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1.0 Overview 

This report describes the data collected by the Three-Waveband Spectrally-agile Technique (TWST) 
sensor deployed at Hyytiälä, Finland from 16 July to 31 August 2014 as a guest on the Biogenic Aerosols 
Effects on Climate and Clouds (BAECC) campaign. These data are currently available from the 
Atmospheric Radiation Measurement (ARM) Data Archive website and consists of Cloud Optical Depth 
(COD) measurements for the clouds directly overhead approximately every second (with some dropouts 
described below) during the daylight periods. A good range of cloud conditions were observed from clear 
sky to heavy rainfall. 

 

2.0 TWST Theory of Operation 

The TWST sensor directly collects calibrated spectral radiance at zenith for the spectral range of 350-
1000 nanometers (nm) at ~2 nm spectral resolution. In standalone mode, it retrieves COD at a sample rate 
of 1 hertz (Hz) using the spectral radiance at 440 nm and the equivalent width of the oxygen A-band at 
760 nm. TWST participated in the ARM Two-Column Aerosol Project (TCAP) campaign on Cape Cod, 
Massachusetts, in June 2013. The Aerodyne TCAP report (Niple 2013) includes comparisons of TWST 
and the Aerosol Robotic Network (AERONET) (Holben 1998) Cloud Mode (Chiu and Chiung-Huei 
Huang 2010) results. 

The TWST sensor consists of two main components: the optical head and the data collection/control 
computer. The optical head (Figure 1) is mounted on a tripod and connected to the computer by a 50-foot 
Universal Serial Bus (USB) cable that provides both power and communication functions. The heart of 
the TWST optical head is a compact grating spectrometer. This is connected through an optical fiber to a 
collimating lens and sun baffle. A mechanical shutter is located in the collimated exit beam for dark 
spectrum collection. All the optical components are located in a sealed enclosure, with a separately sealed 
sun baffle extension mounted on the enclosure. 
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Figure 1. TWST optical head as deployed during BAECC. 

The raw TWST data is an uncalibrated set of counts for each of 2048 spectral channels that is stored on 
the computer. These are then calibrated and reduced to produce the COD during post-processing. A 
preliminary real-time COD is also displayed by the TWST data-logging software for onsite monitoring 
purposes. For the BAECC campaign, TWST uploaded the raw data to a special Dropbox® account. In 
addition, the TeamViewer® software application was used for real-time control of the sensor, if needed. 

The data processing algorithm starts with the calibrated zenith spectral radiance at 440 and 870 nm 
wavelengths plus the equivalent width of the oxygen A-band near 760 nm for each one-second time 
period. The ratio of the 440 and 870 spectral radiances and the equivalent width are then run through a 
nonlinear filter to estimate the optical state (i.e., optically thick or optically thin) of the cloud overhead. 
The optical state is then used to select which of two pre-computed 440 nm spectral radiance lookup tables 
is used to identify the corresponding COD. The tables are computed using the MODTRAN® 5.2 (Berk 
2011) computer model. MODTRAN® is the “U.S. Air Force standard moderate spectral resolution 
radiative transport model”. It includes the DISORT (discrete ordinate radiative transfer) module for 
multiple scattering within clouds and aerosols. The coordinated universal time (UTC) of the observation 
and the location (longitude and latitude) of the sensor are used to compute the solar zenith angle for each 
measurement, which in turn is used to interpolate the proper row of the pre-computed tables. 

 

3.0 TWST Deployment 

The TWST sensor was deployed in close proximity to other sensors (Figure 2) useful for joint analysis of 
both cloud and aerosol measurement. These other sensors consist of the Total Sky Imager (TSI), the 
AERONET sensor, scanning and fixed cloud radar, and microwave radiometers. The control computer 
was located inside the white seatainer shown behind and to the left of the optical head. 
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Figure 2. TWST sensor location, shown here on the tripod in the foreground, in relation to other cloud 

and aerosol sensors during BAECC campaign. The Cimel sun photometer used for the 
AERONET sensor is indicated in the figure by a red arrow. The TWST computer is located 
in the white seatainer behind and to the left of the TWST optical head. 

