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Introduction:

The quality of images taken from Solar imaging telescopes, such as the

Precision Solar Photometric Telescope (PSPT) located at Mauna Loa Solar

Observatory (MLSO), are sensitive to atmospheric conditions.  We present the

beginning of a research project designed to investigate the effects of Earth's

atmosphere on the quality of PSPT images.  

In the first section, a description of the PSPT instrument and scientific

objectives is given, along with a description of several quantities used to assess the

quality of the PSPT images.  We then discuss some of the atmospheric variables that

may affect PSPT image quality, and describe one instrument used in this study.

Finally, we present some preliminary results, and speculate on some future research

that is necessary.

PSPT Instrument Description:

The PSPT is a 2048 x 2048 pixel CCD imaging telescope designed to make

digital full-disk images of the Sun at the Calcium II-K Fruanhofer line (393 ± 0.15

nm), and the blue (409.3 ± 0.15 nm) and red (607.2 ± 0.25 nm) continuum.  The

camera is on an equatorial mount that tracks the sun throughout the day, typically

measuring between the hours of 7:30 HST (Hawaii Standard Time) until mid-

afternoon.  

The PSPT operates in two basic modes: snapshot and photometric.  In

snapshot mode, the camera takes a single, 20-ms exposure.  In photometric mode, the

camera takes 30, 20-ms exposures over a 5 minute time period in order to average

over  some of the solar p-mode variations, which are helioseismological oscillations

described by spherical harmonics.  For this study, we only use the snapshot mode, as

it is most amenable to the study of relations between atmospheric conditions and

PSPT image quality.

Typically, 10 PSPT snapshot images are taken at each wavelength band in an

observing day (weather permitting).  
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PSPT Science Objectives:

The PSPT instrument provides the observational core of the Radiative Inputs

of the Sun to Earth (RISE) project.  The goal of the RISE project is to investigate the

physical nature of solar variability.  Among other things, RISE seeks to investigate

the ability of solar atmospheric models to represent the observed irradiance variability

at the top of Earth's atmosphere, and to parameterize solar surface features in such

models to synthesize a solar spectrum based on observations provided by PSPT-like

instruments.  

One current research project involves using PSPT imagery to identify the

relative area and locations 7 solar surface features to use as input to the SunRISE

solar atmosphere model.  Solar spectrums derived from this model will be used for

solar variability studies in conjunction with the newly launched NASA Solar

Radiation and Climate Experiment (SORCE) – Solar Irradiance Monitor (SIM)

instrument. 

For such long-term studies, the identification of the 7 solar features of interest

must be done with an understanding variables that affect PSPT measurements.  Some

of the variables that may affect PSPT measurements are filter  drift and tilt, filter

degradations, thermal effects on the filter, data pre-processing (ie. flat-fielding

algorithms), and atmospheric conditions.

Possible Atmospheric Effects on PSPT Image Quality:

It is possible that the atmosphere affects the quality of PSPT images in several

different ways.  They can be divided into three categories: atmospheric seeing, cirrus

clouds, and winds.  Here, we have assumed that the telescope is rendered out of

operation by human observers when there are thick, low-lying clouds, snow, or

thunderstorms.

The first atmospheric effect on PSPT data is winds. Winds entering the dome

of the telescope can physically shake the camera, causing images to be blurred.

However, such winds primarily affect the photometric data set where multiple images

must be aligned with each other, and will not be considered in this study.
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Next, there is atmospheric seeing.  Atmospheric seeing is a term used in

astronomy to refer to fluctuations in the index of refraction of air due to

density/temperature perturbations induced by turbulence.  It is the effect that causes

the familiar twinkling of stars.  

Beyond winds and seeing conditions, it may be possible that optically thin

cirrus clouds affect PSPT image quality.  These clouds are not thick enough to inhibit

the taking of PSPT measurements altogether, but may still effect image quality.  To

assess the likely effect of cirrus clouds on image quality, it is convenient to consider

the size parameters for cirrus clouds.  Although cirrus cloud size distributions are

highly variable, the effective radius may be ~30 µm (King). At visible wavelengths,

this gives a size parameter of ~100, which is clearly in the geometric optics limit for

size parameters.  However, Ackerman et al. (1990) measured a very large range of

effective radii in a field campaign.  They observed 8% of cirrus clouds having

10 µm < re < 30 µm, 80% having 30 µm < re < 40 µm, and 12% of the cases with

re > 40 µm.  So it is likely that the interactions of light at visible wavelengths runs the

whole gamut from Rayliegh scattering to geometric optics, with Mie scattering and

geometric optics likely being the most dominant effects.

