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I will include references to papers that have been published in the lower
corners of the following slides; these papers will provide more details on
the topic being discussed on that slide.
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Outline
• The Atmospheric Emitted Radiance Interferometer
(AERI) instrument
• Research topics that the AERI is addressing:
–
–
–
–
–
–
–
–

Clear sky radiative transfer
Atmospheric profiling
Liquid water clouds
Ice clouds
Mixed-phase clouds
Aerosols
Trace gas (O3, CO, etc) retrievals
Sea surface temperature

These are research topics that are being addressed by the various groups
using AERI data.
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Example: Upwelling IR Spectrum

IASI covers most of this spectral region

An example of an upwelling clear sky infrared spectrum that could be
observed at the top of the atmosphere. The atmospheric profile used
for the calculation is the mid-latitude winter profile, which has a
relatively low amount of precipitable water vapor (PWV is approximately
1 cm). Thus, there is relatively little absorption due to water vapor in
the 8-13 µm infrared window (which corresponds to the wavenumber
range from approximately 800 to 1200 cm-1. That is why the radiance
in this band is almost identical to that emitted from the Earth’s surface
(275 K). However, from 1200 - 2000 cm-1, and from 100 to 600 cm-1,
the radiance at the top of the atmosphere is considerably smaller than
what would be expected from a 275 K source, because the water vapor
above the surface absorbs in these bands. It should be noted that the
IASI instrument, which was recently launched, observes the upwelling
radiance from about 600 to 3000 cm-1, and thus its observations look
very similar to this plot.
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Example: Upwelling vs. Downwelling

The downwelling radiance looks similar yet different from the upwelling
radiance spectrum. The main difference is that there is no surface for
the downwelling (space has no significant infrared emission), and thus
the entire downwelling signal is provided by emission from the
atmosphere. Note that the brightness temperature in the 800 - 1200
cm-1 region is about 160 K.
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Primary Absorption Bands
Clouds
Aerosols

Water
Vapor

CO2

O3

Water
Vapor

Trace gases (CFC, CH4, etc) absorb in various regions

In the infrared, there are a few major absorbing gases (water vapor,
carbon dioxide, and ozone), but many other gases also absorb in this
spectral region (and their signature can be identified with careful
analysis). In the 8-13 µm window (800 - 1200 cm-1), clouds and
aerosols also contribute to the infrared radiance observed both at the
top of the atmosphere and at the surface.
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Atmospheric Emitted Radiance
Interferometer (AERI)
• Automated instrument measuring downwelling IR
radiation from 3.3-19 µm at 0.5 cm-1 resolution
• Uses two well characterized blackbodies to achieve
accuracy better than 1% of the ambient radiance
• Data used in a wide
variety of research
• ARM has 8 AERIs;
several others at
Universities in U.S.
• Originally collected
3-min avg every 8
min, now 12-s avg
every 30 s

Some specifics on the AERI. The AERI was built for the ARM program by the
Space Science and Engineering Center (SSEC) at the University of Wisconsin
- Madison. SSEC has a long history building infrared interferometers, having
built both the AERI and two airborne systems that have similar capability as
the AERI. SSEC also plays an important role validating space-borne highspectral-resolution infrared instruments, such as AIRS and IASI.
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Location of the ARM
Climate Research Facilities
Schwarzwald (Mobile Facility, 2007)

Niamey (Mobile Facility, 2006)
Pt. Reyes (Mobile Facility, 2005)

Locations of the ARM Climate Research Facilities. The Mobile Facility
is generally deployed in a location for 6-12 months. ARM has 8 AERI
instruments: 2 at each of the North Slope of Alaska, Southern Great
Plains, and Tropical Western Pacific sites, and one in the Mobile
Facility. The program also has a spare AERI which can be deployed
when another instrument fails.
SSEC has also built AERIs for several US universities, including 3 for
the University of Miami, 1 for the University of Idaho, and one for the
University of Wisconsin - Madison. The AERI technology was licensed
to ABB Bomem in Canada to build the AERI for other customers.
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AERI Interferometer Assembly
Front End Assembly

IR Detector
Dewar with
Cooler Cold Finger

Blackbodies
Scene Mirror Assembly
Forced Air Inlet
Rain Sensor
Sun Sensor

ABB

Stirling Cooler
Compressor

HBB

Bomem
Interferometer
Front-end
Closeout
(thermal)
Optics
Bench

Shock
Mounts (4)

Interferometer / AERI
Electronics Interface Box

Knuteson et al., JTECH, 2004

The main components of the AERI instrument. The details of the AERI
are provided in two articles by R.O. Knuteson et al. in J. Atmospheric
and Oceanic Technology (JTECH) in 2004.
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Calibration Targets (Blackbodies) are
Key to Accurate Radiances

Emissivity > 0.999

Blackbodies are a critical component to measuring infrared radiation
accurately. The AERI blackbodies are coated with a high emissivity
paint (e ~ 0.99), but the shape of the cavity keeps any reflected light in
the cavity, thus raising the emissivity of the cavity to over 0.999.
Several well-placed and accurate thermistors are embedded in the
blackbody to provide accurate temperature observations of the cavity.
The red section are wires wrapped around the blackbody; these are
used to heat the blackbody to a desired temperature. The AERI uses
two blackbodies; one is kept at 60 C, while the other floats at the
ambient air temperature.
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How an Interferometer Works
1. Move one mirror slowly back-andforth to create an interference
pattern (interferogram) at the
detector
2. Record the inteferogram as a
function of time (or mirror position)