The power needed by the TWST optical head is supplied by the same USB cable that provides 
communication. The control computer was a Getac B300 ultra-rugged notebook with a four-hour battery 
life. This computer provided some protection from brief site power interruptions (20 July) and long power 
interruptions (July 26 and 31), but it caused some TWST data loss. Restoring TWST after such an outage 
required onsite personnel to restart the computer and launch the control software. In addition, we suspect 
a power spike during the July 31 lightning strike as the most probable reason for the data loss on that day. 
The onsite staff recommended that the control computer be plugged into an uninterruptable power supply 
(UPS) to provide power regulation as well as backup power during outages. After this change was made, 
and the power supply network was re-configured, no further data loss occurred. 

An Internet Protocol (IP) address and Gigabit Ethernet connection was assigned to the TWST control 
computer to assist with our data storage. This provided a fast uplink capability to the Dropbox® account 
used to store raw TWST data prior to post-processing. This was also used to remotely control the 
computer with the TeamViewer® software when needed for trouble-shooting. We only needed to use this 
capability once on July 22 to adjust a detector threshold to avoid excess baseline drift. As with recovery 
from a long power outage, onsite personnel were required to launch the TeamViewer® application on the 
control computer before remote operation could be established. Because of our direct connection to the 
Internet, virus software protection was installed and frequent virus scans were scheduled at night. 

 

4.0 TWST Data Catalog 

TWST was deployed on 16 July 2014 and began data collection at 13:00 UTC. The daily conditions and 
data logs (Figure 3 and Figure 4) show the overall set of TWST COD data collected during BAECC. 
After an initial period of 10 days with occasional data loss, TWST then operated for 36 days without 
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interruption or need for further adjustment. It was taken down and packed for return shipment on 
August 31. The total number of COD values collected by TWST during the BAECC campaign was 
2,333,457. 

 
Figure 3. Calendar for July 2014 showing the days when TWST data were collected. The approximate 

cloud conditions are indicated by the color scheme shown in the legend. The offline period 
during 16 July was during the initial setup of TWST by onsite personnel. The offline periods 
on 26 and 31 July were caused by major power outages. The offline periods from 17 to 22 
July were due to baseline drift as a result of very hot conditions during the day. This was 
corrected on 22 July. 
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Figure 4. Calendar for August 2014 showing the days when TWST data were collected. The 

approximate cloud conditions are indicated by the color scheme shown in the legend. TWST 
was taken down on August 31. 

 
5.0 TWST Results 

For each of the days that TWST was deployed in Finland, we have prepared two summary charts that 
show the inputs and the outputs from the post-processing. These are included in Appendix A. A sample is 
given below (Figure 5). The first of the two plots shows the calibrated spectral radiances at 440 (blue line) 
and 870 (orange line) nm (in units of microwatts/cm2 sr nm) along with the equivalent width (gray line) of 
the oxygen A-band (in units of nm) for the entire daylight period. The second plot shows the 
corresponding optically thin (blue line) and optically thick (orange line) CODs and the post-processing 
algorithm’s selection (gray squares) for the final COD based on the estimated cloud state (optically thick 
or optically thin). These final COD values are labelled “RatCOD” in the plot legends. 
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Figure 5. Sample of Daily Summary data from Appendix A. This is the data for 10 August 2014 

showing, in the top plot, the inputs to the COD algorithm: spectral radiance at 440 (blue line) 
and 870 (orange line) nm wavelengths and equivalent width of the oxygen A-band (gray 
line), and, in the bottom plot, the cloud optical depths for optically thin (blue line) and 
optically thick (orange line) cloud states and the value selected by our COD algorithm (gray 
squares) based on the estimated cloud state. 
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5.1 General Comments on Results 

Before discussing individual results, we have a few general comments. 

