

  atmosphere-14-01694




atmosphere-14-01694







Atmosphere 2023, 14(11), 1694; doi:10.3390/atmos14111694




Review



The Elusive Nature of “Seeing”



Andrei Tokovinin





Cerro Tololo Inter-American Observatory|NSF’s NOIRLab, Casilla 603, La Serena 1720236, Chile







Citation: Tokovinin, A. The Elusive Nature of “Seeing”. Atmosphere 2023, 14, 1694. https://doi.org/10.3390/atmos14111694



Academic Editor: Marc S. Sarazin



Received: 9 September 2023 / Revised: 11 October 2023 / Accepted: 19 October 2023 / Published: 17 November 2023



Abstract

:

Atmospheric image blur, “seeing”, is one of the key parameters that influences the selection of observatory sites and the performance of ground-based telescopes. In this review, the common definition of seeing based on the Kolmogorov turbulence model is recalled. The ability of this model to represent real, non-stationary fluctuations of the air refractive index is discussed. Even in principle, seeing (a model parameter) cannot be measured with arbitrary accuracy; consequently, describing atmospheric blur by a single number, seeing, is a crude approximation. The operating principles of current seeing monitors are outlined. They measure optical effects caused by turbulence, sampling certain regions of spatial and temporal spectrum of atmosphreic optical disturbances, and interpret their statistics in the framework of the standard model. Biases of seeing monitors (measurement noise, propagation, finite exposure time, optical defects, wind shake, etc.) should be quantified and corrected using simulations, while instrument comparison campaigns serve as a check. The elusive nature of seeing follows from its uniqueness (a given measurement cannot be repeated or checked later), its non-stationarity (dependence on time, location, and viewing direction), a substantial role of the highly variable surface layer, and a potential bias caused by the air flow in the immediate vicinity of the seeing monitors. The results of seeing measurements are outside the scope of this review.
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1. Introduction


The term seeing is universally accepted to describe the image blur in ground-based telescopes caused by optically inhomogeneous air; the latter is often called turbulence or, more precisely, optical turbulence. The random motion of air associated with turbulence is, by itself, not harmful to the observations; it produces seeing only when air packets of different temperatures are mixed, creating spatial variations in the refractive index. The propagation of light through the optically inhomogeneous atmosphere is the cause of seeing [1]. The review by Coulman [2] is an excellent introduction to the subject with an emphasis on the physics of turbulence.



Astronomers used to evaluate atmospheric blur qualitatively and approximately, until linear light detectors replaced the eye and the photographic plate. The blur is quantified by the point spread function (PSF), which is nothing else but an image of a point source (star). The Full Width at Half Maximum (FWHM) of the PSF is a quantitative measure of seeing. However, the PSF is usually enlarged by other factors (e.g., optical imperfections of the telescope, guiding errors, atmospheric dispersion, etc.). If all individual blur factors can be approximated by Gaussian functions with dispersions   σ i  , the resulting dispersion is    σ 2  =  ∑ i   σ i 2   . The FWHM of a Gaussian is 2.35 σ . The PSF can be measured quite accurately. When reliable estimates of other blurring factors are available, the dispersion corresponding to the atmospheric blur   σ a   can deduced by quadratic subtraction of these factors, leading to the value of seeing,   ϵ = 2.35  σ a   . Seeing is measured in angular units—arcseconds or radians.



In reality, the PSF of the atmospheric blur is not exactly Gaussian. Other contributors to the PSF are usually poorly known and the PSF itself is not rotationally symmetric. Using the above simplistic approach with biased estimates of the “instrumental” blur factors can lead to biased (often too optimistic) estimates of the seeing at a given observatory. For example, Racine et al. [3] estimated the median “natural” seeing at the Mauna Kea observatory at 0.43    ′ ′    using this approach, while 0.75    ′ ′    was actually measured later [4].



The utility of measuring seeing quantitatively and independently of the telescope is clear. Such measurements are particularly needed for the exploration of new astronomical sites. The critical role of seeing as a fundamental limitation of ground-based astronomy has been fully recognized in the middle of the 20th century [5]. This has led to a search of new sites with better seeing and to the construction of new major observatories at these sites–in Arizona, Chile, on Canary islands, and on Mauna Kea. The idea of placing telescopes in space has crystallized at the same time, and the success of the Hubble Space Telescope with its modest 2.4 m aperture and diffraction-limited PSF is an excellent illustration of the key role of seeing.



Methods of measuring atmospheric seeing with relatively small instruments and their limitations is the main subject of this review (Section 3); the definition of seeing, covered in Section 2, is based on the theory of optical propagation that also appeared in the middle of the 20th century [6]. Initially, though, astronomers were not aware of this theory and developed their first seeing monitors based on heuristic approaches. They measured atmospheric image wobble in a small telescope [7,8] or a differential image motion in two small telescopes separated by ∼3 m [9]. Traditional light detectors (eye and photographic plate) did not produce quantitative data, and first-generation seeing monitors were usually “calibrated” against image blur in nearby large telescopes.



The development of the atmospheric theory, modern light detectors, and new techniques such as adaptive optics (AO), driven originally by military applications rather than by astronomy, eventually gave birth to the modern generation of quantitative seeing monitors in the 1970s [10,11]. All seeing monitors are based on the standard model of atmospheric perturbations, often called the Kolmogorov-Obukhov model. The underlying concept is a random stationary process, implying isotropic and statistically homoheneous perturbations that do not change their statistics with time. The real atmosphere is anything but stationary; the motion of the air is chaotic and fundamentally unpredictable. The standard atmospheric theory is a good match to reality in some, but not all, applications. The definition of atmospheric seeing (Section 2) is anchored to the standard model and looses its meaning otherwise. This fact is often overlooked, and seeing is perceived as a well-defined parameter that can be measured with almost arbitrary accuracy, similar to other meteorological parameters like temperature or wind speed. The elusive character of seeing is covered in Section 4. The last Section 5 summarizes the material and outlines current trends in development and the use of seeing monitors. The results of seeing campaigns, seeing statistics at various sites, global trends, etc. comprise a vast subject which remains outside the scope of this review; only the definitions and methods are covered here. As this topic is quite mature, many old classical papers are cited. Meanwhile, seeing measurements are being actively pursued in different parts of the world (e.g., [12,13,14]), and new methods are being developed.