3. Use FFT to convert
interferogram into
spectral domain

An interferometer typically uses a single detector (but may use 2 or 3) to make
observations at thousands of different wavelengths. This is accomplished by
measuring the interference pattern that is created by the interferometer. The
light from the target (sky or blackbody) enters the interferometer and is split
into two paths by a beamsplitter. The light in both paths is reflected back to
the beamsplitter by mirrors where it is recombined into a single beam which is
directed to the detector. However, one of these mirrors moves, and thus the
recombined beam will really be an interference pattern that changes with time.
This pattern is called an interferogram. The interferogram has a peak intensity
at zero path delay (0.0 on the x-axis above), where the light essentially passes
unaltered from the target to the detector. The inset plots show zooms in the xaxis and y-axis to show some of the details of the interferogram. The
interferogram is a signal in the temporal domain, and it is converted to the
spectral domain using a Fourier Transform. Thus, an interferometer is also
called a Fourier Transform Spectrometer (or FTS).
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Example: Raw AERI Spectra

Detectors typically do not have uniform responsivity to all wavelengths
they are sensitive to, and this is the case with the detectors used in the
AERI. The red curve is the spectral response of the AERI (in frequency
space) when it is looking at the hot blackbody. If the spectral response
of the AERI’s detector was uniform, then the red curve would look like a
Planck function. The blue curve shows the response from the ambient
blackbody, and the green from a clear sky atmosphere. Note that the
atmospheric signal is outside of the region spanned by the blackbody
views.
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Calibration of AERI Spectra

The previous slide showed three spectra (hot and ambient blackbody
views and a sky view) that is observed from the AERI. This slide
demonstrates how the calibration occurs. Now, because the blackbody
temperatures and emissivity are well known, we can compute the
radiance that the AERI observed from those targets. Assuming that the
AERI’s detector responds in a linear manner to increasing radiance, we
can use a straight line to extrapolate the detector counts observed
during the sky view to determine the radiance that must have been
emitted by the sky to yield that signal at the AERI. This is done for
each individual spectral channel in the AERI (there are over 5000
channels in an AERI spectrum). In channels where there is strong
absorption (I.e., channels that are more opaque), this extrapolation is
very modest as the sky temperature will be close to the ambient
blackbody temperature. However, in “window” channels that have a
high transmission, the extrapolation can be quite significant. Thus, it is
very important to understand if the detector in the instrument is
responding in a linear manner, and if it is not, then to correct for this
non-linearity so that this extrapolation approach can be used for
calibration. Every AERI in the ARM program has had its non-linearity
examined in a laboratory by staff at SSEC.
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Clear Sky Spectra
25 µm

15 µm

10 µm

7.1 µm

Here are two examples of clear sky spectra observed by the AERI. The red
spectrum was observed at the ARM Southern Great Plains (SGP) site during a
very humid day (PWV was 48 mm), whereas the blue spectrum was observed
at the ARM North Slope of Alaska (NSA) site during the dry polar night (PWV
was 1.3 mm). Note the marked difference in the amount of energy observed
in the 800-1200 cm-1 region; the low water vapor at the NSA site essentially
yields no downwelling radiance in this spectral region. In other words, the
atmosphere becomes more transmissive in this spectral region as the water
vapor decreases, and thus the outgoing longwave radiance at the top of the
atmosphere increases. Note that the dry polar case also has some additional
“microwindows” becoming more transmissive in the 400 - 600 cm-1 region -this band is sometimes referred to as the “Arctic window” as it only becomes
semi-transparent in the low water vapor conditions which are frequently seen
at the poles. As this spectral region becomes more transmissive, more
longwave radiation from the surface is emitted to space.
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Radiance Closure Exercise
• Objective is to get agreement between observed
radiance and computed radiance (within
uncertainties)
• Three critical components:
– Radiance observations
– Model physics and spectroscopy
– Input data for model

• Uncertainties in water vapor profiles from
radiosondes are significant, and ARM has invested
heavily in IOPs to help characterize the Vaisala
sondes that the program is using
• These closure exercises have been heavily utilized
by ARM in both the 8-13 µm and 1-3 µm bands

“Closure exercises” are activities where different methods are used to
measure and/or predict a particular variable, and the comparison is
considered “closed” if the different methods agree within the
uncertainties in the methods. In this case, we are observing the
downwelling infrared radiance with the AERI, and want to try to get
closure with a spectrum computed from a line-by-line radiative transfer
model. Line-by-line models are perhaps the most accurate radiative
transfer models, as they have the best representation of the known
physics and utilize fewer parameterizations than other radiative transfer
models. Naturally, there are known uncertainties in these models.
However, these models must also utilize input data, in this case profiles
of temperature and water vapor, which themselves have uncertainties.
ARM has extensively used radiative closure exercises to evaluate the
data input into the model, the model itself, and the radiance
observations. These activities with the AERI have led to a much better
understanding of radiosonde moisture measurements, which needed to
be understood before we could accomplish our ultimate objective of
improving the radiative transfer model.
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Dual Sonde Launch Examples
Vaisala RS-80H

