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1.
Introduction

This presentation will cover the advantages of very high resolution  observations, both spectrally and temporally, for analysis of meteorological phenomena.  Examples of the advantage of high spectral resolution observations will be illustrated using hyperspectral data in the visible to near infrared (0.4 - 2.4 microns) portion of the spectrum.  Information will be presented on how that data may be analyzed to obtain the maximum information for extracting information on clouds, water vapor, and certain hazards such as fires and smoke. While the specific example of hyperspectral imagery will focus on the visible to near infrared portion of the spectrum, the complementary nature of infrared interferometry and active and passive microwave radiometry will also be touched upon.  Finally, high temporal resolution GOES data (30 second to one minute intervals) will be used to illustrate how that data may be used to study convection, severe storms, hurricanes, and extra tropical phenomena.

2.
Very High Spectral Resolution Imaging

As satellite meteorologists, one of the tenets of which we should be acutely aware is that when we are observing the earth/atmosphere, “each spatial element has a continuous spectrum that may be used to analyze the surface and the atmosphere.”  In satellite meteorology, we have tended to use “chunks” of the spectrum (channels over selected wavelengths) for our analysis.  As we move to the future, we would like to be able to take advantage of the full information contained within the electromagnetic spectrum.  

2.1
Visible to near-infrared portion of the spectrum

Instruments like the NASA’s AVIRIS which currently flies on an aircraft takes about 240 samples of the spectrum between around 400 and 2400 nanometers (0.4 to 2.4 microns).  That very high resolution data may be used to analyze the spectrum in more detail (at each pixel).   Instruments like AVIRIS are planned for future space flights as part of NASA’s EOS program, but they have a very narrow swath width. Perhaps in the not to distant future, as technology advances, we will see AVIRIS type instruments with AVHRR size swath widths and MODIS resolutions!

Spectral animations of a single AVIRIS scene reveal the power of being able to observe with high spectral resolution.  Beginning at 400 nanometers ground features are difficult to discern, partly due to atmospheric scattering which lessens as one moves toward longer wavelengths.  But as we observe the scene at longer wavelengths, some features become distinct, while others become obscure.  This is because when we view the scene in a spectral mode a number of factors effect what we are able to detect.  For example, surface reflective characteristics are different depending on wavelength and surface type (clay soil, sand, green vegetation, water); at the same time, various atmospheric gasses (such as water vapor, carbon dioxide, methane, ozone and molecular oxygen) are active absorbers at certain wavelengths.  But, one person’s noise may be another’s signal!  For example, fire, smoke, land surface and cloud appear very different depending on the wavelength used to observe a scene.  While smoke shows up very well at short wavelengths, at long wavelengths we can virtually see right through it!  At those longer wavelengths, the heat from the fire can be detected.  However, as interesting as the finding and tracking of smoke may be, that is nothing (relatively speaking) when compared to water vapor.  If we look at the same scene, using different portions of the AVIRIS spectrum, at 15 minute intervals, we can actually follow plumes of water vapor as they evolve and move.  It is this type capability to which we need to evolve!

Once we are observing within the hyperspectral domain, a number of analysis techniques may be used to investigate an image.  For example, Principal Component (PC) analysis can be used to reveal various pieces of independent information that are most common within an image (here one can think in terms of orthogonal functions).  HOWEVER: 1) such analyses should always be accompanied by a scientific analysis of the contributions of the various portions of the spectrum to each PC (aside from knowledge gained, this may lead to various compression algorithms and the development of “super channels”); 2) PC analyses tend to use all “channels,” while selected applications may be best served by operating only on certain portions of the spectrum (analyze with care).  

