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Water vapor seeing

๏ WV column density 
is variable


๏ Expected to follow 
Kolmogorov - von 
Karman spectrum


๏ Highly chromatic, 
especially in mid-IR

• AO correction at K band 

not valid at L/N bands

wind

wind



Additional path length: ‘water displacing air’

๏ Holding P (and T) 
constant, added 
humidity reduces 
dry air


๏ n̂WDA = n̂WV − n̂air

• n̂WDA(L − K) =  

0.5 fs / (mol/m2)


• n̂WDA(N − K) =  
6 fs / (mol/m2)

K band

L band N band



Measuring path length variability @ Paranal

๏ Use GRAVITY K-band fringe tracker to predict WV contribution

• relies on chromaticity phase across a few spectral channels in K band


๏ Use MATISSE to check prediction @ L & N bands

• assumes that differential phase is fully explained by WV

P. Berio et al.: A posteriori cophasing

– Coherent processing: this method consists in co-phasing
short exposure frames and then in estimating the com-
plex correlated flux. We applied the algorithm proposed
by Schutz et al. (2016) on the N band data. It gives
the GD and the achromatic phase for each frame (see
equations 1 and 2). It is therefore possible to correct
the correlated flux from the estimated phase for each
frame. Finally, the complex correlated flux could be in-
tegrated over several seconds (typically 45s). The SNR
of the correlated flux is of course much higher than the
estimation done with the incoherent method. However
the limit of this method comes from the phase estima-
tion. With AT telescopes, the limit is between 5 and
10 Jansky, similar to the limit of MIDI (Müller et al.
(2014)). In order to illustrate this limitation, we plot in
Figure 1 the modulus of the GD fluctuations over 300ms
(the average coherence time in N band) averaged over
one exposure of 45s with respect to the flux of the ob-
served star. The GD fluctuations are very low (⇡ 1µm,
mainly due to thermal background photon noise) up to
20Jy and then increase regularly up to 15µm for faint
stars. If we consider half the central wavelength of the
N band (5.5µm) as a limit (which means that the esti-
mated phase could be used for co-phasing), we retrieve
the limit between 5Jy and 10Jy.

Fig. 1. Average modulus of the GD fluctuations in 300ms. The
dashed line represents a limit equal to half the central wave-
length of the N band (5.5µm).

To go beyond the limitation of the MATISSE standard data
reduction method, a new method for the N band phase
estimation is required.

3.4. Predicted Phase Delay and Group Delay in N band

To estimate the N band PD and GD from K band data, we
implemented the method of Koresko et al. (2006). They es-
timated the differential column density of water vapor from
the PD and GD measured in K band. Then, they deduced N

band PD and GD through linear relationships (Equations
12 and 13 in Koresko et al. (2006)).
It is then possible to predict the phase at a specific wave-
length and to compare it with the phase estimated from N
band data directly. In Figure 2, we show the the predicted
(from K band data) and estimated (from N band data)
phase for one baseline at 3 different wavelengths (8.5µm,
10.5µm and 12.5µm). The source was a bright calibrator
star in N band (38Jy) observed with the 4 ATs. The RMS

Fig. 2. Phase estimated with MATISSE alone (blue dotted line)
and predicted from GRA4MAT data (red solid line) for 1 base-
line at 3 different wavelengths (8.5µm, 10.5µm and 12.5µm).
Observation of 7 Cet (38Jy) with the D0-C1 baseline.

of the difference between the predicted and estimated phase
at 8.5µm, 10.5µm and 12.5µm are 0.06rad (�/100 in OPD),
0.11rad (�/57 in OPD) and 0.19rad (�/33 in OPD) respec-
tively. These values include the error on the estimated phase
from N band data and the error on the predicted phase.
Therefore, the error on the predicted phase is very low and
does not degrade the quality of the co-phasing.