2. Definition of Seeing and   r 0  


The standard theory of light propagation through the atmosphere is covered in a number of textbooks and reviews, for example [6,15,16,17]. Its main points relevant for seeing are summarized here briefly. The theory assumes that refractive-index fluctuations in the air correspond to a random stationary process with a particular form of the power spectrum (the Kolmogorov-Obukhov model). It is postulated that mechanical energy of turbulent air motion is injected at a constant rate at some large spatial scale   L 0   (the outer scale), then it is transferred to progressively smaller eddies in a cascade, and eventually dissipates by viscosity at the smallest inner scale   l 0  , on the order of a few mm. The structure function (SF) of the air refractive index in the intermediate (inertial) range between   l 0   and   L 0   has a particular power-law form derived from dimensional considerations:


   D n   (  r →  )  =  〈   [ n  (   r 1  →  +  r →  )  − n  (   r 1  →  )  ]  2  〉  =  C n 2   r  3 / 2   ,  



(1)




where the coefficient   C n 2  , called refractive index structure constant, determines the strength of the fluctuations. Turbulence is assumed to be isotropic, so the SF depends only on the modulus of the distance between two points in space,    r = |   r →   |   . Angular brackets denote averaging over statistical ensemble. The definition of the parameter   C n 2  , measured in   m  − 2 / 3   , is tied to Equation (1). An extension of the theory to a power law that differs from 2/3 has been proposed, but it has not become popular; the extension loses its physical grounds (the turbulent cascade) and becomes a purely mathematical exercise.



The universally adopted definition of seeing is deduced from the above postulate in several steps outlined below. The seeing depends on the total power of turbulence along the line of sight, called turbulence integral   J = ∫  C n 2   ( z )  d z  , where z is the propagation distance. The integral is measured in   m  1 / 3   .



Phase of the light wave   ϕ ( x , y )   that passed through a turbulent layer is also a random stationary process with a power spectrum


   W ϕ   ( k )  = 9.686 ×  10  − 3     ( 2 π / λ )  2  J   k  − 11 / 3   .  



(2)







The phase perturbations are isotropic, and their spectrum depends only on the modulus of the two-dimensional spatial frequency   k =    k x 2  +  k y 2     ; the frequency is measured in   m  − 1   . The light wavelength is  λ . The corresponding phase structure function    D ϕ   ( r )    of a perturbed wave-front is


   D ϕ   ( x , y )  =  〈   [ ϕ  (  x 1  ,  y 1  )  − ϕ  (  x 1  + x ,  y 1  + y )  ]  2  〉  = 6.88   ( r /  r 0  )   5 / 3   ,  



(3)




where r is the distance between two points on the wave-front,   r =    x 2  +  y 2     . The parameter   r 0   (Fried’s radius) is related to the turbulence integral J. It is a distance where the atmospheric rms phase difference reaches    6.88    radians [18]:


   r 0  − 5 / 3   = 0.423   ( 2 π / λ )  2  ∫  C n 2   ( z )  d z .  



(4)







The power-law phase SF implies an infinite phase dispersion, but (3) is valid only at   r ≪  L 0   , in the inertial range. The additional parameter   L 0   (outer scale) can be introduced explicitly into Equations (2) and (3) in several ways, of which the von Kàrmàn formula is the most popular option. In many typical applications of the theory the effect of the finite outer scale can be neglected, at least to the first order.



Atmospheric phase distortions at the telescope pupil result from the sum of all turbulent layers, and it is safe to assume that the random phase perturbations   ϕ ( x , y )   are normally distributed, even if the underlying refractive-index fluctuations are not Gaussian. Then the atmospheric optical transfer function (Fourier transform of the PSF in a long-exposure image in a large-aperture telescope) is related directly to the phase SF:


  O  (  f x  ,  f y  )  = exp  [ − 0.5  D ϕ   ( λ  f x  , λ  f y  )  ]  = exp  [ − 3.44   ( λ f /  r 0  )   − 5 / 3   ]  .  



(5)







The PSF depends on the angular coordinates    α x  ,  α y    (in radians), and    f x  ,  f y    are corresponding spatial frequencies (in   rad  − 1   ,   f =    f x 2  +  f y 2     ). The PSF is normalized to a unit integral, hence   O ( f = 0 ) = 1  .



The Equation (5) explains why the inner and outer scales of turbulence play only a minor role in the image blur caused by seeing. At small scales   r ≪  r 0    the SF is   ≪ 1  , so   O ≈ 1   always. Similarly, at   r ≫  r 0    we have    D ϕ  ≫ 1  ,   O ≈ 0  , and the exact behavior of    D ϕ   ( r )    is irrelevant. At optical wavelengths,    r 0  ∼ 0.1   m is in the middle of the inertial range. However, it is larger in the infra-red (recall that    r 0  ∝  λ  6 / 5    ), where the effects of the outer scale (on the order of 20 m) become more relevant. With a finite outer scale,    D ϕ   ( r )    grows slower than   r  5 / 3   , the OTF becomes larger, and the resolution improves.



The 5/3 power index in (5) is close to 6/3 = 2 that corresponds to a Gaussian law, therefore the atmospheric OTF is approximately Gaussian, and its Fourier transform, the PSF, also resembles a Gaussian (it has a slightly sharper core and stronger wings). The parameter   r 0   was defined by Fried [18] so that the integral of the atmospheric OTF equals   π  r 0 2  / 4  . Thus, the seeing-limited resolution, expressed by this integral, equals the diffraction-limited resolution of a perfect telescope with aperture diameter   r 0  . The FWHM of the atmospheric PSF equals


  ϵ = 0.981 ( λ /  r 0  ) ,  



(6)




and this equation is the formal definition of the seeing. The parameters  ϵ ,   r 0  , and J express the same quantity in different ways and in different units (radians, meters, and   m  1 / 3   , respectively), but they are equivalent. Table 1 gives conversions from one to another.