2.2
The near infrared to far infrared portion of the spectrum

In this sub-section, we will investigate the portion of the spectrum that extends from around 3 microns out to about 15 microns.  As previously mentioned, “each spatial element has a continuous spectrum that may be used to analyze the surface and the atmosphere,” with both atmospheric and surface effects control what we are able to observe.  Until recently, we have tended to use “chunks” of the spectrum (channels over selected wavelengths) for our analysis. However, from a brief look at IMG data, and with the coming of AIRS, IASI, and CRIS on polar orbiting satellites, and the possibility of interferometry on future geostationary platforms, that situation is about to take a radical about face.  In the near future, we will be able to take advantage of the very high spectral resolution information contained within the 4-15 micron portion of the spectrum.  From the polar orbiting satellites, horizontal resolutions on the order of  10 kilometers will be available, and depending on the year, we may see views over the same area as frequently as once every 4 hours (assuming 3 polar satellites with interferometers).  With future geostationary interferometers, it may be possible to view at 4 kilometer resolution with a repeat frequency of once every 5 minutes to once an hour, depending on the area scanned and spectral resolution and signal to noise required for given applications.  NASA’s Geostationary Imaging Fourier Transform Spectrometer (GIFTS), may provide the first view of selected sections of the infrared spectrum from geostationary altitude. GIFTS, a NASA new millennium start, may provide data as early as 2005.

Portions of the spectrum may be investigated for their unique properties which lend themselves to analyses.  A view of the atmosphere’s absorption spectrum from 3.4 to 6 microns (shortwave infrared  region) compared to blackbody curves from 200 to 300 Kelvin, reveals a  “clean” window up to 4.2 microns.  This portion of the spectrum, because of the strong response to sub-pixel hot areas as compared to window regions at longer wavelengths,  is very useful for fire and hot spot detection and determination of SST at night.  Strong absorption from 4.2 to 5.0 is mostly due to CO2  absorption: at nighttime high spectral resolution data in this region would be very useful in determining atmospheric temperature profiles.  However, as was pointed out in the previous sub-section, surface characteristics are important and must be taken into account.  It is well known that infrared emissivity varies with wavelength for different type surfaces.  For example, the lower emissivity for sand (silica) at 3.9 microns versus 10.7 microns makes it possible to detect volcanic ash at night; similar advantages should be realized during the daytime using information from the 8 micron portion of the spectrum (not contaminated by reflected sunlight).   With interferometry, we should be able to selective merge portions of the spectrum to provide enhanced image products for a number of applications.

With the current generation of satellite borne atmospheric sounders, we have been restricted to using a few well selected spectral bands for a variety of applications (mainly temperature and moisture profiling).  As mentioned previously, future sounders which cover the same portion of the spectrum will have “thousands” of spectral bands.  This spectral coverage will allow us to select extremely clean (uncontaminated by absorbing gasses) window regions for determination of surface emissivity and temperature: this capability is very important for the derivation of atmospheric thermodynamic profiles (note that the emitting surface needs to be characterized across the spectrum at each “pixel”).   Having the spectrum in our grasp provides numerous challenges and opportunities: a challenge is data handling (today), an opportunity is the development of “super channels” and performing principal component analysis on those channels, or the spectrum itself!  As will be pointed out shortly, the spectrum may also be utilized to characterize clouds.  

Although IMG lasted only a short while, a number of important findings are coming forth based on investigations of IMG data.  For example, IMG data has been used to demonstrate the capability of detecting regions with low level thermal inversions.  When one realizes the forecasting implications of this capability, they are staggering.  With geostationary interferometer data we may be able to watch the formation and strengthening of low level inversions, surface cooling and measure atmospheric moisture in the boundary layer - if so, nowcasting the formation of fog will be possible (this has numerous implications for the transportation and agricultural industries).  Similarly, we may be able to anticipate, and observe the formation of low level jets at night by watching the inversion form and following the horizontal advection of moisture into a storm system or convective area.  During daytime, we will be able to: 1) detail surface heating; 2) measure the evolution of convective available potential energy that will feed into a storm system; and, 3) observe the atmosphere’s inhibition to convection weaken as its low level capping inversion erodes.  This should help assess a convective system’s potential for rainfall, severe weather and, with the ability to assess moisture, downburst potential.  And, this is just the tip of the iceberg!

