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Turbulence Characterisation for 

Astronomical Adaptive Optics

Site selection

Instrument design

Real-time performance optimisation

• Tomographic reconstruction

• Predictive controllers

• Artificial Neural Networks

Performance monitoring

PSF reconstruction

Smart scheduling
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Free-Space Optics

• When light travels through the Earth’s atmosphere it becomes 

distorted

• This is a problem for: 

• Astronomy

• Limits precision of measurements

• Free-space optical communications

• Limits data bandwidth

• Satellite Surveillance

• Limits precision of imaging, astrometry and photometry 

measurements

• Free-Space Optics Research: To develop the technology 

and techniques to measure, model and mitigate this effect.
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Computer simulation of star imaged 
through the Earth’s atmosphere



Free-Space Optics: Phase

Diffraction 
limited,
FWHM ~ 
𝜆/𝐷 

D/r0 = 1

D/r0 = 4 D/r0 = 10

Each speckle of size ~𝜆/𝐷

Ratio of D/r0 is critical

The size of the image is 
~𝜆/𝑟0 22/10/2024 4



Free-Space Optics:

Atmospheric Scintillation

Pupil image Integrated intensity
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Focusing from 
high-altitude 
turbulence

Local wavefront curvature propagates 
into intensity fluctuations



Turbulence Strength

Differential image motion

• Measure differential motion on short exposures
  2

diff    f(d,s) r0
-5/3

f(d,s) is fixed for a given aperture mask configuration, d = sub-
aperture diameter, s = aub-aperture separation. 

• Insensitive to vibrations
• Standard at astronomical observatories

DIMM Seeing Monitor
La Palma observatory

Durham DIMM



Turbulence Profiling:

MASS

8

http://www.ctio.noao.edu/~atokovin/profiler/index.html

Example MASS Cn
2(h) profile 

for a night at the ESO 
Paranal observatory.Schematic of the MASS profiler.
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Usually implement on a small telescope alongside a DIMM seeing monitor.



Turbulence Profiling: Cross-beams techniques
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Turbulence Profiling: Cross-beams techniques
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Cross-covariance functions
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Measured

Low Layer

High Layer

Simulation

Ground



Measuring Atmospheric Turbulence:

SLODAR

T. Butterley

Osborn et al., MNRAS, 406, 1405-1408, 2010

Butterley et al., MNRAS, 492, 934-949, 2019 

500 m

250 m

0 m

T. Butterley 22/10/2024 13



Stereo-SCIDAR

Osborn et al., 
MNRAS, 478(1), 825–834, 2018

Shepherd et al. 
MNRAS, 437(4), 3568-3577, 2013 

Osborn et al.
 MNRAS, 464 (4), 3998 - 4007, 2016

Derie et al. 
ESO Messenger, 166, 41-66, 2017 

Osborn et al.
MNRAS, 478 (1), 825 - 834, 2018

Osborn et al.
MNRAS, 406(2), 1405-1408, 2010
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Measuring Atmospheric Turbulence:

AO telemetry

Credit: Gemini

Guesalaga, Neichel, Correia, Butterley, Osborn, MNRAS, 465(2): 1984–1994, 2016 
Cortes, Neichel, Guesalaga, Osborn, Rigaut and Guzman, MNRAS, 427(3), 2089-2099, 2012

15
ESO/ F. Kamphues



Stereo-SCIDAR

Raw data:
• Each peak indicates a 

turbulence layer

Altitude

0 m

20 km



Stereo-SCIDAR

Raw data:
• Each peak indicates a 

turbulence layer
• Temporal offsets gives us 

turbulence velocity
• Open question: how to extract, 

formalize and use this 
information



Shack-Hartman Image Motion Monitor
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• Fried parameter 𝑟0
• Coherence angle 𝜃0

