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Presenter�
Presentation Notes�
A hyperspectral microwave WeatherCam (MP-3000A) “sees” air temperature, humidity and liquid structures that define local weather. WeatherCam delivers continuous all-weather, all-sky surveillance and timely, accurate warnings of severe weather hazards.�



Presentation Summary
Surface-based passive microwave & infrared 
remote sensing -- basic physics and method 

Continuous temperature and humidity 
profiling with accuracy equivalent to 
radiosondes

Liquid profiles for precipitation forecasting 
and climate research

Colorado tornado case study

Presenter�
Presentation Notes�
WeatherCam delivers continuous temperature and humidity profiles with accuracy equivalent to radiosonde soundings. Liquid profiling provides new constraints on numerical weather models for improved precipitation forecasting and is crucial for climate modeling and prediction. �
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Evolution of microwave radiometer technology for atmospheric remote sensing
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Presentation Notes�
A photo history of microwave radiometer hardware over the past half century.�



Basic Physics and Retrieval Method
Hyperspectral microwave observations are converted 
to brightness temperatures using the Planck Radiation 
Equation.

Air temperature, humidity and liquid structures are 
linked to brightness temperatures by Radiative 
Transfer Equations.

Neural Networks convert brightness temperatures to 
temperature, humidity and liquid profiles. 

Presenter�
Presentation Notes�
Summary of the basic physics of Microwave Profiling and neural network methods.�



Planck Radiation Equation

Radiative Transfer Equation

Westwater et al., Principles of Surface-based Microwave and Millimeter wave 
Radiometric Remote Sensing of the Troposphere, Quaderni Della Societa 
Italiana Elletromagnetismo, 2005 (http://radiometrics.com/Rad_rev_05.pdf).

Presenter�
Presentation Notes�
Quantum mechanics, cosmic background radiation and radiative transfer equations are used in microwave radiometry. Details are available in the reference above.�
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Presenter�
Presentation Notes�
The MP-3000A WeatherCam combines hyperspectral microwave, surface met, and infrared observations with neural network methods to deliver continuous temperature, humidity and liquid profiles. �



Retrieving Atmospheric Profiles
A hyperspectral sensor receives a picowatt of microwave 
energy and converts it to brightness temperatures using 
Planck’s Law

Cloud base temperature is measured along with surface 
temperature, relative humidity and pressure

Historical radiosonde data are forward modeled with 
radiative transfer equations for neural network training

Neural network methods convert spectral microwave, 
infrared and surface observations to temperature, humidity 
and liquid profiles

Presenter�
Presentation Notes�
Natural atmospheric microwave and infrared emissions, and surface meteorology, are observed by the MP-3000A WeatherCam and converted into temperature, humidity and liquid profiles using neural networks trained with historical radiosondes.�
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Presenter�
Presentation Notes�
Microwave emission from 10 to 80 GHz is generated by atmospheric water vapor, temperature and liquid water. The 35 MP-Series frequency channels are indicated by vertical lines. Hyperspectral methods reduce sensitivity to individual frequency channel noise, suppress radio frequency interference (RFI) and optimize neural network flexibility and performance.�



Presenter�
Presentation Notes�
Block diagram of microwave profiler methods. Microwave photons that pass through the radome are received by the radiometer. Planck’s law converts microwave energy in each of 35 frequency channels to brightness temperatures. Advanced neural network methods convert hyperspectral microwave brightness temperatures, surface met and zenith infrared (cloud base temperature) data into temperature, humidity and liquid profiles.�



German Weather Service radiometer and 6-hr radiosonde 
comparisons since 1998 [Güldner and Spänkuch, JAOT, 2001]

Presenter�
Presentation Notes�
The German Weather Service (DWD) has been operating a Radiometrics microwave profiler at Lindenberg, Germany, since 1998. DWD published statistical comparisons of radiometer and 6-hr radiosonde data demonstrating that radiometer and radiosonde accuracy are similar when they are used for numerical weather analysis (http://radiometrics.com/jaot.pdf).�



Radiometer-radiosonde comparison statistics (red and blue), 
and radiosonde representativeness error (gray) [Güldner and 

Spänkuch, JAOT, 2003; Ware et al., Rad. Sci., 2003].

Presenter�
Presentation Notes�
Radiosonde point measurements have inherent “representativeness error” when they are used to characterize cell volumes in numerical weather models. The representativeness errors assigned by NCEP to radiosonde data are shown above in grey. Statistical comparisons of radiometer and radiosonde data are shown in red and blue (Ware et al., 2003; http://radiometrics.com/ware_rs_03.pdf). 

