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ABSTRACT

A high spectral resolution geostationary sounder can make spectrally detailed measurements of the infrared
spectrum at high temporal resolution, which provides unique information about the lower-tropospheric
temperature and moisture structure. Within the infrared window region, many spectrally narrow, relatively
weak water vapor absorption lines and one carbon dioxide absorption line exist. Frequent measurement of
these absorption lines can provide critical information for monitoring the evolution of the lower-tropospheric
thermodynamic state. This can improve short-term convective forecasts by monitoring regions of changing
atmospheric stability. While providing valuable observations, the current geostationary sounders are spectrally
broad and do not resolve the important spectrally narrow absorption lines needed to observe the planetary
boundary layer. The usefulness of high spectral resolution measurements from polar-orbiting instruments has
been shown in the literature, as has the usefulness of high temporal resolution measurements from geosta-
tionary instruments. Little attention has been given to the combination of high temporal along with high
spectral resolution measurements. This paper demonstrates the potential utility of high temporal and high
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spectral resolution infrared radiances.

1. Introduction

The National Oceanic and Atmospheric Administra-
tion (NOAA) currently has two operational infrared
atmospheric sounders in geostationary orbit (GEO). The
infrared GEO sounders are part of the Geostationary
Operational Environmental Satellites (GOES; Menzel
and Purdom 1994). The current GOES sounders measure
the infrared portion of the electromagnetic spectrum in
18 broad spectral bands. The GEO sounders scan the
entire continental United States (CONUS) every hour. It
is the hourly frequency (or finer) over the entire CONUS
that make GEO information very valuable to forecasters,
especially in monitoring rapidly changing weather con-
ditions, such as severe convective outbreaks (Johns and
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Doswell 1992; Schmit et al. 2002; Chesters et al. 1983;
Petersen et al. 1984). The 18 bands on the current GOES
sounders are spectrally broad (10-50 cm ') compared to
high spectral resolution infrared sounders (on the order
of 0.5 cm ™).

High spectral resolution infrared sounders currently in
low-earth orbit (LEO) include the Atmospheric Infrared
Sounder (AIRS; Aumann et al. 2003) on the National
Aeronautics and Space Administration (NASA) Aqua
satellite and the Infrared Atmospheric Sounder Inter-
ferometer (IASI; Cayla and Pascale 1995) on the Euro-
pean Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT) MetOp satellite. The Cross-
track Infrared Sounder (CrIS; Glumb et al. 2002) is
planned for 2011 launch aboard the NASA National
Polar-orbiting Operational Environmental Satellite Sys-
tem (NPOESS) Preparatory Project (NPP) satellite.
These high spectral resolution sounders scan the infrared
portion of the electromagnetic spectrum with thousands
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of spectrally narrow channels. They resolve the fine
structure within the infrared window that contains in-
formation on the thermodynamic structure of the lower
troposphere. High spectral resolution sounder data, such
as that from AIRS, improves global numerical weather
prediction (NWP) forecasts out to 7 days (Chahine et al.
2006; Le Marshall et al. 2006a,b, 2007).

The LEO satellites also include microwave-sounding
instruments. Microwave sounders, such as the Advanced
Microwave Sounding Unit (AMSU) and Earth Observ-
ing Aqua Advanced Microwave Scanning Radiometer
(AMSR-E), enable soundings in both clear and non-
precipitating cloudy-sky conditions (albeit at coarser
spatial and temporal resolution than geostationary infra-
red measurements), where infrared soundings are only
available in clear-sky regions. Ferraro et al. (2005) show
the importance of microwave sounders to weather fore-
casting and analysis such as low-level moisture plume
transport and the relation to precipitation. The informa-
tion obtained from microwave instruments (when avail-
able) within cloudy-sky regions could be combined with
information over clear-sky regions from infrared sensors
to capture the full picture of the atmospheric state.

Despite the many benefits of LEO instruments, one
limitation of LEO instruments is that measurements are
made at one location in CONUS only twice daily. This is
a significant limitation when trying to observe rapidly
changing atmospheric conditions, such as those that
produce severe weather (Committee on Earth Science
and Applications from Space 2007). A logical conclu-
sion is to combine benefits of high spectral resolution
measurements and the high temporal frequency of a
GEO instrument. The Committee on Earth Science and
Applications from Space (2007) agree and contend
that a geostationary high spectral resolution sounder is
necessary, and that such an instrument should be made
operational by 2018. Other studies (Smith et al. 1990;
Schmit et al. 2009) have shown the value of geosta-
tionary high spectral resolution sounders for improving
temperature and moisture soundings used for mesoscale
convective forecasting. This paper demonstrates their
value for detecting changes in the lower tropospheric
thermodynamic state in clear-sky regions and for im-
proving short-term convective forecasting.

This paper is organized into the following sections.
First, a motivation of this work for improving short-term
convective forecasting is given in section 2. Section 3
describes the absorption lines of interest and simulates
that sensitivity to lower-tropospheric temperature and
moisture changes. Section 4 compares the high spectral
resolution moisture detection described in section 3 to
current broadband GOES sounder instruments. Section 5
presents a technique that tracks temporal changes in
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lapse rate and moisture using geostationary high spectral
resolution sounder data. Section 6 is a summary with
recommendations.

2. Motivation of convective forecasting application
of geostationary high spectral resolution
infrared sounders

The improvement of short-term convective forecast-
ing is a very important socioeconomic goal. Severe
convective storm events have killed and injured many
people and have resulted in billions of dollars of eco-
nomic damage (Moller 2001). The Committee on Earth
Science and Applications from Space (2007) states “‘the
need for improved forecasts and warning systems are
critical for the assets worth $2-3 trillion that are directly
or indirectly sensitive to weather and climate.” With
such an impact on lives and the economy, better fore-
casts and warning systems represent a significant soci-
etal benefit. The measurements of lower-tropospheric
temperature (lapse rate) and moisture available from a
geostationary high spectral resolution infrared sounder
could help to achieve these goals. A brief insight into
the convective forecasting process provides an appreci-
ation of how high spectral resolution infrared sounders
can improve short-term convective forecasts.

