet.
Wavelet : Y Sometimes called the Mother Wavelet.

|

1

\/

|

wlx)=d2x)-db(2(x—1/2)]=¢(2x)-p(2x—1]

69
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Other Wavelets - Shannon

sin(Trx)

Y (x)=

T X




Other Wavelets — Linear Spline

—X

Y lx)=—xe




Other Wavelets

1)Haar
« Compact Support
+ Discontinuous
2)Shannon
+ Very Smooth
+ Extend throughout the whole real line
- Decay at infinity very slowly
3)Linear Spline
+ Continuous
+ Have infinite support
+ Decay rapidly at infinity
Finite or Compact Support
Let V', be the space of all functions of the form: Z a,$lx—k) a,€R
k

where k range over set of positive or negative integers. Since k ranges
over a finite set, each element of V', 1s zero outside a bounded set.

ﬁ 72
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Other Wavelets - Daubechies

Enter Ingrid Daubechies:
*Simplest is Haar wavelet, only discontinuous wavelet.

*Others are continuous and compactly supported.

*As you move up hierarchy, become increasingly smooth
( have prescribed number of continuous derivative).
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Other Wavelets - Daubechies

Wavelet

0.25 o

Wavelet Daub2

0.20 §
015 2
0103

0.05 3

0.00 3
—0.05 §
—0.10 3
—0.15 3
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Other Wavelets - Daubechies
DAUB4 Initial Values:  p4rUB4  Abreviations:
$(0/=0 Lt B
bl1)= 1+3 0T 4
2 3B
pl2l=1 20 e
2 3 3 DAUB4
$(3)=0 2 4
1—3
h, =TJ

DAUB4 Recurrence Relation:
blr|=hod (20 )+h, (20 —1)+hy (20 =2+ hyd(2r—3)

Say you want to approximate 12+1 points.

® o ® ® [nitial Values:r=0,1,2,3

® ® ® First Iteration .'r=l i Bl

2°2°2
o o ® ® ® Secondltemtion:rzl,—,—,—,—,—

(OS]
W
~
O
[E—
ek

\]

9,




Other Wavelets - Daubechies

The function ¢ serves as the basic building block for its associated wavelet,
denoted by ¢, and defined by the following recursion:
_ [1+-B 3+ 3-8
vlrie-(1t B glar-(25
W(r)=—h,p2r—1)+h, $2r)—h, b (2r+ 1)+ hyb (2r+2]

1-3
4

$2r+1)+ )¢(2r+2)

$2r—1)+

Wlr)=l=11"h_ plr—1)+(=1)"h, o (20 —=0)+(=1) A,y (e =[= 1]+ (=1 h,_y dl2r—[-2])

Because c|>(r)=0 if <0 or »=3, it follows that y (r):O if 2r+2<0or 2r—1=3, or, equivalently,
if, r<—1 or r=2. For values » such that —1<r<2, the recursion yields y (r)

Daubechies Wavelet
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Using Wavelets to Filter Data
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Time(t)

Original Signal discretized with 2°=256 points. 0<r<2Tr
Numerical Recipes Daub 8 used to generate wavelet coefficients y, , k=0,...,255.

Keep only wavelet coefficients with a magnitude > 1 . .




Fast Fourier Transform ( FFT) — use to Filter out Noise.

2.5 7

Filtered by keeping first five
I il - Jcoefficients and completing
15 3 T ) - Jinverse FFT.

”y_yc 2
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E a : Error= =0.26
1.0 . [ | P | . “y "12
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F(t)
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Time(t)

Original Signal discretized with 2°=256 points. 0<7<2m
Sun Performance Library FFT used to generate the Discrete Fourier Coefficients y, , k=0,...,255.
Noise has a frequency that is larger than 5 cycles per 21t interval.
Keep only y, for 0<k <5 and set y,=0.0 for 6<k <128 .

ﬁf By Theorem, y,=0 for 128 <k <250. Applying FFT to filter y, 8




IV. Comparison of DWT to FFT
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Comparison of DWT to FFT J1=5 He

f,=20Hz
f(t)=2sin(2n flt)-|—3SiIl(2Tl' fzt)+sin(21'r f3t) J ;=80 Hz

Three Mixed Frequencies
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Comparison of DWT to FFT ]{ o
f(t)=2sin(2nf1t)+3 sin(2nf2t)+sin(21-rf3t) f,=80Hz

Three Mixed Frequencies
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Comparison of DWT to FFT f1=5Hz

f(t):2sin(21'rf1t)+3 sin(21'rf2t)+sin(2nf3t) ;iiéggj

Wavelet — Contour Plot
333111 _cont_plot.txt
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Comparison of DWT to FFT =5 Hz

f(t)=2sin(2nf1t)+3 sin(ZTrfzt) ;i;ggj

flt)=2sin (27 f ¢ )+sin (270 £,1]