In the future, both MSG and GOES will carry multispectral imagers.  Although those imagers will not have the spectral resolving power of interferometers, they are important steps forward in geostationary observing capability.  Obviously important are those imagers’ ability to frequently repeat view a scene (that need will be addressed momentarily). There are also numerous well known applications of those multispectral data that will be able to capitalize on that rapid update capability - nighttime fog detection, location of fires, volcanic ash detection, low level moisture detection, surface temperature measurements.  Because water and ice clouds absorb radiation differently at different wavelengths, it will be possible to discriminate between water cloud and ice cloud, as well as detect clouds with mixed phase.  Knowing cloud type, and height (CO2 slicing), is important for numerous applications - not the least of which is feeding advanced numerical weather prediction models that will soon be available.

With current AVHRR imagery we are able to make very nice color images using three channels composites that separate out high clouds from low clouds and ground; no doubt we will learn to improve on that by using multichannel data from MODIS or other advanced imagers and hyperspectral sounders.  Furthermore, with the computer power available today, there are opportunities to improve cloud height assignment by using multiple satellite views - beyond that lies the exciting opportunity to investigate cloud properties by removing that ambiguity (height) and then applying multispectral analysis!  

2.3
The microwave portion of the spectrum

Multispectral investigations of atmospheric phenomena must include using information from the microwave portion of the spectrum.  The new NOAA polar orbiting satellite’s Advanced Microwave Sounding Unit (AMSU) is providing valuable observations of the atmosphere, especially so for tropical storms and hurricanes.  Deriving AMSU temperature soundings in and around a hurricane (using climatology as a base) and then subtracting out a mean sounding for the area, leaves a  temperature anomaly field that is solely due to AMSU observations.  Such AMSU derived anomaly fields depict the warm core of hurricanes very well.  This is very important, to be shown momentarily, because it allows the  development of  realistic renderings of a hurricane’s wind field from full resolution AMSU data.  As an interesting aside, such fields are derived using full resolution AMSU data, yet today’s numerical weather prediction models use only a smattering of the available AMSU data.  Because of data volume, AMSU data are under sampled, and because of immature science, AMSU (and HIRS) data channels that detect the surface are not used by models over land.  In today’s global models, such as NWS NCEP, over 80% of the data going into the model is from satellites, yet only about one in every seven AMSU observations is used in the assimilation system over water, and as mentioned above, much less over land.   Full utilization of satellite data by NWP is an imperative: realization of the full potential of AMSU and other satellite sounding data both over land and water should lead to greatly improved forecasts.  Furthermore, with the additional information and accuracy promised by instruments such as AIRS, IASI and CRIS, it becomes all the more important to address the use of satellite data in numerical weather prediction with great vigor.

It is instructive to take a look at the information derived from a particular case; hurricane Floyd on September 14, 1999.  This was a case where heavy rains and cloud liquid water were located in the northern part of the storm near the eye wall.  Because AMSU-A is contaminated at lower levels by heavy rain, when a temperature anomaly is computed, the heavy rain area will show a negative anomaly.  When one derives the wind field using rain contaminated anomaly data, the result is an unrealistic low level anticyclonic circulation somewhat removed from storm center, but still unrealistic.  Research is underway to best determine how to remove the low level rain contaminated region and replace it with a realistic temperature field.  When that is done, the circulation pattern is realistic, although the very strong winds at the eye wall are not reproduced; partly because of the footprint size of the AMSU observation.  What is very promising, however, is the ability to derive the three dimensional wind field for the hurricane and its environment using AMSU data and a non-linear balance equation.  Horizontal cross sections of 850 mb winds do not show the very strong winds around the eye wall, as expected, however, the asymmetric nature of the broad scale flow is captured.  For example, in the case of hurricane Floyd, the asymmetric flow compared very favorably with aircraft reconnaissance data.  Indeed, while the high wind region around the eye was not well depicted, the outer winds and those of the environment verified very well, as one might expect because of the larger scale coupling between winds and mass field away from the eye region. 

Both active and passive scatterometry can provide important information concerning the state of the ocean surface, from which winds can be deduced.  For example, from QuikSCAT we can measure ocean surface wind speed, representative over 35 to 50 km square areas.  ERS-2 provides us with similar  capabilities to determine surface wind over the ocean.  With these systems, aside from the winds themselves, we get accurate locations of low pressure centers, hurricanes, fronts and trough lines.  It is important that these data be used both for analysis of meteorological features of interest, as well as in numerical weather prediction models.  Synthetic Aperture Radar also provides very accurate wind speed information, and on very small scales.