Strictly speaking, (6) is valid only for infinite outer scale; with a finite   L 0  , the resolution improves, and an approximate formula can account for this effect, as long as it remains minor [19]. Floyd et al. [20] demonstrated that PSF in a well-tuned telescope is indeed sharper than predicted by the site monitor; unlike Racine et al. [3], they made no assumptions about imperfect optics, dome seeing, etc. Although the atmospheric blur depends, strictly speaking, on two parameters   (  r 0  ,  L 0  )  , the standard definition of seeing ignores   L 0   for a good reason—simplicity.



The standard theory neglects dispersion of the air and assumes that fluctuations of the wave-front are achromatic; the turbulence integral J does not depend on the imaging wavelength  λ . However, the phase of light waves scales as   2 π / λ  , which leads to    r 0  ∝  λ  6 / 5     and   ϵ ∝  λ  − 1 / 5    . When the seeing is characterized by parameters  ϵ  or   r 0  , it is mandatory to specify also the wavelength (e.g., 500 nm). In astronomical observations at some zenith distance  γ , the turbulence integral is proportional to   sec γ  , so the seeing depends on the zenith distance as   ϵ ∝   ( sec γ )   3 / 5    . Seeing measurements are usually corrected to   γ = 0   (zenith) using this scaling.



To summarize, seeing is defined as a single parameter of the random stationary process with a 5/3 power spectrum. Seeing can be equivalently expressed by the parameters J,  ϵ , or   r 0  , but the last two depend also on the wavelength. How well this standard theory matches the real atmosphere is an open question, partly discussed below. In theory, turbulence is stationary and isotropic, hence   C n 2   does not depend on position and time. In reality, turbulence along the line of sight is not uniform, and we often measure the turbulence profile    C n 2   ( z )   . Turbulence also evolves with time, violating the assumed stationarity.



The statistical theory operates with ensemble averaging, although in reality there is only one realization of the random process (atmospheric turbulence). This common caveat is circumvented by assuming ergodicity and replacing the ensemble average by averaging over time. In fact, the process is not stationary, and the longer we average, the more likely are variations in the measured quantity. Thus, from the outset we have to admit that such parameters as   C n 2   or seeing are only approximate estimates that cannot be measured or even defined with arbitrary accuracy. This problem is particularly severe for the outer scale   L 0  , where we deal effectively with only one “cycle” (a large-scale disturbance decaying into a small-scale cascade). The concept of power spectrum becomes almost meaningless when applied to large-scale and non-stationary perturbations, so attempts to measure this spectrum are futile. The best approach is to assume a particular form of the power spectrum at low frequencies and to deduce   L 0   by comparing theoretical predictions derived from the assumed spectrum with observed effects. In this sense,   L 0   is even more elusive than the seeing.



Seeing is an elusive quantity for yet another reason: each its measurement is unique, it cannot be repeated or verified because conditions always evolve. Of course, two seeing monitors located closely to each other and looking at the same star can be inter-compared reliably. If a systematic difference between them is revealed, it can be modeled and accounted for. However, it is not known a priori which instrument gives less biased results. Furthermore, the difference between instruments depends on the conditions, so calibrating seeing monitors against some “standard” instrument does not guarantee reproducible and reliable results (e.g., for comparing astronomical sites). Nowadays, computers allow comprehensive simulation of turbulence, propagation through the atmosphere, and the instrument itself. Using simulations, we can evaluate the instrumental biases because the true (simulated) seeing is always known. So, the correct method of calibrating seeing monitors and accounting for their biases is by “measuring” simulated turbulence that, naturally, conforms to the standard theory.




3. Optical Methods of Seeing Measurement


Fluctuations of the air refractive index are caused mostly by fluctuations of air temperature which can be measured by fast in situ sensors [21]. The techniques used for such micro-thermal measurements are not considered here. We focus instead on the optical methods where distortions of the light waves caused by turbulence are measured and interpreted in terms of seeing. Optical methods of turbulence sounding have the advantage of being direct (no conversion from temperature to refractive index) and non-invasive. They usually sample the full propagation path and are relatively inexpensive, allowing continuous monitoring of observing conditions. In this review, a detailed description of the operational principles and construction of seeing monitors is skipped (it can be retrieved from the cited literature); instead, the relation of measured quantities to seeing and unavoidable instrumental biases are highlighted.



In adaptive optics (AO) [22,23,24], wave-fronts are measured with a certain spatial and temporal resolution, and the seeing can be deduced from these data. The wave-front phase distortions can be represented by a combination of some base functions (modes), such as Zernike polynomials of increasing order: tilts, defocus, astigmatisms, etc. The theory tells us that atmospheric variance of each mode is proportional to    ( D /  r 0  )   5 / 3    with coefficients that decrease with increasing mode order [25]; this is a consequence of the turbulence spectrum where low spatial frequencies always dominate. So, to obtain a larger signal from atmospheric distortions, we have to use the lowest-order modes and/or to increase the telescope diameter D. For practical reasons (portability and cost), small apertures are preferable, so most seeing monitors measure tilts and curvature (defocus) because these effects are the largest.



Propagation through turbulent atmosphere distorts both phase and amplitude of the light waves. Amplitude distortions imply fluctuations of the light flux, scintillation. Scintillation becomes important at spatial scales comparable to and smaller than the Fresnel radius    r F  =   λ z    , where z is the propagation distance (   r F  ∼ 0.1   m for   z = 10   km and   λ = 500   nm). In AO, scintillation is usually neglected, but it can serve for measuring seeing: seeing monitors can use phase distortions, scintillation, or both. The strongest turbulence is usually located at low altitudes and produces negligible scintillation, so seeing monitors based on phase distortions are more popular than those based on scintillation.