1996
WVIOP
1997
WVIOP
Calibration differences
between radiosondes appear
to act as height-independent
scale factors in the lower
troposphere!
Revercomb et al., BAMS, 2003

ARM conducted several Intensive Observation Periods (IOPs) at the
SGP site to characterize the accuracy of radiosonde moisture
observations. In one activity, we launched two “identical” radiosonde
packages to the same balloon so we would be certain that they
sampled the same airmass and thus the differences would be indicative
of the uncertainty in the sonde observations. We noticed that the
Vaisala radiosondes used by the ARM program frequently had
significantly different water vapor profiles, but that the ratio of the water
vapor profiles observed by the two sondes on the same balloon were
usually constant with altitude. Thus, we have developed a technique
where we use a height-independent scale factor to scale the
radiosonde humidity profile so that it agrees with the PWV observed by
the co-located microwave radiometer at the ARM site.
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AERI / LBLRTM Results
• Using height-independent
nature of the radiosonde
calibration differences,
the sonde humidity
profiles were scaled to
agree with the MWR in
PWV
• LBLRTM runs were made
with both the unscaled
and scaled radiosondes
• Model runs made with
the scaled results show 2
times less variability than
the unscaled sonde
results

Turner et al., JTECH, 2003

To see the impact of the microwave radiometer (MWR) scaled sondes
(described on the previous slide), we identified 762 clear sky cases at
the SGP site where we have AERI radiance observations, MWR
observations of the PWV, and a radiosonde launch. We then
performed two sets of line-by-line radiative transfer model (LBLRTM)
calculations: one set used the normal (unscaled) radiosonde and the
other set used the MWR-scaled radiosonde profiles. The LBLRTM
runs that used the MWR-scaled radiosondes as input (brown trace) are
in better agreement with the AERI (spectral residual is about zero in
upper plot). However, it is possible that this good agreement in bias for
the MWR-scaled results could be a fortunate cancellation of errors
(always be careful interpreting bias values). But the bottom plot
demonstrates that the standard deviation of the MWR-scaled results is
about one-half the magnitude as the unscaled radiosonde results,
which is definitive evidence that the MWR-scaling is reducing the
variability in the radiosonde humidity profiles.

16

Using the AERI / LBLRTM Results to
Look into the “Diurnal Issue”
• Unscaled sonde
results show
significant diurnal
differences, both in
mean value and
standard deviation
• Scaled sonde
results are virtually
identical both day
and night
• Radiosondes have
a considerable
diurnal difference

Turner et al., JTECH, 2003

Breaking the 762 cases from the previous slide into nighttime (left) and
daytime (right) periods demonstrates a disturbing character to the
unscaled radiosonde results. First, note that the MWR-scaled results
have similar magnitudes both night and day for both the mean bias
(upper) and standard deviation (lower); this indicates that the behavior
of the MWR-scaled results does not depend on the time of day.
However, both the bias and the standard deviation of the spectral
residuals changes significantly between the daytime and nighttime
periods for the unscaled radiosonde cases. This demonstrates a clear
diurnal bias in the radiosonde humidity data, where the daytime RH
calibration from the sonde are significantly drier and more variable than
the nighttime data. This result has also been demonstrated by other
groups using independent means.
The results shown here are for the older RS-80H radiosonde made by
Vaisala; however, the newer version the RS-92 also demonstrates the
same behavior (actually, the diurnal bias is even larger for the RS-92
than it was for the RS-80).
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Improvements in IR Radiative
Transfer Modeling
AERI
Spectrum
Residuals
1996

2003

LBLRTM freely available at http://rtweb.aer.com

Our ultimate goal was to evaluate the accuracy of the LBLRTM model,
but the uncertainties in the radiosonde water vapor profile was a limiting
factor for several years. However, after we discovered that MWRscaling greatly improved the quality of the water vapor profile, we could
address our original goal. Here is an example spectrum (top) observed
at the SGP site with a PWV of 45.1 mm. In blue is the comparison with
the LBLRTM using the model that was available in the mid-1990s -note the large errors both in the water vapor absorption lines (very
narrow spikes in the data) as well as the more spectrally broad features
which are errors in the water vapor continuum absorption. Laborabory
studies improved the absorption line parameters and ARM observations
improved the water vapor continuum model, and now the results (red)
are much better.
The LBLRTM is freely available from the above website. I should also
note that all of the AERI data, as well as the radiosonde and MWR
data, are freely available from the ARM data archive at
http://www.archive.arm.gov. Information about the ARM program can
be found at http://www.arm.gov.
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AERI Observations During SHEBA Improve
Far-Infrared Radiative Transfer Models

• 300% error in WV continuum absorption model in far IR (18-25 µm)
• Impact on radiative flux profile is the same magnitude as CO2 doubling
Tobin et al., JGR, 1999

