X !
. » L I[ N [l -
4 Y P4 NSTITUT]

.. ]
e
|
\
Ol ;eC/ I IO/OQ)/ ‘
| \ ‘
|
- '
’ f
- i
F
' \
N —
»
|
. |
$ » - “u - - -
At LoD o é . - - 3 .
. - . - - ¥ ‘
LY S ATA S - »
:.“_ ‘\ ! " - .
Y s .
AR -
I -, . - s
’ L AR - . A 1
. ‘ Lunen
N .‘. B ~ITe T4 M-
¢ e [ ol o0 |
'
- 1w
- ‘. o “
- -
b A
I n Jia Ftove) N W Wi BTN
: I I N e PSR UpSPWRT o umon
. - T S —om W corvm -
> s Taenrs -« T
’ n - F s SmA ) e
- - e | : (N T . == Harsin
P E SN e g S A e mads (PO i o a  "h -
" O . aeas = . 1 ~ 79 Lol S
. i dassssccncen= L
‘ - . . i~ e . *’ —r —— WAL PR PR A e
% oM - - ", B i S
- - : " o —ps “L\' Y g ‘- A - = o o o G an oo cmm o e Lufre
. - = . wma P ue ¢ Wi | ‘ ’ ' . . 3 L ' 3 Ry N | L W)
’ (ol - . e J el 17 o My odan A Ll T 1TV N N ) et ':
a . A -~ ' AT TR (] ’ " - e aun Al " ST B AN . s Y FVaa
- .4 P - Low MASAY SAARREY e et AN A ' " T 1 v “ ~ ekl
- AR A - Y e ‘/ T B, ’ b e . afca . ~
. - 4 = : L ! o B Tabe 3 v ap .'.' - - .' o
WO, S B s 4 e o - . oA
' i p TN 13 £ e > TN ; -
- - A . S o L "N . .
' - "'"::‘ LA ran A e > .-
- ; -~ : . > .
: — 4 :-. - ‘Q - ’ 2 - - g - » ‘. 'A A . .\v.’ 'A ’ : - .~
v - ATy \ — PP — , —— . - e " ; TT iaeres l ' . -t . ~4:-s~.‘:\.\'-l Tooos ! TS Srrm- - -y X v * e e i‘
v 4 — v - . ! Wt o O rerere : : \
. ! - . - . . e & WAy N ~'¢ ’ Crrarsows © o : Low o .
- . = Sl P T " " : a0 R ' = - - .- e .
~ - - e Aot LY § - | dveos . \ . | A ’ o
L AL R N PCTE ’ T N S P R, y— N ol , R b < W YOS
« ’ - bkl
i > L § :
' barvogil
- ‘-y | e — - ol
A B LS R LY e R S S . R qb-a{.cublnill \. . ey - S .
- ' o "
| "e » T T prr——— A S o —w - - : " .
_ Wl . - - a . “ v = vy .V . [ ) ANST- A . - 4 ~
c —a e MM Ly r, SR paVire
-, v - . - e ' ' e |
ARSI S e sm s mmnl ¥ A . ; -
Y 4 » ——— A - .:E-.‘-"""' .”‘..':-.
ek b e,
i "oy S Lo
iy ‘-(u. ---rus)-fq

s i Pt Ao ale

e 4 )