PSPT Image Quality Measures:

By visual inspection, it is clear that the quality of PSPT imagery can vary on

timescales shorter than a day.  The example shown in Figure 1 is of two images taken

on 18 February, 2001 at 8:50 HST and 12:50 HST.  It is clear that the image taken

after noon is more blurry.
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(a) 2/18/2001 18:50 UT

(b) 2/18/2001 22:10 UT

Figure 1: Two images, taken about 3 hours apart.  It is clear that the image in (b) is blurred.

In Figure 1, it is very obvious that one image is of better quality than the other,

but this is not always the case.  In some cases, the disctinction between good- and

bad-quality images is not as clear.  This, in addition to the impracticality of having a

human observer view all of the images that PSPT obtains, motivates the need for

automated PSPT image quality assessment.

The first PSPT image quality measure is the polar RMS.  This algorithm

5



operates on the assumption that in an image that is blurred (for whatever reason), the

net effect is to “smear” pixel values such that the contrast of the image is reduced, and

the pixel values approach some mean value.  One could imagine an extreme case in

which a  diffuser is placed between the telescope and the Sun, causing all of the pixel

values to be the same (On a side note, this is essentially how the flat-fielding works).

So the polar RMS sum is a measure of the contrast of the image, and the

algorithm is as follows: The tilt axis of the sun relative to the image is stored in the

header of each image, and is used to define two 128 x 128 pixel boxes near the Sun's

poles (Figure 2).  

Figure 2. An example of a typical polar region extracted for computation of the polar RMS value.

The polar regions of the Sun are chosen because these regions typically do not contain

sunspots or plage, both of which would lead to artificially high RMS values.  

After extracting the regions of interest, the RMS is computed for each box,

according to the equation:

� �
xÿþx

N

In PSPT imagery, the polar region RMS is computed for both south- and north-polar

regions, and both values are recorded in the image headers.

The next PSPT image quality parameter is the polar power sum.  In

calculating this parameter, the same 128 x 128 pixel boxes are used as in the polar

RMS calculation.  As in the RMS calculation, we assume that images that are more
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blurred will have a lower value of polar power, and vice versa for clearer images.

To calculate the polar power, we extract the polar region as earlier and

compute the 2-D Fast Fourier transform (FFT) of the region, which is defined as 

F u =
1
N ÿx = 0

Nþ1

f x eþ i 2 � u x � N

Here, f(x) is the 2-D array which has been transformed into a 1-D array by piecing

together each row. In this algorithm, N is the number of pixels in the array (128 x

128= 16,384), and u/N is the frequency for the uth element of F(u).  In such an array,

the values of u=0, ..., N/2 represent the positive frequencies (with u = N/2

representing the Nyquist frequency), and u=N/2, ..., N-1 are the negative frequencies.

After computing the FFT, the array is shifted by +N/2 in both x and y.  This

puts the origin (0,0) value at the center of the array.  Next, the logarithm of the square

of the absolute value (i.e. the log power) of this shifted array is computed (Figure 3).

Figure 3:  The power spectrum image of the example region shown in Figure 2.
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The power image in Figure 3 is plotted as a function of distance from the center,

yielding a power spectrum (Figure 4).

Figure 4: Log of the power spectrum image in Figure 3 as a function of wavenumber.  The dashed

lines show the bounds of the region for which the polar power sum is computed.

From studying plots such as those in Figure 4, it has been empirically

observed that a suitable region of wavenumbers to sum over is between 20 and 40.

This region is chosen because there is typically little variability between flat-fielded

and non-flat-fielded images (Figure 5), thus reducing the possibility that errors in the

flat-fielding algorithm would affect the power sum.
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Figure 5: Power spectrum plot for a typical image.  The two solid lines are the power spectrum

for the PSPT image, before and after flat-fielding.  The dashed line is the power spectrum of the

flat-field image, which typically resembles salt-and-pepper noise.

The next measure of PSPT image quality is the limb width calculation.  Again,

we attempt to quantify the extent to which the imagery is blurred.  In this case, we

note that images that are of poor quality have limbs that are not well-defined.  To

quantify this, we pick a radial line, and plot the pixel intensity as a function of

distance from the center of the Sun (Figure 6).  We then take the derivative of this

profile.  In order to fit a Gaussian distribution to the limb profile, we reflect the outer

part of the limb profile about it's maximum value, since the outer portion usually

resembles a Gaussian more so than the inner portion.  After fitting the limb profile to

a Gaussian distribution,

P x �
1

ÿ 2�
e
þ xþýx 2

2ÿ 2

the value of ü is stored in the image header.
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Figure 6: Plots used to calculate the limb width. In red, the pixel intensity is plotted.  The dashed

line is it's derivative.  The Gaussian fit to this derivative  is the solid black line.