The previous closure exercise focused on the 800-1300 cm-1 band and
utilized observations at the SGP site. However, as I’ve shown
previously, in the dry Arctic atmosphere a second window starts to
become semi-transparent, and this band is actually very important for
the outgoing infrared radiation leaving the Earth’s atmosphere. Thus
we have also performed closure exercises using a specially modified
AERI that has sensitivity to 400 cm-1 (most AERIs are only sensitive to
520 cm-1).
This figure shows that there were significant errors in the LBLRTM in
the late 1990s in the 375-520 cm-1 region. These errors resulted in
errors in the outgoing longwave radiation that was the same magnitude
as the difference for a doubled CO2 scenario; in other words, these
errors in the far infrared would “disguise” the change in the outgoing
longwave radiation due to CO2 forcing. Observations such as this has
led to an improvement in the spectral region beyond 15 µm
(wavenumbers smaller than 660 cm-1), but more work needs to be
done to further refine the model and reduce its uncertainties. The
limiting factor? It is very hard to measure PWV accurately when the
PWV is only a few millimeters. Some new instruments have recently
been developed and deployed that will help reduce these uncertainties.
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Sensitivity to Temperature

AERI radiance observations are very sensitive to the vertical distribution
of temperature and water vapor, and thus the AERI observations can
be inverted to provide profiles of temperature and humidity. The 15 µm
CO2 band (band center is at 667 cm-1) is typically used to provide
profiles of temperature from infrared observations. The inset plot
shows two profiles; a nighttime profile with a surface inversion (blue)
and a daytime profile that is close to the typical lapse rate (red). The
associated infrared spectra capture this information on the atmospheric
temperature structure, where the radiance near band center (667 cm-1)
is from very close to the instrument, and radiance further away from
band center is influenced by the temperature higher in the atmosphere.
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Comparing AERI Retrieved
Profiles with Radiosondes
Hillsboro
3 June 2002
0230 UTC

Vici

Lamont

Morris

Purcell
Black: radiosonde
Red: AERI
Feltz et al., MWR, 2003

The University of Wisconsin has been retrieving temperature and water
vapor from the AERI for over a decade. In June 2002, there were five
AERI instruments in the Southern Great Plains region (red dots on the
map), and radiosondes were being launched occasionally at these
sites. This figure shows the comparison of the radiosonde profiles
(black) and AERI-retrieved (red) profiles of dew-point temperature (left
trace on each skew-T plot) and temperature (right trace) for the five
sites. The AERI does a very good job resolving the surface
temperature inversion and the general structure of the water vapor.
The information content in the AERI observations decreases with
altitude, and hence the AERI is unable to fully resolve the highresolution vertical structure of these profiles in the middle troposphere.
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AERI Thermodynamic Profiling
13 Apr 1998
Dryline passage

15 Apr 1998
Cold front passage

Turner et al., BAMS, 2000

More examples of the profiling capability of the AERI for two fairly
dramatic cases at the SGP site. The case on 13 April 1998 shows the
passage of a dry line over the SGP site, while the case two days later
shows the passage of a cold front. The panels A and B show the
retrieved temperature and water vapor mixing ratio retrieved directly
from the AERI observations. Panel C shows the water vapor mixing
ratio measured by a co-located Raman lidar -- this observation is totally
independent of the AERI observations. Panel D shows the relative
humidity, where the RH was computed using the water vapor mixing
ratio was observed by the lidar and the temperature by the AERI. The
bottom panel shows the aerosol extinction coefficient measured by the
Raman lidar (colored contours) and the horizontal wind speed and
direction observed by a radar wind profiler.
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Microwave Radiometer (MWR)
Liquid Water Path (LWP) Uncertainty
• 1 Set of MWR Tb observations at 23.8 and 31.4 GHz
• 4 different groups submitted results
– 3 different retrieval methods
– 4 different absorption models

• Significant uncertainty for LWP < ~100 g/m2

Spread of
40 g/m2

Turner et al., BAMS 2007

The AERI is also extremely useful for quantifying cloud properties (as we will
see shortly). The most important variable needed for liquid water clouds for
radiative transfer (and many other applications) is the amount of liquid water in
the cloud; the vertical integral of the liquid water is called the liquid water path
(LWP) and has units of g/m2. One of the most common techniques to
estimate LWP is to invert microwave radiometer observations made at two
frequencies (such as 23.8 and 31.4 GHz). However, there are different
microwave radiative transfer models (absorption models, since scattering is
insignificant at these frequencies) and different ways to perform these
inversions, and these differences can lead to a significant spread in the
resulting LWP that is retrieved. In this particular example, four different
groups submitted LWP retrievals for an overcast stratiform warm liquid cloud.
The spread in the results was approximately 40 g/m2 , which a huge
uncertainty given that the cloud has relatively little liquid water in it.

23

Radiative Flux Sensitivity to LWP
Longwave

Shortwave

Atmospheres
Eff. Radius
Tropical
6 µm: Solid
MLW
12 µm: Dashed

Radiative Fluxes are most sensitive to
changes in LWP when the LWP is small !
Turner et al., BAMS 2007

So why is this uncertainty (shown on the previous slide) important? From a
radiative transfer point-of-view, the radiative fluxes at both the surface and the
top of the atmosphere are most sensitive to small changes in LWP when the
LWP is small. This is true for both the longwave (3-50 µm) and shortwave (0.3
- 5 µm) spectral regions. So if your goal is to improve radiative transfer
models used in climate models using real data (which is the objective of the
Atmospheric Radiation Measurement (ARM) program) then very accurate
retrievals of LWP are needed when the LWP is less than 100 g/m2.
Accurate LWP is critical for more than just radiative transfer applications,
however. For example, the aerosol indirect effect, whereby changing aerosol
properties being entrained into a cloud results in the cloud properties
changing, also requires accurate LWP observations.
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Improving LWP Retrievals when the
LWP is small