3.
Very High Spatial and Temporal Resolution Imaging (Rapid Scan)

It was recognized early on by Fujita and other pioneers in satellite and mesoscale meteorology that there was a relationship between image frequency, spatial resolution and the ability to resolve the motion of atmospheric features.  For example, early experiments by Shenk and others at NASA, NOAA and in the University community were made to determine life cycles of cumulus over land and water; as well as to study cirrus lifetimes.  Those aircraft experiments were important components of what evolved into trials of taking images at more frequent that normal intervals (now known as rapid scan) to determine our ability to use cloud motions to determine winds at the mesoscale resolutions.  The new generation of GOES satellites can take imagery over the same scene at very frequent intervals: the trade-off being the size of the area viewed versus time between repeat views, with larger areas requiring longer times.  This special imaging, called super rapid scan,  has included 30 second, one and three minute  repeat scans over a number of interesting meteorological phenomena. Super rapid scan imagery provides the opportunity to observe cloud development and motion from space on time scales compatible with their life cycles.  With MSG and GOES with its Advanced baseline Imager (ABI), high resolution multispectral imagery will be available for use on a routine basis.   No doubt many new applications will be found from that data, but we have been given a glimpse of the future with observations of thunderstorms and hurricanes using super rapid scan data from GOES.

3.1
Studies of thunderstorms using rapid scan data

In his cloud motion vector (cmv) research, Fujita showed that it was important to track the appropriate part of a cloud to determine the “wind.”  For example, Fujita showed that cmv’s in various parts of a Florida thunderstorm anvil reveal that the leading edge of a drifting anvil cloud moves faster than the central region of the cloud.  Fujita showed, what many of us realized, that the motions of a thunderstorm anvil were not representative of the wind field, but rather were representative of the thunderstorm’s divergence at anvil level, plus the wind field into which it evolved.  Furthermore, Fujita was the first to make Lear Jet flights (early 1970s) during which thunderstorm overshooting tops were photographed at 30 second intervals to study the dynamics of overshooting tops.  In studying those tops, Fujita noted the existence of cirrus in the stratosphere, “jumping cirrus,” which streamed downwind from the thunderstorm updraft area (the overshooting top region).

Super rapid scan (30 second and one minute interval) GOES visible imagery confirm Fujita’s early studies of overshooting tops:  strong and continuous overshooting with downstream cirrus above the anvil.  The continuous generation of this downstream cirrus occurs in conjunction with strong overshooting tops associated with long lived thunderstorms (often super cells that produce severe weather).  Super rapid scan imagery on May 31, 1996, monitored the development and evolution of tornadic storms over eastern Colorado, Nebraska and Oklahoma.  In that imagery the overshooting top of a tornadic storm near Ness City, Nebraska was seen to rotate cyclonically during the latter portion of the animation while a thunderstorm in eastern Colorado produced a tornado shortly after the merger of its updraft with a low level outflow boundary that was produced by a storm immediately to its northeast. Current research of one minute and 30 second interval imagery (super rapid scan) has revealed that clouds all levels are easily followed, and that any number of cmv’s might be derived. Some of those super mesoscale cmv’s measurements are representative of flow on the synoptic scale, others the mesoscale, while some reveal the effect of storm scale phenomena such as blocking as cmv’s decelerate as they approach a mature thunderstorm (dynamic pressure).  When we study and use cmv’s, we must be selective and filter out winds that are inappropriate for a given application.  This is especially true for numerical model applications, where winds representative of storm scale phenomena would be totally confusing to today’s generation of global models.  BUT, in the future when such models approach kilometer resolutions, and advanced 4 dimensional data assimilation is employed, such storm scale motions will be important as the model attempts to represent cloud evolution and life cycle.  

