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Cherenkov light production

Gamma-ray
showers

Large fluctuations

 Gamma-ray first interaction
stochastic process (but
practically no energy
dependency on average)

* Particle creation stochastic
processes, averaged over
many particles, large energy
dependency
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Cherenkov light production c I__ - ‘0
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Cherenkov light production c I_ - ‘o

Low zenith
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Cherenkov light production c ! - *‘O
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Cherenkov light production c ! - *‘O
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Cherenkov light production c ._I - ‘o
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Cherenkov light production

CTAD
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Cherenkov light production c _I - ‘o
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Cherenkov light production

Stratosphere-To-Troposphere Transport

Ozone profile
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Greeslade J.W. et al., ACP 17 (2017) 10269

Low zenith
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Cherenkov light production c ._I - ‘o

Cherenkov light
extinction

0.8

* Average extinction profile
(as function of wavelength)
is dominated by molecular
(Rayleigh) scattering

aerosol scattering
(Mie scattering) N

molecular scattering ]
\ (Rayleigh scattering)
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Physics of the atmosphere

Structure of Atmosphere

* Pressure follows (roughly) the barometric law:
gM

P(h)=PO-(1——(h ho))"" ~ Py e

_(h—=hop)
8.5 km

* Temperature shows (roughly) regions of constant
lapse rate:

9T - const. = —6.5°C/km (troposphere)

dh

* What about the density profile?
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Physics of the atmosphere c TA o
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Structure of Atmosphere

* Pressure follows (roughly) the barometric law:

g4 _(h=hg)
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Physics of the atmosphere

The truth is ...

more complicated!

* Astronomical sites are normally
characterized by temperature-
inversion layers that “protect” the
sites from humidity moving up to the
telescopes.

* A closer look reveals more than one
inversion layer (at least for La Palma)

Pressure (hPa)
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Physics of the atmosphere c TA o
|2

Lait’s modified PV (LPV) [m?s 'Kkg™]
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* Also the tropopause is NOT just one — Temperature — LaitsPV — ALPVJ

huge inversion layer. 80 70 60 -50 40 30 20 -10

* Rodriguez-Franco J.J. et al. (J. Geoph. R e

Res: Atmos. 118 (2013) 10754) find B "
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“Height” of the tropopause
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Link to air showers

Molecular scattering cross section depends on the refractive index

of air! do(¢,0,1)  9m*(n*(A) —1)* [(6+3 242 1
O- 9 bl st e 7( n — p p » 2 —p 2 2
a2 ANZrA(H) + 27 (6 - 7p> ( 2+p ) (Sm e (1 +p) S (9))

* Above equation can be simplified: p =~ 0.028 < 1,(n — 1)y~ 2.8x10~*

(n2-1)" 40
9. o 4(n —1)?
and:(n—1) = (n—1)q(4) - N(h) = (n — 1),(1) 'Pg,l) ' T?r)o

, residual dependency on humidity, CO,< 0.5%

Tomasi C., et al., AO 44 (2005) 3320 22

do (da) P(h) Ty
dsl ~ dQ/ g Py T(h)



Link to air showers

Cherenkov angle depends on the refractive index of air!
1
p -n(h)

* Above equation can be simplified (for § — 1):

P(h) T, P(R) T,
B, ~+J2-(n—1) oc\/Z(n—l)o(/l)- IEO)-T(Z)zO.OZAL-\/IEO)-T(Z)

cos O, =

. P(h) T,
e |llluminated area on ground scales as 82 « (), To
Py T(h)
. . . P(h) T,
 Amount of Cherenkov light emitted: « sin 802 ~ HCZ X Ig ). T(Z)
0

Tomasi C., et al., AO 44 (2005) 3320 23
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Nolecular profiles T’\ o
c |2