For deep convection to occur, three ingredients must
be in place. There must be sufficient moisture in the
lower troposphere, the lapse rate must be steep enough
so that lifted parcels become positively buoyant, and
there must be sufficient lift of parcels from the low moist
layer to the parcel’s level of free convection (LFC;
Johns and Doswell 1992). To assess the potential for
deep convection, Johns and Doswell (1992) state that
““a forecaster must be able to diagnose the current ther-
modynamic structure of the troposphere and to forecast
changes resulting from thermal advection, moisture ad-
vection, and vertical motion fields.” The predominately
land-based radiosonde network across the world cur-
rently measures the thermodynamic structure of the at-
mosphere twice daily (at 0000 and 1200 UTC). This
sparse temporal and spatial nature of the radiosonde
network leaves large gaps for those monitoring phe-
nomena that occur on small spatial scales and small time
scales, like severe convection. Johns and Doswell con-
tinue, “The challenge [of the forecaster] is to deduce the
structure between observations in space and time, uti-
lizing the limited sounding data, and to project temporal
changes in this structure for the forecast period in
question.” Moller (2001) agrees ... since radiosondes
are released only twice a day, accurately deducing the
stability structure between sounding times (0000 and
1200 UTC) is a formidable task [for the forecaster].”
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Wagner (2006) suggests that new convective indices that
utilize high temporal information may help improve
convective forecasting. The gaps between radiosonde
stations and observation times are a significant obstacle
and demonstrate the need for more frequent and accu-
rate observations of the vertical thermodynamic struc-
ture of the atmosphere.

The lower-tropospheric thermodynamic information
available from geostationary high spectral resolution
infrared sounders encompasses two of the three ele-
ments needed for monitoring deep convection outlined
by Johns and Doswell (1992). The geostationary plat-
form can provide hourly measurement frequency or
better over the entire CONUS, enabling soundings in
clear-sky conditions. Accurate observations of thermo-
dynamic structure of the atmosphere will undeniably
have positive impacts on short-term convective fore-
casting. Doswell (2001) states that ... the importance
of thermodynamic structure ... for DMC [deep moist
convection]| processes cannot be underestimated. ...
Satellite-borne remote sensors continue to improve
and . .. the high temporal resolution capability afforded
by the current and future generations of meteorolog-
ical satellites, offer much promise.” In fact, the next-
generation imager on GOES-R will scan the CONUS
area at least every 5 min (Schmit et al. 2005), but only
with spectrally broad bands, similar to those on the
current GOES sounders.

Other studies have shown that high temporal fre-
quency measurements of the thermodynamic structure
of the lower troposphere are useful for short-term con-
vective forecasts. Kurimski and Schumacher (2005),
Mamrosh et al. (2005a), and Fischer (2005) show that
high vertical and temporal resolution aircraft profile
data acquired during the Great Lakes Fleet Experiment
(Mamrosh et al. 2005b) were very useful in convective
forecasting. A survey of National Weather Service (NWS)
forecasters (Schmit et al. 2002) showed that over 75% of
forecasters agree that hourly GOES sounder products
increase short-term convective forecast confidence. The
survey also showed 70%-80% of NWS forecasters
thought hourly GOES sounder derived products pro-
vided either significant or slightly positive impact on
short-term convective forecasts. Yet, the same survey
highlighted the challenges presented by the slow cov-
erage rate and coarse vertical resolution of the current
broadband sounders.

The literature shows NWP output struggles to accu-
rately depict the evolution of preconvective boundary
layers. Kain et al. (2005) show in the 2005 Storm
Prediction Center/National Severe Storms Laboratory
(SPC/NSSL) Spring Experiment that NWP output is
often unreliable in forecasting preconvective boundary
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layers. Kain et al. (2005) attribute NWP problems with
preconvective boundary layers to numerous physical
parameterizations, which often fail because interactions
within the boundary layer and between the boundary
layer and free atmosphere are highly nonlinear and
complex. Kurimski and Schumacher (2005), Mamrosh
et al. (2005a), and Fischer (2005) also demonstrate through
case studies that North American Model (NAM) and
Rapid Update Cycle (RUC) forecast profiles often in-
accurately forecast the evolution of preconvective bound-
ary layers (i.e., low-level temperature inversions and fluxes
of low-level moisture) compared to the in situ aircraft
temperature and moisture profiles.

It is necessary to have accurate representation of the
thermodynamic structure of the lower troposphere at
appropriate spatial and temporal intervals to properly
forecast convection. Geostationary high spectral resolu-
tion infrared sounders will improve the ability to detect
changes in lower-tropospheric temperature and mois-
ture in clear-sky regions over current GOES sounders
and still provide high temporal resolution CONUS
coverage.

3. High spectral resolution sounder measurements

High spectral resolution sounders measure the infrared
portion of the spectra with spectral resolution of ap-
proximately 0.5 cm ™', Figure 1 shows a portion of the
high spectral resolution brightness temperature spectrum
for the infrared window calculated from Line-By-Line
Radiative Transfer Model (LBLRTM) version 7.04
(Clough et al. 1992) for the U.S. Standard Atmosphere,
1976. Within the infrared window (approximately 770—
1300 cm ™!, aside from ozone absorption between 1000
and 1075 cm ') the atmosphere is relatively transparent
to radiation. In clear skies, an instrument viewing the
earth will primarily measure the effective radiation of the
earth’s surface. However, there are a series of absorption
lines, due to water vapor and one due to carbon dioxide,
where the radiative signal comes from the lower tropo-
sphere. The absorption lines are evident as the cooler
regions of the brightness temperature spectra (Fig. 1). To
resolve these absorption lines the spectral resolution
must be better than one wavenumber (Wang et al. 2007).

GEO sensors can monitor the state of the atmosphere
with high temporal resolution, which is useful for short-
term convective forecasting. These absorption lines in
the IR window can be used to monitor changes in lower-
tropospheric temperature (lapse rate) and moisture.

To demonstrate this, we simulated such measure-
ments using output from a numerical weather prediction
(NWP) model processed through a radiative transfer
model to calculate top-of-atmosphere (TOA) radiances.
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FIG. 1. (top) LBLRTM simulated brightness temperature spectra for the U.S. Standard Atmosphere, 1976. (bot-
tom) The difference between the brightness temperature spectra (top) and a simulation without water vapor (blue)
and carbon dioxide (green). Note the carbon dioxide absorption feature is near 791 cm™' and the water vapor

absorption feature is near 784 cm™'. (Data: Courtesy of Paolo Antonelli, UW/CIMSS.)

