Weather and Climate
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1. Introduction to the Atmosphere
Weather and Climate

Weather: events associated with atmospheric flows
with length scales of hundreds of metres and pramd

time scales of a few days or less

Irregular, unpredictable (chaotic) behaviour

characteristic of nonlinear evolution equations.

ECMWF ensemble forecast - Air temperature ‘
Date: 26/06/1995 London Lat: 51.5 Long: 0 ‘

Control s Analysis Ensemble

30 H
28
26
24 o
22
20 4
18
16
14 4
12 A
10 H
g4 UK

Air temperature (°C)

0 1 2 3 4 5 6 7 8 9 10
(A) Forecast day

ECMWF ensemble forecast - Air temperature
Date: 26/06/1994 London Lat: 51.5 Long: 0
Contro| == Analysis

Ensemble

Air temperature (°C)

(B) Forecast day
Figure 4 Forecasts given by the ECMWF operational ensemble prediction system (33 members at the time of running)

temperature in London started from (A) 26 June 1995 and (B) 26 June 1994. (Courtesy of Thomas Petroliagis, 1995, pe
communication.)
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CONTRL MSL - 1999-12-24 12h t+48

Figure 3 (A) Mean sea-level pressure field at 1200 UTC on 26 December 1999 and (B-D) 2-day mean sea-level pressure forecasts
alaﬂodat 1200UTC on 24 December 1999 given by three members of the ECMWF ensemble prediction system. Contourinterval is 3 hPa,
with shading for values lower than 984 hPa.

Different components vary on different timescales
(predictability individual clouds < 1 hour, midlatde

weather systems ~ days).
Atmospheric data averaged over ~month more regular.

Climate: state of atmosphere amger time scales
several years or more. Characterised by probability
distribution of variable atmospheric flow.
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== Rainfall Amount {mm)
ﬁ September Average

m 1971 - 2000
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Met Office
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Atmospheric constituents

Atmosphere is mixture ofleal gasesN, and Q largest
by volume, alsa_O,, H,O & Os.

ldeal gas:p/ p = RT (R gas constani, temperature).
Atmospheric forcing

Forcing of atmosphere from Sury interactions with
land and oceaalso important.

Incident solar flux, or power / unit area, of solar
energy (the so-called solar constanty is1370 W nf.

North

Soiar sneiay \ Power intercepted in

tube of cross-sectional

I\ Solar energy |

- | arearra?, wherea is

V Earth’s radius.

Hencetotal solar energy

received / unit timés F 7a°.
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Albedo

Assumealbedo of Earth isa =0.3; 1.e., 30% of the
Incoming solar radiation is reflected baokspace

without being absorbed. Smal incoming powers
(1-a)F ma® (1.1)
Black body

Assume Earth emits &dack body at uniform absolute

temperature T.

Stefan-Boltzmann law: power emitted / unit area

= oT*, whereo is Stefan-Boltzmann constant.
Power emitted in all directions from a total sugacea
of 4772, Sofinal outgoing poweis

4ma’oT? (1.2)

By equating (1.1) and (1.2) and using standardeslu
find thatT =255K, but observed value is ~288K
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Greenhouse effect

Atmosphere temperature

= TiwFg T, , transmits fractiomny,

shortwave and,
longwave radiation and
absorbs remainder. From
(1.1) mean incoming

flux (power / unit area)

1
F,=>(1-a)F.
s=,0-a)

Ground emits as a black body, = 0T,

Atmosphere (not black body) emits, = (1- rlw)aTa4 .

Top of atmospheré = F, +1;,,/, and ground

Fy = Fa +7gyFs. If 7,=0.9and7,~0.2, find T,=286K

Greenhouse effect: greater temperature from greater

transmission for shortwave vs longwave radiation

LKirchhoff's Law
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Radiative transfer

Solar shortwaveradiation - scatteredy atmospheric
gases, oreflectedclouds/ground back to space;
absorbedy atmospheric molecules {8 & Os)/clouds
or ground:heatsparts of atmosphere or ground.

L ongwave radiation - emitted and absorbday
atmospheric gases (GAH,O & Os), clouds and
ground:heat transferorloss of heato space.

