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ABSTRACT

Satellite data retrieval algorithms almost always involve a large degree of model or simulation input. As an example, the
satellite might provide a radiance or transmittance measurement that has to be unfolded to provide temperature or mass
density. In order to convert transmittance into mass density, the operator must make some assumptions on the mass extinction
coefficient and particle size distribution (PSD). These assumptions are often based upon climatological averages or upon
simulation results.

The Operational Multiscale Environment model with Grid Adaptivity (OMEGA) is a new atmospheric simulation system
that merges state-of-the-art computational fluid dynamics techniques with a comprehensive non-hydrostatic equation set that
includes both explicit and parameterized microphysics. OMEGA is based upon an unstructured triangular prism grid that
permits a horizontal grid resolution ranging from 100 km down to 1 km and a vertical resolution from a few tens of metersin
the boundary layer to 1 km in the free troposphere. OMEGA also contains an embedded aerosol transport algorithm that
permits the simulation at high resolution of the transport and diffusion of either grid based aerosols or of Lagrangian parcels.

OMEGA represents a significant advance in the field of weather prediction and aerosol transport. Current operational
forecast models are scale-specific and have a limit to their resolution caused by their fixed rectangular grid structure.
OMEGA, on the other hand, is naturally scale spanning and its unstructured grid permits the addition of grid elements at any
point in space and time. This means that OMEGA can readily adapt its grid to fixed surface or terrain features, or dynamic
features in the evolving weather. This feature also makes OMEGA a useful tool for satellite data retrieval and for the
generation of synthetic satellite data.

Synthetic satellite data is generated by recognizing that it is easier, in some ways, to simulate the performance of a sensor
using the simulated environment and the sensor characteristics than to extract environmental information from the sensor data.
This technique has been applied to generate simulated radar data as well as to produce a simulated photograph of an isolated
cloud where the primary discrimination was the color contrast provided by the obscuration of the blue diffuse backscattered
illumination by the cloud.

The flexible grid adaptivity of OMEGA permits the accurate simulation of the satellite field of view thereby reducing the
beam-filling problem that can cause major discrepancies in the data retrieval algorithms. Given the interaction of the model
forecast and the data retrieval, the very high resolution forecasts possible with OMEGA also could improve existing retrieval
algorithms.

In this paper, we will present an overview of our concept of an analog sensor (or synthetic satellite data generation), and
how the unique simulation capabilities of OMEGA factor into this concept.

1. INTRODUCTION

Current operational atmospheric simulation systems™?* are scale specific and cannot resolve the full spectrum required
for the accurate forecast of the local scale phenomena that contribute to the Earth’s radiance. Even with recent advances in
computational power”, the current architecture and physics of today's generation of atmospheric models cannot simulate the
scale interaction of the atmosphere sufficiently to produce accurate cloud forecasts. Recently, several groups have started the
development of non-hydrostatic, nested (multiply nested in some cases) atmospheric models®®, however these models
represent an incremental, evolutionary path in atmospheric simulation.




Table 1. OMEGA overview

Governing equations Fully non-hydrostatic equation set

Dimensionality 3D

Grid structure Unstructured and adaptive triangular prisms

Coordinate system Rotating Cartesian coordinate framework

Numeric Finite volume based upon Smolarkiewicz’

Surface roughness Specified over land, predicted over water®

Soil surface Based on the force-restore rate method®

PBL Planetary boundary layer is treated separately as viscous sublayer™®, surface layer™,

and transition layer

Turbulence closure First order closure: O'Brien K-profile for unstable conditions™; Blackadar local K-
profile for stable conditions™. 1.5 order K-& closure: Based on turbulent kinetic
energy and its dissipation

Cumulus parameterization Modified Kuo scheme'**

Microphysics Extensive bulk-water microphysics'®

Radiation Shortwave absorption by water vapor and longwave emissivities of water vapor and
carbon dioxide and computationally efficient technique of Sasamori®’

