mosphere

Bibliography: Lena’s book (chapter 2) and other sources,
for ex., book Meteorology Today (Ahrens)

www.pbase.com/psinclai/la_silla

Prof. Jorge Meléndez



Earth’s
atmosphere

is a fine

layer of

gas that

surrounds

Earth and
that is kept by
gravity
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FIGURE 1.2 The earth’s atmosphere as viewed from space. The
atmosphere is the thin blue region along the edge of the earth.




Structure of
Earth’s -
atmosphere
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Xray UV visible
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Earth’s atmosphere temperature (°F)

1y 2140-120-100-80 60 +40 20 0" 20 40 60 80 e Pressure:

110 “  decrease exp.
65 . .
100 ., with height z
%0 55 _
80 50 P(Z) -
45 -
%;70 mg Poexp( Z/H)
© 60 &
n £ H: height scale
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404 e 25
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o/ e ' composition
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> until 90 km

e 4l P, ety
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© 2007 Encyclopadia Britannica, Inc. kT




H=RT /Mg
(scale height)

R: gas constant
(8.23 J K* mol?) e

T _: mean temp.

(0° C) 5
M,: mean mol. : .
mass (0.029kg)
g: gravity
H=8 km

0
1 bar = 10°Pa

1 atmosfera = 1,01 x 10°Pa

Above 99.9%

500 700
Pressure (mb)

900

Altitude (km)



Constituents of the atmosphere

Argonio (0.9 %) Argon

Carbon dioxide All others (H,0, O,, ...)

(CO,: 0.04 %

Nitrogen (N, : 78 %)

Vapor de agua é
variavel, ~1%

N & O are the
main
constituents
and its
proportion is
relatively
constant
between
0-90 km



www.cosmicdiary.org

Constituents of the atmosphere

The minor (and variable)
constituents are important
sources of opacity in the
atmosphere |

Ultraviolet:

(o, , H,0,0,,...)

Oxigénio Qutros
21% 1%

Gamma-ray, Vi1 plared VICTOWAVES

v .., gl r
/“f;l/ UICO=fIff)

@i

rRecllo Weves




Water vapor

Water vapor: one of the [
most important sources
of opacity

Air parcel

Wind

Condensation

Evaporation



Measurement of the water vapor content

The fractional content, mixing ratio, or specific

humidity is: 1 3
mass of H,O per m

7 =

mass of air per m”

o< r< rS(T) (saturation) [I’] = g/Kg

Very sensitive to:
* Temperature

* z (altitude)

* Latitude

* time



Mass concentration of water vapor per volume of

saturated air at normal pressure vs. temperature
a 30

— no
o o

Temperature (°C)

_30 IIIIII 1 1 | Exl] | [l IIIIII 1
1 5 10

g(H.0) per m3 of air

© Lena



Mixing
ratio vs.
latitude

mass of H,O per m’

mass of air per m”
Specific Humidity (g/kg)

y —

| | | | |
60° 50° 40° 30° 20° 10° 0° 10° 20° 30° 40° 50° 60°

°North IatitUde °South

© Meteorology Today (Ahrens) FIGURE 4.9 The average specific humidity for each latitude.



Concentration of water vapor as

a function of altitude mass of H,O per m’
=

. mass of air per m’
&

N

. 8

QO

e,

2

£ 4

<

0 N

10~ T 10
Mixing ratio (g kg_1)

© Lena



Column of precipitable water vapor
above altitude z,

hu,o [cm] = po [g Cm_%] ff”(Z)e i,

where p, is air density at z, 20

_ Global map of precipitable water 3/5/2022
r(z) changes rapidly:

scale height of
water vapor is
3km << dry air (8 km)

https://earth.nullschool.net/#current/wind/surface/
level/overlay=total_precipitable_water/winkel3/



Comparison of water vapor at 2
diferent observatories



Keck (4.2km) spectrum of HD140283
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Keck (4.2km) vs. AR Kra4 (1
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Keck (4.2km) spectrum of HD140283
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Umidade relativa
(Relative humidity: RH)
water vapor content
RH = p—
water vapor capacity

water vapor content

RH =

Maximum water vapor content for
saturation atagiven T



Water vapor content

RH =

o)
£

E ED i
3
o
o

S & S0 F
=
L g
3 | —
T 2
@
N =

0
© Meteorology Today (Ahrens) (*C) =30

~ Maximum water vapor content for saturation

3 mb )
Ice Saturation

pressure

-20 -10 0 10 20 30

LSRR A LR S R A M NV Saturation vapor pressure increases with Temperatur (=

increasing temperature. At a temperature of 10°C, the saturation vapor
pressure 1s about 12 mb, whereas at 30°C 1t 1s about 42 mb. The insert



Variation of relative humidity during the day

Temperature
Relative Humidity

Relative humidity
| |
Midnight 6:00 A.M. Noon 6:00 PM.  Midnight

e FIGURE 4.12 When the air is cool (morning), the relative hu-
midity is high. When the air is warm (afternoon), the relative humidity
is low. These conditions exist in clear weather when the air is calm or of
constant wind speed.