Raflactad Solar ] Incoming o Outgoing
Ftadlamn Solar { Longwawva
= "E; 107 W m* %IEI[IIE Radiation
B 42 Wm 2IEW m?
.::::: Rafiecid by Clouds,
L gplimeospham, g Emittad by - 4 4% [ Atmospheric
NP Atrnospherd 185  Window

4 Reflectad
A Surface
: an

walf rt:adby‘s

Schematic of global heat balafce

?Earth's Annual Global Mean Energy Budget, Kiehl[ .Jand Trenberth, K. E., 1997, Bull.
Amer. Meteor. Soc., 78, 197-208
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Hydrostatic balance

Each portion of atmosphere approxydr ostatic
balance (usually valid on scales > few km); i.eigight
supported by pressure difference pressetween
lower & upper surfaces.

_9p

3 0 Is density,p IS pressure.

9p =

Result of hydrostatic balance and ideal gas latvas
typically pressure and density fall exponentially with

height For atmosphere with temperatue

gp _ _0p _  _—gZRT,
= = - = pye 1.3
RT, . P= B (1.3)

HereRTO IS ‘scale height’ (~7 km if T, = 240K)
9

P decreases upwards — can be used as a vertical co-

ordinate (measure of total mass above a certaght)ei
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Density stratification

Gravity produceslensity stratification. A small
portion of air displaced upwarddojvnwards) from its
equilibrium position is negativelygsitively) buoyant
compared to its surroundings and will falls€) back
towards equilibrium under gravitizuoyancy acts as

restoring forceatmosphere istably stratified.
Thermodynamics

First law of thermodynamics: theincrease in internal
energy of a systerdU equalsheat supplied plus work
done on the systeme.oU =ToS+ poV, whereS is

theentropy.
For ideal gas) =c, T, whereg, Is specific heat at
constant volumed,, =G, + R Is specific heat at

constant pressure). Hence,

0S= cpéT— RJp (1.4)
T p
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Potential temperature

Adiabatic processno gain/loss headoS=0. Cylinder
of air, temperaturd & pressurep, compressed

adiabatically until temperatui@ & pressurep.
Integrating (1.4) give€ =T(py/ p)* wherex = R/cp.

@ is potential temperature - conservedas Is entropy)
In adiabatic motionFor stable atmospheré,increases

upwards (‘isentropic co-ordinate’).
Lapserate

For adiabatically rising parcel, entropy (afflconstant
as height changes. Hence from (1.3) and (1.4),

I
dz parcel Cpp dz parcel Cp i

[, adiabatic lapserate, israte of decrease of

temperature with height following the adiabaticqahr

as it risesDry adiabatic lapserate ~10 K kni'.
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Convection

Convection occurs only ifiapse rate exceeds a certain

value(dry adiabatic lapse rate Iif little water vapour).

If temperature of surroundings falls more quickly with
neight a rising parcel would be warmer than
surroundings andontinue to rise under own buoyancy

Instability.
Convection carries heat up and thus reduces |lapse r
until equilibrium value.

L atent heat

Latent heating/coolinprovides important contribution

to heat transfer

E.g., evaporation of droplet of sea-water and
condensation of resulting water vapour into droptet
another location in atmosphere transfers heat from

ocean to atmosphere.
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Water vapour

45

liquid

w i
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@ =3

' Saturation mixing rati

Mixing Ratio, w (g/kQ)

o =
T T

vapou
830 240 250 2é0 27‘0 2;30 29‘0 3(;0 310

Temperature (K)

Amount ofwater vapour in air parcel given bynixing
ratio® (mass water vapour / mass dry airpartial
pressure (pressure exerted by only water vapour part of
air parcel).

Limited by saturation mixing ratio (when

condensation and evaporation are in equilibjium

Amount of water vapour relative to saturation vahie
relative humidity (at 100%, water droplets condense
out forming clouds).

*Mixing ratios up to 25 g/kg in humid tropical air 8s&@s.
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Moist convection

As a parcel rises adiabaticallyfalls, soT falls,
saturation mixing ratio decreases, water vapour
condenses, latent heat releasdaoist adiabatic lapse
rate less than for dry aifmore easily exceeded). For
descending air, saturation mixing ratio increasegrg

adiabatic lapse rate relevant.
Radiative-convective model

1-D radiative equilibriuncalculation predicts
temperatureharply decreasing with height at lower

boundary implying convectively unstable.

Radiative-convective calculation adjusts tempegatur
gradient to neutral stability where necessary @ake

account of moisture).

Manabe & Wetherald (1967): radiative-convective
calculation with fixed relative humidity. Simplest
possible model includingombined effect of fluid

dynamics and other physical processes
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23

if Radiative equilibriun

= . . 5
l ff (fixed relative = :
- (L= humidity) % |Flud
= J; | Radiative equilibriun ,, 8 | motion acts
= { /4~ (fixed absolute
Em f 1 humidity) to reduce
- o Radiative-convective
L ™ equilibrium (fixed temperature
1 ~. relative humidity) .
e, gradients.
) .

