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Preface

The second Atmospheric Radiation Measurement (ARivi) This Proceedings document includes papers presented at
Science Team Meeting was held in Denver, Colorado, in the meeting. The papers included are those from the
October 1991. The five-day meeting provided a forum for technical sessions, the experiment design sessions, the
a technical exchange among the members of the ARM first site occupation, and descriptions of locales for future
Science Team and a discussion of the technical aspects of sites,
the project infrastructure. The meeting included several
activities: Science Team presentations, discussions of the
first site occupation plan, experiment design sessions, and
poster sessions.
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A Study of Longwave Radiation
Codes for Climate Studies:

Validation with ARM Observations
and Tests in General Circulation Models

R. G. Ellingson
F. Baer

Department of Meteorology
University of Maryland

College Park, MD 20742

Introduction
One specific goal of thp Atmospheric Radiation Measure-
ment Program (ARM) is to improve the treatment of
radiative transfer in general circulation models (GCM)
under clear-sky, general overcast, and broken cloud con-
ditions. We plan to contribute to this goal by attacking
major problems connected with one of the dominant radia-
tion components of the problem—longwave radiation. In
particular, cur long-term research goals are to

• develop an optimum longwave radiation model for use
in GCMs thrit has been calibrated with state of-the-art
observations

• assess the impact of the longwave radiative forcing in a
GCM

• determine the GCM's sensitivity to the radiative model
used in it

• determine how the longwave radiative forcing contrib-
utes relatively when compared with shortwave radiative
forcing, sensible heating, thermal adv-3ction, and ex-
pansion.

Our approach to developing the radiation model will be to
test existing models in an iterative, predictive fashion. We
will supply the Clouds and Radiative Teslbed (CART) with
a set of models to be compared with operationally ob-
served data. The diffe/ences we find will lead to the
development of new models to be tested with new data.
Similarly, our GCM studies will use existing GCMs to study

the radiation sensitivity problem, We anticipate that the
outcome of this approach will provide both a better longwave
radiative forcing algorithm and a better understanding of
how longwave radiative forcing influences the equilibrium
climate of the atmosphere.

Nature of Longwave Problems
Longwave radiation quantities—radiances, fluxes and
heating rates—are usually calculated in GCM models as
the cloud amount weighted average of the values for clear
and homogeneous cloud conditions. For example, the
downward flux at the surface, F, may be written as

F = (1 - N*) Fo + N* Fc

where Fo is the flux that would occur if the sky were clear
with the observed, non-cloud radiative properties; Fc is the
flux that would occur if the sky were completely covered by
a single plane-parallel cloud layer of uniform optical prop-
erties; and N* is the "effective" fraction of the sky covered
by plane-parallel clouds.

The equation is deceptively simple, but there are signifi-
cant problems associated with the calculation of Fo, Fc, and
N\ Our research program is directed at problems associ-
ated with each of the three terms. Nevertheless, we have
focused our initial research on the clear-sky problem.
Research on homogeneous and broken clouds problems
will occupy more of our efforts during the next few years.
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Clear-Sky Problems
In particular, we are interested in answering the following
questions:

• How well do the models reproduce observed radiances
for clear-sky, low aerosol conditions?

• Which continuum formulations give the best agreement
with observations?

• How well do simple, empirical aerosol models work on
a routine basis?

• How do model uncertainties in downwelling radiance at
the surface translate into uncertainties in the vertical
profiles of upward and downward fluxes and heating
rates?

Our approach to answering those questions is to

• test the accuracy of representative oxamplos of various
model types for calculating the spectrally integrated
radiance over relatively broad intervals of the order of
20 cm ' or greater

• use identical meteorological data in each model

• use identical numerical techniques, where possible, to
perform the various calculations.

The approach requires the simultaneous measurement of
the radiative properties of the atmosphere and the verti-
cally downward spectral radiance. The observational
requirements depend on the individual problems to be
studied, but the list is quite long

Sensitivity Studies
In anticipation of the measurements, we have begun a
study of the sensitivity of calculations of the vertically
downwelling radiance calculations at the surface to pos-
sible errors in the measurement of the radiatively important
variables for clear-sky conditions (i.e., temperature, H?O,
Oy CO.. NjO. CHt). In particular, we have used the Air
Force Geophysical Laboratory (AFGL) Mid-latitude Sum-
mer atmospheric profile and several different radiation
codes to determine the sensitivity of calculations to

• different formulations of the water vapor continuum

• systematic and random errors in H,O. T. tropospheric
Os. and stratospheric O,

• systematic increases in the concentrations of CO.,, CM,
and Nj.0

• aerosol loadings.

Some of the results of the sensitivity calculations are
bi .own in Figures 1 through 9. Overall, the results show the
following:

• At near sea level conditions, major useful research is
possible only in the 500 to 1400 cm1 region.

• Systematic errors in the measurement of water vapor,
temperature, and aerosols pose the greatest risk for
validation of the models to better than 5% in these
regions.

• Separation of the various continuum formulations re-
quires the specification of the vertical distribution of
lemporature and water vapor in the lowest 4 km to within
about 1 K and 5%, respectively.

There are many other results that could not be shown in
this summary paper. However, we will be happy to provide
interested individuals with copies in GIF format which can
be displayed by most desktop computers.

Homogeneous Cloud
Problems
Our research is directed at answering the question: How
well do existing, generic, bulk parameterizations of cloud
radiative properties allow the calculation of downwelling
radiance at the surface? The observations we require
include cloud base altitude, liquid water content, and the
radiative properties of the clear-column below the cloud
base. We are performing the required sensitivity calcula-
tions at this time. and hope to present results on this aspect
of the study at the next meeting of the Science Team.

Broken Cloud Study
Since liquid-water clouds are nearly black in the infrared,
cloud geometry dominates the longwave broken cloud
problem. Our research is directed at testing the accuracy
of parameterizations of N* in terms of bulk geometric
factors such as the absolute cloud amount N. aspect ratio
n, thickness H, spacing d, and the distribution of clouds on
the horizontal plane u. However, a number of difficulties
are associated with research on this problem:
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• Finite size cloud effects on Fo at the surface arc gener-
ally within the 5% accuracy of the flux observations.

• There are no standard methods for estimating the
required cloud properties.

We are evaluating two different approaches to testing
models of partial cloudiness, both of which rely on rela-
tively on elementary physics. That is, if clouds were black
and randomly distributed, the quantities necessary to
perform the radiation calculations are the probability of a
clear ling of sight through the atmosphere at all angles and
the probability of seeing a cloud beiween given altitude
regions at all angles. The major difficulty is the determina-
tion of the probability functions.

The first approach is to use scanning lidars and cloud
imagery to develop empirical probability statistics. This is
similar to performing Monte Carlo simulations on a com-
puter, but here the atmospheric physics change the cloud
parameters and lidar tracks the photons. The observed
probability statistics will bo compared with those calcu-
lated from simple geometrical considerations.

The second approach will determine N* from a combina-
tion of flux and radiance observations and/or calculations
using a variation of the spatial correlation technique used
for determining cloud amount from satellite data. We will
then compare the estimated N*'s with those calculated by
the theoretical models using data from the three-
dimensional mapping network.

General Circulation
Model Testing
It is already clearly evident that longwave radiation effects
can have a pronounced impact on climate model perfor-
mance and that changes in chemical constituents as well
as clouds in a prediction model can \-'u;J forecasts which,
if accurate and based upon careful observations, could
cause serious societal concern. Numerous factors play a
role in the overall thermal forcing of a climate model; and
while we know that greater accuracy from a longwave
radiation model will improve cur skill in climate prediction,
we must also establish a more reliable estimate of the
relative importance of longwave radiative forcing in a
climate model in comparison to its other features.

Since the radiative mode! depends on moisture, cloud,
temperature, surface energy budget, and parameteriza-
tion of sub-grid scale effects, we must ultimately identify
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the impact of the forcing on all these parameters. However,
in the initial stages of this study, we will strive to establish
the sensitivity of climate modeling on the quality of the
radiative model alone. The numerical experiments we plan
to carry out should provide us with the information needed
to answer some of these sensitivity questions.

We anticipate that the outcome of this experiment will
provide us with both a better longwave radiative forcing
algorithm and a better understanding of how longwave
radiative forcing influences the equilibrium climate of the

atmosphere. As our experiments proceed, it seems rea-
sonable that the other forcing functions and, in particular,
shortwave radiative forcing could be studied in a corre-
sponding way. We would be pleased to collaborate with
other specialists who have an interest in understanding the
properties of these functions.

There are many details associated with this study which
obviously cannot be discussed in this short summary
paper. However, we will be happy to discuss them at length
with members of the Science Team.
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Absorption Coefficients of CFC-11, CFC-12,
HCFC-22, and SF6 Relevant to Atmospheric

Remote Sensing and Global Warming Studies
P. Varanasi

Institute for Terrestrial and Planetary Atmospheres
State University of New York at Stony Brook

Stony Brook, NY 11794-2300

Spectral absorption coefficients (or absorption cross-sections) K-V(cm'atm') of CFC-11, CFC-12, HCFC-12, and SF6 have
been measured in the spectral region (8-12 ^m) known as the "atmospheric window." Data obtained with a grating
spectrometer, which has wide spectral coverage and adequate spectral resolution (0.4 cm'), for CFC-11, CFC-12, and
HCFC-12 are not presented here but can be obtained from the author. We have also measured at various temperature-
pressure combinations, which are chosen to represent tangent heights (as in solar-occultation experiments) or layers in
the atmosphere, the icv of CFC-12 in the 921 and 923 cm' O-branches, of HCFC-22 in the 829 cm' Q-branch, and of SF,
in the 947.9 cm' Q-branch with the Ooppter-limited spectral resolution (-10 * cm') of a tunable diode laser spectrometer.
The latter is especially suited for atmospheric remote sensing, while the grating spectra are useful in global warming
studies.

Introduction
CFC-11 (CFCg and CFC-12 (CF2Cy have become sub-
jects of extensive laboratory investigations, atmospheric
remote sensing experiments, and global warming studies
because of their ozone depletion (ODP) and global warm-
ing (GWP) potentials. The ODP and the GWP of these two
man-made chemicals were identified as significant sixteen
years ago. However, most laboratory attempts to measure
quantitative spectroscopic data on the thermal infrared
bands appearing in the atmospheric window between 8
and 12 nm have been limited to data obtained under
normal laboratory conditions, which hardly resemble those
in the atmosphere. For atmospheric applications such as
infrared remote sensing and radiative modeling, we need
to measure the absorption coefficients, which are some-
times referred to as absorption cross-sections, at tempera-
ture-pressure combinations appropriate to the atmosphere.
The principal aim of this paper is to present such data as
are directly applicable to the abovementioned atmospheric
studies.

HCFC-22 (CHCIFj) is a hydrochlorofluorocarbon that is
attracting much attention lately, because of its reduced
ODP.compared with CFC-11(CFCI3) and CFC-12(CF2Cy.
This reduction apparently stems from the fact that an

ozone-destroying Cl atom can be replaced with an H atom.
The H atom, being more readily susceptible to oxidation
than Cl, would increase the prospects for an OH sink for
HCFC-22 in the atmosphere and, hence, reduce its ODP.
This molecule is thus an attractive replacement for the
abovementioned CFCs in numerous industrial and domes-
tic applications. Whatever its ODP may be, the GWP of
HCFC-22 is, however, as high as that of the CFCs as long
as its increased use results in an increase in its atmo-
spheric concentration.

The current atmospheric concentration of SF6 is less than
a percent of that of either CFC-11 or CFC-12. Its 947 cm'
band, however, has nearly the combined strength of all of
the thermal infrared bands of either of these CFCs. Also,
because of 1) its increased use in industrial applications as
an electrical insulating gas, in the manufacture of fire
extinguishers and 2) its long lifetime in the atmosphere, this
man-made chemical's high GWP may merit serious con-
sideration in th9 future. The measurements presented
here are valuable in the remote sensing of this molecule.

The premise of the present experimental study is that a
line-by-line procedure is impractical for many of the CFCs
and HCFCs because the positions, strengths and widths of
individual lines are practically impossible to catalogue
when there are literally thousands of densely-packed lines.
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Lines belonging to hot bands, which are transitions from
excited vibrational levels, and isotopic bands further com-
plicate the problem. A proper approach to take in such
instances would be to measure the absorption coefficient
itself over the range of wavenumbers, temperatures and
pressures that are relevant to atmospheric remote sensing
experiments. The ultimate goal in the line-by-line scheme
is, after all, that of computing the absorption coefficient.
This computation is completely dependent on our knowl-
edge, which will not be totally adequate in the near future,
of all of the individual line parameters mentioned above
and of their temperature and pressure dependence.

Why not measure the absorption coefficient itself in the
laboratory? We illustrate here the attractiveness of this
idea through three examples involving CFC-12 (CF,CI,).
HCFC-22 (CHCIFj). and SF6. The spectra were measured
with the Doppler-iimited spectral resolution of a tunable
diode laser spectrometer (TDLS) using a cryogenically
coolod absorption cell.

In the case of CFC-11 (CFCI.,) bands, since rotational
structure is hardly observable at atmospheric conditions,
we have obtained the absorption coefficients over the
entire spectral region occupied by its bands employing a
grating monochromator.

Results and Discussion
The spectral absorption coefficient vv(cm-latm-') is defined
in the well-known Beer's law governing transmission of
monochromatic radiation

Here, v is the wavenumber (cm1) of the monochromatic
radiation, | is the mixing ratio of the absorber in air, p (in
atm) is the atmospheric pressure, and L (in cm) is the
pathlength. In our experiments, § < 0.0258 and L = 9.28 cm.
Since 1) the spectral resolution of the diode laser
spectrometer is ~ 10* cm' and 2) the rotational fine structure

is completely smeared out even at this ultrahigh spectral
resolution at a few millibars of p, we conclude that the data
shownin Figures 1through3are true absorption coefficients
without any instrumental distortion. When % < 10J, KV is
independent of £ and would be the same in the laboratory
as in the atmosphere, provided the broadening pressure
(p) and the temperature (7) have the proper values. In
other words, self-broadening should be unimportant in the
laboratory measurement. It is also important to recognize
that so long as the rotational fine structure is smeared out,
the use of N : as the broadening gas instead of air should
not alter the AT, measurably. Such x^data may, therefore,
be directly applied in the analysis of data obtained in other
such atmospheric infrared experiments by convotuting the
rwilh the appropriate instrument (apodization, for example)
functions. The procedure would remain the same as in the
currently employed tine-by-line codes except for the
important simplification and improved accuracy achieved
by directly measuring vv (H) itself in the laboratory as a
function of the tangent height H (T,p).

From Figures 1 through 4, it is easy to see the importance
of measuring the KV in the O-branches at the proper Tand
p, since they vary significantly with both Tand p. The effect
of pressure-broadening is evident from Figure 1, in which
are shown data obtained at 195 K with pure CFC-12 at
0.1147 mb (dotted curve) and with a mixture of CFC-12
and N2 (\ = 0.0258) at p=27.01 mb (solid curve). Only the
solid curve of Figure 2 has any practical significance.
Consequently, in Figure 2 only the Ky obtained using the
mixture f£ = 0.0258) of CFC-12 and N2 at 195 K and 27.01
mb, at 247 K and 28.67 mb, and at 294 K and 17.79 mb are
compared. The data shown in Figures 3 and 4 were
obtained using carefully prepared mixtures of HCFC-22
and Nj and of SF8 and N8, respectively, and by selecting
temperatures and pressures per the U.S. Standard Atmo-
sphere. The variations in the magnitude of v, and of its
profile with land ptranslate directly into variations with the
tangent height H encountered in the solar occupation
experiments.
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Figure 1. Spectral absorption coefficient data of CFC-12 at
195 K around 921.75 cm' measured with tunable diode laser
spectrometer (TDLS). The dotted curve is for pure CFC-12 at
0.1147 mb and the solid curve is for a mixture of CFC-12 and
Nj (\ » 0.0258) at p - 27.01 mb.
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Figure 3«. Spectral absorption coefficient data for a mixture
of HCFC-22 and N ; (% - 0.004099) In the Q-branch located at
829.0597 cm1, 7-216 K. The curves are labeled 1 through
4 in the descending order of the values of the maximum *cvand
theascendingorderofp.Curve1:53.52mb;curve2:103.7 mb;
curve 3:150.2 mb; curve 4:240.6 mb.
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Ftgurt 2. Spectral absorption coefficient data for a mixture of Flgur* 3b. Spectral absorption coefficient data for a mixture
CFC-12 and N2 {£- 0.0258) around 921.75cm' measured with of HCFC-22 and Nt (^ - 0.004099) in the Q-branch located at
a TDLS. Top curve: p = 27.01 mb, 7"= 195 K; middle curve: 829.0597 cm V The curves are labeled 1 through 4 in the
p-28.67 mb, T= 247 K; bottom curve: p= 17.79 mb, f = 294 K, descending order of the values of the maximum \\. Curve 1:

r - 216 K, p - 240.6 mb; curve 2: T- 236 K, p - 360.3 mb;
curve 3: I - 253 K, p - 537.0 mb; curve 4: T- 273 K, p -
799.9 mb;curve5: 7"-294K,p* 1013.7mb.CurveSisdrawn
as a solid line to distinguish it from curve 4, which is drawn as
a dashed line.
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Figur* 4a. Spectral absorption coefficient data for a mixture Figure 4b. Spectral absorption coefficient data for a mixture
of SF t and N, (£ » 0.0029) in (ho Q-branch located at ofSF landN!,(4-0.0029)lntheO-branchlocatedat947.95cm l

947.95 cm' , f - 216 K. at simulated conditions corresponding to the stated atmos-
pheric heights.



Technical Sessions

Spectroscopic Study of Water Vapor Absorption
in the 8- to 14-f.mi Atmospheric Window:

Measurement of New Line and Continuum Parameters
and Investigation of Far-Wind Phenomena

T. J. Kulp
J, Shinn

Environmental Sciences Division
Lawrence Livermore National Laboratory

Livermore, CA 94550

The accurate quantitative understanding of the latent
infrared (IR) absorption in the atmospheric window regions
continues to be an area of research interest for the global
climate modeling community. This need is particularly
great in the 8- to 14-j.im window, which spans a large
portion of the 300K blackbody emission spectrum. There,
the latent absorption is caused primarily by water vapor
and consists of two distinct features: 1) the weak lines
originating both from transitions in the far edge of the water
pure rotational band (at the long wavelength boundary of
the window) and from transitions located in the trailing
edge of the u, rovibrational band (at the short wavelength
boundary) and 2) the water vapor continuum. The data-
base concerning the lines is periodically updated, yet there
remain spectral gaps in which accurate laboratory mea-
surements are required to substantiate long-pathlength
atmospheric results.

The continuum has been the subject of investigations for
a number of years, both with respect to its spectral intensity
as a function of temperature and pressure and with regard
to its physical origins. At present, the continuum absorp-
tion near room temperature is relatively wellcharacJerized;
however, the database must be expanded to span all
relevant atmospheric conditions. Among the explanations
proposed as causes of the continuum are the cumulative
absorption of the far wings of distant lines, absorption by
dinners and higher-order clusters, and higher-order linear
absorption processes. A common thread among all these
explanations is that the continuum absorption is somehow
linked to intermolecular interactions between water
molecules.

The initial goals of this project are to address the gaps in
the quantitative understanding of both the water vapor line

and continuum absorption in the 8- to 14-nm window. To
this end, the initial year has been spent assembling the
necessary equipment to make these measurements (and
to support other Atmospheric Radiation Measurement
[ARM] laboratory spectroscopic needs, as they arise). This
effort consisted primarily of designing and construcling a
multipass absorption cell and the chamber to house the
cell, assembling the spectroscopic instrumentation neces-
sary to make the measurements, and adapting these
instruments to operate in conjunction with the multipass
cell. The spectroscopic instruments to be used consist of
adiode laser spectrometer, operated in the sweep integra-
tion mode (to measure line absorption), and a BOMEM
MB10Q Fourier Transform infrared [FTIR] spectrometer
(for continuum measurements).

The multipass cell that is used in this project is of the Horn-
Pimentel design and has a maximum pathlength of at least
300 m, with a base pathlength of 3 m. The cell is a
commercially available item, obtained from Infrared Analy-
sis, Inc (Anaheim, California). The call mirror surfaces are
composed of ceramic-coated Ag and have specified
reflectances of 99.5% in the regions of interest. Because
the cell pathlength is shorter than those used in earlier
studies, it is essential that the stability of the cell optics and
the conditions within the chamber housing the cell be
controlled to high precision. Also, the shorter pathlength
places greater constraints on the stability of the spectro-
scopic instruments that are used to make the meas-
urements, particularly with regard to the continuum
absorption. This concern will be addressed by taking
advantage of the exceptional baseline stability of the
MB100 spectrometer, which is nearly an order of magni-
tude greater than that of other, similar instruments. An

u
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advantage afforded by the smaller cell, apart from the
obvious space considerations, is the ability to create a
more homogeneous gas sample than was possible in
earlier, longer systems.

In addition to stability, several other issues must be ad-
dressed when making spectral measurements of water
vapor. These arise primarily as a result of the difficulty in
creating and handling mixtures of air and water vapor.
Fortunately, because of the number of past attempts to
measure the spectral properties of water vapor, there is a
considerable amount of information in the literature re-
garding these problems, which result primarily from the low
saturation vapor pressure of water at room temperature.
As a result of its low saturation pressure, water easily
condenses onto container walls, mirrors, and transmission
windows. Another aspect of the adsorption problem is the
need to equilibrate the vapor-phase water with that
adsorbed on the walls of the cell container, so that a stable
vapor concentration may be obtained. Because of adsorp-
live losses, it is necessary to have an independent means
of measuring water partial pressure within the cell. Finally,
the water vapor and the diluent gas must be adequately
mixed to prevent refractive inhomogeneilies within \>e cell
that will lead to beam wander and, thus, erroneous results.

These concerns influenced the design of the chamber to
house the multipass cell (Figure 1). The chamber is being
constructed in three separate segments of stainless steel,
with a highly polished inner wall. Stainless steel has been
used successfully in the past to contain stable water vapor

mixtures, and the smoothness of the inner walls will
minimize the surface area available for adsorption. Optical
stability is enhanced by supporting the entire assembly on
a granite slab, which will isolate the optics from room
vibrations and will minimize the effects of room tempera-
ture fluctuations on the intermirror spacing. Isolation of the
mirrors from movement of the chamber walls that may
arise during the evacuation of the cell is accomplished by
attaching the mirror mounts to the support independently
of the chamber. Although both the cell and the optics are
mounted to the same steel plate, that plate is rigidly
attached to the granite in many places, so that it effectively
serves as an extension of the granite surface.

Thermal control of the inner environment of the chamber
is accomplished by circulating a heat-exchange fl uid through
a jacketed reservoir that surrounds each of the three
segments of the chamber. Each jacket is connected in
parallel to an FTS model RC-200-ULT temperature con-
troller. Thermal insulation from Iho surroundings Is pro-
vided by a layer of Armaflex Insulation. Temperature will be
monitored within the cell at four different places using
thermistors. Given the specifications of the temperature
controller and of the chamber, it is expected that tempera-
tures between -40° and 60°C will be attainable, without
having to change fluids. Thermal control of the optical
surfaces is accomplished separately using Kaptan contact
heating elements that are affixed to the components and
controlled by separate heater control modules.

H««t ixchtngt |»ck»l
Armftfox insulation

1
10-|ut»i.d.

Figure 1 . Diagram of the Horn-Pimeniel multipass cell and chamber.
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The mixture of the appropriate water vapor samples is
accomplished using adiluent gas distributor, located at the
top of the chamber volume. Water vapor introduced into
the cell is mixed with the diluent gas, which is introduced
in many locations in the cell rather than only from one end.
This prevents stratification of the vapors. Additionally,
recirculating fans will be placed within the cell to further stir
the mixture. Oncethegas mixture hasbeencreated, water
vapor concentration will be monitored using an EG&G
Model 880 dewpoint hygrometer. As the work progresses,
the feasibility of monitoring the water vapor concentration
using the intensity of a water vapor line will also be

investigated, as this will provide a measurement that is
more representative of the entire chamber volume.

At the present time, the cell chamber is being constructed
by MDC Corporation (Hayward, California). The diode
laser spectrometer has been made operational, and the
mechanism for coupling it and the MB100 FTIR to the
multipass cell has been designed. When the completed
cnamber is received (expected in mid-November), the
apparatus will be assembled, and water vapor measure-
ments will subsequently begin.

13
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The HITRAN Atmospheric
Molecular Spectroscopic Database

L. S. Rothman
Air Force Geophysics Laboratory

Optical Environment Division
Hanscom AFB, MA 01731-5000

The Optical Environment Division of the Air Force Geophysics Laboratory has been engaged throughout its history in the
development of computer codes and databases to facilitate spectral modeling of atmospheric transmission and radiative
processes. Major updates to the computer codes have recently been made available: FASCODE3 (for high resolution
lino-by-line calculations), LOWTRAN7 (moderate resolution band-model code), and MODTRAN (an intermediate
resolution band-model code). In addition, a new edition of HITRAN, the spectroscopic molecular absorption dataoase,
has become available. HITRAN now contains greatly Improved data for 30 molecular species from zero wavenumber
through the visible region. There are also numerous bands of species such as the chlorofluorocarbons contained as cross-
section data on tho HITRAN compilation, These models and database have a significant impact on spectral simulations
and remote sensing capabilities. This paper will review these recent developments and present some examples of current
applications.

Introduction
Soon after the second world war, advances in the tech-
nologies of infrared detectors and the development of
digital computers made it feasible to consider automated
calculations of atmospheric transmittance and radiance.
The U.S. Air Force at the Cambridge Research Laborato-
ries (now the Geophysics Directorate) commenced with a
long-standing program to develop codes and databases
for these needs. The codes have evolved in two paths: a
band model approach and a line-by-line approach. The
former has given rise to the family of programs called
LOWTRAN and eventually MODTRAN.

LOWTRAN7, the current edition, covers the spectral
region from the microwave to the ultraviolet and provides
atmospheric transmittance or radiance at aresolution of 20
cm-1. It is a rapid program that has been in operation for a
long time. The physics is based on a one-parameter band
mode) and limitations are operation below 50 km and loss
of small-scale spectral character.

MODTRAN is a recent code which is similar to LOWTRAN,
but has an order of magnitude better resolution and uses
a two-parameter band model based on pressure and
temperature. The spectral and altitude ranges are similar
to LOWTRAN.

FASCODE (Fast Atmospheric Signature Code) attempts
to use the correct physics in a line-by-line treatment of the
molecular absorption. It uses the correct line shape through
the different pressure regimes of the atmosphere, and now
allows for non-local thermodynamic equilibrium (thereby
being valid at higher altitudes than LOWTRAN or
MODTRAN). FASCODE employsclevercomputer methods
to allow for a rapid construction of the absorption line
shape and the merging of layers of the atmosphere.
Nonetheless, it is slower to run than the band model codes
which have built-in molecular absorption. All of these
codes share basically the same algorithms for geometry,
scattering, default atmospheric profiles, continua, aerosols,
instrumental scanning functions, and filter functions.

Common in one way or another to all these codes is the
HITRAN molecular database. HITRAN is a compilation of
quantized molecular transitions from the microwave through
the visible region of molecular bands that contribute to
absorption or emission in the atmosphere. HITRAN must
accompany the line-by-line codes as input; the band
model codes now base their molecular absorption bands
on HITRAN, using pre-computed bands fitted to one- or
two-parameter models whose coefficients are stored with
the codes. In this paper, we shall focus on the evolution of
the HITRAN database.

15
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HITRAN91 and Beyond
The original database, which appeared publicly on mag-
netic tape in 1973, contained information for seven infrared
active gases (H.O, COS, O v N.,O, CO, CH4, and O2). The
spectral range at that time was from about 1 to 100
microns, and the parameters contained for each of the
about 100,000 transitions were the fundamental ones
required for computing transmission via the Lambert-
Beers exponential law of attenuation, namely, the line
position in wavenumbers (cm1), the line intensity, the lower
state energy, and the air-broadened halfwidth. Since that
time the database has expanded substantially. By the
release of the edition of 1936 (Rothman et al. 1987), one
experienced an increase in the spectral range, the number
of molecular species and their isotopic variants, and in the
number and accuracy of the parameters, The current
edition (Rothman et al. 1992) became available in March
1991; Table 1 summarizes the species present in 1991,

In Table 1, the third column includes pure rotational and
vibrationally excited pure rotational bands (in the submilli-
meter region), vibration-rotation bands, and some vibra-
tion-rotation bands between different electronic states (for
example, oxygen). Most of the transitions are caused by
electric dipole interaction with the radiation field. However,
there are some electric quadrupole and magnetic dipole
transitions as well (nitrogen and oxygen). The number of
bands irscludes conlributions from the different isotopic
variants in the table, and no distinction is made for strength
or weakness in the summary of Table 1.

The effort toward developing improved parameters is to
reduce errors in remote sensing retrievals. Deficiencies in
our ability to fully model transitions that are significant in
long atmospheric paths, such as for ozone or some of the
trace constituents, has been an enduring problem. Never-
theless, the molecular database and the transmission
codes are evolving and improving. There is a periodic
international convening of developers of the high resolu-
tion codes under a working group of the International
Radiation Symposium (IRS) called the Intercomparison of
Transmittanceand Radiance Algorithms(ITRA)(!RS 1989).
These meetings have gone a long way in improving codes
such as FASCODE and presenting directions for the future
of the codes. Similarly, there is a subgroup of the IRS called
Atmospheric Spectroscopic Applications (ASA) which has
concentrated on development of Ihe database and model-

ing efforts such as continua, line shape, non-LTE phenom-
ena, line-coupling effects, etc. In addition, a biennial meet-
ing is held specifically on the molecular database at the
Geophysics Directorate. The goals have been to identify
deficiencies and to bring forth new improved experimental
observations and theoretical calculations.

The advance of computer analytic power and the wider use
of Fourier Transform Spectrometer (FTS) techniques have
coupled to bring major advances to HITRAN. Forexample,
the efforts of the group in Paris of J.-M. Flaud have made
significant advances to the parameters of asymmetric
rotor molecules which play a predominant role in the
atmosphere.

The HITRAN'91 (Rothman et al. 1992) has substantial
improvement of HSO, CO,,, Oa, CH4, NO2, HNO3, as well as
refinements for most of the other species, In addition, the
new species of COF8and SF6 have been added, both seen
in the atmosphere with strong absorption features, H2S will
be added to the next edition (particularly important be-
cause of recent volcanic activity).

Chlorofluorocarbons (CFCs) and oxides of nitrogen are
examples of another direction HITRAN has taken. Be-
cause of the dense spectra for these heavier gases, it has
so far been with a few exceptions, impossible to represent
them in the discrete parameterized format as for the
molecules represented in Table 1. The approach taken
has been to use digitized high-resolution experimental
data (McDaniel et al. 1991; Massie et al. 1985; Ballard
et al. 1988) .The latest database has many of the important
bands observed at six different temperatures that span
representative values for the earth's atmosphere (see
Table 2). The latest generation of codes, such as
FASCODE3, make use of this information and can pro-
duce quasi-quantitative simulation of atmospheric pro-
files. Future refinements should include representative
pressures as well, in order to better model effects such as
line-coupling on the band contours.

These updates have had a strong impact on remote
sensing capsbilities. The ozone parameters (Flaud et al.
1990) in particular have been a major improvement. An
example of the improvement from the 1986 to 1991 HITRAN
can be seen in Figures 1 and 2. The upper trace is a
simulation using HITRAN'86 (Rothman et al. 1987); the
middle trace is a simulation with HITRAN'91 (Rothman
et al. 1992); and the bottom trace is the observation, a high
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Tablt 1. Molecular Species in HITRAN

Specie

H2O
CO2

o,
Np
CO

CH,

02
NO
SO,
NOj

NH^
HNO3

OH
HF
HCI

HBr

HI
CIO
OCS

H,CO

HOCI

N*
HCN

CH3CI

HA
C 7 H ?

C2HC

PH3

C0F2

SF.

Isotopes

4

8

3

5
5

3

3

3
2
1
2
1

3
1

2

2
1

2
4

3

2

1
3

2

1

2
1

1

1

1

Number
of Bands

134

592
76

140

31
48

18

13

7
8
9

13
27
6

17

16

9
8
6

10

6

1

8

6

2

9
2
2
3

1

Number
ot lines

48.523

60,652

168,881

24,125

3,600

46,971

2,254

7,385

23,659

26,296

5,817

143,021

8,676

1.07

371

398

237
6.020

737

2,702

15,565

117
772

6,687

5,444

1258

4,749

2,886

18,242

11,520
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Table 2. Cross Section Data in HITRAN

Specie

CCI3F(CFC-11)

CCIjF;, (CFC-12)

COIF, (CFC-13)

CsClaF,(CFC-113)

C2CI/JCFC-114)

CjCIF5(CFC-115)

NA

ClONOj

HN04

CHCIj(CFC-21)
CCI4
CF, (CFC-14)'"

CHCIFj (CFC-22)")
HNO,*1

Spectral
Ranqe

630 - 860
1060-1107
867 - 937
1080-1177
765 - 805
1065-1140
1170-1235
780.5 - 995

1005.5-1232
815-860
870 - 960
1030-1067

1095-1285
955-1015
1110-1145
1167-1259
555.4 - 599.8
720.3 - 764.7
1210.1 -1274.8

1680.2-1764.6
740 - 840
1240-1340
1680-1790
770 • 830
785 • 840
786 - 806
1255-1290

780-1335
1270-1350

Number
ofT

6
6
6
6
6
6
6
6

6
6
6
6

6
6
6
6
4
4
4

4
2
2
2

1

1

1

6

6

1

Number
of Dts/T

2 023
3 168
4 718
6 539
2 696
5 056
4 382

430

454
3 034
6 067
2 494

12 808
4 044
2 360
6 269

93
93

135

176
10 371
1400
1 540

5 476
5 020
1 826
2 359

11 798
7 301

(a) Omitted from HITRAN'91. added to HITRAN'92
(b) Duplicated on high-resolution part o) HITRAN'91

?8
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Figure 1. Simulations ot University of Denver balloon-borne
spectra in the 1692.0-1692.5 cm-' Region.
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resolution balloon-borne FTS flown by the University of
Denver.<•' The plots have been offset for better viewing. In
these regions, the major advance is due to the improved
HNO3 parameters. For H8O, similar results have been
reported in this spectral region, and for the near infrared
and visible regions.

Conclusion
HITRAN is continually evolving to better meet the require-
ments of a diverse group of uses: remote sensing of (he
atmosphere, planetary atmospheres, energetically dis-
turbed atmospheres, combustion processes, detection of
radiant sources through the intervening atmosphere, pol-
lution monitoring, and global climate change monitoring.
As new instruments in different spectral regions become
operational, HITRAN endeavors to provide the param-
eters necessary for these tasks.

Recently, error criteria have been added to HITRAN. It is
hoped that sensitivity studies will be made to better show
the effects of the errors on particular simulations. The next
version of the database will be available on both floppy
diskettes in compressed form and optical diskettes (for-
merly the databases were available only on large magnetic
tape). The direction is clearly for PC orientation. The user
will have available more powerful tools to rapidly access
subsets of data, plot data, and perform various preliminary
analyses. Supplemental sets of moleculardata will also be
accessible. A new edition is expected in tne beginning of
1992; this edition will also incorporate numerous improve-
ments to moiecular bands that were highlighted in the last
HiTRAN database conference.

One must emphasize that the HITRAN project is the result
of the efforts of many researchers throughout the world.
The megabytes of data result from the often thankless
work of numerous spectroscopists analyzing, identifying,
calculating, and painstakingly measuring thousands of
spectral lines in laboratories and in the field.

Figura 2. S.mulations o! University of Denver baltoon-borne
specjra in the 1726.5-1727.0 cm-' Region.
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Radiative Transfer Model Development in Support of the
Atmospheric Radiation Measurement (ARM) Program

Principal Investigator. S. A. Clough
Atmospheric and Environmental Research, Inc.

Cambridge, MA 02139

Introduction
The availability ol a rapid highly accurate multiple scattering
radiative transfer model is essential to meet the objectives
of the Atmospheric Radiation Measurement (ARM)
Program. The model musibecapable ofcomputing radiance
at spectral intervals consistent with the monochromatic
spectral variation ol the atmospheric molecular absorplion.
The resolution of the spectrometers to be deployed at the
ARM sites. 0.1 cm' and less, will provida an important
assessment of our capability to perform radiative transfer
calculations in the multiply scattered environment. A second
important application for the high-accuracy high-resolution
model is to provide parameterizations and validations for
the faster low-resolution models required for general
circulation models (GCMs). The computational cost of
performing multiple scattering calculations at
monochromatic resolution over broad spectral regions is
extremely high The major focus of our research effort has
been directed to the development of an accelerated multiple
scattering model for the longwave spectral region.

CHARTS - Code for High
Resolution Accelerated
Radiative Transfer with Scattering
Lead Investigator: J L. Moncet

The design of the multiple scattering model has focused on
the requirements for ARM, i.e , the computation of multiply
scattered spectral radiances for a specified altitude and
viewing angle with a computational accuracy of better than
0.1 %. The code has been optimized for the computation of
radiative transfer results at specific altitudes, e.g., the
surface, aircraft altitudes, or space The code is not
optimized for the compulation of atmospheric cooling rate

profiles at high spectral resolution. Cooling rate profiles
can best be obtained by faster models which do not retain
the high-resolution spectral information.

Following a thorough consideration of multiple scattering
methods in the context of line-by-line spectral calculations,
the doubling-adding method has been selected. The method
is 'ast, accurate, and numerically stable. The doubling-
adding method is very general; may be readily extended to
include polarization and the treatment of multiple scattering
in anisotropic media, e.g , cirrus clouds; and involves only
elementary matrix/vector operations facilitating accelerated
computation. In the CHARTS model, double gauss
quadrature (Sykes 1951; Stamnes and Swanson 1981)
has been used. The number of streams is variable, limited
only by computer memory constraints. In the present
model, the number of streams has been varied from 2 to
32. The model uses delta-M scaling (Wiscombe 1977) and
thediamond initialization with At -10'3(see, e.g..Wiscombe
1976). A stratified, horizontally homogeneous, plane parallel
atmosphere is assumed. The Planck function is taken to
vary linearly with optical depth within an otherwise vertically
homogeneous layer.

In general the observing angle, including both zenith and
nadir viewing angles, will not be included among the
quadrature angles used in the multiple scattering
calculation. Ithasbeen generally recognized,e.g., Stamnes
(1982), that interpolation procedures are not adequate to
obtain the radiance to the required accuracy at specified
but arbitrary viewing angles. To address this situation, the
reflection/transmittance matrices and the emission vector
have been augmented by an additional angle, the viewing
angle. With an appropriate definition of the relevant matrices
and emission vector, the implementation of the interaction
principle for adding provides the radiance at the specified
angle without including the augmented component in the
angular summations.
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The accelerated performance of the model arises from two
main sources: 1) the application of a look-up table for the
multiple scattering matrices as a function of molecular
optical depth, and 2) the calculation of the components for
the required matrix operations with the spectral loop taken
as inner. The model assumes that the phase function and
the Planck (unction may be taken as having a linear
variation over 2400 spectral points. The separation be-
tween spectral points is taken to be 1/4 of the halfwidth of
a typical spectral line for a layer at the tropopause. This
corresponds to a sampling interval of 0.002 cm' with a
span of 4.8 cm1 for a panel of 2400 points. Using the
doubling method, retlection/transmittance matrices and
emission vectors are constructed for a range of optical
depths appropriate to the molecular optical depths in the
panel at logarithmic intervals of 0.1 (base 2). The multiple
scattered results are then obtained at spectral value \J by
interpolating the reflection/transmission matrices and the
emission vector using the molecular optical depth associ-
ated with \> In tho current approach, on tho order of 100
doublings are required over a panel rather than the 2400
required with a diroct approach, resulting in a computa-
tional savings of 24,

The second important feature .nvolves performing the
computations with the spectral loop taken as the innermost
loop, namely over the 2400 spectral points. This has the
advantage that the computational gain attainable with
vectorization will be realized independent of the size of the
matrices, i.e.. the number of streams being used.

