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Suggested Reading: Brasseur 1999, Ch. 2

Atmospheric Chemistry
CHEM-5151 / ATOC-5151

Spring 2005
Prof. Brian Toon (PAOS)

Lecture 3: General Circulation of 
the Atmosphere

TRAN SPORT AN D TRAN SFORMAT ION

GENERAL GOA L: TO UN DERSTAND  THE INTERPLAY
BETWEE N ATMO SPHERIC MO TION S AN D
ATMO SPHERIC CHEMISTRY

EXAM PLE: FOR A RELATIVELY INERT  MA TER IAL THE
DISTRIBUTION  OF THE GAS IS CONT ROLLED BY
TRAN SPORT.   GIVEN ENO UGH  TIME THE
MA TER IAL WILL BE UNIFORMLY MIXED
THROUGH  THE ATMO SPHERE

Midlatitude
Chlorine release

Antarctic
Ozone Hole
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EXAM PLE: FOR A SHORT LIVED MA TER IAL THE
DISTRIBUTION  IS CONT ROLLED BY CHEMISTRY
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SPECIFIC GOA LS:
1 . DETERMINE THE TRAN SPORT TIMES IN VARIOUS
PORTION S OF THE ATMO SPHERE FOR COM PARISON
WITH  CHEMICAL LIFETIMES

A. OB SERVED WINDS
B. BOX MO DELS

2 . UND ERSTAN D HOW TO LINK CHEMISTRY AN D
DYNAM ICS

A. CONT INU ITY EQUAT IONS
B. METEOROLOG ICAL “T RACERS”

3 . FIND WAYS TO SIMPLIFY THE DYNAM ICS SO WE
CAN  CON CENT RAT E ON  THE CHE MIST RY

TRANSPORT TIME SCALES-SOME COMMON TRANSPORT 
TERMS

1. ZONAL MEAN CIRCULATION- TIME AVERAGED WIND 
PARALLEL TO LATITUDE CIRCLES

A. FASTEST TRANSPORT SINCE ANGULAR MOMENTUM 
“ACCELERATES WINDS”

WHAT DRIVES THE ZONAL WINDS? -ANGULAR MOMENTUM 
CONSERVATION

zero km per day

40,000 km
per day

zonal
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WE CAN EASILY WORK OUT THE VELOCITY OF THE AIR 
PARCEL

IF THE PARCEL IS INITIALLY AT REST AT A PARTICULAR 
PLACE WHERE THE DISTANCE TO THE EARTH’S AXIS IS R 
THEN, IT HAS ANGULAR MOMENTUM PER UNIT MASS

J=ΩR2

Ω=ANGULAR ROTATION RATE OF EARTH 7.3X10-5

RADIANS/SEC

IF WE MOVE TO ANOTHER PLACE  WHERE THE DISTANCE 
TO THE CENTER OF THE EARTH IS R+dR, THE ANGULAR 
MOMENTUM IS

(Ω+dU/(R+dR)) (R+dR)2 = ΩR2

HERE dU IS THE VELOCITY THE AIR PARCEL HAS 
OBTAINED.

EXPAND OUT AND DROP THE SMALL TERMS dRdU AND
dRdR LEAVES

dU=-2ΩdR

EXAMPLE: MOVE AN AIR PARCEL FROM THE EQUATOR TO 
30N. dR=-Rearth (1-cos(30))

dU=2*7.3x10-5*.134*6.4*x106m/s=125 m/s
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www.weizmann.ac.il/ESER/People/Yinon-Rudich/ courses/Lecture5-
Circulation.pdf

B.  TYPIC AL ZONAL  WINDS

TRADE WINDS- LIGHT WINDS THAT BLOW FROM
THE EAST (EASTERLIES)  IN THE TROPIC S

WESTERLIES-N EAR SURFACE WINDS THAT BLOW
FROM THE WEST (WESTE RLIES)  IN
MIDLAT ITUDES

SUBTR OPICAL JET-A HIGH SPEED NA RROW REGION
OF WE STER LY WIND WELL ABOV E THE SURFACE
THAT MA RKS THE POLEWARD EXTENSION  OF
THE HAD LEY CIRCULAT ION

POLAR NIGH T JET-A HIGH SPEED NA RROW REGION
OF WE STER LY WIND WELL ABOV E THE SURFACE
THAT MA RKS THE BEGINNING  OF THE POLAR
REGION S
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www.weizmann.ac.il/ESER/People/Y
inon-Rudich/ courses/Lecture5-
Circulation.pdf

www.weizmann.ac.il/ESER/People/Yinon-Rudich/ courses/Lecture5-Circulation.pdf
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TIME SCALES TO CIRCLE THE EARTH IN THE MEAN ZONAL 
WIND