s LSee 1% )
B =N ' [ LIS L
- f - ’ T e weovan L
Te oA A J - Ty T P —— WA NE S o N powe
B ULl ] | . A S waen - e L 1.
g’ o et T 8 W el e il
' o -y L L ) - B ’
s ro e ST ML } - ::r::: — »a
B : ! 1 e M:“” >
. . o~ | Cas "> " ! ' AR
e a R Ll s '
e 1 P = b T 5 ' .
Al WEEE WENEAEC e o ° " LA S, a3 rarrre i ? Ye : e e T
e ! ¥
———— — | L P
cm = pe .l WA AT T WA AN ! Goyvnp : -~ ' :‘.’,” —t
- - - 1 - ,~
o e o I L 1 Tt T bole 5 - b L 1 w0 - e \ - .
L At L d IV ph Syl in o ts S A WL G o ] 3 i ) By 5 wwany s Nrvneem L el
',7["‘ ‘- i ',l::: y L -i 1\ sdeih ‘apn P 3 ll-\ " censtmassom N | w3 ‘Q -
8 R L e bt . L B W s R ; i b . the e - - en e e, ¢ |
AR A .“ v-!-l.' H T "% Y‘ ¢ h - 0 Y - el . g 7Y™ | ,.;—‘-‘“.,,«_w, ‘e oy
] e L e - { ‘ SN - l - w._‘ g .‘ e Do E - ;v- :._2."“ - ;. vy - s -
T - , - » \'w " . ) ;.J“\.
I EATInar T lq.-._. . 11 . : e -~ 3= ' - A W~ )| -l r 'r
e e e e e e . e i e n:": g cwndt lor A G 1 80008 ) § -
R T %, : =1 7] fiz ““aan ~ S &
ApS .'-. - - - - [ m~l s SEOLIVMEAY - A
- e, N - - ., 5 -_e e R Lo ] i anns | oy
- -l = = o o '\“---.—--4 . e o« 2‘_ § S . | e
e | [Saras po ot AarEmane rebe Rp— i L P-4 C— ] \
s o wei S L s : A 'y :
“ S X \ oo . Y MR e ( 5'&. \”“ : - R
W\ P ) N . = ‘ ey Pz N BLAOKVISW a8 o dam ¢ ' ::
Norew . P - . P i (5 SN — m— T -
\ - s " B - ).n:w“on; § D
. A . LA )
G . SN et et brnrbany-
T R St:.‘l. 2 | ) ey
P ATt e pIvwy
i = T e Jiam
(L TL R S I B ey
" Y%aT R
Savg t R s




Report assignment of the previous lecture

Summarize your answers into a short report and submit it by the beginning of the next lecture (either
directly, to my post-box, or by e-mail to hiro.kurokawa@elsi.jp).

1. Thermal conduction determines the temperature profile in the boundary layer. Using the physical
quantities given below, estimate the temperature gradient in the upper boundary layer of Earth’s
interior (the top ~100 km). Answer with one significant digit.

Firy =009 W -m2k~1x10°m*-s7!, p~3x10°kg-m™>,¢,~1x10°J-kg™' - K™

2. Let’s assume that you are a hot-spring (onsen) enthusiast and want to dig for a hot spring of your
own. Using the result of Q1, discuss how deep you need to dig a hole in the ground.



/ * Lecture 1: The present-day Earth (Tuesday, 4 October)

e Lecture 2: Earth's history (Friday, 7 October)

\ * Lecture 3: Exploration of the Solar System (Tuesday, 11 October)
/ * Lecture 4: Planetary structure and equations (Friday, 14 October)
Kurokawa * Lecture 5: Planetary atmospheres (Tuesday, 18 October

* Lecture 6: Climate evolution, volatile cycling, and biogeochemical
cycling (Friday, 21 October)

Hernlund

/ * Lecture 7: Planet formation {fuesday;—-Nevember- Friday, 28 October

\ * Lecture 9: Origins of organic materials (Tuesday, 8 November)
/ * Lecture 10: Water delivery to Earth (Friday, 11 November)

e Lecture 11: Stellar evolution (Tuesday, 15 November)

\ * Lecture 12: Exoplanet observations (Friday, 18 November)

All ———————————— + | ecture 13: Summary and future prospects (Tuesday, 22 November)

Ida

* Lecture 8: Satellite formation (Friday, 4 November)
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Atmospheres of terrestrial planets

Mercury Venus Earth Mars
Orbital radius [au] 0.4 0.7 1 1.5
""""""""" Pressre[bar] | — 9 1 0006
""""""""""" Composion | —  COreowy  NaO»  COreomy
""""""" Temperature K] | 440 740 288 210
‘Water mass [Earth=1] | —  105(vapor)  I(liquid)  103(ice)

Note: 10° Pa=1 bar ~ 1 atm



Vertical structure of Earth’s atmosphere

5007 Quiet Sun Active Sun
! A /o
| /7 '
: Exosphere p !
I / I
400 — : (&g@ 7 :
| 6\6@2 :
: 2\ l
| J/ "
o : ;
300 4 2 | ,
Q. |
— z ! ,
g I3 v )
() I y
§ - ! Thermosphere ’
< 200 . . -
L ayers defined with the temperature profile:
! - Troposphere (convective)
_' _____ -7 Stratosphere, mesosphere, thermosphere (not convective)
100~ A Layers defined with the chemical composition
O]
2 Mesopause = — — — Homosphere (homogeneous except for water vapor, ozone, etc.)
o Mesosphere
2 — Stratopause — — — Heterosphere (heterogeneous)
9 Stratosphere
— — T - — — -
ropopause Troposphere
1T T T 1 | | Catling & Kasting (2017)
0) 500 1000 2000 Atmospheric Evolution on Inhabited and Lifeless worlds