Turner, JGR 2007, in press

This plot shows the relative sensitivity of microwave radiance (black
line) and infrared radiance (gray line) to changing LWP when the LWP
is relatively small. The typical uncertainty in the observations of
microwave radiance by a microwave radiometer (MWR) is about 0.3 K,
which translates into an uncertainty of LWP of about 12 g/m2 (see the
dotted line above). However, the AERI’s uncertainty is less than 1
Radiance Unit, and thus the gray curve shows that the AERI has
excellent sensitivity to changing LWP when the LWP is less than about
60 g/m2. When the LWP becomes larger than this threshold, the
change in the AERI radiance is less than the uncertainty in its
observations -- in other words, the AERI no longer has sensitivity to the
changing LWP.
1 Radiance Unit (RU) = 1 mW / (m2 sr cm-1)
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Cloudy Sky Spectra (1)

Liquid water cloud at 1.0 km
US Standard Atmosphere

The previous plot showed the infrared sensitivity at a single wavelength to
changing LWP. This plot shows the infrared spectra for liquid water clouds
with various optical depths. There is a very large difference between the clear
sky spectrum (black) and the spectrum associated with tau=1 (optical depth
equal to 1.0), but as the optical depth continues to get larger, the difference
starts to decrease. Eventually, the optical depth will be large enough that the
spectrum will not be significantly different than the previous one.
The liquid water path (LWP) is a function of the effective radius of the cloud
particles and the optical depth. A quick rule of thumb is that LWP = 2/3 *
density_of_liquid_water * effective_radius * optical_depth. When you use this
formula, be sure to get the units correct! For this plot, then, the LWP
associate with tau = {0,1,2,3,4,5} is {0, 5, 10, 15, 20, 25} g/m2, respectively.
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Cloudy Sky Spectra (2)

Liquid water cloud at 1.0 km
US Standard Atmosphere

The previous slide showed the sensitivity of the infrared spectrum to changes
in the optical depth of the cloud. This slide shows the sensitivity of the infrared
spectrum to the effective radius of the cloud particles. Therefore, these two
slides indicate that both the optical depth and the effective radius can be
determined from infrared radiance spectra, and thus the LWP can also be
determined.
The effective radius is one measure of the “average” particle size in a cloud.
A liquid water cloud consists of a collection of liquid water droplets, which
cover a range of sizes. If N(r) is the number of cloud droplets with sizes
between r and r+delta_r, then the effective radius is computed as
Effective radius = integral ( N(r) * r^3 * delta_r ) / integral ( N(r) * r^2 *
delta_r)
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Why Uncertainties are Important
Retrieving Optical Depth from IR Radiation
• Uncertainty in PWV has a variable impact on the cloud
emissivity (i.e., cloud optical depth)
• Impact is a function of cloud temperature

It is important to understand how uncertainties in your observations or your assumptions may affect the
retrieved quantity. For example, I have already shown that water vapor is an important source of
infrared emission, and thus when AERI observations are used to retrieve cloud properties, it is important
that I have correctly specified the water vapor. However, like all variables, there are uncertainties in the
precipitable water vapor (PWV) values retrieved from microwave radiometers or global positioning
systems (GPS), and thus these uncertainties will affect the accuracy of the retrieved cloud optical depth.
In this example, I have assumed that there is a 5% uncertainty in the PWV, and looked at the error that
would result in the cloud emissivity as the cloud was moved higher in the atmosphere. In this example,
the cloud is a cirrus (ice) cloud, but the general idea still holds. The figure shows that the 5% uncertainty
in PWV can result in an error of 0.03 for a cloud at 7 km and an error of 0.18 if the cloud is at 13 km
(both for a PWV of 5 cm). Given that the optical depth is related to the optical depth by the equation
below, this translates into a significant uncertainty in the cloud optical depth.
Cloud_emissivity = 1 - cloud_transmission = 1 - exp(-1 * optical depth)
I won’t say anything more about the uncertainties in retrieved quantities, but it is a VERY important topic
and I hope this simple example has given you a small taste for how a simple uncertainty can impact
retrievals in different ways.
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Multiple Solutions In Thermal IR?
• More than one answer possible using only thermal
infrared (shown by Moncet and Clough JGR 1997)
• Including 3-5 µm radiance during the daytime results in
unique solution
• However, must invoke a radiative “cloud fraction” term…
14.3
5.0 µm
µm

3.84
7.7 µm
AERI
AERIObs:
Obs:66Nov
Nov2003
2003at
at20.258
20.258UTC
UTC
LBLDIS
LBLDISCalc:
Calc:Tau
Tau==6.6,
6.6,reff
reff==1.5
1.5µm,
µm,Fc
Fc==82%
82%
LBLDIS
LBLDISCalc:
Calc:Tau
Tau==3.2,
3.2,reff
reff==2.5
2.5µm,
µm,Fc
Fc==100%
100%

AERI Obs:
6 NovLWP
2003 the
at 20.258
NOTE:
sameUTC
in both cases!
LBLDIS Calc: Taug = 6.6, reff = 1.5 µm, Fc = 82%
LBLDIS Calc: Taug = 6.6, reff = 1.5 µm, Fc = 82