Temperature and moisture profiles used as input to the
fast-forward model were obtained from the Colorado
State University/Regional Atmospheric Modeling Sys-
tem (CSU/RAMS) at the Cooperative Institute for Re-
search in the Atmosphere (CIRA) at Colorado State
University (Pielke et al. 1992; Dostalek et al. 2004). The
temperature and moisture profiles are valid for central
Kansas on 8 May 2003. The model profiles were gen-
erated every 5 min, from 1700 to 2000 UTC. The output
profiles have 25-hPa vertical resolution between 1000
and 100 hPa. Above 100 hPa, midlatitude summer cli-
matology was used. A severe convective outbreak oc-
curred over the central plains and middle Mississippi
valley during that day. There were numerous reports of
tornadoes, severe hail, and severe wind gusts across the
region (more information is available online at http://
www.spc.noaa.gov/climo/reports/030508_rpts.html).
The atmospheric profiles are interpolated to the
AIRS radiative transfer model 101 pressure levels
(Strow et al. 2003) before the profiles are used to sim-

ulate TOA radiances. The simulated radiances do not
have noise added and thus can be used to determine the
signal-to-noise ratios required on future instruments to
apply the methods presented here. For more informa-
tion about the data and processing details see Sieglaff
(2007).

Equation (1) is a simplified version of the radiative
transfer equation for upwelling radiation in the absence
of scattering:

B(T)= (=80 | BEWEE + o B(T0| 17

0

+ J B,(2)W'(z)dz, 1)
0

where g, ;. is the surface emissivity for a given wave-
length, B(T ) is the Planck predicted radiance for the
surface temperature for a given wavelength, and ¢} is
the total atmospheric transmittance for a given
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wavelength. Here [ B,(z)dz is the vertical integration
of emitted radiance between the surface and top of at-
mosphere for the given wavelength. Here W'(z) rep-
resents the upwelling weighting function for a given
wavelength, and WY(z) represents the downwelling
weighting function for a given wavelength. The simpli-
fied radiative transfer equation can be broken into two
components. The first term includes the transmitted
surface emission as well as the downward-transmitted
atmospheric emission reflected from the surface and the
second term is the upward-transmitted atmospheric
emission. Within absorbing regions of the spectrum the
first term is smaller and the second term larger than in
window regions (relatively flat portions of the infrared
brightness temperature spectrum).

The magnitude of the brightness temperature (TBB)
difference between the peak of an absorption line (online)
and an adjacent portion of the spectra (offline) will be
referred to as the absorption feature magnitude (AFM)
and is defined by

AFM = TBB TBB, .- )

offline —

AFM changes with time can be used to infer changes
in lower-tropospheric lapse rate, moisture, and surface
skin temperature. The time difference of the AFM will
be referred to as the time difference absorption feature
magnitude (TDAFM), which is given by

TDAFM = AFM,, — AFM,,. 3)

The surface emission [first term of Eq. (1)] is a sig-
nificant portion of the signal within the infrared win-
dow; the offline brightness temperature value in the
calculation of AFM is largely a measure of the surface
skin temperature. In these simulations we set the skin
temperature equal to the bottom layer air temperature;
this is often not the case in observations, as the skin tem-
perature can vary considerably from the bottom layer
air temperature. This is further explained in Sieglaff
2007. Changes in the surface skin temperature must be
accounted for with data where skin temperature is al-
lowed to vary naturally, but by removing this variable in
the simulations it is possible to explicitly examine the
effect of changing atmospheric thermodynamics with
time.

To demonstrate the sensitivity of different absorption
lines to temporal changes of lower-tropospheric ther-
modynamics, three simulations were performed for the
period 1700-2000 UTC 8 May 2003 with 5-min temporal
resolution. For brevity, only 1700 and 2000 UTC are
presented. The first simulation examines the effect of
changing the temperature profile with time (lapse rate);
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the water vapor, surface emissivity, and skin temperature/
bottom layer air temperature difference were held
constant. The second simulation examines the effect of
changing the moisture with time; the temperature pro-
file, surface emissivity, and surface skin temperature
were held constant. The third simulation combines the
first two, allowing both temperature (lapse rate) and
moisture to change simultaneously, while fixing the sur-
face emissivity and surface skin temperature/bottom
layer air temperature difference.

Using these simulated radiances for 1700-2000 UTC
8 May 2003, the TDAFM was calculated for the carbon
dioxide absorption feature near 12.6 um or 791 cm ™!
and water vapor absorption feature near 12.7 um or
784 cm ™! (shown in Fig. 1). The carbon dioxide absorp-
tion feature near 791 cm ™' was chosen because it has
sensitivity to lapse rate change of the lower troposphere
but little sensitivity to water vapor change. The water
vapor absorption line near 784 cm ™! was chosen because
its weighting function peaks at nearly the same height
as the carbon dioxide weighting function. Since the
weighting functions peak at the same height, this water
vapor absorption line has the same sensitivity to lapse
rate change as the carbon dioxide line. In general, two
absorption features within the infrared window with the
same AFM have weighting functions peak at the same
height. For the first simulation, the temperature profile
changed between 1700 and 2000 UTC, while the mois-
ture profile was held constant,' as was the skin temper-
ature. Figure 2 shows the carbon dioxide and water vapor
TDAFM for the changing lapse rate.

In this simulation, the carbon dioxide and water
vapor TDAFMs have roughly the same magnitude,
approximately 1.5 K (Fig. 2). The water vapor distri-
bution of this scene resulted in the 784 cm ! weighting
function peaking at the same height as the 791 cm ™
carbon dioxide weighting function. This is not neces-
sarily the case with other scenes; rather the peak of
water vapor lines is a function of the water vapor
content and distribution. Therefore, a water vapor
absorption line within the infrared window with the
same AFM as the carbon dioxide AFM should be
chosen for comparison. (This will be illustrated further
in section 5 with an IASI overpass over the Gulf of
Mexico.)

! Because of interpolation to different pressure levels there is
actually a 0.3-mm difference between the two water vapor
amounts in the 1700 and 2000 UTC simulations, but the vertical
structure is nearly identical and the difference of 0.3 mm is taken to
be negligible.
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2003-05-08-ram: 2000 UTC - 1700 UTC
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FIG. 2. (top) The carbon dioxide (near 791 cm ™ ') and water vapor (near 784 cm ™) TDAFMs
for changing lapse rate. The width of the bars represent the offline/online spectral separation
used for AFM calculations. (middle) The fast-forward model-simulated brightness temperature
spectra for 1700 (red) and 2000 UTC (blue) 8 May 2003 RAMS simulation corresponding to the
temperature and moisture profiles. (bottom) The (left) input temperature and (right) water
vapor profiles. Both simulations have the same water vapor profile (valid at 1700 UTC 8 May
2003 from the RAMS model), ozone profile, and surface emissivity and are valid at 1700 UTC
(red) and 2000 UTC (blue). The skin temperature is always equal to the surface air tempera-
ture, which keeps the skin temperature/mean lower-tropospheric temperature difference

constant.