3.1. Coherence Interferometers


Optical propagation converts part of phase fluctuations into amplitude fluctuations. However, the formula for the optical transfer function (5) remains invariant to propagation if the phase SF is replaced by the sum of phase and amplitude SFs,    D ϕ   ( r )  +  D χ   ( r )   . The atmospheric OTF   O ( f )   in fact is the coherence function (CF) of distorted light at a distance   r = λ f  . This CF can be measured by organizing interference at a baseline (shift) r and recording the contrast of the resulting fringes averaged over time. An interferometer where wave-front interferes with its inverted or rotated copy allows us to measure the atmospheric CF over a range of baselines by taking a single long-exposure image of the fringes. Dependence of the fringe contrast on the baseline r gives a direct measurement of   r 0   by fitting the theoretical formula   exp [ − 3.44   ( r /  r 0  )   5 / 3   ]  .



This elegant and theoretically perfect method of measuring the seeing was proposed in the 1970s by two groups. In the instrument constructed by Dainty and Scaddan [11], the wave-front was rotated by 180   ∘   and combined with the original non-rotated wave-front. The coherence interferometer constructed by Roddier and Roddier [26] implemented rotation by an arbitrary angle, allowing them to use larger apertures and, hence, to gather more light. In theory, optical turbulence is isotropic and it is sufficient to measure the CF in only one direction by combining the wave-front with its mirror-inverted copy [27]. The contrast of fringes for a reflected or rotated wave-fronts is sensitive to polarization, and half of the light is usually lost in the polarizer. Such interferometers are delicate devices involving beam-splitters, mirrors, and precise mechanics. A simplified version of the compact and robust coherence interferometer where the light interferes via grazing reflection from a mirror (the Lloyd mirror) and there is no need for a polarizer is more practical [28].



Coherence interferometers are not used widely as seeing monitors for a trivial but important reason: the wave-front distortions in real telescopes are produced not only by the atmosphere. The impact of static aberrations is not relevant (they distort the fringes statically but do not affect their contrast in a long exposure), but random tilts caused by wind shake of the telescope or by imperfect tracking is a major problem in practice, especially for small portable instruments. The sensitivity of seeing monitors to the wind shake is the main factor that limits the usefulness of tilts and forces to measure the higher-order aberration—the wave-front curvature.




3.2. Absolute and Differential Tilts


Yet, seeing monitors based on tilts have been used quite a lot in the past, starting from the work of Babcock [7]. Sensitivity to wind shake and tracking can be reduced by pointing the Polar star and measuring its wobble in the declination direction, while the instrument is firmly fixed and does not track [8]. In the southern hemisphere, tilt can be also measured in the declination, avoiding at least the tracking errors. Tilts are sensitive to relatively large spatial scales: in a telescope of diameter D, distortions up to   ∼ 1000 D   size still contribute to the tilt variance [29]. As a result, tilt variance is reduced by the finite outer scale, and the seeing derived from the tilt variance should be slightly better than the actual seeing, unless it is positively biased by instrument shake. The same consideration applies to coherence interferometers. They measure the CF where tilt is the main contributor, and the resulting estimate of   r 0   is affected (biased) by the outer scale in the same way as the atmospheric PSF.



The desire to make a seeing monitor insensitive to the wind shake has led to the Differential Image Motion Monitor, DIMM [10,29,30]. In a DIMM, tilts are measured with two small apertures separated by a certain distance B, and the seeing is deduced from their difference which is insensitive to the overall pointing errors. The idea of a DIMM can be traced to the seeing monitor of Stock and Keller [9]. The theory of DIMM can be distilled to a simple formula relating variance of differential tilt   σ a 2   to the Fried parameter:


   σ α 2  = K  λ 0 2   r 0  − 5 / 3    D  − 1 / 3   ,  



(7)




where D is the diameter of round apertures,   λ 0   is the wavelength to which   r 0   refers, and the coefficient K depends on the baseline (more precisely, on the ratio   D / B  ), on the direction (longitudinal or transverse), and on the flavor of tilts [19]. The differential tilt variance   σ α 2   is measured in square radians. In the limiting case of a very long baseline   B ≫ D  , tilts at both sub-apertures become uncorrelated and   σ α 2   tends to the double tilt variance with   K ≈ 0.36  . Despite appearance of  λ  in (7), the absolute and differential tilts are achromatic, so the spectral response of the detector plays no role.



Apertures of a DIMM are typically defined by a mask with two holes placed on a single telescope, while the star images formed by each aperture are separated on the detector by prisms or mirrors. The DIMM mask is a simplified version of a Hartmann mask, and it is evident that the differential tilt is produced mostly by the second-order aberrations, defocus and astigmatism. So, the signal in a DIMM is generated mostly by the wave-front curvature. The mask in a DIMM can contain more than two holes [31]. Alternatively, a full-aperture Shack-Hartmann sensor can be used to measure low-order wave-front distortions and to deduce the seeing; AO systems usually estimate the seeing in this way.



The standard DIMM theory assumes that it measures centroids of each spot, which are related to the average wave-front gradient over each sub-aperture [10,29]. In real instruments, the measurement algorithm differs from a pure centroid in order to improve the signal-to-noise ratio (SNR) and, as a result, the signal is closer (but not equal to) a Zernike tilt, defined as a linear fit to the wave-front rather than its average gradient. The coefficients in (7) depend somewhat on the kind of measured tilt, affecting the deduced seeing [19,32]. Another serious fall-back of the standard DIMM theory is the near-field approximation that neglects propagation and postulates that turbulence affects only the phase. This assumption fails when DIMM apertures are comparable to the Fresnel radius. As a result, DIMMs with typical apertures of 5–10 cm underestimate contribution of high atmospheric layers to the total seeing [33,34]. Knowledge of the turbulence profile is needed for correcting this bias. The strength of high-altitude turbulence can be estimated from the flux fluctuations (scintillation) in a DIMM, but de-biasing methods based on the scintillation have not yet been developed.



In the real DIMMs, spots are recorded with a finite exposure, and the associated averaging of the tilts reduces their variance. This exposure-time bias can be very substantial, leading to optimistic estimates of the seeing [19,29]. Several methods for correcting the exposure bias have been developed and implemented [35]. Likewise, the measured centroid variance contains contribution of the detector noise which must be evaluated and subtracted before applying the formula (7). Noise estimation requires knowledge of the detector parameters (conversion factor and readout noise) and depends on the centroid algorithm. In simplified DIMM software offered to amateurs, such as ALGOR, (https://www.alcor-system.com/new/SeeingMon/DIMM_Complete.html) the temporal and noise biases are not corrected.