Finally, for treating the atmospheric problem, a strategy
has been developed that provides flexibility and further
acceleration for the computations of multiply scattered
radiance at an arbitrary atmospheric altitude. For the
layers below the specified altitude, the adding algorithm is
applied starting at the surface and proceeding to the
specified altitude. This method results in the development
of the reflectance matrix and emission vector for a single
layer from the surface to the specified altitude. For the
layers above the specified altitude, the computation is
performed from the top scattering layer to the specified
altitude, obtaining the reffeclance/transmittance matrices
and the downward emission vector for an effective scatter-
ing layer above the specified level. The scattered radiance
at the given altitude is obtained by appropriately combi nmg
these quantities in conjunction with application of the
spectra] radiances at the upper scattering boundary.

In Figure 1, we indicate results associated with the prelimi-
nary version of the operational code. The test case con-
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Figure 1. Timing Results for the CHARTS Multiple Scattering
Model on a CRAY-YMP as a Function of the Number of
Streams, The dashed line represents the time for the table
generation; the difference between the dotted and dashed
line represents tho time for tho interpolation; and the differ-
once between tho solid and dashed line represents the time
for adding. Tho case is lor four scattering layers at 12 km with
1x10" spectral points per layer.

sists of four 1 -km-thick cloud layers with spectral sampling
appropriate to an altitude of 12 km. The spectral region is
from 600 cm' to 2600 cm \ Each layer has 1 x 106 spectral
points for which the reltectance/transmittance matrices
are required. The times are for a four-processor CRAY-
YMP in which no parallelism has been implemented. It is
anticipated that an additional acceleration of a factor of
four will be achieved in the table generation time. This gain
may be offset somewhat by the implementation of a
scheme that assumes the scattering properties vary lin-
early across a panel, in contrast to being taken as a
constant.

LBLRTM: Vectorized
Line-by-Line Model
Lead Investigators: R. D. Worsham, M. J. lacono

An important aspect of high-accuracy high-resolution
radiative transfer is the calculation of spectral optical
depths. After consideration of a number of line-by-line
codes, FASCODE, developed and supported by the Phillips
Laboratory/Geophysics Directorate, was selected as the
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Ime-by-line model best suited to the requirements for
accelerated calculation. For our purposes, the model has
three main virtues: 1) the model has been extensively
validated; 2) the computation of the spectral optical depths
by layer is well suited to our implementation of the dou-
bling-adding method; and 3) the code lends itself to
vectorization. LBLRTM is derivative of FASCODE in which
the radiative transfer modules have been rewritten, and
computationally intensive aspects of the code have been
vectorized. This model includes the algorithms for the
computation of fluxes and cooling/heating rates devel-
oped under a parallel DOE-supported effort. An example
of the calculation of spectral cooling rates for water vapor
is provided in Figure 2. This result is for the mid-latitude
summer atmosphere and is consistent with the specifica-
tions for the Intercomparison of Radiation Codes in Cli-
mate Models (ICRCCM) Itne-by-line computations. Two
important conclusions with respect to the ARM program
result from these calculations: 1) a strong correlation is
demonstrated between the regions of strong absorption
and the altitudes of strong cooling, and 2) the spectral
region at 400 cm s is of significance to the cooling by water
vapor in the upper tropopause. The strong cooling in this
spectral region is due to the combination of the peak of the

Planck function at ~800cm' and the peak of the water
vapor absorption at -200cm'.

The computational time for this calculation with 66 layers
from 0-3000 cm' with four spectral points per halfwidth is
less than ten minutes on the CRAY-YMP. The time for the
calculation of the optical depths is four minutes, and the
time for the radiance calculation is two minutes per angle.
Three angles have been used for these calculations.

X-Window User
Interface for LBLRTM
Lead investigator: A. Bianco

To facilitate the use of LBLRTM for line-by-line calculations
associated with the ARM program, an X-window user
interface has been developed. The Interface uses a tem-
plate file and provides for modification and extension of the
file for subsequent execution with LBLRTM, The interlace
provides the user the option to select most LBLRTM
functions and includes appropriate interlocks. Atthisstage,
options for creating user-defined atmospheres have not
been implemented. This option essentially requires an
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Figure 2. Atmospheric Spectral Cooling Rate Profiles tor Water Vapor. The calculations were performed with LBLRTM.
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editing or spread sheet function, which cannot be readily
developed with the available implementation tools. Those
functions can be implemented through the use of standard
editors. The code is written in C and is run as an OPEN
window or X-window application.

Model Availability

The models described here have been provided to Pacific
Northwest Laboratory for evaluation and use in simula-
tions of ARM measurements. A mechanism for making
these codes available to the ARM Science Team and to the
greater ARM community for evaluation and application to
atmospheric problems is currently being discussed.
LBLRTM and the X-Window interface have also been
made available to the Phillips Laboratory/Geophysics
Directorate for evaluation and coordination purposes.
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Treatment of Cloud Radiative Effects
in General Circulation Models

W.-C. Wang
X.-2. Liang

M. D. Dudek
S. Cox

Atmospheric Sciences Research Center
State University of New York

100 Fuller Road
Albany. NY 12205

We participate in the Atmospheric Radiation Measurement (ARM) program with two objectives: 1) to improve the general
circulation model (GCM) cloud/radiation treatment with focus on cloud overlapping and the cloud optical properties and
2) to study the effects of cloud/radiation-climate interaction on climate simulations. The project includes three tasks: 1)
GCM radiation model-to-observation comparison, 2) GCM radiation model development, and 3) GCMclimate simulations.

Task 1: Radiation Model-To-
Observation Comparison

Ground Measurements
We used the observed vertical distribution of temperature,
humidity, and cloud cover at Albany, New York, as inputs
to the National Center for Atmospheric Research (NCAR)
Community Climate Model version one (CCM1) radiative
code to calculate the solar radiation reaching the surface
for both clear and cloudy sky conditions. The data include
the surface solar radiation collected by the Atmospheric
Sciences Research Center (ASRC) for 10/86,4/87,5/87,
7/87 and 10/87 and the meteorological data at the surface
and in the upper air collected by the National Weather
Service. Most of tha data, however, were for cloudy sky
conditions.

For the few clear sky cases, the calculated fluxes are in
reasonable agreement with the observations. However,
these fluxes are sensitive to the total amount of O, in the
column, and to a lesser extent, to surface reflectivity. We
plan to replace the O3 with the satellite TOMS data. Large
differences are found in the comparison for the case of
cloudy sky. These differences can be attributed to V>e
model's internally assigned cloud albedo (the lack of
interactive cloud optical properties) and to the missing
information of the cloud vertical layering from ground
measurements.

Satellite Measurements
The satellite effort concentrates on developing 1) an
interactive sloud analysis procedure which uses advanced,
very-high resolution radiometer (AVHRR) channel radi-
ance data to provide cloud field properties including cover,
type, layers, and height, and 2) an interactive satellite
imagery manipulation capability to delineate and prepare
data for input into cloud analysis algorithms. Two proce-
dures, single channel and bispectral, have been devel-
oped to extract the cloud field properties from AVHRR
data. We also are exploring the method of extracting cloud
vertical overlapping information. Preliminary results sug-
gest that it is possible to extract two overlapping clouds.
However, more detailed analyses are required. This effort
is a collaborative work with D. Johnson and R. Issacs of
Atmospheric and Environmental Research, Inc.

Task 2: Radiation Model
Development
We continue the development of the radiation code used
in CCM1. The effort so far involves the further refinement
of the total band absorptance and k-distribution function
(Wang et al. 1991a). Note that the k-distribution function
method can treat multiple scattering in the presence of
gaseous absorption. The total band parameters for H,O,
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COj and O3, and trace gases CH,, N5O, and CFCs were
revised using the 1991 HITRAN absorption line data". In
addition, we are incorporating the K.0 continuum data
recently updated by Clough et al. (1989).

Task 3: General Circulation
Model Simulations of the
Greenhouse Effect
As a follow-up of our previous study of the greenhouse
effect (see Wang et al. 1991b), we carried out additional
CCM1 experiments to study the radiation-climate interac-
tion due to increasing COS and trace gases CH4, NSO and
CFCs. Specifically, the Business-as-Usual scenario of
Houghton et al. (1990) for the period 1990-2050 was
adopted to examine the global warming. We have also run
an experiment with increases of COt alone. Changes in the
global and annual mean key climate statistics are summa-
rised in Table 1. The model simulations suggest that the
global and annual mean surface air temperature can be
warmed by 4°C during the period 1990-2050. Accompany-
ing this surface warming, the global averaged cloud cover
decreases while total precipitation and atmospheric mois-
ture increase. The contribution of CO., alone is calculated
to be 2.7°C, which implies that the effect of trace gases
accounts for one-third of the total warming.

Climatology at Oklahoma Site
To get a sense of how well the GCM simulated local
climate, we have compared the model simulations with
observations at the Oklahoma site. The comparison was
carried out simply by comparing the grid point simulated
1990 climatology (10 years of statistics) with observations
averaged over 17 nearby stations. The comparison of
surface air temperature in Figure 1 indicates that, although
the annual mean value is different, thecalculated seasonal
cycles agree very well with observation. Figure 2 shows
the precipitation comparison. Again, the seasonal cycle is
in much better agreement than the annual mean values. In
any case, it is interesting to note that the GCM does catch
some of the observed local climate characteristics (see
Karl et al. [1990] for further discussion).

Future Plan
We plan to continue the tasks discussed above with
emphasis on Tasks 1 and 3. For Task 1, we will focus on
the optical properties of clouds and their incorporation into
the radiation code, which, as discussed above, can cause
large differences in the solar radiation reaching surface.
We plan to use both the satellite and ARM measurements.
For Task 3, we plan to set up the 1 -D column model to use
the ARM data at the Southern Great Plains. In addition, we

(a) L. S. Roihman, Air Force Geophysics Laboratory, 1991,
personal communication.

Table 1 . CCM1 simulated changes of surface air temperatures Ts (K), precipitation P (mm/day), cloud cover C (%) and
column water vapor Q (mm). The Business-as-Usual scenario of Houghton et al. (1990) was used for the concentratbn
increase.

Case

1990

2050

2050*

(a) CO;

16

Ts

288.8

292.8

291.5

increase only.

ATs

4.0

2.7

P

3.38

3.64

3.55

AP

0.26

0.17

C

46.0

44.6

45.2

AC

-1.37

-0.78

Q

25.3

32.4

31.7

AQ

7.1

6.5
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Figure 1. Comparison ot tho surfaco air ttmiporature at
Oklahoma site between CCMI single grid point and observa-
tions, which are the averaged values over seventeen stations.
Note that the numbers within the parentheses are the annual
mean values.
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Figure 2. Same as in Figure 1 except for precipitation.
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will study the Impact of the cloud optical property on the
climate model simulations.
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Analysis of Cloud Radiative Forcing and Feedback in a
Climate General Circulation Model

A. Lacis
NASA Goddard Space Flight Center

Institute for Space Studies
New York, NY 10025

Objectives
The overall objectives of the Atmospheric Radiation Meas-
urement (ARM) program research at the Goddard Institute
for Space Studies (GISS) are to refine and validate the
GISS General Circulation Model (GCM) radiation code
through model intercomparisons and comparison with
ARM observations, to refine and restructure the GISS
GCM diagnostics to facilitate more informative compari-
sons with global radiation/cloud data sets, and to use ARM
data to develop improved parameterizations of the radia-
tive impact of clouds and to study the interaction of
dynamics and radiation.

Task 1: improvement of GISS
GCM Radiative Codes

Subtask 1a: Improvement of Solar
Radiative Code
The key component of this subtask is the de\ ^opment of
a particle-size-dependent multiple scattering algorithm.
Our proposed approach for development of this multiple
scattering parameterization anticipated using
van de Hulst's similarity relations, which are quite accu-
rate for representing solar zenith angle integrated (spheri-
cal) albedos for different optical thicknesses and for
different particle size d stributions.

We found, however, that the simple scaling with similarity
relations that is applicable with good accuracy for spherical
albedos, is not readily transferrable to plane albedos
without introducing complex compensating param-
eterizations. Accordingly, we adopted a more direct
approach using a 4-dimensional interpolation of cloud
radiative properties, i.e., the interpolation of cloud albedo

and diffuse transmission as a function of solar zenith
angle, optical depth, cloud particle size, and single scatter-
ing albedo. These results will replace the current approach
which uses the "Single Gauss Point" doubling algorithm to
obtain cloud radiative properties, However, the stack of
homogeneous layers that make up the atmospheric col-
umn will be "added" using the Single Gauss Point adding
algorithm with the "extra angle" formulation used to model
the solar zenith angle dependence, The interpolation
tables are being constructed to reproduce the Mie scatter-
ing results for liquid water cloud properties, with the
asymmetry parameter serving as the index for interpolat-
ing the extinction cross-section dependence on wave-
length and on particle size.

In addition to providing the capability to model the radiative
effects of changing cloud particle size, this new approach
for modeling multiple scattering should also improve the
accuracy of the radiative transfer modeling as well as
improve the computational speed of the GCM solar radia-
tion code. This improvement to the solar radiation code is
a critical component in our effort to evaluate our improved
cloud prediction scheme properly (Task 3). Once the liquid
cloud particle parameterization is in place, we will extend
the treatment to include ice clouds.

Subtask 1b: Improvement of
Longwave Radiative Code
A key element of this subtask is the improvement of the
water vapor continuum formulation in the GCM longwave
radiative code. Based on an intercomparison of GCM
radiative cooling rates (GISS, NCAR, GFOL) against line-
by-line results (Fels etal. 1991), we find that the GiSS
GCM cooling rates are in generally good agreement with
the line-by-line calculations. However, there are some
unexplained differences.
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One source of error that we have identified can be attrib-
uted to our use of the Roberts ct al. (1976) water vapor
continuum formulation. Recent measurements suggest
that the Roberts et al. (1976) continuum may overestimate
the continuum opacity by 25%.

To evaluate the climatic significance of the different con-
tinuum absorption formulations, we are proceeding to
replace the Roberts et al. (1976) continuum with newer
formulations. Additional GCM and line-by-line compari-
sons are also being initiated to more clearly identify other
sources of error. Toward this end, future measurements
obtained during Cloud and Radiation Testbed (CART) and
First ISCCP Regional Experiment will be invaluable. Until
these data become available, we will use High Resolution
Interferometer Sounder (HIS) aircraft measurements for
our line-by-line data versus model comparisons. The ef-
fects of multiple scattering on thermal radiation are gener-
ally small, and thus usually ignored. As a by-product of
parameterizations developed in Subtask 1a, wo will have
a multiple scattering model that can also be applied for
longwave calculations. We will use these results to exam-
ine the accuracy of the parameterized correction for mul-
tiple scattering etfects that is currently being used in the
GISS GCM longwave calculations.

Subtask 1c: Improvement of Water
Vapor Continuum Formulation
Accurate knowledge of water vapor continuum absorption
is very important for climate modeling applications. How-
ever, laboratory measurement of the continuum absorp-
tion for pressure and temperature conditions of interest is
difficult because of condensation effects and the long
pathiengths required.

The full theoretical understanding and the ability to model
the continuum absorption theoretically have also proved
difficult and elusive in the past. Nevertheless, through
fortunate circumstances. Dr. Q. Ma, who has become a
recent member of our ARM team, has developed a com-
prehensive theoretical formalism to calculate the con-
tinuum absorption over a wide range of frequency and
temperature.

The theory is based on the quasistatic approximation for
tht? far wing limit and the binary collision approximation of
one absorber molecule and one bath molecule. In line
space, the motion of the dipole moment of the absorber

molecule is approximately expressed as the ordered prod-
uct of the two time displacement Liouville operators, one
related to the intermodular potential and the other to the
unperturbed Hamiltonian. The calculations are made as-
suming an interaction potential consisting of an isotropic
Lennard-Jones part with two parameters obtained from
the virial data and the anisotropic dipole-dipole part, to-
gether with measured line strengths and positions of
allowed transitions. The results are in good agreement
with available measurements and provide a theoretical
basis for the temperature and wavelength dependence of
the continuum absorption beyond the range available from
laboratory measurements.

Further theoretical analyses are needed to improve our
understanding of the theoretical foundation and sensitivity
to physical parameters and approximations used in com-
puting the continuum absorption. Likewise atmospheric
measurements to verify the accuracy of the wavelength
and temperature dependence of the continuum absorption
will be pursued as part of the ARM CART radiation meas-
urements program.

Subtask 1d: Improvement of Line-
By-Line Radiative Code
We are developing a comprehensive radiative model to
compute line-by-line gaseous absorption in a vertically
nonhomogeneous multiple scattering atmosphere using
the doubling and adding method. This model will serve as
a benchmark for assessing the accuracy of tho GCM
radiation code and other radiation models that are being
used at GISS for climate studies. The line-by-line model
will also serve as our principal interface for comparing and
validating radiation calculations with detailed radiative
measurements that will be obtained as part of our partici-
pation in the ARM CART program to refine and validate the
GISS GCM radiation code.

Pending the availability of ARM measurements, we are
currently making comparisons with available HIS aircraft
and IRIS spacecraft measurements. We have completed
a set of preliminary calculations using this model to com-
pute radiances in the thermal window region to retrieve
sample cirrus cloud properties such as optical depth,
effective particle size, and cloud-top temperature. The
absence of significant line absorption in the thermal win-
dow region above typical cirrus altitudes permits accurate
cloud property retrievals without line absorption
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complications. The gaseous absorbers included in the
model thus far are H.O, CO.,, O,,, CHV and N..O. To improve
the line-by-line model accuracy (or CO,, we are including
corrections for Q-branch line coupling. We are also includ-
ing the new water vapor continuum formulation in the line-
by-line model. Since the formalism for combining line
absorption with continuum absorption is different for the
new continuum formulation than that used in F ASCODE3,
it will be essential to make detailed intercomparisons
between the two line-by-line models.

Task 2: improvement of GISS
GCM Model Diagnostics

Subtask 2a: Improvement of GCM
Diagnostics
The process of restructuring the GCM-gonoratod on-lino
diagnostics continues. We have thus far rewritten parts of
the GCM diagnostics package to facilitate GCM
intercomparisons that have been conducted by R. D.
Cess. The most recent of these intercomparisons is the
study of snow-climate feedback among 17 general circu-
lation climate models. For this experiment, the GCM
simulations were conducted for steady-state Apri! condi-
tions for +2 K and -2 K perturbations. The results demon-
strate that, in addition to the conventional expectation of a
warmer Earth producing less snow cover, the snow feed-
back can incorporate additional amplifying or moderating
mechanisms caused by cloud and longwave radiation
interactions, with the net effect that snow/ice albedo feed-
back was found to differ significantly among the 17 GCMs
compared. The basic results of this intercomparison are
published in Science.

Subtask 2b: Improvement of
Off-Line One-Dimensional
Modeling Diagnostics
The off-line one-dimensional radiative-convective-dynamic
equilibrium model to analyze GCM feedbacks is basically
completed As a test case of the feedback analysis model,
we have analyzed model feedbacks from several GCM
experiments that were part of a volcanic aerosol climate
forcing study. Besides the globally uniform volcanic aerosol

forcing, we examined the results from 2X CO., and ice age
(18 K) simulations. In all cases, atmospheric water vapor
was found to be the principal positive feedback. Snow/ice
albedo was a strong positive feedback at high latitudes,
with land ice feedback prominent only in the 18 K run.
However, cloud and dynamic energy transport feedbacks
showed significant latitudinal changes and interactions for
the different types of climate forcing applied. A description
of the feedback analyses of this study has been submitted
to J. Climate.

Subtask 2c: Intercomparison of
GCM Results with Earth Radiation
Budget Experiment (ERBE) and
International Satellite Cloud
Climatology Project (ISCCP) Data
This is a key element in assessing the ability of the GCM
to simulate current climate. Intercomparisons of GCM
results with ERBE and ISCCP satellite measurements will
be diagnostic of both the radiative and cloud prediction
parameterizations that we are currently developing to
upgrade the GCM performance. Accordingly, implementa-
tion of this subtask is deferred until the radiative and cloud
parameterizations are in place.

Task 3: Improve the Treatment
of Clouds in the GISS GCM
We have tested an improved cumulus and stratiform cloud
parameterization in the GISS GCM. The new cloud param-
eterization includes a mass flux computation designed to
produce a quasi-equilibrium between convective-scale
and large-scale motions; it provides for simultaneous deep
and shallow convection, transport by cumulus-scale
downdrafts, as well as environmental subsidence. Strati-
form clouds in the new parameterization are based on a
cloud liquid/ice water budget, including a representation of
mesoscale cumulus anvils, different microphysical proper-
ties for liquid and ice, collection of cloud water by precipi-
tation, diffusional growth of ice, cloud-top entrainment
instability, and variable optical thickness. Afully interactive
GCM simulation with cloud particle size dependent multiple
scattering calculations is not yet possible, but the test
simulations conducted thus far are sufficient to evaluate
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the impact of the new cloud parameterization on atmos-
pheric dynamics including the vertical transport of atmos-
pheric water vapor. The results show enhanced upward
moisture transport by the general circulation and increased
injection of water vapor and ice at the cumulus cloud top
level. This produces a strong positive feedback due to
water vapor. The model behavior is consistent with several
satellite estimates of water vapor feedback and does not
produce the hypothesized dry ing of the upper atmosphere
as suggested by Lindzen (1990). The results of this study
are published in Nature. Additiona! GCM tests using the
new cloud parameterization scheme are in progress.
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Atmospheric Radiation Measurement
Aerosol Working Group
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The stated goal of the Atmospheric Radiation Measure-
ment (ARM) program is to improve the treatment of radia-
tion in general circulation models (GCMs). The means for
doing so will be to compare model-predicted radiative
fluxes with measured fluxes at tour to six permanent sites.
The measured fluxes will characterize the fluxes expected
on the scale of a GCM grid box.

Because aerosol optical depths at solar wavelengths vary
from less than 0.01 under clean oceanic conditions to
about 0.5 under hazy east coast conditions, the measured
fluxes will, at the very least need to be corrected for the
altered flux characteristics due to aerosols. If the anthropo-
genic component of aerosols is changing with time and if
the anthropogenic component of aerosol optical depths is
significant (as suggested in several recent papers), gen-
eral circulation models must also be improved to account
for these effects. Furthermore, if aerosols also affect cloud
optical depths (the Twomey effect), it becomes even more
important to improve the treatment of aerosols and aerosol
interactions with clouds in general circulation models.

The question that faces ARM program management,
however, is how best to approach these needs. What
recommended set of research questions can the ARM
program address, given the experimental framework of
instruments and science objectives? What are the recom-
mended approaches (experimental and modeling) for ad-
dressing these research questions?

The ARM Aerosol Working Group has been formed to
address these questions. Members include Joyce Penner
(Chair), Bob Leifer, Tica Novakov and Steve Schwartz.

We know that aerosols affect the local clear-sky radiation
balance and are highly variable. Therefore, ARM must, at
a minimum, characterize the aerosols present at ARM
sites well enough to reach the stated goal of improving the
treatment of radiation in GCMs. Afso, since aerosols affect
the local drop size distribution and thereby affect the

cloudy-sky radiation balance, ARM must characterize the
liquid water path and drop size distribution present at the
ARM sites.

The basic parameters needed to characterize the clear-
sky radiation balance in GCMs are

• aerosol column abundance

• specific scattering and absorption coefficient of aero-
sols (as a function of wavelength)

• asymmetry factor (as a function of wavelength)

• water vapor column (needed to separate the effects of
aerosols from the effects of water).

Additional parameters that are needed for more sophisti-
cated <- * more fundamental treatments of radiative effects
include

• aerosol size distribution

• refractive index (as a function of size parameter)

• full scattering phase function

• aerosol shape and morphology.

The basic parameters needed to calculate the cloudy-sky
radiation balance in GCMs include

• liquid water content in cloud

• liquid water path

• mean drop size or number density.

Additional parameters that are also of possible interest for
the cloudy-sky radiation balance include

• drop size distribution (for a more sophisticated treat-
ment of radiative transfer through the cloud)

• cloud condensation nucleii (CCN) spectrum or number
of CCN at a typical cloud supersaturation (0.5%)
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• parameters needed to characterize the dynamics of
cloud tormation (e.g., temperature profile, updraft
velocity, water vapor profile).

The Aerosol Working Group will define the expected
surface radiation flux variations in order to determine how
accurately the above-named aeroso! and cloud param-
eters must be measured. They will also explore the accu-
racy of different experimental methods to measure the

above-named parameters. If the accuracy of the experi-
mental approaches introduces too much uncertainty, the
calculated variations in surface radiative flux (from a
radiative code that uses the measured aerosol and water
parameters) would be as large or larger than the expected
signal in the radiative flux due to variations in the aerosol.
Determining this will help the Aerosol Working Group
decide which aerosol parameters should be measured.
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An increase in the average albedo of the Earth-atmosphere
system of only 10% is potentially capable of decreasing
surface temperatures below those of the last Ice Age.
Nevertheless, cioud albedo biases of 10% and more would
bo introduced into large regions of current climate models
if clouds wore given their observed liquid water amounts,
because of tho treatment of clouds as plane-parallel. Past
wofk has focused on the 3-D shape of clouds and its
contfibulion lo this bias. The present work ignores the
shape effect and focuses instead on the ollect of cloud
optical depth variability within a climate modol grid square.

The plane-parallei approximation used in climate models
such as general circulation models performs a single 1-D
radiaiive transfer calculation for an entire grid square
(consisting of many pixels), using a single pixel-averaged
optical depth, in other words, the statistical variation of the
optical depth within the grid square is ignored. We have
found from Monte Carlo calculations that stratocumulus
cloud albedo can often be treated in the "independent-
pixel approximation." whereby, for radiative purposes.
each cicud pixel is treated as 1-D. Basically, this finding
means that inter-pixel variations in optical properties are
often mild enough that whatever inter-pixel communication
exists is, statistically speaking, nearly neutral (it is exactly
neutral in a pure plane-parallel cloud). Unlike the plane-
parallel approximation, the independent-pixel
approximation considers the statistical variations of the
optical depth within the grid square, but ignores imbalances
in in'.er-pixel photon exchange.

To estimate the albedo bias introduced by the plane-
paral'el approximation, we use the independent-pixel
approximation with parameters determined by the 1987

First ISCCP Regional Experiment (FIRE) field program for
marine stratocumulus clouds. We model the vertically-
integrated cloud liquid water path (LWP) so as to reproduce
its observed probability distribution and -5/3 wave number
spectrum. The model distributes the LWP by a cascade to
smaller and smaller spatial scales, similar to models used
In turbulence theory. It is intended to mimic the effect on
liquid water of the upscale cascade of energy injected at
Iho cloud thickness scale and transferred to the mesoscale
by approximately 2-D motions.

In order to focus only upon horizontal variations of LWP,
the usual microphysical parameters and the geometric
cloud thickness are assumed to be homogeneous. To
simplify comparison with the plane-parallel approximation,
the pixel-averaged LWP is kept fixed at each step of the
cascade. The cascade is described by a single fractal
parameter 0<f<1, determined by the observed variance of
log(LWP). For non-absorbed wavelengths, the albedo
bias can be found analytically as a function of f, mean
optical depth t, and sun angle 0. For typical values observed
in FIRE (f = 0.5. x = 10,6 = 60°), the absolute bias is 0.09.
This is equivalent to a relative bias of 15% of the plane-
parallel albedo (0.60) and represents a potential surface
heating of 7.5°C according to simple climate models.

Study of the diurnal cycle during FIRE leads to a key
unexpected result: the plane-parallel albedo bias is largest
when the cloud fraction reaches 100%, (i.e., when the
usual cloud-fraction correction vanishes). This is because
cloud liquid water variability is maximum when cloud cover
is maximum and because variability within the cloud has
more effect on the pixel-averaged albedo than cloud-
fraction does.
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A Stochastic Formulation of Radiative Transfer in Clouds
and Radiative Properties of Non-Uniform Clouds

G. L. Stephens
P. D. Gabriel

Colorado State University
Department of Atmospheric Science

Ft. Collins, CO 80523

Introduction
The research conducted as part of these projects breaks
down into three broad areas:

1. Radiative transfer involving study of the radiative
transfer in 2/3 dimensions as well as the issue of
stochastic transfer.

2. Radiative transfer parameterization for use in general
circulation models (GCMs) and other climate models.

3. Remote sensing focusing on using our radiative trans-
fer knowledge to address key issues concerning the
remote sensing of clouds. In this regard, we focus
on new ways of remotely sensing cirrus ice water
content.

A list of publications in various stages of progress is
provided at the end of this paper.

Radiative Transfer
Our research on radiative transfer has developed along
three directions. The first deals with development of Monte
Carlo models that are used to test out the numerical
models. The second stage involves the development and
testing of these numerical models. Two different types of
numerical solutions have been formulated and results
comparing these with Monte Carlo solutions were pre-
sented. The agreement between all models is excellent.

Parameterization
This effort has not progressed as far nor as quickly as the
radiative transfer work described above. We seek to
develop these parameterizations using a stochastic trans-
fer formulation as an overall framework. Aspects of the

parameterization problem have been addressed (such as
parameterization single scatter properties of clouds), and
we hope to have a coherent set of models available in the
near future.

Remote Sensing
In this research we describe new methods for tho remote
sensing of cirrus. The idea Is to utilize measurements of
high-frequency microwave radiation which are modulated
primarily by scattering of ice particles. The advantage of
this method is that both the temperature of the cloud and
the properties of the underlying atmosphere are not impor-
tant to the upwelling radiation measured above the cloud.
Other advantages were described. Difficulties associated
with the idea arise from the effect of particle shape and size
on the scattering. A quantitative assessment of this effect
was given using scattering calculations based on the
discrete dipole approximation. We propose to extend this
research and hope that these new methods will be
exploited in future ARM research using airborne platforms.

Publications
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Basis for Passive Microwave Remote Sensing of Cirrus.
Reprint: Specialist Meeting on Microwave Radiometryand
Remote Sensing Applications. Boulder, Colorado, Janu-
ary 14-16.1992.

Evans, K. F. 1992. Two-dimensional Radiative Transfer in
Cloudy Atmospheres: Part I: Spherical Harmonic Spatial
Grid Model. Submitted to J. Atmos. Science.

Evans, K. F. 1992. A Fast Multi-Dimensional Radiative
Transfer Model. In proceedings of the International Radia-
tion Symposium. Tallinn, Estonia, August 1992.
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The Effects of Cloud Heterogeneity on Radiant Fluxes
at the Top and Bottom of the Atmosphere
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C. Gautier, D. Lavallee
Earth Space Research Group
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The radiative transfer community is increasingly under-
standing the crucial role of horizontal cloud heterogeneity
in determining the albedos and transmittance properties of
clouds. At the same time, the potentially large implications
for general circulation model (GCM) parameterizations
have not been widely recognized. This project involves a
collaboration by four different institutions (UCSB, Scripps,
McGill, Meteorologie Nationale), and aims at understand-
ing, modelling, and theoretically and empirically quantify-
ing the heterogeneity.

Relating the heterogeneity of the clouds to that of the
radiation fields necessarily involves models of cloud
intermittency. In the last ten years, great strides in turbu-
lence, chaos, and fractals have enormously broadened
the scope of scaling (scale invariant) notions, making such
models natural candidates for radiative transfer studies.

Scale invariance is now recognized as a symmetry principle
in which the statistical behavior of small- and large-scale
structures is related by a scale-changing operation that
depends only on the scale ratio; there is no characteristic

size. It is now clear that the relevant scale changes can be
quite general, involving not only stratification (e.g., because
of gravity), but also differential rotation (theCoriolis force),
and other more complex operations. Between the inner
viscous scale and the outer planetary scale, the fundamental
dynamical equations of the atmosphere involve no char-
acteristic length; this is the physical basis of the scaling.

Furthermore, it is now known that nonlinear dynamical
systems which are invariant over wide ranges of scale
generically give rise to multifractal fields, fractal structures,
and wild statistics which require an infinite number of
exponents to characterize. Fortunately multifractal univer-
sality classes exist which involve only three fundamental
exponents. These universality classes lead to great simpli-
fications in both modelling and data analysis. In the first
part of the talk we showed how they can be exploited to
yield a robust data analysis technique called "Double
Trace Moments" which directly yields the universal param-
eters. We described how this technique combined with
energy spectra was applied to satellite radiance fields in
the visible, infrared, and near-infrared range. Data came
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from the National Oceanic and Atmospheric Administra-
tion, Geostationary Operational Environmental Satellite,
and LANDSAT satellites and were analysed over the
range of scales -160 m to =4000 km. The scaling was
found to be well respected through the entire range (which
included the mesoscale). The basic multifractal param-
eters were estimated, including the degree of multifractality
(a~-1.35), which was found to be near the value found for
turbulent velocity and temperature fields.

We then indicated how universality could be used to make
cloud models that respect the same symmetries as pas-
sive scalar clouds while having the observed multifractal
parameters. Such models of cloud liquid water distribution
were used as the basis for a detailed radiative transfer
study. At this stage no effort was made to use anisotropic
scale invariance to model the stratification or differential
rotation; the fields ware isotropic (self-similar) multifractals.
The cloud parameters were a-.2 (corresponding to near
log-normal probabilities), C,=0,5 (the codimension of the
mean field characterizing the moan sparseness), and H=0
(indicating that the field was conservative). This involves
spectral exponent a little smaller than those observed in
aircraft studies. Using cyclic horizontal boundary condi-
tions and uniform vertical incident radiation, the radiance
fields associated with these clouds were then determined.
The simulations were performed on large (1024 x 1024
point grids) using the Cray 2 at Palaiseau, France: the
transfer was calculated in two dimensions to allow the
widest possible range of scales.

In order to simplify the calculation so as to make it possible
to determine the entire (internal) radiance fields, discrete
angle (DA) phase functions were used. These phase
functions only permit scattering through 90°; the radiances
decouple into non- interacting families with only four radi-
ance directions each. The phase functions were position
independent; for simplicity we used isotropic DA phase
functions. For validation purposes, the calculations were
made using two completely different numerical techniques:
Monte Carlo and relaxation. The four radiances (at 90°
from each other) were then used to calculate the total
radiance, the vertical and horizontal fluxes, and the
nondiffusive component. This decomposition facilitates
comparison with standard models. For example, in plane-
parallel clouds, the horizontal fluxes are identically equal
to zero; whereas in diffusive models, the ncndiffusive
component is identically zero.

By varying the extinction coefficient, we were able to study
the effect of increasing cloud thickness; clouds with mean
optical thickness between 12 and 195 were studied. The
major conclusions are

1. Horizontal fluxes were typically less than 10% of the
total flux; hence locally, the radiance fields were close
to plane parallel, even though globally, the radiative
response was far from plane parallel.

2. The nondiffusive component was often very large; this
points to the importance of "streaming" or "channeling"
of photons through the more tenuous regions. It also
indicates that the diffusion approximation will be poor
even in optically thick clouds.

3. The overall transmittances were compared with those
of equivalent plane parallel clouds and with those
obtained using the independent pixel approximation
(each column independent). The agreement was gen-
erally poor, although the independent pixel approxima-
tion was much bettor than the plane-parallel approxi-
mation. For example, in the case of thick clouds, if the
transmittances were used to estimate optical thick-
ness, errors of a factor of =8 would occur in the latter,
but only -3 in the former. Such effects could readily
account for the "albedo paradox."

The last part of the presentation involved simulating First
ISCCP Regional Experiment (FIRE) pyranometerdata on
August 8,1989. These hemispheric data were character-
ized by a series of large highs and lows in irradiance
associated with the passage of small cumulus clouds.
Using an all-sky camera, lidar. and radiosonde data, we
developed acloud model (with corresponding size, aspect
ratio, height and geometrical thickness) to reproduce the
observed fluctuations through Monte Carlo simulations.
The model involved an array of (internally uniform) cylindri-
cal clouds 0.5 km in diameter with optical depth of 12 at
regular spacings of 2.5 km. By advecting the field past the
sensor at roughly the observed velocity, many of the
features of the pyranometer trace could be reproduced
quantitatively, including the (near constant) minimum val-
ues, the maximum values when the sun was not obscured,
and the fine structure associated with the cloud edges and
cloud shadowing.
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Radiative Effects of Non-Uniform Clouds
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The overall objective of the Atmospheric Radiation Mea-
surement (ARM) Science Project "Radiative Effects of
Non-Uniform Clouds" is to improve the treatment of cloud
radiation interactions and feedbacks in general circulation
models (( CMs) by obtaining a better understanding of the
distribution of water in the atmosphere and its relation to
the radiation reflected and emitted by clouds. Sub-objec-
tives are to test current model parametorizations of short
and long wave cloud radiation interactions and to deter-
mine the climatological relations between domain average
radiative properties and cloud structure. This abstract
summarizes an experimental strategy to achieve these
objectives, focusing on the measurements likely to be
available from the first Cloud and Radiation Testbed
(CART) site.

An organizing concept that is useful in classifying the
individual experiments is a distinction between experi-
ments that are primarily mechanistic or primarily climato-
logical. The emphasis in a mechanistic experiment is to
identify morphologically simple cloud systems and as-
semble sufficient observations to mechanistically link cloud
and radiative properties. This category of experiments is
primarily directed at the testing of cloud-radiation
parameterizations. In the climatological category of ex-
periments, the emphasis is on accumulating a long-term
record of radiometric, cloud, and meteorological variables,
and thereby determining relations between cloud and
radiation climatology.

Model parameterizations that will be tested are for short
wave transmittance. absorption and albedo, infrared emit-
tance, and the effects of cloud non-homogeneities on
these quantities. Tests of parameterizations necessarily
require the measurement of radiative quantities and the
measurement of related cloud physical properties that are,
or potentially can be, predicted in climate models. Radia-

tive properties of liquid water clouds are typically param-
eterized in climate models as functions of cloud liquid
water path and, in some instances, effective drop size,
Radiative properties of cirrus are often given in terms of
cloud temperature and depth as prediction and measure-
ment of the ice water path is problematic. Partial cloudi-
ness is usually accounted for by calculating radiative
fluxes for clear sky and complete overcast, and then
combining fluxes according to fractional cloud cover. A
linear weighting scheme is most common, but more com-
plicated weighting schemes taking into account actual
cloud geometry have been proposed.

As examples, experimental strategies for testing several
parameterizations are briefly described below. Two fea-
tures should be noted. First, reliance on ground-based
instruments means that several tests are indirect. Second,
there are sampling difficulties in determining domain aver-
aged values for cloud radiative and physical properties
when cloud fields are not homogeneous.

Short wave cloud transmittance is defined in terms of
fluxes above and below cloud. In a ground-based meas-
urement system the downward flux measured at the sur-
face has to be corrected for the transmission of the
atmosphere between cloud and ground level and also for
multiple reflections between surface and cloud base. Flux
above cloud is calculated ratherthan measured. Transmit-
tance is then calculated from the corrected surface flux and
the calculated cloud top flux. Observed transmittance is
then compared with transmittance from currently used
parameterizations, most of which depend upon cloud
liquid wate^path (LWP). This experiment requires a micro-
wave radiometer for LWP, a short wave radiometer for
downweliing irradiance at (he surface, surface albedo, and
clear sky atmospheric transmission. A similar approach
has been used by Derr et al. (1990).
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The determination of albedo is less direct, as it is inferred
from transmission at a non-absorbing wavelength and then
corrected for absorption by liquid water. Some
parameterizations cannot be evaluated at all from the
surface; for example, those dependent upon cloud droplet
spectra. Therefore, plans have been made for the use of
airborne platforms.

Parameterizations of the effects of cloud non-uniformities
on radiative properties will be evaluated by comparing a
measured domain averaged radiative property (for
example, albedo) with the calculated values given in Equa-
tions (1) and (2), below.

Equivalent uniform cloud approach:

R* * R(LWP. r j (1)

where LWP and r% are the domain average liquid water path
and effective drop radius, assuming a uniform distribution
of water.

Weighted average approach;

<R> = 1/AJR(LWP, r,)dA (2)

where A represents the area of the domain and LWP and
r, are sub-domain quantities.