Temperature (K)



Rarefied upper atmosphere




Pressure & density profiles

Because Earth’s atmosphere 1s thin compared to Earth’s radius,

we can approximate the hydrostatic equation as, r Z
dp GM . . .
— = p ~ pg — (1) (g 1s the gravitational acceleration at the surface).

dr r
L , pkgT
Assuming 1sothermal and the 1deal gas law, p = —
m
dp _ mg . .
——p — (3), where z 1s the height from the surface.
dz kT

(2), we obtain,

1 1 kpT
;. —dp = —dz— (4), where H =
p H mg

(5) 1s called the scale height.
Finally, by integrating Eq. 4, we obtain

— Both p, p decrease by 1/e every distance H!

P(2)/pys p(2)/p,



Compositional profile in the heterosphere

g
=,
~—
=
2D
D)
an

Figure from

Pl (1996)
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Temperature [K]

0 200 40
600 [ -
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300 F
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l Temperature N HHe OArQg
0 I

0 600 800 1000 1200 1400
o

Temperature

| N—
10° 102 10* 108 10% 10'¢ 1012 10!
Number density [cm-3]

Lower density — Longer mean free path

In the heterosphere, lower mass molecules have larger scale
heights.

The number density of gas species i 1s given by,

n, x exp(—z/H,) = exp(—zmg/kgT)

where H; , m; are the scale height and the molecular mass

Ultimately, the molecules become collisionless — exosphere



Atmospheric escape

Earth observed in vacuum-ultraviolet (100-200 nm)

‘, § o Hydrogen surrounding Earth scatters

b the solar radiation
\

! | @ The hydrogen originate from Earth’s atmosphere

;\ /' (ultimately water vapor from the oceans)

—

Rairden et al. (1986)
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Escaping heavy atoms from Mars

Atomic Hydrogen

Mars observed in UV with the MAVEN spacecraft (credit: Univ. Corlado, NASA)
| | 10
Atomic Carbon Atomic Oxygen
2| 2 -
- T € 5
= 1 = 1
o & E
= = s 0
e O e O D
£ k= =
2 : ;
§ -1} g -1 o -5
B2, R
a 0
iy -2
-10
-2 -1 0 1 2 -2 -1 0 1 2 -5 0 5 10
Distance from Mars (Rpars) Distance from Mars (Rpyars) Distance from Mars (Ryars)

The absence of magnetic field - Atmospheric escape due to the solar wind
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Energy transfer in the atmosphere

Solar radiation ( JUV)

Conduction

Conduction Convection |Thermosphere ll

YY) o
. <>oRaollatlon

‘ ’ ‘ > < ’Convection

ONNUE @O

Conduction

Troposphere

- A troposphere develops In the lower atmosphere
- Above the tropopause, energy Is transferred mainly by radiation



Equilibrium Temperature 7,

Orbaital radius: r
Radius: R

Albedo (reflection efficiency): A

KN \ /
1
| 1
[ ] 1
I 1
| 1
1 1
1 |

Luminosity: L. [energy/time] ‘ /

Let us consider the energy balance of the planet.

(1= 4) — (1)

Cooling rate Qp = 47R? . GSBqu(I’) — (2), where 6qg = 5.67 X 107 W m~> K™ (the Stefan-Boltzmann constant)

From (1) = (2), we obtain T ~ 255 ( -4 >%(L*>%( ' >—%K (3)
rom — wC O0talin ~/ —

Heating rate: O« = 7R* -

where Ag, = 0.3, L, = 3.83 X 10*° W.
(Solar radiation flux at Earth’s orbit = the solar constant S, = L/ (47rré) = 1360 W m™?)