Instrumentation:

PSPT Scintillation Monitor:

The scintillation monitor is a device used to directly measure atmospheric

seeing conditions (Seykora).  It consists of a 1 cm2 Si photovoltaic cell that is

mounted on the end of the PSPT instrument, with a combination of filters to produce

a 440 nm FWHM band centered at 510 nm.  The photovoltaic current output is then

converted to a voltage signal and amplified through several amplifier systems.  One of

the amplifiers measures a running 30-second average voltage, which is proportional to

<I>, the average instensity.  The other system measures the 'instantaneous' voltage in

a frequency passband from 0.2 Hz to 20kHz, which is proportional to <I> + I'.  The

quantity I'/<I> is computed electronically, and an output voltage is read where

V = 1900*I'/<I>, with V measured in volts.
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PSPT Photometer:

The PSPT photometer is a photodiode that takes a measurement each time a

PSPT exposure is taken.  The photometer is equipped with the same filter (Ca IIK,

Red, or Blue) as the PSPT, and this allows for sky brightness measurements to be

taken simultaneously with the PSPT images.

NOAA Pyrheliometer:

The NOAA Pyrheliometer used in this study is located at the Mauna Loa site

of the NOAA Climate Monitoring and Diagnostics Laboratory (CMDL).  The

pyrheliometer measures the normal-incidence solar irradiance in a spectral band from

0.28 to 3.5 ÿm.  The pyrheliometer measures solar irradiance through the use of a set

of thermopiles that measure the temperature response of a highly thermal conducting

cavity.  The measured voltage response is assumed linearly proportional to the

temperature, which is linearly proportional to the incident radiation.  The sensitivity

of the pyrheliometer is such that for every 1 W/m2, an 8 ÿV voltage change is

induced.

The NOAA pyrheliometer records the solar irradiance with a sampling rate of

60 Hz, and stores both a 1-minute average, and a 1-minute standard deviation, .

From these two measurements, a data product called the cloud/instability index is

derived.  This index is defined as

 C=

� last minute

� climatology

In this index,  þ� climatology is determined by plotting one year's worth of  þ� 's as a

function of local time, and fitting a polynomial, which then defines þ� climatology. 

Previous work on atmospheric seeing at Mauna Loa:

Whereas much work has been done on nighttime seeing conditions at nearby

Mauna Kea, home of the Keck Telescope, very little work has been done on daytime
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atmospheric seeing conditions at Mauna Loa.  For the PSPT instrument, a short study

of data from 1998-1999 has shown that the scintillation values are lowest during the

winter months, and that for all seasons, the scintillation increases throughout the day

(Figure 7).

Figure 7:  Plot of 1-hour averages of scintillation values versus local time for Spring (asterisks),

Summer (+'s), Fall (diamonds), and Winter (triangles) at Mauna Loa.  To convert from UT time

to local time, subtract 10.

This is in general agreement with meteorological observations.  From a

climatological perspective, Mauna Loa typically has good seeing because of a

downslope condition that brings in relatively clean upper trophospheric air.  Each day,

as the Sun heats up the side of the mountain, the condition gradually changes to an

upslope, which brings up dirtier air from lower elevations.

Case Study- 3/10/2003:

In this section, we analyze one day for which 31 PSPT snapshot images were

taken in the blue band, with the hopes of evaluating the relationship between PSPT
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image quality and the pyrheliometer cloud/instability index defined above.

In figure 8, we have plotted the NOAA pyrheliometer 1-minute averaged

irradiance value, along with the photometer readings taken coincident with the PSPT

observations.  Both data sets show the increase of irradiance as the sun rises, starting

around 7:00 HST.  It is also clear that around 13:00, clouds were present.   Although

the data is not presented here, the presence of clouds is also evident by the increases

in diffuse downward iradiance measured by another instrument operated by

NOAA/CMDL.

Figure 8: PSPT photometer readings and irradiance data for 3/10/2003.  PSPT photometer data

is in arbitrary units.

In Figure 9, the PSPT scintillation and various PSPT image quality measures

are shown as they change throughout the day on 3/10/2003.  All three of these plots

are in general qualitative agreement with expected MLSO-PSPT diurnal seeing

patterns.  In these plots, there is an increase in image quality until sometime around

9:00, and then a slow, steady decrease in quality throughout the rest of the day.  There

also appears to be a slight, but noisy, increasing trend in the scintillation values.  In all

13



of these plots, we have neglected one outlier data point taken at 16:00, which had

extreme of values scintillation, photometer, and all image quality parameters.