&G 200 220 240 360 2O 30D 320 340

TEMPERATURE ("X}

Radiative-convective equilibrium calculatiGns
Convective region troposphere
Radiative region stratosphere

Top of convective region tropopause

*S. Munabe and R.T. Wetherald, Journal of the Atrhesp
Science, 24, 241-259
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Vertical temperature variation

w Hydrostatic
i . THERMOSPHERE | 7 gﬁ;
| 10 | balance: pressure
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TEMPERATURE (K}

Vertical temperature profile of the ICAO Standard
Atmosphere

Ground to ~15km altitudegmperature decreases with

height troposphere (bounded above by tropopause).

Tropopause to ~50knemperature increases with

neight stratosphere. (bounded above by stratopause).

Stratopause to ~85-90knemperature decreases
mesosphere.
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Irradiance (W/m?)
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Tropical (polar) regions receive moreets) energy

than emit back to space; impligansport of energy

from equator to poln atmosphere and/or ocean.

Surface flow easterlyesterly) in tropics

(midlaitudes); transport of westerly angular momentum

from low to mid-latitudes
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Heat transport in atmosphere and oceans
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Mean meridional circulation
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Residual mean circulation

> Average circulation in the height-latitude plans haany
definitions — here consider residual mean circarafrom D.J.
Karoly et al, QIRMS,123, 519-526
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Stratospheric mean-meridional circulation
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Fis. 5. A supply of dry air is maintained by o slow mean circuladon from
the equatorial ropopase,

Brewer (1949) noted water vapour in lower
stratosphere less than expected and deduced al‘worl
circulation” with air entering stratosphere in ticg
moving polewards and descending in extratropics

Brewer-Dobson cir culation.

° A.W. Brewer, Quart. J. Roy. Meteor. Soc., 75, 368,3.949.
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Latitudinal temperature variation
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Equatorial tropopauséigher & colderthan

extratropical (height: moist convection in equetipr

also cyclones/anti-cyclones at midlatitudes;

temperature: dynamically driven rising motion at

equator).

Summer stratopause: lower & warntlhan winter

(absorption of solar radiation by ozone).

Summer mesopause is extremely cold
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Coriolisforce

For large-scale atmospheric motions (~100 km)
Coriolis forces (from rotation of Earth) signifidatend
to deflect a moving portion of air to the righé&f) of its

motion in the Northernouthern) Hemisphere.

Geostrophic balance between Coriolis forces and
horizontal pressure gradient forces leads to wind
motions that circulate along isobars (surfaces of
constant pressure) at a given height.

fVZi@ —fu :i@ (1.5)

P OX p 0y

Anticlockwise clockwise) rotation around lowhigh)
pressure regions in Northern Hemisphere and vice

versa in Southern Hemisphere.

With ideal gas and hydrostatic balance gitres mal

wind equations:

fOV_90T _f0u_goT (1.6)

0z T 0X 0z T oy
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Helght-latitude structure of wind field
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Zonal-mean zonal wind (m/s) for January

Troposphere: mean zonal winds eastwares(erly at
midlatitudes with two prominent ‘jet streams’, and
westwardsdasterly at low latitudes. Stratosphere &
mesosphere: mean zonal winds westashgtérly) in
winter (summer).
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Eddies (ongitudinally varying part of floywplay vital
role in transporting heat, moisture, chemical spean
latitude/height plane.

Gravity and Rossby waves

Stably stratified atmosphere can support fluid-
dynamicalgravity waves in which the fluid pressure,
density, temperature and velocity fluctuate togethe
Rossby waves - associated with many large-scale

disturbances in troposphere and stratosphere.
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Scales of fluid flow in the atmosphere

Microscale 10° =10° i, 10° - 10° « (<1 km, <1 hour)
3D turbulence In planetary boundary layer, conwvecti
clouds, intermittent patches.

Mesoscaleld* =10 i, 10° - 1¢F « (< 10 km,<1 day)
Gravity waves (e.g. mountains, convection), orgahis
convection (e.g. squall lines, fronts), gravityreunts

(e.g. sea breeze).

Synoptic ~10° m, 10° - 1P « (~1000 km, ~week)
Hurricanes, cyclones, tropical waves (intraseasonal
oscillations)

Planetary ~ 10" m, >10° ¢ (~10,000 km ~months)
Rossby waves, monsson circulations, Walker

circulation.

Important interaction between scales — small scale

processes have systematic effect on large scales.
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