§'and Space Administration

ear-th’s Onorgy bUdget The Earth’s energy budget describes the

various kinds and amounts of energy that
enter and leave the Earth system. It includes

reflected by ' both radiative components (light and heat),
clouds & reflected by  total outgoing that can be measured by CERES, and other
. : atmosphere surface infrared radiation components like conduction, convection,
[glefelggligle 77.0 22.9 239.9 and evaporation which also transport heat

solar radiation
340.4

from Earth’s surface. On average, and over
the long term, there is a balance at the top
of the atmosphere. The amount of energy
coming in (from the sun) is the same as the
amount going out (from reflection of sunlight
and from emission of infrared radiation).

total reflected atmospheric
solar radiation window e
99.9 A ST o | 40.1 latent heat

(cna

AN
¥ .
- .

1ge of state

J
Bl €

' absorbed by
- surface

T

B
- o k.

evapotranspiration

-l -

""" _ Loeb et al., J. Clim. 2009
Trenberth et al., BAMS, 2009

-------

. NP-2010-05-265-LaRC



Optical depth

Intensity I, [W m™2 Hz~! sr™!] Abso‘rber (e.g., atmospheric gas)
Density: p, [kg m™],

(Photon energy per unit time, area, frequency, and solid angle)
Opacity (absorption cross-section per mass): k [m? kg™']

Cylinder with a unit area base

I +dl

_>©“ " _>

I >S
5o So-l-dS

|
|
TI/,O v,O + dTv

dl,=—xpds-1, —(1).
Here we define the optical depth, dt, = k p.ds — (2) and obtain,

a, ; 3)
dt, I |

L, =1(sy) - expl — (r — 15)] — (4) — The radiation diminishes by 1/e every unit optical depth!




A simple radiative transfer model: diffusion approximation

T d(oeT™) Because each layer of the atmosphere emits the radiation GSBT4,
o T I Z’i the radiation energy flux 1s given by,
4 d(oggT)

F. .= 1
rad 3 dr ( )

As d kdz, 40T’ ar ) Kk — (2)
S dt = — Z, 4o —=——F_3" —

dT 3pK
dz ) . 1664 T

This 1s called the diffusion approximation of radiation,
oopT” which is valid for an optically-thick medium (i.e., 7 > 1).
Eq. 3 shows that energy is transported from high to low temperature layers.

For more precise derivation, see, for example,
Rybicki & Lightman (1985), Radiative Processes in Astrophysics



A radiative-equilibrium model for Earth’s atmosphere

7;I"'I"'I"'I"
J
T 4
1
0L 7. D ;
0 100 2100 300 400 220 240 260 280
Flux (Wm™) Temperature (K)

Catling & Kasting (2017)



Heating by UV absorption

Thermospheric heating (common for all planets)
caused by absorbing < 200 nm light

UV-absorption causes local heating in optically-thin (for infrared) layers
© Thermosphere: molecules such as CO2, O

7] -~ Stratosphere: O3 (1n the solar system, this 1s only for Earth!)

6L - Important for shielding DNA-damaging wavelengths ( < 300 nm)

5 _ Stratospheric heating
2 caused by absorbing S 340 nm light Ultraviolet absorption cross sections

- 4t : T FUvV T I, T NV T

2 : o ® (- '

d . ground : 2 o T e

2t air % 02
- w 9 _ :‘l
. 7 \

1t g S

OEI'I"'I"' — c\Ilwc—j—||||||||i\||||||||||||||.z?';...|'||||
220 240 260 280 100 150 200 250 300 350 400

Te m pe rat U re (K)’ Wavelen gth (n m) Domagal-Goldman et al. (2014) Astrophys. J.



Atmospheric temperature profiles of the solar system bodies

-6 | | |
5L p \Titan Saturn Jupiter _
s | Mar /z
i enus Neptune Earth -
-3 jl_ ’ u / n
Triton i
2 [ / _
- ’ Thermosphere -
S ofF Uranus Mesopause -
1 | —
—~ 1
Qb /) Mesosphere -
2 :
— 4L Earth Stratopause _
41" Stratosphere ~
> Tropopause _
6 Troposphere -
7 Saturn . Venus —
- | Jupiter | | | -
8 |
0 200 400 600 800 1000

Note: 10° Pa=1 bar ~ 1 atm Temperature (K) Mueller-Wodarg et al. (2008)



How do atmospheric gases absorb light?