5.1.1 Absolute Accuracy and Relative Precision of the TWST COD 
Measurements 

Each raw TWST spectrum consists of 400 co-added scans of 2.5 millisecond (msec) integration time. The 
signal-to-noise ratio (SNR) for a single scan is limited to 400:1 due to photon noise based on the electron 
well depth of 160,000 photons. When readout noise is included, this drops to 275:1. With 400 co-adds, 
the 1-second SNR is therefore limited to 5,500:1. This is the relative precision of our reported results. 
Even higher precision could be achieved by combining the 137 independent spectral channels in the 425-
475 nm spectral band. This yields a potential SNR of 64,000:1 for each 1-second spectral radiance value. 
In terms of COD SNR, for the optically thin state, the COD runs from 0 to about 6 in an approximately 
linear relationship. This implies a theoretical noise-limited sensitivity of 6/64,000 = OD (optical depth) 
0.0001. Given that Aerosol Optical Depths (AOD) range from OD 0 to 0.5, TWST is easily able to 
characterize total column AOD, provided that the cloud and aerosol contributions can be separated. 

An even higher precision can be achieved by combining multiple one-second time bins for the duration of 
a cloud/aerosol event. For real-world clouds, we have found a duration of one second or less to be typical, 
no doubt a combination of cloud drift in the mean wind in addition to cloud evolution. For cloud-free 
conditions, however, much longer stable periods can exist. 

The absolute accuracy of the TWST COD values is probably no better than 5%, which is the estimated 
accuracy of our radiometric calibration procedure. By measuring the responsivity both before and after 
each test, we have determined that TWST has an excellent radiometric stability, on the order of a few 
percent, which is limited by the stability of the lamp used in our LabSphere URS-600 uniform radiance 
standard. This includes any alignment changes during shipping and deployment as well as drift during the 
field test. One potentially large source of drift during a field test is buildup of dust on the TWST window. 
This was minimized during the BAECC campaign by daily window cleaning, usually in the early 
morning, by onsite personnel. This created brief artifacts in the COD data that were not removed from the 
data presented here. 

5.1.2 Limitations of the Data 

The COD algorithm imposes an upper limit of OD 100 on the derived values because of the difficulty of 
computing the corresponding radiances with MODTRAN®. Often this coincides with heavy rain that 
causes water drops to form on the slanted TWST window. These drops become part of the COD 
determined by the algorithm, biasing the final COD. In addition, our algorithm imposes an upper limit of 
6 nm on the measured equivalent width. This provides further screening-out of questionable COD 
measurements. 

Any periods of data loss during a day are indicated by blue bands overlaid on the plots and labelled with 
the cause of the loss (“Baseline Drift” or “Power Loss”). When either the beginning or end of the day are 
lost, no blue bands are shown. This only occurred from late on July 25 until about mid-day on July 26. 
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Because our technique relies on scattered sunlight, times when the sun is close to the horizon involve long 
lines of sight running nearly parallel to the cloud deck. With ideal plane-parallel cloud layers, this 
presents no problems, but with real-world clouds these long lines of sight often interact with the spatial 
structure of the cloud tops, leading to erroneous derived COD values. 

A more general limitation of TWST is that caused by the assumption of plane-parallel cloud layers in the 
lookup tables. This limitation is shared by all radiance-based techniques. Techniques that rely on 
measured fluxes, however, are even more limited by this one-dimensional (1D) cloud assumption. 
Radiance techniques assume 1D cloud conditions over only the small portion of the cloud around their 
narrow (0.5 degree) line of sight. 

Another limitation caused by the lookup tables is the assumption of minimal variation with cloud base 
altitude and cloud type. This has been investigated for a range of common cloud types (Conant 2014), and 
can cause modest errors (5-10%) in derived COD values. When combined with information from other 
sensors, this potential limitation can be minimized at the expense of creating custom lookup tables that 
include these effects. 