Initialization Based on 4D data assimilation

Transport and diffusion Embedded Eulerian and Lagrangian aerosol transport algorithms

The Operational Multiscale Environment model with Grid Adaptivity (OMEGA) was conceived out of a need to advance
the state-of-the-art in numerical weather prediction in order to improve our capability to predict the transport and diffusion of
hazardous releases. Its primary role, however, represents just a small fraction of the utility of the model. The flexible grid
resolution of the model permits the study and simulation of a wide variety of scale interactive phenomena including the
generation of both water/ice and aerosol clouds. Moreover, the high resolution possible using the OMEGA grid opens the
possibility of using high resolution simulation to enhance the analysis of satellite data and the retrieval of physical quantities
from that data.

The goal of creating a model with horizontal resolution down to 1 km and vertical resolution down to a few tens of
meters determines a number of requirements imposed upon the model. 1t must, anong other things, be fully non-hydrostatic,
three dimensional, and contain extensive surface and PBL physics packages. The key feature, however, is the use of an
unstructured triangular grid. The unstructured grid used in OMEGA is naturally scale spanning and adaptable. The OMEGA
grid can readily adapt to fixed surface or terrain features, or dynamic features in the evolving weather. For enhanced satellite
retrieval, OMEGA can provide temperature, moisture, hydrometeor, and aerosol fields which can be post-processed into
spectral radiance values.

Discussions of the OMEGA architecture can be found in Bacon, et al*®. A summary of the features of OMEGA is given
in Table 1. In this paper, we focus upon the potential for improving satellite retrieval using model output via the creation of
synthetic satellite data. Before we do that, however, it is necessary to have a brief discussion of the OMEGA grid structure
sinceit is the enabling technology to accomplish the improved retrieval.

2. OMEGA GRID

OMEGA is based on an unstructured triangular prism computational mesh. This mesh is unstructured in the horizontal
dimension and structured in the vertical dimension. The rationale for this mesh is the physical reality that the atmosphere is



Figure 1. OMEGA grid element, coordinate system, and the vertical alignment of the OMEGA grid.

roughly decorrelated horizontally but correlated vertically. In fact, this is the reason that most hydrostatic forecasting
systems work. While completely unstructured three-dimensional meshes have been used for other purposes'®?, the benefit of
having a structured vertical dimensional is a reduction of three orders of magnitude in the computational requirements of the
model.

An OMEGA grid element is shown in Figure 1. In OMEGA, the scalar quantities are defined at the geometric center of
each grid element, while the components of the velocity are defined at the center of the top face. In each case, the scalar or
vector quantities represent the average of the variable over the cell, or dua cell, volume, respectively. The OMEGA grid
elements are stacked vertically in such a fashion that all of the cells in a column have the same projection onto the surface of
the Earth. This common projected footprint considerably simplifies the grid generation and provides an extremely simple
framework for the radiation transport model. This factor makes the generation of synthetic satellite data much easier as well.

The flexibility of unstructured meshes facilitates the gridding of arbitrary surfaces and volumes in three dimensions. In
particular, unstructured grid cells in the horizontal dimension can increase local resolution to better capture topography or the
important physical features of atmospheric circulation flows and cloud dynamics, or to map onto a particular satellite field-of-
view The underlying mathematics and numerical implementation of unstructured adaptive grid techniques have been evolving
rapidly, and in many fields of application there is recognition that these methods are more efficient and accurate than the
structured logical grid approach used in more traditional codes. To date, however unstructured grids and grid adaptivity have
not been used in the atmospheric science community®. Atmospheric model problems characterized by large model domains,
long time integration, and operational time constraints have not been viewed as viable candidates for the emerging
computational fluid dynamic (CFD) grid technologies. OMEGA represents the first attempt to join these two communities.

The adaptation of an unstructured grid takes place through a variety of grid operations. Vertex addition is usualy
followed by a vertex reconnection step (Figure 2). The vertex addition step is accomplished by adding a vertex at the
centroid of each affected cell and connecting it to the vertices of the cell. The reconnection step then involves the evaluation
of each new cell to seeif it is possible to create grid cells with alower aspect ratio by removing an edge and reconnecting the
opposite vertices.