Domain averaged quantities (for example, LWP) can be
evaluated in several ways. Aircraft platforms can be used
to rapidly sample spatially extended regions. Spatial aver-

ages can be constructed from time averages obtained
from stationary surface instruments. Construction of spa-
tial averages can also involve scanning and combining of
data from the CART central and auxiliary sites.

The climatological study of the radiative effects of liquid
water distribution is motivated in part by Stephens and
Greenwald (1991) who found large difference between the
albedo per unit amount of cloud water in the tropics and
mid-latitude, which was ascribed to differences in the way
in which water is piled up in these regions (i.e., convective
clouds versus stratus). CART data will be used to accumu-
late a long-term record of LWP and albedo (a derived
quantity). The entire data set will be analyzed for mean
values and frequency distributions, then split into subsets
based on stratification variables such as fractional cloud
cover, cloud type, and vertical extent, thereby yielding
albedo-LWP relations for major cloud categories.

References
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The role of clouds has been identified ns a key uncertainty
in studies of global climate change (e .g., Cess ot al, 1990).
Among the most important clouds for climate are the cirrus,
cirrostratus, and "anvil* clouds found in the upper
troposphere. Those clouds are often produced by the
detrainment outflow from deep cumulus convection, but
can also be forced by (low over orography and a variety of
other mechanisms. They absorb much of the infrared
radiation upwelling from below and re-emit it at much lower
temperatures, thus producing a strong net radiative warming
in the infrared part of the spectrum. Their tendency to cool
the Earth by increasing its albedo is also important, but
infrared warming typically dominates.

In support of the Atmospheric Radiation Measurement
(ARM) program, we are developing an improved
parameterization of upper tropospheric cloudiness, with
emphasis on coud formation, maintenance, and destruction
(as opposed to cloud optical effects) by

• following the semi-empirical approach similar to that
used by Xu and Krueger (hereafter XK) (1991)

• following, in parallel, a physically based approach based
on the use of prognostic liquid/ice and variables, and an
approach similar to that outlined by Randall (1989),
together with an improved parameterization of moist
convection

• conducting preliminary tests of the new
parameterizations in a one-dimensional version of the
Colorado State University (CSU) general circulation
model (GCM), including tests in which the one-
dimensional model is forced" with observations (e.g.,
of large-scale vertical motion) collected at ARM sites

• using the UCLA cumulus ensemble model (CEM) to
perform further tests of the parameterization, in part by

simulating observations collected during ARM, and to
suggest model-development strategies

• performing climate simulations with the full three-
dimensional version of the CSU GCM

• making the improved paramoterizations available and
adaptable for use In other models, through use of
suitable design strategies and also through ARM'S
Cloud and Radiation Testbed (CART).

The Colorado State University GCM is oescended from the
UCLA GCM. It includes advanced parameterizations of
cumulus convection and boundary-layer clouds, as well as
highly sophisticated numerical schemes (e.g., Randall et
al. 1989). Cloud and radiation results produced by the
model have been extensively compared with observations
(e.g., Randall et al. 1985; Harshvardhan et al. 1989;
Randall and Tjernkes 1991). Several model development
efforts are currently underway at CSU, including coupling
with an ocean model and incorporating a land-surface
vegetation model with an explicit representation of
photosynthesis.

The GCM can be run as a one-dimensional (1-D) model
that represents a single vertical column in the GCM. The
1 -D model includes all of the physical parameterizations of
the GCM, including cloud formation. It is not based on a
copy of the GCM; instead, the 1 -D model is the GCM itself,
simply recompiled and with appropriate input data.
Provisions have been made to include the effects of
prescribed large-scale divergence, pressure-gradient
forces, and horizontal advection terms. As a result, the 1 -D
model is a convenient testbed for new parameterizations
that are intended for use in the global model. It can also be
used to isolate particular physical processes.
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Randall et al. (1991) have published an example of an
application of the i -D model, The 1 -D model was used to
show that direct radiative-convective interactions can
produce daily variability of the precipitation and other
variables, with phase and amplitude similar to those
observed over the tropical oceans. Randall et al. (1991)
concluded that the stabilization due to absorption of solar
radiation, primarily by clouds, tends to suppress convection
during the afternoon, relative to the period before sunrise,
and that this mechanism alone can account qualitatively
for the observed diurnal cycle of precipitation over the
oceans.

The UCLA cumulus ensemble model (CEM) is a two-
dimensional cloud model that can be used to simulate the
formation of an ensemble of clouds under a given large-
scale condition (Krueger 1985, 1988; Xu and Krueger
1991; Xu 1991), The CEM includes a third-moment
turbulence closure, a three-phase microphysical
parameterization, and theCoriolisforco, Radiative heating
is currently prescribed as a function of height only; no
cloud-radiation interaction occurs in the current version of
the CEM. The CEM is being run at CSU and has been
extensively and creatively used in studies of both cumulus
convection (Xu 1991; and large-scale cloudiness (Xu and
Krueger 1991).

The CEM has been used to perform numerical simulations
with prescribed large-scale conditions (i.e., horizontally
uniform large-scale vertical velocity and/or destabilizing
and moistening rates, as well as large-scale pressure
gradient forces) and underlying surface conditions. The
horizontal domain is 512 km wide with a 2-km grid size.

The depth of the CEM domain is typically 19 km, with a
stretched coordinate and 33 layers. Near the surface the
grid interval is 100 m, while near the model top, it is 1000
m. The upper and lower boundaries are rigid. The lateral
boundary conditions are cyclic. The initial thermodynamic
conditions in any simulation are usually horizontally uniform.
Clouds are initiated by introducing small, random
temperature perturbations into the lowest model layer
(centered at 47 m) after the first 30 minutes of integration
so that their location and intensity are not pre-determined.
Each simulation was run for five days or longer to generate
a large dataset for statistical analyses.

The study of Xu and Krueger demonstrates that the CEM
is a useful tool for cloud parameterization studies. Xu and
Krueger evaluated the diagnostic cloudiness parameters
zations used in large-scale numerical models or climate
models. By analyzing the CEM-generated data, they

showed that tl .e total cloud amount can best be represented
as the sum of separate estimates of stratiform and
convective cloud amounts, based on different large-scale
variables. This approach was shown to be superior to an
estimate of the total (convective plus stratiform) cloud
amount using any single large-scale variable. The stratiform
cloud amount is best predicted on the basis of the relative
humidity. The convective cloud amount, on the other hand,
is best diagnosed by using the cumulus mass flux. Xu and
Krueger showed that neither set of diagnostic relations
depends significantly on the simulated cloud regime or
horizontal averaging distance.

Xu and Krueger found statistically significant relations
between large-scale cloudiness and several predictors,
including large-scale relative humidity and large-scale
vertical motion. We plan to pursue this approach by adding
the prognostic cloud water variables as predictors.
Preliminary results suggest that large-scale relative humidity
and the large-scale average cloud water mixing ratio
together serve as excellent predictors of cloud amount.

We plan to force both the 1 -D GCM and the CEM with ARM
data. This will allow a three-way intercomparison among
the observations, the 1-D version of the GCM, and the
CEM.

Three types of data are needed for use with the 1 -D GCM
and the CEM: initial conditions forthe prognostic variables;
boundary conditions, including forcing functions such as
the large-scale divergence; and data for comparison with
the model results. A list of the necessary data has been
compiled but is omitted here for brevity.
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Comparison of Cumulus
Parameterizations
Until Atmospheric Radiation Measurement (ARM) data
become available, we are using our single-column model
as a testbed to improve and validate parameterizations. As
an example of this research, we describe a set of numerical
experiments undertaken to compare the results of two
cumulus convection parameterizations. The two
parameterizations are the Kuo-Anthes scheme (Kuo 1974;
Anthes 1977) and the Arakawa and Schubert scheme with
and without downdrafts included (Arakawa and Schubert
1974; Kao and Ogura 1987; Ogura and Kao 1987).

The model is aone-dimensional diagnostic model (lacobellis
and Somerville 1991a, 1991b) resembling a single column
of a general circulation model. The model includes vertical
atmospheric transports by convection and turbulent mix-
ing, radiative transfer including interactive clouds, and a
surface energy balance coupled to an ocean mixed-layer
model. At each timestep, observational analyses are used
to supply the model with the horizontal advection of heat
and moisture. Output from the model includes time series
of sea surface temperature, oceanic mixed-layer depth,
atmospheric temperature and humidity profiles, precipita-
tion and surface energy budget components.

The initial version of this model, which incorporated the
cumulus parameterization of Kuo-Anthes, was used in a
diagnostic study of the onset of the Indian summer mon-
soon (lacobellis and Somerville 1991a, 1991b). In that
study the model was run for four weeks beginning about
three weeks before the onset of the monsoon. A compari-
son of the results against independent observational data
indicated that the column model is capable of simulating
the evolution of the heat and moisture budgets prior to and
during the monsoon onset.

For the present study, the Arakawa-Schubert (AS) cumu-
lus parameterization has been incorporated. Thus the
model can be run with either the Kuo or the AS parameter-
ization. This version of the AS parameterization includes
the effects of downdrafts as discussed by Kao and Ogura
(1987) and Ogura and Kao (1987).

Initial Experiments
This preliminary work employs the same locations and
four-woek integration period as that of lacobellis and
Somerville (1991a, 1991b). This period begins at 00UT
27 May 1979 and runs until 00UT 23 Jun 1979. The
monsoon onset occurs on approximately 15 Jun 1979. In
the following discussion, we denote the initial time as "hour
0* and measure time in hours from 00UT 27 May 1979.

Semi-Prognostic Experiments
The model is first run in a semi-prognostic mode in which
the temperature and humidity fields used by the cumulus
convection parameterizationsare specified ateach timestep
from FGGE observational data. The results compared
here include the convectiva rainfall, the apparent heating
source (Q1), and the apparent moisture sink (Q2) pro-
duced by the two cumulus parameterizations. For detailed
definitions and discussion of Q1 and Q2, see, e.g., Yanai
etal. (1973).

In this section the results of the Kuo parameterization are
compared against two variations of the AS parameteriza-
tion that differ in the specified strength of the downdrafts.
The following abbreviations will be used to distinguish the
different cumulus parameterizations, with e as defined in
Eq. (5.10) of Kao and Ogura (1987):
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KUO-C-P Kua-Anthes parameterization

ASEO-SP Arakawa-Schubert parameterization, no
downdrafts (e = 0.0)

ASE3-SP Arakawa-Schubert parameterization with
downdrafts (e = -0.3)

Rainfall
The three semi-prognostic experiments produce very simi-
lar precipitation results, the most notable feature being a
large precipitation maximum occurring around hour 480.
The timing and to a lesser extent the magnitude of this
precipitation maximum are consistent for all three model
runs, KUO-SP shows a complete shutdown of convective
precipitation for about 40 hours beginning approximately
at hour 566, whilo both ASEO-SP and ASE3-SP show
continuous, albeit reduced, convective rainfall for these
hours. The addition of downdrafts increases tho magni-
tude of the convective precipitation.

Apparent Heat Source (Q1)
and Moisture Sink (Q2)
The observed apparent heat source indicates that the
region of maximum convective heating is approximately at
200-300 rnb. The Q1 from KUO-SP shows a maximum at
around 500-600 mb, while ASEO-SP and ASE3-SP have
a maximum near 300 mb. The inclusion of downdrafts has
acooiing effect on the 1000-900 mb region, as one might
expect.

The apparent moisture sink, Q2, from the observed FGGE
data and from KUO-SP are very similar. Both the location
{about 800 mb) and magnitude (13°C/day) of the moisture
sink maximum are reproduced by KUO-SP. While the
model runs of ASEO-SP and ASE3-SP also show a maxi-
mum moisture sink in the lower troposphere at about 850-
950 mb, the magnitude of the maximum is 3° to 5cC/day
lower than that suggested by the observed data. Including
downdrafts in ASE3-SP increases the drying in the lower
atmosphere as compared to ASEO-SP.

Model-Interactive Experiments
in this set of experiments the vertical profiles of tempera-
ture and humidity are determined interactively by the

column model rather than by the FGGE observational
data. Thus the results of these experiments may tell us
something about how sensitive the convection schemes
are to model errors in temperature and humidity, but they
should not be used to attempt to determine the merits of a
given convective parameterization. The following abbre-
viations will be used to distinguish the different cumulus
parameterizations:

KUO-MI Kuo-Anthes parameterization
ASE0-MI Arakawa-Schubert parameterization, no

downdrafts (e = 0.0)

ASE3-MI Arakawa-Schubert parameterization with
downdrafts (e = -0.3)

Convective Precipitation
The convoctive precipitation from KUO-MI looks very
similar to the precipitation from the semi-prognostic run
KUO-SP, indicating that the Kuo scheme (at least tho
precipitation-producing component) is not very sensitive to
the differences between model and observational tem-
peratures and humidities. Model run ASE0-MI shows
considerably weaker precipitation totals during the period
after hour 460 than Ihe semi-prognostic case (ASEO-SP).
The addition of downdrafts to the AS parameterization
(case ASE3-MI) greatly enhances the convective pre-
cipitation after hour 460.

Apparent Heat Source (Q1)
and Moisture Sink (Q2)
The apparent heat sources (Q1) from all three runs show
a distinct maximum in the upper troposphere at approxi-
mately 200-300 mb. This maximum heating is much sharper
than the heating maximum seen in the semi-prognostic
cases. The column model is known to have a cold bias in
the upper troposphere (500 mb and above) compared with
observational data. It appears that both convective schemes
are attempting to alleviate this bias by shifting some of
the convective heating to the upper troposphere. The
convective heating in the mid-troposphere (about 700 mb)
has been drastically reduced in runs ASEO-MI and ASE3-
Ml compared with their semi-prognostic counterparts.

The apparent moisture sink (Q2) from run KUO-MI exhibits
a shape that is similar to KUO-SP, although KUO-MI
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produces a slightly sharper maximum in the lower tropo-
sphere than KUO-SP. The distributions of 02 from ASEO-
Ml and ASE3-MI are distorted because of the large maxi-
mum in the lower troposphere, making any comparison to
their semi-prognostic counterparts difficult. However, it is
clear that the Q2 term from the AS parameterization is
more affected by differences between model and FGGE
temperatures and humidities than is the Kuo parameter-
ization This generalization is also true for precipitation and
the apparent heating term Q1,
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Numerical Simulations of an Idealized Convective
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Introduction
One of the objectives of the U.S. Department of Energy's
Atmospheric Radiation Measurement (ARM) program is to
improve the parameterization of clouds in gonoral circulation
models (GCMs). The approach we take in the current
research is to examine the behavior of cumulus
parameterization schemes by comparing their performance
in mesoscale simulations with the results from explicit
cloud simulations.

Kao and Ogura (1987) compared the "semi-prognostic"
results by the Arakawa-Schubert (A-S) cumulus
parameterization scheme with results produced by a cloud
ensemble model (CEM) developed by Tao (1983). This
earlier study builds the foundation for the present
investigation which includes a major refinement. That is,
the performance of the A-S scheme is examined in a "fully
prognostic" fashion, and the results are compared with
those derived from a fully time-dependent cloud model
(i.e.. not a CEM which is normally forced by a proscribed
time-independent la.-gs scale lifting process), under
identical atmosphericconditions. We believe this approach
is superior to the one in Kao and Ogura (1987) associated
with the semi-prognostic simulations that cannot simulate
the feedback processes between the cloud and large-
scale fields.

We shall call the simulation with the A-S scheme the
•parameterization case" and the one by a detailed cloud
model the "microphysicscase.'Note that the only difference
between the two cases is that cloud effects are
parameterized \r> the former with a coarser resolution;
whereas, each cloud is explicitly resolved by the latter with
a much liner resolution. The capability of the A-S scheme

in reproducing the growth and life cycle of a cloud system
can then be evaluated. The numerical model we have
rocontly acquired from Colorado Stato University, Regional
Atmospheric Modeling System (CSU-RAMS) (Cotton et al.
1888), is usod in this research. Since a modified Kuo
scheme (Trombaek 1990) is built in (ho RAMS, a by-
product of this research is a comparison between two
established cumulus parameterizations through the
methodology described above.

The RAMS Mesoscale Model
The RAMS mesoscale model is a highly flexible modeling
system, capable of simulating a wide variety of mesoscale
phenomena. The basic model structure is described in
Tripoli and Cotton (1982). More recent modeldevelopments
are described in Tremback et al. (1986) and Cotton et al.
(198B). The model framework for the present study
incorporates a two-dimensional, terrain-following non-
hydrostatic version of thecode. Atthe surface, temperature
and moisture fluxes are determined from the surface
energy balance, which includes both short- and longwave
fluxes (Chan and Cotton 1983), latent and sensible fluxes,
and sub-surface heat conduction from a soil temperature
model (Tremback and Kessler 1985). The microphysics
parameterization (Flatau et al. 1989) used in the explicit
cloud simulation describes the physical processes leading
to the formation and growth of precipitation particles within
a cloud. The cloud particles can be liquid or ice, or some
combination, and may have a regular or irregular shape.
The scheme categorizes these particles as cloud droplets,
rain drops, ice crystals, snow crystals, aggregates of ice
crystals, and graupel or hail. Each species can grow
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independently from vapor deposition or self-collection, or
tnterael with other species through collision and coales-
cence processes. In the configuration used for this study,
the mixing ratio ot each species is predicted and the
total concentration is diagnosed, using a specilied size
distribution.

The two cumulus parameterization schemes used in the
coarse-grid simulations are briefly described as follows.
The A-S scheme employs a one-dimensional steady state
entraining cloud model with basic microphysics to repre-
sent the clouds. A spectrum of sub-ensembles of clouds
are allowed to form simultaneously and modify the envi-
ronment through compensating downward motion, de-
trainment. and evaporation of cloud water. Cloud-cloud
interaction is considered in a way lhat (he development of
one sub-ensemble cloud can affect the growth of other
sub-ensembles through its stabilising offeet on the large-
scale environment. The exchange processes between the
boundary layer and the free aimosphore are also included,
The A-S scheme uses a quasi-oquilibrium approximation
to close She parameterization, which requires that clouds
stabile ihe atmosphere as the large-scale motion gener-
ates moist convectivo instability.

The Kuo scheme requires a conditionally unstable atmo-
sphere and horizontal moisture convergence for cumulus
ctouds to form. Once the clouds form, they heat the
atmosphere by condensation and produce a cloud healing
profile proportional to the cloud excess temperature (i.e.,
cloud temperature minus environmental temperature).
This scheme only allows one type of cloud to form at a
given time. A more serious concern with the Kuo scheme
is thai it requires, in order to close Ihe parameterization, Ihe
specification of a parameter (denoted by b in Kuo 1974)
wh;ch represents the fraction of the total moisture supply
that goes into moisture storage. It is expected that b takes
a small value in the areas of disturbed weather conditions
and takes a large value when the atmosphere is dry.

The Results
A two-dimensional (2-D) model configuration is used in the
currenn study with a domain size of 2100 km in the
horizontal direction and 26 km in the vertical. Model
simuJations with parameterization schemes have a hori-
zontal resolution of 30 km and that with microphysics has
a resolution of 2.5 km. A witch-shape mountain with a half-
width of 100 km and height of 2 km is iocated at the center
oi }fce domain The initial condition is a quiescent atmo-

sphere with a weak stratification of about 2,4 K/km from the
surface to about 5 km AGL. The relative humidity in this
S km layer is about 60% so that an earlier development of
cloud system can be expected. All model runs begin at
0900 LST on the summer solstice. Because of no initial
winds, the modeled circulations can only be generated by
the surface differential heating over the terrain.

In the following discussion we concentrate on the evolution
of two basic model variables: vertical motion (w) and
accumulated surface precipitation. Figure 1 shows the
time plots of the vertical motion over the entire domain at
a lev^l about 4400 m above the surface. This level is
chosen because the strongest upward motion occurs
there during the life cycle of the system. Figure 1a is for the
case with the fine resolution and microphysics. It shows
rather noisy small-scale features, as expected, with the
maximum updraft of about 11 rn/s and the maximum
downdraft of about 3,5 m/s, According to the general
characteristics shown in Figure 1a, we can approximately
define the period from 0 to 6 hours as Ihe developing stage,
from 6 to 12 hours as the mature stage, and from 12 to
17 hours as the dissipation stage of the convective sys-
tem. A wave propagation is clearly observed in Figure la
with the propagation speed of about 30 m/s. The time
evolution of vertical motion in the two parameterization
runs (Figures 1b and 1c) has similar characteristics to that
shown in Figure 1 a. One noticeable difference is that the
Kuo scheme produces more organized vertical motion for
both the core and far-field regions than the other two
cases. Also, the gradient in w between the core and far-
field regions is less in the Kuo scheme case. Due to the
sensitivity of the A-S scheme to the variability of the large-
scale fields that are the predictors of the parameterization,
the A-S scheme generates rather disorganized vertical
motion at the core region and more sporadic features in the
far-field region.

Figure 2 shows the time plots of accumulated surface
precipitation. In the microphysics case (Figure 2a), it
shows that only the region over the mountain has surface
precipitation during the entire life cycle. The system reaches
a precipitation maximum about 80 mm at 11 hours near the
center of the domain. The accumulated precipitation pat-
terns produced by the A-S and Kuo schemes (Figures 2b
and 2c) show that the parameterization runs tend to
produce broader precipitation areas near the core region
and generate a significant amount of precipitation during
the propagation of the system. These two aspects are
most pronounced in the case with the Kuo scheme. The
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Figure 1 . Time plots of the vertical motion at 4400 m above the
surface: (a) microphysics case, (b) the A-S case, and (c) the
Kuo case.

FIgurt 2. Time plots of the accumulated precipitation at the
surface: (a) microphysics case, (b) the A-S case, and (c) the
Kuo case.
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reasons lor the precipitation differences in the parameter-
ization runs, especially in the dissipation stage, are prob-
ably twofold: crude microphysics built in the parameteriza-
tion schemes and the misinterpretation of the vertical
motion (compare Figures 1 b and 1 c) by the schemes at the
dissipation stage. It is likely that the w-field in the dissipa-
tion stage of a convective system is a mere reflection of a
group of dying convective clouds It may not be appropriate
to regard this kind of w as a predictor (or forcing) for
cumulus parameterizalions

Concluding Remarks
This article summar 20s some of our first-year results
under the support o f ie ARM Program. The set-upof a 2-D
idealized conveciive system provided us an opportunity to
investigate the performance of two established parameter
isaiion schemes against the results produced by adetailed
nmcrophysieal model. It is gratifying to learn that both the
A-S and Kuo scheme are able to produce gross features
similar to those revealed by the microphysics run, espe-
cially during the developing and mature stages of the
convective system, The similarities include the evolution of
vertical motion, surface precipitation, perturbed pressure
field, temperature anomaly, and water vapor anomaly. In
this paper, only the first two fields were shown.

One of our current tasks along the lines of this research is
to include the convective-scale downdraft effects into the
parameterization schemes so that cooling and drying
effects due to downdrafis on the low levels of the atmo-
sphere can be simulated. We are also incorporating back-
ground wind shear into the ambient atmosphere to inves-
tigate if the three cases can still maintain the same level of
similarity.
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Introduction
Over the past two decades the meteorological community
has witnessed the evolution of general circulation models
(GCMs) from studies attempting to simulate realistic large-
scale dynamical regimes and energy transports, to present
investigations examining future climate change scenarios.
This evolution is certain to continue over the next decade,
since the GCM community, through the U.S. Department
of Energy's Atmospheric Radiation Measurement (ARM)
and Computer Hardware, Advanced Mathematics and
Model Physics (CHAMMP) programs, has been chal-
lenged with producing realistic scenarios for future climate
change down to regional-scales (-50 km). Unfortunately,
the development of high-resolution GCMs is at least 5 to 10
years away, while the need for information on potential
climate change impacts over specific regions is
immediate.

The regional climate issue can be dealt with in several
ways. One approach has been to use existing coarse-
scale GCM output to focus in on particular regions (Gutowski
etal. 1391; Grotch and MacCracken 1991). However, the
mismatch in scale between the GCM and the processes
driving the regional climate limit the representativeness of
these studies. A more realistic alternative is to implement
a model with a finer resolution mesh over the region of
interest within a GCM. For example, a limited area (i.e.,
mesoscale) model could be initialized with, and forced on
the boundaries by, GCM output or other large-scale data
sets, over an extended period. The feasibility of this

nesting approach has recently been demonstrated using
either large-scale global analyses (e.g., ECMWF or NMC)
or GCM output by Dickinson et al. (1989), Giorgi and Bates
(1989), Giorgi (1990) using the Penn State/NCAR me-
soscale model, and Bossert et al. (1992) using the Colo-
rado State University Regional Atmospheric Modeling
System (CSU-RAMS). These studies have shown that
mesoscale models can provide a regional climatology that
is of sufficient detail to be useful for global change assess-
ments, provided that the model's performance can be
adequately validated with existing data.

The research described herein is an extension of Bossert
et al. (1992), which described the methodology used for
ingesting large-scale data (NMC) into a mesoscale model,
along with preliminary results from a regional climate
simulation of the mountainous western U.S. In this paper,
we focus upon a comparison between observed data and
the model-generated surface fields for a month-long simu-
lation of January 1986 over the same western U.S. do-
main. If the model can be validated against available
observations overseveral of these month-long simulations
during different seasons, we would be confident in its
ability tc rsalistically simulate regional-scale climate change
variations using GCM output. Of course, the usefulness of
such a simulation would depend upon the credibility of the
GCM output used to drive the regional model.

A potential advantage of using the RAMS code for regional
climate simulations is the sophisticated microphysics
parameterization which provides a physically based
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description of cloud formation and precipitation proces-
ses. These month-long simulations also provide us with
several opportunities for incorporating ARM data into the
research. Initially, we will examine the performance of the
cloud microphysics parameterization with the extended
ARM observations. We also plan to initialize the dynamical
and microphysical fields in RAMS by assimilating ARM
observations into the model. Through the RAMS model's
grid nesting capabilities, we can also provide dynamically
consistent model-generated output as input to the single-
column GCM testbed. Thus, our foremost goal is not only
to better describe the cloud processes affecting the re-
gional climate, but also to materialize the concept of
"hierarchical diagnosis" under the ARM program.

In the ensuing seclions, we briefly describe the model
configuration used, our regional climate modeling strat-
egy, and then describe our preliminary simulations. In
particular, we examine the ability of the RAMS model to
simulate the observed climate over the complex torrain of
the western US. for January 1988.

The Mesoscale Model
The RAMS model is described In these Proceedings in Kao
and Bossert (1992), and thus, only a brief description of the
particular model configuration used will be given here. The
model framework for the present study incorporates a
three-dimensional, terrain-following hydrostatic version of
the code. The simulation includes topography derived from
a 10-minute global data set with a silhouette averaging
scheme that preserves realistic topography heights. These
height data are then interpolated to the model grid which
has 0.5° horizontal resolution at the tangent point of the
polar stenographic grid at 40.0°N and 112.5°W. In these
experiments, we cover the geographical domain from
127.50Wto97.5°Wand27.5c'Nto52.50N. In the vertical we
use 21 levels, corresponding to a resolution of 300 meters
near the surface and 1000 meters at the top of the model.

The model includes a realistic treatment of surface pro-
cesses, which includes both short- and longwave fluxes,
latent and sensible fluxes, and sub-surface heat conduc-
tion from a soil temperature model (Tremback and Kessler
1985), The microphysics parameterization (Flatau et al.
1989), describes the physical processes leading to the
formation and growth of precipitation particles within a
cloud. The scheme categorizes these particles as cloud
droplets, rain drops, ice crystals, snow crystals, aggre-
gates of ice crystals, and graupel or hail. Each species can

grow independently from vapor and self-collection, or
interact with other species through collision and coales-
cence processes. In the configuration used for this study,
the mixing ratio of each species is predicted and the
total concentration is diagnosed, using a specified size
distribution.

Simulation Development
For the experiments described herein, we use two sepa-
rate methodologies to simulate the period of 1 through 30
January 1988. The NMC 2.5° by 2.5° twice daily global
analyses are used to initialize, as well as "nudge" the
regional model boundaries via a Newtonian relaxation
scheme. The NMC analyses consist of winds, tempera-
tures, and geopotential heights at 11 standard pressure
levels and relative humidity for 6 levels at, and below,
30 kPa. An isentropic analysis vertically Interpolates these
vertical pressure coordinate data onto specified isentropic
levels, and then horizontally interpolates these data onto
a higher resolution 0.6° grid.

The model is initialized from the isentropic data set, by
interpolating the isentropic data onto the model's terrain
following a, grid (0.5° resolution), to obtain a full set of
prognostic fields for model integration. The model domain,
along with the topography used, is shown in Figure 1. The

Flgur* 1. Model domain over the western U.S. and topogra-
phy heights in meters. Contour interval 300 m.
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topography issmoothed to contain only wavelengths greater
than or equal to 4 times the horizontal resolution, so as not
to introduce unresolvable modes into the simulations.

We compare two diverse methods for generating the
regional climatology for January 1968. In the first, the
model is initialized from the NMC analysis and then inte-
grated for 12 hours with boundary nudging toward the
following NMC analysis over the first 5 lateral grid points.
These lateral boundary conditions are updated each time-
step by linearly interpolating between the successive 12-
hour NMC analyses. After 12 hours of integration, the
simulation is re-initialized with the following 12-hour analy-
sis; and the cycle repeats through the 30-day simulation.
This re-initialization technique can be thought of as a crude
form of data assimilation, but is rather drastic since it
eliminates all previous mesoscale information and cloud/
precipitation development every 12 hours. In the second
method, the model is initialized at the start of the 30-day
run, with the lateral boundaries nudged toward each
successive 12-hour analysis, throughout the entire month-
long integration. This methodology is similar to that adopted
by Giorgi and Bates (1989). However, we have chosen, in
this simulation, to weakly nudge over 15 boundary points,
in order to keep the mesoscale simulation more closely
adjusted to large-scale conditions, and to provide asmooth
transition between the boundary and interior points. We
compare the results from both of these month-long simu-
lations with available observations to demonstrate the
climatology that results from these different simulation
strategies.

Results
In this section, we compare the monthly averaged surface
precipitation and temperature fields from both the re-
initialized and continuous RAMS climatology simulations
with observed conditions for January 1988, as determined
from the National Climate Data Center's cooperative sta-
tion network. This network includes over 300quality checked
stations of long-term record within the western U.S. The
station locations used in this analysis are shown in Fig-
ure 2, along with the NMC analysis grid points and the
RAMS model grid points. We are currently acquiring
additional data sets including rawinsondes, first-order
stations, and satellite data to provide a more extensive
oDservational database for model validation.

GKIUS

T^CT
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Figure 2. NCDC cooperative station locations, where "T" and/
or "P" indicates whether temperature and/or precipitation are
recorded. Also shown are NMC 2.5° by 2.5° analysis grid
points (x's), and model grid points (dots). Topography con-
tours from 0 to 3000 m by 500 m.

As previously mentioned, precipitation in the model simu-
lation is produced by the microphysics parameterization,
which calculates the mixing ratios of five different species.
Figure 3 shows an example of the output from this package
for January 5 and 6,1988, from the continuous run at 0000
UTC. The simulated mid-tropospheric flow field at 0000
UTC January 5,1988, (Figure 3a) shows that a progres-
sive trough has moved into the western U.S., with its axis
located over Nevada. Figures 3b and 3c illustrate the
three-dimensional rain and snow mixing ratio fields for
0000 UTC January 5, 1988. and 0000 UTC January 6,
1988, respectively. The vertical scale is greatly exagger-
ated in this perspective to show the rain in the lower
elevations and below the freezing level, while the snow
exists through a greater vertical depth, and over a more
extensive region, especially over the Great Basin and
central Rocky Mountains. The movement of the precipita-
tion over the 24-hour period is linked to the southeastward
progression of the short-wave inducing the precipitation
development. The total cloud extent at 0000 UTC
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Flgur* 3(a). Simulated mid-tropospheric winds over the model domain topography at 0000 UTC January 6,1988. (b) 3-D
perspective of resolved topography, and model-generated rain (red) and snow (white) (or 0000 UTC January 5.1988. (c) As
in (b) but tor 0000 UTC January 6,1988. (d) 3-D perspective looking west at total cloud amount at 0000 UTC January 6,1988.
Note: vertical dimension is greatly exaggerated tor clarity in (b), (c), and (d).

January 6,1988. is shown in Figure 3d, from a perspective
looking westward from the Mississippi River. The figure
shows the horizontal extent of the upper tropospheric
shield of ice cloud, which covers much of the southwestern
U.S. A sharp boundary to the cloud is noted north of 42°N,
due to the dry, subsident northwesterly flow from Canada,
evident in Figure 3a. These figures demonstrate that the
microphysics parameterization can produce a fairly realis-
tic representation of cloud and precipitation processes for
a given atmospheric flow pattern.

The precipitation that developed over the course of the
month is shown in a time-series of the precipitation rate for
each day of the month in Figure 4. This time-series is
determined by taking the daily accumulated value from the
cooperative stations and the model grid point nearest to
each data station. The simulated precipitation rate for both
the re-initialized and continuous runs are obtained by
subtracting the i 1th and 23rd hour accumulated precipita-
tion values from the 12th and 24th hour values every
12 hours, and then averaging the two values each day to
get the daily rate.

Figure 4. Time-series of precipitation rate (mm/day) for
January 1988, from station data (heavy solid, labeled "OBS"),
continuous simulation (light solid, labeled "12c"), and
re-initialized simulation (dashed, labeled "12").
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Both simulations do a reasonable job of capturing the
averaged precipitation over the western U.S. Clearly, the
detailed microphysics scheme is capable of providing a
realistic estimate of the actual precipitation in an average
sense.

Spatial variations are shown in Figure 5, for observed and
simulated precipitation rates. The observed precipitation
(Figure 5a) which has been interpolated onto the model
grid, reveals that the highest monthly precipitation rates

(up to 11.41 mm/day) during January 1988 are in the
northwestern U.S. along the coastal margin and in the
Cascade Range. Other relative maxima occur over the
northern Sierra Nevada Range and in the high mountain
areas of Colorado and Wyoming. The re-initialized run
(Figure 5b) also shows substantial precipitation within the
northwest, however, the maximum has shifted inland over
the high topography, a trend also evident in the other

-co « ?:• :s :2

(a) (b)

(c)

-00 CO ?a :z -;

(d)

Fkju i* 5. (a) Observed total precipitation (mm/day) from station data, interpolated to model grid, (b) Simulated total precipitation
(mm/day) from the re-initialized simulation, (c) As in (b), but for rainfall only, (d) As in (b), but for the continuous simulation.
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relative maxima, which show an increase of precipitation
with altitude.

While somewhat different in magnitude than the observed
rates, this result is encouraging, since precipitation in-
creases with altitude in winter, primarily due to orographic
lifting and condensation of the impinging airmass. This
result also points out a shortcoming in the cooperative
station data. Since none of the more than 300 stations are
located above 2750 m (9000 ft), these observations are
biased toward lower elevation stations. Many of the lower
elevation stations are located in valleys in the lee of
mountain ranges, where winter precipitation is typically
low.

The liquid phase of the precipitation for the re-initialized
run is shown in Figure 5c, which shows that nearly all of the
rain falls along the west coast. Comparing Figure 5b with
Figure 5c reveals that most of the precipitation east of the
coastal margin falls as snow.

The monthly averaged precipitation rate for the continuous
simulation of January 1988 is shown in Figure 5d. In this
run, the precipitation rate and spatial distribution is decid-
edly different from that in the re-initialized run. Most
notable is the lack of precipitation along the northwest
coast, and the greatly increased rate (all snowfall) over the
central Rocky Mountains in Colorado and Wyoming. While
this difference is the topic of current investigation with the
microphysics parameterization, there are several possible
reasons for the difference. One major point involves the
moisture field, which is generally quite dry in the low levels
ever the interior of the western U.S. within the NMC
analysis. The simulation, which is re-initialized from this
analysis every 12 hours, reflects this low level dryness,
thus decreasing the precipitation over the interior west.
The continuous run, on the other hand, allows moisture to
advect into the domain interior over longer time scales,
where it subsequently precipitates out over the high ter-
rain.

Along the coast, the differences may be due to the bound-
ary nudging. In the re-initialized run, the boundary forcing
occurs over the first five model grid points. The influence
of this is apparent as the sharp cutoff of precipitation just
off of the west coast. In the continuous run, the large scale
influence extends over the first 15 lateral grid points, bu'
the coefficient controlling this influence is increasingly
reduced as the interior of the domain is approached, so as
to be insignificant by the 15th grid point. However, along
the west coast the impact of the boundary nudging may still

be enough to suppress the horizontal convergence neces-
sary to drive the microphysics parameterization. Still an-
other reason that both simulations tend to develop more
precipitation over the high terrain of the Cascades than
along the coast, as was observed, is the grid resolution,
which is too coarse to resolve the Coastal Range. Instead,
a long slope exists inland from the coast, which culminates
at the crest of the Cascades. Lifting associated with this
long, continuous slope tends to produce the simulated
inland precipitation maximum. Ongoing and future
research is aimed at addressing these boundary forcing
and grid resolution issues.

The final comparison involves the observed and simulated
surface temperature (Figure 6). Actually, the simulated
temperature field is an average value over the first model
layer, and hence is indicative of the temperature at ap-
proximately 150 m agl. The line labeled "0" in the figure, is
the model initial state temperature in the first layer. As in
Figure 4, this temperature time-series Is obtained by tak-
ing the model grid point nearest to the cooperative station.
In addition, the initial state and simulated results are
obtained by averaging the 0000 UTC and the 1200 UTC
values, while the observations are the average of
the reported max/min values. The figure shows that the

- 1 0 0

Flgur* 6. Time-series of average daily temperature (°C) for
January 198B, from surface station data (labeled "OBS"),
NMC surface data (labeled "0"), and the re-initialized (labeled
"12") and continuous run (labeled "12c") at 144 m.
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day-today surface temperature variability in the model is
well correlated between the two simulations and the obser-
vations. This result shows that the model is capable of
capturing the observed temperature climatology in the
most basic, large-scale sense. Of further interest is the
systematic "warm bias* that both simulations show when
compared with the initial state temperature, which closely
follows the observed cooperative station data. A closer
look at the re-initialized run has shown that this warm bias
appe TS very quickly in the simulation, after only 1 -hour of
integration time. We are currently investigating the nature
of this problem.

Of interest is the tact that both simulation methodologies,
while very different, produce very similar near-surface
temperatures. This result leads to several observations
regarding the development of climatologies from regional
models. It appears that the re-initialized run, while being a
very drastic form of data assimilation, shows nearly (ho
same skill (in the large-scale averaged sense) as the
continuous run, in which the mesoscale model has much
more freedom to determine the regional climate. Perhaps
this result also points to our method of slightly nudging well
into the simulation domain in the continuous run. While
very weak in the interior, this forcing may still be enough to
overwhelm much of the mesoscale signal. More testing will
be necessary to determine the optimal amount of large-
scale influence to include in the simulation.

Summary
Results from our regional climatology study for January
1988 are encouraging in several ways. The ability of the
mesoscale model to capture the averageprecipitation and
temperature c-er the western U.S. was clearly demon-
strated using an independent data set for comparison. The
dependence of precipitation on topography over the com-
plex terrain of the model domain was also simulated, as
was the ability of the microphysics parameterization to
produce fairly realistic spatial patterns of liquid and ice
phase precipitation accumulations. The re-initialized and
continuous simulations both showed similar degrees of
skill in reproducing the observed fields, casting some
question as to what is an acceptable method of performing
regional climate simulations. More experimentation will be

necessary to resolve this issue. Ideally, we would like to
incorporate a more sophisticated data assimilation scheme
into the model.

The two separate month-long simulations have elucidated
many deficiencies in our set-up of the simulation, as well
as several potential weaknesses within the model
parameterizations. These weaknesses might not have
been apparent in a short-term integration of the model
(-24 hours), which to date has been the primary way in
which mesoscale models have been used. These climatol-
ogy simulations provide a testbed in which we can inves-
tigate the robustness of parameterization schemes for grid
resolutions at which they may be used in future climate
models. In addition, while a substantial amount of testing
and validation is still required, this study and others like it
have shown that regional models can provide realistic
climatological Information at scales which are unresolved
in present GCMs.