Absorption and emission of photons = Interactions of molecules/atoms with electromagnetic wave
Greenhouse gases - H20 (structural electric dipole moment), COz2 (stretch- and bending-induced)
Non-green house gases : N2 (no dipole moment), O2 (has a magnetic dipole but in radio wavelengths)

The energy absorbed = Transition energy between different energy levels (absorption line)

Transition Wavelength
—lectron <1 um
b | Vibration 1-20 um

Rotation > 20 um



Absorption band

J=5

<O -="m3oOm

In infrared wavelengths, T
vibrational transition (wide spacing) combined with
rotational transition (narrow) form absorption bands
(vib-rotational transition) .
15-um absorption band of CO2 (from HITRAN database)
107 ——— i L LLlLiliIiniIiiiiiiiiiiiiiiiiiiiinn LI TR ST e \ ’
T -1 T
.................................................................................................................... l = :) y: N ~ T~
10'°
b
£ 10 J=>
-..§ 107
; 10%
5
1023 | =4
10
107° =2
26 J=2
10753 jfcl,

Wavelength [;m] ? Branch | RBranch




Atmospheric window

Earth’s emission spectrum

15 um CO2 band : . :
20 pm HoO band | | Wavelength (um) - Infrared absorption/emission 1s wavelength dependent

20 15 1211 10 9 8 /
- “ Less emission in wavelengths where absorption bands exist

- Emission from the surface 1s absorbed 1n the atmosphere
- Emission from 7, = 1 layer reaches the space

Solid: Earth’s spectrum
Dashed: Planck functions

Atmospheric window: optically-thin wavelengths
If multiple greenhouse gases have absorption bands 1n

window wavelengths of each other, their effects are

maximized
- Note that the atmospheric windows are important for

ground-based observations

400 600 300 1000 1200 1400
Wavenumber (cm™)

Catling & Kasting (2017)
Atmospheric Evolution on Inhabited and Lifeless worlds



Kirchhofft's law of thermal radiation

Log Pressure in bar

Log Pressure in ubar

Log p (ubar)

0 N o O B~ wWw D

1 1 1 1 1
N w ~ 6) (0))

For a material body in thermodynamic equilibrium,

absorptivity = emissivity

P Titan T

I Neptune Earth

U
Triton /, /

Thermosphere

B " Mesopause _
B | 4‘ _
- 'i Mesosphere -
B )\ Earth Stratopause _
B Stratosphere ~
B Tropopause i
— Troposphere -
- Saturn . Venus N
s Jupiter | | | | | -
0 200 400 600 800 1000

Note: 10° Pa =1 bar ~ 1 atm Temperature (K)

Low temperature thermospheres
of Venus and Mars due to
CO; cooling




Tropopause visualized by a cumulonimbus cloud




The derivation (for physics students)

Let us derive the adiabatic lapse rate, defined by,

r=_(£) |
a — dZ a_()-

Here we consider a unit-mass air parcel moving upward/downward adiabatically (no energy exchange).
From the first law of thermodynamics,

0 =dq =cdT + pd(1/p) — (2).

From the ideal gas law, p = pRT — (3), we obtain,

d(1/p) = (RIp)dT — (RT/p*)dp — (4).

Substituting Eq. 4 into Eq. 2 gives,

0 = (¢, + R)dT — (RT/p)dp — (5).

Next we substitute the hydrostatic equation, dp/dz = — pg — (6), into Eq. 5 and obtain,
0= c,dl' + gdz — (7).

_ (4T _ g
- () -£ o

P




Adiabatic temperature lapse rate

A

Unstable profile

eight

Temperature

© When the radiative-equilibrium temperature profile i1s unstable

against convection, the atmosphere start to convect

- Because the efficiency of energy transport by convection 1s

efficient, the temperature profile in the convective layer 1s
given by the adiabatic temperature lapse rate.

Given C, = 1.0 X 10° T K ke™!, ¢ =9.8 m s72,

dT g
FaE—<—> :—leK/km—(l)
dZ adiabatic CP

- In other words, the criterion for convection 1s given by,

dT dT
&),
dZ dZ adiabatic

Eq. 2 1s an approximated form of the Rayleigh criterion.