Radiometer temperature error is lower in the boundary layer and radiometer humidity error is lower at all heights. The US Department of Energy (DOE) takes advantage of superior radiometer humidity accuracy to calibrate radiosonde humidity sensors. DOE radiometers used to calibrate radiosonde sensors are shown in the following slide.�



DOE ARM radiometers calibrate radiosondes for climate research.

Presenter�
Presentation Notes�
Radiometers used by the US Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) program to calibrate radiosonde humidity soundings. The DOE deploys 15 of these radiometers worldwide for climate studies.�
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Presenter�
Presentation Notes�
Radiometer (blue) and radiosonde (red) temperature, humidity and liquid profiles to 10 km height from the DWD website (for real-time data follow instructions under the second topic here: http://radiometrics.com/news.htm). The radiosonde was launched at 17:00 UT and the radiometer sounding is at 22:44 UT. �
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6 km height. 

Presenter�
Presentation Notes�
Radiometer temperature (top), relative humidity (middle) and liquid (bottom) profiles over a 24-hr period from the DWD website. Cloud base height is indicated by the magenta line in the upper plot. Surface temperature, relative humidity, pressure and cloud base temperature are shown at left for the time period shown in the contour plots. The rain flag, integrated water vapor, and integrated liquid water are shown below.�



Radiometer 
RH and 
liquid 

density 
profiles 

and laser 
ceilometer 
cloud base 

height.

Presenter�
Presentation Notes�
Radiometer relative humidity (top) and liquid (bottom) from the DWD website. Cloud base from a ceilometer is indicated by asterisks. Cloud liquid measurements are useful for short term forecasting and for weather modification.�



Deutscher Wetterdienst radiometer (top) and radiosonde (below) 
temperature, vapor density and relative humidity to 3 km height.

Presenter�
Presentation Notes�
Radiometer (top) and radiosonde (bottom) temperature, vapor density and relative humidity profiles to 3 km height. These plots are available in real time from the DWD website, accessible via http://radiometrics.com/news.htm (second topic). The radiosonde data are interpolated between 6 hour soundings and the radiometer data are shown at 1 minute intervals. The contours are similar for time intervals greater than 6 hours, whereas the radiometer shows much finer short term detail. The radiometer consistently shows RH saturation above cloud base whereas the radiosonde does not, indicative of radiosonde dry bias.

�



Colorado Tornadoes
A cluster of tornadoes swept through 
Northern Colorado on May 22, 2008.

Radar, radiosonde and microwave 
radiometer (WeatherCam) observations 
are presented.

WeatherCam provides continuous 3D 
thermodynamic and liquid structure.



Denver radar showing 80 m/s (180 mph) winds near Windsor, 
Colorado, at 17:44 UT (11:44 local time) 5-22-08. 

Tornado 
Vortex Center

Boulder 
WeatherCam

Presenter�
Presentation Notes�
A tornado touched down near Platteville Colorado on 22 May 2008 and spun northwest to Windsor, leaving a mile-wide trail of that crossed Interstate Highway 25, destroying dozens of tractor trailers and cars, demolishing more than 50 houses, derailing scores of railroad cars and killing one person. Multiple tornadoes were reported across northern Colorado during a two hour period. The Denver Doppler radar image shows a vortex signature with 180 mph winds several km southeast of Windsor just before noon. An MP-3000A WeatherCam recorded dynamic severe weather temperature, humidity and liquid profiles from its Boulder location.�



Strong radar reflectivities at Windsor and near Boulder 
at 17:44 UT (11:44 local time) 5-22-08.

Windsor

Boulder 
WeatherCam

Presenter�
Presentation Notes�
Denver radar showing strong convective reflectivity at Windsor and near the Boulder WeatherCam coincident with the Windsor tornado. �



South, zenith and north (top to bottom) temperature profiles to 
10 km height were strongly disturbed by local convection.

Presenter�
Presentation Notes�
WeatherCam temperature profiles to 10 km height retrieved from south, zenith and north observations at Boulder, Colorado, showing signatures of strong convection. Advanced neural network methods including frequency agility and elevation scanning enhanced WeatherCam resolution by a factor of six compared to profiles retrieved from zenith observations.�



South, zenith and north vapor density profiles to 2 km 
height show high variability during local convection.

Presenter�
Presentation Notes�
WeatherCam vapor density profiles to 2-km height showing signatures of strong convection. �



South, zenith and north relative humidity profiles 
to 10 km height show subsidence of dry air.

Presenter�
Presentation Notes�
WeatherCam relative humidity profiles to 10-km height showing signatures of strong convection. �



South, zenith and north liquid density profiles to 
5 km height, 1830-1915 UT (1230-1315 local time).