8 days (45olat)40 m/sSUBTROPICAL
JET-WINTER

33 days (45olat)10 m/sSUBTROPICAL
JET-SUMMER

>one month<10 m/sWESTERLIES
NEAR SURFACE

>one month<<10 m/sTRADE WINDS
NEAR SURFACE

TYPICAL TIME TO 
CIRCLE EARTH

TYPICAL 
WIND 
SPEED

NAME OF WIND



7

A view of aerosol transport,
There were large fires in Russia prior to this time period, 
and dust storms in Africa.  Can you tell the source and sink regions just 
by glancing at the distributions and knowing the winds?

General circulation-CONT

2. MERIDIONAL MEAN CIRCULATION- TIME/LONGITUDE 
AVERAGED WIND PARALLEL TO LONGITUDE CIRCLES

A. WHAT DRIVES THE MEAN NORTH-SOUTH MOTION?
-THE EQUATOR-TO-POLE HEATING IMBALANCE.  
HOWEVER, SUCH MOTIONS ARE DIFFICULT TO ACHIEVE 
DUE TO ANGULAR MOMENTUM CONSERVATION.  SO THE 
MEAN MOTION IS VERY SLUGGISH.
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www.weizmann.ac.il/ESER/People/Yinon-Rudich/ courses/Lecture5-Circulation.pdf

B. TYPICAL MERIDIONAL WINDS

HADLEY CELL- A CIRCULATION WITH RISING MOTIONS IN 
THE TROPICS AND DESCENT IN THE SUBTROPICS

INTERTROPICAL CONVERGENCE ZONE-THE REGION OF 
RISING AIR, USUALLY FULL OF CONVECTIVE CLOUDS, 
NEAR THE EQUATOR

FERRELL CELL /POLAR CELLS-OVERTURNING 
CIRCULATIONS WHICH ARE SO WEAK THAT THEY PLAY 
LITTLE ROLE IN TRANSPORT.

LITTLE TRANSPORT ON EARTH OCCURS BY THE 
MERIDIONAL CIRCULATION
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www.weizmann.ac.il/ESER/People/Yinon-Rudich/ courses/Lecture5-Circulation.pdf
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ITCZ, 
Apollo

www.weizmann.ac.il/ESER/People/Yinon-Rudich/ courses/Lecture5-Circulation.pdf
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General circulation-CONT.

3. WAVE TRANSPORT- TIME DEPENDENT WINDS 
HAVE BOTH NORTH-SOUTH AND EAST-WEST 
COMPONENTS

NORTH-SOUTH TRANSPORT ON EARTH IS 
DOMINATED BY WAVES. TIME SCALES ARE SIMILAR 
TO THOSE FOR ZONAL FLOW.
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Baroclinic eddies on Earth from Clementine. April 1994.
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SOM E COMMON  TRAN SPORT TERM S-CON T.

4 . STRATOSPHER IC TRAN SPORT

A. THE BASIC STRATOSPHER IC TRAN SPORT IS
SIMILAR TO THAT IN THE TROPOSPHERE , WITH
HIGH ALTITUDE JETS. THE EQUATO R TO POLE
TEMPER AT URE GRADIENT  IS SOM ETIMES
REVERSED IN THE STRATOSPHERE  CLOSING  THE
JETS.

[THERMA L WIND EQUAT ION:
U(TOP OF LAYER)- Up ( BOTTOM  OF LAYER) IS
PROPORTIONAL  TO (MINUS)H ORIZONTA L
GRADIENT  OF MEAN  TEMPER AT URE OF LAYER]

P+dP

P

dz=-
RTdP/Pg
so
T2>T1

z

y2

Up

y1

Sche m a t ic d er iva ti on  o f t he t he rm al  wind

pole Equator
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B. TYPICAL STRATOSPHER IC WINDS-
ZONAL  FLOW DOMINA TES

TIME SCALES TO CIRCLE THE EARTH IN THE
STRATOSPHER IC ZONAL  WIND

NAM E OF VO LCANO TYPICAL TIME TO
CIRCLE EARTH

Mt.  St. He len s, US.
May  18 , 1980 , 12 -15
km,  46 N

15  day s
(m ov ing  ea stw ar d )

El Chi chon , Mex ico  -
Ap ri l 4 , 1983 , 25 -30
km, 17  N

t h r ee  wee ks
(m ov ing  we st wa r d )

Pina t u b o ,
Ph ilip p ine s-J un e  15 ,
1991 , 20 -25  km,
15 N

t h r ee  wee ks
(m ov ing  we st wa r d )

QUASI-BIENNIA L OSCILLATION -A ROUG HLY TW O
YEAR VARIATION  IN THE WIND DIRECTION  IN THE
TROPICAL STRATOSPHERE .
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MERIDIONAL FLOW IS STILL IN THE HAD LEY SENSE
IN THE LOWER STRATOSPHERE  DURING  WINTER.
HOWEVER, IT I S LARG ELY DRIVEN BY DYNAM ICS
RAT HER THAN  SOLAR HEAT ING.