The reverse process, vertex deletion, coarsens the grid and is also followed by a vertex reconnection step. It is
important to note that even though the grid adaptation routines may create an apparent motion of the grid, it does not, in fact,
move; rather the goal is to refine the grid in advance of any important physical process which could require additional grid
resolution, and to coarsen the grid behind the region.

Vertex relaxation, in which the vertices are alowed to move as a mass-spring system, and edge bifurcation, which is
equivalent to vertex addition in the special case of an edge cell, represent additional processes which can be used to refine the
grid (Figure 2).
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Figure 2. Vertex addition / reconnection (left) and vertex relaxation / edge bifurcation (right).

3. OMEGA PHYSICS

The mgjor advantage of OMEGA over current state-of-the-art models includes the ability to resolve the surface terrain
down to scales of 1 km by using the flexibility of the unstructured grid to place vertices only where required. In addition,
OMEGA can resolve the local perturbations on the larger scale evolving weather down to the same scale. In order to
accomplish this, however, it is necessary to include all of the physical parameters and processes which affect the local flows.
These include not only the topography, but the land use, the land/water composition, the vegetation, the soil moisture, the
snow cover (if appropriate), and the surface moisture and energy budgets. The inclusion of this additional physics, some of
which is only appropriate because of the increased spatial resolution, represents an additional advance in the state-of-the-art.

OMEGA uses a fully non-hydrostatic equation set to describe the dynamics. Cloud formation, growth and precipitation
processes are simulated by bulk-water parameterization schemes. A convective parameterization scheme is used in regions
where the resolution is insufficient to resolve the convection explicitly. OMEGA incorporates a radiation transport package
which approximates the effects of the atmosphere and clouds on the radiation budget. Finally, OMEGA contains an extensive
planetary boundary layer package. The OMEGA equation set is solved using a semi-implicit scheme in the vertical and an
explicit scheme in the horizontal. This balances the horizontal and vertical timestep limitations. Typical timesteps are a few
seconds.

Through the incorporation of all of the surface data and the explicit and parameterized microphysics, OMEGA contains
all of the information required in order to compute the reflected and emitted radiance of the Earth, including both surface and
cloud reflectance, moisture and cloud absorption, and when included in the OMEGA calculation, aerosol effects. We discuss
the mechanism for doing this in the next section.

4. GENERATION OF SYNTHETIC SATELLITE DATA

Meteorological satellites measure the radiance of the Earth in a number of bands in the visible and infrared regions of the
spectrum. The current methodology for unfolding this radiance data to provide physical information involves calculation of
the effective temperature from the radiance and then the assignation of this temperature to a particular level in the atmosphere.
The calculation of the effective temperature involves knowledge of the radiative transfer through, at the moment, an idealized
model atmosphere; the calculation of the altitude of that temperature similarly involves the underlying assumption of a model
atmosphere. As a paradigm for our discussion, we chose the TIROS Operational Vertical Sounder (TOVS) instrument set.
We first consider the standard weighting function analysis; we then consider the aternative possible by using high resolution
model output.

4.1 TOVS Weighting Functions

The fundamental features of the High resolution Infrared Radiation Sounder (HIRS) used in TOV S can be found in Smith
et al®. The first seven channels of HIRS, used for the temperature sounding, have principal contributions at 30, 60, 100,
400, 600, 800, and 900 mb, respectively. The TOV'S weighting functions for these channels can also be found in Smith and
are reproduced in Figure 3. In all cases, the full-width at half-maximum (FWHM) of the weighting function is over 100 mb
wide. Thisimplies that the vertical error caused by the use of an idealized atmosphere can be significant. Nevertheless, with
extensive processing, the HIRS temperature retrievals can achieve roughly 1-2 degree accuracy, however, the dewpoint



