
Left: Wide-field wavefront sensor subaperture layout for the SST. Right: 
Image obtained with this lenslet array.

Theoretical longitudinal covariance 
functions as function of separation 
between the subapertures s (increasing 
upwards) and field angle difference �  
(increasing from left to right). These have 
been calculated for heights 0.0, 0.5, 1.5, 2.5, 
3.5, 4.5, 6.0, 9.5, 20 and 30 km and are 
displayed in order from lower left, lower 
right etc.

Summary of data sets recorded and results obtained. Note that the heights given 
in the table are uncorrected for solar elevation, given in the third column of the 
table. Values of r0 obtained for the different heights from the inversions are 
calculated for a wavelength of 500 nm. Values of r0 corresponding to numerical 
anomalies are indicated with ‘-’.

Method
The present method relies on using individual exposures to measure relative image motion between two 
images from different subapertures. We shall use the covariance of two such differential measurements, 
taken at different field angles (� ), to achieve our goal of characterizing seeing.

Since we are using an extended target, the wavefront-slope averaging area increases with height. Close to 
the telescope the area is equal to that of the subaperture, but higher up the area expands because the FOV is 
nonzero. We find that taking the maximum of D (the subaperture diameter) and �£h (with �£ the FOV and h 
the height) as an effective diameter Deff is a good approximation.

We found that we can use the theory developed by Fried (1975) for modeling differential image motions 
measured with the proposed method by simply replacing s with s + � h and the pupil diameter D with an ef-
fective diameter Deff. The figure below shows the expected theoretical covariance function for single seeing 
layers at different heights.

Introduction
The next generation of solar telescopes will require higher-order adaptive optics systems to 
fully benefit from their larger apertures. In addition, multi-conjugate adaptive optics systems 
demand a height-dependent characterisation of atmospheric seeing instead of an integrated 
value.

Here we present the preliminary results of our work on wide-field wavefront sensing as part 
of the site characterisation and selection for the European Solar Telescope. This method is 
based on an open-loop Shack-Hartmann wavefront sensor with a large, arcminute field of 
view. To prevent tip-tilt errors from degrading the results, we only use the differential image 
motion from individual exposures. Extending the work from Sarazin and Roddier (1990) 
allows us to fit our data with a layered model of seeing. We show that good inversions should 
be possible with up to 9 layers ranging from a distance of 0 to 30 km to the telescope. For the 
SST data we analyzed so far, the dominant seeing contributions come from near the telescope 
and a single layer at roughly 10 km height.

First results
We recorded 13 bursts of wavefront data, each with 1000 exposed frames, between UT 8:03 and 15:00 on 
June 3, 2009. Each burst of 1000 frames took approximately 2 minutes to record. The initial seeing quality 
was considered good by observers, with notes taken about seeing quality and assessments about differen-
tial seeing over the FOV. At UT 9:15, the seeing started to deteriorate and science observations were 
stopped at UT 10:01. 

Although the amount of data processed is too small to allow firm conclusions, we note that the measure-
ments were in agreement with the observers’ experience. The overall seeing quality (integrated r0, last 
column) is found to be very good in the morning and poorer after UT 10:00. This degradation primarily 
comes from the ground layers (h=0 and 500 m). Furthermore, we find that for the data recorded between 
UT 8:03 and 9:00, nearly all the high-altitude seeing is attributed to the 20 km layer. For this data, 1/sin(El) 
is in the range 1.8–2.7, so that the actual height of a layer at 20 km distance would be 7.4–11.1 km above 
the telescope. Finally, we observed that data recorded near local noon (data sets 9-12) show significant 
seeing contributions also from layers between 4.5 and 9.5 km. 
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Layout of the relation between the wavefront sensor 
geometry and the contributions to the two differential 
wavefront slope (image displacement) measurements from 
a height h. The separation between the two subapertures 
(indicated as heavy black lines) is s and the relative field 
angle between the two sub-fields measured is � .
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Fig. 4. Theoretical covariance functions, given by Eq. (10), as function of separation between the subapertures (increasing u�3�:�$�5�'�6�� �$�1�' �A�(�/�'
angle di� erence (increasing from left to right). The left panel showsthe covariance for longitudinal di� erential image motion, the right panel for
transverse di� erential image motion. The covariance functions have been calculated for heights 0.0, 0.5, 1.5, 2.5, 3.5, 4.5, 6.0, 9.5,20 and 30 km
are displayed in order from lower left, lower right etc.

andr0 = r0(hn) is obtained fromcn via the relation

cn = 0.358� 2r� 5/ 3
0 D� 1/ 3

e� (20)

for each layern.
To obtain the unknowncn, we solve a conventional linear
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L, given by
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By setting� L/ � cm = 0 for m = 1, 2...N, we obtain a matrix
equation of dimensionN × N, of the typeAcn = b. The matrix
elementsAmn equal inner products (covariance) of components
of Fx andFy at di� erent heights:

Amn =
�

s,�

Fx(s, � , hn)Fx(s, � , hm) + Fy(s, � , hn)Fy(s, � , hm)

(22)

3.1. Height grid optimization

Good height grids can be found by calculating the inverse of the
matrix A and choosing a grid that minimizes its noise sensitiv-
ity (sum of squared elements of the inverse ofA). Such opti-
mizations show that we should be able to determine contribu-
tions from the pupil plane plus 7-8 layers above the pupil and
the lowermost layer located at a height of 500 m. The maxi-
mum height can be 20–30 km with a FOV of 5.3 × 5.3 arcsec,
however the height below that must be located around 10 km to
�1�2�7 �&�$�8�6�( �+�,�*�+ �1�2�,�6�( �$�0�3�/�,�A�&�$�7�,�2�1�� ���+�( �+�(�,�*�+�7 �5�(�6�2�/�8�7�,�2�1 �:�,th
which we can determine seeing contributions from layers above
10 km with this large FOV is thus strongly limited. With a FOV

of about 2× 2 arcsec, the height resolution is much better. A
�1�(�$�5 �2�3�7�,�0�8�0 �*�5�,�' �2�) �+�(�,�*�+�7�6 �)�2�8�1�' �,�6 �'�(�A�1�(�' �%�< �+= 0.0, 0.5,
1.5, 2.5, 3.5, 4.5, 6.0, 9.5 and 20 km (this is the same height
grid as used in Fig. 4, except for the added 30 km layer in that
�A�*�8�5�(���� �!�( �7�(�6�7�(�' �7�+�,�6 �&�2�1�A�*�8�5�$�7�,�2�1 �:�,�7�+ �,�1�3�8�7 �6�(�(�,�1�* �/�$�<�(�5s at
heights in steps of 500 m from 0 to 20 km height, then solved
�)�2�5 �&�2�1�7�5�,�%�8�7�,�2�1�6 �)�5�2�0 �7�+�( �����/�$�<�(�5 �+�(�,�*�+�7 �*�5�,�' �'�(�A�1�(�' �$�%�2�9�(. For
input heights that matched one of the 9-layer heights, the inver-
sion recovers the input height and contribution perfectly.When
the input height is in between two of the heights in in the in-
version model, the inversion responds by distributing the correct
cn’s between the two surrounding layers such that the relative
distributions are in rough proportion to the di� erence between
the true height and the two surrounding heights in the inversion
model. In addition, there is up to 11% negative overshoot in ad-
jacent layers, i.e., the model returns negative seeing values in
these layers. The integrated seeing, represented by the sumof
(positive and negative values of) allcn’s is within a few percent
of the input value up to heights of 10 km. Above 10 km, the in-
versions overestimate the integrated seeing by as much as 10%,
peaking at 15 km height. Considering that these tests represent
�5�(�6�3�2�1�6�( �7�2 �$�1 �,�1�A�1�,�7�(�/�< �7�+�,�1 �/�$�<�(�5 ���$ �'�(�/�7�$ �)�8�1�&�7�,�2�1���� �$�1�' �7hat we
are deconvolving this thin layer with an under sampled model
and a large FOV, this ’ringing’ is not surprising. We also tested
the inversions corresponding to the above height distribution by
adding noise to the ‘observed’ variance matrix and solving for
cn�� ���,�1�&�( �5�(�$�/ �6�(�(�,�1�* �/�$�<�(�5�6 �+�$�9�( �A�1�,�7�( �9�(�5�7�,�&�$�/ �(�;�7�(�1�7 �$�1�' �7�+�(
tests thus represent a rather extreme situation, we conclude that
the method should work well with good input data and good
ground layer seeing. It should also be possible to somewhat im-
prove the results by constraining thecn’s to be positive. This has
not yet been implemented.

3.2. Wavefront sensor description

���+�( �:�,�'�(���A�(�/�' �:�$�9�(�)�5�2�1�7 �6�(�1�6�2�5 �,�6 �0�2�8�1�7�(�' �,�0�0�(�'�,�$�7�(�/�< �8�1�'�(r
the vacuum system of the SST. Light to the WFWFS is fed from

Conclusions
Based on simulations and data processed from a single day of observations, we conclude that 
the proposed method combined with wavefront data over about 5x5 arcsec subfields allow 
contributions to seeing from about 9 layers, stretching from the pupil up to 20-30 km distance 
from the telescope. At distances up to about 6 km, measurements with good S/N and a height 
resolution of about 1 km appears possible. In this height interval, any differences in seeing con-
tributions between the two sites on La Palma and Tenerife are important to quantify.

One issue is that the large FOV leads to poor sensitivity to high-altitude seeing and increas-
ingly poor height resolution above 6 km. Another important limitation is wavefront sensor 
noise, leading to bias in the measured covariances and probably also to crosstalk between mea-
sured longitudinal and transverse image motions. 
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