Turner and Holz, GRSL 2005

Ok, at this point I have demonstrated that we have information in the 800-1300 cm-1 spectral
region to the optical depth and effective radius of a liquid water cloud. However, it is possible
to have two different clouds that yield nearly exactly the same infrared radiance in this band, if
we assume one of the clouds only partialy fills the AERI’s field-of-view. But if we include the
radiance in the 3-5 µm band into the retrieval, we have more information at our disposal and
the results clearly demonstrate that one solution (red) is superior to the other (blue). The
additional information in this band is due to the solar energy that is scattered by the cloud and
into the AERI’s field-of-view.
The image from the Total Sky Imager (TSI), which shows the entire sky cloud cover, suggests
that at zenith there is a bit of blue sky and thus the fractional cloud amount (Fc) of 82% for the
red trace is reasonable. In fact, we have analyzed the Fc data retrieved in cumulus scenes,
and the Fc agrees very well with TSI observations.
Note that the LWP computed from the two solutions is exactly the same, however; so if the
application only requires LWP then the 3-5 µm observation does not need to be used.
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New Algorithm:
Combined AERI + MWR retrieval
• Original algorithm used AERI obs in the 8-13
µm band to retrieve LWP, τ, and re
– Valid for LWP < ~60 g/m2, τ < 6

• Next version added AERI obs in 3-4 µm band to
retrieve LWP, τ, re, and Fc
– Valid for LWP < ~60 g/m2

• New version adds MWR Tb obs at 23.8 and 31.4
GHz to retrieve LWP, τ, re, and Fc
– Provides LWP for entire range of LWP
– re, τ, and Fc valid when LWP < ~60 g/m2
Turner, JGR 2007, in press

My development of the AERI cloud retrieval algorithm has gone in stages. In the first stage, I only used
8-13 µm observations (and observations in the 18-25 µm band, because it was an Arctic retrieval
algorithm). The realization that multiple solutions in the 8-13 µm band may exist lead to the next version,
which incorporated observations in the 3-5 µm band, which extended the utility and accuracy of the
retrieval algorithm. However, a major limitation still existed: the maximum LWP I could retrieve was
about 60 g/m2. So I created another version of the algorithm that uses both AERI and MWR
observations. In general, when more information is added to a retrieval algorithm, it will be more
accurate. However, it also adds complexity to the algorithm as the details of different instruments and
forward models (that simulate the observations from the different instruments) must be consistent with
each other.
In this example, I am showing the impact of the AERI + MWR algorithm (called MIXCRA) relative to two
different MWR-only retrievals during a 48-hour period where the sky conditions were overcast. There
are periods where the MWR-only algorithms retrieve negative LWP! Some people are very concerned
with these aphysical values (how can there be a negative amount of liquid in the atmosphere?), but we
don’t need to be too concerned as these values are within the uncertainty of the MWR retrieval
(remember the spread of 40 g/m2 from the earlier slide?). However, we would still like more accurate
observations, and the MIXCRA values seem more consistent. If we add in the sky images for two
different periods, they seem to confirm that the MIXCRA values are much more reasonable physically.
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AMF Deployment to Pt. Reyes, CA
• Experiment to look at the properties of
marine stratocumulus and the interaction
with aerosols
• MOST clouds during July – August are
single-layer, small LWP clouds
–
–
–
–

Cloudy > 85% of the time
Cloud base less than 500 m
Median LWP: ~ 60 g/m2
Interquartile range: 27 to 107 g/m2

• Wide complement of ground-based remote
sensors (MFRSR, 2-ch NFOV, MWR,
MWRP, AERI, cloud radar, etc)

The previous example demonstrated that two different algorithms yielded very
different results for LWP, and we used sky images and our brain to “conclude”
that the MIXCRA (AERI + MWR) algorithm was “better” than the MWR-only
algorithms. However, while the comparison give us some confidence in the
AERI + MWR retrieval algorithm, it is not very quantitative and we need a
much more robust way to evaluate the relative accuracies of the two
algorithms. One possible method would be to compare the retrieved cloud
properties with aircraft in situ observations; however, the aircraft is sampling
the cloud in a much different manner (horizontal cylinders of cloud) versus
vertically averaged cloud properties from the ground-based remote sensors,
so this evaluation method also has a lot of uncertainties. We could compare
the AERI+MWR retrievals against retrieved data from other instruments (like a
cloud radar, etc) but we are still left with the question of which one is more
correct.
So what do we do? Remember the clear sky closure exercise from earlier?
Here we will use a cloudy sky closure exercise in surface radiative flux. We
will use our retrieved cloud properties into a radiative transfer model to
compute the downwelling radiative flux, which will be compared against
surface observations of that quantity.
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Bias [W/m2]

Surface LW
Closure Exercise

Number of Pts

“Variance” [W/m2]

• Compare MIXCRA and
MWRRET cloud props
• Use cloud properties in 1-D
RT model to compute
surface LW flux
• Compare calcs with the
pyrgeometer obs
• Mean bias is smaller for
MIXCRA
• Variance in flux residuals is
significantly smaller for
MIXCRA than MWRRET
• Similar results day and night
MIXCRA LWP [g/m2 ]