Yet another non-trivial bias in a DIMM-like seeing monitor is caused by imperfect optics. At first sight, the centroid of a non-perfect spot in a DIMM can be measured just as well as in a perfect one. In fact, the centroid of a slightly defocused (or otherwise distorted) spot becomes sensitive to the intensity fluctuations at the pupil (scintillation), and, as a result, the measured variance increases. This effect has been thoroughly modeled and experimentally verified [32]. A similar bias arises from fast telescope shake: if the spot is enlarged into a short line because the telescope has moved during the exposure, the intensity along the line will vary owing to the scintillation, and the centroid of this line will be biased.



The above biases of a DIMM are fully relevant to all seeing monitors based on image motion (tilts). However, their impact is usually less critical when measuring the full tilt variance, simply because absolute tilts are larger and slower than differential tilts, while apertures of such monitors are also larger than those of DIMMs. A notable exception is the Polar seeing monitor developed by P. Sheglov: it used a 3.5 cm diameter lens with a strong chromatic aberration causing the scintillation bias; see Gur’yanov et al. [36] and references therein. All seeing monitors based on the full (non-differential) tilt are prone to the wind-shake bias that can be reduced using a fixed position (e.g., pointing the Polaris star) or a sturdy mount. Sensitivity of the full tilt to the outer scale   L 0   was exploited to measure this parameter via correlation between tilts in several small telescopes; such a generalized seeing monitor is described by Ziad et al. [37].




3.3. Scintillation


Amplitude distortions of light waves (scintillation) are also used to measure the seeing. However, the flux variance depends on the propagation distance z as   z  5 / 6    or stronger [15], so we need to know z in order to convert scintillation amplitude into seeing. All scintillation-based turbulence sensors also estimate distance to the layers, that is, they measure the turbulence profile    C n 2   ( z )   , from which the seeing is deduced. The first such instrument was SCIDAR (SCIntillation Detection And Ranging), and this name was kept for subsequent modifications and extensions of this technique [38,39,40,41]. SCIDAR uses double stars as light sources and calculates spatial covariance of the intensity fluctuations in the pupil. Each turbulent layer creates two secondary peaks in the covariance; their position indicates distance to the layer, and their amplitude, suitably scaled, is converted to the turbulence integral    C n 2   ( z )  d z  . SCIDARS require relatively large apertures of ∼1 m or more, dictated by the geometry: the separation between the covariance peaks is   θ z   for a layer at a distance z and a double star with angular separation  θ  (0.5 m for   θ =  5  ″     and   z = 20   km). The limited availability of suitable double stars forces one to use fainter sources and low-noise light detectors. Like a DIMM, a SCIDAR needs careful evaluation and elimination of instrumental biases [42]. The recent modification records scintillation of each star separately, which improves the SNR and cancels some biases [41]. In principle, SCIDAR is not sensitive to the near-ground turbulence that does not produce scintillation. This caveat is avoided by an optical trick equivalent to additional virtual propagation below the ground, so that turbulence at   z = 0   becomes measurable in the so-called Generalized SCIDAR [39].



SCIDARs are used only occasionally owing to the need of a medium-sized telescope, and they are not suitable for testing remote sites for the same reason. A seeing monitor based on scintillation of single bright stars is an appealing alternative that has been considered for a long time [43,44]. The analysis of the spatial structure of the scintillation serves to discriminate signals coming from different altitudes and therefore to compensate for the strong dependence of scintillation on the propagation distance. Although this idea appears trivial, its practical implementation has not been successful until the development of the Multi-Aperture Scintillation Sensor, MASS [45,46,47]. This small instrument records fast intensity fluctuations in four concentric annular apertures with diameters from 2 to 10 cm that act as a spatial filter. It delivers a crude turbulence profile (six layers) and other parameters such as free-atmosphere seeing, isoplanatic angle, and atmospheric time constant. However, an early attempt to “generalize” MASS in order to measure the full seeing (similar to SCIDAR) has not been successful because of its small aperture. To measure both turbulence profile and seeing, MASS is often combined with DIMM in a single instrument, where the pupil of a small (20–35 cm) telescope is divided between two DIMM apertures and the four apertures of MASS [48]. Such a combined instrument measures both the total seeing and the turbulence profile. It was used in the TMT site-testing campaign [4] and still serves as a seeing monitor at several observatories.



When the total seeing is dominated by high-altitude turbulence, MASS and DIMM should deliver similar results. The agreement between two monitors based on different phenomena (scintillation and tilts) adds confidence in their results and lends support to the underlying theory of atmospheric propagation. However, systematic differences may appear. The theory of MASS is valid only in the weak-scintillation approximation (which is not always fulfilled), and deviations from this regime are corrected by a semi-empirical approach based on simulations [32]; otherwise, MASS overestimates the seeing (overshoots). Similarly, a standard DIMM underestimates the high turbulence (undershoots) because it does not account for propagation and saturation [33,34].



The success of the combined MASS-DIMM instrument and the popularity of Shack-Hartmann (S-H) wave-front sensors in AO has led to the idea of using both tilts and fluxes of the individual spots for measuring seeing and a crude turbulence profile [49,50,51]. Such an instrument was called SHIMM (Shack-Hartmann Image Motion Monitor) [52]. Knowledge of the turbulence profile helps to interpret the covariance of tilts between sub-apertures correctly, accounting for the propagation bias. The tilt covariances are constructed after subtraction of the global (average) tilt to cancel sensitivity to the wind shake, as in a DIMM (effectively, the remaining signal is related to the wave-front curvature). SHIMM uses only one image sensor, unlike MASS-DIMM where the spots are recorded by a CCD, while the fluxes are measured by now-obsolete photo-multipliers.