• Rytov variance 𝜎𝑅
2

• Coherence time 𝜏0
• 4-layer vertical profile

• Dome turbulence

• (outer scale)
PARTS LIST

DESCRIPTIONPART NUMBERQTYITEM

C11_MOUNT_NUTVS00000411

C11_MOUNT_PLATEVS00000512

STANDA P/N: 8MID10-40STANDA_8MID10-4013

THORLABS P/N: TR1/MTHORLABS_TR1M14

CHASSISVS000002_CHASSIS_215

VITON 75ShA O-RING SIZE 126,72MM ID X 1,78MM CSO-RING_126-72X1-7816

VITON 75ShA O-RING SIZE 37,82MM ID X 1,78MM CSO-RING_37-82X1-7817

WIXROYD P/N: 36633.W0612WIXROYD_36633_W061218

WIXROYD P/N: 36633.W031036633.W031029

WIXROYD P/N: 36633.W0420WIXROYD_36633_W0420410

M2_SEAL_SCREWVS000009211

ACCU P/N: HDP-3-6-V1-A1ACCU_HDP-3-6-V1-A1212

VITON 75ShA O-RING SIZE 26,7MM ID X 1,78MM CSO-RING_26-7X1-78113

WIXROYD P/N: 36633.W0312WIXROYD_36633_W0312414

ACCU P/N: HORT-M20-1.5-12.0-HDPEACCU_HORT-M20-1.5-12.0-HDPE115

STOCK ITEM PANDUIT P/N: MTM1H-CPANDUIT_MTM1H-C316

A4-70 HEX SOCKET BUTTON HEAD SCREW TO ISO 7380ISO 7380-1 - M4 x 6317

DU_LOGOVS000006218

LENS_SUBASSYVS000010119

CAMERA_SUBASSY_1VS000011120

LID_SUBASSYVS000012121

POST_SUBASSYVS000013122

AMPHENOL P/N: HDB-15PFFS-SL8001                              HDB-15PFFS-SL8001123

1

1

2

2

3

3

4

4
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5

6

6

A A

B B

C C

D D

UNLESS OTHERWISE 
SPECIFIED
 
CONFORMS TO BS8888

 
TOLERANCING ISO 8015

 

SIZE ISO 14405 {

 
UNITS: MM

PROJECT

TITLE

DRAWING NO. ISSUE

VS000001

INSTRUMENT_ASSY

VIASHIMM

1.462 kg

+0,2 -0,2

FINISH

N/A

ISSUE AMENDMENT DATE

MATERIAL

1

INITIAL

-

-

-

INITIAL RELEASE

-

-

-

-

-

-

JG

-

11/08/2023

-

-

CREATED BY & DATE

CHECKED BY & DATE

APPROVED BY & DATE

Ra 1,6

UNLESS OTHERWISE
SPECIFIED
 

  LINEAR TOL.      ANGULAR TOL.

   X,X     ± 0,25      X,X ± 0,1°
   X,XX   ± 0,1

   X,XXX ± 0,01

 

  SURFACE

  ROUGHNESS

COPYRIGHT © 2023 DURHAM UNIVERSITY. 
PROPRIETARY AND CONFIDENTIAL. ALL RIGHTS 

RESERVED. THE INFORMATION CONTAINED IN THIS 

DRAWING IS THE SOLE PROPERTY OF DURHAM 

UNIVERSITY. ANY REPRODUCTION IN PART OR AS A 
WHOLE WITHOUT WRITTEN CONSENT IS PROHIBITED.

JG 09/08/2023

JG 11/08/2023

JG 11/08/2023

SHEET

SCALE

1/2

1 : 2

1

MODEL MASS

REVISION HISTORY

EDGE TOLERANCING

ISO 13715

THIRD ANGLE
PROJECTION

CENTRE FOR ADVANCED INSTRUMENTATION

DURHAM UNIVERSITY

NETPARK RESEARCH INSTITUTE
JOSEPH SWAN ROAD

NETPARK

SEDGEFIELD

TS21 3FB

TORQUE TABLE

ITEM NM (±10%)

8 8,3

9 1,0

10 2,4

11 0,3

14 1,0

15 SEE NOTE 6

17 2,8

21 (CAPTIVE FIXINGS) 1,2

21 (DESICCATOR NUT) SEE NOTE 4

23 (INCLUDED FIXINGS) 0,5

NOTES

1

THE ENVELOPE REQUIREMENT APPLIES TO ALL LINEAR FEATURES 

OF SIZE, EXCEPTING STOCK MATERIALS AND NON-RIGID PARTS, 

UNLESS OTHERWISE STATED. SEE ISO 14405-1 FOR DETAILS.

2
STANDARD FASTENERS (I.E. SCREWS, WASHERS) MAY BE 

SUBSTITUTED FOR CFAI ENGINEERING APPROVED EQUIVALENTS.

3

TO INSTALL ITEM 19 TEMPORARILY UNDO CLAMP OF ITEM 22. 

 

ORIENTATION OF ITEM 19 NOT CRITICAL PRIOR TO OPTICAL 

ALIGNMENT.