In this first simulation, only the temperature profile
(lapse rate) of the atmosphere changed between the two
time steps (no change in distribution or concentration of
carbon dioxide or water vapor and hence very little
change in weighting functions), both absorption lines
will measure at nearly the same vertical layer at 1700
and 2000 UTC. Thus, only differential change in the
temperature at that level and/or a change in the surface
temperature will affect in the TDAFM.

A conceptual model of the weighting functions is
shown in Fig. 3 for the carbon dioxide absorption line
near 791.6 cm ' (the water vapor absorption line at
784.7 cm ™! weighting function has very similar shape to
the carbon dioxide weighting function, not shown). The
red temperature profile occurs at time 1 and the blue
temperature profile occurs at time 2. The carbon diox-
ide AFM is dictated by the difference between the
surface temperature and temperature at the weighting
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FI1G. 3. Conceptual diagram of how the carbon dioxide weighting
function at 791.6 cm ! is affected by changing lapse rate. (left) The
weighting functions for the (right) corresponding temperature
profiles. The blue and red weighting functions correspond to a
similar color temperature profile. The water vapor profile is the
same for both.

function peak. If the AFM at times 1 and 2 are identical,
the corresponding TDAFM is zero. If the AFM at time 2
is greater (less) than the AFM at time 1, the TDAFM is
greater (less) than 0. This conceptual model can be
applied to the simulation shown in Fig. 2 to show why
the carbon dioxide and water vapor TDAFM are similar
to each other and nonzero.

Applying the conceptual model to the first simulation
shown in Fig. 2, since both the carbon dioxide and water
vapor absorption line weighting functions have a similar
shape and similar sensitivity to changes in lapse rate, the
AFMs behave similarly to changes in temperature pro-
files (lapse rate). Since the weighting function peak
changes very little for either absorbing species and both
absorbing species weighting functions have similar shape,
+1.5-K carbon dioxide and water vapor TD AFMs infers
the lapse rate increased from 1700 and 2000 UTC.

The second simulation changed the atmospheric
water vapor profile and held the temperature profile,
ozone profile, surface emissivity, and surface skin tem-
perature constant. Figure 4 shows the carbon dioxide
and water vapor TDAFM for changing water vapor.
The differences between the two simulated spectra are
generally less than 2.0 K. The 1700 UTC brightness
temperature spectrum is cooler than the spectrum at
2000 UTC. The differences between the two spectra are
due to different amounts of water vapor, the total pre-
cipitable water (TPW; or integrated column water va-
por) was 33.0 mm for 1700 UTC and 18.9 mm for 2000
UTC. The larger amount of water vapor in the 1700
UTC profile resulted in more absorption of surface
emitted radiation and thus the brightness temperature
spectrum is cooler. The water vapor TDAFM near
784 cm ™! has a value of —0.52 K (Fig. 4), which implies that
the water vapor between 1700 and 2000 UTC decreased.

A conceptual model (Fig. 5) shows why a negative
water vapor TDAFM implies decreasing moisture. The
atmosphere is moist at time 1 (blue weighting function)
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and at time 2 the atmosphere has dried (red weighting
function). For a drying atmosphere the water vapor
absorption line weighting function peaks lower in the
atmosphere. The difference between the surface tem-
perature and weighting function peak temperature is
much larger for the moist atmosphere (time 1) than the
drier atmosphere (time 2; Fig. 5), resulting in a negative
water vapor TDAFM.

From Fig. 4, the carbon dioxide TDAFM has a positive
value. In the region of the carbon dioxide TDAFM
(within the absorption line and in spectrally adjacent
offline regions) there is a small, uniform sensitivity to
water vapor due to water vapor continuum absorption.
The carbon dioxide absorption line weighting function
does not change because the only parameter changing is
water vapor. One may infer that uniform water vapor
continuum absorption across the carbon dioxide TDAFM
and no change lapse rate would result in a carbon dioxide
TDAFM of exactly zero. However, this is not the case;
rather the carbon dioxide TDAFM is +0.48 K.

The carbon dioxide TDAFM in this case is not zero
because there is different effective water vapor contin-
uum absorption in the associated offline and online re-
gions. First, within the carbon dioxide absorption fea-
ture (online region) the carbon dioxide absorption is
greater than the water vapor continuum absorption.
Second, the carbon dioxide absorption primarily occurs
above the water vapor continuum absorption (due to
well-mixed nature of carbon dioxide and the concen-
tration of water vapor in the lower troposphere). The
results of the simulations demonstrate offline regions of
the spectra have an increased brightness temperature
due to decreased moisture, but within the carbon di-
oxide absorption line, the carbon dioxide absorption
masks the effect of water vapor continuum absorption,
and there is little or no brightness temperature differ-
ence (Fig. 4). The different effective water vapor con-
tinuum absorption results in a nonzero carbon dioxide
TDAFM. This complicates the use of the carbon diox-
ide TDAFM as a measure of lapse rate change with
time. The offline region has a greater sensitivity to water
vapor. This must be taken in account to accurately as-
sess lapse rate change with the carbon dioxide TDAFM.