The desire to modernize MASS by replacing its photo-multipliers with a solid-state detector has led to the development of the Ring-Image Next Generation Scintillation Sensor, RINGSS [53]. In this instrument, an image of a bright star in a small telescope is optically transformed into a ring. Light fluctuations along the ring (in azimuth) contain information on the scintillation and allow for the measurement of the turbulence profile. Deformation of the ring in the radial direction is mostly caused by phase distortions and is analogous to the differential tilts in a DIMM. Strictly speaking, the ring is neither in the pupil nor in the object planes, but somewhere in-between, so interpretation of its distortions in terms of turbulence is not trivial. The near-ground turbulence is sensed by both azimuthal variations (analog of scintillation) and radial distortions (analog of differential tilts), so RINGSS delivers two alternative measures of the total seeing that should agree mutually. In the Full-Aperture Scintillation Sensor, FASS [54], rings are cut out from a defocused image of the pupil, and their azimuthal fluctuations are used to derive the turbulence profile and its integral, seeing.



To summarize this Section, Table 2 lists various types of seeing monitors, the measured quantities, advantages and pitfalls of each approach. All monitors are based on the standard theory, hence on the assumption that atmospheric distortions are a stationary process with a Kolmogorov spectrum (Figure 1). Each instrument samples a certain portion of this spectrum by measuring covariance of some optical parameter, and deduces a single quantity    C n 2  d z   that describes the total turbulence strength, hence seeing. The following Section confronts this theoretical landscape with reality.





4. Limitations of the Seeing Concept


The operation of a modern observatory critically depends on the information on seeing delivered by site monitors. Observers typically assume that these data allow for the accurate prediction of the image quality in a telescope (after standard corrections for wavelength dependence and zenith distance) that looks through a uniformly turbulent atmosphere envisioned by the standard theory. In reality, turbulence is not uniform and resembles clouds that cross the line of sight randomly, so the telescope and the site monitor experience different “seeings”. Spatial and temporal non-stationarity of the turbulence (called intermittency in the atmospheric physics) is a significant factor. The largest instability is usually encountered in the lowest layers near the surface (SL—surface layer), which often also significantly contributes to the seeing. Therefore, a difference in location and height between the site monitor tower and the telescope translates into a difference between respective seeing values. Experimental evidence for intermittency and SL variations is gathered in the rest of this Section.



4.1. Seeing Variability


Soundings of the atmosphere by balloons with micro-thermal sensors reveal typical spikes of temperature fluctuations at certain altitudes [21]. They were originally interpreted as very thin turbulent layers. Groups of such layers are concentrated at the interface between zones with different temperatures and wind speeds, where intensive mixing creates temperature fluctuations [55]. The thickness of the mixing zone might be a few hundred meters. Turbulence spikes with a typical size of ∼20 m do not necessarily correspond to thin horizontally stratified layers; more likely, they are just cloudlets of strong turbulence. A single pass of a balloon cannot distinguish between flat or cloud-like geometries of these zones.



In some seeing monitors (e.g., MASS, RINGSS), variance of the optical quantities is computed on short time intervals and then averaged over a longer time on the order of a minute. Seeing and other parameters are deduced from the average variance for a good reason: the relation between the measured (variance) and derived (turbulence integral) parameters is linear, so in theory the order of averaging is not important. However, restoration of turbulence profile imposes non-negativity of    C n 2  d h  , which introduces a non-linearity, and in such case the averaging order does matter. This said, availability of the high-cadence data allows us to probe fast seeing variations. Kornilov [56] established that the variance of scintillation indices in MASS recorded every second is substantially larger than expected for a stationary process, indicating fast variability of turbulence strength. The same conclusion is reached from the analysis of the individual data cubes in RINGSS: the variance of measured parameters is substantially larger compared to simulated data with stationary turbulence. Figure 2 shows a short seeing spike recorded at Paranal (seeing was derived here from the individual 2 s data cubes, 2000 frames each, recorded with a cadence of ∼4 s). The shape of the spike shows that it is not an instrumental glitch (indeed, the quality parameters are good for all these data). Turbulence causing this spike was localized at heights between 0.5 and 1 km; its duration of 20 s and the wind speed of 5 m   s  − 1    indicate that the size of this turbulent cloud was on the order of 100 m.



Typically, site monitors measure seeing with a cadence of ∼1 min. Extensive series of accumulated seeing data allow for detailed studies of its temporal variability [57,58]. Changes on time scales from minutes to hours are typical. Intermittency of optical turbulence also implies dependence of the seeing on the viewing direction. So, ground-based telescopes do not look though a homogeneous medium with a horizontally stratified and slowly evolving    C n 2   ( h )    profile, but rather deal with a highly dynamical situation where the seeing depends on the viewing direction and can change rapidly. The fact that seeing depends on the integrated effect of the whole atmosphere somewhat reduces its variability, except in situations where one strong layer dominates. So, the seeing can be relatively stable on some nights but quite “spiky” on other nights. Similarly, telescopes looking in different directions will experience different seeing conditions, and this difference can vary from negligible to major, depending on the night.



Seeing variability limits the accuracy of its measurement. The variance of some optical parameters used to estimate the seeing (e.g., a differential tilt) can have a relative statistical error of   1 /  N    or larger, where N is the number of independent samples. If images in a DIMM are acquired at a rate of 100 Hz and   N = 6000   samples are collected in a minute, the variance   σ α 2   can be measured with almost a percent statistical error, at least in principle. In reality, the samples are not independent (correlated), while the major contributor to the uncertainly is turbulence non-stationarity. Statistical error of seeing measurement by a given instrument determined using simulated data can serve as a lower-limit error estimate. An upper limit (biased by fast seeing variability) can be evaluated by comparing sequential seeing data points. Looking at the plot in Figure 2, one can see that after the spike, sequential values agree within ∼15%. Measuring seeing with an error of a percent is an illusory and unachievable goal: while we accumulate the statistics, the seeing has already changed!