As with all previous TWST field campaigns, in this report we have not attempted to derive AOD for 
cloudless situations, although this can be done using good all-sky imagery. An example of this is 
discussed under the specific results section below. For those times when our algorithm would return very 
small COD values (less than OD 0.1), the algorithm assigns default optical depth values of 0.01 for blue 
sky situations and 0.02 for slightly higher optical depth situations. These correspond to low values of the 
440 nm spectral radiance, below the minimum value listed in the lookup tables. The blue sky state 
corresponds to a ratio of 440 nm spectral radiance to 870 nm spectral radiance greater than 4. The slightly 
higher case (the bluish state) corresponds to ratios between 2 and 4. 

5.2 Specific Comments on Results 

5.2.1 Frequently Cloud-free Conditions Analysis, July 23-25 

During the July 23-25 period, frequently cloud-free conditions existed. In preparation for a more detailed 
analysis of our TWST data for aerosol-dominated effects, we conducted a preliminary analysis. As shown 
in the daily summary plots for these three days in Appendix A, the equivalent width curve (gray line on 
left-hand summary plot) shows a nearly U-shaped behavior during the day with a few brief spikes, usually 
around mid-day. These spikes are caused by isolated clouds passing overhead. The noisy nature of the 
gray curve is indicative of clear sky conditions when the spectral radiance in the 760 nm spectral region is 
very weak, being dominated by Rayleigh scattering by air molecules. Also the very brief spikes early in 
the morning (around 5:00 UTC) when the TWST window was being cleaned are evident on these plots. 

Since the intensity of Rayleigh scatter basically depends only on the solar zenith angle, it is interesting to 
plot the daily spectral radiances versus solar zenith angle instead of time of day. For cloud- and aerosol-
free conditions, this would produce two line segments, one for the morning and one for the afternoon, that 
lie on top of each other. Any overlap errors are clear evidence of aerosol and cloud effects. As the air 
temperature warms up during the day, the aerosol scattering often increases. This causes broad separation 
in the morning and afternoon line segments with brief spike separation when clouds are present. 
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We have computed these plots for these three days (Figure 6 and Figure 7). Two features stand out in the 
plots. The first is the rapid speed with which the cloud spikes rise, compared to baseline changes 
associated with aerosol changes. The second feature is the decreases in radiance during relatively clear 
moments during cloudy periods. It is also clear that the radiances at 440 nm are much higher than those at 
870 QP��7KLV�LV�GXH�WR�WKH���Ȝ4 dependence of Rayleigh scattering. 

 
Figure 6. Spectral Radiance at 440 nm for 23-25 July 2014 plotted against Solar Zenith Angle. 

 
Figure 7. Spectral Radiance at 870 nm for 23-25 July 2014 plotted against Solar Zenith Angle. 
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If we overlay these same plots with the expected radiances for various levels of aerosols, we can get an 
approximate value of aerosol visibility (Figure 8 and Figure 9). Based on the plots, the aerosol visibility is 
between 100 and 50 kilometers (km). 

 
Figure 8. Spectral Radiance at 440 nm for 23-25 July 2014 plotted against Solar Zenith Angle overlaid 

with the expected spectral radiance at 440 nm for four levels of aerosol: no aerosol (gray 
line), IHAZE=6 at 100 km visibility (mustard line), IHAZE=6 at 50 km visibility (green line) 
and IHAZE=1 at 23 km visibility (blue line) using MODTRAN® 5.2. 



ER Niple and HE Scott, April 2016, DOE/SC-ARM-15-064 
 

11 

 
Figure 9. Spectral Radiance at 870 nm for 23-25 July 2014 plotted against Solar Zenith Angle overlaid 

with the expected spectral radiance at 870 nm for four levels of aerosol: no aerosol (gray 
line), IHAZE=6 at 100 km visibility (mustard line), IHAZE=6 at 50 km visibility (green line) 
and IHAZE=1 at 23 km visibility (blue line) using MODTRAN® 5.2. 