© Meteorology Today (Ahrens)



Change in RH on 5/mar/2014, OPD observatory

18h: 70%
20h: 80%
22h: 90%
Oh: 100%

- Domes have to be closed when RH > 80% (ESO)
- Some observatories allow 90%
- OPD: 98% is OK



Change in
temperature
and RH on
9/3/2014
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Dew point
Temperature to which -
the air must be cooled _ -
to become saturated
with water vapor

_],_|
L
:_l-.

1

Humidity (9%

b=

L

F

U n
CacC = T

intT, (C)

s

Even if humidity is not very high, _
stop observations if the

temperature difference between
the coldest part of the telescope
and the dew point drops below 2
degrees.

Ln

Dewpo

i

92002 Eric A. Schiff

i v e R
Air TemperatureT (C)
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Figure 9.9 Phase diagram of water. Note that water is unusual in that the solid + liquid line slopes to
the left, though this is barely apparent on the scale here. The triple point is at 273.16 K, 610 Pa.



Formacdo de nuvens

A formacao de goticulas de agua ou cristais de gelo é favorecida na presenca de
particulas microscopicas, como poeira, que atuam como nucleos de condensacao.

Poeira: nucleo de
condensacao

Dust Water Cloud Cloud
V a p or D ro p & D ro p |et https://climatekids.nasa.gov/cloud-formation/
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Sensor de Nuvens

Cloud
coverage Cobertura de Nuvens
10/ Mar/ 20 14 o A4 Cloudw/ atcher
B ™ Clear
\ Cloudy
Overcast

0350 0&d0 0290 050 0500 0500

i time
P




Ozone (03): Vertical structure of O, changes a lot

(

atitude, season of the year), with maximum ~23 km

N
&)

.
&)

Altitude (kilometers)
N
<

—
o

(&)

Atmospheric Ozone

Stratospheric Ozone
(The Ozone Layer)

/A

}Tropospheric Ozone

“Smog” Ozone

~ Tropospheric/ozone
\ 1 lp | p -)

» Contains 90% of atmospheric
« Beneficial role: Acts as primary

» Current issues:

ozone

UV radiation shield

- Long-term global down-
ward trends

- Springtime Antarctic
ozone hole each year

+ Contains 10% of atmospheric
» Harmful impact: Toxic effects

» Current issues:

ozone
on humans and vegetation
- Episodes of high surface

ozone in urban and rural
areas

U 9 10 1 2025
Ozone Amount (pressure, mP)

Andrew Ryzhkov




Ozone (O,)

Northern hemisphere has larger concentration
of ozone

Monthly average GOME total ozone KNMI / ESA
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Ozone

Ozone (cm)

Figure 1.
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Ozone: principal protection for UV solar radiation

Absorgao da radiagao UV pela camada de 0zonio (www.nasa.gov)
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Ozone destruction

* Minor
COnSﬁtuentS (Cl’ Ozone Destruction Cycle 1
Oxygen molecule (O2) Chlorine atom (Cl) Ozone (O3)
NO) destroy O, :

* Cloroflour- J)\/ \\/O%
carbonates, e /2 W,

L CIO + &:—: g:llg{)}’l':g _£LCl+ 03‘\_,5:_ Ozone
C F CS canreac h -"”"r\r::‘action)“" cycle = reaction ) \ destruction
)

the stratosphere /\ M
and destroy O Q 0’0

O ZO n e Oxygen atom (O) Chlorine monoxide (CIO) Oxygen molecule (O5)

ClIO+0=Cl+0,
Cl+ O3 = CIO + O>

Net: O + O3 = 20,




G h N7 o Molecules in Earth’s
reen OUSTehe Sun > 4 atmosphere absorb
effect ermits mainly Ty > o mainly in the IR
] @
in the visible
t & near-IR . %
| 20 ° Py
: Sunlight .. Infrared
y radiation
.é" ®
= 9 ®
.§ The Earth emits
S in the mid-IR &
= j | far-IR

10 20 30 40 50

0.1 0.5 1.0 1.5 2.0
UV Visible ~ Wavelength in micrometers _
Ultra- | Visible Near infrared Mid-infrared Far-infrared
— | '4 Infrared >

https://ugc.berkeley.edu/background-content/re-radiation-of-heat/ Adapted by Jorge Meléndez (IAG-USP)



CO, and global warming

Visible light pass through atmosphere and heats

the surface. Gases (CO,, H,0 & CH,) in atmosphere

absorb the reflected IR light, re-emitting in random
directions

CO,is the second
source of global

warming (after H,0) . ) K\A - ’ ..