Figure 3. Normalized TOVS weighting functions. Shown are the HIRS
longwave CO, and the water vapor channels (from Smith, et al.?).
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retrievals, which are based solely upon 3 channels with FWHM between 200 and 400 mb, are off by several degrees™. In
addition, the contamination of the field-of-view (FOV) by clouds can make the retrieval nearly impossible. The improvement
of the satellite retrievals, given the amount of overlap between the different channels and the frequency of clouds, is an
extremely difficult task unless other information is available. This is because the backwards deconvolution of the integral
radiance equation is nearly impossible unless the basis functions are orthogonal in some norm. This is not the case with the
radiance weighting functions. On the other hand, if one considers the problem from a fresh viewpoint, an aternative presents
itself.

4.2 Synthetic Radiance Products

The forward integration of the radiance equation is far ssmpler than the backwards deconvolution. If one starts with high
resolution model output especialy if the model explicitly simulates cloud cover, it is possible to calculate the channel
radiance for each of the satellite channels. This type of calculation was impossible to consider in the past due to the
extremely coarse resolution (typically of the order of 100 km) of the forecast models and the lack of an explicit treatment of
clouds. OMEGA, with its variable resolution and both explicit and parameterized cloud microphysics represents a new breed
of model which could potentially use its variable resolution to increase the definition of air mass (temperature, moisture,
cloud) definition. One can conceive of a system whereby OMEGA uses an adaptivity criterion which is based upon a
particular radiance product to enable it to increase resolution in regions where large variation in radiance would otherwise
make the calculation of the radiance difficult.

5.MERGING SYNTHETIC AND REAL SATELLITE DATA INTO IMPROVED DATA RETRIEVALS

The process of merging the synthetic and real satellite data is to first produce the synthetic radiance products for
intercomparison with the real satellite data. These can then be compared with the observations to determine whether it is
necessary to nudge the model solution. This nudging process can be accomplished with the model error statistics in mind so
that unrealistic changes to the model solution do not occur. Then, starting from the top of the atmosphere, the intercomparison
is carried in an iterative fashion much as a typical retrieval using the model output as the first guess in the iterative solution.
The difference is that the sounding adjustments are made subject to the model error statistics and not just to the large layer
information available from the observations.



In the past, the use of high spatial resolution satellite data, albeit requiring a tough inversion process, yielded important
information regarding the spatial characteristics of the atmosphere, although with limited absolute accuracy. Given the
resolution of models such as OMEGA, however, and the increasing complexity of their physics suite, it is possible to consider
amerging of the two data sources as equal contributorsto a single integrated system.

6. OTHER APPLICATIONSOF SYNTHETIC SATELLITE DATA

One can conceive of other uses of synthetic satellite data in addition to improvement of satellite data retrievals. These
include the development of synthetic products to be used as part of a mission planning strategy, instrument devel opment, and
test and evaluation (T&E) of satellite sensor systems. Mission planning can utilize model output from a high resolution
forecast system, such as OMEGA, to provide the planners the expected capability of various systems under the specific
expected conditions. In this case, the adaptivity of OMEGA could be used to increase the spatial resolution in the region of
interest. Instrument development includes building an analog of the instrument and testing it under either simulated
meteorological conditions developed from either archived datasets or from idealized test situations. T&E simulation is
similar to the scenario of instrument development but is more formalized in the sense of providing a pre-determined suite of
acceptance tests to be applied to prototype systems as part of their final evaluation. In these latter two situations, a model
such as OMEGA would be used to build consistent high resolution meteorological conditions from the relative coarse
resol ution world-wide data available.

7. CONCLUSIONS

OMEGA represents a new type of meteorological forecast model. For the first time, it is conceivable to consider the
creation of model output products which function as digital analogs of satellite sensors. This synthetic satellite data could
then be intercompared with the actual data in order to provide guidance for model nudging in a fashion which recognizes the
importance of the satellite data but also considersit as one part of an integrated data ingest and assimilation process.
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