ECMWEF north

1.2
Global Data |
Assimilation Systems = 1o W‘*M-M'* e Tﬁmw‘
£ 09F N
e Th hi ical R p— w ##
ese ( |St0r|Ca ) = 5Prod3 north S

data sets and 3070 -+ ECMWF winter ‘H‘\\

weather g 0.6  ECMWF _summer #\\\\

o 0.5 -+ ECMWEF.i " L
predictions are 04— 1 | -mtfrme lazte | | ! | | e e ’.& N
free!l = 0.04 1 - e o ECMWF._winter - o ECMWF._intermediate

* American Global 3 | ¢ ECMWE-summer
2 0.03
Forecast System B
(GFS) i 0.02 ..
3 . - Ju.__,...._..;;;,,-.~::::::::.'.‘.;:::.‘:::;-;_»- ...
. Europea.n Center £ o011 .,;,‘; AP g -
for Medium 2 :! ‘t"g-";::r.’.’;:1'.':::.'.';:::.'.':::::,'.':::::.'.;::::::,'."i......--og" o ® R — ol
Weather Forecast 0.00

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000
(ECMWF) h a.s.l. [m]
Munar-Adrover, P. et al.,

EPJ Web of Conf. 197 (2019) 01002 22




Molecular profiles
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Mnolecular profiles

The truth is...

CTAD

more complicated!

(a) (b)
N Year = 2015 90°N Year = 1990 Number of Stations: o v1=1104 ~ v2= 1449
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Locations of IGRA 1 (green) and IGRA 2 (red) radio sounding stations during the years of (a) 2015, (b) 1990. A clear trend towards
lower sounding coverage over the past years is observed, among other regions, in central South America. The CTAO sites are
marked by the green (CTAO-N) an

Figures from Durre 1., Yin X., Vose R.S. et al. (2018). J. Atm. & Oc. Techn. 35, 1753.

blue (CTAO-S) arrow.
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Mnolecular profiles

e truth is...

GDAS1 vs. MAGIC Weather station (night-time 2013-15)

GDAS1 Pressure 2188m

(mbgr)
[(e]
[$)]

~
©
o

785

780

775

...Accuracy MAGIC we:
Resofution MA A

Entries
Mean -0.2566

RMS

3833

0.5894

s

\
2 :
ws DGDAS 6""”

1

|

1

1

Pressure Comparison

{ RMS x

Entries 3833
Mean x 787.7

Mean y 787.5
3.401

RMS y 3.365
p: 0.98,S: 150.80

|

| I | I

75

780

785
MAGIC Weather station Pressure (mbar)

790 795

20

15

5

0
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GDAS1 Temperature 2188m (°C)

Ground validation of GDAS profiles for CTAO-N
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Mnolecular profiles

The truth is...

Ground validation of GDAS profiles for CTAO-S

Georgios Voutsinas, priv. comm.

P (hPa) ECMWEF, interpolated to the observation level

~
O
N

790 1

788 1

786 1

784 1

7821

780 1

~
~
(e0]

778 780

782 784 786 788
P (hPa) weather station

790

792

T (°C) ECMWEF, interpolated to the observation level

301

251

201

151

101

more complicated!

CTAD

ECMWEF vs weather station, South

5

10

15

20 25 30

T (°C) weather station

29



Mnolecular profiles

The truth is...
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CTAO
Ozone intrusions into the troposphere
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* CTAO-S seems to be a hot spot for stratospheric ozone
intrusions into the troposphere. The effect on absorption  serae. etal., amos. chem. phys. 14

(2014) 913

of Cherenkov light seems to be <2% though. 2
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Aerosols and clouds

Aerosols

Aerosols are any type of particle:

» Larger than molecules
» Suspended in air

* Normally found close to the ground

(in the planetary boundary layer)
* Remain in air for up to 20 days
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Aerosols and clouds

Aerosols

Local aerosols are measured as
concentrations of particles exceeding
a given diameter:

« PM10: Particles larger than 10um

1 10 100 1000 1000
Particle Diameter, nm



Aerosols and clouds

Aerosols

Local aerosols are measured as
concentrations of particles exceeding
a given diameter:

« PM10: Particles larger than 10um

« PMZ2.5: Particles larger than 2.5um

1 10 100 1000 1000
Particle Diameter, nm



Aerosols and clouds

Aerosols

Local aerosols are measured as
concentrations of particles exceeding
a given diameter:

« PM10: Particles larger than 10 um
« PMZ2.5: Particles larger than 2.5 um

« PM1: Particles larger than 1 um
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Aerosols and clouds

Aerosols

Local aerosols are measured
as concentrations of particles
exceeding a given diameter:
« PM10: Particles >10 um
« PM2.5: Particles >2.5 um

« PM1: Particles >1 um

log(dN/dlogD em”)

CTAD
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Aerosols and clouds

Aerosols

Remote aerosols are measured in
terms of Aerosol Optical Depth
(AOD) or Vertical Aerosol Optical
Depth (VAOD)
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Aerosols and clouds

Aerosols

come from:

« Sea (maritime aerosols)
* Volcanic eruptions
» Stratospheric

* Deserts

* Wood fires (biomass burning)
* Industrial activities (soot/dust)
* Transport

Aerosol Optical Depth

! , B
£.0 02 04 06 08 1.0
March 2000
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Aerosols and clouds c ._I - ‘o

Normally, the atmosphere above both
observatories are considered ultra-clean
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Aerosols and clouds c I A o
B2l \

Occasionally, particularly during summer or
during February, Saharan dust intrusions may
appear.
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Aerosols and clouds c I A o
B2l \

Dust intrusions may also be accompanied by
clouds.

18 ‘l
17 1

16— —0 |

IIIIIII

15 ' f —

14

In ( N() (p.e./bin) x r2 (m?))

’ 1 MIM

44000 16000 __ 18000
altitude above MAGIC (m)

13

Zenith angle: 34.2°
" M N 1 A " A | 2 L M | M N N 1 L " L | L
0 2000 4000 6000 8000 10000

RERRRAARRRR

12

" A 1 A
12000

13



Aerosols and clouds CT A O
Frequency of dust intrusions
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Aerosols and clouds CT !\‘ o
Frequency of dust intrusions

Ground layer aerosol transmission
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Aerosols and clouds CTA O
Height of dust intrusions

Molecular atmosphere base height
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Clouds

Characterization of optical properties

Clouds are measured in terms of Optical
Depth (OD) or Vertical Optical Depth (VOD)

hmax ’ ,
_ — ““alh )dh
Taer‘ = e OD = e Amin ( )



CTAD
Clouds

Clouds are measured in terms of Optical Depth (OD) or Vertical Optical Depth (VOD)

hmax / '
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Aerosols and clouds c ._I - ‘o

Clouds

Clouds heights are measured from their base to top
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Aerosols and clouds c ._I - ‘o

Clouds

Normally, higher clouds are thinner and less opaque

0.012
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Monitoring instruments . CTA o
LIDAR (LIght Detection

And Ranging
Operation principles

A LIDAR always consists of a:

* Pulsed Laser

* Light Collector (Telescope)
* Light Detector (PMT)
 DAQ

* Analysis Software

52
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LIDAR (LIght Detection

LASER

And Ranging
Operation principles o

A LIDAR always consists of a:

* Pulsed Laser

* Light Collector (Telescope)
* Light Detector (PMT)
 DAQ

* Analysis Software

PHOTODETECTOR

DATA ACQUISITION
AND AHALYSIS 53




LIDAR (LIght Detection

[ ]
|INCOMING ] OUTGOING ' INCOMING
ILIGHT LIGHT I LIGHT
I I
| |
| |
| |

Operation principles

CTAO will use a Raman LIDAR with two
laser wavelengths:

355 nm
DATA PROCESSOR

232NM ¢ pispLAY
LASER GE

ACQUISTION
UNIT

* 355 nm
* 532 nm
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Monitoring instruments . CTA o
LIDAR (LIght Detection

