[Assumes a preceding paragraph motivating THz imaging and spectroscopy applications]


Central to the importance and challenge of realizing long range imaging and spectroscopy at Terahertz frequencies is quantifying the opacity of the intervening atmosphere.   This atmospheric attenuation is a strong function of frequency, often changing by orders of magnitude over the span of only a few GHz.   Accurate modeling is therefore critical when designing or judging a THz imaging or spectroscopic system.  The dominant physical processes to model are absorption of radiation by ro-vibrational spectra of gases (e.g. H2O, O3, O2), and scattering by particulate solids (e.g. dust, smoke, rain, snow, fog).   We discuss briefly each of these in turn.

Clear Air Atmospheric Modeling

Overview 


Early efforts in modeling of the Terahertz atmosphere (Zufferey 1972; Liebe et al. 1989) have led to a series of refinements and a variety of excellent physical models of Terahertz transmission in clear air (Liebe 1993; Pardo 2001; Paine 2004; Urban 2005; Buehler 2005).   Although the details of the models vary, they are similar in overall implementation and architecture.   First, a structural model of the atmospheric temperature, pressure, and composition is constructed based on the physical conditions along the geometrical path.  (Short paths at a near constant altitude may only require a simple one-layer model of the intervening gas, whereas vertical applications with long path lengths require the evaluation of an atmosphere stratified in composition, pressure and density.) A database of ro-vibrational spectral features (e.g. HITRAN, Rothman et al. 2004; Verdandi, Eriksson et al. 1999) is read and the opacity of each is evaluated computationally, line by line.   This computation is sensitive to the assumed atmosphere and the line-by-line radiative transfer and line shape.  The total line-by-line opacity is then the sum of the opacity from all computed molecules.   


In addition to the optical depth model obtained from the summation of the contribution of all the spectral lines in a given spectral window of interest, wet and dry pseudo-continua are added.   These components include the contribution from the far-wings of strong spectral lines outside the spectral window of interest, and from line-shapes not accurately modeled such that measurable discrepancies arise in the far wings (Clough et al., 1989; Waters, 1976).  Several models (c.f. Clough et al., 1989; Kuhn et al., 2002) describe the 'wet' H2O continuum arising from self-broadening (involving collisions of water molecules) and foreign broadening (involving collisions of water molecules with either nitrogen or oxygen molecules). A study of the water vapor self-broadening continuum is also included in Ma & Tipping (1990).   In contrast, the non-resonant 'dry' continuum arises from collision-induced absorption (CIA) due to transient electric dipole moments generated during binary interactions of symmetric molecules with electric quadrupole moments such as N2 and O2, and also from the Debye type relaxation absorption of O2 (Pardo et al., 2001).  Generally, the best-fit dry and wet continua scale with the square of the frequency.  Comparison of the dry and wet continua between that used by Pardo et al (2001) and that used in the popular radiative transfer codes of Liebe et al., (1989 and 1993) is shown in Figure 5 of Pardo et al. (2001b). At high frequencies (400 GHz to >1 THz), the discrepancies are measurable and therefore represent a special focus of our experimental (Phase II) plan for model validation.

Model
Gaseous

species
Particles
Freq 

Range

[THz]
Usability & Computational Speed

Microwave Propagation Model (MPM);

Liebe et al. 1985, 1989, 1991, 1993
H2O, O2
-Liquid water drops

-Water ice


0.1-1 
Very fast, easy integration

Atmospheric Transmission at Microwaves (ATM);

Pardo et al., 2001
40 major and minor species
-Liquid water 

-Water ice 

- Spherical & aspherical particles
0.01-10
Binary availability only;  moderate speed

The Atmospheric Radiative Transfer Simulator (ARTS);

Bühler et al., 2005
40 major and minor species
Hydrometeors, full radiative transfer w/ scattering


0.01-10
Moderate speed;  improving integrability

Atmospheric Model (AM);  

Paine, 2004
8 major species 
N/A
0.01-3.5
Fast, easy integration

AER's Line By Line Radiative Transfer Model (LBLRTM);

Clough et al. (2005)
37 major and minor species 
N/A
0.01-100
Moderate speed and ease of integration

Microwave Observation LIne Estimation & Retrieval (MOLIERE);

Schneider et al. 2003; Urban et al. 2005
23 major and minor species
N/A
0.01-3
Moderate speed and ease of integration

Table X:  Comparison of the various atmospheric model codes to be used in the proposed Phase I/II activities.  Green boxes indicate 'best of breed' characteristics, red or yellow indicates a missing or developmental feature as currently implemented.