4.2. Unstable Surface Layer


The surface layer (SL) is the most unstable and unpredictable part of the atmosphere. Local turbulence in the night-time SL can be measured by acoustic sounding (e.g., [59]), by micro-thermal probes [13], or, preferably, by optical instruments like SLODAR [60] or lunar scintillometers [61]. A scintillometer pointed to a large source like the Moon records very small fluctuations of the flux, and their covariance yields a low-resolution turbulence profile in the range from a few to a few hundred meters. Data collected at several sites evidence extreme variability of the SL. Averaged over a long time, the SL profile can be approximated by a negative exponent    C n 2   ( h )  ∝ exp  ( − h /  h 0  )    [59] or by a power law like    C n 2   ( h )  ≈  10  − 13.4      ( h / 1 m )   − 1       m  − 2 / 3    (see Figure 4 in [62]). The integral of an   h  − 1    power law diverges at both low and upper limits, so its value depends on the adopted SL limits.



The contribution of SL to the overall seeing can be appreciated from the example shown in Figure 3. Three seeing monitors working simultaneously show a good overall agreement, while the systematic differences can be explained by the SL contribution. At times the SL is so strong and thin that instruments installed at 1.5 and 2 m above ground measure a different seeing. However, at other times the RINGSS and SHIMM agree very well, while DIMM, installed higher, still measures a better seeing. After 4 h, the DIMM also recorded spikes in seeing caused by the SL. On the other hand, the seeing spike at 0.5 h, registered by all three monitors, was produced by a high turbulence.



Another common way to quantify the turbulence in the few hundred meters above ground is by comparing the full seeing measured by a DIMM with the free-atmosphere seeing measured by MASS simultaneously, pointing at the same star. The turbulence integral is proportional to   ϵ  5 / 3   , so the SL seeing is estimated as


   ϵ  SL   5 / 3   =  ϵ  DIMM   5 / 3   −  ϵ  MASS   5 / 3   .  



(8)







Considering numerous biases of both instruments and random errors, situations when    ϵ DIMM  <  ϵ MASS    are not uncommon; in such cases we set    ϵ SL  = 0  .



The simultaneous operation of both a MASS-DIMM monitor and a lunar scintillometer revealed that the SL turbulence can be weaker than implied by the differentially estimated   ϵ SL  , raising concerns about reliability of the DIMM seeing. Data from various sources assembled in [62] indicate that typical values of the SL turbulence integral between, say, 6 m and 100 m, are around   0.5 ×  10  − 13       m  1 / 3    according to lunar scintillometers or micro-thermal probes, but around   3 ×  10  − 13       m  1 / 3    if measured by a MASS-DIMM instrument on the same site simultaneously (see also [63]). This discrepancy can be attributed to local effects in a DIMM, such as optical distortions generated by the telescope and its enclosure (those can be considered as effectively reducing the height of an instrument above ground) or by an opto-mechanical instability causing slow but measurable changes in the separation between the two spots, e.g., due to temperature variations in the focus or other deformations. In contrast, a lunar scintillometer starts to sense turbulence only at a distance of a few meters and is therefore immune to the local distortions.



Optical fluctuations of air inside telescope enclosures are known as dome seeing. Under good conditions, their contribution to the image degradation can be substantial. In a SCIDAR, the dome seeing is often evaluated and subtracted, taking advantage of the fact that dome turbulence evolves much slower than the atmospheric one. In analogy to the dome seeing, optical distortions can arise in the vicinity of a site monitor, biasing the seeing measurements. So, the design of the site monitor tower and enclosure and the nearby heat sources such as power supplies and computers can affect (increase) the measured seeing.



The importance of local effects has been demonstrated by the comparison between two seeing monitors installed at Cerro Tololo within a few meters from each other, at the same height above ground [64]. The old DIMM tower was a cylinder, while the new DIMM tower was a truss transparent to the wind. Furthermore, the old tower was located closer to the edge of the platform where the incoming wind likely created rising “plumes” of turbulence. The systematic difference between the two DIMMs was found to depend on the wind direction. It is not recommended to install a site monitor tower near the edge of the observatory platform facing the wind, where a sharp cliff generates additional local turbulence.



The discrepancy between DIMM seeing and telescope PSF at Paranal has been attributed to the strong SL and to the local effects around the original site monitor installed near the edge at a 3 m height [65]. The new site monitor was re-located further from the edge after a detailed investigation of the local turbulence using lunar scintillometers and other instruments [66].



Strong vertical temperature gradients in the SL and mixing by the wind shear are the cause of the strong optical turbulence. The near-ground turbulence is known to be anisotropic, where the structure function    D n 2   (  r →  )    depends on the direction of   r →   (a faster growth in the vertical direction compared to horizontal). In such situation, a single value of the   C n 2   parameter does not suffice to model the distortions, and the standard (isotropic) model, on which the seeing concept is based, becomes even more questionable. Furthermore, refractive-index fluctuations in the SL and in the vicinity of the site monitor can be of a non-turbulent origin, caused by, e.g., gravity waves or by a quasi-laminar air flow with temperature gradients.





5. Summary


The concept of seeing is based on the idealized model of optical turbulence, representing it by a stationary random process with an isotropic Kolmogorov spectrum. In reality, the turbulence is intermittent, and the model holds only approximately within certain air volumes and certain time intervals. The turbulence intensity (hence seeing) depends on location, viewing direction, and, of course, on time. Optical turbulence resembles random clouds rather than a uniform “sea” of refractive-index fluctuations with homogeneous statistics. Intermittency is a fundamental characteristic of atmospheric turbulence which limits our ability to average its intensity over space and time. So, the data of seeing monitors are estimates rather than accurate measurements. Substantial variations in seeing on time scales from minutes to years have been demonstrated; the long-term seeing variability is driven by climate cycles associated with changing wind patterns.



Optical seeing monitors record some optical effects caused by the turbulence (e.g., wave-front curvature or intensity fluctuations), process the results statistically, and interpret them in terms of seeing within the framework of the standard model. Non-stationarity of the turbulence puts a limit to the sample size: the longer we accumulate, the less stable is the measured parameter, seeing.



Each seeing monitor samples wave-front fluctuations in a certain range of spatial scales and is burdened by several biases of both fundamental nature (finite exposure time, detector noise, propagation) and those arising from instrumental imperfections (e.g., poor focusing in a DIMM, wind shake). Fundamental biases should be modeled and accounted for using simulations. Instrumental biases can be reduced to an acceptable level by careful control of critical parameters. Two well-maintained seeing monitors should agree to a level of ∼10%; seeking a better agreement might prove illusory owing to the approximate nature of seeing.