Vloist convection

While the adiabatic lapse rate 1s estimated as

dTl
Ice |ce£>rms,_—4°C_ r‘a = <_) — i ~/ 10 K/km — (1),
dz adiabatic CP

i the actual lapse rate in Earth’s troposphere 1s
Freezing level, 0C

Height (km)

~ 6 K/km — (2)

The difference 1s caused by moist convection,
(the lapse rate 1s called moist adiabat)

where condensed water releases the latent heat and
warm up the updraft gas

-

Catling & Kasting (2017
Temperature (°C) : 2 (2017)
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Clouds

Solid: atmospheric profiles
Dashed: Saturated vapor pressure curves
(Figure from Catling & Kasting, 2017)

In general, tropospheric lapse rate Is steeper
than saturated vapor pressure curves
— Cloud formation in a updraft

Condensable gases dependent on the
temperature and composition

e.q.,

Venus: H2S504

Mars:

Note: 10° Pa=1 bar ~ 1 atm

—arth: H20

20, CO2
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Equilibrium chemistry

ere we consider a hypothetical reaction bB+cC < gG+hH — (1),

Whose equilibrium state is given by the equilibrium constant K., given as,
as. - a’

Ky=—— —(2)
ap - CZC

where a 1s the activity (effective concentration considering non-ideal effects).
For ideal gases, a I1s given by the partial pressure p.

The equilibrium constant K., is related with Gibbs free change AG.

Keq=exp( AG) — (3). T

RT

Once AG is given (for typical reactions one can find tables), the equilibrium abundances can be computed.

TOne can obtain this relation by substituting the definition of Gibbs free energy into Eqg. 2



|Is Earth’s atmosphere in chemical equilibrium?

Earth’ atmosphere contains 0.21 bar O2 (oxidizing) & 1.8 ppmv CHa4 (reducing)---

Here we consider their reaction, CH4 + 202 = CO2 + 2H20 — (4)
Under the ambient temperature (25°C), AG = — 817 kJ mol~! — (5)
Substituting (5) into (2) and (3), we obtain,

~ Pco, 0 380x107°x1 10-145 bar | — (6)
O o Ky (0212% 1014329) |

.. Earth’'s atmosphere Is in a non-equilibrium state.



Non-equilibrium chemistry driven by photodissociation

produced by photodissociation drive non-equilibrium chemistry
© Specles with unpaired electrons in the outermost shell: such as

> Production of

© Earth: Oz + hv (4 < 310 nm) — O2 + — (1), H20 + — OH+ OH —(2)
- Mars: H20 + hv (1 < 240 nm) — + O — (3)
- Free energy of obtained from photons propagates through reactions

- e.g., CHa + OH — + H20 — (4)

- Eventually thermalized either by disproportionation reaction or recombination by three-

body reaction.
- e.qg., + — H20 +02 — (b), + + M — HNO3s + M — (©)



Photochemical production of ozone

ry \S\@

S — %




OH — “Detergent of the atmosphere”

Trace gases are oxidized and removed from Earth’'s atmosphere by OH

- CO — CO2 (~3 months)

- CxHy — CO2 (e.g., CH4 ~10 years)

- NxOy — nitric acid

- S02, H2S, COS, dimethyl sulfide (CH3SCH3) — sulfuric acid aerosols

On a planet without water, oxidation by OH (+ dissolution in rainfall) would not work,
resulting in a completely different atmospheric composition!
e.g,) SO2 gas in exoplanet atmospheres — absence of liquid water? (Luftus et al. 2019, Astrophys. J.)



Summary

The solar system planets show a diversity In their atmospheres

- Pressure and density drop exponentially with height
Atmospheric gas can escape to space from the exosphere

- The greenhouse effect Is important to determine the surface temperature
Due to radiative transfer properties, the lower atmosphere is hotter

- UV-absorption causes additional heating in the thermosphere and stratosphere

The troposphere I1s convective
- The temperature lapse rate i1s determined by (moist) adiabat
Cloud formation depending on the temperature and composition

- Atmospheres are in chemical dis-equilibrium
Biological processes
- Photochemistry — ozone production, OH reactions



Report assignment

Summarize your answers into a short report and submit it by the beginning ot the
next lecture (either directly, to my post-box, or by e-mail to hiro.kurokawa(@elsi.jp).

1. Given the mean surface temperature, 7'= 288 K, and the mean molecular mass,
m =29.0x 107°/6.02 x 10%° kg, stimate the scale height of Earth’s atmosphere.

Answer with two significant digits.
kT
H=—~ km.
mg

2. Estimate the pressure at the top of Mt. Everest (8,849 m). You can use the
pressure at the sea level = 1.013x105 Pa, and the scale height from Q1. Answer

with two significant digits.