Validation of Clear Air Models: the example of Submillimeter-Wave Astronomy


A summary of available Terahertz atmospheric models and some of their capabilities is shown in Table X.  A significant motivation for the improvement of long-wave atmospheric models since the 1980's has been the advent of sensitive Terahertz frequency detectors on submm-wave telescopes, the combination of which measures the radiometric sky temperature and the atmospheric opacity.  Indeed, careful measurement of the atmospheric transmission is vital to the proper interpetation of astronomical data!   Particularly valuable at the highest frequencies observed from the ground (0.5-2 THz) are broad band Fourier Transform Spectrometers (FTS) which provide simultaneous measurements of the sky brightness temperature over the entire Terahertz regime (e.g. 100 GHz to >3 THz; Paine et al. 2000; Pardo et al. 2001; Chamberlin et al. 2003).  These measurements have refined clear air atmospheric modeling to the point where measured sky brightness profiles and opacities can be reliably reproduced at a number of diverse astronomical observatories (Mauna Kea, Hawaii, the Atacama desert of northern Chile and the high Antarctic plateau, among others).  Figure X shows an FTS measurement taken from the summit of Cerro Sairecabur in northern Chile (elevation 5500 meters) from 0.1-3.5 THz with an atmospheric model fit to the measured temperature profile (Paine 2004).  The bottom of Figure X subsequently shows the derived atmospheric transmission.   Similarly, data from a 660 GHz tipping radiometer operating at the summit of the Antarctic plateau has been modeled by the AM and MOLIERE atmospheric models. The derived atmospheric water vapor content remarkably agrees with  that independently measured by balloon radiosonde and 183 GHz passive microwave soundings by NOAA satellites (Kulesa et al. 2009).  These experiments represent some of the strongest validations of clear air THz atmospheric modeling to date, and represent a starting point for the proposed work described in this proposal.  

Figure caption:  FTS measurements of the sky brightness from 0.1-3.5 THz from Cerro Sairecabur, Chile are compared with the 'AM' model code (Paine 2004).  The small residuals from the model fit lead to high confidence in the derived atmospheric transmission, plotted at the bottom.  
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[lots of text inserted here from other folks]

Phase I Technical Objectives

The proposed objective for phase I is to develop a modeling tool that can accurately model the propagation of 0.1-1.0 THz radiation through the atmosphere for a variety of atmospheric conditions.  We will model these conditions for arbitrary locations and elevation on the Earth, with specified atmospheric pressure, temperature and compositional profiles, viewing direction, particulates and precipitates and turbulence, with the option of specifying an additional trace gas component.   The output of the program execution is a plot of transmission (or alternately opacity or brightness temperature), optionally with an estimate of phase error and amplitude scintillation.  This is achieved by supplementing the publically-available models described in Section X with codes written by the proposing team.  

Specific Objectives for clear air modeling:

1) Build, run, and compare the output of several THz atmospheric models for a series of 'standard' calculations.   Is the principal point of contention the treatment of collision induced absorption,  the pseudo-continuum of water vapor, or the line-by-line radiative transfer (e.g. line shape choice)?   

2) For regions of parameter space where models disagree with each other, construct detailed experiments for Phase II which will determine the model(s) with the best approach.  

3) Construct a model-independent 'front end' interface which will allow a user to define completely a 'scenario' for the propagation of THz radiation, build the corresponding atmospheric model, run a series of independent THz codes, reprocess their output to a uniform format, and plot the results: atmospheric transmission, attenuation, background brightness temperature, amplitude scintillation, and phase variation.  

4) Allow the user-constructed 'scenario' to access near-realtime or archived weather data.  

[This delves into the Work Plan]

Below is a description of key aspects of our implementation plan.  

Multi-model Implementation

We propose to begin Phase I by running a series of common calculations across the six available atmospheric models in Table X.   This  approach promotes inter-model comparisons and will demonstrate under what circumstances they collectively agree or disagree.   A multi-model option will be extended to the final Phase I deliverable, since the deviation or uncertainty of a model result is just as important as the result itself!  Systematic divergence between models will highlight aspects that we will experimentally measure and verify in Phase II.   

Unified Parameterization Interface

Although the models described in Table X are architecturally similar, the mechanism by which initial conditions are constructed strongly differ from model to model.  In order to realize an effective multi-model approach, a unified framework to generate model initialization files is needed and will constitute a significant effort for Phase I.   The parameterization framework will take user input from the GUI to construct initialization files for each of the atmospheric models to be run.   Similarly, the output from each model will be re-interpreted into a unified format to be processed by the GUI for display to the user.  By writing 'wrapper' code around the models and not altering the models themselves, future improvements to any of the individual models by their respective authors can be folded smoothly into the Phase I product.

Near-Realtime Atmospheric Conditions Option

The realism of any atmospheric model is only as good as the initial (physical) conditions used to generate the model.   The graphical user interface (discussed further in Section Y) will allow alteration of a wide variety of physical parameters, and will provide a handful of 'standard' configurations to start with.  However, with WWW access, it will also be possible to load near-realtime weather data for many places on Earth.  For example, the nearest radiosonde or mesoscale forecast data can be used to generate accurate vertical pressure, temperature, and humidity profiles.  Archival profiles (e.g. “Washington D.C. at 12:00 UTC on August 1st, 2008”) can also be loaded.  Available aviation METARs can be processed to estimate optical visibilities and ceilings and the root cause of any restrictions (clouds, haze, mist, fog, dust).  

A block diagram of the Phase I program architecture is shown below.
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