WINTER POLAR VO RTEX-A REGION  ROUG HLY
CON CENT RIC WITH  THE POLAR CAPS IN WH ICH
DESCENT  OCCURS FROM ALOFT AN D LITTLE
EXCHANG E OCCURS WITH  THE REST OF THE
STRATOSPHERE

TROPIC AL PIPE-A REGION  OF THE TROPIC AL LOWER
STRATOSPHERE  IN WH ICH  LITTLE EXCHANG E
OCCURS WITH  THE REST OF THE LOWER
STRATOSPHERE
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SAGE II Optical 
depths after 
Pinatubo Eruption

SUM MARY FROM EXAM INING  WINDS

1 . THERE ARE SYSTEMAT IC WIND SYSTEMS THAT
CONT ROL WHERE  MA TER IALS ARE DISTRIBUTED
ON AN  AVERAGE BASIS (ZONA L WINDS, TRADE
WINDS, HAD LEY CELL, SUBTR OPICAL JET ETC.) .
2 . THE WINDS ARE FUN DAM ENTALLY DRIVEN BY
THE TEMPER AT URE (PRESSURE) GRAD IENT,  AN D
ANG ULAR MO MENT UM CON SERVATION.
3 . WIND S BECOM E SO LARG E DUE TO ANG ULAR
MO MENT UM CON SERVATION  THAT  THEY FORM
JETS, WH ICH  ARE UNSTABLE AN D MA KE WAVES.
4 . WAVES ACTUALLY DO MO ST OF THE
TRAN SPORT.
5 . WE CAN  GET USEFUL TIMES TO CIRCLE THE
EARTH FROM THE MEAN  ZONAL  WINDS (ON THE
ORDER OF A FEW WEEKS TO MONT HS DEPENDING
ON A LTITUDE AN D LAT ITUDE AN D SEASO N)
6 . WE CAN’T  GET USEFUL VERTICAL TRAN SPORT
TIMES FROM THE WINDS-CONV ECTION  IS VERY
RAPID BUT ISOLAT ED.  MEAN  VERTICAL VELOC ITY
IS VERY SLOW.
7 . WE CAN’T  GET USEFUL MERIDIONAL TRAN SPORT
TIMES FROM THE MEAN  MERIDIONAL
CIRCULAT ION-T RAN SPORT IS BY WAVES.

SOLUTION  -LOOK  AT DISTRIBUTION S OF TRACERS
TO UN DERST AND  TRAN SPORT TIMES.
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BOX MO DELS
A BO X MO DEL IS AN  IDEALIZED VO LUM E IN WH ICH
THE CON CENT RAT ION  IS ASSUMED TO BE
UNIFORM WITH IN THE BOX, AN D IN W HICH THE
TRAN SPORT ACROSS THE WALLS OF THE BOX IS
REPRESENTED AS SIMPLY AS POSSIBLE

P

M

Earth's Atmosphere

Lb

b

b bM

A BOX MODEL FOR THE RESIDENCE TIME OF A
MAT ERIAL OF MASS M  IN THE ATMOSPHERE

Mb  IS THE TOTA L MASS OF THE MATERIAL OF
INTEREST WITHIN THE BOX.  

Pb  IS THE FLUX OF THE MATERIAL INTO THE
BOX, SOMETIMES CALLED THE PROD UCTION
RATE, OR SOURCE STRENGTH.

GIVEN THE HUGE MASS OF MOST MATERIALS
IN THE ATMOSPHERE Mb  USUALLY HAS
UNITS OF TERRAGRAMS (Tg) , AN D Pb  HAS

UNITS OF Tg  YR-1 .  A TERRAGRAM (Tg)  IS
10 12  g , OR EQUIVALENT LY 10 6  METRIC
TONS.   THE WEIGHT OF ALL THE PEOPLE ON
EARTH IS ABOUT 250  Tg .

LB (WHICH HAS UNITS OF INVERSE TIME), IS
THE LOSS RATE.  