Presenter�
Presentation Notes�
WeatherCam observations to 5-km height showing time progression of liquid water profiles moving south to north.�



Denver radiosonde and Boulder WeatherCam temperature, 
relative humidity and liquid, 18:00 UT (12:00 local time) 5-22-08.  

Presenter�
Presentation Notes�
Denver radiosonde (red) and Boulder WeatherCam (blue) profiles at 18 UT (radiosonde launch time) 22 May 2008. WeatherCam records a liquid water profile from 1.2 to 4.8 km height and detects supercooled liquid above 2.5 km height. Dramatic relative humidity increase is seen in the radiosonde profile at 4.5 km height.�



Boulder WeatherCam maximum CAPE = 2,519 J/kg 
at 17:13 UT (11:13 pm, local time) 5-22-08.

Presenter�
Presentation Notes�
Boulder WeatherCam skew-T temperature, dewpoint and wind plot at 17:13 UT May 2008, time of maximum CAPE, from the NOAA website (accessible via http://radiometrics.com/news.htm -- heading 2, topic 2). Forecast indices including CAPE are shown at upper right.�



Temperature, equivalent potential temperature and CAPE 
(maximum CAPE just before 17:45 UT Windsor Tornado).

Presenter�
Presentation Notes�
WeatherCam temperature, equivalent potential temperature and convective available potential energy displayed in RAOB software (http://raob.com) showing maximum CAPE at the time of the Windsor Tornado and strong vertical air motion.�



Real time boundary layer temperature, relative 
humidity and wind shear contour plots with wind barbs. 

Presenter�
Presentation Notes�
Real time MP-3000A and wind profiler temperature, relative humidity, wind vector and wind shear displayed by RAOB software. A description of RAOB and a free demonstration version are available via http://raob.com. �



Microwave profiling delivers a continuous flow of 
temperature, humidity, and cloud liquid profile data

Fresh radiometer data can feed weather forecast 
tools and indices developed for radiosondes

Radiometers deliver unique cloud liquid profiles 
needed to initialize and update weather models, to 
monitor and forecast fog and aircraft icing hazard, 
and to identify opportunity for weather modification 

Microwave profiling provides automated upper air 
observations with very little human intervention

Meteorological Value of Ground-Based 
Passive Microwave Observations



WeatherCam 
temperature, 

vapor and 
liquid profiles, 

showing 
genesis of 

powder snow 
via the 

Wegener- 
Bergeron- 
Findeisen 
process.

Presenter�
Presentation Notes�
WeatherCam temperature, water vapor and liquid water profiles (top 3 plots) during the 14 Feb 2008 upslope powder snowstorm at Boulder, Colorado. Powder snow fell at the times indicated as “wet radome”. Powder snow crystallized directly from the vapor phase (no intermediate liquid phase), via the Wegener-Bergeron-Findeisen process. The bottom plot indicates different vapor-liquid-solid vapor pressure regimes. Details are provided by Campos et al., JCAM, 2008; http://radiometrics.com/Campos_JACM08.pdf.�



NCAR Wind 
Profiler 

observations of 
reflectivity and 

Doppler 
velocity during 

the 14 Feb 
2008 upslope 

powder 
snowstorm at 

Boulder, 
Colorado

Presenter�
Presentation Notes�
Wind profiling radar data from an NCAR site located 1 km north of the radiometer site showing hydrometeor reflectivity and vertical Doppler velocity during the powder snowstorm. See Campos et al., JCAM, 2008; http://radiometrics.com/Campos_JACM08.pdf for details. 

�



A case study of the 22 May 08 Colorado tornadoes 
including assimilation of Radiometer, Wind Profiler 
and Doppler Radar data into high resolution models.

Models include WRF, the Space and Time 
Mesoscale Analysis System (STMAS) and water 
vapor tomography.

Other upper air data could include: CHILL radar, 
COSMIC, slant GPS (SuomiNet and GPS Solutions).

Collaborators: NCAR MMM (Rizvi and Moncrieff) and 
RAL (Vivekanandan), ESRL (Xie and MacDonald), 
Vaisala (Frederick).

Ongoing Research



WeatherCam pencil beam (1o) radiometers can detect 
early stage convection at distances of 100 km or more.

Presenter�
Presentation Notes�
The WeatherCam pencil-beam radiometer shown above provides azimuthal scanning close to the horizon for detection of early and later stage convection. Radiometer beamwidth is determined by its antenna aperture. The antenna shown above has beamwidth 1o or less for radiometer frequencies greater than 19 GHz . A narrow beamwidth allows azimuth scanning close to the horizon, extending WeatherCam effective range.�
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Presenter�
Presentation Notes�
Radiometrics is a pioneer and world leader in development and sales of microwave radiometers for weather and climate research and operations.�
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