If we examine the behavior around 45 degree solar zenith angle on July 24, we see large decreases in the 
440 nm spectral radiances in between passing clouds. This is a little easier to see on an expanded time 
plot (Figure 10). The levels are so low that they fall significantly below the cloud-free periods before and 
after the cloudy period. There are two different phenomena that can cause decreases. The first is a 
decrease in the aerosol; less aerosol means less scattered light. The second is a cloud shadow that is 
evident in the TSI data from around this time (Figure 11). We are not certain which effect is dominant 
during this period. We plan to investigate it further by working with some of the data from other 
instruments. 



ER Niple and HE Scott, April 2016, DOE/SC-ARM-15-064 
 

12 

 
Figure 10. Spectral Radiance at 440 and 870 nm (left-hand axis) and the equivalent width of the oxygen 

A-band (gray curve and right-hand axis) versus time. 
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Figure 11. Cloud shadow from TSI sensor for July 24 2014 9:39 UTC. 

 

6.0 TWST ARM Data Archive Description  

The CODs produced by TWST have been placed on the ARM Data Archive. The data for each day are 
contained in a single, comma-separated-values ASCII file. The individual files are named for the date 
(UTC), e.g., TWSTCOD_20140716.txt for the data from July 16 2014. The data set includes both raw 
data and processed data. The raw data consists of one line of data for each collection time. The line starts 
with the time (UTC), then presents the calibrated spectral radiances of the zenith sky overhead at 440 and 
870 nm with an approximate spectral resolution of 2.5 nm, then the equivalent width of the oxygen A-
band, followed by a status comment about the cloud optical state, then the solar zenith angle, and finally 
the COD. There is one line for approximately each second of daylight, less a 5-10 second period every 
60 seconds during which a dark spectrum is collected. The units for the spectral radiance is 
[microwatts/cm2 sr nm]. The field of view of the sensor is approximately 0.5 degree full angle. The 
STATUS variable is limited to: “Out of Range” when the solar zenith angle is greater than our lookup 
table range, “Unknown” when our algorithm uncertainty is too high, “Blue sky” when no clouds are 
present, “Bluish” when cloud is optically very thin, “Thin” when optically thin, “3D cloud” when the 
cloud spectral radiance at 440 nm is higher than the highest spectral radiance in our lookup table, and 
“Thick” when the cloud is optically thick. 
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The data set is considered complete for the information presented, as described in the abstract. Users are 
advised to read the rest of the metadata record carefully for additional details. All data collected during 
periods of questionable operation of the sensor have been trimmed out of the data files. This includes 
periods during five days (7/17, 7/18, 7/20, 7/21, 7/22) when the sensor baseline drift exceeded nominal 
thresholds. The data files for these days include the word “trimmed” in the file name to indicate this fact. 
The condition was corrected at 12:16:27 (UTC) on 22 July, so no data files after this time have been 
trimmed. In addition, times just after dawn or before sunset are more susceptible to three-dimensional 
(3D) cloud effects due to the long path length of the solar radiation. Our sensor also has automatic 
thresholding on the oxygen A-band equivalent width to eliminate times when the value is greater than six. 
There is also a brief period during each morning, usually around 6:30 UTC, when the window was 
inspected and cleaned if necessary by onsite staff. 
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Appendix A 
Daily Summary Plots 

This appendix contains daily summary plots of the inputs and outputs from the TWST COD algorithm. The data plotted here is the same as those 
available from the ARM Data Archive website. The format of the plots is described in the Section V of the report, which is repeated here: 

“For each of the days that TWST was deployed in Finland, we have prepared two summary charts that show the inputs and the outputs from the 
post-processing. The first of the two plots shows the calibrated spectral radiances at 440 (blue line) and 870 (orange line) nm (in units of 
microwatts/cm2 sr nm) along with the equivalent width (gray line) of the oxygen A-band (in units of nm) for the entire daylight period. The second 
plot shows the corresponding optically thin (blue line) and optically thick (orange line) cloud optical depths and the post-processing algorithm’s 
selection (gray squares) for the final cloud optical depth based on the estimated cloud state (optically thick or optically thin). These final COD 
values are labelled “RatCOD” in the plot legends.” 
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