 

FOCUS OF ITEM 19 TO BE INITIALLY SET BY ENSURING SLIP RING 

OF ITEM 19 IS IN CONTACT WITH CLAMP OF ITEM 22 WHEN 

CLAMP REINSTATED.

4

DESICCATOR:

-BLUE COLOUR INDICATES DRY.

-PINK COLOUR INDICATES MOISTURE.

 

REGENERATE BY REMOVING FROM ITEM 21 AND BAKING AT 120°C 

FOR 4 HOURS IN VENTILATED OVEN.

 

TO REINSTALL, TIGHTEN BY HAND PLUS APPROX. 1/2 FULL TURN 

TO ENSURE GOOD SEAL OF O-RING. DO NOT OVER TIGHTEN.

5

EXISTING CONNECTOR OF ITEM 3 TO BE REPLACED WITH ITEM 23 

BY SOLDER BUCKET TERMINATION.

 

ITEM 3 CABLE LENGTH (EXCLUDING ITEM 23) TO BE REDUCED TO 

APPROX. 80-100MM AND ROUTED WITHOUT KINKS AS SHOWN 

SUCH THAT IT DOES NOT VIOLATE OPTICAL APERTURE OR 

MOVING PARTS OF IRIS.

 

PIN LAYOUT SHALL BE RETAINED DURING MODIFICAITON.

 

INSTALLED ORIENTATION OF ITEM 23 IN ITEM 5 NOT CRITICAL.

6
TIGHTEN BY HAND PLUS APPROX. 1/2 FULL TURN TO ENSURE 

GOOD SEAL OF O-RING. DO NOT OVER TIGHTEN.

7

FOR INTEGRATION ON 2"-24 SCT INTERFACE:

-REPLACE ITEM 1 WITH VS000014_C8_MOUNT_NUT

-REPLACE ITEM 2 WITH VS000015_C8_MOUNT_PLATE

21

20

18

18

1617

15
DUST 

CAP 

10

2

1
LOOSE
FITTED 

4

19

22

12

2

11

14

2

4

8

9

3

23

6

13

5

33

4

2X
SEE ITEM 23

 SEE NOTE 3

 TAP 'HOME'

 INTO ITEM 5

N/A

DESICCATOR

SEE NOTE 4

7

PARTS LIST FOR 3,28"-16 SCT INTEGRATION SHOWN
SEE NOTE 7 FOR 2"-24 SCT INTEGRATION

 

SEE NOTE 5

2

Griffiths et al., Opt. Exp. 31, 2023



Observes bright stars near zenith during the day and 

night:

• SWIR (900-1700nm), sky glow fainter

• Turbulence weaker in SWIR

• Developing robotic facility in Barcelona
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SHIMM

Griffiths et al., Opt. Exp. 31, 2023



SHIMM 

data

20

La Palma Barcelona

r0

𝜃0

𝜏0

𝜎𝑅
2

0 cm

15 cm

3”

0”

5 ms
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0

0.3



Dome Turbulence

22/10/2024 21



Dome Turbulence
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Dome Turbulence

• Assume low translational velocity

• Slow temporal decorrelation

• Extrapolate temporal-covariance to 

t=0 (overlap of dome and surface 

layer)

• Can be done with SCIDAR, SLODAR, 

SHIMM, or dedicated monitor
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Dome turbulence monitor

Defocused pupil image (cf single-star SCIDAR)

22/10/2024 24



Turbulence Forecasting

• Forecasting atmospheric turbulence

• Queueing astronomical observations to 

make sure the most sensitive 
measurements are performed at the 

optimal time

• Network routing to optimal ground 
station depending on conditions

• Use archived data to get statistics of 

sites for site selection and instrument 

development
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Global turbulence forecasting



Global maps of turbulence strength:

Day and night
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Median day Median night



Atmospheric Modelling

Durham

Example 1 week 
sequence

Turbulence strength 
and sun elevation

Night time 
turbulence strength 

and month



Atmospheric optical turbulence parameters UK
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Site Characterisation for Free-space optical 

communications - Bit-error rate 
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Each element has a full relative 
density profile – the median is 
not good enough



Site Chracterisation

Site characterisation for astronomy is well 

developed

New challenges have recently emerged to 
support Free-Space Optical Communications and 

Space Situational Awareness

Technology and techniques originally developed 
for astronomy is being adapted for these new 

applications

OPTICON was critical to the development 

process of many of these techniques
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