Three Frequencies

F(t)
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Comparison of DWT to FFT =5 Hz
. . f,=20 Hz
f(t)=2sm(21Tflt)+3sm(21szt) szgoHZ
flt)=2sin (27 £ ]+sin (27 £ 1]
Three Frequencies
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Comparison of DWT to FFT =5 Hz

: . f2=20Hz
f(t)=231n(2nf1t)-|—3 s1n(2thzt) f.=80 Hz
flt)=2sin (27 f ¢ )+sin (270 £,1]

Wavelet — Contour Plot
333222 _cont_plot.txt
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Comparison of DWT to FFT =5 Hz

f(t)=2sin(2nf1t)+3 sin(ZTrfzt) ;i;ggj

flt)=2sin (27 f ¢ )+sin (270 £,1]

File Name: 333222_wdout.txt
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Comparison of DWT to FFT =5 Hz

f(t)=2sin(2nf1t)+3 sin(ZTrfzt) ;iiéggj

flt)=2sin (27 f ¢ )+sin (270 £,1]

File Name: 333222_wbS5out.txt
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Comparison of DWT to FFT =5 Hz

f(t)=2sin(2nf1t)+3 sin(ZTrfzt) ;i;ggj

flt)=2sin (27 f ¢ )+sin (270 £,1]

File Name: 333222_wb6out.txt
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Comparison of DWT to FFT f1=5Hz

flt)=2sin (27 £,¢ )4+ 3sin (270 £, 1) o

flt)=2sin (27 f ¢ )+sin (270 £,1]

File Name: 333222_wT7out.txt
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Comparison of DWT to FFT f1=5Hz

f(t)=2sin(2nf1t)+3 sin(ZTrfzt) ;iiéggj

flt)=2sin (27 f ¢ )+sin (270 £,1]

File Name: 333222_w8out.txt
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V. Wavelet Analysis for Temperature Data

91



Wavelet Analysis for Temperature Data

File Name: 3087311062787_w7out

Hourly Temperature vs. Year
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Wavelet Analysis for Temperature Data

File Name: 3087311062787_w7out

Hourly Temperature vs. Year
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Wavelet Analysis for Temperature Data

File Name: 3087311062787 _w'fout

Hourly Temperature vs. Year
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Wavelet Analysis for Temperature Data

Wavelet — Contour Plot

3087311062787 _cont_plot.txt

— __m.;. .
J/ﬂ.wr ~

— = T %&iﬁ!ﬂ.ﬂ.uﬁ .

= W e e e
e $ =

T

—————F Terc e =

——
| -~ 4 =
/;.rr |\ ﬂ\ﬁ T —t.. ——
== —— —
—— S L s = ——

oo =,

- [l S
a2 2y —

i
e R e ———

(e ———

A o e e e e
e

Lol s & 2 =

i [l — --rr el
i R S A T T —

T oe——— e

e e LT

i h

Time(Day)

A —— |
WL m...llll....uwum.... |ui..u..|...|...rljlﬂhﬂl| el ——
T (Cma  ———— |
S L w.l.iﬁl.!fh.nﬁ_.m.wmw.lu\mlu. —
e e = B
(e o
———,_(ERE e _— =
——SCIEEES _
R e —————
|.._n._.w._n. C TR == _— ”||||
( R e S,
LA .::...u...m‘...........__..pM.w..
R e — —
- —

o—E.ﬂ

1897.0

1890.0

1883.0

95

>
-
(7]}
o
w
>
2
=]



Wavelet Analysis for Temperature Data

10—1.9

Wavelet — Contour Plot
3087311062787 _cont_plot.txt
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Wavelet Analysis for Temperature Data

Temperature (oC)

File Name: 3087311062787 _w.txt

Hourly Temperature vs. Day
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Wavelet — Contour Plot
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Wavelet Analysis for Temperature Data




Wavelet Analysis for Temperature Data

Wavelet — Contour Plot

3087311062787 _cont_plot.txt
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Wavelet Analysis for Temperature Data

File Name: 3087311062787 _w.txt

Hourly Temperature vs. Day

60.0 : :

50.0

40.0

30.0

20.0

10.0

L[N I I O I

AN T T T T U N T T T A A A A A A

Temperature (oC)

0.0 v \ ,.—"F\'.,I ] T

—10.0

_2{}.0 I I I T I | |
1372.0 1379.0

Time (day)

100

Original Signal

Drexel

UNIVERSITY



Conclusions:

1.) The structure of the fronts was found
from the data collected.

2.) The model reproduced the cyclone
well, even though the resolution was too
coarse to reproduce the fronts.

3.) Wavelet Analysis can be useful to
analyze the data.
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What to do Next:

1.) Continue to improve the model,
increasing resolution.

2.) Analyze the data collected and the
model data to see how well the model
reproduces the atmosphere.
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