With both MSG and GOES with an Advanced baseline Imager (ABI), there should be great improvements in our ability to monitor convection and determine its intensity.  For example, higher resolution infrared imagery will allow the monitoring of thunderstorm cloud top evolution.  Better measurements of the temperature, size and life cycle of overshooting tops areas should allow for better nowcasting of severe thunderstorms since the overshooting top is related to the thunderstorms updraft strength, size and maturity.  Of course a thunderstorm does not develop in isolation, many factors influence its development and evolution: important among them are low level convergence, instability, and vertical wind shear.  The combination of information from geostationary satellite interferometers (mentioned previously), coupled with multispectral rapid scan observations, should increase our ability to understand, model and nowcast convection and severe thunderstorms with exceptional  accuracy.  Furthermore, when these new pieces of satellite derived information are coupled with Doppler radars ability to observe storm rotation, we may be able to delineate between weak, moderate and intense tornadic storms.

3.2
Studies of hurricanes using rapid scan data

With the launch of GOES-8, it became possible to image hurricanes at one minute intervals.  During the 1995 Atlantic hurricane season, bursts of one minute interval imagery were taken of every major hurricane that approached the coast of the United States.  During the checkout of GOES-9 (at 90 West) for a limited number of cases with GOES-8 at 75 West sets of one minute interval stereo images were taken.  Those special hurricane data sets have reveal in great detail small scale features related to the storms circulation.  In some instances, variations in cloud motions in the cirrus level outflow channel are evident.  In cases with thin cirrus shields, it is often possible to track low level cumulus.  Details in the low level cumulus motions outside the main cirrus shield define the low level field very well.  In some cases clouds can be followed within the hurricane’s eye, with very rapidly moving clouds along the eye wall.  Still under investigation are secondary vortex like features within the eye wall.

With geostationary satellites, observing frequency is important when analyzing a phenomena.  A movie loop made from 30 minute interval imagery centered on the eye of Hurricane Mitch provides the illusion of strong anticyclonic rotation about the eye wall.  Nothing could be further from the truth.  Mitch was an extremely strong storm: what is observed at 30 minute intervals is simply a stroboscope effect.  The features being observed made 300 degrees of clockwise rotation between successive images.  When viewed at 30 minute intervals, they appear to move 60 degrees counterclockwise!  This is consistent with the strong winds with Mitch.  Thus, to correctly observe and analyze cloud feature motions in the eye wall in strong storms, an imaging frequency more rapid than 30 minutes is required.  The question of image frequency best suited for investigation of hurricanes can partly be answered by observing the same feature at different time intervals.  This was done for hurricane Luis.  At 30 minute intervals it is not possible to detect cyclonic rotation within the eye, although the eye’s movement can be tracked very well.  In 15 minute interval imagery it is possible to detect a center of circulation, although the cyclonic rotation along the eye wall is difficult to discern.  At 5 minute intervals, there is clear evidence of cyclonic rotation within the eye, and while tracking cloud elements within the eye is problematic at best, many cirrus tracers are available.  At one minute intervals, cyclonic rotation is easily detected, vortices can be seen within the eye, and cirrus elements are easily tracked.  

Animations of one minute imagery centered on the eye wall region of hurricane Luis are spectacular.  Those animations clearly show strong cyclonic rotation along the eye wall, as well as the development of small vortices in that region.  CMV’s made from those data have been used to show the deep cyclonic rotation extends to the hurricane’s cirrus canopy, with a sharp ridge separating the inner region of cyclonic low from the broader anticyclonic outflow at hurricane canopy level.  The extent and intensity of the cyclonic flow at canopy level should relate to storm intensity, and this phenomena deserves further investigation.  It can only be observed with “super rapid scan” satellite imagery at resolutions comparable to today’s visible image data (1 km).