Concluding Remarks
In this study, we have focused mainly upon the large-scale
averaged features in our comparisons, however, in future
work we intend to focus upon the mesoscale variability
inherent within the simulation, since it is at these scales
(meso-3/meso-a) at which climatechange will most heavily
impact human activities, and at which we presently have
the poorest understanding of the climatology. This is
especially true within regions of complex terrain. Ulti-
mately, we plan to extend our study to include the grid
nesting capabilities of the RAMS model and generate even
higher-resolution climatologies for various western U.S.
river-basins, while still maintaining our 0.5° grid for assimi-
lating large-scale data. Work is currently in progress to
assimilate data from the Los Alamos GCM (Kao et a!.
1990). These data will provide the boundary forcing for the
RAMS model to examine in more detail impacts upon the
western U.S. of cold/dry and warm/wet anomalous winter-
time wave patterns from a 10-year GCM simulation. We
are also planning a regional climatology study of July 1987.
Through this study, we will investigate the performance of
several convective parameterizations and also examine,
through grid nesting, the evolution of convective storms
over the Oklahoma area as apreliminary testbed for future.
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intensive studies of the ARM Cloud and Radiation Testbed
(CART) site and surrounding environs.
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CHAMMP Program Overview
M, C. MacCracken

Atmospheric and Geophysical Sciences Division
Lawrence Livermore National Laboratory

Livermore, CA 94550

The Computer Hardware, Advanced Mathematics, and
Model Physics (CHAMMP) program is a relatively new
component of the Global Change Research Program
sponsored by the Environmental Sciences Division (ESD)
of the U.S. Department of Energy (DOE). Dr. David Bader
leads the program, assisted by Dr. Robert Malone and
myseli.

CHAMMP is an integral part of tho ESD climate modeling
program and its objectives are highly complementary to
Ihe modeling activities being conducted as part of DOE's
Program forClimatoModel Diagnosis and Intorcomparison.
CHAMMP is aiso closely linked to the U.S. Global Change
Research Program, especially through its interactions with
the major climate modeling centers of the other agencies.
Because of its need for and focus on use of forefront
supercomputers. CHAMMP is also a contributing program
in the High Performance Computing and Communications
Program, which is a new Presidential Initiative dedicated
to the "grand challenge' computational problems. Just as
the Atmospheric Radiation Measurement (ARM) program
was formed in recognition of the inability of current general
circulation models (GCMs) to satisfactorily represent cloud
formation, convection, and radiative processes, the
CHAMMP program was organized in response to the need
to harness greater computational power in the pursuit of
regionally resolved projections of climate change.

For a number of reasons, current GCMs simply are not
adequate for making accurate projections of future cli-
mate. The types of problems for which models must be
developed and tested include coupled ocean-atmosphere
simulations with 50- to 100- km resolution and extending
centuries in duration, simulations that represent the evolu-
tion of atmospheric composition from 1750 out to 2100,
simulations of the evolution of global ecosystems and
biogeochemical cycles, and studies of paleoclimatic
changes. Table 1. taken from the CHAMMP Program Plan
(DOE 1990), compares the current state of modeling
capabilities with what is needed.

The goal of the CHAMMP Climate Modeling Program is to
develop, verify, and apply a new generation of climate
models within a coordinated framework that incorporates
the best available scientific and numerical approaches to
represent physical, biogeochemical, and ecological pro-
cesses; that fully utilizes the hardware and software capa-
bilities of new computer architectures; that probes the
limits of climate predictability; and, finally, that can be used
to address the challenging problem of understanding the
greenhouse climate issue through the ability of the models
to simulate time-dependent climatic changes over ox-
tended times and with regional resolution,

Implementing all of these improvements and extensions in
a single model will require an increase in effective compu-
tational throughout of 10* to 10e or more. CHAMMP is
aiming to achieve a factor of 10: by the mid-1990s and 10*
by the end of the decade through a combination of the use
of faster computers (e.g., massively parallel computers
are projected to achieve a factor of 103 increase) and
advances in the efficiency and accuracy of computational
algorithms (a factor of 10 improvement is needed; use of
a variable grid, for example, may provide similar accuracy
to a fine, uniform grid, but at reduced computational cost,
thereby increasing effective computational throughput).

The CHAMMP program is currently divided into two com-
ponents. The scientific component, which I lead, will focus
on a range of questions concerning what scientific capa-
bilities must be included in the next generation of climate
models in order to achieve accurate, regionally resolved
projections of climatic change. Typical issues relate to the
relationship of resolution to predictability, the inherent
natural variability of the system, how best to represent
processes on finer scales, and new techniques for solving
the intercoupled set of equations governing the climate
system. Members of the CHAMMP Science Team are
being selected from universities, industry, and DOE and
other agency laboratories based on competitive review of
submitted proposals.
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Tabte 1, Current versus needed capabilities ot climate models.

Current State of
Modeling Capability

1. Horizontal resolution of hundreds of
kilometers that is unable to treat
regional and watershed-size domains

2. Inadequately verified and
over-simplified treatments of
important processes such as
radiation, clouds, convection,
and hydrology

3. Restricted representation of the
ocean, often including only the
upper mixed layer of the oceans;
empirically constrained coupling
of the atmosphere-ocean domains

4. Separate, uncoupled, and limited
treatment of atmospheric composition,
chemical interactions, and aerosol
effects

5. Very limited treatment of biosphere-
climate interactions affecting albedo,
hydrology, and other surface
processes

6. Single-model simulations of tens of
years with relatively coarse resolution

Needed Modeling Capability

1. Horizontal resolution of tens of
kilometers that permits treatment
of watershed-size domains

2. Physically realistic and thoroughly
tested treatments of all important
processes, including clouds, surface
processes, snow cover, sea ice, etc.

Fully coupled simulation of the
atmosphere-ocean system, including
treatment of the deep ocean and
horizontal transport by ocean currents

4. Interactive treatment of the roles and
interactions of important species such
as ozone and aerosols

5. Comprehensive treatment of the
interactive role of the terrestrial and
marine biosphere on the climate

6. Multiple-model simulations of hundreds
of years and the methodology to
explore the resulting output for changes
in climate variability, time-dependent
climate evolution, predictability, and
sensitivity to uncertain input parameters

Required Gain in
Computational

Capability

10s to 103

2 to 10

2 10 5

2 to 5

about 2

10 to 10*

64



Tochnical Sessions

The second component focuses to a greater extent on the
computational implementation of climate models on mas-
siveiy parallel computers. This directed component of the
program, led by Robert Malone, is being undertaken by
staff members at DOE laboratories (Argonne National
Laboratory, Lawrence Livermore National Laboratory, Los
Alamos National Laboratory, and Oak Ridge National
Laboratory) and at the National Center for Atmospheric
Research and the Geophysical Fluid Dynamics Labora-
tory through collaborative agreements. Issues to be ad-
dressed in these studies include the relative merits of
various architectures, balancing the computational load
among processors, etc.

The CHAMMP program is dasigned as a three-phase
effort;

Phase 1 (Years 1 through 3):

During this period, the emphasis of the directed
program is on transfer of existing ocean, atmosphere,
and coupled GCMs to advanced and emerging new
highly parallel platforms. The emphasis of the sci-
entific component of the program is on exploring
what range of processes, level of detail, etc..must be
included in the next generation of climate models.

Phase 2 (Years 3 through 6):

During this phase, a prototype next-generation cli-
mate model will be assembled and tested from the
emerging set of improved process modules. The
objective is to achieve an increase in effective com-
putational throughput of a factor of 100. The model
will be used in initial studies to better understand
factors affecting the degree of climate predictability
that is potentially achievable.

Phase 3 (Years 7 through 10):

During this phase, the objective is to develop, verify,
and initiate application of an advanced climate mod-
eling system capable of an effective performance of
10 Teraflops.

Throughout this effort, (he intent is to closely involve the
scientific community and to make all models developed
available for use (subject to computer resource con-
straints).

During FY91, the CHAMMP Program Plan was published
(DOE 1990), about 13000 Gray-1 equivalent hours of
computer time were awarded for scientific studies and
model intercomparison, 89 science team proposals were
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Figurt 1. The DOE Core Modeling Program, ARM, and CHAMMP, together with modeling programs sponsored by other
agencies compose a set of programs thai, with coordination, can lead to significant improvements in the capability to project
climatic change.
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reviewed, and a series of early pilot projects was
completed, These pilot projects included transfer of both
atmosphere and ocean models to massively parallel archi-
tectures (e.g., the Semtner-ChervinOGCM ran on the CM-
2 with equivalent speed to a YMP-8), For FY92, CHAMMP
will distribute $1OM, equally distributed to theoutside-DOE
Science Team members, the DOE Science Team mem-
bers, the directed part of the program, for CRAY-class
computer resources, and for massively parallel computer
resources. CHAMMP will also be hosting and co-
organizing workshops on various aspects of its research
program.

Together, the ARM, CHAMMP, and Core Modeling Pro-
grams, working in coordination with the modeling pro-
grams ol other agencies and the other developing compo-
nents oi tho DOE program, compose a coordinated attack
on the uncertainties now limiting the ability to project future
climatic change. Figure 1 suggests how the three major
DOE programs aro coupled, oach depending on tho other
and benofitting from tho other. An ossonlial challenge for

the coming year is to implement these notions of a coordi-
nated program into an effective and active effort.
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Data Assimilation and the Atmospheric
Radiation Measurement Program

J.-F. Louis
Atmospheric and Environment Research, Inc.

Cambridge, MA 02139

This paper is a brief introduction to data analysis and
assimilation concepts; its purpose is to define the role of
data assimilation in the Atmospheric Radiation
Measurement (ARM) program. It may be useful to start
with a very short, and probably oversimplified, historical
perspective on the treatment of data in meteorology and,
more specifically, in weather prediction,

The original concept of data analysis was a way of
establishing a picture of a motoorologica! field on the basis
of more or less randomly distributed observations. Long
before the advent of computers, meteorologists were
routinely contouring fields by hand, using synoptic
observations. To a large extent, this was an art as much as
a science, but it allowed the development of techniques,
some mathematical and some purely graphical, to predict
the evolution of the fields.

From very early on, it was recognized that data should not
necessarily be taken at face value and that "drawing to the
data" was not necessarily the best way to go. Not only did
the data suffer from measurement errors, but it was
understood that one should not draw fields that contained
short waves of a scale that would not be properly sampled
by the distribution of observations, waves which,
furthermore, had little meteorological significance from the
point of view of weather prediction. The question of
representativity of the data had to be faced from the
beginning.

Already in the days of hand analyses, models were used.
These were conceptual models which allowed, forexample,
the introduction of sharp gradients in frontal zones, even
when data were incomplete, and forced time continuity in
the fields, in the same way as models are used today in
data assimilation.

With tho development of computers, a lot of effort was
devotee .o trying to automate the process of hand analysis
of meteorological data. Two main directions were followed:

curve fitting and statistical interpolation. In fitting techniques,
the fields are represented locally by analytical spline
functions whose coefficients are determined by a least
square method. Somewhat simpler mathematically, and
more often used, statistical interpolation defines the value
of the field at each grid point as the weighted average of
nearby data. The Cressman and the Barnes techniques
are two examples of statistical interpolation, which differ
mainly by the shape of the weighting function. Generally,
several passes through the dataare performed with different
weighting functions, making successive corrections to the
tield to get as much information as possible out of the data.
It can be shown that these interpolation techniques act as
filters which eliminate the shorter wavelengths of the field.
The filtering properties of the method can be controlled by
the shape of the weighting function.

The use of successive corrections naturally led to the
introduction of a first guess field which represented the
a priori information known about the field either from
climatology, persistence, or from a previous forecast.
Analyzing the differences between a first guess and the
observations, rather than the observations themselves,
has distinct advantages, especially if the first guess is a
forecast: it generates realistic fields even in data-void
regions, and it ensures the time continuity of the fields. It
can be said that the forecast model is a way to bring into
the analysis the information of all the past data. Thus, the
concept of assimilating data into a model was born.

At the same time as the concept of data assimilation was
developed (in the sixties), new sources of data, mainly
from satellites, were becoming available. It was realized
then, that defining the weights purely on the basis of the
filtering properties of the weighting function was no longer
adequate. It was necessary to take into account the
relative accuracy of the different observation types, as well
as that of the first guess. The concept of optimal interpolation
was then developed, pioneered by Gandin. In this method,
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the weights are determined by the error covanance matri-
ces of the first guess and observations, including the
representativity errors, so as to minimize the expected
analysis error.

The optimal interpolation method has been very success-
ful and is used today in many operational weather forecast-
ing centers. Its main drawbacks are that it is difficult to use
data that are not direct measurements of the model's
prognostic variables and that it is an intermittent scheme.
A new analysis is produced at periodic intervals, typically
six hours. This means that it does not provide a continuous
picture of the atmosphere, and asynoptic data cariot be
used in the most effective way.

From the concept of optimal interpolation, there is only a
short step to the principle of vaiiational assimilation, Varia-
tional assimilation consists of finding the evolution of the
atmosphere that is consistent with the model while mini-
mizing a cost function which may include constraints such
as smoothness, as well as the model simulation error. An
equivalent framework is Bayosian estimation, which con-
sists of finding the most probable evolution of the atmo-
spheric state, given the observations, the a priori informa-
tion contained in the model, and any constraints that might
be imposed.

These methods are currently being developed. Their main
drawback is their cost, which is due to the fact that the
search for the minimum of the cost function or the maxi-
mum probability is an iterative procedure which requires
the integration of the model and the computation of the
gradient of the cost function at each iteration.

An efficient way of computing this gradient is to solve the
adjoint model. With one forward integration of the mode!
over the assimilation period and one backward integration

of the adjoint, it is possible to compute the derivatives of the
forecast error with respect to all the parameters that are
used to bring the forecast closer to the observations.
Additional details about the use of the adjoint are given in
the description of our ARM project.

In the context of ARM, it is clear that the role of data
assimilation will be mainly to provide a continuous, inter-
nally consistent picture of the atmospheric state over the
Cloud and Radiation Tesibed (CART) site, in order to
provide appropriate initial conditions and verification data
for models and parameterization experiments. Two dis-
tinct but complementary points of view can be adopted:
mesoscale four-dimensional data assimilation (4DDA) or
single column assimilation (SCA).

In mesoscale 4DDA we are interested in the detailed
evolution on the fields with a resolution on the order of
10 km or so, to rrake it possible to describe mesoscale
phenomena such as con vective complexes. This will allow
the study of the interaction between subgrid and large-
scale processes, the development of hierarchical models,
and the val idation of parameterization schemes. Mesoscale
4DDA, however, Is very expensive and will probably not be
available on a routine basis for several years. In addition,
mesoscale data assimilation is itself a subject of research.
Techniques that have been developed for the large scale
cannot necessarily be scaled down to mesoscale phenom-
ena for which dynamic constraints may be different and
error statistics are not well known.

Single column assimilation, which is the subject of our
ARM research, uses a single column model. Its intent is to
provide a picture of the evolution of the atmospheric fields
at the scale of the CART site, which is typical of that of a
climate model.

66



Technical Sessions

Testbed Model and Single Column Data Assimilation for
the Atmospheric Radiation Measurement Program

J.-F. Louis
Atmospheric and Environment Research, Inc.

Cambridge, MA 02139

Atmospheric and Environment Research's (AER) project
forthe Atmospheric Radiation Measurement (ARM) project
is to further develop and test a model originally designed
for local weather prediction. This model will be used for
three distinct but related purposes: 1) to provide a single
column model testbed that simulates a global climate
model, in order to facilitate the development and testing of
new cloud parameterizations and radiation models; 2) to
assimilate the ARM data continuously at the scale of a
climate model, using the adjoint method, thus providing the
initial conditions and verification data for tosting
parameterizations in single column model studies; 3) to
study the sensitivity of a radiation scheme to cloud param-
eters, again using the adjoint method, thus demonstrating
the usefulness of the testbed model.

in the first couple of years of the contract we will concen-
trate on developing the data assimilation system. Two of
the big problems with using the ARM data will be its scale
representative (or lack thereof) and its incompleteness.
Data assimilation is one way to address both problems.
Data assimilation can be described as a way to generate
a complete and continuous picture of the atmospheric
profile above the Cloud and Radiation Testbed (CART)
site. A model is used to define the characteristic scale of
the solution, to provide time continuity, and to ensure
dynamical balance of the fields. The model also provides
an estimate of atmospheric quantities that are not directly
measured. To the extent that the model is a reasonable
representation of the atmosphere, these computed quan-
tities are, at least, consistent with the observations.

One could argue that using the National Meteorological
Center {NMC) analyses would be sufficient to describe the
atmosphere and provide initial conditions and verification
data for one-dimensional (1-D) general circulation models
(GCMs), especially if some of the ARM data stream was
used by NMC. However, a local model can be optimized for
the site, producing a more accurate analysis. For practical
reasons, the frequency of the NMC analyses and the
amount of information available may not be sufficient;

whereas, a local model can provide output with high
temporal and vertical resolution, as well as fluxes, heating
rates, etc.

The problem of scale representativity cannot be underes-
timated. A climate model output (even a "1-D GCM") can
be compared with a point measurement only if everything,
including surface boundary conditions, is completely uni-
form over the scale of the model grid point. This is a rare
occurrence. Data assimilation can filter the data to the
proper scale for use in single column models.

To develop our data assimilation system, we build upon an
AER model which we have used to explore parameter
optimization, using the adjoint technique. We call it the
AER Local Forecast and Assimilation (ALFA) model. The
scale of the ALFA model is determined by the horizontal
derivatives and the values chosen for the ground param-
eters, which define the bottom boundary conditions.

The ALFA model is a single column model that solves the
same equations as a climate model, but uses large scale,
three-dimensional analyses or forecasts for all the hori-
zontal derivatives. The parameterization schemes cur-
rently used are fairly similar to state-of-the-art climate
models, including vertical eddy fluxes of momentum, heat
and moisture, stratiform and convective precipitation, and
a three-layer ground model. The Toon et al. (1989) radia-
tion scheme is being incorporated.

The data assimilation will be based on variational prin-
ciples in which the forecast computed by the model during
the assimilation period is modified until the difference
between forecast and observations (the "objective func-
tion" or "cost function") is minimized. These modification
will be done by adjusting extra terms (the nudging terms)
in the model equations, which are used as control vari-
ables. In away, theseextra terms account forthe imperfec-
tions of the model. They pull the model solution towards the
observations. They will be different for each prognostic
variable, but will be constant during the assimilation
period. The final result is close to the observations, but is
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approximately consistent with the model and is constrained
by the characteristic scale of the model. Some of the
parameters of the model, which represent physical quan-
tities that are not well known, may also be used as control
variables.

Figure 1 is a schematic comparison oi the variational
method and a more traditional assimilation method such
as optimal interpolation. Using nudging terms produces a
continuous description of the state of the atmosphere,
which isconsistent with the observations, while filtering out
the unwanted small scales. In optimal interpolation, an
intermittent series of analyzed fields is created by a linear
combination of the background fields (or "first guess") and
the observations.

To find the appropriate nudging terms, we use a standard
minimum search algorithm, This requires the computation
of the gradient of the objective function (the forecast error
during the assimilation period) with respect to the control
variables (the nudging terms). An efficient way to compute
this gradient is to use the adjoint of the perturbation model.

Let us write the model as

(1)

where x is the vector of model variables, v is a nudging
term and the subscripts indicate the time step. We can
complete the model by adding the definition of the cost
function, and a statement that the nudging terms are
constant in time:

(2)

(3)

Hn is a measure of the forecast error at time step n
(typically, the squared difference between a forecast quan-
tity and an observation)
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Figurt 1 . Comparison of two data assimilation methods. Each figure represents two assimilation cycles. The crosses represent
observations, and the solid lines represent model integrations.
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The perturbation (or linear tangent) equations correspond- / %„' N
ing to this modal are ( i' \ I

= »'»

or, in matrix form:

(4)

(6)

When this model is integrated backwards from the last
time step N to time step 0 with initial conditions: x*N = v*N

= 0 and J*N=1, it can be shown that

vo (7)

(5)
where VvJN is the gradient of the objective function with
respect to the nudging term, which we want for the minimi-
zation algorithm.

Figure 2 is a rather complicated diagram that attempts to
The adjoint model is defined by taking the transpose of the show schematically how the adjoint method works. It
matrix in (5): represents one cycle of the data assimilation. Currently,
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Figurt 2. Schematic diagram of one cycle of the variational data assimilation, showing the flow of data.
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we are finishing writing the adjoint of the Toon et al. rates and photodissociation rates in inhomogeneous mul-
radiation scheme. tiplescatteringalmospheres. J. Geophys, Ros.D13,16287-

16301.

Reference
Toon, O. B., C. P. McKay, T. P. Ackerman, and K.
Santhanam. 1989. Rapid calculation of radiative heating
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An Integrated Cloud Observation and Modeling
Investigation in Support of the Atmospheric

Radiation Measurement Program
T, Ackerman, B, Albrecht, D. Lamb, N. Seaman, D. Thomson, and T. Warner

Department of Meteorology
The Pennsylvania State University

University Park, PA 16802

Although the cloud observation and modeling investiga-
tion is an integrated project, it subdivides into three com-
ponents. The first centers on the operations of the Cloud
Observing System (COSJ, This includes instrument devel-
opment, data acquisition, data analysis, and algorithm
development. A large part of our activities in this first year
have ,'ocused on this particular component. The second
focuses on physically-based process models designed to
simulate cloud and radiation interactions. During the first
year, the activity in this area has been largely developmen-
tal. The third component centers on the mesoscale mod-
eling. The focus of this work is on model development and
testing, particularly in the area of cloud properties. Again,
this work has been largely developmental in the first year.

The natural flow of the project is from the observational
database to the process model simulations to the incorpo-
ration of cloud parameterizations into the mesoscale model.
Our intent is to use the process models, in conjunction with
the observations, to expand our understanding of cloud
formation and maintenance and interactions with the ra-
diation budget. The model studies, observations, and new
insights will form the basis on which improved and new
parameterizations will be developed and incorporated into
the mesoscale model.

The Cloud Observing System
During the past year, we further developed instrumenta-
tion and techniques for the COS and made some initial
measurements of continental stratocumulus. The most
promising development has been the exceptional perfor-
mance of the 94 GHz cloud radar for the definition of cloud
base and top heights for clouds at all levels.

In December 1990, we started an intensive observing
period (IOP) to study stratus and cirrus clouds. Although

operational difficulties at the 50-MHz profiler sites pre-
vented us from routinely collecting reliable wind data for
divergence calculations, several modifications were made
to improve the reliability of these systems. Despite those
problems, reliable data were collected during several
periods when there was good cirrus development over the
observing area. In addition, intensive observations were
made with the 915- and the 405-MHz profilers to Investi-
gate the structure and evolution of low-level stratus. These
data are currently being used to develop techniques for
defining cloud structure. We have made initial measure-
ments with our newly acquired 915-MHz profiler and are
evaluating its capabilities.

Instrument and Technique
Development
During the last year we have been working on a number of
projects related to the development of instruments and
analysis techniques for COS. These include the following:

1. computation of vertical velocities from profiler arrays

2. automated data collection for the 94-GHz cloud radar

3. definition of cloud-top using the 915-MHz wind profiler

4. vertical velocity corrections for Radio Acoustic Sound-
ing System (RASS) temperatures

5. definition of cloud microphysical properties from the
915-MHz profiler

6. development of Local Area Network for COS.

Starting in midsummer, data were collected from the 94-
GHz cloud radar. Mr. Robert Peters has since developed
a sophisticated data collection system for the radar to
provide time-height displays of the radar return. This
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system not only offers flexibility in selecting sampling
frequency, gate spacing, etc.. but also automatically names
and saves data and graphics files at fixed intervals. This
data collection system allows the radar to be operated
unattended for several hours at a time.

Although cloud base for clouds below 4 km is routinely
defined with the laser ceilometers that are operated as part
of our COS, we have no instrument for routine and continu-
ous measurements of cloud-top height. Data collected
from the 915- and 405-MHz cloud are being used to
determine if the signal-to-noise ratio, vertical velocity vari-
ance, or spectra! width from the 915- and the 405-MHz
profilers (using the vertical beam) can be used to define
cloud top. Although our initial results are encouraging,
there is still considerable work to be done before a proce-
dure could be automated to define cloud top. As described
below, we have collected the appropriate data sets for the
initial development of this technique. Additional measure-
ments will be made to compare cloud-top heights from the
915-MHz profiler with those from the 94-GHz radar. In
addition, observations made with the 915-MHz profiler
have clearly demonstrated the potential for using this
system to discriminate between ice and rain using changes
in fall velocity. We are continuing to explore ways to exploit
this information.

Temperature is obtained from the RASS by measuring the
speed of sound. Thus, vertical velocity fluctuations can
result in errors in the RASS temperature. Data collected
during the summer and fall of 1990 are being used to
evaluate the magnitude of these errors and to develop
techniques for correcting them.

A local area network was been developed for the COS.
The COS components are now being integrated into this
network. This will allow us to combine data from the various
COS components in near-real time and to provide a
centralized point for saving the data.

Cloud Process Studies
Although all the components of COS have not been
operated simultaneously, subsets have been used under
a variety of conditions for the study of low-level boundary
layer clouds. These studies focused on coupling between
the subcloud and the cloud layer; cloud evolution and
maintenance; statistics on cloud-base fluctuations; and
drizzle events in shallow, conliner'al stratus.

Although studies of cirrus during the IOP were hampered
by the lack of the 94-GHz radar, progress has been made
on diagnosing vertical velocities from profiler arrays, both
at Penn State and using the National Oceanic and Atmos-
pheric Administration (NOAA) demonstration array. The
vertical velocity structure has been achieved using satellite
imagery to deduce cloud presence and absence.

Future Work
During the next year we plan to continue our development
of COS and the analyses of the data collected last year. In
addition, we are planning to participate in the First ISCCP
Regional Experiment (FIRE) Cirrus II experiment, conduct
another intensive observational period from January to
April of 1992, and participate in the Atlantic Stratocumulus
Transition (ASTEX). In all three of these campaigns, we
will rely heavily on the principal components of COS, such
as the profilers and the 94-GHz radar. Most important, we
expect to collect our first Doppler data with the 94-GHz
radar.

Further development of the 94-GHz cloud radar will be
given a high priority and will include implementation of a
high-speed (150 MFlop) data processor; Doppler capabil-
ity; scanning capability: and software for processing Dop-
pler and scanning data. The high-speed processor will
increase the sensitivity of the radar. With the current
processor we are averaging approximately 2000 pulses
every six seconds. With the high-speed processor, 10,000
pulses will be sampled every second. In addition, this
processorwill provide 7 m vertical resolution. With Doppler
capability, it will be possible to determine cloud vertical
velocities (using the return from the smaller cloud droplets)
and the fall velocity (hence, size) of the drizzle droplets.
Although the radar is currently operating in a vertically
pointing mode, it will be mounted on a pedestal to allow
some simple scanning. Initially, we plan to scan off vertical
10 to 15 degrees perpendicular to the cloud-level winds to
provide two-dimensional slices of the cloud as a function
of time. Additional software will be needed to process and
display the Doppler and scanning data.

The ultimate utility of COS will be realized when various
components of the system are networked to allow the data
from the various components to be combined easily and in
real time. For example, we are currently developing a
scheme to combine ceilometer cloud-base heights with
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the real-time cloud radar display. In addition, we plan to
develop a technique for automatically defining cloud top
from the radar return. When combined with the ceilometer
cloud-base height, this would allow for a real-time defini-
tion of cloud depth from which the adiabatic liquid water
path could be calculated. The adiabatic liquid water path
could then be compared with the observed liquid water
path from the microwave radiometer. In some cases, it will
be desirable to assimilate data into a model to provide
variables that could not be measured directly. For ex-
ample, we plan to use the cloud radar reflectivity, liquid
water path, cloud-base height, cloud vertical velocity, and
cloud-base temperature as input parameters to a cloud
model that will then provide an estimate of the vertical
distribution of liquid water.

Future cloud process studies made using the 1991 IOP
data and data that will be collected during the 1992IOP will
focus on cloud evolution of both stratus and cirrus; cloud-
top entrapment instability; diurnal variability; vertical cou-
pling; spatial and temporal representativeness of point
measurement; statistical descriptions of cloud character-
istics; and drizzle production.

Process Models
Cloud Model
The cloud modeling effort is designed specifically to im-
prove our understanding of the cloud formation process
and to provide a tool for linking the various atmospheric
scales. With a minimum of parameterization, the micro-
physical cloud model permits us to study what happens to
the various forms of atmospheric water in response to
large-scale forcing (moisture convergence). The results
from this detailed model will permit the development of a
set of bulk-water parameterizations that can be employed
directly in the nonhydrostatic version of the Penn State
rrtesoscale model. The microphysical model also provides
the basis for the implementation of the radiative transfer
model because cloud particle size distributions, phases,
and ice shape factors are all calculated explicitly.

A warm-cloud version of the model is currently operational.
This version calculates ths distribution of solute mass in
much the same way that the distribution of water mass is
tracked. This approach was taken because of the strong
role that atmospheric aerosols play in the microphysical
evolution of clouds. The current model includes the diverse

microphysical processes such as condensation, coales-
cence, breakup, and sedimentation that contribute to
determining cloud size distributions. In addition to the
warm-cloud model, a conceptual basis for the develop-
ment of a cold-cloud model has been defined and much of
the initial coding has been completed. Various strategies
are under consideration for validating the model cloud
against observations once the development work is com-
pleted.

Radiation Models
The primary focus of the radiation work this year has been
on improvements to the coupled dipole code being used
for simulations of scattering by ice columns. The current
code can be used for a variety of shapes, size parameters
from 5 to 10, and for fixed or random orientations, The work
in progress is intended to produce parameterizations of
scattering properties of hexagonal columns that can be
incorporated Into multiple-scattering codes. These codes
will then be used to compute radiative transfer in cirrus
clouds for comparison with data obtained in field
campaigns.

A secondary aspect has been the development of a Monte
Carlo code that is being used to simulate observations of
the reflection and transmission of stratus clouds. The code
is capable of simulating cubes and rectangular solids of
arbitrary dimension and hemispheric domes. Initial simu-
lations indicate that observed albedo effects in stratus
decks cannot be simulated with cloud geometry alone, but
must include the effects of variable cloud microphysics.

Future Work
Cloud work over the next year will focus on completing the
coding of the cold-cloud model, including the additional
processes of ice particle melting and shedding of excess
liquid, crystal aggregation, and fragmentation. The ice-
specific chemical processes of trace-gas absorption and
reaction and entrapment in rime ice will also be included to
maintain realism with the calculations of particle solute
contents. The warm-cloud model will be used in sensitivity
studies, especially with regard to the environmental pa-
rameters of updraft speed and aerosol concentration.
Spectral outputs from the warm-cloud model will be used
with various post processing programs to aid in visualiza-
tion and integration into other segments of the Penn State
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ARM program. For example, radar reflectivities will be
calculated and presented as time-height cross sections for
comparison with data from the new 94-GHz radar.

Simulations and parameterization development for the
columnar ice crystals should be concluded in the next few
months. Our intent is then to use these results to simulate
data collected in a wave cloud study. If the application to
the study of these well-characterized ica clouds is suc-
cessful, the same technique will be applied to data from the
COS. As an additional task, applications will be made to
94-GHz backscatter to aid in interpretation of radar data.

The Monte Carlo code is currently being modified to
account for variable particle distributions. When this is
completed, further simulations will be carried out to under-
stand the ramifications of variable microphysics for cloud
reflectivity. The long-term goal is to use this model in
conjunction with the mierophysical model to simulate
radiative transfer in simulated stratus clouds. The results
will then be compared with observations from the COS,

Mesoscale Mode!
During this first year, work has concentrated on two major
projects:

1. Development of a nonhydrostatic version of the Penn
State University/National Center for Atmospheric
Research Mesoscale Model (known as MM4) capable
of performing four-dimensional data assimilation (4DDA)
and using nested grids for real data cases

2. Evaluation of alternative mesoscale convective
parameterizations suitable for 15- to 30-km grid resolu-
tion models.

Both of these efforts are of ci itical importance because
they directly affect the model ability to simulate the local

cloud state and the moisture cycle in the evolving synoptic
and mesoalpha scale environment in which the clouds
form.

Joint development work by scientists at Penn State and the
National Center for Atmospheric Research has led to a
working non-hydrostatic code. The model has been tested
on a variety of cases, including oceanic storms, mountain
wave flow, coastal front development and mesoscale flow
over complex terrain in the Grand Canyon area. During the
past month, it was merged with Penn State University's
4DDA system and successfully tested, A nested-grid
capability has recently beer added to the non-hydrostatic
code and testing has just begun. After some further evalu-
ation, it will be completely suitable for application to ARM
cases.

During the past six months, Penn State has introduced
three advanced cumulus parameterization schemes into a
single version of the MM4 hydrostatic model, These are
the Kain-Fritsch, Boris-Miller, and Grell-Arakawa-Schubert
schemes. These throe, plus the original Anthes-Kuo
scheme used in MM4, have been benchmarked against a
test case. The basis for comparison has been 6-hour
precipitation rates.

The focus of work in the upcoming year will be to carry out
further comparisons of the cumulus schemes for about 10
different cases spread over winter and summer situations.
Based on these test results, a suitable parameterization
scheme will be chosen for the coarse grid of the nested
nonhydrostatic model. Following this, evaluation of the
complete nested model for selected ARM cases will begin.
A prototype ARM case simulation should be completed by
the end of the year.
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An integrated Data Assimilation and Sounding System
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Overview
The Integrated Data Assimilation and Sounding System
(IDASS) provides high-resolution troposphoric structure
through the use of atmospheric measurements and a
dynamic mesoscale model. The measurement system
(Integrated Sounding System, or ISS) is developed around
a suite of in situ and active and passive remote sensors
which individually satisfy certain needs, but which together
function in a complementary mode. ISS subsystems may
include: multiple-frequency UHF wind profiler(s) with a
radio acoustic sounding system (RASS); a Navaid-based
sounding system; a surface meteorological station; a
microwave profiler (MWR); a high-resolution infrared
sounder; and a laser ceilometer. The ISS operates as an
integrated system. Important aspects of the system are the
synergistic interaction of data streams from the individual
instruments and the application of real-time and post facto
data assimilation, as well as the mechanical integration
that provides a central data acquisition, processing, dis-
play and communications capability in tha field for re-
search studies.

Measurements from the in situ and remote sensing instru-
ments are coupled with a state-of-the-art mesoscale mod-
eling system. In the mesoscale data assimilation process,
the mode! solution is relaxed toward the available obser-
vations so that it is consistent with the measurements.
Over regions where there are no observations, the evolu-

(a) The National Center for Atmospheric Research (NCAR) is spon-
sored by the National Science Foundation.

tion of the model fields is constrained by model dynamics'
and physics. The end product is a highly resolved four-
dimensional meteorological data set (including three com-
ponents of wind, temperature, humidity, cloud water, and
integrated moisture).

The mesoscale data assimilation scheme is the Newtonian
nudging technique. During the data assimilation period,
observations of wind, temperature, and humidity are used
to nudge (or relax) the time dependent model variables to
the observed values. We are using the Penn State/NCAR
mesoscale model (MM4), which includes parameterizations
of surface and planetary boundary-layer processes, con-
vective and nonconvective clouds, and radiation. A com-
prehensive data analysis system is coupled with the model,
allowing real-data experimentation.

ISS Measurement/Design
Study
A preliminary evaluation of the ISS was undertaken in
conjunction with the Winter Icing and Storms Program
(WISP) conducted during the period January - March 1991
on the Front Range in northeastern Colorado. Existing
observing systems were collocated near Platteville, Colo-
rado, to simulate an ISS facility. A network of radiosonde
stations and wind profilers provided data to simulate an
ISS network to evaluate the data assimilation/modeling
and to undertake sensitivity tests for the purpose of opti-
mizing ISS design and observing network requirements
(e.g., horizontal, vertical, and temporal resolution).
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The ad hoc ISS at Platteville (elevation 1.5 km MSL)
included the following instrumentation: NCAR atmospheric
surface turbulent exchange research (ASTER) facility;
National Oceanic and Atmosphere Administration/Wave
Propagation Laboratory (NOAA/WPL) 50-MHz wind profiler
with RASS; NOAA Unisys demonstration network 404-
MHz Doppler wind profiler with RASS; NOAA/Aeronomy
Laboratory 915-MHz Doppler wind profiler with RASS;
RemTech phased array Doppler wind profiling sodar;
NCAR CLASS radiosonde system; several NOAA/WPL
and Jet Propuision Laboratory (JPL) microwave radiom-
eters; University of Wisconsin high-resolution interferom-
eter sounder; and a Vaisala laser ceilometer. In addition,
a nine-station portable automated mesonet (PAM-II) (sur-
face winds and state variables) micronetwork with 5-km
station spacing was centered at the Platteville site. Other
instrumentation available to the IDASS development
through the WISP-1991 program included approximately
75 surface meteorological stations, four Doppler weather
radars, six CLASS systems, an assortment of radiometers
and profilers, and the University of Wyoming King Air
research aircraft.

Measurements from 5-6 Mann were used in an initial
IDASS test. During this period, 50- and 915-MHz profiler
winds (Figure 1) indicate NW flow in the boundary layer
through much of the period with backing to W, and then NW
flow followed by sharp backing at the end to NE flow. The
flow aloft is W and WSW through much of the period, but
veers to NW flow for about 6 h toward day's end. Profiles
of water vapor mixing ratio from the 3-h CLASS radio-
sondes indicate significant drying generally persists
throughout the day with the exception of a moisture infu-
sion around 12 GMT.

Data Assimilation Sensitivity
Studies
An initial series of four-dimensional data assimilation ex-
periments has been completed using various subsets of
the WISP/ARM-91 data base. These experiments were
conducted to assess the sensitivity of the model results to
the type and density of assimilated observations. Using
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Figure 1. Time-height cross section of winds from 50- and 915-MHz Doppler wind profilers, 6 March 1991, Platteville, Colorado.
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the hydrostatic version of the MM4 model, these experi-
ments have focused on the sensitivity of model simulations
of precipitable water and water vapor mixing ratio (dis-
cussed here) and temperature and winds (not discussed).
Table 1 summarizes the simulation experiments that have
been conducted for the test period 5-6 March 1991; future
tests will assimilate other variables and other observing
periods as well as apply the new nonhydrostatic version of
MM4. Referring to the table, "NWS" refers to assimilation
of conventional upper-air data from the synoptic network of
the National Weather Service, and "WISP" refers to special
upper-air data available only during the WISP/ARM
experiment. Numbers in parentheses denote the number
of WISP upper-air stations actually used in a particular
assimilation experiment. In all cases, model results apply
to and are compared with observations at the Platteville
site. When the number of assimilated stations is less than
six, upper-air data from Platteville have not been assimi-
lated in the model.

Figure 2 compares MWR measurements of precipitable
water on 6 March with modeled values from Experiments C

Tabto 1. ARM/WISP-a1 simulation experiments, 5-6 March
1991.

Exp

A

B

C*

D*

E'

F*

G*

*
t

H
NH

Mesh
(km)

40

40

20

20

20

20

20

Period
(hr)

36

36

24

24

24

24

24

4DDA

no

yes

no

yes

yes

yes

yes

Model
Type

H

H

H

H

H

H

H

Initialized with results of B
Plaltevillo soundings excluded
Hydrostatic MM4
Ncnhydrostatic MM4

Assimilated
Variables

NWS:V,T.q

WISP(6):V,T,PW

WISP(5)':V,T,PW

WISP(5)':V.T,q

WISP(3)'.V.T,PW

50.

0. 12.

Time (GMT)

Figur« 2. Observed and modeled precipnable water, 6 March 1991, at Platteviile, Colorado.
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(no assimilation) and D - G (varying forms of assimilation).
Several conclusions are readily apparent: without assimi-
lation, the model captures the general trend but demon-
strates a positive bias of about 0,5 cm, The results with
assimilated data indicate very good agreement in all cases
with the observations except for the very beginning of the
period. The simulated fields are virtually insensitive
to the number of observing sites and to the type of
water measurement assimilated. There appears to be a
small-scale phase difference between observations and
modeled values.