THEREFORE, WE CAN  WRITE THE FOLLOWING
EQUATION  FOR THE RATE OF CHANG E OF
Mb

(1)
dM b

dt
= Pb − L b M b
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IF Mb  IS IN STEADY STATE, OR IN OTHER
WORDS IF Mb  IS NO T CHANGING  IN TIME, THE
SIMPLE STEADY STATE SOLUTION  IS

L b = Pb /M b

EQUATION  1  HAS THE TIME DEPENDENT
SOLUTION  (ASSUMING Pb  AN D Lb  ARE NO T
VARYING IN TIME)

(2) M b =
Pb

Lb

+ (M b (t =0) -
Pb

L b

)exp(-L b t)  .

IMAGIN E THAT PROD UCTION OF THE
MATERIAL SUDDENLY STOPPED SO THAT
P=0  IN EQ.  2 .  THEN THE TIME

τc =1/L b

IS THE TIME THAT WOULD BE REQUIRED FOR
Mb  TO DECLINE BY A FACTOR OF   e -1 .  

FOR THIS REASON  τ IS CALLED THE
LIFETIME OF MATERIAL Mb .

LIFETIMES OF SOME INTERESTING MATERIALS
____________________________________

Mate ria l Mb ,
Ab unda n ce
(Tg )

Pb , So u rce
(Tg / yr )

τc ,
Lif e time
(yr )

H2 O 1 .3x10 7 5x10 8 0 .025
CH4 5x10 3 515 10
COS 5 .2 1 .2 4 .3
SO2 0 .6 -0 .9 200 .003 -. 005
N2 O 2 .5x10 3 12 -21 120
CFC-11 6 .2 0 .25 50
CFC-12 10 .3 0 .37 100
CH3 Cl 5 3 .5 1 .5
NaCl 3 .6 1300 0 .003
____________________________________
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An example of how fluxes can be misleading when 
comparing species with differing lifetimes.

BOX MODELS CAN BE EXTENDED TO PROVIDE
INFORMATION ABOUT THE RATES AT WHICH
MATERIALS MOVE BETWEEN VARIOUS REGIONS
OF THE ATMOSPHERE.

Northern Hemisphere Southern Hemisphere

M
n Ms

P Pn s

K
e

Ke
M

Mn

s

Th e  e xchange  rate  o f a ir b e tw een  the  tw o
he mis ph e re s  is  Ke .

We  can  writ e  the  fol low ing  tw o  eq u ation s  for
the  b ud ge ts  o f the  tr opo sp her es  in  the  tw o
he mis ph e re s.

dM n

dt
= Pn − Ke (M n − Ms )

dM s

dt
= Ps − K e (M s − M n )
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Subt rac ti ng  the  So ut he rn  Hem isp her e
eq u ation  fro m  the  No rt hern  Hem isp her e
eq u ation   y iel ds

d(M n − Ms )
dt

= (P n − Ps ) − 2K e (M n − Ms ).

Th e  so lu ti on  o f th is  eq u ation , when  the
p rod u cti on  rate  and  lo ss  rate  are  no t
chan ging  in  tim e , is

M n − Ms =
Pn − Ps

2K e

+ ({M n − Ms }(t =0) -
{Pn − Ps }

2K e

)exp(-2K e t)

If we  allo w a  time  to  p as s  which  is  m u ch
longe r than  1/ 2 Ke  then  we  can  find  the
e xchange  rate  u si ng

2K e =
(P n − Ps )

(M n − Ms )

If we  ass u me  tha t the  p rod u cti on  o f the
m ate ria l o f in ter est  wer e  to  su d den ly  ce ase
the  d iffe rence  in  the  m ass e s  o f the  m ate ria l
in  the  tw o  he mis ph e re s  will  d e cay  b y  a  fac tor
o f e -1  in  a  time

τe =
1

2K e

Ho we ver , it  is  u su al to  con si de r the  tr an spo rt
time  ju st  in  te rms  o f a  si ngl e  he mis ph e re .
Th en  the  time  for  the  m ass  o f m ate ria l in  a
g iv e n  he mis ph e re  to  b e  red u ced  b y  a  fac tor  o f
e -1  d u e  to  tr an spo rt  to  the  o the r he mis ph e re
is

τ e =
1
Ke
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Th e  mi xin g ratio  o f CFC-11  in  the  No rt hern
and  So ut he rn  Hem isp her e  and  the  rate  o f
p rod u cti on  o f CFC-11 .

Mn -Ms=0 .1 3  Tg,  P= .26  Tg y r.  So

τe =
1
Ke

 is  ab ou t 1y r.