CO, and global warming

400
222- CO, in the last 1000 years
B Matha
8 | Loa—
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270 | | ] | | ' 1 | ] ] | | 1 | 1 | I | 1 1 | ¢
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Year

o FIGURE 1.6 Carbon dioxide values in parts per million during
the past 1000 years from ice cores in Antarctica (blue line) and from
Mauna Loa Observatory in Hawaii (red line). (Data courtesy of Carbon
Dioxide Information Analysis Center, Oak Ridge National Laboratory.)

lce cores

CO, concentration (ppm)

© Meteorology Today (Ahrens)



Temperature Anomaly (°C)

CO, and global warming

Global Land—Ocean Temperature Index
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Global surface warming (°C)
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lons

*Above 60km, solar UV radiation ionizes the atmosphere
*lonization changes with altitude, solar illumination, solar activity

*At high latitudes, electron cascades enter magnetic poles,
causing auroras

aurora

changed particle

belts

Not to scale




Electrons hit
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molecules
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Atomic Oxygen
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Suécia Noruega

www.arcticphoto.no

1/2012



lons
Oy +hv — OF ¢~

*Typical reactions:

Or+hy — OT +0 +¢~

* VVariation of eletronic densities:
Layer z(km) Ne[cm™]
D 60 103
E 100 10°
F 150-300 2x1068
> 2000 10¢
*D almost dissapears at night
*Interference in radio waves




lonospheric plasma

lonized layers have an
index of refraction n

related to the electron ..
density Ne

950

n’=1-w,/w
= 1-(A/4)’
v [Hz] = @ /2%
=9 x10°N '

'''''

F-Region

F2-Region

-Region

E-Region

D -IQeig ilor:l

Total internal reflection
For F layer (N, = 2x10° cm™), A =23.5m (v,=12 MHz)
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Plasma density (electron/cm™)
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Absorption of Radiation

The absorption by the atmosphere could be total or
partlal | | Ay

: e

~ Ultraviolet
Gammasrayas Hifared VIICTOWAVES

VISIDIE
Crzly /1g19l< US=sr)e] Relclio waves




Atomic & Molecular absorption

Atomic: O, N
Molecular:
* Electronic

CH4, CO, H20, 02, O3, ...

* Rotacional:
H20, CO2, 03, ...

* Vibrational-Rotational:

COZ NO, CO ..
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Percent

Atmospheric absorption bands

Telluric bands

Atomic & molecular physics gives k or o for each
1
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Top of the atmosphere

Sea level

Solar >
spectrum & N
telluric bands
In the optical &
& near N’; .
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vy Cas and

telluric
bands

At the near
infrared, H,O

cause strong
absorption
bands in Earth’s
atmosphere

A [um]

— i | }
L3 25 K20 H15 | 1.0
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=
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_ 5(8 =
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Brackett =
T series =4
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E I
. Pfund - B
C BETIES QB
B . | i PN 0,
1 | g
E g
=
1 £
b, H
€0, {2%band ¥ band & band
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Wavenumber o [em!]
Fig. 2.5. Telluric absorption and spectroscopy: the spectrum of the star -y Cas. The
spectrum was obtained using the 3.6 m Canada-France-Hawaii telescope at the sum-
mit of Mauna Kea, Hawaii, USA. {4200 m), with a Fourier transform interferometer
(cf. Sect. 5.3.4), in the near infrared atmospheric transmission window, with a res-
olution of Ae = 0.5cm™". (Chalabaev A., Maillard J.-P., Ap. J. 294, 640, 1984.)
Atmospheric absorption bands are indicated, together with photometric windows
I,J and K (cf. Sect. 3.3). The star has both a continuum and emission lines (mainly
H recombination lines). The inset shows the 3-4 Paschen o line (5331.6 cm™') ex-
tracted from a heavily absorbed part of the spectrum: the spectrum of v Cas was
divided by that of a reference star (a Leo) to eliminate atmospheric bands. As a
Leo (spectral type BT) also has hydrogen lines, the absolute value of Pa is not sig-
nificant. Ohservation of Poa would be impossible at lower altitude. {With the kind
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Optical depth
The optical depth along a vertical line, of a constituent
I with mixing ratio ry(z) is:

T(A, 20) = 15 ri(2)po(2)ki(A)dz

~()

The attenuation of an incident ray of intensity |, (top of the
atmosphere) received at altitude z, and at an angle 6 from the
zenith, is:

R

COS

I(z) _ .1 1 |
= exp! (.
I()(OC-) 2 | . ZZ: TZ.(A,. Z(_))j

The sum is over all species that absorb



Atenuation of radiation with altitude

Energy [eV]
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Fig. 2.4. Attenuation of electromagnetic radiation by the atmosphere. Curves give
the altitude zp (right-hand scale) or the residual fraction of the atmosphere, in mass,
above zo (left-hand scale), for three values of the ratio f(z0, A, 8 = 0°)/lo(o0, A).
Chacaltaya is a site in the Andes (altitude ~ 6 000 m)



Continuum N, Bands (rot. & v-r) lonospheric plasma
Elect bands O, , O;, contO, H,O0e CO, Rot. bands H.O & O
. 2 2
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ALMA at 5000 m (< 1 mm H,0)

66 antenas working together at mm and submm
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Atmospheric emission

* The atmosphere emits by
florescence (airglow) & termically

FLUORESCENCE: recombination of e- & ions from
diurnal dissociation: ex.: Oy +hy — OF + e~

* Continuum: 1-3 Rayleigh A-!

* Lines: 500 R
1 Rayleigh (R) = 10° photons cm2 s! str!

= 6.8x10"7 Wm~um'arcsec?(em =550nm) = 22 mag arcsec

* Main emitters: Ol, Nal, O,, OH, H



Spectrum of the night sky (optical)
Mauna Kea (Hawaii)
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Spectrum of the sky at night (optical & infrared)
Observatory La Palma ( Canary Islands)
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Sky background for

observations on ground

and space near Earth

Fig. 2.9 Visible and
ultraviolet magnitudes of the
sky background per square
arc second, for observations
from the ground and from
space near the Earth. Letters
denote the spectral bands of
the photometric system (see
Sect. 3.3), corresponding to
the points (®). (After Courtes
G., personal communication;
Smith H.E., Burbridge E.M.,
Ap. J. 210, 629, 1979; Leinert
C., Sp. Sci. Rev. 18, 281,
1975; Machetto F. et al,
ESA-SP 1028, 1980,
European Space Agency)
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Some solar energy
is reflected by
Earth's surface

Solar energy from the sun
passes through the atmosphere
and heats Earth's surface

Some solar energy
is reflected out into

space by clouds,
aerosol gases and
the atmosphere

c
O
-
(&
()
>
c
O
O
Some solar energy
is absorbed by the
atmosphere
by the
or Bhwrhe?-faie
a‘rthls' su i
eats E ~
" " . = -4
"".ﬁﬁ: 3 . -’.rp,,f



Thermal emission

* Atmosphere could be considered a gas in LTE until
40-60km

* For 1 << 1 (shallow optical depth), the intensity of
radiation at altitude z and zenithal distance 6, is:

B, : Planck function at mean temperature T of the
atmosphere

1 << 1 and B, non-negligible, satisfied for:
Infrared (1 - 20 ym) & milimeter (0.5 — 2 mm) windows



Thermal emission

Using a mean temperature 250K:

Table 2.3

Mean thermal emission of the atmosphere. 1jansky = 1072 Wm—2 Hz~!
Spectral band L M N 0,
(see Sect. 3.3)
Mean wavelength [um] 3.4 5.0 10.2 21.0
Mean optical depth 0.15 0.3 0.08 3
Magnitude [arcsec™ 2] 8.1 2.0 —2.1 —5.8

Monochromatic intensity [Jy arcsec ] 0.16 223 250 2100

Astronomical sources could be several orders of magnitude
weaker than sky thermal emission (also could be problematic
for sky fluorescent emission).

Léna, Lebrun & Mignard 1998
Observational astrophysics, 2" Ed



Sky background in the infrared:
thermal emission vs. OH

Sky _IE 108 -

background . T..= 228K
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Scattering of radiation:
Rayleigh & Mie
* Caused by molecules and aerosols in suspension

* Influence of ar molecules depends on altitude, but
aerosols depend on winds, weather, season, volcanic
activity, industrial pollution




Rayleigh scattering

* For particles smaller than the light wavelength A:

Rayleigh scattering gives the
atmosphere its blue color

* n:refraction index;

20

* N: density of molecules
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This is why the sky is blue

Rayleigh scattering gives the
atmosphere its blue color

%]
O

—
Lr

il
]

&hn

Percent Scattering of Direct Sunligh

450 500 550 BO0 &5
Wavelength (nm)

=

Rayleigh scattering also depends
on the incident angle 6:

3

dw At z=2km: at 90° from the

VR R N S ) B} S, )=7000A, sky brightness
1 Ul i 107 of the Sun’s disk




Mie scattering

* Scattering by particles larger than A of light

* Does not depend much on wavelength
1.0 — Mie

o
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|

|

o
I
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Mie scattering

Some light
penetrates
. to
o - cloud base
White light is scattered in all directions

® 2007 Thomson Higher Education



Sky brightness [107°B, ]

10 |

[a—

—
<

[w—
<
e

[w—
<
.