And Ranging

Operation principles

airfaerosol elastic return

10°

A Raman LIDAR analyses elastically
back-scattered light and Raman

10°

scattering on N,: g g

* 355 nm

* 387 nm o

Clouds back-scatter light, butdoNOT ,
Raman scatter! T 0 i > s
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LIDAR (LIght Detection And Ranging
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Distinction
of aerosol
types




Monitoring instruments

CTAD

LIDAR (LIght Detection And Ranging

licel_file.20210922.194708.out
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e Two distinct features visible:

- Lower steady thin layer of large opaque

particles

» Higher variable thick layer of small transparent
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SteIIar Photometry

(FRAM)

Operation principles

A FRAM always consists of a:

*alens

e a filter (wheel)
*a CCD

* 3 mount




Monitoring instruments

Stellar Photometry
(FRAM)

Operation principles

0 20160427-00:51:15.965 0 20160427-00:14:02.186

0.48 0.48

A FRAM compares stellar
brightness with their
reference from star
catalogs and measures
Vertical Aerosol Optical
Depth across its field-of-
view

0.40 0.40

50 0.32 50 0.32
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150 150
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Monitoring instruments CTA o
Stellar Photometry

(FRAM)
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Monitoring instruments

Combination of
Data from FRAM
and LIDAR

e CTAO will generate
Average Extinction
Cubes for each Good
Time Interval (GTI) and
observed FOV.

 Systematic errors are
guaranteed to lie below
a given limit.

Altitude

A

Time (e.g. 25 min.)

Tessellated VAOD maps (from FRAM)

Slow component (e.g.<2.5 km)

Fast component ( 8§ km)

+ CTC

Time (e.g. 25 min.)

8 km

Altitude

2.5 km
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Correction Strategies for CTAO

Molecular profile and ozone

* CTAO will take care of providing the corresponding atmospheric profiles
within the simulations (IRF) provided.

* The IRFs are delivered together with a guarantee for systematic errors to
lie below a given limit.
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et CTAO
Correction Strategies for CTAO

Aerosols and clouds

Two possibilities:

1. Correct the data

2. Correct the simulations

Which is better & ?7??



Correction strategies

Correction Strategies

Aerosols and clouds

Two possibilities:

1. Correct the data

Schmuckermaier F. et al., A&A
673 (2023) A2 find up to 20%
RMSE for Crab Nebula data and
VAODs < 0.5
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CTAD
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Correction strategies CTA o
L2l

Bias for Method I Syst. uncertainty attributed to Methods
] L] gz:_ :\0\202
Correction Strategies :} TS S
S | 5 16|
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[ 3 -
-0 | 2 o +
N o R B
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Two possibilities: I T
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MSE for Method |l

1. Correct the data
Schmuckermaier F. et al., A&A %15

RMSE for Crab Nebula data and
VAODs < 0.5

673 (2023) A2 find up to 20% 1of J{




Correction strategies c I A 0
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Correction Strategies

Aerosols and clouds

2. Correct the simulations

* Would require tailored simulations for each GTI

* Huge amount of computing resources needed

* For the moment, only possible for few sources of high interest
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Correction strategies CTA o
L2l

Charge cloud [p.e.] Corr. charge cloud [p.e.]
1.5 A 1.5 1

102 102

Correction Strategies

y [m]

10!

Aerosols and clouds

10°

Two possibilities:

~aMmerc g
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
x [m] x [m]
Cloud / No cloud Corr. cloud / No cloud

1. Correct the data S .

-0.51

Zywucka N. et al., A&A 685 g B8
(2024) A165 invented a new | :
technique correcting each image
directly (instead of IRFs only)

x [m] x [m] 68
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Correction strategies

Correction Strategies

Aerosols and clouds

Two possibilities:

1. Correct the data

Zywucka N. et al., A&A 685
(2024) A165 invented a new
technique correcting each image
directly (instead of IRFs only)
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