Hurricane Mitch was one of the deadliest hurricanes ever.  It was a category five hurricane that moved along a predicted easterly track, then stalled and drifted slowly southward into Central America, producing devastating flooding in Honduras, Nicaragua, and El Salvador.  Its motion was continuously monitored (30 minute intervals) using GOES satellite data; yet once it stalled, model predictions for its movement were poor.  How could that be?  CMV’s were derived on a routine basis.  Aircraft flights were made into the storm.  Its center location was well known.  I cannot provide the answer, but I believe its solution lies in improving the utilization of satellite data of all types in NWP : 1) full resolution AMSU and HIRS data; 2) full utilization of sounder data over land; 3) use of precipitation information from satellites; 4) better models and assimilation systems; 5) use of full resolution, satellite derived ocean surface wind data ; 6) use of winds derived from AMSU;  7) better use of satellite derived sea surface temperature and altimetry data; and, 8) other areas which run the gamut from improved satellite measurements to better model physics and improved parameterization schemes.  With the next generation of multispectral imagers and hyperspectral sounders, we should be able to improve on the quality, and quantity of information provided to assimilation systems for numerical weather prediction.  We must remember, that satellites provide an integrated view from the synoptic scale, through the mesoscale, to the cloud scale.  It is only through maximizing the utilization of those data that better long range forecast of hurricane motion will become a reality.

3.3
Toward improvements in numerical weather prediction

Satellites can, and must, play a major role in global and local numerical weather prediction.  That being said, assimilation of satellite data for numerical weather prediction remains one of the most crucial scientific challenges facing us today.  Some of the myriad of science challenges in this area were put forth earlier, here we will focus on the mass and wind fields.

Improvements in infrared satellite sounding instrumentation during the next decade will provide the information necessary to deduce very accurate information about temperature and moisture at high spatial resolution.  A well defined mass field will be augmented by greatly improved cloud motion vectors from the new generation of geostationary imagers and sounders.  Higher temporal observations should lead to more accurate winds, along with an increase in the number of tracers.  Better cloud height assignment will result from both stereographic and multispectral techniques.  For example, with GIFTS technology, it should be possible to use portions of the water vapor absorption spectrum to track moisture in clear regions, adding another dimension to defining the motion field for model utilization. 

While the presence of clouds is thought to some to be a hindrance for defining the motion field, with the new generation of sounders, microwave data will be used to extend infrared information beneath clouds, while at the same time provide information on precipitation and cloud liquid water.  That microwave information about the cloud will be strongly augmented by hyperspectral infrared measurements so that cloud properties will be well defined for the model.  AMSU is a global observing tool.  It’s ability to detect the driving force of the hurricane (warm core), should be expected to extendable to higher latitudes where baroclinic systems are the major weather producers.  Indeed, AMSU does detect baroclinic features very well.  Just as the hurricane’s warm core can be detected, so can the baroclinic nature of the jet stream.  When AMSU is applied in a similar manner as with hurricanes in the westerlies, very good depictions of the flow are yielded.  

4.
Conclusions

There are three obvious conclusions: a) Satellite data are an integral part of our weather forecast system, and must be fully exploited; b) We should expect great strides forward  with METOP, NPOESS, MSG and GOES follow-on; c) The advancement to improved microwave sensors and hyper-spectral imaging and sounding is a natural progression, and provides exciting new  opportunities and challenges with truly adaptive observing systems.

How can we help assure the conclusions come to fruition?  We certainly must move forward with a strong research component; a component grounded in science.  Let’s take a lesson from the giant’s who helped give us the opportunity to be involved in the exciting field of satellite meteorology.  We owe them scientific integrity, we owe it to ourselves, and we owe it to those who follow in our footsteps.  We must look to the opportunity provided by hyperspectral data which will be available from systems such as AIRS, IASI, CrIS and GIFTS.  Interferometry promises to be a major component of our future polar orbiting satellite constellations, while instruments such as GIFTS promise to be a major part of the future for geostationary observing platforms.  All countries involved in developing and providing meteorological  satellite data must become be involved in those instruments validation and assessment activities, as well as their full exploitation.  We must prepare for the veritable onslaught of data that will be available in the future, with higher spatial resolution, more frequent interval sampling, multiple satellites, and interferometry.  Satellites have limited life times, we must optimize their utilization both for monetary reasons and for our personal satisfaction as a science community.  It is imperative that we work with the NWP community to improve the utilization of satellite data in that important tool.  It is unrealistic to think that we will improve forecasting without improvements in NWP and coincident improvements in the assimilation of satellite data and products.  Those products include winds, precipitation, cloud type and a variety of other pieces of information.  The future is exceptionally challenging, and we must work with our users to insure that future is brought to a clear and exciting reality.