Of course, these results are very limited and need to be
extended to include other weather regimes; other seasons

and locations; and other combinations of station spacing,
sampling frequency, and data types. In conducting these
additional experiments, we will be seeking to improve the
design of individual integrated sounding systems and ISS
networks.
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A Field Evaluation of NOAA Remote Sensor
Measurements of Wind, Temperature, and Moisture

B. E. Mariner
National Oceanic and Atmospheric Administration

Wave Propagation Laboratory
Boulder, CO 80303

The Atmospheric Radiation Measurement (ARM) program
goals are ambitious, and its schedule is demanding. Many
of the instruments, proposed for operat'ons at the first
Cloud and Radiation Testbed (CART) site as early as 1992
represent emerging technology and exist only as special
research prototypes. Therefore, an important preparatory
step for ARM was an intensive field project in Colorado in
1991 to assess the suitability of instruments and tech-
niques tor profiling the thormodynamic and kinematic
structure of the troposphere and lower stratosphere. The
field work was designed to provide ARM with a head start
by gathering praciical information for the design and
operation of the CART sites. Additional longer term re-
search, also fundamental to ARM goals, will use the 1991
data to design an optimized combination of diverse profil-
ing instruments. The data wili also be used to extrapolate
single site data to dynamically consistent, four-dimen-
sional fields at general circulation model (GCM) subgrid
scales using a data assimilation mesoscale model. The
resuit will be an integrated system for atmospheric profiling
tailored to ARM's needs. This ARM Science Team re-
search is being conducted by a partnership that includes
the National Center for Atmospheric Research (NCAR),
the National Oceanic and Atmospheric Administration
(NOAA) the Wave Propagation Laboratory (WPL), the
Aeronomy Laboratory, and the University of Wisconsin.

NOAA has also conducted shorter range infrastructure
research for ARM/CART in which the performance of the
NOAA remote sensors used in the 1991 field project was
examined. Recommendations for CART instrumentation
were derived from these evaluations and from the experi-
ence that NOAA scientists and engineers have obtained
by designing and operating these instruments over the
years. This research is reported in a NOAA Technical
Memorandum by Martner et al. (1991). The report also
contains examples of the remote sensor routine data
products for three intensive operating periods during the
1991 field project.

Instruments operated during the 1991 field work included
5different NOAA Radio Acoustic Sounding System (RASS)
units, three of which (50-, 404-, and 915-MHz) were
collocated with an NCAR cross-chain Loran Atmospheric
Sounding System (CLASS) radiosonde and microwave
radiometers. This allowed the remote sensor measure-
ments to be compared with each other and with the in situ
data of the sondes. Accuracies and height coverages were
examined. Height overlaps and gaps in the wind and
temperature profiles obtained from various combinations
of the three frequencies were studied. The primary findings
from analysis of the field project data are listed below along
with recommendations for CART.

Accuracies
Before the RASS signal was corrected for the vertical air
speed, the RASS measurement of virtual temperature had
about 1.0°C rms difference from nearby measurements
with radiosondes. After correction, the differences are
expected to be close to 0.5°C. With the Aeronomy
Laboratory's innovative 2048-point Fast-Fourier Trans-
form (FFT) radar processor, the vertical air speed and the
speed of the acoustic pulse can be measured simulta-
neously, thus allowing the 0.5°C accuracies to be obtained
in real time in most conditions. In earlier studies, the
horizontal wind speeds measured by wind profilers were
shown to have 2-3 m/s rms differences from nearby
radiosonde data. The dual-channel microwave radiom-
eters (20.6- and 31.65-GHz) are passive remote sensors
which provide measurements of the total water vapor
content and liquid water content along their beam direc-
tions. When the instrument is pointed vertically, the vapor
measurement gives the precipitable water vapor (PWV)
content of the atmosphere. The theoretical accuracy of
these instruments is about 0.7 mm for vapor and 0.03 mr,
for liquid. Comparisons with National Weather Service
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radiosondes have shown a 1.7 mm rms difference in the
PWV measurements. Comparisons against CLASS radio-
sondes, which use a better humidity sensor, show rms
differences of only 1.1 mm, which is very close to the
radiometer's theoretical limit of accuracy.

Height Coverage
The combination of 915-MHz and 50-MHz RASS, which
ABM has selected for the first CART site, will generally
provide accurate profiles of virtual temperature from 100 or
200 m above the surface to 5 km, and often higher.
However, there will usually be a serious gap in these
profiles between about 0.7 and 2.0 km. The NOAA Dem-
onstration Network 404-MHz wind profilers manufactured
by Unisys, Inc., would completely fill this gap if they are
equipped with RASS capability. ARM should ingest data
from the NOAA Demonstration Network 404-MHz wind
profilers in tho CART vicinity. NOAA will add RASS capa-
bility to two of these profilers in 1992; ARM may want to
help equip others in the aroo with RASS.

Most of the time, the 915/50-MHz combination will provide
wind profiles from 100 or 200 m to over 12 km without gaps.
The height coverage of temperature and wind measure-
ments of the CART wind profiler/RASS can and should be
extended beyond that of the NOAA systems. This can be
accomplished by increasing the sensitivity of the profiler
radars with the use of larger antennas, greater transmitted
power (for the 50-MHz system), and pulse compression
(for the 915-MHz system). Several acoustic sources are
recommended for each RASS. The 915-MHz system
should use 5 or more acoustic sources, each of which
produces 25 W of acoustic power (continuous), and the 50-
MHz system should use 3 or more of 200 W each. It is
desirable to make one acoustic source mobile for each
RASS, so it can be moved somewhat upwind of the profiler
antenna. To obtain a more accurate virtual temperature
measurement, both the 915- and 50-MHz systems should
use processors that permit simultaneous measurement of
the vertical air speed and the speed of the acoustic pulse.

information for radiative transfer calculations. In combina-
tion with other instruments such as ceilometers, infrared
radiometers, or 8 mm wavelength radars, the radiometer
data can be even more valuable because vertical distribu-
tions, or at least localizations, of the vapor and liquid
contents can be obtained. In combination with wind data,
vapor flux and convergence can be obtained over the
CART domain. We recommend that one microwave radi-
ometer be located at the center of the CART and that as
many as four others be deployed at perimeter locations.

RASS-derived temperature profiles will have minimum
and maximum heights. Infrared spectrometer devices
such as High-resolution Interferometer Sounder (HIS) and
Fourier-transform Infrared Sounder (FIRS) offer a promis-
ing way to provide temperature profiles below the RASS
minimum height, and satellite radiometers can extend the
temperature profiles above the RASS maximum height.
WPL has demonstrated that optimized combinations of
RASS and satellite data can provide accurate composite
temperature profiles throughout the troposphere.

The remote sensor evaluations conducted for this study
have relied almost entirely on empirical methods of testing.
Instrument behavioral modeling Is another complemen-
tary method which has been beneficial in the case of
radiometer design and might be even more helpful for
more complex instruments such as RASS. We recom-
mend that ARM continue its efforts on this approach.

Reference
Martner, B. E., E. R. Westwater, R. G. Strauch, B. B.
Stankov. D. B. Wuertz, W. L. Ecklund, K. S. Gage, D. A.
Carter, J. B. Snider, J. C. Churnside, J. A. Shaw, K. P.
Moran, and J. C. Reynolds. 1991. A Field Evaluation of
Remote Sensor Measurements of Wind, Temperature,
and Moisture for ARM Integrated Sounding System Re-
search. NOAA Technical Memorandum, ERL WPL-211,
Boulder, Colorado, 110 pp.

Other
The path-integrated vapor and liquid measurements of the
microwave radiometers by themselves provide useful
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The Boardman ARM Regional Flux Experiment
J. C. Doran

Pacific Northwest Laboratory
Richland, WA 99352

In June 1991, a field campaign was conducted to study the
effects of sub-grid scale variability of surface sensible and
latent heat fluxes on surface boundary layer properties
and to provide data with which to address the problem of
extrapolating from a limited number of local measurements
to obtain areal-averaged values of fluxes appropriate for
use in general circulation models (GCMs), Participants in
thecampaign included DOE's Argonne National Laboratory,
Los Alamos National Laboratory, Pacific Northwest
Laboratory, the National Oc&anic and Atmospheric
Administration's Atmospheric Turbulence and Diffusion
Division, and several other collaborators.

Wo sought an experimental site in which surface fluxes of
sensible and latent heat could be expected to differ sharply

from one surface to another (with each surface of order 10
km in length) but would show relatively minor variations
over any particular surface. With such a site, we hoped to
see a clear signature of the effects of surface
inhomogeneities, test one or more parametric schemes
relating turbulent fluxes to vertical gradients of mean
quantities, evaluate methods of measuring surface fluxes
over inhomogeneous terrain, examine the variation of
surface fluxes over a range of scales, and establish
procedures 1 or extrapolating flux values from smaller scales
to larger ones.

The site chosen for the experiment was located near
Boardman, in northeastern Oregon, and is shown
schematically in Figure 1. A large, sagebrush steppe area

S9109012.4

Figurt 1. Schematic Diagram of Experimental Area. Black areas are bodies of water, stippled areas are irrigated farmland,
and the remaining area is steppe. Squares are eddy correlation instruments, circles are Bowen ratio energy balance stations,
Ddenotesthree-componentDopplersodar.Tmarkslocationsoftethered balloon launches, Cis the location for the convergence
measurements, and S shows location of mini-sodars for measurements of internal boundary-layer development. The primary
flight path for the instrumented aircraft is also shown.
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is bordered on the east, northeast, and west by extensive
areas of irrigated farmland. The terrain is generally flat to
gently rolling with aslight tilt toward higher elevations to the
south. The travailing winds are from the west southwest;
such winds ». averse extended areas of alternating warm,
dry surfaces r»nd cooler, wetter ones.

Surface fluxes of sensible and latent heat were measured
using both eddy correlation instruments and Bowen ratio
energy balance stations. Most of the eddy correlation
instruments were also equipped with fast response UV or
IR hygrometers. The steppe flux stations were distributed
to sampie conditions in the three primary steppe plant
communities, while the farm sites were located on the
downwind side of fields containing the principal crop types
grown in the experimental area. Bowen ratio energy balance
stations were located at six additional sites in the irrigated
areas and one site in (he steppe region. The locations of
the various instrutroiws are also shown in Figure 1. This
distribution of flux measurements provided extensive
coverage of both the semiarid and wetter regions over a
path approximately 40-km long and 6-km wid*>

A mobile flux platform (Crawford and Dobosy 1992) was
flown on a single-engine aircraft during 91 hours of
measurements over the course of the experiment. This
instrument package enabled the aircraft to measure mean
wind speed and direction, temperature, and humidity;
turbulent fluctuations of wind speed, temperature, moisture,
Os, and CO;,; and ground radiating temperatures. The most
common flight path was along the line of ground-based flux
instruments shown in Figure 1.

At asteppe site, triangular arrays of laser space-averaging
and large optic saturation resistant cross-wind and optical
turbulence sensors were used to measure the index of
refraction structure function Cn

2 and the spatially averaged
horizontal wind speed across the optical path. The structure
function provides a measure of the path averaged sensible
heat flux for comparisons with point measurements. The
spatially averaged winds can be used to measure the
convergence or divergence of the winds in the triangular
areabounded by the optical paths, and this quantity can be
related to the presence of convective cells during the day
or general subsidence at night. Another las«r anemometer
array was located near the dry-wet transition zone at a
height of 3 m and with path lengths of several hundred
meters. One path was entirely over a corn field, a second
was over a potato field, and a third spanned portions of

both fields, with approximately equal lengths in each field.
This arrangement provided acomblnation of measurements
of line averages of heat fluxes over separated crops as
well as an integrated value over two crops.

Because the temperature structure parameter CT
2 is prin-

cipally determined by the surface sensible heat flux and
the height above the surface, differences in area-averaged
fluxes should result in changes in the shape of the vertical
profile as it "sees" larger and larger scales. To this end,
vertical profiles of CT

8 were determined by five sodars and
minisodars located within neighboring surface types char-
acterized by different moisture and vegetation.

On five days, tethered balloons were flown at three sites to
record vertical profiles of wind speed and direction and wet
and dry bulb temperatures to altitudes of ~1 km. The sites
were a steppe site, a farm site approximately 800 m east
of the boundary between the steppe and farmland, and a
second farm site approximately 6.5 km east of the bound-
ary, For westerly winds, this provided an opportunity to
sample a relatively deep boundary layer characteristic of
conditions over semiarid terrain; a boundary layer strongly
modified by flow over cooler, wetter surfaces; and a
transition zone between these two conditions.

Although data processing and analysis are still in a rela-
tively early stage, it is possible to make some general
observations about the data that were collected. The
anticipated differences in the sensible and latent heat
fluxes over the steppe and farmland were readily dis-
cerned by both the ground and airborne instruments.
Maximum daily sensible heat fluxes over the steppe ranged
from 275 to nearly 500 m2, while latent heat maxima were
nearly an order of magnitude lower. Over the irrigated
farmland, measured latent heat fluxes reached as high as
600 W/m2. with sensible heat fluxes on the order of 100-
200 W/m2. Figure 2 shows an example of fluxes measured
during a two-day period over a steppe site and over a
wheat field; the differences in flux characteristics are
evident.

Differences in the mean as well as turbulent variables
between the steppe and farmland areas were also discern-
ible. Surface radiating temperatures showed marked
changes of 20 K or more, and air temperature and mois-
ture differences were found as well. It may be possible to
detect thermally induced circulation patterns from
the aircraft data during periods of lower wind speeds,
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Figure 2. Sensible and latent heat fluxes over steppe and irrigated wheat field for 11 -12 June 1991. Open symbols are values
for steppe and filled symbols for farmland. Squares denote sensible heat values; triangles indicate latent heat values.

particularly at low flight altitudes. There is some limited
evidence for a tendency to form a "farm breeze" from the
cooler, irrigated area toward the steppe. We hope to be
able to evaluate the relationships between measured
surface fluxes over an area and the area-averaged vertical
gradients in wind speed and temperature that have been
used in GCMs to estimate these fluxes.

Reference
Crawford, T. L, and R. J. Dobosy. 1992. A Sensitive Fast-
Response Probe to Measure Turbulence and Heat Flux
from Any Airplane. Boundary-Layer Meteorology
59:257278.
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Measurements of Surface Heat Flux
Over Contrasting Surfaces

R. L. Coulter
J. D. Shannon

T. J. Martin
Argonne National Laboratory

Argonne, IL 60439

In a mullila'ooratory field study held near Boardman in northeastern Oregon in June 1991 and described in greater detail
elsewhere (Doran et al. 1991), various properties of the surface and lower atmospheric boundary layer over heavily
irrigated cropland and adjacent desert steppe were Investigated. The locale was selected because its disparate
characteristics over various spatial scales stress the ability of general circulation models (GCMs) to describe lower
boundary conditions, particularly across the discontinuity between desert (in which turbulent flux of heat must be primarily
as sensible heat) and large irrigated tracts (in which turbulent flux of latent heat should be the larger term).

Objectives
This component of the initial Atmospheric Radiation Mea-
surement (ARM) campaign seeks to increase knowledge
through three critical activities: 1) determining the relation-
ships between surface heat fluxes measured over multiple
scales and the controlling surface parameters within each
scale, 2) integrating local and nearly local heat flux esti-
mates to produce estimates appropriate for GCM grid cells
of 100- to 200-km horizontal dimension, and 3)
characterizating the growth and development of the atmos-
pheric boundary layer near transitions between surfaces
with strongly contrasting moisture availabilities. The
operational portion of the campaign took place very
recenJIy; thus, the results drawn to date must be regarded
as vevy preliminary.

The initial effort of this particular project is being devoted
to the determination of new methods for estimating areal
averages of surface heat flux because much of the remote
sensing technology necessary for the extension to scales
on the order of a Cloud and Radiation Testbed (CART) site
(100 to 200 km) is not available to us at this time. The
results cf these preliminary investigations will provide the
springboard to the effective use of CART instrumentation
for site characterization.

Approach

design of our ARM project and in the initial field study in
Oregon, has been to measure the surface heat flux at
several different spatial scales. This Implies the use of
several different types of instrumentation, much of it involv-
ing remote sensors. Large-scale measurements and those
at smaller scales nested within are compared and con-
trasted in order to determine inter-scale transfer functions.
These transfer functions are expected to depend upon
topography, land use, vegetation, stress, and meteoro-
logical conditions. At larger scales, "direct" measurements
of heat flux will be replaced with measurements of atmos-
pheric structure such as mixing layer height, capping
inversion depth, and inversion strength; thermal plume
dimensions will be used to infer heat flux over larger and
larger scales.

During this field study, "direct" measurements of surface
heat flux were made using point measurements of the
correlation of vertical velocity (w) and temperature (T)
(sonic anemometer-fine wire thermocouple), vertical pro-
files of the volume average of the temperature structure
parameter (CT

2) (scdar and minisodar), and line averages
of CT

2 (laser anemometer). Indirect measurements in-
cluded tethersonde profiles of temperature, wet bulb tem-
perature (TJ, wind speed (S) and wind direction (d), mixing
height (z), and capping inversion depth and strength.
These measurements were made on both sides of the
interface between dry, unfarmed land (desert) and irri-
gated cropland (over crops of corn and potatoes).

The approach taken toward the estimation of large area
averages of surface heat flux, both within the overall
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Site Description and Sampling
Locations
The agricultural fields, irrigated by linear sprinkling sys-
tems rotating around a central pivot, are circular and about
800 m in diameter. A typical rotation rate is about 12 deg/
hr, but irrigation is not continuous, as the farming company
makes daily decisions about sprinkling on the basis of crop
stage and ambient conditions. Potatoes, alfalfa, corn, and
wheat are the dominant crops. Each circular field is essen-
tially a homogeneous surface except for a bare sand road
about 3-m wide leading to the pivot; wider sand roads
encircle each field. The offset "cookie-cutter" arrangement
of the circdlar fields leaves concave triangular areas of
unused land, which tend to have vegetation similar to that
of the desert but somewhat taller because the desert is
graaed in the early spring. Overall, about 10% of (he
agricultural area is uncultivated.

Surface and boundary layer properties over the desert and
fields of corn and potatoes were intensively studied in the
investigation component described here; the fields were
located at the western or prevailing upwind edge of the
farm. A layout of the intensive measurement area (known
as site K in the overall experiment) is shown in Figure 1.

Pivesodars and minisodars were aligned across neighbor-
ing surface types characterized by different moisture avail-
ability and vegetative cover. The rover minisodar was
designed for easy portability; its alternate locations are
shown in the potato field and in the desert.

The desert in which the rover was sometimes located is not
drawn to scale, as it was 6 to 7 km from the core operations.
Alternate locationsarealsoshownforathree-axisminisodar
system that was operated as a row of three single-axis
vertical minisodars in this ARM experiment. Three laser
anemometers were operated essentially continuously in
the potatoes and corn and across their junction, as shown
in Figure 1. The paths are not precisely parallel because of
the need to avoid a Bowen ratio station located in the
potatoes and the desirability of orientation along radii from
the sprinkler pivots to minimize down time as the sprinklers
passed. The central path (cp) was about 20% longer than
the other paths because the lasertransmitter and receiver,
each atop poles of about 2.5 m, had to be located where
the tires and sprinkler heads of the rotating irrigation
system would not contact the instruments and the support-
ing guy wires. The laser equipment was normally bagged
for 1 to 2 hr to protect it from spray as the sprinklers

Figure 1. Configuration of ANL instrumentation during field
study. Alternate positions are shown for the rover minisodar
(ms) and the line of three vertically pointing minisodar anten-
nae (ms1, ms2). Positions of the 12-m high eddy correlation
tower (t) and sodar (s) are indicated by the solid square and
circle. Laser anemometer paths across the potatoes (la-p),
corn (la-c), and their interface (la-cp) are indicated by straight
lines. The site Ktethersonde was operated near the tower and
desert tethersonde near the desert minisodar.

passed. Other supporting instrument systems included
three tether&ondes aligned along the prevailing wind (WSW)
at sites in the desert, about 800 m into the irrigated area,
and in the middle of the irrigated area (site R, not shown)
and a 12-m-high eddy correlation tower 800 m into the
irrigated area.

Results
Meteorological conditions during the three weeks of the
field study were less than ideal for the experimental goals
and plans. Tethersonde sites and minisodars were aligned
along the normally prevailing flow (WSW) and the laser
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anemometer paths were oriented approximately normal to
the expected flow. However, the strong WSW flow tended
to hamper tethersonde operations (Doran et al. 1991),
particularly over the desert. In addition, extensive cloudi-
ness, virga, and even light rain were more frequent than
expected for a desert steppe; on those occasions, the
reduction in heat loading to the surface by solar radiation
reduced the contrasts in turbulent heat exchanges over
different surfaces.

One of the revealing descriptors of the effects of contrast-
ing surface characteristics is the vertical profile of the
temperature structure parameter. This profile is a function
of the surface sensible heat flux (H) and the height above
the surface in unstable conditions; with increasing stability,
it becomes dependent upon stress. The vertical profiles of
C.,8 derived from analysis of the acoustic signals reveal
boundary layer growth and development, temporally
through their individual evolutions and spatially along the
vertical cross section produced from the aligned profiles.
The near-surface portion of the profile is characteristic of
H on the local scale, while higher portions cf the profile

reflect H over increasingly larger areas. We hope that
averaging H Over surf aces with very different typical values
of H will produce a unique profile that will provide insight
into the averaging process.

Figure 2 shows the sodar intensity profiles on the morning
of 18 June. Although this day was not ideal in terms of wind
direction (NE) and cloud cover (cloudy), conditions served
to limit boundary layer growth so that the minisodar could
delineate spatial features for much of the day.

The increased amount of structure at heights 50 m above
tha potato field is apparent. Because the wind is from the
NE, the minisodar "sees" near-surface profiles represen-
tative of potatoes and irrigated fields nearby. The portion
of the profile In the elevated layer above 80 m Is apparently
representative of the desert to the east of the irrigated
fields rather than to the west. If that is so, then the profile
above 80 m or so may result from air that was originally
representative of desert and has been modified during Its
passage above the irrigated fields. The "sudden" change
in slope of the profile immediately above the near-surface

desert
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r 100:
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10 100 1000 10 100 1000
Intensity (Rel units) Intensity (Rel units)

Figure 2. Vertical profiles of sodar intensity (uncalibrated) from desert and K sites. Profiles are from identical time periods. The
same line style sequence is used in both plots.
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layer represents the interfacial, or matching, layer
between the two sections. Since the slopes of the profile
below and above the matching zone are nearly the same
and are characteristic of unstable conditions [dlog(CT-)/
dlog(z) = -4/3], one can calculate a value for surface heat
flux that is representative of those two air masses. In
comparison, the profiles from the desert site are relatively
free of structure, with -4/3 slope well above 100 m because
of the more vigorous mixing over the desert.

Figure 3 shows the calculated temperature and wet bulb
temperature (TJ profiles from site K and the desert site for
the only time at which they were both operating.

Note that the profile from above the potatoes shows a
marked transition from relatively moist, cool air to drier,
warmer air about 180 m above the surface. Above this
height, the temperature profile above the potatoes is more
stable at 200 m, after which it is almost the same as that
over the desert. This is indicative of the mixing and
entrainment that take place well above the surface of
contrasting land types. This structure is largely the result

of differing sensible and latent heat over those same
surfaces.

Figure 4 shows the result of calculating the heat flux from
the minisodar profiles above and below 80 m. Note the
much larger heat fluxes calculated over the desert than
over the potatoes. Note also that the "elevated" profile
above the potatoes represents some measure of heat flux
that is representative of both sites. We cannot claim that
this method is the best or most representative for this
situation. It is. at present, one method under investigation
for such calculations.

Line averages of index of refraction structure function CN
2

over contrasting surfaces were produced through scintilla-
tion measurements with the laser anemometers over
paths approximately 200-m long and 2- to 3-m high in corn,
potatoes, and across the corn/potato interface. The varia-
tions in the path heights resulted from the slightly rolling
surface of the fields. The principal component of CN* Is C^,
which can be related to heat flux in the same way as the
sodar measured values (Wyngaard and Clifford 1978). In

Temp profiles
18-jun-91: 1200

600

500-

^ 400:
E

'5
300-
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Figurt 3. Temperature profiles from simultaneous tethersonde flights above desert and K sites. The absolute accuracy of wet
bulb temperatures is no better than 3°C; thus potato and desert TK quite possibly agree above 180 r\
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this case, the line averages of CT
2 at a single height are

directly related to the heat fluxes from surfaces beneath
them and immediately upwind. During the experiment, the
potato field was irrigated more regularly than the corn field,
and the effective leaf area index of the potatoes was much
greater. In addition, cool weather slowed the growth rate of
the corn. One would thus anticipate that latent heat flux
would be relatively more important (or sensible heat flux
would be relatively less important) for the potato field than
for the corn field. Indeed, the CN

: values from the laser
anemometer path in the potatoes were regularly less than
from the path in the corn. The path across both crops
usually indicated an intermediate value of CN

?, but analysis
and understanding are complicated because the path
included a dry, bare segment (the 10-m boundary road)
between the fields.

Calculated values of heat flux for 10 June 1991 from the
laser anemometer dataare illustrated in Figure 5. Although
these absolute values cannot be assumed to be final, the
relative values are presumed to be resole.

Note the decrease after 1015 of the heat flux above both
the potato field and the combined path. This is most likely
due to the sprinkler system that was operating within the
potato field at this time. The laser anemometer systems
were, in fact, turned off at 1300 as the sprinkler passed
over the potato and corn/potato paths. Evaporation of
standing water on the plants andground upwind of the path
decreased the sensible heat flux even before the sprinkler
passed directly over the laser path. These measurements
are much more easily related to a true "average" value
above the two different types of surface than those of the
sodar since the signals can be much more easily related to
the surface type. Even though part of the combined path
was abcvs bare soil (the road between plots), the "aver-
age" value is somewhat less than a straight mathematical
average of the values over crops on either side. This may
be related to the wind direction relative to the laser an-
emometer path which may favor the potato field.

The work described in this paper must be regarded as work
in progress. A great deal more data need to be evaluated,
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Figure 5. Heat fluxes above potatoes, corn (sparse), and combined potatoes and corn. Note period of sprinkler operation.

including CT
S profiles to larger heights, mixing heights and

capping inversion depth from the low frequency sodar,
multiple level point estimates of surface heat flux, and
"surface* infrared temperatures. Measurements made from
other laboratories at th site will also be invaluable in
making more definitive, accurate calculations. In spite of
unexpected weather conditions, the data are useful for the
determination of new methods for extending local mea-
surements of surface heat flux to larger areal averages.
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Remote Sensing of Surface Fluxes
Important to Cloud Development

F. J. Barnes
W. Porch and D, Cooper

Los Alamos National Laboratory
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K. E. Kunkel
Illinois Stale Water Survey

Champaign, IL

L. Mipps
Utah State University

Logan, UT

The lower boundary of the GCM (general circulation modol)
modeling domain, the earth's surface, exerts a strong
influence on regional dynamics of heat and water vapor,
and the heterogeneity in the surface features can be
responsible for generating regional mesoscale circulation
patterns. Changes in the surface vegetation due to anthro-
pogenic activity can cause substantial changes in the ratio
of sensible to latent heat flux and result in climate changes
that may be irreversible. A broad variety of models for
representing energy fluxes are in use, from individual leaf
and canopy models to mesoscale atmospheric models
and GCMs. Scaling-up a model is likely to result in signifi-
cant errors, since biophysical responses often have
nonlinear dependence on the abiotic environment. Thus,
accurate and defensible methods for selecting measure-
ment scabs and modeling strategies are needed in the
effort to improve GCMs.

There are few data sets that detail the fluxes, soil and
vegetative characteristics, and topographic and landscape
features over broad spatial and regional scales. Yet if we
are to arrive at a functional average of the soil and
vegetation properties over a GCM grid cell, such data sets
of interrelating variables must be obtained in order to
determine the appropriate scale for the measurements of
these features at other sites and to estimate inherent
variability and uncertainly in measurements made at dif-
ferent scales. Finally, to avoid the errors that are inherent
in transferring across scales, a formulation of processes
across a grid cell requires simplifications in modeling at

larger scales that must be validated from detailed "bottom-
up" mechanistic studies and bounded by sensitivity tests.

To address some of these issues in scaling and averaging
of measurements, a collaborative field campaign was
conducted in June 1991 by the DOE laboratories funded
under the ARM program. We selected a site with two
distinct regions where the ssnsible and latent heat fluxes
would differ sharply and where each region was sufficiently
extensive for full development of boundary layers and for
utilizing aircraft-mounted instrument systems (Doran et al.
1992). The overall measurement transect (about 16-km
long) at the site had adjoining irrigated and semi-desert
rangeland sections that allowed the collaborating teams to
conduct a variety of studies relating to the overall goals.

The Los Alamos team members focused on the following
measurements over the course of the 3-week campaign:

1. intercomparison of micrometeorologica! instrument
performance

2. determination of fine-scale variability of surface fluxes
over dry grassland and its relationship to surface soil
moisture variability

3. comparison of spatially averaged optical measure-
ments of heat fluxes and convergence with micro-
meteorological measurements, high-frequency
Doppler acoustic measurements, and multi-spectral
cloud images and height measurements
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4. examination of variability in surface fluxes over the
semi-arid grassland region and relationship to surface
variability in vegetation and soils

5. Determination of evapotranspiration (ET) from water
balance estimates of four crops in the agricultural area
and comparison to micrometeorological measure-
ments of ET.

Data analyses for items 1,3, and 4 have been initiated and
results to date are briefly summarized below. Completion
of analyses and utilization of results from other collaborat-
ing laboratories will allow us to assess various averaging
methods for determining fluxes over inhomogenoous ter-
rain at different scales.

Aqualitative survey of the rangeland site (Figure 1) showed
that one grass and two shrub associations were most
important in spatial coverage of the transect area in the
north. The grassland areas were dominated by neodle-
and-thread(Sf/pacomafa),aperennialbunchgrass.Sile2
was severely overgrazed and dominated by an annual
grass, cheatgrass {Bromus tectorum), with needle-and-
Ihread as a sub-domindnt component. Aboveground green
vegetative cover on the grassland sites ranged from 20%
to 40%. Biomass estimates for three sites in this commu-
nity ranged from 13to55 g/m2.Thetwoshrubcommunities
were dominated by either rabbitbrush [Chrysothamnus
nauseosus) or bilterbrush {Purshia tridentata), with under-
stories of neodle-and-thread and/or cheatgrass.

Figure 1. Rangeland site at Boardman, Oregon. Sites ol flux stations are numbered.
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Overstory canopy cover on the shrub sites was about 14%,
At ihe time of the study, the perennial grasses had largely
completed vegetative growth and were starting to set
seed, whila the annuai grasses were senescent with no
green iofcige widen). The shrubs wero still in an active
vegetative growth phase. Conditions acrcss the rangeland
were extremely dry. During Die study period, gravimetric
soil moisture determined on samples from 0- to 15-cm
depth ranged from 1.1% to 4.1 % volume and from 2.5% to
6.4% volume ir the 15- to 30-cm depth samples.

Mean latent heat and sensible heat fluxes were calculated
for the shrub (four sites) and grass (five sites) communi-
ties; examples for four consecutive days are presented in
Figure 2 (Barnes et al, 1992), Mean maximum daily
sensible heat fluxes forboth communities ranged from 270
to 4S0 W/m2, and about 45 to 80 W/m* for latent heat
fluxes. There was no discernible trend in the effect of
vegetative raver type on the mean fluxes. Inspection of the
daily flux rates for each site showed that the sensible heat
flux rates were remarkably uniform among sites, However,
the latent heat flux from the bitterbrush site was signifi-
cantly (P<0.01) higher than over the other shrub sites. This
trend cannot be explained by the effect of surface soil
moisture, which tended to be lower at this site. Although
the overall vegetative cover on this site was similar to the
other shrub sites (14%), the dominant shrub species
(bitterbrush) has a larger growth form and higher green
biomass per shrub than the rabbitbrush growing on the
othershrubsites. The potentially higher green biomass per
unit ground area and deeper rooting depth (likely with a
larger-sized shrub and resulting in the vegetation access-
ing soil moisture deep in the profile) could account for the
higher ET from the site. Other ecological factors that may
be relevant to site differences are being examined.

In the grassland region (Site 2), a triangle of path-averag-
ing optical anemometers was constructed (Figure 3). The
optical turbulence used by these instruments to measure
the path-average winds compared well with heat flux
measurements during the convective portion of the day
(Porch et al, 1992). The convective conditions were asso-
ciated with heat fluxes above about 100 W7ms.

Two types of optical cross-wind sensors were used along
each leg of the triangle. One system, laser space averaging
(LSA) system, used a visible HeNe laser beam. The other
system, saturation resistant (SRU), used an infrared light
emitting diode and larger optics and was subject to optical
turbulence saturation on the warmer days. A weather
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Figure 2. Mean sensible and latent heat fluxes overgrass and
shrub communities.

station cup vane anemometer was also located at each
corner of the triangle (WSN).

These systems combine to provide three estimates of the
triangle scale convergence. Figure 4 shows comparisons
of these convergence estimates with vertical velocities (w)
determined at a 35-m height from a high-frequency Dop-
pier sodar (1-minute averages). On June 10, the winds
were predominantly from the north, which is associated
with positive wind components from the optical cross-wind
sensors defining a northeast component (east path). On
June 16, the wind direction was from the southwest, which
gives negative wind components for the east path.

95



ARM Science Team Meeting

gnndLvgo
C O C O OpHsSalwiOton ResiMpni Cros.5 win;!

fl Sensors

^ Oc=a
We X.HI St.i: :n
w.:vism.iaai
P.t;l;n

Q l Ui\ R3 .̂?rnp|Bj

Q Utlr Cei'JTli

1r»vf i Mcimfinlu^
ftndllnatnui

D Muii'trecnai
Sky CiWda

3 0 Orp f f SCTOWl

Flgur* 3. Instrument deployment at triangle ol path-averaging optical anemometers at Site 2.

IWII MIIII'MM HUX UI'dll'IMlT, 111 l..n 1931 mm Kiuinwi*. rum t«rt«iiii:MT, in .i>i»

h

i v-i ?';.) i. •. f. r">'-

J8

. . I5n .. SHU H5N C Tolli

I'a

b

_ LSfl . . SRU KSU

Figure 4. Comparison ol convergence estimates with vertical velocities (w); LSA-HeNe laser system, SRU * saturation resistant
system, WSN - weather station anemometer.



ToQhnkml Sossions

Comparison of the convergence and w for the two days
shows an apparent effect of topography on the vertical
component of the wind. The topography of the region
slopes down to the Columbia River in the region with an
aspect ratio of about 1%. Winds from the southwest (the
predominant wind direction in the region) were associated
with downward vertical velocities at the triangle and net
divergence. The relationship between surface fluxes and
fluxes measured by the aircraft is affected by vertical
velocities between the surface and the aircraft. This rela-
tionship is different over a nonsloping surface with the
same horizontal wind components. These measurements
will aid in the interpretation of the effects of gentle topo-
graphic slopes on larger scale flux profiles needed for
climate models.

As the analyses on all measurements taken over both farm
and rangeland sites are completed, we will concentrate on
evaluating averaging techniques for moving from point
measurements to regional estimates of fluxes. Mesoscale
models wii; be used to simulate the observations and to aid
in designing measurement campaigns at future ARM sites.
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Parameterization of Corrective Clouds,
Mesoscale Convective Systems,

and Convective-Generated Clouds
W. R. Cotton

Department of Atmospheric Science
Colorado State University
Fort Collins. CO 80523

This presentation is a summary of research progress supported under the Atmospheric Radiation Measurement (ARM)
project entitled "Parameterization of Convective Clouds, Mesoscale Convective Systems, and Convective-Generated
Clouds " The approach used in this research is to perform explicit simulations of convective clouds and mesoscale
convective systems for well-documented observed cases. The simulated data are used to help us in fabricating,
ealibrating. and testing parameterization schemes of these cloud systems. The approach is analogous to the large-eddy-
simulation (LES) approach that has been quito successfully used in developing parameterizations of turbulent transport
in the convective boundary laye', The work builds on research by Weissbluth (1991) who developed parameterizations
of deep convective clouds updrafts and downdrafts.

The Channel Simulations
In the first phase of the research, we have been refining
and independently testing the Weissbluth scheme by
performing explicit simulations of Florida sea-breeze-forced
convection. The Regional Atmospheric Modeling System
(RAMS) developed at Colorado State University is set up
in a nested-grid, channel configuration shown in Figure 1
in which the nortlVsouth boundaries are cyclic so that an

idealized infinitely long Florida peninsula is simulated.
Three grids are used with the coarse grid having

A, = Ay = 4.5 km, the middle grid having \
and the fine grid having A, = Ay = 0.5 km.

= 1.5 km,

Thefinegrid, shown in Figure 1 is chosen to have sufficient
resolution to explicitly simulate the targe eddies in towering
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Figure 1. Vertical velocity (m/s) at z = 2.2 km over a dom ain with 1,5-km horizontal grid spacing. Land surface is located between
•100 and +100 km, with water beyond those points. Insert indicates the location of a nested grid in which 0.5 -km grid spacing
was used.
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Figure 2. Vertical velocities (m/s) at z - 2.2 km on the line-grid {0.5- km horizontal grid spacing) domain indicated in Figure 1.
Contour interval is 3 m/s. Line at y = -11.5 km is the location of the cross section shown in Figure 3.
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FIgur* 3. Vertical velocities (mi's) along the vertical cross section indicated in Figure 2. Horizontal grid spacing is 0.5 km. At this
time strong convection is occurring; however, it has not yet deepened to upper levels. With the tine resolution, features such
as the corrective downdrafl at x - 18 km can be explicitly resolved.
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cumulusclouds and small, ordinary cumulonimbus clouds.
Vertical and horizontal cross sections through the fine grid
are shown in Figures 2 and 3. From those simulations we
are deriving parameters such as convective condensate
efficiencies which are needed to generalize the Weissbluth
scheme. In addition, the Weissbluth scheme is indepen-
dently run on a 5-km or 20-km grid version of RAMS to
evaluate the ability of the scheme to reproduce the statis-
tics derived from the run with explicit representation of
cloud drafts.

Simulating Mesoscale
Convective Systems
We are extending this philosophical approach to me-
soscale convective systems (MCS), which are long-lived,
heavy-raining systems that produce stratiform-anvil clouds
that extend over dimensions in excess of 100,000 knV\ Our
approach is simulate systems observed in mid-latitudes
during the 1985 Oklahoma PRE-STORM and in the tropics
during the Equatorial Mesoscale Experiment (EMEX).

Currently, we are selecting cases, assimilating data into
RAMS, and performing test simulations of the cases with
coarse resolution runs (grid spacing of 80 km) to determine
the suitability of the cases for nesting down to high resolu-
tion explicit runs. We have selected the 3-4 June 1985 and
the 10-11 June 1985 cases as two candidates. In the well-
documented 3-4 June case (i.e., Fortune et al. 1992), a
sequence of 4 mesoscale convective complexes (MCCs)
formed and moved along the north side of a stationary
front. The systems were spawned in the Texas panhandle
region along the dry line and possibly associated with jet
streaks aloft. Our first attempts at simulating this case
using the modified Kuo cumulus parameterization scheme
developed by Tremback (1990) were not very successful,
with convection not organizing to MCS dimensions and
residing to the south of the stationary front. Our first
attempt to apply the new Weissbluth scheme to this case
was much more successful, with convection forming to the
north of the stationary front, and three of the four MCSs
being simulated. Thus we plan to proceed further with this
case.

The first attempt to simulate the 10-11 June case with the
modified Kuo scheme was also quite successful, thus this
case is also being considered as a case for high resolution
simulation. We have also collected data and performed
preliminary analysis of two MCSs observed in the tropical

Australia region: the EMEX 9 cluster observed on
2 February 1987, and the squall line observed on
5 December 1989 during the Down Under Doppter and
Electricity Experiment (DUNDEE). Test RAMS simula-
tions of both cases show that both are promising candi-
dates for high-resolution simulation.