Possible to
observe at
day or night

0.5

| Ly 2

3 4 5
Wavelength [um]

Sky brightness
during the day in
the optical & IR

Fig. 2.11 (Lena, Observational
Astrophysics). Molecular scattering is
given for the altitude z = 2000m, at 90°
from the Sun. The wavelength
dependence is A#. Thermal emission is
also shown, assuming uniform mean
emissivity of 0.1.

The dashed line shows the possible
additional contribution due to aerosols,
varying as 4-'. For comparison, (*)
marks the sky brightness measured at
0.5 arcmin from the Sun’s limb at Kitt
Peak (Arizona)



Other atmospheric factors
Atmospheric turbulence




Sources of turbulence by different
obstacles

Fig. 2.13. Schematic representation of the generation of turbulence in the at-
mosphere by different obstacles. The amplitude of the temperature fluctuations
depends on the amplitude of the turbulence and on the deviation of the actual
temperature gradient from the adiabatic gradient. The scales L1, L2, L3 are char-
acteristic of the external scales of turbulence caused by wind around the obstacles
1. 2and 3



Other atmospheric factors: inversion layer

* Inversion layer ~ 2km, but

could occur at lower 7

Thermal inversion

Sao Paulo, 6af, 23 maio 2008, 08h30m www.estadao.com.br



Inversion layer

1 T 17T

|||||||||||||

8
Inversion layer above the
.- 6
pacific ocean around the
Big Island of Hawaii .

Temperature [C]

2.16. Inversion layer apove tne racific Ocean, near the isl:
0° N). This is a subsidence inversion, caused by reheatin
r layers; the latter movement itself is caused by the gen
mosphere observed in Hadley cells. (Sounding balloon me:
nicated by P. Bely and the Hilo Weather Bureau, Hawaii

www.gemini.edu



High altitude = less clouds

HIGH CLOUDS
Cirrostratus

g :—_:—-_\-'._ .
= Cirrocumulus —

(Mackerel sky) Cirrus

LOW CLOUDS

Gotas de agua

Stratus Stratocumulus Cumulus
precipitation

FIGURE 5.24 A generalized illustration of basic cloud types based on height above the surface and vertical development



ESO / La Silla Observatory, 1/10/2013
L.a Silla - MeteoMonitor

Current Average
Humidity: 500 [} 50.0 %
Temperature: 4.0 [ 4.0 °C
DewPoint -60 [ 6.0 °C
wind Speed:  11.0 [ 11.0 m/s
Atm. Pressure: 7664 [ 766.4 hPa
Sun Altitude: 6. e
DIMM Seeing: 1.08 arcsec
Last Update
UT: 2013-10-02 10:50
ID: 2456567.951
ST:  06:52
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Dome-Closing Conditions at ESO LaSilla

& <14 m/s
J < 14-20 m/s Don't observe into the wind
‘ > 20 m/s (18 m/s for 3,6m) : DOME: Don'wait to be told!

Humidity. General humidity sensors are installed on the weather tower; their
readings are relayed on the MeteoMonitor . Domes have to be closed
when the relative humidity exceeds 80% (was 90%),
and can be re-opened when it remains below 70% for

30min. Similarly, the domes must be closed when the temperature difference
between the coldest part of the telescope and the dew point drops below 2
degrees.

https://www.eso.org/sci/facilities/lasilla/sciops/At_Telescope.html






Mauna Kea (Hawaii) weather conditions

Current Conditions
Temp
RH

Observations
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Choosing an astronomical site
No clouds (related to inversion layer)

Photometric quality (atmospheric transparence)
Transparence in the infrared & mm (atmospheric H,0)

Image quality (related to variations in temperature
and the air refraction index)



Choosing an astronomical site
FriOWL Version 2.1 (2006)

uthern Observatory & University of Fribourg (Switzerland) .
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Cloud coverage |-=

BEST SITES B

High )
summits :

+ low
cloudiness + Peru, Chile, ?
low Bolivia, b
precipitable  Argentina .

water vapor
Sarazin 2006, IAU Symp 232
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