Figure 9: Plots of PSPT scintillation, limb width, polar RMS, and power sum versus  local time

for 3/10/2003.

We then look into the possibility that the PSPT image quality values are

related to the cloud/instability index provided by the NOAA pyrheliometer data set.

Figure 10 shows a plot of the cloud index versus the various image parameters, and

also how the cloud index changes throughout the day.  Again, we have neglected the

outlier point at 16:00 HST.

Most of the trends in Figure 10 are not in accordance with what is expected.

Looking at the plot of the cloud/instability index versus local time, it is clear that

there is an increase throughout the day.  It is not clear to what extent this increase is

due to the normal degradation of atmospheric seeing throughout the day, and what

14



portion is due to the clouds after 13:00.

In order to understand the anomalous trends in the next 3 plots, it is instructive

to first assess what the expected trends are, and then try to understand why those

trends are not observed.

The second plot in Figure 10 is the cloud index versus limb width.  One might

expect that  poorer quality images (high values of limb width) would have higher

cloud indices.  The general direction of this trend is suggested by the data, but it is a

weak trend if at all.

a

Figure 10: Plots of the cloud index versus local time, and of the cloud index vs. image parameters.
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The third and fourth plots in Figure 10 are of the cloud index versus power

sum and cloud index versus RMS.  Here, one would expect that higher values of

power or RMS would be correlated with lower values of the cloud index.  In both

plots, the data is very noisy, but in the power sum plot, it appears as if the higher

power sum images have a higher cloud index, which is exactly the opposite of what is

expected.

Here, we attempt to explain the anomalous trends shown in figure 10.  As we

will show, there are reasons one might not expect a linear relationship between the

cloud index and the various image parameters.  

For example, viewed as a function of time of day, both the cloud index and the

power sum/RMS increase, which would tend to cause a misleading, positive

correlation between the variables.  Also, this analysis is complicated by the fact that

the cloud index is really measuring a deviation from an expected, climatological

value.  It would probably be more appropriate to correlate such a value with a similar

deviation of power sum/RMS from a climatological value.  Unfortunately, the data

provided that would have been able to define such a climatological value was tainted

by the fact that the image quality parameters were calculated before the flat-fielding

algorithm.  This caused the quality parameters to be rendered almost worthless.

Case Study – 3/2003:

 In order to test the hypothesis that using a deviation from “mean” value for

image parameters is a more valid way to approach the relationships of cloud index

and image quality, we look at all 314 PSPT blue snapshot images from March of

2003.

For this month, we consider only the 89 images taken between 10:00 and

12:00, a time period with  relatively stable values of power sum (Figure 11).  We then

plot the cloud index versus power sum, as shown in Figure 12. In doing this, we see a

trend that corresponds to the expected relationship discussed earlier, with high power

sum images corresponding to low cloud indices.
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Figure 11: A plot of power sum versus local time.  The data are plotted as dots, and then binned

into groups of 15, for which the mean and median are also plotted.

Figure 12: Plot of cloud index versus power sum for 89 images between 10:00-12:00 during

March, 2003.
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Conclusions/Future Work:

The work described above represents the beginnings of a research project

designed to address many of the questions related to the daytime atmospheric seeing

conditions at Mauna Loa Solar Observatory, and to the practical issues of identifying

the most reliable method for robotic retrieval of the best PSPT image for a given day.

We have shown that image quality parameters, and outside data sources, such

as the NOAA pyrheliometer, can be used to reject extreme outliers from the PSPT

data set.  However, many questions remain as to the best way to assess the quality of

the remaining data set.  As of now, the only way to find the best image for a given day

is to look at each image taken, which is very time consuming.  Immediate research

plans include defining climatological values for PSPT image quality parameters to

compare with the cloud index, and examining optical depth data provided by the

Aeronet site at Mauna Loa. 

If an accurate predictor of PSPT image quality were found, it would be

important for the “best-image” selection which we desire.  In addition, one could

imagine using such a device as a trigger for the PSPT instrument, thus reducing the

high data volume of the PSPT, while increasing the overall quality of the images.

This study may also lead to a larger question concerning PSPT-like

measurements and atmospheric seeing.  Since one of the goals of  the PSPT

instrument is to achieve 0.1% relative photometric precision, it is important to know if

the distortions due to the Earth's atmosphere even allow for such precision!  The

authors have performed a literature search and query of the research community, and

have not been able to find an answer to this question.  Even if atmospheric seeing

effects operate at less than the 0.1% level, an investigation into the fundamental limits

of ground-based relative photometric precision would still be important for future

measurements that will no doubt attempt to achieve precision greater than 0.1%.
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