3.5. N band Correlated Flux

The method to estimate the N band correlated flux consists
in the following steps:

– Step 1: Estimate the K band PD and GD for each base-
line from GRA4MAT data

– Step 2: Detect fringe jumps in GD
– Step 3: Correct PD from fringe jumps
– Step 4: Predict the N band PD and GD for each baseline
– Step 5: Reconstruct the phase of the fringes for all spec-

tral channels of the N band for each frame and for each
baseline

– Step 6: Estimate the complex correlated flux for all spec-
tral channels of the N band from the MATISSE data

– Step 7: Correct the complex correlated flux from the
reconstructed phase

– Step 8: Integrating the complex correlated flux over one
exposure

– Step 9: Averaging the modulus and the phase of the
correlated flux over several exposures

Without steps 2 and 3, this method works correctly as long
as the OPD residuals fluctuations are smaller than 2.15µm
which is the case most of the time with GRA4MAT. The
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MATISSE (measured)

GRAVITY (predicted)

Berio et al. (in prep)



First results from GRAVITY/MATISSE

Masson1994

(Mauna Kea)

Lay1997

(OVRO)

Meisner+2002

(Paranal)

Wavelength sub-mm sub-mm near-IR

Baseline 100 m 100 m 16 m / 66 m

Timescale 15 min 1 h 100 sec

rms WV column density 4×1019 cm−2 1020 cm−2 ~3×1019 / 1020 cm−2

PWV (mm) 1.4 mm 2.0 mm 6.6 mm 7.0 mm

1-min rms WV  
column density  

(cm−2)
1.3×1019 1.8×1019 2.2×1019 2.4×1019

… compared to literature measurements



Does it really follow Kolmogorov?

worst conditions best conditions

we will assume Kolmogorov - von Karman from now on  
(more power at low frequencies)



How much additional nuisance?

๏ Convert rms column density in other units


๏ RMS additional local delay (in 1 min)

• L band: n̂WDA(L − K) = 0.5 fs/(mol/m2) —> 0.17 fs —> 50 nm


• N band: n̂WDA(N − K) = 6 fs/(mol/m2) —> 2 fs —> 600 nm

rms column 
density:  

2×1019 cm−2

rms column 
density:  

0.33 mol/m2

rms PWV:  
6 µm



Translating to ELT wavefront quality

๏ Generate open-loop 
sequence of atmospheric 
turbulence phase screens


๏ Measure rms piston between 
VLTI-like sub-apertures


๏ Scale cube of phase screens 
to match rms piston 
measured at VLTI


๏ Add scaled cube of water 
vapor turbulence to AO 
residuals to be rescaled



Adding WV to adaptive optics residuals

AO only AO + WV (L band) AO + WV (N band)

~25 nm RMS additional WFE ~300 nm RMS additional WFE~140 nm RMS WFE

Strongly dominated by low spatial frequencies (Kolmogorov - von Karman)



Effect on Strehl — METIS standard imaging mode

L band

N band

AO only AO + WV

S = 99.7% S = 95.1%

S = 96.6% S = 96.3% 0.1’’

0.1’’



Effect on high-contrast imaging performance

Removed tip-tilt from WVAO + WV

AO onlyL band

N band



Mitigation: focal-plane wavefront sensing

adaptive 
optics

non-common 
path aberrations

wavefront measured here

wavefront matters here

use science camera as 
WF sensor to offset  

AO set point

WV seeing



Mitigation plan for METIS

๏ Science images fed back to AO system for focal-plane 
wavefront sensing @ 1 Hz


๏ Pointing errors: QACITS

• uses asymmetry in coronagraphic PSF


๏ Next ~100 Zernike modes: Phase Sorting Interferometry

• uses phase diversity introduced by AO residuals


• PSI output introduced as slope offsets in Pyramid WFS



Expected performance improvement

L band

N band



Conclusions

๏ Investigated wavefront variability in the mid-infrared  
due to water vapor at Paranal


๏ N-band image quality at ELT scale is dominated by water 
vapor turbulence

• Strehl ratio remains high (~95%)


• … but high-contrast imaging strongly affected!


๏ Taking advantage of low-PWV events will be more 
important than ever

• more statistics would be useful to pinpoint WV seeing vs PWV trend