Nonetheless, the fact that the water vapor and carbon
dioxide TDAFMs in this simulation have different signs
is significant (from Fig. 4, water vapor TDAFM is
—0.52 K and carbon dioxide TDAFM is +0.48 K). The
carbon dioxide and water vapor TDAFMs behave dif-
ferently with changes in the atmospheric water vapor
profile, while the TDAFMs behave similarly to changes
in the temperature profile (Fig. 2). This distinction al-
lows for the separation of temperature and moisture
changes in a time sequence of observed high spectral
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2003-05-08-ram: 2000 UTC - 1700 UTC

Brightness Temperature Diff (K)

1

780 782 784 786 788

305 T T T T

Wavenumber (cm')

730 792 794 796 738 800

300F
295
290
285

280

Brightness Temperature (K)

275 1 1 1 1

T T T T I

— 2000 UTC

— 1700 UTC

780 782 784 786 788

790 732 794 796 798 800

Wavenumber (cm')

300

CAPE: 0Jkg
CIN: 0 .Jikg
CAPE : 1766 Jikg
EIN 122 Jikg

400

500

600

700

800
900

Pressure (hPa)

000 L : g L > -
230 240 250 260 270 280 290 300 310
Temperature (K)

300 UW/ CIMSS
— 2000 UTC

amnll— 1700 UTC

500 TPW: 18.3 mm

TPW: 33.0 mm

Pressure (hPa)

600 TPW Diff: -14.2 mm
700
800
300
1000 . : \ -
0 5 10 15 20

Mixing Ratio (g/kg)

FIG. 4. (top) The carbon dioxide (near 791 cm ') and water vapor (near 784 cm ™ ') TDAFMs
for varying amount of column water vapor. The width of the bars represent the offline/online
spectral separation used for AFM calculations. (middle) The fast-forward model brightness
temperatures and is valid at 1700 (red) and 2000 UTC (blue) 8 May 2003. (bottom) The (left)
input temperature and (right) water vapor profiles. Both simulations have the same tempera-
ture profile (valid at 1700 UTC 8 May 2003 from the RAMS model), ozone profile, skin tem-

perature, and surface emissivity.

resolution radiances; this is shown more clearly with the
third simulation.

The third simulation simultaneously changed the tem-
perature and moisture profiles. The simulated brightness
temperature spectra for 1700 and 2000 UTC and the
corresponding water vapor and carbon dioxide TDAFM
are shown in Fig. 6. The carbon dioxide TDAFM is 1.98 K
and the water vapor TDAFM is 1.07 K. The total sig-
nal seen here is roughly the sum of the component
simulations shown previously. Table 1 shows the com-
ponent simulations and total simulation TDAFMs.
Both TDAFMs were shown to be equally sensitive to

changes in lapse rate (temperature profile), so an un-
equal change in the carbon dioxide and water vapor
TDAFMs implies that the lower-tropospheric water
vapor must have changed.

4. High spectral resolution versus current broadband
sounder measurements

The current GOES sounder series measures the same
portions of infrared spectra, but in spectrally wide bands
compared to the absorption features of interest (Menzel
and Purdom 1994; Schmit et al. 2002). A simulated
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Moist Profile

Function
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FIG. 5. Conceptual diagram of how the water vapor weighting
function at 784.7 cm ™! is affected by changing moisture. (left) The
weighting functions for the same temperature profile, but differing
amounts of water vapor. The blue weighting function corresponds
to a moist atmosphere and the red weighting function corresponds
to a drier atmosphere. (right) The temperature profile is held
constant.

LBLRTM U.S. Standard Atmosphere, 1976, high spec-
tral resolution spectrum with the current GOES
sounder channels overlaid is shown in Fig. 7. A single
band on the GOES series sounders can span as many as
50-100 cm ™, in contrast with the high spectral resolution
sounders that have a resolution of 0.5-1.0 cm ™' It is clear
the absorption features of interest are not resolvable with
current sensors; however, it has been shown low-level
moisture can be detected using current broadband GEO
sounders by utilizing the 11- and 12-um split-window
difference (Chesters et al. 1983; Petersen et al. 1984).
The sensitivity of the split-window difference to lower-
tropospheric moisture is compared to the sensitivity to
various water vapor absorption lines in similar portions
of the IR spectrum. To illustrate broadband capabilities
for our case study, the GOES-12 sounder bands 7 and 8
(12 and 11 wm, respectively) were simulated by con-
volving the GOES-12 sounder spectral response func-
tions with the RAMS simulated high spectral resolution
brightness temperature spectra. Various high spectral
resolution water vapor TDAFMs and simulated GOES-
12 sounder split-window time-difference are shown for
three time differences (Fig. 8). The TPW for the 4 times
in Fig. 8 are 33.0 mm at 1700 UTC, 32.0 mm at 1730 UTC,
29.4 mm at 1800 UTC, and 25.9 mm 1830 UTC.

The GOES-12 sounder split-window time-difference
values are presented along with several TDAFMs for
online/offline combinations in the window region. The
high spectral resolution water vapor TDAFMs have a
range of 0.4-0.6 K over the three time differences, while
the GOES sounder split-window time-difference only
had a range of 0.1 K. The water vapor TDAFMs show
an increased signal (4-6 times the signal) over the
GOES sounder split-window time-difference.

Not all water vapor TDAFMs shown in Fig. 8 behave
identically. The various water vapor lines have different
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sensitivities to the vertical distribution of water vapor,
depending upon the absorption line strength. Some
water vapor absorption lines are stronger, and have
more sensitivity to water vapor changes at higher levels
than comparatively weaker absorption lines, which have
greater sensitivity to water vapor changes at lower levels
in the troposphere. The various TDAFMs can be used
to infer the vertical extent of water vapor. The presence
of multiple high spectral resolution water vapor ab-
sorption lines (and hence multiple TDAFMs) can also
be used to increase signal-to-noise ratio compared to
the signal of the GOES sounder split-window time-
difference by averaging many TDAFM measurements.

5. Tracking changes in lapse rate and moisture

It remains necessary to develop a technique that
mitigates the effects of changing surface skin tempera-
ture [e.g., isolate the atmospheric term in Eq. (1) from
the surface emission term, which these studies did
via simulation]. It has been shown (Knuteson and
Revercomb 2004; Knuteson et al. 2004; Li et al. 2007; Li
and Li 2008) that it is possible to retrieve surface
emissivity and surface skin temperature independently
from high spectral resolution IR measurements.

In the framework of short-term convective forecast-
ing there are two tasks planned. One is to utilize the
carbon dioxide and water vapor TDAFMs to aid in
short-term convective forecasting. The carbon dioxide
absorption feature is sensitive to changes in the lower-
tropospheric lapse rate. It has been shown through the
simulations that sufficiently increased lower-tropospheric
lapse rate with time will result in a positive carbon dioxide
TDAFM, and vice versa. A simple lapse rate product

dLapseRate ~ 0CO2AFM
ot ot

= CO2TDAFM  (4)

should yield information about the time rate of change
of the lower-tropospheric lapse rate:

o If dapseRate — COXTDAFM >0, then lapse rate in-

ot
creased;
o If 222RAC — CO2TDAFM =0, then lapse rate did
not change;
dLapseRat
o If apf; ate
creased.