Turner, JGR 2007, in press
MWRRET: Turner et al., TGRS 2007, in press

The longwave (LW) radiative flux closure results at the surface. The top panel shows the mean bias as
a function of LWP (from the 2 months of ARM data from Pt. Reyes). Note that the MIXCRA cloud
properties yield a smaller mean bias than the MWRRET cloud properties. Furthermore, the “variance” in
the flux residuals (as estimated by both the interquartile spread and the spread between the 95th and
5th percentiles) show that the MIXCRA-based computations have about 1/2 of the variance of the
MWRRET-based calculations -- this implies that the MIXCRA data have more skill in retrieving the cloud
properties (ie., LWP) than the MWr-only algorithm MWRRET. The bottom panel shows the number of
points that were used in each bin for the computation; there are less MWRRET points for the smaller
LWP bins because when the MWRRET LWP was smaller than zero the radiative flux was not computed.
Now, you might be saying to yourself: “He is using infrared radiance data in the MIXCRA retrieval, so
shouldn’t the infrared (longwave) fluxes necessarily be better?” And this is a good question because this
is an example of a circular closure exercise. A good closure exercise should use information that is not
part of the input chain. Therefore, the shortwave closure exercise (next slide) is a much better tool for
evaluating the accuracy of the two cloud retrieval algorithms.
The primary reason I performed the LW flux closure was to see if there were any diurnal differences in
the flux residuals, especially since the MIXCRA algorithm is using the 3-5 µm observations. Fortunately,
the nighttime results were virtually identical to the daytime results -- these results are not shown here.
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Bias [W/m2]

Surface SW
Closure Exercise

Number of Pts

“Variance” [W/m2]

• Similar exercise as LW
closure
• No aerosols included in the
calculations
• MIXCRA shows negative
bias, but small amount of
aerosol would improve
results (and worsen
MWRRET results)
• Variance in MIXCRA results
is much lower than variance
in MWRRET results for
LWP below 120 g/m2
MIXCRA LWP [g/m2]

Turner, JGR 2007, in press

This slide has the same format as the previous, with the top panel showing the
mean bias in the shortwave surface radiative flux, the middle panel showing
the “variance”, and the bottom plot showing the number of samples. You will
note that the MIXCRA results seem to suggest a bias in the computed
shortwave flux for lower LWP data while the MWRRET-based calculations do
not show any bias. However, we must be careful in interpreting this result,
because no aerosols were included in the SW flux computations. Why not?
Because this two month period was almost entirely cloud covered, and the
aerosol optical depth can only be determined in clear skies. Thus I had no
information on what the true aerosol optical depth was or how it varied over
the two month period. However, if I add a reasonable amount of aerosol
optical depth (around 0.1) then the bias in the MIXCRA-based computation is
essentially zero, and the MWRRET-based flux now has a positive bias.
More importantly, though, is that the MIXCRA-based variance is still about 1/2
the size of the MWRRET-based flux compuations, which again indicates that
the MIXCRA algorithm has more skill retrieving LWP than the MWRRET
algorithm.
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Dust Properties of the Sahel
• Airborne dust is common in the Sahel region of Africa
• How important is this dust to the radiative balance
and atmospheric heating in that region?
– AMF was deployed to Niamey, Niger to help answer this
question

• Niamey experiences two distinct
weather patterns due to the location
of the ITCZ
– Are the dust properties correlated with
the ITCZ location, and if so, how?

The ARM mobile facility (AMF) was deployed to the Sahel region of
Africa (in particular, to Niamey, Niger) as part of the RADAGAST
experiment. The paper by Miller and Slingo, BAMS, 2007 provides
more details on this experiment.
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Approach
• Downwelling IR radiance is sensitive to dust
composition, optical depth, and effective radius
– To detect differences in composition, each mineral must absorb
in different spectral regions
– Able to distinguish between quartz, kaolinite, and gypsum using
IR data

• Performed 6 sets of retrievals on manually identified
cloud-free periods
– Quartz-only, kaolinite-only, gypsum-only
– Quartz+kaolinite, quartz+gypsum, kaolinite+gypsum

• Retrieval with the best statistical fit for each sample was
identified
• Results analyzed as function of season and local
meteorology

The high-spectral-resolution AERI observations carry information on
the dust optical depth, particle size, and composition. In particular, the
ability to determine the composition of the dust particles is somewhat
unique, but had not been fully evaluated until now (I believe). This slide
outlines my approach to the problem.
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Infrared Spectral Signatures of
Different Mineral Types

Quartz absorbs here
(not Kaolinite or Gypsum)
Kaolinite absorbs here
(not Quartz or Gypsum)
Gypsum and Quartz absorb here
(not Kaolinite)

As indicated on the previous slide, the key to determining the composition of the dust is that
each of the different compositions needs to have absorption bands in the infrared that are
different than from each other. I’ve selected three types of minerals (kaolinite, gypsum, and
quartz) which are commonly found in African dust. The imaginary refractive index, which is
related to the absorption, of the three minerals are shown, and they clearly have different
spectral features. For illustration, I’m showing one AERI observations (blue), along with three
calculations (red, green, and brown) where the calculations assume that the dust is composed
of a single mineral component (kaolinite, gypsum, and quartz, respectively). None of the
single-mineral computations agree with the observed spectrum perfectly. However, by allowing
the dust to be composed of two minerals (in an external mixture of the particles) a much better
fit to this observation can be achieved.
As indicated previously, I am performing 6 sets of retrievals for each AERI observation: 3 sets
of runs where I assume that the dust is composed of a single mineral, and 3 sets of runs where
I assume the dust is an external mixture of 2 different minerals. However, a dual-mineral
retrieval will always fit the observations better than a single-mineral retrieval because the
former has more degrees of freedom. Therefore, I use a F-test to determine if the best dualmineral fit is statistically better than the best single-mineral fit; if not, then the single-mineral fit
is chosen to represent the sky conditions the best.