Simulating CCN Impacts on
Stratocumulus Albedo
Under a DOE NIGEC grant titled "Development of a
Radiative and Cloud Parameterization Scheme of Stratocu-
mulus Clouds which includes the Impact of CCN on Cloud
Albedo," we are developing a large-eddy-simulation (LES)
model of stratocumulus clouds coupled to a nested,
detailed explicit microphysical model of cloud droplet size-
distributions. Data from the simulated fields will be used to
drive a detailed three-dimensional model of cloud radi-
ances. These fields, in turn, will be used to develop a
simple parameterization of the macroscopic, microscopic,
and radiative properties of a horizontally-inhomogeneous
field of stratocumuli or stratus. The parameterized model
will have the unique ability to respond to changes in CCN
as well as ambient thermodynamic and wind soundings.

We are currently installing the University of Tel-Aviv's
detailed microphysics model into RAMS for performing
those simulations.

The Dangers of Putting All
ARM's Eggs in the Single-
Column GCM Basket
Currently ARM measurement strategy is concentrated
around the concept of development and tasting of general
circulation model (GCM) parameterization schemes over
an area that roughly corresponds to a single GCM column.
I would like to conclude with a few philosophical comments
about this strategy. While I am sympathetic about the
suitability of this approach for long-term monitoring, one
should take a less myopic view of measurement strategy
for intensive observational periods (lOPs). Fundamental
to the one-dimensional (1 -D) GCM measurement strategy
is that a cloud parameterization scheme can be locally
determined. That is, there is sufficient information over the
1 -D GCM measurement volume to uniquely parameterize

101



ARM Sa'enco Team Mooting

cumulus clouds, MCSs, stratus, and cirrus clouds. In other
words, a local parameterization scheme will be suitable.

This philosophy may be appropriate for stratocumulus
clouds and possibly even ordinary thunderstorms,
because these clouds derive their energy from surface
fluxes of heat and moisture, which can be locally contained
within a 1 -D GCM sample volume. However, there are
other situations for which this local parameterization phi-
losophy may be less appropriate. For example, MCSs can
initiate through organized mesoscale circulations well
removed from a 1 -D GCM sample volume. They can then
propagate into the sample volume as a mature, sub-grid-
scale disturbance while producing a cloud shield, heating
profiles, and precipitation which is only partially deter-
mined by the properties within the 1-D GCM sample
volume. In other words, we suspect that a non-local
parameterization scheme may be needed,

Piotr Flatauw proposed that parameterization of cirrus
clouds may also require the formulation of a non-local
parameterization scheme. This is because cirrus clouds
can originate from the injection of moisture and water
substance into the upper troposphere by deep convective
clouds, orographic lifting, or jet streaks well upstream of a
1-D GCM sample volume. Ice crystals formed in the
genesis region can advect laterally and survive long dis-
tances in the strong upper iropospheric winds and in

regions of high relative humidity. Thus, a mature cirrus
cloud can advect into a 1 -D GCM sample volume and alter
the radiative properties of the volume even though the
moisture contents and vertical motion fields are not suffi-
cient to initiate those clouds. It is hypothesized that a non-
local parameterization scheme may again be required and
that ARM, therefore, should make measurements that
extend beyond the 1-0 GCM sample volume to develop
and test suitable parameterizations.

References
Fortune, M. A., W. R. Cotton, and R. A. McAnelly. 1992:
Frontal wave-like evolution in some mesoscale convective
complexes. Part I: The episode of Juno 3, 4,1985. Mon
Wea. Rev, 120:1279-1300.

Tremback, C. J. 1990: Numerical simulation of a me-
soscale convective complex: model development and
numerical results. Ph.D. dissertation, Atmos. Sci. Paper
No. 465, Colorado State University, Dept. of Atmospheric
Science, Fort Collins, Colorado 80523.

Weissbluth, M. J. 1991: Convective parameterization in
mesoscale models. Ph.D. Dissertation, Atmos. Sci. Paper
No. 486, Colorado State University, Dept. of Atmospheric
Science, Fort Collins, Colorado 80523.

(a) Personal communication with P ftatau, Colorado State Univer-
sity, R Collins, Colorado 19911

JO?



Instrument
Development



Instrument Davalopmant

Multi-Spectral Automated Rotating
Shadowband Radiometry

L. Harrison
Atmospheric Sciences Research Center
State University of New York at Albany

A'bany, NY 12205

I am developing two related instruments for use in the Atmospheric Radiation Measurement (ARM) program; both use
an automated rotating shadowband technique to make spectrally resolved measurements of the direct-normal, total
horizontal, and diffuse horizontal irradiances. These parameters of the sky-radiance function are measured using the
same detector (for a given wavelength), eliminating the difficulties inherent in comparing these data when measured by
independent detectors.

The first of these instruments uses independent Interference-fllter/photodiode detectors to measure any seven
wavelength bands chosen between 350 nm and 2.5 fim. Nine of these multiple filter Instruments are currently deployed
as part of the U.S. Department of Energy's (DOE) Quantitative Links measurement program. This instrument has been
selected for deployment in the spring of 1992 at the extended field sites of the first Cloud and Radiation Testbed (CART)
installation.

The second instrument uses a prism spectrograph and a Charge-Coupled Device (CCD) photodiode array to measure
256 wavelength intervals from 370 nm to 1 urn. This instrument, which is at the prototype stage, is intended for deployment
at the central sites.

In this abstract, I describe the technical features of these two instruments and discuss data recovery and interpretation
for sky conditions in which single-scattering dominates.

The Multi-Filter Rotating
Shadowband Radiometer
The basic geometry of the rotating shadowband radiometer
(RSR) can be seen in Figure 1. The detector consists of a
diffuser-integrator that illuminates a hexagonally close-
packed array of seven photodiode-interference-filter
assemblies. The function of this diffuser is to produce a
cosine detector response with respect to the angle of any
incident beam measured from the zenith; this is equivalent
to measuring the flux incident on a horizontal plate. These
diodes are mounted to internal electronics that implement
a separate transconductance amplifier (zero-bias current-
to-voltage amplifier) for each of the photodiodes.

The pftotodiodes are operated in the photovoltaic (rather
than photoconductive)mode to reduce noise. Theamplifiers
are implemented using individual commutating-auto-zero
(i.e., 'chopper stabilized") devices to reduce variations in

input offset and bias current. The board also implements
a precision (0.1 °C) temperature controller that stabilizes
the temperature of the entire detector assembly.

Temperature stabilization is necessary to improve the
accuracy at several stages. Both the bandpass and
transmission of interference filters are sensitive to
temperature, although these effects are most pronounced
with bandpasses that are significantly narrower than those
we employ. More important, the photodiodes exhibit
changes in sensitivity with temperature and the bias
currents of (he amplifiers are temperature-sensitive as
well. Further, a simple effect that is often neglected is that
the "gain" of the current-to-voltage amplifier is controlled
by the absolute resistance of the feedback, rather than by
the ratio of two resistances, as is the case with the more
commonly used voltage gain circuits. Temperature control
of the entire assembly eliminates all of these undesirable
effects.
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Figure 1. Multi-Filter Rotating Shadowband

The photodiodes are operated in the photovoltaic (rather
than photoconductive) mode to reduce noise. The ampli-
fiers are implemented using individual commutating-auto-
zero (i.e., "chopper stabilized") devices to reduce varia-
tions in input offset and bias current. The board also
implements a precision (0.1 °C) temperature controller that
stabilizes the temperature cf the entire detector assembly.

Silicon photodiodes are optimum over the wavelength
range G*300 to 1000 nm. We currently use OF-XXX series
integrated photodiode-interference-filter assemblies manu-
factured by EG&G. Beyond 1050 nm, either Germanium o;
Indium-Gallium-Arsenide (InGaAs) photodiodss are re-
quired. Bandpasses greater than 20 nm are needed at
wavelengths beyond 1.6 urn.

The shadowing band is a strip of metal formed into a
circular arc that lies along a celestial meridian (the face of
the detector is the center for this arc). 11 can be precisely
rotated (0.4°) around the polar axis by a slapping-motor
that is in turn controlled by a microprocessor. This band

blocks a strip of sky with a penumbral angle of 8°, more
than sufficient to block the solar disk. The instrument
permits a simple mechanical adjustment to align the polar
axis with the earth's axis; this alignment is done when the
instrument is installed at a site. No further mechanical
adjustment is necessary.

The operation of the instrument is controlled by its self-
contained microprocessor. A* each measurement interval,
the microprocessor computes the solar position using an
approximation for the solar ephemeris developed by
Michalsky (1988). The measurement sequence starts with
a measurement made while the band is at the nadir; this is
the total horizontal irradiance. The band is then rotated to
make three measurements in sequence: the middle one
blocks the sun and the other two block strips of the sky 6°
to either side. These side measurements permit a correc-
tion for the "excess sky" blocked by the band when the
measurement that blocks the sun is made; the average of
these two side measurements is subtracted from the total

JC4



Instnimani Davotopmimt

horizontal measutement; this correction is then added to
the sun-blocked measurement to determine the diffuse
irradiance. Finally, the diffuse component of the irradiance
can be subtracted from !he total horizontal to produce the
direct beam component; this in turn can be corrected by the
known cosine of the solar position from the zenith angle
(available from the ephemeris calculation) to produce the
direct beam flux on a normal surface. The entire measure-
ment sequence is completed in less than 10 seconds and
is normally programmed to occur four times per minute.

The microprocessor also acts as a "data logger," accumu-
lating the data from the shadowband measurements, as
well as ancillary measurements from other instruments, if
desired. The instrument can average over selected inter-
vals; note that in this case the summation of the direct
normal component is done subsequent to the application
of the cosine-angle eorreetion (done individually lor each
measurement). This is necessary to produce correct re-
sults at high zenith angles where the eosino varies rapidly,

The basic design of this instrument has several advan-
tages compared with the alternative of using two detectors,
one fixed to measure the total horizontal irradiance, and
one mounted on a tracking mechanism to measure the
direct normal component (thus requiring a narrow field of
view). The RSR is simpler, less expensive, and more
robust. Further, the three components are derived from a
single optical detector, greatly reducing intercalibration
worries about both absolute sensitivity and spectral
bandpass, and guaranteeing that the measurements are
synchronous. These features improve the utility of calibra-
tion via Langley extrapolation, since the measurements of
the diffuse and total horizontal components are calibrated
as well. Data from a multi-filter instrument are shown and
discussed below.

The CCD Array Spectrometer
I am also working on a higher resolution detector consist-
ing of a prism spectrograph coupled to a CCD array (see
Figure 2). This instrument has not yet been deployed for
field testing; consequently, it will be described only briefly
here.

The prism spectrograph for this instrument is geometri-
cally conventional, but is unusual in using quartz for all
optical surfaces. The nominal wavelength range is 350 to
1050 nm. alihough this can be adjusted by changing the
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Figure 2. CCD Array Rotating Shadowband

focal length of the final lens and repositioning the detector
array. The detector is a 256-element linear CCD Silicon
Photodiode array manufactured by Hammamatsu. The
corresponding spectral resolution per pixel is 0.6 nm at 350
nm, and nearly 12 nm at 1050 nm.

The spectrograph uses all-quartz optics to permit observa-
tions below 400 nm. Neither flint achromats nor flint
dispersing prisms can be employed, and cc.eful optical
tradeoff studies were necessary to arrive at an acceptable
design. The solution is straightforward to construct; it uses
only simple plano-convex lenses, and coma and spherical
aberrations are controlled by making the /-number of Ihe
system « 7. Chromatic aberration "controls itself because
the prism material is identical to that of the lenses, and the
lenses are not chromatically corrected. The result is that
the entire effect of chromatic aberration manifests itself as
a planar tilt in the focal surface of the dispersed spectrum,
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which can be readily accommodated simply by tilting the
detector.

Alternatives based on air-spaced quartz achromats
become coma-limited at / numbers less than approxi-
mately 4,7, a negligible improvement, given significantly
increased complexity. Grating instruments have difficul-
ties not discussed here. In any case, a typical / number for
small single-grating spectrographs is 3.5; thus, the prism
design shown here is only a factor of 4 slower in light
throughput than any likely grating instrument. We built a
p?Qtotype of this instrument, which has been tested both by
examining the output spectra by eye and by displaying the
results measured with the CCD array. We believe these
results constitute "proof of principle" that this instrument
will perform as described; however, significant develop-
ment effort remains to make this instrument ready for
routine operation.

Optical Depth Analysis
The data from the RSR instruments provide spectrally
resolved surface irradiances that are needed to under-
stand shortwave radiative forcing and can be used for a
wide range of analysis purposes. The analysis of cloudy
conditions in an attempt to derive improved radiative
parameterizations for climate models and the accumula-
tion of "subgrid* statistical (both spatial and temporal)
properties of the radiative transfer in a wide range of
regimes are of particular importance to ARM. These analy-
ses are complicated and will depend on other measure-
ments, including measurements taken by the RSR
instruments; they are too complex to discuss here.

instead,! wish to discuss the more straightforward analy-
sis of data taken when sir^ie-scattering dominates the
radiative transfer—these conditions are oi interest to the
Instantaneous Radiation Transfer Experiment (IRTE). They
permit the direct inference of the optical depth as a function
of waveleojjih, "(X) (from which column-integral aerosol
properties can be inferred) and a long-term "built-in" cali-
bration of the instrument against the solar constant.

The plot in Figure 3 shows a day of observations taken by
a muHi-filter RSR operating at Rattlesnake Mountain Ob-
sen/atory(RMO)at latitude 46.40° N, longitude 119.60°W,
e!evation 1100 m. The instrument has the "Quantitative
Links" complement of detectors (see the table in the next
section); these data are for wavelength channel 3 where X
= 500 nm, with 10 nm full-width-at-half-maximum bandpass.

Note that the irradiance scale shown is uncalibrated {it is
simply mV of output), but the shadowband technique
guarantees that all three components are identically seekxi.
Consequently, we can analyze the direct-normal data to
obtain acalibration of the detector against the sun's output
and then apply this calibration to the diffuse and total
horizontal components.

The => 10 nm bandpasses are chosen so that curve-oi-
growth problems are avoided. The extinction of the direct-
beam component of the irradiance obeys Lambert's law, 1/
lo = e^\ at all wavelengths other than the water vapor
channel at 940 nm,(" (t is the optical depth per unit airmass
and A is the number of airmasses along the optical path.)
The airmass changes during the day because the pathlength
through the atmosphere changes as the sun rises and
sots.

Consequently, we can attempt a linear regression of the
logarithm of received Intensity versus airmass (that can be
calculated from the time of observation and the location) to
yield tdiroctly. This method is known as Langley analysis.
A critical assumption is required: the optical properties of
the atmosphere that govern t must remain stable during
the time needed to accumulate the range of airmasses
used for the regression. However, if this assumption is
violated, it usually produces evident curvature of the
plotted data points.

The plot for this regression applied to the data above is
shown in Figure 4. Note that we get an excellent straight
line fit, provided that we can ignore tho evident "dips"
associated with small cloud passages evident in the time
series above.

x is simply the negative of the slope of the regression line.
Perhaps equally useful is the extrapolated intercept of this
regression with zero airmass, Izero. This value is the
inferred solar constant at this wavelength. Obtaining this
value requires an extrapolation of at least one airmass,
and so small errors in t can alter the value of Izero by
several percent. Individual regressions do not constitute a
suitable calibration unless made under remarkably good
conditions (e.g., at Mauna Loa). However, these variations
are not systematic, and by averaging the results of a series

(a) The water vapor channel is fully saturated and exhibits square
roo'. curvoofgrowth. This permits a standard regression to yield the
column water vapor (Guzzi 1985), an important atmospheric variable
lor radiative transfer models and the purpose of providing this
measurement wavelength
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of daily regressions (adjusting lor the slow annual variation
in the earth-sun distance), we can make accurate calibra-
tions against the solar constant.

An Objective Langley
Regression Algorithm
The simple-minded notion of using a least-squares regres-
sion on all the data only works under perfect sky condi-
tions—e.g., Mauna Loa. Elsewhere, cloud transients (even
thin cirrus) will produce "dips" such as those shown above.
These must be removed or the regression will produce
nonsense *jsults.

To date, this has been done by subjective editing; a
scientist examines the data graphically and determines
which points should be used for the regression. Aside from
being quite labor-intensive, this process is subject to
criticism that dilfering analysts may arrive at different
results and that analysts ofton cannot give useful descrip-
tions of what "algorithm" they use to decide which poinis
should be kept and which rejected.

In contrast, the data above were processed using an
automated objective algorithm. This algorithm operates as
follows: it first scans the data series to find intervals (either
morning or afternoon) where the airmass ranges from 2 lo
6. Lower airmasses are not used (even if available in the
data) because the rate-of-change of the airmass is small,
creating a greater opportunity for changing atmospheric
conditions to affect the regression. Higher airmasses are
avoided because of the uncertainty caused by refraction
corrections that are increasingly sensitive to atmospheric
temperature profiles.

The algorithm then operates on the data with a series of
filters to remove erring measurements. The first filter is a
delta-differencederivativefilterthat identifies regionswhere
the slope of dl/d(Airmass) is positive. These cannot be
produced by any uniform airmass turbidity process and are
evidence of the "recovery" of the intensity from a cloud
passage. The algorithm then "folds back" to find the point
where the cloud passage started. The entire region is then
eliminated.

Two iterations are then made of a robuslified linear regres-
sion. After each iteration the points that lie more than 1.5

standard deviations from the regression are removed.
Points that are used to compute the final Langley regres-
sion are marked by a simple "plus." Points discarded as
cloud passages or outliers are marked as a box.

The results for the morning regression of the data tor all
seven wavelenp'h channels are shown in Table 1.

Both the unfiltered silicon photodiode, and the bandpass at
940 nm are affected by curve-of-growth behavior due to
HjO; hence, these estimations are not strictly correct. The
water band at 940 nm causes the optical depth to be much
larger than it would be if there were no gas absorption.
Ncte also that the value for s, the standard deviation of the
residuals, is computed using the variance of the ln(l).

To validate this algorithm, I have compared its values for
the optical depth with previous subjective analysis my
colleague Dr. J. Mlchalsky performed on data taken at the
National Oceanic and Atmospheric Administration (NOAA)
laboratory In Boulder, Colorado, using a single-channel
phoiopicbandpass RSR. I will discuss this intercomparison
of analysis methods in more detail in a paper I am prepar-
ing, but the basic conclusions are

• The objective algorithm successfully retrieves an opti-
cal depth 'hat compa res with the subjective analysis to
an RMS variation of < 0.01 in 93% of the cases.

• The "outlier" comparisons can be discriminated by
setting threshold values for s, and the fraction of the
data points discarded. If cases are discarded where o
> 0.005 or more than half the points within the measure-
ment window have been rejected, then the RMS varia-
tion in t is on the order of 0.001, with a worst-case "error"
of about 0.025.

Table 1. Regression of the Data Using an Automated
Objective Algorithm

a.(nm)

unfiltered Si
415
500
610
665
662

# points

66
66
66
66
66
66

ffkept

34
40
32
32
34
24

T

0.0758
0.3162
0.1778
0.1311
0.0799
0.0177

ln

3074.9092
4854.4395
3673.3503
3517.5959
2769.0618
2982.5334

o

0.0033
0.0035
0.0018
0.0015
0.0013
0.0015

940 66 35 0.1120 4134.3071 0.0086
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' These data, laken at Boulder, are a difficult test for this
analysis algorithm, in part because Boulder is known to
be a difficult site due to rapidly varying cloud patterns
and because these data 5-minute averages of 15-sec-
ond samples. We normally recommend that data used
for Lang toy analysis be single observations; the delta-
difference filter is much more effective in such cases.
Consequently, we expect similar comparisons done
elsewhere to yield equivalent or better results.

Conclusions
The multi-filter RSR instruments are ready for field use and
will provide spectrally resolved direct-normal, diffuse
horizontal, and total horizontal irradiance measurements
for the ARM program. An important advantage of this
method is that the diffuse and total irradiance measure-
ments are guaranteed to have tlw same bandpass and
sensitivity as the direct-normal irradiances, and, thus, to
share the utility of Langley calibration.

An objective analysis algorithm has been developed to
perform the Langely regressions. This algorithm has been
validated by comparison with subjective reduction and
demonstrates an accuracy of 0.01 optical depth with a
retrieval efficiency of 93%. (This is a retrieval efficiency of

"possible* days as defined by the subjective analysis, not
a fraction of all events.) ARM will need an automated
algorithm; the quantity of data to be analyzed simply
cannot be managed by subjective methods that depend on
human examination of each datum.
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New Shortwave Solar Radiometer with
Information-Based Sparse Sampling

M. L Simpson, C. L Carnal, M. N. Ericson, D. D. Falter, K. G. Falter, G. E. Jellison, Jr.,
R. C. Kryter, S. R. Maddox, J. K. Munro, J. M. Rochelle, and T. L. Spratlin

Oak Ridge National Laboratory
Oak Ridge, TN 37831-6006

A new concept for a real-time shortwave solar radiometer is presented, based on the premise that high resolution
measurements of the shortwave solar spectrum are needed only in wavelength regions where the atmospheric physics
are changing rapidly with respect to I. The design features holographic optical elements (HOEs) for nonuniform sampling
of the spectrum, customized photocells, and temperature-compensated monolithic wide dynamic range amplifiers.
Preliminary results show full spectrum reconstruction accuracies to < 3% with a 10:1 reduction in the number of photocells
required.

Shortwave solar radiometry in the wavelength region from
0.3 to 1 j-tm is important for characterizing atmospheric
aerosols, trace gases, and cloud radiative phenomena.'
Although scanning monochromator. shortwave radiometers
working in this region of the solar spectrum are commer-
cially available, limitations in speed of response affect their
usefulness under rapidly time-varying atmospheric condi-
tions,-An alternate implementation is a shortwave radiom-
eter with a dispersive element and a charge-coupled
device (CCD) array,3 where the processing of the short-
wave solar spectrum is performed in parallel by each
channa! of the array. There are also problems with this
approach: although with available CCD array sizes (256/
512/1024) high spectral resolution can be attained, prob-
lems with calibration, temperature stability, cross-talk, and
quantum efficiency reduce the overall performance speci-
fications of the instrument (considering the 107 dynamic
range of the shortwave solar spectrum).4 A new approach
taken by Michalsky and Harrison (S.U.N.Y. Albany) uses
a small number of discrete photodetectors (five to seven)
with carefully chosen, narrow-band, interference fitters.
The center frequencies of the filters are customized for
measurements of selected aerosol, water, ozone, and CO2

absorption lines. This technique works well for certain
experiments; however, the ability to reconstruct higher
resolution spectra from the small data set is limited.5

This letter presents a new concept for a shortwave solar
radiometer that addresses many of the problem areas
encountered in the development of CCD array radio-

meters and preserves the necessary information to recon-
struct spectral content with approximately the same
resolution as a CCD array. This concept is based on the
premise that high resolution measurements of the short-
wave solar spectrum are needed only in the wavelength
regions where the atmospheric physics are changing
rapidly with X. This premise reduces the number of re-
quired waveband channels significantly over the CCD
element implementation, thereby enhancing the overall
instrument accuracy, yet retaining the ability to reconstruct
full spectral curves from the resulting sparse data set. Full
spectral reconstruction is possible through the use of
contiguous sample bands in conjunction with a spectral
model.

Our choice of wavebands is data-driven,6 based on equal-
ization of the variance of the "information" in each waveband
in the spectrum caused by a wide range of atmospheric
conditions. If the variance of the "information" in a wave-
length band, \,<\< \ , is small and the mean spectral
irradiance, l(k) is known, one does not need to subdivide
that band into finer intervals. Therefore, the solar spectrum
is sampled with finer resolution in areas where the atmos-
pheric physics change substantially and with coarser
resolution in regions where there are smaller changes.

Treating l(X) incident on a photocell as a random variable,
we define the variance of "information," o,,, in waveband k
in terms of the normalized autocovariance,
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where the autocovariance, Crt(y,a), can be stated in terms
of the statistical expectation operator £ {}:

tl(Y) -

We use the normalized autocovariance rather than a
simple autocovariance to eliminate any "weighting" of a
particular waveband due to the absolute magnitude of the
mean irradiance in that region. The criterion for selecting
the radiometer wavebands is then equating the square of
(ho variance in each waveband over the whole spectral
range; thus,

N-1
(2)

Ideally, one would like an arbitrarily large data set of high-
resolution solar extinction measurements taken over a
varietv of atmospheric conditions as the input for the

statistical analysis. For convenience, in place of this data
set, we used the SPCTRL2 code developed by the Solar
Energy Research Institute (SERI) and varied 1) day of the
year, 2) solar zenith angle, 3) ground reflectivity, 4) surface
pressure, 5) the aerosol optical path depth, 6) precipitable
water vapor, and 7) site latitude and longitude. The result-
ing data set was processed statistically and the subse-
quent waveband selections are shown superimposed on a
typical solar radiation spectrum in Figure 1. The number of
wavebands was initially chosen to be 38 (the size of a
commercially-available photodetector array) but will ulti-
mately be determined from tradeoffs between reconstruc-
tion accuracy and cost. The waveband selection in Fig-
ure 1 is seen to be heavily weighted toward sampling in the
near-UV. This is a region of the spectrum where Rayleigh
scattering, ozone absorption, and the solar spectrum are
all changing rapidly with \. Therefore some confidence is
gained that the data-driven statistical criteria developed in
equations (1) and (2) accurately reflect the underlying
atmospheric physics. The real test of the criteria, however,
is how well higher resolution spectra can be reconstructed
from sparse data collected via the nonuniform samples.

Implementing a prescribed nonuniform dispersion of inci-
dent solar radiation onto an array of photocells is not trivial.
The most promising idea for controllable nonuniform
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Figure 1. Nonuniform Sampling of Solar Radiation.
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dispersion of incident light, derived from discussions with
APA Optics Inc., is a combination of a conventional disper-
sive optic (i.e., prism) and HOE "amacronic optics.19 This
concept is illustrated in Figure 2 as part of the overall
instrument design. The dispersive optic divides the inci-
dent light into its spectral components and directs the light
toward the amacronic optic and photocell array. The
amacronic optic is an array of lenslets that can be made off-
axis or of varying size to provide the nonuniformly distrib-
uted wavebands without varying the photocell size or
position. Each lenslet focuses a selected portion of the
quasi-collimated light (spectrum) from the dispersive ele-
ment onto its corresponding photocell. The amacronic
lenstet array can be fabricated by reactive ion etching of
fused silica and thus should not experience significant
environmental degradation or aging.

One of the benefits in reducing the number of required
wavebands in a shortwave solar radiometer is that the
photocells and associated electronics can be individually
customized. Off-the-shelf Si photodiode arrays are sensi-
tive from -200 to -1150 nm, but have at least three major
problems: 1) high cross-talk, resulting from monolithic
separation of the photodiode elements (we measured a
cross-talk of ~25% at 488 nm from a standard commer-
cially-available photodiode array); 2) low quantum

efficiency (QE) and QE degradation in the near UV
(200-370 nm). resulting from surface recombination of
electron-hole pairs generated near the surface; 3) broad-
band antiroflection (AR) coatings, that reduce the total
amount of reflected light, but reflect a significant fraction of
the incident light, particularly in the UV and IR. Cross-talk
can be eliminated by physically separating the individual
photodiode elements. The UV QE can be increased and
stabilized by using standard surface passivation tech-
niques8 used in the fabrication of high efficiency solar cells.
The reflectivity can be reduced to nearly zero by varying
the thickness of the Ta,O5 AR coatings on the individual
photodiode elements. This last step increases the
photogenerated current, but more importantly, reduces
scattered light in the entire optical device.

Important considerations in the design of an amplifier to
monitor photocell current for this application are wide
dynamic range, high accuracy, temperature stability, and
suitability for monolithic integration. We have designed a
wide-range logarithmic electrometer to operate from -15 to
65°C with input currents ranging from 1 pA to 10 |iA
(seven decades), ideal for monolithic integration and
multichannel applications. We use a new temperature
compensation method9 which employs dual logarithmic
electrometercircuits; one to measure the photocell current
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and the second to track temperature effects. A ratio of the
electrometer outputs then yields a result independent of
temperature. Laboratory measurements with a prototype
demonstrated that accuracies to <1% were achievable
over the upper five decades of signal range (-15 to 71 °C).
Accuracies to < 1 % were achieved over the full
seven decades when the input device leakage current is
reduced by cooling. Conventional temperature compen-
sation methods using positive temperature coefficient
resistors produce at best a 25% error over the same
temperature and dynamic range.9

To test the overall instrument concept we made high-
resolution (2 nm) measurements of diffuse solar radiation
(0.325 to 1.1 urn) with a LiCor Model LM800/22 radio-
meter under clear and overcast skies, We then integrated
these measurements over the wavebands shown in Fig-
ure 1 thereby simulating nonuniform sampling. We pro-
cessed the simulated sparse data sets to produce an
estimate of the original full-resolution measurements. This
reconstruction process involved two steps: 1) extracting a
general fit of the sparse data, using an available solar
radiation model, and 2) line tuning the general fit by using
equations resulting from the boundary conditions of con-
tiguous spectral samples. We used SPCTRL2 for the
general fit of the sparse data and a perturbation method for
an underdetermined system of equations for the fine
tuning. We obtained mean rms errors <2.8% for the clear
sky case and <4.9% for overcast skies, reconstructing
387 spectral data points from 38 sparse samples (a 10:1
expansion). Two large sources of error in the reconstruc-
tion were the absence of detail in the 740-nm CX, and H2O
absorption band region and the 940-nm R.0 band of the
SPCTRL2 code and the lack of sensitivity of the LiCor
instrument below 400 nm. Excluding these error sources
for the clear sky case with nonuniform sampling reduced
the mean error to 1.9%. All else being equal, these results
provide an indication of the types of accuracies one would
expect comparing an ideal high-resolution CCD-based
radiometer with an information-based sparse sampling
radiometer. Future work will concentrate on using more
detailed models such as LOWTRAN7 in the spectral
reconstruction.
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The Radiation Measurement System (RAMS)

F.P.J. Valero
P. Pilewskie

NASA Ames Research Center
Moffett Field, CA 94035-1000

Radiative processes in the atmosphere are at the heart of anthropogenically induced climatic changes. High quality
measurements of radiative parameters must be obtained to be able to characterize the way in which the interaction of
radiation with the atmosphere results in climatic change and evolution. With the goal of contributing to the above objective
we are developing state-of-the-art radiation measuring instruments. We are using the latest technology and extensive
heritage from our aircraft and spacecraft systems to achieve the stringent requirements of the Atmospheric Radiation
Measurement (ARM) program. The Radiation Measurement System (RAMS) will provide infrared spectral and broadband
Iluxes and radiances. Furthermore, the RAMS will be an integrated system with central instruments control, real time data
processing and display, and the modeling capacity to monitor the progress of the experiments. We also plan to offer, for
consideration by the science team, prototype field demonstrations of novel solar multichannel instrumentation (the solar
instrumentation is being minimally funded by other sources). The combination of self consistent, Infrared (IR) and
shortwave radiometers Is, in our opinion, crucial to meet the ARM requirements.

Narrow Spectral Bandpass,
Narrow Field of View Multiple
Spectral Channels Radiance
Radiometer

Instrument Concept and
Description
The instrument design is directed toward obtaining accu-
rate IR radiance measurements by careful choice of mate-
rials, components, layout, and, above all, the best avail-
able technology, together with a superior approach to the
physical problems of IR measurements.

The most important design objectives are to

a) maximize the signal-to-noise ratio (SNR) by the use of
synchronous ac detection, which is made possible by
the fast response of the detectors

b) eliminate the error introduced by infrared emission
from the optical components (filters, windows, domes,
etc.)

c) use a detection system insensitive to changes in the
responsiviiy of the detector and amplifier gain and to
variations in ambient temperature

d) ensure the ability of the Instrument to remain cali-
brated under all foreseeable conditions and for long
periods of time in order to provide accuracy of the
measurements. We achieve this objective by using
the Electrically Calibrated Pyroelectric Technology,
plus a liquid-nitrogen-cooled blackbody reference that
provides the zero radiation signal level. Identical opti-
cal elements in the scene and reference optical paths
provide a symmetric, self compensating, balanced
infrared detection arrangement.

Before we discuss how the design objectives are met, a
brief description of the prototype airborne system is in
order. The radiometer uses three germanium lenses, an
electrically calibrated pyroelectric detector, optical chop-
ping, a null-balanced method of measurement, and a
liquid-nitrogen-cooled blackbody surface as a zero-
radiation source. A schematic of the system optics for one
channel is shown in Figure 1. The two channels are
identical except that one is a mirror image of the other, and
they may differ in the spectral filtering used. The radiation
passes through a 25-mm-diameter objective lens, reflects
off the gold-plated surface of the optical chopper, and is
then focused on a 25-mm-diameter field lens which im-
ages the objective on the detector. During the half-cycle
when the optical chopper has rotated out of the path of the
scene radiation, a third lens, identical to the objective lens,
permits the detector field to be filled by the cold blackbody
surface. This lens is also imaged on the detector.
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Figure 1. Optics schematic for one channel of the narrow field of view radiometer (NFVOR) infrared radiance radiometer.

Maximizing the SNR (objective a) is achieved by using a
lithium tantalate pyroelectric detector, a fast detector that
easily permits signal modulation and, therefore, synchro-
nous amplification and detection. Furthermore, as in the
case of the broad spectral bandpass radiometers, syn-
chronous amplification is conducive to a large SNR and the
rapid acquisition of data which is so important in the case
of fast-moving clouds and/or aircraft, as would be the case
if this instrumentation were to be used aboard aircraft
participating in the ARM program.

Using both optical chopping and the proper location of
spectral filters eliminates the error introduced by IR emis-
sion from the optical components (objective b). Radiation
emitted by any component of the system located between
the chopper and the detector produces a dc signal and
hence does not contribute to the output signal of the
synchronous amplifier. Filters are, therefore, placed be-
tween the chopper and the detector.

The key to ;ne operation of the radiometer is the generation
of an electrical signal synchronized 180 degrees out of
phase with the optical chopper. This signal is fed into the
gold-black coating on the detector surface which also
serves as a resistive heating element; this gives a thermal

signal in opposition to that resulting from the chopped
optical radiation. The amplitude of the electrical drive is
then varied until a null is detected at the output of the
synchronous amplifier. At this point, the optical power
absorbed by the detector is nominally equal to the electri-
cal drive power. The latter is measured and digitally
recorded on computer memory. Objective c is clearly
fulfilled by the use of this detection method since the null
detection is independent of circuitry changes and
temperature.

The calibration design (objective d) is met by using iden-
tical objective lenses mounted in the same heat sink for
viewing both the field radiation and the liquid-nitrogen-
cooled blackbody surface. This ensures that the optical
path characteristics are the same for the two fields viewed
and that radiation emitted by each lens and viewed by the
detector is the same. The primary difference between the
two optical paths is the presence of the optical chopper
when the radiation field to be measured is viewed. Radia-
tion emitted by the chopper is then received by the detector
along with the radiation from the atmosphere. This chop-
per emission is relatively small since the gold-plated
chopper has an emissivity less than 0.01 at the operating
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temperature. This small contribution is taken care ot as
discussed in the following calibration section.

Calibration
The detector is an absolute device and calibration in the
usual sense is not required. The fraction of radiation
attenuated by the lenses and the filter can be measured
and a resultant loss factor applied to the measured signal.
Alternatively, the complete radiometer may be calibrated
using either a standard source or a standard detector. The
later approach has proven superior in our experience with
the two channel aircraft prototype. Figure 2 shows a
calibration plot for the NFOVR. Figure 3 shows an example
of the high quality of the data obtained during the Strato-
spherie-Tropospheric Exchange Project (STEP) from the
NASA ER-2 aircraft flying over tropical cumulus-nimbus
anvils north of Australia. The figure depicts brightness
temperatures determined at 6.7 and 10.3 urn. Nole the
excellent agreement between the 6,7 and 10.3 urn bright-
ness temperatures in the regions where the anvil is opti-
cally very thick (black). This agreement is an indication of

the high quality of the data acquired using the proposed
measurement approach.

We are continuing with the development of this radiometer
by incorporating several additional spectral channels,
extending its overall wavelength coverage to 60 microns,
and modifying its thermal control system for ground
operations.

Hemispherical Field of View
Multiple Spectral Channels
Infrared Flux Radiometer
In order to incorporate the advantages of a liquid-nitrogen-
cooled blackbody reference for the measurement of
infrared hemispherical fluxes, we plan to apply concepts
identical to those employed to measure IR radiances with
the NFOVR described in the previous section. We will
achieve this by developing a new IR hemispherical field of
view radiometer (HFOVR), incorporating a novel optical

• Colisroticn unccrr%ct»c for
CTtoopar «mitaton

o Corractac vciu«i

.ooo:i .occ; .00025 .COO* XOO<5

Figure 2. Laboratory calibration plot obtained using a very low temperature calibration blackbody standard source.
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Flgur* 3. Brightness temperatures at tropical cumulus-nimbus anvil top determined at 6.7 microns (dotted) and at 10.3 microns
(solid). Notethe excellent agreement between brightness temperatures at both wavelengths in areas where the cloud is optically
thick.

system with a hemispherical field of view compatible with
IR radiation and with use from the ground.

The compatibility with ground operation is an important
element for the new design. For aircraft operations we
have used an infrared version of our broad band solar
hemispherical system described above, to measure IR Net
Fluxes with very high accuracy. We were able to achieve
this by reversing the field of view of the radiometer to
determine upwelling and downwelling fluxes. To obtain the
net flux, one is subtracted from the other, thereby eliminat-
ing the systematic error introduced by the temperature-
dependent IR emission from the optical components. In
the case of ground-based measurements, we will be
measuring directional fluxes, not net fluxes (narrow and
broad spectral bandpass), thereby losing the advantages
of the field of view reversal and the subsequent elimination
of instrumentally generated errors.

Figure 4 shows the conceptual layout of our IR multichan-
nel flux radiometer (total IR and selocted spectral

bandpasses). Clearly, this instrument benefits to a large
extent from inheritance from the NFOVR infrared radiance
radiometer and from our experience in the development of
the Thermal Infrared Radiometer Experiment of the NASA
Comet Rendezvous and Asteroid Flyby (CRAF) Mission.

Calibration
The calibration procedures fortheHFOVR will be the same
used for the NFOVR. Our calibration laboratory is well
equipped with infrared radiation sources suitable for en-
ergy response calibration. Angular calibrations for zenith
and azimuth will be performed following our standard
procedure for hemispherical radiometers. We will confirm
the spectral response of the system using our Fourier
Transform spectrometers that cover the wavelength range
from the ultraviolet to beyond 100 microns.
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Figure 4. Optical schematic tor one channel ot the HFOVR IR flux radiometer.
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High Spectral Resolution Fourier Transform
Infrared (FTIR) Instruments for the Atmospheric
Radiation Measurement Program: Focus on the
Atmospheric Emitted Radiance Interferometer

H. E. Revercomb, F. A. Best, R. G. Dedecker, T. P. Dirkx,
R. A. Herbsleb, R. O. Knuteson, J. F. Short, and W. L, Smith

University of Wisconsin - Madison
Space Science and Engineering Center

Madison. Wl 53708

Ground-based Fourier Transform infrared (FTIR) instru-
ments are boing produced at the University of Wisconsin
(UW) and the University of Denver (UD) for the Atmo-
spheric Radiation Measurement (ARM) Program's Cloud
and Radiation Testbed (CART) sites as part of a joint
Instrument Development Program (IDP). The three instru-
menttypesunderdevelopmentare summarized in Table 1.
For each ARM site, the 1 cnr1 resolution Atmospheric
Emitted Radiance Interferometer (AERI) is expected to be
operated both at the central site and at four extended
boundary locations to allow its use for radiometric studies
and for remote sensing of horizontal inhomogeneities. The
AERI is being built by the UW and is the primary subject of
this report. The extra high resolution AERI-X and the ultra
high resolution Solar Radiance Transmission interfero
meter (SORTI) are planned for the central sites and are
described in more detail in a separate abstract by the UD.