Even though the seeing data are never very accurate in the absolute sense, their utility for observatory operation is unquestionable. Distinguishing between good, typical, and poor seeing conditions and adjusting the programs accordingly is a great resource for improving efficiency of modern observatories. Such a practice is in place at the VLT and Gemini telescopes.



The selection of astronomical sites and their inter-comparison in terms of seeing is a more delicate matter. Using identical sets of seeing monitors is always recommended. However, it is also essential to ensure a good correction of biases because they depend on the site parameters such as wind speed or fraction of high turbulence. The comparison between sites based on identical but biased seeing monitors is a questionable strategy. Likewise, “calibrating” site monitors against each other and adopting some instrument as a standard or a reference is a futile approach. Instead, we should think of inter-comparison between site monitors as a useful check of their correctness (e.g., [67]). So far, the best example of a site-comparison campaign is the selection of the site for the Thirty Meter Telescope, TMT [4]. With the increasing role of AO, such parameters as wind speed and free-atmosphere seeing gain more weight compared to the total seeing. The selected TMT site, Mauna Kea, does not rank first in total seeing among the six candidates. Still, this is a wise choice, considering the intrinsically uncertain nature of the seeing discussed in this review.



Seeing at the Paranal observatory, site of the VLT, is an illustrative story. Before selecting this site, its excellent seeing had been established by a DIMM installed on a 3 m tower and working for several years. However, when the site monitor resumed operation after the telescopes were constructed, the measured seeing notably degraded. Furthermore, it was found that image quality in the VLT was often better than predicted by a DIMM. The reason of this discrepancy was finally established: it was caused by the unfortunate location of the DIMM near the edge of the platform in a low 3 m tower and by the changing wind pattern [65]. The new Paranal site monitor in a 7 m tower measures a systematically better seeing, although it is still occasionally affected by the SL (Figure 3).



The DIMM, universally adopted as a standard method of measuring seeing, remains valid. However, additional information on the turbulence location and its characteristic time offered by the MASS-DIMM instruments has proven to be of value, especially for operation of the AO systems. The uncertainty of seeing caused by the highly variable SL is partially offset by estimates of the free-atmosphere seeing. By comparing those two estimates, pessimistic and optimistic, a better idea of the “true” seeing can be gained. To address the technical obsolescence of MASS, the RINGSS and FASS instruments have been developed. Alternatively, DIMM extensions based on the Shack-Hartmann idea (SHIMM) can be used.



Looking into the future, the demand for reliable and unbiased seeing monitors will persist. Naturally, seeing monitors operate robotically, without human assistance. However, they still require manpower for maintenance, quality control, data management, and repairs. For these activities, local staff with a certain skill set is needed. The most frequent failures relate to such generic subsystems as enclosure, mount, and computers. Thus, the “cost of ownership” over many years can surpass the initial investment in the construction of a seeing monitor.



To reduce the cost of ownership of a seeing monitor, attention should be paid to the robustness and reliability of its critical subsystems, in particular the enclosure and the mount. Using smaller, more compact optics helps the reliability and, at the same time, diminishes the local air disturbances caused by the instrument. Ideally, a site monitor should be a self-contained unit with fully robotic operation, including self-diagnostic. Data processing and distribution should also be part of the package. Instruments like DIMM, RINGSS or SHIMM can be assembled from commercial parts and use a shared software, but this does not reduce the cost of their ownership.



Modern cars are much more complex than site monitors, and yet most people use cars without knowing details of their interior operation—a result of extensive car engineering. It is unrealistic to expect a comparable level of engineering effort being invested in seeing monitors, owing to the much smaller market. Commercially available self-contained seeing monitors of the “set and forget” type are technically feasible, but they are unlikely to appear in the near-term because of the small user base.
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Figure 1. Schematic representation of the spatial spectrum of phase distortions in the standard model. It is proportional to   f  − 5 / 3    in the inertial range between a few meters and a few millimeters, and the proportionality coefficient determines the seeing. Seeing monitors sample different regions of this spectrum, depending on the measured parameters. Absolute tilts are sensitive to large scales, differential tilts sense a narrow range around 0.1 m, and scintillation probes even smaller scales where the propagation effects become important, affecting both phase and amplitude of the light waves. 
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Figure 2. Fragment of high-cadence seeing data at Paranal observatory measured on 5 March 2023 at 0:26 UT with the RINGSS instrument. 
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Figure 3. Evolution of seeing at Paranal during five hours measured by three different instruments: a regular DIMM, SHIMM, and RINGSS. The SHIMM data are provided by R. Griffiths. 
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Table 1. Seeing parameters.
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	Parameter
	Units
	   λ   
	    sec ( γ )    
	Conversion





	Seeing  ϵ 
	rad
	   λ  − 1 / 5    
	    ( sec γ )   3 / 5    
	   ϵ = 0.981 ( λ /  r 0  )   



	Fried radius   r 0  
	m
	   λ  6 / 5    
	    ( sec γ )   − 3 / 5    
	    r 0  =   [ 0.423   ( 2 π / λ )  2  J ]   − 3 / 5   = 0.981 λ / ϵ   



	Integral   J =  C n 2  d h  
	   m  1 / 3    
	   λ 0   
	    ( sec γ )  1   
	  J = 6.83 ×  10  − 13     (  ϵ  500 nm   /  1  ″   )   5 / 3     [   m  1 / 3    ]










 





Table 2. Types of seeing monitors.
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	Type
	Measured Effect
	Advantages
	Problems





	Interferometer
	Coherence function
	Theoretically perfect
	Wind shake



	Image motion
	Tilt
	Easy
	Wind shake, propagation



	DIMM
	Curvature
	Immune to shake
	Propagation



	SCIDAR
	Scintillation of double star
	Turbulence profile
	Large aperture, faint stars



	MASS
	Scintillation
	Turbulence profile
	Obsolete, expensive



	SHIMM
	Curvature, scintillation
	Turbulence profile
	Low resolution



	RINGSS
	Scintillation, curvature
	Turbulence profile
	Small signal
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