CO2TDAFM <0, then lapse rate de-

These relationships hold true for cases with sufficiently
large changes in lapse rate; however, when values are
near zero, the possibility of water vapor contamination
may cause the relationship to fail.

Similarly, a simple lower-tropospheric water vapor
product remains to be developed. The carbon dioxide
and water vapor absorption features (near 791.6 and
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FIG. 6. (top) The carbon dioxide (near 791 cm ') and water vapor (near 784 cm ™ ') TDAFMs
for varying lapse rate and amount of column water vapor. The width of the bars represent the
offline—online spectral separation used for AFM calculations. (middle) The fast-forward model
brightness temperatures and is valid at 1700 (red) and 2000 UTC (blue) 8 May 2003. (bottom)
The (left) temperature and (right) moisture profiles from the 8 May 2003 RAMS simulation,
and valid at 1700 (red) and 2000 UTC (blue) 8 May 2003. Both simulations have the same

surface emissivity and the skin temperature is set the to surface air temperature.

784.7 cm ™!, respectively) were chosen for this case study
because of the similar sensitivity to changes in the
temperature profile (lapse rate) but different sensitivity
to changes in the water vapor profile. Separation of
changes in lower-tropospheric temperature from
changes in lower-tropospheric water vapor suggests a
simple lower-tropospheric water vapor product:

o If 8Mo{;§ture; TD AFMHZO > TDAFMC
ture increased;

o If Moistue . TDAFM,,,, = TDAFM_,, then no mois-
ture change;

02> then mois-

o If Moisture: THAFM,,,, < TDAFM_,, then mois-
ture decreased.

A demonstration of the above techniques is given using
an TASI overpass at 0222 UTC 16 March 2008 (Fig. 9).
This case was chosen because a significant severe weather
outbreak occurred along a synoptic boundary over the
southeastern United States. Across this boundary, there
was a large gradient in water vapor as seen in the GOES
sounder TPW image valid at 0000 UTC 16 March 2008
(Fig. 9). The low earth orbit of TASI data does not
provide frequent refresh over CONUS locations. As a
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TABLE 1. Shows the TD AFMs for the carbon dioxide absorption
feature near 791.6 cm ™! and water vapor absorption feature near
784.7 cm ™! for varied temperature profile/fixed water vapor pro-
file, varied water vapor profile/fixed temperature profile, simulta-
neous varied temperature and water vapor.

Varied 7T/fixed  Varied Q/fixed  Varied T

Q T and Q
CO, TDAFM +1.50 K +0.48 K +1.98 K
H,O TDAFM +1.54 K -0.52K +1.07 K

proxy for atmospheric changes with time, we demon-
strate the above techniques by using two locations: one
on the warm, moist side of a synoptic cold front and
another toward the cooler, drier side of the front (Fig. 9).
The locations chosen for comparison are over the Gulf
of Mexico because the air temperature/skin tempera-
ture difference is small, which may not necessarily be
true over land surfaces. As stated earlier, the skin
temperature/lowest layer air temperature difference
affects AFMs and TD AFMs; choosing points over water
mitigates this effect.

Taking the moist point (cyan “M”’ in Fig. 9) as ““time 1”
and the drier point (black “D” in Fig. 9) as “time 2,”
then the demonstration simulates a cold front passing
through a location with time. The drier point chosen in
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Fig. 9 is the best point available within the IASI over-
pass. A better point (greater moisture contrast) would
have been off the coast of southwestern Louisiana, but
there was no IASI coverage at that location at that time.
The point chosen does demonstrate an even more subtle
change in moisture. The carbon dioxide TDAFM for
these two points is —2.8 K (the carbon dioxide TDAFM
calculation used the same online/offline points de-
scribed previously). The water vapor absorption line
chosen is at 1244 cm ™! and the corresponding offline
wavenumber is 1234 cm ', This water vapor absorption
line was chosen because it has similar AFM as the car-
bon dioxide AFM, which infers weighting functions
peaking at the same height and hence a similar sensi-
tivity to changes in lapse rate. (The water vapor ab-
sorption line chosen in this case is different than that in
section 3, since we chose the water vapor AFM most
similar to the carbon dioxide AFM at time 1 for com-
parison.) In practice a quick method for determining
which AFM to use is to compute the differences be-
tween all water vapor AFMs and the carbon dioxide
AFM at time 1, then select the water vapor AFM with
the difference closest to 0.

The water vapor TDAFM for these two points is
—5.5 K. The carbon dioxide TDAFM less than 0 suggests

Reference Spectra
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FI1G. 7. High spectral resolution brightness temperature reference spectra from LBLRTM for
the U.S. Standard Atmosphere, 1976. The thick red bars represent select GOES-12 sounder
bands 50% points (spectral response function greater than or equal to 0.50). (Data: Courtesy of

Paolo Antonelli, UW/CIMSS.)
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F1G. 8. Many water vapor TDAFMs (blue lines) and GOES-12 sounder split-window time
difference (red line) for the RAMS simulation: (top) valid at 1730-1700 UTC, (middle) is valid
at 1800-1730 UTC, and (bottom) is valid at 1830-1800 UTC 8 May 2003. Temperature and
water vapor were allowed to change between each time step.

the lower tropospheric lapse rate decreased going
across the synoptic boundary, from the cyan M to the
black D. The water vapor TDAFM less than the carbon
dioxide TDAFM suggests the lower-tropospheric water
vapor content decreased going across the synoptic
boundary, from the cyan M to the black D. These results
qualitatively agree with the derived GOES TPW from
0000 UTC 16 March 2008 (Fig. 9).