AERI Configuration and Status
The AERI will measure an accurately calibrated spectrum
of the downwolling sky radiance every 10 minutes. It
makes use of a commercially available Interferometer
(Micholson Series MB100 from BOMEM, Inc., of Quebec,
Canada) linked to a data system of networked IBM PC
computers. The major role of this IDP effort Is to incorpo-
rate a subsystem for accurate radiometric calibration and
to integrate the required hardware, operational control
software, and analys s software into a complete system
which can be linked to the CART data system and oper-
ated remotely without the attendance of expert operators.

The primary model of the AERI uses two detector channels
to give the broad spectral coverage desired. The basic
radiometric sensitivity of the two-channel MB100 system

Table 1. System Configurations Summary

Function

Spectral Coverage

Spectral Resolution

Calibration Sources

AERI

Zenith viewing atmospheric
emission

3.5 - 20 urn

1 cm1

2-3 high emissivity
blackbodies

AERI-X

Extra high resolution
zenith viewing atmos-
pheric emission

4 - 20 jim

0.1 cm'

2 high emissivity
blac<bodies

SORTI

Ultrahigh resolution
by solar tracking for
atmospheric
transmission

3 - 20 fim

0.002 cm'

Uses airmass variation
to derive transmission
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is illustrated in Figures 1 and 2, which show tho measured
responsivity in the spectral domain and the noise equiva-
lent radiance. In both channels, the ratio of a typical peak
radiance to the noise will be larger than 1000:1.

The AERI radiometric calibration subsystem consists of up
to three reference blackbodies, one hotter than ambient by
30-40°C, one at ambient temperature, and one at liquid
nitrogen temperature. The current plan is to use the hot
and the ambient reference sources for routine calibration
to avoid the problems associated with operating cold
references in humid environments. The LN? source will be
used for early development and for occasional checks on
the long-term stability of the hot/ambient calibration. Peri-
odic cycling through approximately two-minute views of
the reference blackbodies and four-minute nadir sky views

will yield a calibrated sky spectrum approximately *»very 10
minutes. All of the reference sources are high emissivity
cavities (copper or aluminum with diffuse black overcoat)
built at the UW. The hot and ambient sources are of
identical design, although the temperature of the ambient
source will probably be allowed to float. They use high
precision thermistors for temperature monitoring and for
input to the heater control servo. Heat is applied by a wire-
wound heating element on the cylindrical portion of the
cavity. The LNa blackbody consists of a cavity submerged
in a widemouthed LN2 dewar. The blackbodies will be
viewed in a fashion that will avoid (or allow accurate
correction for) errors associated with polarization. Several
options for the specific implementation are being
evaluated.

eoo BOD 1000 1200 1«0
WAVEKJUKR (W*-1)

1600 1B0D 2000 1700 1»00 2100 2300 2S0D 2700 2900 3100 3300
WAVDUKX (Of~-1)

Figure 1. AERI Instrument Responsivity. Note the effect of atmospheric H :O and CO.,.
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Figure 2. AERI Noise Equivalent Radiance for a Dwell Time of 2 Minutes.
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A completely functional, but not optimized, AERI operated
very successfully at the Spectral Radiance Experiment
(SPECTRE) conducted al Coffeyville, Kansas, in Novem-
ber and December in conjunction with the NASA First
ISCCP Regional Experiment (FIRE) II cirrus cloud experi-
ment. It is expected that a system, modilied based on this
fie!d experience, will be tested at the first CART site in 1992
and that several other systems will be fabricated in a timely
fashion.

AERI Prototype Observations
The AERI currently being fabricated has had the benefit of
a single-channel prototype instrument with many compo-
nents of similar construction. The prototype was con-
structed following the success of uplooking observations
rnado wUh tha High-resolution Interferometer Sounder
(HIS) aircraft instrument during the Ground-based Atmo-
sphere Profiling Experiment in 1988. During 1991, the
prototype was operated successfully in two field experi-
ments, resulting in data sets containing a largo number of
spectra, simultaneous balloon sonde atmospheric profile
measurements, and many other concurrent observations.

Examples of spectra are shown in Figures 3 and 4. The
spectrum of Figure 3 is from the ARM component of the

Winter Icing and Storm Program (WISP) conducted in
Piatleville, Colorado, during February and March of 1991.
The relatively high elevation (surface pressures of 840 mb)
and dry atmospheric conditions account for the strong
definition of the water vapor lines in the long wavelength
rotational water vapor band and very low radiances
between lines in the atmospheric windows. The observa-
tion of Figure 4 is from aboard the National Science
Foundation (NSF) ship Point Surott the coast of Monterey,
California, in May 1991. The presence of considerable
water vapor is evident from both the nearly opaque rota-
tional water band and from the strong continuum and water
lines in the atmospheric windows.

The accurate radiometric performance of the prototype
has been demonstrated in laboratory testing and by
comparisons with HIS observations. Because of the high
radiomotrlc accuracy of the HIS measurements, sample
HIS observations are currently being usad for the ITRA
lasts of line-by-line radiative transfer codes.

Summary
The first AERI instrument will soon bo ready to provide
accurate, high-resolution observations at the first ARM
program CART site.

1 4.O
1 3O

WSP/ARM

Plcrtt.vIW. CO Fab. 2 8 . 10O1

JLfcJL

5 0 0 6 0 D 7 0 0 800 9OO 1000 1100
Wcvinumbir (cm#*—1 )

12OO 1300 UOO

Figur* 3 Sample Downwel!mg Radiance Specirum Irom AERI Prototype at WISP/ARM.
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Flgur* 4. Sample Radiance Spectrum from Shipboard, 7 May 1991.
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Tethered Balloon Sounding System
for Vertical Radiation Profiles

C. D. Whiteman
J. M. Alzheimer
G. A. Anderson
M, R. Garnich
W. J. Shaw

Pacific Northwest Laboratory
Richland, WA 99352

A small, tethered balloon sounding system is being
developed to make broadband radiometric and
meteorological profiles through the lowest 1500 m of the
atmosphere. The major technical issue of this Instrument
development project is the const ruction of a stable platform
that will keep the complement of radiometric instruments
level, regardless of balloon motion,

A prototype stable platform, called the Sky Platform, has
now been completed and is being demonstrated in the
poster session of the science team meeting. The Sky
Platform is an equilateral triangle approximately 65 cm on
a side and formed from aluminum tubing. A mount for
radiometric and horizontal sensors is supported inside the
triangle, and the Sky Platform is carried on the tetheriine
30 mormorebelowasmall, helium-filled, tethered balloon.

At a point 30 m below the balloon, the main tetherline
branches into a 3-m-long section of three lines, only to
rejoin the main tetherline at the end of the 3-m section. The
Sky Platform is carried within the 3-m-long section. One
corner of the Sky Platform is attached to one of the lines at
the center of the 3-m-long section, while the remaining
corners of the Sky Platform are attached to the remaining
two lines through pulleys driven by small electric motors.
The platform is kept level by an automatic control loop
which interrogates the horizontal sensors (accelerometers)
on the Sky Platform and drives the motors and pulleys to
keep the Sky Platform level. A flux gate magnetometer
provides platform heading information.

A second airborne platform, called the Motion Sensing
Platform (MSP), has been developed to fiy in place of the
Sky Platform to collect data on the full range of platform
motions, including lateral and angular accelerations, lateral
and angular velocities, and angular orientation. This

platform is built on a triangular frame identical to the one on
the Sky Platform, but the MSP carries no radiometric
sensors, control loop, or leveling motors. Rather, the MSP
is instrumented to measure the motions to which the Sky
Platform will be subjected; the data provide engineering
information to be used in the final design of the control loop
and structural elements of the Sky Platform. An array of six
miniature solid state accelerometers provides the raw data
from which balloon motions are determined. Future plans
call for the installation of a small attitude gyroscope on the
MSP and on the Sky Platform. Gyroscope and
accelorometer data will allow us to determine the accuracy
of tilt determinations and to demonstrate the efficacy of the
control-loop-stabilized platform.

The Sky Platform will carry any of a number of broadband
radiometric sensors that are within the weight limitations
imposed by the small lifting capacity of the balloon. Initial
observations will be made using a modified REBS Q*6 net
radiometer and/or a LiCor silicon cell pyranometer.

Calculations have been performed to estimate the
radiometric influence of the balloon on the measurements
made at the Sky Platform. These calculations suggest that
the shortwave radiometric influence of the balloon will be
small if the radiometer is not directly shaded by the balloon
and if the platform is located 12 or more equivalent balloon
diameters below the balloon. The infrared radiometric
influence of the balloon has not yet been calculated.

A theoretical model of the performance of a tilted net
radiometer has been developed to assist with the engi-
neering specifications of the stable platform and to provide
a means of correcting observations for radiometer tilt,
if necessary. This model, which will be tested against
observations to be collected in a special series of field
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measurements, shows that a nonlevel net radiometer can
be seriously in error during daytime when the shortwave
radiation stream is directed, but is less susceptible to error
during nighttime ascents when the longwave radiation
stream is more isotropic. Oscillations of the radiometer
about the horizontal are less serious than a mean tilt angle.
Thus, it will be important to ensure that the platform is
balanced so that wind drag will not produce a mean tilt
angle. Partial theoretical correction of the errors is possible
if the tilt and azimuth angles of the radiometer are
recorded.

Future plans call for field testing of the prototype Sky
Platform and collection of te'^riine motion data with the
MSP. Currently, data from the MSP are sampled using an
electrical cable that hangs from the MSP. We are now
designing an on-board data storage module that will allow
us to dispense with the cable. In its normal operating

configuration, the tethered balloon will carry a commercial
meteorological sensing package that will record tempera-
ture, humidity, pressure, wind speed, and wind direction
during the ascents. We plan to use the spare channels in
the commercial package to provide the operator with real-
time information on the radiometric measurements as the
balloon ascends. At the completion of the ascent, much
more detailed data will be available from the on-board data
storage module.

A final stage in the instrument development program will
be to harden the entire tethered balloon system so that it
can be run routinely at the Cloud and Radiation Testbed
sites. Operating characteristics and operating limits of the
instrument system must be determined so the data can be
properly interpreted and safety and operational require-
ments can be met.
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Cloud and Aerosol Characterization for
the ARM Central Facility: Multiple Remote

Sensor Techniques Development
K. Sassen

Department of Meteorology
University of Utah

Salt Lake City, UT 84112

Our research program to establish how active and passive
remote sensing information can best be applied to the
problem of characterizing the cloudy atmosphere has two
basic components. The first task, which we have nearly
completed, is th*> fabrication of a state-of-the-art dual-
wavelength Polarization Diversity Lidar (PDL) system to
thoroughly evaluate the various lidar polarization tech-
niques tor cloud and aerosol research. As recently re-
viewed in Sassen (1991), the basic two-channel molhod
for measuring linear depolarization has been highly effec-
tive as a cloud microphysical research tool. Through the
use of linear depolarization ratios, water and ice particle
clouds can be unambiguously discriminated, and a num-
ber of ice particle types and orientations can be identified.
(These capabilities should improve as geometrical optics
ray-tracing theory is applied to predicting ice crystal habit
depolarization ratios.) Nonetheless, there is still much to
be explored in the polarization lidar field, including the
information contents of additional backscatter polarization
(i.e., four-channel Stokes) parameters, simultaneous mul-
tiple-wavelength and multiple-polarization state (including
circular) laser probing, and the variable receiver field-of-
view (FOV) technique for studying multiple scattering
depolarization and particle size inversion.

The University of Utah PDL system has been explicitly
designed to evaluata these applications for cloud and
aerosol research, using a rapidly scannable, mobile (i.e.,
truck-mounted) platform. The specifications of the unit are
provided in Table 1. The most important capability the
system possesses, which is required for both scanning
and variable FOV studies, is that the data acquisition and
handling (33/486-based) host computer can simultaneously
keep track of four-channel returns at the maximum 10-Hz
pulse repetition rate of the dual-wavelength Nd:YAG laser
transmitter. This capability is the result of recent major
improvements in microcomputer technology which have

overcome the poor data-handling capabilities that handi-
capped multiple-channel lidar studies in the past. The true
diversity of transmitted and received polarization states of
our system is illustrated at the bottom of Table 1.

Note that the first full PDL field tests will be made at the
upcoming 1991 Project First ISCCP Regional Experiment
(FIRE) Intensive Field Observations II campaign, where
our unit will be one of several lidars and radars located at
a central site serving as the hub for research aircraft
operations. The increasingly complex data collected by
the PDL and other remote sensors using different wave-
lengths and techniques, e.g., at the FIRE or Cloud and
Radiation Testbed (CART) sites, present a unique oppor-
tunity to characterize the microphysical and radiative prop-
erties of clouds from the ground and, at the same time, a
significant challenge to assimilate the combined dataset to
provide this knowledge.

The second component of our record program addresses
the approaches, and their optimization, for inverting mul-
tiple remote sensor datasets to yield information charac-
terizing the cloudy atmosphere. Studies using both com-
puter simulation and empirical analysis approaches are
jointly under way at the University of Utah and the National
Oceanic and Atmospheric's (NOAA) Wave Propagation
Laboratory (WPL). Based on the microphysical predictions
from a detailed cloud growth model, remote sensing re-
turns from realistic, vertically inhomogeneous clouds can
be generated at various wavelengths using Mie (for water
spheres) and approximate (for ice particles) scattering
theories. We have recently incorporated a multiple scatter-
ing approximation in our model, which is necessary to treat
lidar depolarization in water and mixed-phase clouds
(Sassen etal. 1992). Other approaches involve examining
and comparing multiple remote sensor datasets collected
previously during winter mountain storm research
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TaW» 1. University of Utah Two-Color Polarization Diversity Lidar (PDL) System Specifications"1

Operational

Wavelength (Nd:YAG)
Peak Energy
Maximum PRF
Pulse Width
Beamwidths - Transmitter

Receiver
Receiver Diameter
Detectors - Visible

IR
Maximum Scan Rate

Data Handling

Host Computer
Number of Channels
Sample Width (resolution)
Range Gates
Pulse Averaged
Maximum Throughput
Digitizer Resolution
Storage

Polarization Properties

Transmitted11"
Received - 2X operation
1X operation

0.53 and 1.06 nm (simultaneous)
0.5 J each color
10 Hz
10 ns
0.5 mr
0.25 - 5.8 mr, high-speed shutter
35 cm (each telescope)
4, Gated Photomultiplier tubes
2, Avalanche photodiodes
-5°s'

33/486
4 (simultaneous)
6 m
1 -8 k (each channel)
1-10
328 k samples/second
8 bits
Hard disk + 8 mm video tape backup

Vert. (Vis) + Horiz. (IR)
Vert. + Horiz. (Vis + IR)
Four channel Stokes (Vis)

(a) Additional Equipment:
All-sky video imager with time-lapse VCR
Narrow beam (0.14°) mid-IR (9.5-11.5nm) radiometer (aligned parallel to transmitter on lidar table).
Camcorder video camera (aligned parallel to transmitter on lidar table)

(b) For one-color (1X) visible operation, a 1/4 plate can be used to transmit circularly polarized 0.532 urn energy.

experiments and those collected during the NOAA WPL
CLARET I and II field programs. Empirical relationships
between various lidar, radar, and passive radiometric
instruments are being studied to identify particularly syner-
gistic ensembles of remote sensors for characterizing
various cloud properties. The availability of the uniquely
comprehensive Project FIRE dataset, which will include
coordinated instrumented aircraft support, will provide
additional opportunities for this research.

Finally the recent eruptions of the volcano Pinatubo have
injected into the stratosphere a significant amount of SO.,,
which will be evolving into a global aerosol cloud for years
to come. The aerosol processes involve the formation and
growth of sulfuric acid droplets, whose size distribution will
vary with time and place, and the eventual crystallization
of the droplets into ammonium sulfate particles in the lower
stratosphere and uppertroposphere. The PDL capabilities
are ideally suited for this research, which has implications
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(or the remote sensing of haze and aerosols throughout Sassen, K., H. Zhao, and G. C. Dodd. 1992. "Simulated
the troposphere. Polarization Diversity Lidar Returns from Water and Pre-

cipitating Mixed Phase Clouds." Appl. Opt. 31:2914-2923.
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Raman Lidar Development
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Introduction
We outline herb our research program to develop an
optimized critical design for a Raman lidar system for
measuring daytime profiles of atmospheric water vapor.
The Raman lidar technique is a leading candidate for
providing the high-resolution, day-night profiling of water
vapor that is critical to programs in global climate change
research. Because of the crucial role that water vapor
p!ays directly in the earth's radiation budget as an absorbar,
as well as its role in cloud formation and optical
phenomenology, accurate, three-dimensional
measurements of water-vapor concentration are an
essential part of the experimental capability that we
anticipate will be required for climate-change research.

Raman lidar is currently used to perform meteorologically
important, sustained, reliable nighttime profiling of water
vapor; typical configurations yield random uncertainties of
less than ±10% out to ranges of 7 km in2-minute integration

periods with range resolution on the order of 100 m (Melfi
and Whiteman 1985; Melfi et al. 1989; Whiteman et al., in
press). Daytime measurements are much more difficult
because of the difficulties inherent in detecting the weak
Raman signal against solar backgrounds. Demonstrations
to date have been limited to ranges on the order of 1 km
(Petriei a!. 19S2; R«nautet al. 1980; Renautand Capitini
1988).

This paper will describe our development of a solar-blind
Raman lidar capable of extended-range daytime profiling
of atmospheric water vapor. The first part of the paper will
describe the principle of solar-blind operation and discuss
the computer model being developed to guide optimization
of the instrument configuration. The second part of the
paper will focus on an overview of the laboratory research
being performed to support the model and instrument
development. Finally, we will describe our participation in
SPECTRE (Spectral Radiance Experiment), a major field
experiment held during the fall of 1991.
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Solar-Blind Raman Lidar
Principle and Modeling
Conventional lidar systems, which detect backscattered
radiation at the same wavelength as the transmitted laser
beam, provide no species selectivity. Raman lidar systems
detect selected species by monitoring the wavelength-
shifted molecular return produced by Raman scattering
from the chosen molecule or molecules. For water-vapor
measurements, the nitrogen Raman signal (2331 cm'
shift) is observed simultaneously with the water-vapor
Raman signal (3652 cm1 shift); proper ratioing of the
signals directly yields the water-vapor mixing ratio. Detec-
tion of the unshifted backscatter, which is due to Rayleigh
and Mie scattering, provides information about atmo-
spheric density and aerosol loading at little additional cost.

The principle of the solar-blind Raman lidar is based on
choosing an excitation wavelength sufiieiently short that
the wavelengths of all the detection channels occur in the
solar-blind region of the spectrum (*.<300 nm). Tropo-
spheric and stratospheric ozone (and other gasos for the
shorter wavelengths) absorb practically all of the incoming
solar radiation in this region of the spectrum, providing a
"black background" for detection of the weak Raman
signals. The difficulty with such a choice of excitation
wavelength, however, is that tropospheric ozone also
absorbs the transmitted laser beam and the backscattered
return signals, reducing the range to which signals can be
detected even in the absence of any background. The
result is that the optimum excitation wavelength must be
short enough to result in only a small level of background
radiation, but at the same time long enough to resul) in
sufficient atmospheric penetration. An added difficulty at
these wavelengths is the need to correct the ratio of the
water-vapor and nitrogen measurements caused by differ-
ences in the ozone absorption cross-section at the two
wavelengths. This correction can be determined by mea-
suring the oxygen Raman signal (1556 cm' shift) in addi-
tion, and calculating the ozone concentration from the ratio
of the nitrogen and oxygen signals (Renaut et al. 1982;
Renaut and Capitini 1988).

We are developing a detailed instrument performance
mode! to guide development of a lidar system that will
provide an optimized balance among increased range,
greaser measurement precision, and decreased data ac-
quisition time during daytime operation. This model uses
realistic atmospheric profiles, measured background sky
radiance, and experimentally determined values for the

lidar system parameters. It also takes into account attenu-
ation by sulfur dioxide, nitrogen dioxide, oxygen (in the
weak Merzberg I band), Rayleigh scattering, and aerosols,
in addition to ozone. While our preliminary estimate is that
the optimum excitation wavelength is likely to be in the 260-
264 nm range [in reasonable agreement with Petri et al.
(1982), Renaut and Capitini (1988), and Grant (1991)]
considerable additional work is required before a definitive
result can be provided.

Laboratory Research Program
The most attractive laser sources for UV lidar systems are
excimer lasers (KrF at 243 nm, XeCI at 308 nm, and XeF
at 351 nm) or harmonics of Nd:YAG lasers (third harmonic
at 355 nm and fourth harmonic at 266 nm). Because
Nd:YAG systems currently cannot approach the average-
power capabilities of excimer systems, we have concen-
trated on the latter. Unfortunately, il Is already fairly clear
that the optimum wavelength falls between 248 nm and
308 nm, and thus we are exploring tho capabilities of a
Raman-shifted KrF laser. Table 1 lists some likely candi-
dates for Raman-shifting gases, their Raman shifts, and
the resulting wavelengths of the lidar return signals. Hydro-
carbons present potential difficulties because photolysis
can lead to soot formation in the Raman-shifting cell, which
in turn can lead to window damage. As a rule of thumb,
photolytic effects increase with the "complexity" of the
hydrocarbon. We have included methane and deuterated
methane in the table, but even they are unlikely to be
suitable for high-average-power applications.

Our initial laboratory explorations are focused on exploring
the performance of a high-average-power system using
nitrogen as the Raman-shifting gas and looking into such
considerations as forward vs. backward scattering effi-
ciencies and beam characteristics, optimization of a given
Stokes order, and single-cell vs. oscillator-amplifier con-
figurations. Other laboratory explorations will focus on
concerns related to atmospheric absorption and fluores-
cence characteristics that are identified during the course
of our program.

SPECTRE Participation
A new version of the Raman lidar system developed at the
National Aeronautics and Space Administration (NASA)
Goddard Space Flight Center will participate in SPECTRE,
to be held in Coffeyville, Kansas, from November 13 -
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Table 1. Wavelength Options tot Raman-Shitted Laser Excitation

Gas

(none)
CO.
O /
CD,
CO
N,
CHA

D,
HI

Raman Shifter

Shift (cm1)

0
1388
1556
2108
2143
2331
2917
2986
4155

Wavelengths of Lidar Return Signals (nm)

Rayleigh

248
257
258
262
262
263
267
268
276

Oxygen

?58
268
269
273
273
274
279
279
289

Nitrogen

263
273
274
270
279
280
285
286
296

Water

273
283
285
289
290
291
296
297
308

December 7,1991. SPECTRE is a major, multiple-instru-
ment field experiment held simulianeously with Phase II of
the FIRE program vF<fsi ISCCP Regional Experiment;
ISCCP is the international Satellite Cloud Climatology
Program). SPECTRE'S main objoctive is accurate mea-
surement of infrared radiance with simultaneous profiling
of radiatively important atmospheric characteristics for
testing of radiative models. The Raman lidar system will
provide profiles of atmospheric watervapor, using unshifted
KrF248-nm radiation for daytime measurements and XeF
351-nm radiation for nighttime measurements. The con-
figuration of this system is shown in Figure 1. Separate
detection systems will be used for daytime and nighttime
operation. Within each system, dichroic beamsplitters and
interference filters will provide independent detection of
the four wavelengths of interest; for each wavelength,
increased dynamic range will be provided by dividing each
signal into two channels, as shown for the water-vapor
channel (but also built into the Rayleigh, nitrogen, and
oxygen channels). Although daytime operation at 248 nm
is not likely to yield optimized performance, the measure-
ments obtained using this system will provide valuable
insight for our continuing development of a daytime-opti-
mized Raman lidar system.

Summary
Information from all three phases of our program (lidar
modeling, laboratory research programs, and field-test
experience from our participation al SPECTRE) will be

meshed together in the design and testing of the next-
generation Raman lidar system. We anticipate thai this
system will be similar in configuration to that shown in
Figure 1, but with a (possibly narrowband) oscillator-
amplifier KrF laser system followed by a Raman-shifting
system. Other options also being explored include a
narrowband, narrow field-of-view system operated atsome-
what longer wavelengths, possibly combined with "par-
tially" solar-blind operation. Following field tests of the
optimized system, we will provide a conceptual design of
a Raman lidar system suitable for implementation at Cloud
and Radiation Testbed (CART) sites.

This work is supported by the U. S. Department of Energy,
Office of Energy Research, Office of Health and Environ-
mental Research, Environmental Sciences Division.
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Development of a Cloud Profiling Radar System

R. E. Mclntosh, A. Pazmany
S. Sekelsky, and J. Mead

Microwave Remote Sensing Laboratory
Department of Electrical and Computer Engineering

University of Massachusetts
Amherst.MA 01003

in this presentation we summarize our achievements during the past year in developing a Cloud Profiling Radar System
(CPRS). This system will eventually operate simultaneously at both 35 and 95 GHz. It will be coherent (to measure
Doppter frequency shifts owing to cloud particle motions) and fully polarimetric. Although much of our activity has been
concerned with the engineering of the 35- and 95-GHz radar systems and an integrated antenna system, we also have
had the opportunity to conduct preliminary field experiments with the University of Wyoming at Elk Mountain, Wyoming.
These experiments were also supported by the National Science Foundation in order to determine the depolarizing
characteristics of cloud ice particles.

Elk Mountain Results
In early 1991, the 95-GHz instrument was used in a joint
University of Massachusetts (UM) and University of Wyo-
ming (UW) experiment where polarimetric and Doppler
measurements were made on a wide range of cloud and
snow particle types. The experiment took place at the UW
Elk Mountain Observatory (EMO) (12.000 ft above sea
level), where extensive ground truth was provided by the
UW King Air aircraft and by ground sensors operated by
the UW Atmospheric Science group.

Two-dimensional (2D) shadow images of the particles
were obtained from a Particle Measuring System (PMS)
probe mounted in an outdoor wind tunnel. Data obtained
during the Wyoming experiment show that the degree of
polarization for snow changes with snowflake shape.
Figures 1 a and 1 b show the measured degree of polariza-
tion as a function of time. Also shown are 2D shadow
images of measurements made on February 16 and 18,
1991, by the PMS 2D-C probe mounted in the EMO wind
tunnel. The width of each strip of the shadow images is 800
jim. The vertical solid and dashed bars between each
particle image contain timing information, tn Figure 1 a, the
crystal types were predominantly single, unrimed planar
crystals: in Figure 1b, the particle types were predomi-
nantly small, rimed pellets, with a tendency to near-
spherical shapes, along with a few individual, columnar
crystals. Particle sizes range from 200 to 1200 urn for both
cases.

Development of
95-GHz Polarimeter
Separate 95-GHz and 35-GHz polarimeters are being
developed. These two independent radars, along with a
common antenna, will compose the CPRS.

The 95-GHz system is currently under construction. The
power supply and intermediate frequency (IF) subsystems
have been assembled and tested, and the millimeter-wave
section will be completed by the end of October 1991.
System integration and initial field tests are planned for
November 1991. A second experiment to Elk Mountain will
take place in March 1992.

Development of
35-GHz Polarimeter
The 35-GHz transmitter and receiver are in the final stages
of design. Although this system is functionally the same as
the 95-GHz radar, the frequency dependence of cloud
reflectivity requires the 35-GHz radar to have 100 kW of
peak power if both systems are to have the same range
capabilities. Much effort has been put into finding the
optimal power source, where cost and stability are consid-
ered. Although various high power coherent sources
exist at 35 GHz, a pulsed magnetron, along with a
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coherent-on-receive reoeiver, was selected. This scheme
will provide adequate power and 2 to 3 degrees of rms
system phase noise. Components will be orc/ered through-
out the fall of 1991, and the 35-GHz radar should be under
construction during the spring of 1992.

Efforts to Integrate 35- and
95-GHz Polarimeters
The primary task involved in integrating the 35- and 95-
GHz polarimeter is the development of the dual-frequency
antenna. This antenna consists of a common dielectric
lens, 1m in diameter, fed by a dual-frequency, dual-
polarization feed horn. The antenna is being developed by
the UM Antenna Laboratory, under the direction of Profes-
sor Dan Schaubert. The feed requirements are technically
challenging, in that excellent polarization isolation (>30
dB) sidelobe performance (>25 dB), and power handling

capability (100 kW peak, 100 W average at 35 GHz) are
required. The approach being taken is to use a dielectric
rod antenna at 95 GHz, embedded in the center of the 35-
GHz feed. Parts for the feed are currently being fabricated,
and measurements should begin soon.

Other issues pertaining to the integrated system include
configuring the scanning mechanism, packaging the ra-
dars for all weather operation, and determining the best
scanning schemes for optimizing spatial coverage and
measurement resolution. We have settled on a design for
the scanning mechanism, which will be to refurbish a
heavy duty elevation-over-a2imuth positioner. For all-
weather operation, we are considering an inflatable radome,
which would eliminate aperture blockage due to a metal
framework, and could easily be collapsed when the radar
is being driven to a new site. Scan modes being consid-
ered for the radars include standard PPI scans, range
height scans, and sector scans for high resolution.
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Status of Instrumentation for the Southern
Great Plains Clouds and Radiation Testbed

M. L Wesely
Environmental Research Division

Argonne National Laboratory
Argonne, IL 60433-4843

Planning for the initial complement of instrumentation at
the fitsf Gtoud and Radiation Testbed (CART) silo has
concentrated on obtaining a sufficient level of
instrumentation at the central facility (or studies of radiative
transfer processes \n a narrow column above the sito. The
auxiliary facilities, whose solo purpose is cloud mapping
above she central facility, will not bo activated as such until
provisions are made (or all-sky imaging systems. In the
meantime, the auxiliary facilities will bo instrumontod as
axtended facilities iflhe locations are suitable, which would
be the case si they serve the primary purpose of the
extended facilities, i.e.. obtaining representative
measurements of surface energy exchanges, state
vanaoies, precipitation, soil and vegetative conditions,
and other factors that must be considered in terms of
boundary conditions by single-column and related models.

The National Oceanic and Atmospheric Administration
(NOAA) radar wind profiler network is being considered to
provide observations of vertical profiles at the boundaries
of ihe CART site. If possible, these locations will be used
tor boundary facilities. Efforts are proceeding to gain
access to the wind profiler network data and to determine
if a su!1':c;en! number of the profilers can be equipped as
Radio Acoustic Sounding Systems (RASS).

Profi'es of temperature as well as winds are needed at the
boundary facilities tor studies with single-column models
ana feur-dimensiona! daia assimilation models. Balloon-
borne sounding systems will be used there initially for both
terrperature and moisture profiles. Infrared spectrometers
wi!i eventually be used to infer moisture profiles at these
boundary faci'ities.

Radar Wind ProfIler-RASS
One system essential for profiling at the central facility is a
radar wind profiler and RASS. Procurement processes are
currently taking place to obtain two systems, a 915-MHz
boundary layerprofiler-RASS and a 50-MHz profiler-RASS.
Installation in 1992 is anticipated. This action was planned
at a time when 4QS-MHz sysloms did not seem available;
use of 448-MHz systems might be feasible in the future.
The Wave Propagation Laboratory has shown that the
405-MHz (or 448-MHz) system has several advantages,
particularly with regard to continuous sensing of
temperature between heights of 0.5 and 2.0 km. In any
case, itis possible that only asinglesetof 915-MHz and 50-
MHz systems will be obtained for the first CART site and
that the NOAA wind profiler network will serve the needs
of boundary facilities. The set of profiler-RASS systems
currently being obtained for the central facility would be
highly complementary to a NOAA 405-MHz system facility
that will be located within 15 km of the central facility. Such
an arrangement suggests that a powerful capability for
profiling of winds and temperature in the general area of
the central facility might be available.

Bailoon-Borne Sounding
System
Adequately observing vertical profiles of water vaporcontent
at the central facility presents greater challenges than
does observing wind and temperature prof iles. The current
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strategy relies on initially observing moisture profiles with
balloon-borne instruments and later deploying a Raman
lidar being designed and tested by an Instrument Develop-
ment Program (IDP) project. Infrared spectrometers can-
not be used for moisture profiles at the central facility
because these same instruments will be used to generate
measurements of radiative transfer for developing and
testing models of radiative transfer that require data on
water vapor profiles. That is, measurements of moisture
profiles that are independent of the radiometric observa-
tions are required. The procurement process for balloon-
borne sounding systems has begun, with the goal of
having a system operational at the central facility in 1992,
Ideally, deployment at four boundary facilities would be
possible then also.

Microwave Radiometer
Microwave radiometry will provide observations useful for
several purposes in early operations of the Southern Groat
Plains (SGP) CART site, provided tho current procure-
ment actions are successful in obtaining suitable units.
The type of microwave radiometer being obtained can
continuously observe integrated columnar amounts of
water vapor and liquid. Values sufficiently accurate for
several applications can be obtained over averages of one
to two minutes. For example, observations at the central
facility can be used during intensive radiative transfer
experiments to identify when changes in water vapor
profiles have probably occurred, which is useful diagnostic
information for modeling studies, and can signal when an
additional balloon-borne sounding should be made. In
othersludies. several of the microwave radiometers, which
are quite portable, could be used at varying spatial sepa-
rations at the CART site to study the relationships between
temporal and spatial variability of water vapor and clouds
as they affect radiative transfer processes.

innovative uses of microwave radiometers in concert with
other observation systems should be developed for ex-
periments. For some experiments, locating the units at
boundary facilities might provide a useful supplement to
balloon-borne sounding systems if observations of vertical
profiles of water content are particularly valuable.

Central Facility Solar and
Infrared Radiometers
A set of conventional broadband infrared (IR) and broad-
band and filtered radiometers must be operational at the
first CART site in 1992, The set for the central facility is
being designed by NOAA's Climate Monitoring and Diag-
nostics Laboratory and will include the sensors planned for
Baseline Solar Radiation Network (BSRN) sites. In addi-
tion, a commercially available solar spectroradiometer and
an ultraviolet spectral radiometer made by SUNY Albany
will be incorporated into i outine operations at the central
facility. Observations with commercial radiometers of up-
welling broadband infrared radiation and filtered solar
radiation from the 60-m tower are being considered for the
Central Facility, partly to provide a modicum of "ground
truth" for optical observations from satellites. The various
Instruments that are commercially available are currently
being identified for procurement. Several special radio-
metric instruments provided by IOP projects will also be
incorporated into the central facility.

Extended Facility Solar and
Infrared Radiometers
A set of solar and infrared radiometers has been identified
for use at extended facilities; procurement has not yet
been initiated. These observations are designed to pro-
vide coverage of radiative fluxes and surface optical prop-
erties at locations throughout the CART site, so that
modeling of radiative transfer can be extended from the
central facility to the entire CART site. A complete set of
extended facility radiometers will also be located at the
central facility. The Climate Monitoring and Diagnostics
Laboratory leads this planning effort as well as the plan-
ning for conventional radiometric observations at the cen-
tral facility.

The extended facility instrumentation includes two
pyranometers and two pyrgeometers, to allow broadband
observations of downwelling and upwelling solar and
infrared radiation. The upwelling flux measurements will
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be made from near the top of a 10-m tower used for local
meteorological observations. Arrangements have been
made to have one multispectral rotating shadowband
radiometer at each extended facility, A radiometric surface
temperature in the infrared window might be observed
separately from pyrgeometer observations of upwelling
infrared radiation, particularly if the radiometric tempera-
ture is a highly influential parameter in surface energy
exchange modeling.

ti ve transfer In cloudy conditions. Such observations would
provide a starling point for such studies at the SGP CART
site. More sophisticated systems, such as scanning lidars
and cloud radars produced by IDP projects or from their
spinoffs, will be needed for detailed modeling of radiative
transfer in cloudy conditions. Currently, however, com-
mercially available ceilometers do not appear to be ca-
pable of routinely reaching high clouds such as cirrus. A
new IDP project will be addressing this need.

Radiometric Calibration
Facilities
Calibration facilities and procedures for radiometers of
various types at the SGP CART site are currently being
planned by the National Renewable Energy Laboratory, In
keeping with BSRN practice, two absolute (active cavity)
tadiometors will be maintained, ono for continuous opera-
tion and one for a 'shelf relorence, Comparisons ol
eonvontional radiometers with those and other reference
instruments will bo conducted routinely at tho C ART site on
an outdoor platform. An indoor facility will be used (or
routine evaluation of instrument response. Those facilities
ideally should be in place, either at the central facility or
somewhero fairly centrally located in the CART site, at the
beginning of CART operations. Some highly detailed cali-
brations, such as thorough evaluation of the cosine re-
sponse of some sensors, will be done mostly off site.

Whole-Sky Imaging System
Many discussions have been held on finding a suitable
whole-sky imaging system. Such systems do not appear to
be available "off the shelf commercially. Because of the
fairiy urgent need to carry out cloud mapping at the central
and auxiliary facilities with whole-sky imaging systems,
options such as a special competitive action or directed
development are being considered. At least one system
should be installed early at the central facility to record
local cloud conditions.

Ceilometer
Ceiiometers are needed for routine observation of cloud
base height. Used in conjunction with one whole-sky
imaging system, a ceilometer would provide information
essential for some long-term experiments involving radia-

IDP Projects
The role of IDP projects in producing needed instruments
has been noted several times in this summary, particularly
IR interferometers, Raman lidar, and sophisticated lidar
and radar systems. Considering the length of time before
some of these instruments can be operated routinely at the
SGP CART site, creative use of the available CART
instruments as interim means of observation is required.

60-m Tower
A standard meteorological 60-m tower will be obtained for
the central facility. These tower systems are commercially
available and come equipped with an elevator with plat-
forms that can be set at heights of 10 m and 60 m. At the
CART site, radiative, heat, and moisture transfer will be
observed at two levels, at 60 m and 25 m. The latter height
is preferable to 10 m because observations at greater
heights provide a larger "footprint" and more effectively
supplement observations at lower levels at the central
facility. As already noted, observations of surface optical
properties provide the opportunity for ground truthing of
satellite data and eddy flux observations, which are
described in the next entry.

Water Vapor and Heat Flux
Observations on 60-m Tower
Eddy correlation observations of water vapor, heat, and
moisture fluxes will be taken at two levels on the 60-m
tower. Such observations are valuable in determining the
surface boundary conditions important in single-column
modeling and in supporting small-scale modeling. The
upper level is particularly useful as a reference point and
as a basis of comparing flux observations from aircraft that
are attempting to get an areal average of the fluxes over
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the CART site. Flux observations at two levels provide a
means of evaluating the variability of the air-surface ex-
change rates in the area. The instrumentation for these flux
observations is currently being identified.

Surface Flux Stations
Several energy balance Bowen ratio stations are currently
being procured. These stations observe air-surface ex-
change rates of moisture and heat and several other
quantities that must be known as boundary conditions for
single-column and related models over the entire CART
site. The stations will be deployed at extended facilities
and tho central facility, where they will provide a third point
of flux profiles when datafromthe60-mtoweraro included.
Routine eddy correlation observations at extended facili-
ties are being considered because of the considerable
difficulty of maintaining the energy balance Bowen ratio
stations at locations where the surface must be frequently
disturbed, such as in fields subjected to intensive agricul-
tural management.

Surface Flux Benchmarking
Facility
A moveable surface flux station is needed to evaluate the
performance of f!ux stations at the extended facilities. Use
of a moveable station using eddy correlation gear is more
practical than moving energy balance Bowen ratio sta-
tions. The configuration of the benchmarking facility will be
designed in late 1991.

Surface Meteorological
Observation Stations
These stations are used to observe wind speed and
direction at a height of 10 m, temperature and humidity
typically at 2 m, as well as precipitation and barometric
pressure. They serve as the primary sources of such data
for single-column and related models. A mixture of differ-
ent types of these stations will be used at the SGP CART

site. Access to data from, and possibly augmentation of,
the Oklahoma Mesonet currently being designed should
provide most of the needs for the State of Oklahoma. For
both Kansas and Oklahoma, arrangements have been
initiated to have long-term use of approximately twelve
PAM-II systems supplied by the National Center for Atmo-
spheric Research.