36

Wind Direction and Water Vapor at
ARM Site in Niamey

Before I retrieved the dust properties (composition, optical depth, and effective
radius) from the AERI observations, I first screened each sample by visually
examining lidar backscatter data to eliminate periods with clouds. I then
looked at the surface meteorology and the PWV to estimate when the
monsoon was over the AMF site. The vertical red lines break up the AMF
dataset into “pre-monsoon”, “monsoon”, and “post-monsoon” periods, and I
will look at the infrared-derived results as a function of these three periods.
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Dust Optical Depth and Composition
Distribution
Distribution
for
entire year
Pre-Monsoon

Occurred most
frequently
during the year
Monsoon

Post-Monsoon

Episodes of high optical depth in all three periods

Here are the infrared optical depths, for each period. The colors of the symbols indicate the
mineral composition of the dust; ie., blue symbols are kaolinite only, brown symbols are
kaolinite and gypsum, etc. As can be seen, there are periods of high aerosol optical depths
during all three periods. Also, the yearly distribution of mineral composition indicates that the
composition that fits the observations the best during the entire year are kaolinite plus gypsum,
which provides the best fit to the cloud-free AERI observations 66% of the time. The second
most common mineral composition is kaolinite plus quartz, which provides the best fits to the
AERI observations 23% of the time. It is clear that kaolinite is by far the most common mineral
in the atmosphere above the AERI at Niamey in 2006.
We do need to be careful here, especially with my last sentence. Remember that I have
assumed that the dust is composed of one of three minerals (kaolinte, quartz, and gypsum),
and these were chosen because they (a) are present in African dust, and (b) they absorb in
different regions of the infrared spectrum. There are two concerns with this. First, some
minerals have very similar refractive indices (such as kaolinite and montmorillonite have fairly
similar refractive indices (they are similar types of clay) and it would likely not be possible to
distinguish between these two minerals using only infrared observations.
Secondly, we know that there are some iron-based minerals (such as hematite) in the dust.
Why, you ask? Because kaolinite does not have any absorption features in the 0.3-0.7 µm
band, but hematite does absorb in the 0.3-0.4 µm band, and the visible aerosol optical depth
measurements at 0.44 µm from other ARM instruments indicates that there is a small amount
of absorption in the dust, which implies that the dust does include some amount of hematite (or
similar) mineral. However, hematite has very little absorption in the infrared, and it has no
absorption bands in the infrared, so we are unable to determine its concentration or effective
particle size from AERI observations. Given its absorption is small in the infrared, I have
chosen to neglect it at the moment. In the future, a joint infrared plus visible retrieval should be
performed so that a wider range of minerals can be included.
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Dust Optical Depth and Composition
Kaolinite-only was best fit
Significantly different Distribution
frequently during monsoon

distribution of
kaolinite+gypsum vs.
kaolinite+quartz for the
three periods

period, not so for other preor post-monsoon periods

In the last slide, we saw the fraction of the observations that were best fit with the different dust
compositions. Here, we look at the distribution of the composition as a function of the three
periods. There are remarkable changes in the composition of the dust in the pre-monsoon and
post-monsoon, with gypsum becoming much more common in the latter period relative to the
earlier period. And, if you turn back to the basic meteorology slide a few pages ago, you will
note that the surface winds (and presumably the large scale flow in general) is from the northeast in both the pre- and post-monsoon periods. Interestingly, the retrieval indicates that
kaolinite-only is fairly common (25% of the time) during the monsoon, but we can see by the
plot that these observations are primarily when the IR optical depth is low.
A careful examination of this plot suggests that perhaps there are two distinctly different periods
during the monsoon, with a change in the aerosol properties around day 185. The early period
of the monsoon appears to have similar composition as the pre-monsoon period. I’ve talked
with other scientists regarding the basic meteorology of the region. During this particular year,
the monsoon period did not have a distinct starting point, because the intertropical front
essentially stalled in the Niamey region instead of moving north of Niamey as usual, and thus
there really were two distinct periods to the monsoon period. I am reworking these results to
include this fourth period, and will be submitting these results for publication shortly.
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Final Words
• I know I’ve presented a TON of material today
– Range of applications that can be addressed with spectrally
resolved infrared data
– The basic idea how:
• An interferometer works
• How we calibrate radiometers using blackbodies

– Some idea of how uncertainties (in the observations and/or
assumptions) can impact the accuracy of retrieved products
– One way to validate retrieved cloud properties using
radiative flux closure (another way is to compare results with
aircraft in situ observations)
– The important diurnal bias in Vaisala radiosonde RH
observations, and how ARM is addressing this bias

• Thank you for your attention. Any questions?

40