The methods described in this section are not intended
to replace the derived products generated (e.g., CAPE,
LI, TPW, etc.) from full physical retrievals of temper-

ature and moisture profiles. Online/offline indices can
be generated more simply and quickly than full physical
retrievals. The timeliness of online/offline products al-
lows information to be distributed in near-real time,
which is especially important for rapidly changing en-
vironments, such as those found with convective out-
breaks. One future item is to develop a more quanti-
tative analysis using TDAFMs. For example, severity
thresholds for TDAFM values can be developed to aid
forecasters whether the detected TDAFM signal is mi-
nor, moderate, or severe. A severity system threshold
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1AS| Spectra 2008-Mar-16 0222 UTC
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FIG. 9. (top left) GOES sounder TPW valid at 0000 UTC 16 Mar 2008 with Storm Prediction Center severe weather reports
overlaid for the period 1200 UTC 15 Mar 2008-1159 UTC 16 Mar 2008. The gradient in TPW over the southeastern United
States and Gulf of Mexico is associated with a synoptic-scale cold front. (top right) IASI 789.0 cm ™! (12.67 um) brightness
temperature image valid at 0222 UTC 16 Mar 2008. The cyan M is a point on the moist side of the synoptic boundary and the
black D is a point on the drier side of the synoptic boundary. (bottom left) IASI brightness temperature spectrum for moist
point in (top right) [775-855 cm ™! (12.9-11.7 wm)]. (bottom right) IASI brightness temperature spectrum for moist point in

(top right) [1190-1258 cm ™! (8.4-7.9 um)].

may be something similar to current severe weather in-
dices such as the convective available potential energy
(CAPE), the lifted index (LI), the severe weather threat
index (SWEAT), etc.

6. Conclusions

High spectral resolution IR measurements have the
ability to spectrally resolve narrow water vapor and
carbon dioxide absorption lines that current broadband
instruments cannot resolve. The absorption lines within
the infrared window have been shown to be sensitive to
changes in lower-tropospheric temperature (lapse rate)
and moisture. The brightness temperature difference
between the absorption line peak and adjacent, more
transparent, portion of the spectrum, is defined as the
absorption feature magnitude (AFM), and the time
change of the absorption feature magnitude (TDAFM).

The TDAFMs are an indication of how the lower-
tropospheric temperature and moisture has changed
over time. The calculation of TD AFMs is simple and fast,
which is important for short-term convective forecasting.

Surface emission complicates the use of the absorp-
tion lines and associated TDAFMs. By using simulated
datasets it was possible to mitigate the surface emission
changes between time steps, allowing for the atmo-
spheric source to be isolated. Future work must develop
a method for mitigating the change of surface skin tem-
perature (surface emission) with time, which will enable
separation of the atmospheric signal.

As much of the literature on convection has
shown, the largest obstacle toward accurate short-term
convective forecasts is filling in the gaps (spatial and
temporal) in the radiosonde network. The presence
of geostationary sounders have helped fill these data
gaps; however, the measurements obtained by current
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instruments is spectrally broad and has little accurate
information in the lower troposphere. A high spectral
resolution sounder that resolves absorption lines within
the infrared window would provide more information
about the lower-tropospheric temperature and mois-
ture. Combined with high spatial and temporal cover-
age, such an instrument would be very capable of
monitoring rapidly changing environments associated
with convection and such measurements should prove
useful for improving short-term convective forecasting.

Acknowledgments. The authors thank Jim Gurka of
NOAA for funding this project, Jun Li of CIMSS for
useful discussions and support, Louie Grasso of CIRA
for RAMS temperature and moisture data, Bob Rabin
of NSSL/CIMSS for hourly RUC data, and Paolo
Antonelli of SSEC for providing LBLRTM data. This
study was partially supported by NOAA GOES-R Grant
NAO6NES4400002. The views, opinions, and findings
contained in this report are those of the authors and
should not be construed as an official National Oceanic
and Atmospheric Administration or U.S. government
position, policy, or decision.

REFERENCES

Aumann, H. H., and Coauthors, 2003: AIRS/AMSU/HSB on the
Aqua mission: Design, science objectives, data products, and
processing systems. /[EEE Trans. Geosci. Remote Sens., 41,
253-264.

Cayla, F., and J. Pascale, 1995: IASI: Instrument overview. Infra-
red Spaceborn Remote Sensing III, M. Strojnik and B. F.
Andresen, Eds., International Society for Optical Engineering
(SPIE Proceedings, Vol. 2553), 316-328.

Chahine, M. T., and Coauthors, 2006: AIRS: Improving weather
forecasting and providing new data on greenhouse gases. Bull.
Amer. Meteor. Soc., 87, 911-926.

Chesters, D., L. W. Uccellini, and W. D. Robinson, 1983: Low-
level water vapor fields from the VISSR atmospheric sounder
(VAS) “split window” channels. J. Climate Appl. Meteor., 22,
725-743.

Clough, S. A., M. J. Iacono, and J. L. Moncet, 1992: Line-by-line
calculations of atmospheric fluxes and cooling rates: Appli-
cation to water vapor. J. Geophys. Res., 97, 15 761-15 785.

Committee on Earth Science and Applications from Space, 2007:
Earth Science and Applications from Space: National Imper-
atives for the Next Decade and Beyond. National Academies
Press, 456 pp.

Dostalek, J., L. Grasso, M. Sengupta, and M. DeMaria, 2004: Ap-
plications of synthetic GOES-R observations for mesoscale
weather analysis and forecasting. Preprints, 13th Conf. on
Satellite Meteorology and Oceanography, Norfolk, VA, Amer.
Meteor. Soc., P1.9. [Available online at http://ams.confex.com/
ams/pdfpapers/79138.pdf.]

Doswell, C. A., II1, 2001: Severe convective storms—An overview.
Severe Convective Storms, Meteor. Monogr., No. 50, Amer.
Meteor. Soc., 1-26.

Ferraro, R. R., and Coauthors, 2005: NOAA operational hydro-
logical products derived from the Advanced Microwave

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 26

Sounding Unit. JEEE Trans. Geosci. Remote Sens., 43 (5),
1036-1049.

Fischer, A., 2005: The use of TAMDAR (Tropospheric Airborne
Meteorological Data Reporting) as a convective forecasting
supplement in the Northern Plains and Upper Midwest. Pre-
prints, 10th Symp. on Integrated Observing and Assimilation
Systems for the Atmosphere, Oceans, and Land Surface
(I0OAS-AOLS), Atlanta, GA, Amer. Meteor. Soc., 9.6. [Avail-
able online at http://ams.confex.com/ams/pdfpapers/104888.
pdf]

Glumb, R. J., D. C. Jordan, and P. Mantica, 2002: Development
of the Crosstrack Infared Sounder (CrIS) sensor design. In-
frared Spaceborne Remote Sensing 1X, M. Strojnik and B. F.
Andresen, Eds., International Society for Optical Engineering
(SPIE Proceedings, Vol. 4486), 411-424.

Johns, R. H., and C. A. Doswell III, 1992: Severe local storms
forecasting. Wea. Forecasting, 7, 588-612.