Gas and Particle Observations
Ozone concentrations will be ovserved in situ at a height
of several meters at the central facility. We have requested
that a Raman lidar being developed by an IDP project
observe troposphere ozone profiles in addition to water
vapor. We are considering other methods of routinely
measuring ozone profiles, which is particularly desirable at
night, when the vertical gradients of ozone can be large in
the lower atmosphere. For estimaws of other greenhouse
gases, no local observations have been planned,

Observations of the concentrations and optical properties
of aerosols near the surface at the central facility will
consist of some in situ sensing at a height near 10m, which
should be sufficiently high to avoid much of the effects of
local particle resuspension. An integrating nephelometer
will observe bscat; particle size distributions will be
observed with a combination of optical and other types of
sensors; chemical composition will be observed occasion-
ally in at least two size ranges to determine if the aerosol
air mass type has been identified properly; and some
simple measure of chemical composition as it affects
optical absorption will be made. All these observations
together should allow estimates of the radiative properties
of the aerosol important in modeling radiative transfer.
Plans are currently being made to specify the needed
instruments so that procurement can begin.

The ceilometer mentioned earlier will also provide some
mapping of the distribution of aerosol particles in the
atmospheric boundary layer. Observations of solar radia-
tion with optically filtered instruments that will be used
routinely throughout the CART site at the surface can also
provide some measure of the scattering and absorption by
aerosol when investigated in conjunction with appropriate
numerical models.
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Vision Statement for Research and Educational Outreach
for the ARM CART Southern Great Plains Locale

P. J. Lamb
Cooperative Institute for Mesoscale Meteorological Studies

K. C. Crawford
Oklahoma Climatological Survey

F. V. Brock
School of Meteorology

R. M. Rabin
National Severe Storms Laboratory

University of Oklahoma/National Oceanic and Atmospheric
Administration "Weather Center"

Norman, OK 73019

Our proposal capitalized on and reflected the considerable
collective expertise in the atmospheric sciences (both
research and educational) that resides in the "Weather
Center" assemblage of organizations on the University of
Oklahoma (OU) campus. This "Weather Center" is di-
rected by James F. Kimpel (Dean, College of Geosciences,
OU) and has the following components:

• OU School of Meteorology (SOM)
William H. Beasley, Director

• OU-NSF Center for Analysis and Prediction of Storms
(CAPS)
Douglas K. Lilly, Director

• OU-National Oceanic and Atmospheric Administration
(NOAA) Cooperative Institute for Mesoscale Meteoro-
logical Studies (CIMMS)
Peter J. Lamb, Director

• Oklahoma Climatological Survey (OCS)
Kenneth C. Crawford, Director

• NOAA/Environmental Research Laboratories (ERL)
National Severe Storms Laboratory (NSSL)
Robert A. Maddox, Director

• Operational Support Facility for the Weather Surveil-
lance Radar - 88 Doppler Program of the National
Weather Service (OSF WSR-88D)
Ron A. Alberty, Director

• National Weather Service Forecast Office (NWSFO)
Dennis H. McCarthy, Director

As the proposal indicates, all of these "Weather Center"
entities will make vital contributions to the program of
research and education outreach that we propose for the
Southern Great Plains locale for the Atmospheric Radia-
tion Measurement (ARM) program's Cloud and Radiation
Testbed (CART).

Cooperative Institute for
Mesoscale Meteorological
Studies (CIMMS)
Tho research component of our program will be based
within CIMMS. OU and NOAA founded CIMMS in 1978 to
promote greater cooperation and collaboration among
research scientists in the NOAA Environmental Research
Laboratories (especially NSSL) and faculty, post-doctoral
scientists, and students in the SOM and other academic
departments at OU. Dr. Lamb's recent appointment as
Director of CIMMS carries with it the responsibility of
providing the scientific leadership necessary for the real-
ization of the above broad goal.

The Institute has three current research themes: 1) basic
convective and mesoscale research, 2) forecast
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improvements, and 3) the climate effects of mesoscale
processes. Themes 1 and 3 are highly relevant to the ARM
program. The research effort we propose will therefore
build on and extend activities that CIMMS has already
initiated under those themes.

The previously planned CIMMS programs in these areas
will, of course, be substantially enhanced by this involve-
ment in a new and highly important national and interna-
tional research effort. The potential for this two-way inter-
action is heightened by the fact that the Southern Great
Plains locale involved has been, and will remain, a tradi-
tional focus for CIMMS research. Furthermore, our re-
search team also involves faculty and post-doctoral scien-
tists from SOM, CAPS, and OCS, as well as research
scientists from NSSL. Their involvement is fully consistent
with the mission of CIMMS. In sum, because the "Site
Scientist for the Southern Great Plains Locale" contract
has been awarded to CIMMS, that activity will be one of the
major foci for our institute during the next decade.

Proposed Research Program
In formulating the research component of our program, we
were guided by the overall goal of the ARM program (to
improve the treatment of cloud radiative forcing and feed-
backs in general circulation models [GCMs]) and its
associated objectives (to improve the empirical character-
ization of the cloud and radiative processes in the Earth's
atmosphere and the parameterization of these processes
in atmospheric models). The dimensions of our program
were also influenced by the particular attributes of the
highly unique observations that will be made at the ARM
CART locale and by the scientific interests and capabilities
of the members of our group.

Our envisioned research program is both substantial and
broad, in keeping with the apparent length (10 years) and
level ($250,000 per year) of the available funding. It will
investigate atmospheric radiative transfer and surface
radiation, cloud-radiation interactions, convective pro-
cesses, lower tropospheric phenomena including surface-
atmosphere interactions, and patterns of cloudiness and
soil moisture. \n a methodological sense, the research will
involve the modeling of both dynamical and physical
processes, the consideration of both deep convective and
stratocumulus clouds, and the use of advanced statistical
techniques. Furthermore, some of the projects we wish to
pursue will require the deployment of additional instrumen-

tation at this ARM locale. Each individual project outline
provided information on how ii " ould contribute to the
aforementioned goal and objectives, of the ARM program.

Inherent in the ARM program is a "scaling up" approach to
global change research progress. Specifically, the ARM
program will make observations and engage in modeling
activities (including development and validation) for the
rather small cloud-to-regional scale range, in the belief
that the results obtained will improve GCMs and their
ability to simulate and predict the global climate.

The fact that our envisioned work is consistent with this
approach reflects traditional and emerging strengths of our
OU "Weather Center" group. Through the activities of
NSSL, CIMMS, and SOM over several decades, our group
has long been an international leader in mesoscale re-
search. This strength was recently further enhanced with
the addition to tha "Weather Center" of CAPS, which is
funded for 11 years by the NSF Science and Technology
Center Program.

The ultimate goal of CAPS is to numerically predict impor-
tant weather events in the 10s m to 10s km scale range with
sufficient speed and accuracy to permit timely warnings to
be issued by operational centers. The initial geographical
focus of the CAPS effort is the Southern Great Plains.
Clearly, our ARM research program will benefit enor-
mously from being collocated with the state-of-the-science
modeling CAPS will perform over the next decade. Finally,
concerning the larger end of the aforementioned cloud-to-
regional scale range, the proposal noted that both CIMMS
and NSSL are now increasingly emphasizing the climatic
effects of mesoscale weather systems. Some aspects of
our ARM program will build on that foundation.

Scientific Management
Proposal
As already indicated, in response to the demanding per-
sonnel requirements contained in the Request for Pro-
posal, we have assembled a team of scientists from the OU
"Weather Center" that collectively possesses the neces-
sary experience and qualifications. Our plans for the
scientific management of this locale are consistent with
that approach. They have also been strongly influenced by
the short distance (only 150 km) between our scientific
base on the OU campus and the center of this ARM locale.
This circumstance means that, in many respects, the Site
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Scientist will be essentially located "on site"; certainly he
can reach it within 2 or 3 hours when required.

The principal scientific management responsibility of the
Site Scientist is to ensure that the most appropriate set of
high-quality measurements is made for any given time
period and that the capability to make such moasurements
is continuous. To make the decisions that yield this opti-
mum outcome, the Site Scientist must be cognizant of, and
influenced by, a number of factors: the overall goals and
objectives of the entire ARM program; the specific obser-
vational requirements of individual ARM projects for this
locale; and the ever-changing weather and weather pat-
terns that characterize the locale and will determine the
•windows of opportunity" for the key measurements.

This situation requires that the Site Scientist have good
synoptic support and climatic background knowledge,
maintain frequent and effective communications with the
Site Operator and Site Manager, and ensure that the
crucial instrument systems are maintained in the appropri-
ate states of readiness. The necessary climatic back-
ground knowledge will be drawn from the substantial
research experiences and accomplishments of the Princi-
pal Investigator/Site Scientist (Dr. Lamb), one of the Co-
Principal Investigators (Dr. Rabin), and their OU/NOAA
"Weather Center colleagues, particularly those at NSSL.
The required synoptic support will emanate from the
extensive operational meteorology experience that an-
other Co-Principal Investigator (Dr. Crawford) has had for
the Southern Great Plains, and from the presences on the
OUcampusof the Weather Service Forecast Office (WSFO)
andtheOSFWSR-88D.

grams In which Dr. Crawford is already involved as Direc-
tor of OCS and its developing Oklahoma Mesonetwork.
The program will span the precollege, undergraduate, and
graduate levels and will be developed and implemented by
combining resources available to both OU and Oklahoma
State University. We will also seek to expand the program
to two other university campuses in Oklahoma-Langston
University (the state's traditionally black university) and
Southwestern Oklahoma State University (a regional
school).

The goal of this educational outreach will be to use a
multi-disciplinary approach that combines meteorology,
climatology, computer graphics, telecommunications,
geography, geology, and agriculture in a series of applied
environmental projects designed to educate a new gen-
eration of precollege and college students about our
environment, its impact upon society, and the conse-
quences of a changed climate in the 21st century.

Our objectives will be to 1) tap the Oklahoma Mesonetwork
and the ARM environmental data streams to develop an
Interest in science and problem-solving by both teachers
and students, through the application of science to society,
technology, and daily problems; 2) develop a series of
transportable learning-tools (applied project at the
precollege level; new undergraduate courses for non-
science majors at the college level); 3) focus on tradition-
ally under-represented groups in the fields of math and
science; and 4) create a mentor program for learners in the
support program.

Proposed Educational Support
Program
The Educational Support Program will be coordinated by
Dr. Crawford. It will build on educational outreach pro-
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Tropical Western Pacific Project: Status
W. Clements

Los Alamos National Laboratory
Los Alamos. NM 87545

T. Ackerman
Pennsylvania State University

University Park, PA 16802

D. Renne
National Renewable Energy Laboratory

Golden, CO 80401-3393

The Tropical Western
Pacific Locale
The Atmospheric Radiation Measurement (ARM)
Program's Tropical Western Pacific (TWP) locale will be
the location of the second of five primary Cloud and
Radiation Testbed (CART) sites. Figure 1 shows the TWP
locale in relation to the other primary CART locales. The
locale lies in the tropical warm pool region roughly between

10" S to 10° N of the equator and from 130° E to the
dateline. Phased implementation is scheduled to begin In
late 1993.

The main activity of the TWP project in the next year is to
define the particular science to be conducted and to select
an appropriate site or sites to make the required
measurements. These activities will be led by the current
TWP team:

Figure 1. Primary CART Locales
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• Site Program Manager: Bill Clements, Los Alamos
National Laboratory

• Site Scientist: Tom Ackerman, The Pennsylvania State
University

• Pilot Radiation Observation Experiment (PROBE)
Coordinator: Dave Renne, National Renewable Energy
Laboratory

• Administrative Assistant: Mary Barbosa, Los Alamos
National Laboratory

The TWP locale encompasses a region where the average
annual sea surface temperature is greater than 28° C. This
region, known as the "warm pool," provides a significant
source of latent and sensible energy to the earth's general
circulation. The region ischaracterized by deepconvective
systems, somatirnesorganizedintomesoscalesupercluster
circulations. Through scale interaction processes these
mesoscale systems influence large-scale atmospheric
circulation patterns (such as the zonal Walker circulation
and the Hadloy cell) and oceanic circulations. Thus, the
warm pool influences the climate of other tropical regions
and that of the mid-latitudes. The strong coupling between
the ocean surface and the atmosphere is such that changes
in the circulation of one influences the circulation of the
other.

One coupling mechanism is the production of large-scale
cirroform and stratiform clouds from the deep convection.
These clouds introduce a radiative forcing to the earth's
energy budget that is positive in the lower troposphere
under optically thin cirrus, and negative under optically
thick cirrus. This radiative forcing will, in turn, control the
sea surface temperature (SST). Changes in SST can
influence the intensity of convection, representing a
feedback mechanism to the atmosphere. Although
mesoscale systems have been studied extensively in the
tropics, the radiative effects of extensive stratus and cirrus
clouds which form from these systems, and which cover,
on the average, 70% of the tropical oceans, have been
given relatively little attention. Understanding these radiative
coupling effects between clouds and ocean is a major
objective of the TWP site.

Our siting strategy for the TWP follows two converging
paths (Figure 2). In the beginning, the appropriate science,
which will be closely coordinated with the science team,
wili drive the siting considerations. The logistical issues,
which are not mutually exclusive, also will be examined.
Although initially the science will have the larger influence
on our siting strategy, at some point scientific and logistical

Science Issues I ^ ' E» I Logistical Issues I

Reality
Whm c«n we do?

Figur* 2. General TWP Siting Strategy

issues must be balanced to determine what we can
realistically accomplish under logistical and budget
constraints. Siting in the TWP presents some interesting
challenges, and we must sustain a creative, flexible, and
coordinated approach if we are to meet them successfully.

Scientific Challenges
Tl',9 TWP region (also commonly referred to as the warm
pool region; see Figure 1) is an area of intense interest to
the meteorological and oceanographic community. SSTs
in this region are generally above 28°C, making them
c insistently the warmest found anywhere in the world's
oceans. The warm SSTs result in a large transfer of heat
and moisture to the tropical atmosphere, which in turn
produces extensive areas of deep convection. Convective
cloud tops in this region usually extend upwards of 15 or 16
km and have been detected as high as 22 km in isolated
cells. The tropopause temperature is about 195 to 200 K,
and cloud-top radiative temperatures as low as 185 K have
been detected from aircraft and satellite. The monthly
averaged outgoing longwave radiation in the maritime
continent sector of the TWP during the austral summer is
the lowest value found anywhere outside of the polar
regions. This region is coupled strongly with the El Nirlo—
Southern Oscillation (ENSO) phenomenon, and thus to
variations in northern hemisphere mid-latitude weather
patterns. Recently, several scientists have postulated
feedback mechanisms related to climate change that are
tightly related to features of the TWP circulation.
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As a result of these interlocking features of ocean and
atmosphere, the TWP has been selected as the location of
the second CART site. Because of the complexity of
ocean-atmosphere-land interactions in this region, and the
general paucity of data, there are an enormour- number of
unanswered scientific questions that can be addressed by
a CART site in the TWP.

The science questions of interest to ARM can be collected
under five general headings: 1) cloud-radiation interactions,
2) vertical transports of mass and energy, 3) air-sea
interaction, 4) initiation of convection, and 5) the coupling
of the tropics to the mid-latitude. These headings are broad
and collectively span a tremendous diversity of atmos-
pheric and oceanicprocesses. It is uncertain whether all of
these areas can be addressed using data collected at
the TWP CART site. Thus, one of the high priorities over
the next year wili be to define science issues and prioritize
the issues with regard to data collection and use of ARM
resources.

A variety of science questions can be identified under each
of these general headings. In the context of clear-sky
radiation, one of the crucial areas of uncertainty is the
nature of water vapor continuum absorption under condi-
tions of high water vapor paths. Because integrated water
paths in excess of 5 percepitable cm are often found in the
TWP, this is an ideal region to study this particular problem.
Satellite measurements have identified this region as an
area of large infrared and solar cloud forcing, and have
also suggested that these two large forcings are opposite
in sign and nearly cancel each other. Thus, an important
question to be answered by the TWP CART site is the
impact of clouds on the surface radiation budget and the
cloud forcing of the atmosphere and surface. The limited
data currently available suggest that tropical convective
clouds can have a dramatic effect on the solar flux at the
surface, but have a relatively modest effect on the infrared
flux. One might expect the converse to be true for atmos-
pheric heating. Thus another question of considerable
interest is the radiative heating profiles produced by tropi-
cal cirrus.

Convective systems not only generate clouds, they are
also responsible for much of the vertical transport of
energy and mass in the tropics. Evaluating these trans-
ports is important not only in order to understand the
physical processes involved in convection, but also to
construct sound convective parameterization schemes for
numerical models. One of the central questions under this

heading involves the moisture budget of tropical cloud
systems, including such issues as the precipitation efficiency
of tropical clouds, water vapor transport and injection into
the upper troposphere, the latent heating profile in con-
vective cells, and the nature of the circulation and pre-
cipitation in the stratiform and cirriform regions associated
with convection. Vertical momentum and energy transport
by convective systems is also of considerable interest.

Understanding the interaction between air and sea in the
TWP is crucial to understanding cloud formation. Several
questions might be raised under this general heading.
Those most important to ARM are probably those that
affect the surface energy budget, such as the radiation
budget at the ocean surface, and the latent and sensible
heat fluxes. The latter are influenced by the precipitation
rate and the effect of fresh water on temperature and
salinity. A strongly related Issue is the reliability and
accuracy of satellite estimates of surface fluxes. Quite
clearly, surface fluxes over the ocean cannot be monitored
adequately at the surface, The only possible approach is
to use satellite remote sensing. However, the satellite
techniques must be validated and continuously verified.

The initiation of convection in the TWP is not adequately
understood. Much of the time the atmosphere in the TWP
is near neutral stability. This feature has led to some
contrasting hypotheses about the nature of convection
and convective initiation. Land-ocean contrast clearly plays
a role in initiating convection. Thus, there is a need to
assess the role of islands, both small and large. Obviously,
convection also occurs over the oceanic areas. Large
convective systems in this area show a marked diurnal
cycle suggesting that radiation plays an important role.
Significant differences between monsoonal convection
and convective complexes also need to be addressed.

Apart from the direct science questions, some very inter-
esting observational issues will need to be addressed in
the context of the TWP site. One is the large spatial scale
of the region and the required observations. It can be easily
argued that observations are needed on the scale of
thousands of kilometers to understand the radiative impli-
cations of, for example, ENSO. How are these observa-
tions to be carried out, given the limited number of usable
islands and the available resources? Much of the area
under consideration is remote, lacks the typical technical
support infrastructure found in the United States, and is hot
and humid. These characteristics will present numerous
challenges for many of the instruments commonly used in
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mid latitudes. The instruments will have to be made more
rugged and reliable, and perhaps be modified to operate in
high water vapor environments.

Another major challenge will be the definition of the envi-
ronment in which the observations are made. Given the
paucity of routine observations available in the TWP, it will
be difficult to define the dynamic and thermodynamic fields
in the vicinity of the CART site(s). The solution to this
problem appears to be some judicious combination of
model simulations, routine observations, and satellite
observations.

Finally, the scope of the problem that we face in the TWP
will strain the fiscal and personnel resources of the ARM
program. Therefore, it will be necessary to investigate
carefully observations currently being made in the area
and try to integrate ARM with these other programs. Such
integration will be to the benefit of both ARM and the other
programs in the TWP.

In short, the ARM TWP site offers a unique opportunity to
the atmospheric community. However, thoextremely broad
scope of the questions that might be addressed and the
difficulty of the logistics in the area present an enormous
challenge to the ARM science team and the management
team. Resolution of these issues will require careful plan-
ning and hard work. The TWP team looks forward to
leading that effort and solicits your contributions.

The May 1991 Locale Visit
During May 1991, Dave Renne and Bill Clements made
the first ARM visit to the TWP locale. They first visited the
Federated States of Micronesia (FSM) and then joined
members of a Tropical Ocean Global Atmosphere Coupled
Ocean Atmosphere Response Experiment (TOGA
COARE) (described in the following section) site survey
team to Papua New Guinea (PNG) and Australia. The
purpose of this trip was to obtain initial information relevant
to ARM on the locale, identify logistical issues ARM might
be facing, and establish some contacts in the area. The trip
provided an excellent opportunity to share the experience
of the TOGA COARE team with which we will be working
in the ARM PROBE activity (described in the following
section). An informal trip report is available.

In FSM, Renne and Clements visited the islands of Pohnpei
and Chuuk (formerly Truk). Their main contacts were

National Weather Service officials who were extremely
helpful and gracious hosts. On Pohnpei and Chuuk they
discussed ARM activities with NWS personnel, met with
the Commissioner of Land, explored the island for sites
suitable to establish a CART central facility (CF), and
toured the National Oceanic and Atmospheric Administra-
tion (NOAA) 50-MHz wind profiler in Kolonia. On Chuuk
they had a very interesting visit to the Xavier High School
located on a small hill in Moen.

After the Chuuk visit, they joined a TOGA COARE site
survey team (Dave Carlson, Karyn Sawyer, Hal Cole,
Warner Ecklund, and Jim Moore) in Port Moresby, PNG.
There they met with officials of the PNG Weather Services
and the head of the Physics Department at the University.
They were then accompanied by Ken Zorika of the Weather
Services Office on visits to Kavieng (New Ireland) and
Manus Island. Both of these locations are sites for Inte-
grated Sounding Systems during TOGA COARE. In both
Kavieng and Manus they again met with Weather Service
and government officials and explored logistical and op-
erational matters.

Some of the observations from the FSM and PNG visits
were the following:

• The Weather Services' personnel are essential contacts.

• Officials are interested in the ARM Program and are
willing to cooperate.

• There are relatively few potential CART central facility
sites, primarily because the land is heavily vegetated
and/or its ownership is unclear.

• Political protocol is extremely important.

• The two islands provide the basic necessities in the way
of food, services, and general merchandise, but spe-
cialized goods and services are generally not available.

• General telephone availability is poor.

• Commercial water and electricity are generally unreli-
able for scientific purposes.

• Ship docking facilities and the ability to handle sea
containers vary.

• Commercial airline service to most islands is on a flight
circuit that provides service once a day going opposite
directions on alternate days.
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An ARM Pilot Study
During TOGA COARE
The ARM Program plans to conduct a major field cam-
paign in the TWP in conjunction with TOGA COARE.
TOGA COARE is a multinational ocean-flux study con-
ducted under the auspices of the World Climate Research
Program,

From November 1992 through February 1993, when ARM
will be actively planning for the implementation of the
CART facility in the TWP, an Intensive Operation Phase
(IOP) of TOGA COARE will be conducted near the Solomon
Islands and eastern Papua New Guinea. The IOP will
focus on air-sea interface processes in the warm pool
region to better understand the coupling mechanisms
between the ocean and atmosphere, TOGA COARE is an
ideal opportunity for ARM to conduct the PROBE and to
learn about the performance of key instrumentation sys-
tems in the tropics.

PROBE is expected to provide an important contribution to
TOGA COARE as well as toward the planning for CART in
the TWP by addressing the following objectives:

• study the coupling between large-scale cirroform and
stratiform clouds associated with deep tropical convec-
tion and the surface radiative energy budget

• gain knowledge and experience toward operating a
CART facility and learn about the performance of Key
instrumentation systems in the TWP.

PROBE Experiment Design
The basic approach for PROBE will be to install a surface
radiative measurement and cloud imaging station at
Kavieng, Papua New Guinea, (2° 34" S, 150° 48' E).
Continuous measurements will be obtained from this station
to relate cloud conditions with surface and tropospheric
radiative flux. In addition, high-altitude aircraft from the
National Aeronautics and Space Administration (NASA)
with specially equipped radiometer and in-situ cloud
measurement capability will periodically fly over the site
during their operations to and from TOGA COARE's
Intensive Flux Array (IFA) (Kavieng is one of the closest
locations to the IFA that has regular air service and a
reasonable size community which can provide some
logistical support).

The PROBE surface station will be designed around the
Integrated Sounding System (ISS) being installed at
Kavieng for TOGA COARE by NOAA's Aeronomy Labora-
tory and the National Center for Atmospheric Research
(NCAR). The radiometrlc sensors normally associated
with the ISS will be enhanced for PROBE to provide
complete radiative flux measurements spectrally and over
broad wavelengths. The sounding data will be used to
model radiative flux divergence through the troposphere.
The cloud imaging component of the surface station will
consist of a variety of remote sensors such as those
developed by NOAA and university organizations. These
sensors might include an interferometer, a microwave
radiometer, a window radiometer, a cloud base lidar, and
an all-sky camera. This array of equipment can provide
information on cloud structure, particle characteristics,
and radiative properties.

The NASA DC-8 and ER-2 research aircraft will make in-
situ cloud and above-cloud radiation measurements in the
mid- and upper-troposphere over the site. There will also
bo efforts to coordinate these aircraft flights with over-
passes of key satellite instruments, such as the NOAA
AVHRR. These data will be combined with the surface
data in the form of an "instantaneous radiative flux experi-
ment" to examine the radiative effects of stratiform and
cirroform clouds on SST, the formation of deep convection,
and the consequential redistribution of water vapor in the
troposphere and lower stratosphere.

Data management for PROBE includes data interfaces
with the ISS; transfer of ARM-related data to TOGA
COARE; and receipt and incorporation of NASA aircraft,
ISS, and TOGA COARE data into the ARM data manage-
ment system. Since the normal procedure for the ISS is to
transmit its data via GOES satellite to Boulder, Colorado,
some of the PROBE data can be transmitted in this way as
well. The operators of this equipment will archive the data
from the remote sensing instruments on site.

Programmatic
Coordination and Schedule
PROBE represents significant collaboration between ARM
and other federal programs. The experiment will provide
an important contribution to TOGA COARE by addressing
one of the key energy pathways (radiation flux) between
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clouds and ocean surface. PROBE'S surface radiation
facility will support and be supported by NASA's airborne
Clouds and Radiation Experiment, which represents the
next major NASA FIRE (First ISCCP Regional Experiment)
activity following CIRRUS and ASTEX. PROBE represents
collaboration with NOAA and NCAR for the ISS to be
installed on Kavieng for TOGA COARE, and a potential
collaboration with NOAA and other organizations for
acquiring cloud imaging and remote sensing equipment.

implementation of PROBE will be a major activity for
ARM'S TWP team. The basic experiment design was
finalized in time for the International TOGA COARE
Workshop, which was held in Townsville, Australia,
March 8-13, 1992. Any special equipment configuration
and software development was completed by mid-summer.

The equipment was shipped to Kavieng in early August
and will be installed in October in time for TOGA COARE.
Although continuous measurements from all sensors
associated with the ISS are planned for the entire IOP as
basic support to TOGA COARE, PROBE activities will
concentrate on two six-week phases:

• Phase I (approximately November 1 - December 15,
1992) - a complete checkout and test of all equipment

• Phase II (January 10 - February 28, 1993) - a joint
activity with NASA's airborne Clouds and Radiation
Experiment.
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The North Slope of Alaska: The Atmospheric
Radiation Measurement Program's

Window on High Latitude Phenomena
B. D. Zak

Sandia National Laboratories
Albuquerque, NM 87185

K. Stamnes
Geophysical Institute
University of Alaska

Fairbanks. AK 99775-0800

A major thrust of the Atmospheric Radiation Measurement
(ARM) Program is tho establishment of five primary and
four supplementary Cloud and Radiation Te&tbod (CART)
sites. The CART sites will provide Iho means to acquire the
necassary data to test and further develop tho compo-
nents of generaicirculation models (GCMs), which describe
the relationships between the characteristics of the at-
mosphere and the solar and thermal radiation which
passes through it.

The CART Locate Recommendation Team has presented
a priority-ordered set of recommended locales for the
primary and supplementary sites, along with alternatives
for each (Schwartz et al. 1991). The selection was based
primarily OP the following criteria:

• geographical and dirnatological homogeneity

• occurrence of c!imato!ogical!y important cloud types

• seasonal change of surface properties

• varabiisty of radiatively active atmosphericcompcnents

• synergism with other programs

• manageabte logistics.

An additional criterion was that, taken together, the set of
recommended locales must span a broad range of climate
regimes. The recommended primary locales include two
lard and three ocean locales. The first CART site will be
established m the Southern Great Plains (SGP) of the
Untied Slates The next CART ssle to be established on
?and ss to be m Vne polar regions, on the North Slope of
Alaska (NSA).

Scientific Motivation for
Locale Selection
There are three basic scientific reasons why a high latitude
locals was selected as a primary CART locale: 1) high
latitude regions are climatologically important and repre-
sent one extreme of the climate regimes (hat need to be
spanned, 2) solar insolation and surface property sea-
sonal variation at high latitudes strongly stress the models,
and 3) the operative feedback mechanisms are believed
to produce extreme climate sensitivity at high latitudes.

With regard to climatological importance, the polar heat
sink is known to be a major driver of global atmospheric
circulation. Furthermore, small changes in insolation at
high latitudes in the Northern Hemisphere are believed to
trigger the transitions between ice ages and interglacials.
With regard to model stress, high latitudes present the
greatest seasonal variation in insolation and surface
properties found anywhere. Finally, the seasonal variation
engages feedback mechanisms—albedo change in
response to warming, water vapor and cloud radiative
forcing—which almost all models predict amplify climate
change in the arctic. This combination of factors makes a
high latitude CART locale an obvious choice.

Alternatives Considered
The CART Locale Recommendation Team presented two
alternatives to the NSA: the Greenland, and the Antarctic
Ice Plateaus. To these, the authors of the ARM Locate
Analysis Report (Zak et al. 1991) added the North Slope of
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Canada. For the ice plateaus, the surface warming-surface
albedo feedback is weak; hence, they are less favorable
for investigating feedback coupling phenomena. Of the
remaining two locales, the NSA is preferred because it has
many more synergistic programs in place which will be of
benefit to ARM. The NSA also has the advantage of being
within the United States, which confers substantial logistical
benefits.

Focus of the NSA CART Site
It is proposed that the focus of the NSA site be the
operative feedback mechanisms and how they relate to
major CART issues at high latitudes, specifically:

• radiative transfer modeling under polar night and low
sun angle conditions—surface property, cloud and at-
mospheric composition effects

• arctie stratus and altostratus formation, maintenance,
and dissipation modeling—radiative, advective, and
convective influences

• surface property dynamics modeling—radiative, ad-
vective, and convective influences

• identification of limits on prediction accuracy at high
latitudes.

Strawman NSA Site
Implementation Strategy
A potentially attractive strategy would be to locate the NSA
CART Central Facility (CF) with its concentration of radio-
metric and atmospheric characterization instrumentation
near the village of Atkasuk. about 90 km south of Barrow."1

{a) During an ARM Workshop held at the University of Alaska, 7-9
July, 1992, R. Ellingson remarked that, as far as he could see,
there is no compelling reason to locate the North Slope Central
F acility near the geographical center of the CART site. In his view.
the principal tunction of the CF relates to instantaneous radiative
transfer experiments, which could equally well be conducted at
any location within the area. As such, it may be feasible to locate
the Central Facility in the vicinity cf Barrow. This would result in
large cost savings and greatly ease logistical and personnel prob-
lems. In addition, it would fit well with the Barrow Environmental
Observatory, a several square mile areaof landbeing permanently
projected from development for the express purpose ot environ-
mental research by the Barrow Village Corporation (UIC) and the
North Slope Borough with support Irom the National Science
Foundation.

Offices and other facilities, which do not need to be near
the instrumentation itself, would be located in Barrow. At
the NSA CART site, the Auxiliary Facilities (AFs) for
determination of the cloud spatial distribution over the
central facility should be much closer to the CF than at
other CART sites, because ceilings are typically low there.
Boundary Facilities (BFs) to measure inflows and outflows
at the periphery of the sits can make use of existing
National Weather Service stations on or near the coast and
existing exploratory well sites with airstrips inland. Ex-
tended Measurement Facilities to determine uniformity
and gradients between the CF and the BFs would extend
outward beyond the AFs and inward from the BFs. This
general implementation strategy responds to existing con-
ditions on the NSA (no roads, few population centers, few
landing strips). As at other CART sites, ground facilities
would be augmented with periodic aircraft-based mea-
surements aloft and satellite overflights.

Potential NSA Site Extension
The CART Locale Recommendation Team proposed that
a polar regions ocean locale (the Marginal Ice Zone
supplementary CART site) be geographically joined to the
NSA locale by selecting the Beaufort (or Chukchi) Sea for
that role. This has great appeal. Because the summer "ice
edge" is typically a few tens of kilometers from the NSA,
this extension would allow a natural progression, from
understanding high latitude cloud and radiative phenomena
on land to understanding the same phenomena over open
water, intermittent and unbroken ice. It would also allow
close collaboration with the National Science Foundation
Arctic System Science Program on Ocean-Atmosphere-
Ice Interactions and would offer logistical and cost
advantages as well.

Recap
Several factors contribute to the importance of the NSA
CART site, but the most important are that the NSA site is
one of only two recommended primary CART sites on land;
it is the only high latitude primary CART site; and it is an
attractive gateway to the Arctic Ocean and the polar ice
pack.
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Gulf Stream Locale - A Field
Laboratory for Cloud Process

S. Raman
Department of Marine, Earth and Atmospheric Sciences

North Carolina State University
Raleigh, NC 27695-8028

Clouds associated with the Gulf Stream Locale, (Figure 1)
are in general due to the cyclogenesis or redevelopments
of the storms off the east coast of the United States in
winters, movement along the coast of the storms that are
generated over the Gulf of Mexico in the spring and fall and
mesoscale convective circulations present in all seasons.
During the summer and early fall .this region is also
susceptible to hurricanes moving from the south. There
have been several attempts to reproduce some of the
observed synoptic and mesoscale features of those sys-
tems (e.g., Kreitzberg and Perkey 1977; Holt et al. 1990;
Huang and Raman 1990,1992; Liou et al. 1990). In the
winter, even when no storms are present and an arctic
high-pressure system controls the weather in the region,
cold air outbreaks produce convective clouds over a wide
area (Wayland and Raman 1989; Grossman and Betts
1990; Chou and Zimmerman 1989). Even with clearweather
conditions, mesoscale convergence induced by the hori-
zontal surface temperature gradients produces clouds
over this region (Huang and Raman 1991).

The effect of these clouds on radiation balance can be
significant. Surface heat fluxes vary from about 50 W/m2

during a summer day (Raman 1991) to values in excess of
1500 W/maduring an intense cold air outbreak in the winter
(Raman and Riordan 1988; Akkarapuram and Raman
1988). Interestingly, large heat fluxes occur during syn-
optically quiescent conditions and produce multiple
cloud layers over a major portion of the Atlantic ocean
(Wayland 1991). With the development of synoptic scale
storms, the clouds are normally of strato-cumulus type,
again covering a significant area of the Gulf Stream
Locale.

Scale Interactions
Effects of the cloud feedback processes in modeling global
climate is currently a major concern. The Gulf Stream

Locale is probably one of the important and ideal regions
to tackle this problem for the following reasons. It is a
region where surface forcing plays a very important role in
cloud generation. It is also a region where winter storms
are generated when two major forcing mechanisms act in
concert: one is the surface forcing caused by the presence
of the Gulf Stream and the other is the upper level forcings
related to jet streaks and mid-tropospherlc troughs.
Another feature of this locale Is that the surface forcing
exists all the time with minor variations. This feature makes
at least one paramater constant.

Another aspect that makes this locale interesting is the
processes of scale interaction that generate and maintain
clouds. For example, micro-scale turbulence causes sur-
face fluxes of heat whose gradients induced by the Gulf
Stream set up mesoscale atmospheric circulations which
by themselves, produce about 25% of the clouds. When
upper air support becomes available, these mesoscale
circulations develop into synoptic scale mid-latitude
cyclones, which are major generators of clouds in the
region. Understanding the scale interaction is important to
formulate good subgrid parameterizations for global cli-
mate models.

The Gulf Stream Locale is covered by clouds over 70% of
the time. These clouds mainly consist of cumulus, stratocu-
mulus, alto-stratus and alto-cumulus (Daum and Hadlock
1991). The challenge is to devise a method to realistically
incorporate the thermody namic processes associated with
these clouds in dynamic climate models. That would
require a better understanding of the physical processes of
clouds of different scales produced by different processes.
The Gulf Stream Locale would provide atest case for these
processes since a finer resolution global climate model
can resolve some of the predominant cloud features in this
region. The Gulf Stream, responsible for the generation of
the clouds, cannot be resolved explicitly in these models.
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Ftgurt 1. Typical Location of the Gulf Stream with Reference to the Coast in the Gulf Stream Locale

Hence, a combination of mesoscale and regional scale
observations and modeling would be required to address
this problem.

An example of the possible role of the marine boundary
layer structure and circulation in the offshore redevelop-
ment of a mid-iatitude cyclone was given by Holt and
Raman (1990). Data obtained from over the cold shelf
waters, midshelf front near the shelf break, and the Gulf
Stream separated by about 200km, revealed the markedly
different nature of the boundary layers. A strong horizontal
gradient of surface turbulent heat flux existed. Total heat
flux varied from about zero near the coast to about
250 W/m2 over the Gulf Stream. This caused a low-level
mesoscale convergence across the western edge of the
Gulf Stream in the vicinity of the developing cyclone

(Figure 2). The difluence zone near the Gulf Stream was
topped by layered stratocumuius with a cloud layer about
400-m thick between BOO m and 1200 m. Satellite informa-
tion indicated that a mid-latitude cyclone was developing
in the region of (he aircraft observations (Figure 3).

A typical visible imagery of the cloud pattern for a different
storm generated off Cape Hatteras is shown in Figure 4.
This storm of January 3 and 4,1989, may have been the
deepest extratropical cyclone to occur south of 40N in this
century. Central pressure reached 938 millibars at 21Z
January 4, 1989. A deepening rate of 24 mb/6 hr was
estimated to have occurred between 09Z and 15Z on that
date. Winds in the boundary layer reached at least 90
knots during the mature stage of the storm. Rapid deepen-
ing occurred when the upper air forcing reached the
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FIgurt 2. A Strong Gradient of Surface Heat Fluxes Leads to a Mesoscale Circulation Near the Western Edge of the Gulf Stream.

coastline at about 00Z on January 4, and the cyclone
appeared to take the form of a trough containing several
centers rather than a single area of low pressure.

The tight cloud band surrounding a small clear "eye" in the
visible image marks the spot of lowest pressure at this time
and appears to have been the result of a strong mesoscale
development in the interior of the cyclone during the period
of rapid deepening. Through the use of satellite imagery,
the development is deduced to have begun in the north-
west quadrant of the cyclone, which contained several
circulation centers of about equal strength during the
period of rapid cyclogenesis.

Intense rain bands were observed over the Gulf Stream
region at the onset of rapid cyclogenesis via the Special
Sensor Microwave/Imager (SSM/I) on board a Defense
Meteorological Satellite Program (DMSP) polar orbiting
satellite. The strong sea surface temperature gradients
near the Gulf Stream may have played a role in the
development of these rain bands in that strong surface
latent and sensible heating lowered the static stability and

allowed moist unstable air to penetrate deep into the
troposphere. Another interesting feature is that the storm
track paralleled the west wall of the Gulf Stream from just
off Cape Hatteras, east into the open Atlantic. This path
could be due to a low pressure region overthe Gulf Stream
coinciding with the preferred track of the east coast storms.
This process has the effect of producing increased cloudi-
ness over the Gulf Stream Locale.

ARM Scientific Objectives
Pertinent to The Gulf
Stream Locale
One of the main ARM scientific issues to be addressed in
this locale is the process of cloud formation, maintenance,
and dissipation. It is important to parameterize the cloud
processes properly so that the correct type of clouds with
appropriate radiative properties are generated in a climate
model. Parameterization is necessary because the
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FIgur* 3. Visible Satellite Pictures from GOES-6 for February 24,1986, at (a) 1600Z (b) 180QZ. The offshore redevelopment
of the cyclone is evident.

processes responsible for the generation of the clouds are
micro and mesoscale. Other ARM scientific issues of
relevance are surface turbulent fluxes of sensible and
latent heat, surface inhomogeneity (in roughness,
hydrology and heating), diurnal variations in surface en-
ergy budget, and the representation of the planetary
boundary layer in large scale models.
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