Kain, J. S., S. J. Weiss, M. E. Baldwin, G. W. Carbin, D. R. Bright,
J. J. Levit, and J. A. Hart, 2005: Evaluating high-resolution
configurations of the WRF model that are used to forecast se-
vere convective weather: The 2005 SPC/NSSL spring experi-
ment. Preprints, 21st Conf. on Weather Analysis and Forecasting/
17th Conf. on Numerical Weather Prediction, Washington,
DC, Amer. Meteor. Soc., 2A.5. [Available online at http:/
ams.confex.com/ams/pdfpapers/94843.pdf.]

Knuteson, R. O., and H. E. Revercomb, 2004: Land surface tem-
perature and emissivity from advanced sounders. Preprints,
The 2004 EUMETSAT Meteorological Satellite Conf., Prague,
Czech Republic, European Organization of the Exploitation
of Meteorological Satellites, 241-247.

——, F. Best, B. Osborne, H. E. Revercomb, and D. Tobin, 2004:
Land surface temperature and emissivity from infrared hy-
perspectral observations. Preprints, 20th Int. Conf. on Inter-
active Information and Processing Systems (IIPS) for Meteo-
rology, Oceanography, and Hydrology, Seattle, WA, Amer.
Meteor. Soc., P2.28. [Available online at http://ams.confex.
com/ams/pdfpapers/70325.pdf.]

Kurimski, P. G., and P. Schumacher, 2005: The use of TAMDAR
aircraft weather data in convective forecasting. Preprints,
Second Midwest Extreme and Hazardous Weather Conf.,
Champaign, IL, Amer. Meteor. Soc.

Le Marshall, J., and Coauthors, 2006a: Improving global analy-
sis and forecasting with AIRS. Bull. Amer. Meteor. Soc., 87,
891-894.

——, J. Jung, T. Zapotocny, J. Derber, R. Treadon, S. Lord,
M. Goldberg, and W. Wolf, 2006b: The application of AIRS
radiances in numerical weather prediction. Aust. Meteor.
Mag., 55 (3), 213-217.

——, and Coauthors, 2007: The use of global AIRS hyperspectral
observations in numerical weather prediction. Preprints, //th
Symp. on Integrated Observing and Assimilation Systems for
the Atmosphere, Oceans, and Land Surfaces (IOAS-AOLS),
San Antonio, TX, Amer. Meteor. Soc.

Li,J.,andJ. Li, 2008: Derivation of global hyperspectral resolution
surface emissivity spectra from advanced infrared sounder
radiance measurements. Geophys. Res. Lett., 35, 115807,
doi:10.1029/2008 GL034559.

——, ——, E. Weisz, and D. K. Zhou, 2007: Physical retrieval
of surface emissivity spectrum from hyperspectral infrared
radiances. Geophys. Res. Lett, 34, 116812, doi:10.1029/
2007GL030543.

Mamrosh, R. D., E. S. Brusky, J. K. Last, E. Szoke, W. R. Moninger,
and T. S. Daniels, 2005a: Applications of TAMDAR aircraft



AUGUST 2009

data reports in NWS forecast offices. Preprints, 10th Symp. on
Integrated  Observing and  Assimilation  Systems  for
the Atmosphere, Oceans, and Land Surface (IOAS-AOLS),
Atlanta, GA, Amer. Meteor Soc., 9.4.

TAMDAR Great Lakes Fleet Experlment Preprmts Nznth
Symp. on Integrated Observing and Assimilation Systems for
the Atmosphere, Oceans, and Land Surface (IOAS-AOLS),
San Diego, CA, Amer. Meteor. Soc., 5.1.

Menzel, W. P., and J. F. W. Purdom, 1994: Introducing GOES-I:
The first of a new generation of geostationary operational
environmental satellites. Bull. Amer. Meteor. Soc., 75,
757-782.

Moller, A. R., 2001: Severe local storms forecasting. Severe Con-
vective Storms, Meteor. Monogr., No. 50, Amer. Meteor. Soc.,
433-480.

Petersen, R. A., L. W. Uccellini, A. Mostek, and D. A. Keyser,
1984: Delineating mid- and low-level water vapor patterns in
pre-convective environments using VAS moisture channels.
Mon. Wea. Rev., 112, 2178-2198.

Pielke, R. A., and Coauthors, 1992: A comprehensive meteoro-
logical modeling system—RAMS. Meteor. Atmos. Phys., 49,
69-91.

Schmit, T. J., G. S. Wade, W. F. Feltz, J. Jung, J. P. Nelson III,
W. P. Menzel, A. P. Noel, and J. N. Heil, 2002: Validation of

SIEGLAFF ET AL.

1541

use of GOES Sounder moisture information. Wea. Forecast-
ing, 17, 139-154.

——, M. M. Gunshor, W. P. Menzel, J. Li, S. Bachmeier, and
J. J. Gurka, 2005: Introducing the next-generation Advanced
Baseline Imager (ABI) on GOES-R. Bull. Amer. Meteor. Soc.,
86, 1079-1096.

——, J. Li, S. A. Ackerman, and J. J. Gurka, 2009: High spectral
and temporal resolution infrared measurements from geo-
stationary orbit. J. Atmos. Oceanic Technol., in press.

Sieglaff, J. M., 2007: Sensitivity of high spectral resolution infrared
sounders to thermodynamic variability of the lower tropo-
sphere. ML.S. thesis, Department of Atmospheric and Oceanic
Sciences, University of Wisconsin, 86 pp.

Smith, W. L., and Coauthors, 1990: GHIS—The GOES High-reso-
lution Interferometer Sounder. J. Appl. Meteor., 29, 1189-1204.

Strow, L. L., S. E. Hannon, S. De Souza-Machado, H. E. Motteler,
and D. Tobin, 2003: An overview of the AIRS radiative transfer
model. IEEE Trans. Geosci. Remote Sens., 41 (2), 303-313.

Wagner, T. J., 2006: Subhourly profiling of atmospheric stability
during Southern Great Plains severe weather events. M.S.
thesis, Department of Atmospheric and Oceanic Sciences,
University of Wisconsin, 82 pp.

Wang, F., J. Li, T. J. Schmit, and S. A. Ackerman, 2007: Trade-off
studies of a hyperspectral infrared sounder on a geostationary
satellite. Appl. Opt., 46, 200-209.



