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(57) Abstract: A method of predicting weather-exacerbated threats, said method comprising inputting localized weather measure -
ment data into a weather threat prediction system; predicting future localized weather conditions based on said localized weather
measurement data combined with modeling from large scale weather data including National Weather Service Data; inputting natur-
al environment and infrastructure data into said weather threat prediction system; correlating said infrastructure data with said pre -
dicted future localized weather conditions; and determining a threat level index over a region, a threat level indicating an area having
a certain probabilistic likelihood of being harmed by said future weather conditions.
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APPARATUS AND METHOD FOR PROVIDING ENVIRONMENTAL
PREDICTIVE INDICATORS TO EMERGENCY RESPONSE
MANAGERS

CROSS-REFERENCE TO RELATED APPLICATION

This application claims the priority and benefit of U.S. Continuation-In-Part
Application Serial No. 13/947,508, filed July 22, 2013, entitled APPARATUS AND
METHOD FOR PROVIDING ENVIRONMENTAL PREDICTIVE INDICATORS TO
EMERGENCY RESPONSE MANAGER, which aforesaid application is hereby

incorporated by reference in its entirety to the extent permitted by law.

Background of Invention

Field of Invention: The present invention generally relates to systems and methods
for providing decision support predictive indicators that will create real-time probability
impact information for decision makers and logistical managers when allocating resources
and man power responsive to infrastructure repair, emergency events and/or natural resource
issues, and more particularly to the impact of weather events on infrastructure, natural

resources and/or environmental conditions.

Background Of Art: Emergency Response Management is often the task of
government agencies, utilities and businesses who are charged with responding in many crisis
situations. The Federal Government utilizes the Federal Emergency Management Agency
(FEMA) to respond to major catastrophes, such as hurricanes, earthquakes, nuclear accidents,
tornados, wildfires and the like. On a more local level, utility companies tasked with
providing essential services to consumers (power, water, gas, sewage) have created internal
Emergency Management departments with the goal of responding quickly to outages often
caused by weather events. In private industry, businesses which handle chemicals and other
possibly harmful materials generally have created similar internal Emergency Management
departments which deal with chemical spills and leaks and other environmental hazards.

However, often times such emergencies are created and/or exacerbated by weather

conditions. Certainly, hurricanes and tornados are, in and of themselves, weather conditions
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which may cause tremendous destruction. Wildfires, chemicals released by leaks or spills,
and radioactive waste released in nuclear accidents are all subject to be worsened by wind.
Downed power lines are caused by high winds and flying/falling debris, such as tree limbs, or
by ice storms. Floods are generally caused by high rainfall amounts. Thus, the weather
conditions during these accidents and disasters are responsible for much of the associated
danger and service outages.

Weather prediction should be an integral part of Emergency Response Management —
knowing the present and future weather conditions can help Emergency Response
Management to send resources not only to locations that are in need. However, current
predictive techniques for weather patterns are generally performed on a national, or multi-
state regional scale. This large scale weather prediction is largely insufficient for predicting
the location of specific weather conditions with enough precision to ultimately assist
Emergency Response Management personnel. Prior art weather monitoring stations are
generally spaced 100-200 miles apart due to their expense and complexity. The wide spacing
and skyward focus of these monitoring stations largely prevents them from monitoring
ground conditions, and provides weather data accurate enough only to predict general
weather patterns.

Many kinds of threats that the utility industry, natural resource managers, emergency
responders and government agencies face are created and/or exacerbated by weather
conditions. In particular threats created by high winds, icing, and lightning strikes are among
the most difficult to predict and assess, because of their highly time-dependent geospatial
distribution. The threat posed by the dispersion of chemicals released by leaks or spills, and
radioactive waste released in nuclear accidents is also difficult to predict and assess, because
of the highly time and space dependent weather conditions. Floods are generally caused by
high rainfall amounts. Thus, the highly variable spatial and temporal variability of weather
conditions play a crucial role in how the utility industry and government agencies respond.

The utility industry knows that weather plays in the long-term management of
resources and has used long-term weather forecasts to plan the distribution of resources.
However, the use of high spatial and temporal resolution short-term forecasts pin-pointed at
specific regions has not been explored by either the utility iﬁdustry or the government
agencies charged with responding to natural or man-made disasters. Current weather
numetical weather forecasts are generally performed on a national, or multi-state regional
scale. This large-scale weather prediction is largely insufficient for predicting with enough

precision the location and severity of weather conditions to provide actionable intelligence to
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the utility industry or emergency responders. Again, as noted above, prior art weather
monitoring stations are generally spaced 100-200 miles apart due to their expense and
complexity. The wide spacing of these monitoring stations largely prevents them from
providing weather data at the local or neighborhood level, which is crucial for the utility
industry and emergency responders.

The national or multi-state regional forecasts are insufficient for more localized
weather prediction needed during an emergency. Detailed information about the character of
the wind field over a neighborhood could be the difference between whether a school can be
evacuated in time to avoid a poisonous chemical cloud, or whether it would be better for
students to remain inside. Further, a difference of just a few degrees in temperature or a few
miles per hour of wind speed over a distance of less than a mile could be the difference
between a few power lines being downed versus hundreds of thousands of people in a heavily
populated area being without power.

Also, providing alerts for weather events already in progress is not most effective
from an early warning perspective. Accurate localized weather prediction and effective early
warning is lacking. Accurate weather prediction can also be important on an individualized
basis. For example, if there is a tornado threat in a localized area, predictive weather alerts
can be important to give accurate and advance notice of the threat. Accuracy is important
because several false alarms can cause an individual to no longer give credence to the alert,
which over time can result in deaths or injuries Better accuracy is important and now-casts
are often too late. If accurate localized weather prediction and effective early warning is
provided, it can have a positive impact on safety management and significantly impact
everyday individual lifestyles by allowing an individual to better plan their daily activities in
consideration of the likely weather conditions. Outdoor activities such as weddings,
camping, hiking, cycling, golfing and others can be better managed.

Accordingly, embodiments of the present invention provide for a system and method
that monitors environmental conditions at locations spaced closer together than prior art
monitoring stations. Thus, the greater number of monitoring stations in a smaller area
provide for a higher resolution of weather data, allowing for a more precise and accurate
forecast of conditions including weather data closer to the ground. When such weather data
is correlated with relatively static infrastructure data, the present invention allows for a threat
level index to be created which indicates the localities which are most likely to be threatened
by the exacerbation of an event by the weather. Emergency Response Management may then

use the threat level index to determine where and when to martial personnel and on an
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individualized basis an individual can make be provide with information to make better

choices.

Brief Summary of the Invention

The present invention generally relates to systems and methods for providing decision
support predictive indicators that will create real-time, detailed geographical distributions of
the probability of the impact of weather events. The system and method can provide detailed
geographical distributions of the probability of the impact of weather events on infrastructure,
natural resources and/or environmental conditions and more particularly to the impact of
storm damage due to severe weather events (including, high winds, icing, and lightning
strikes) to infrastructure, for example the utility industry infrastructure, or other
infrastructure. The present invention also relates to systems and methods for prediction and
assessment of air-borne pollen, agricultural pathogens, and hazardous materials for a variety
of public and private agencies. The system and method can also provide prediction and
assessment information that make alter individualized decision. It could be as simple as
whether or not to take an umbrella.

One or more of the embodiments of the present invention provide for a system and
method for correlating localized weather predictions with relatively static infrastructure data.
In a preferred embodiment, a network of monitoring stations input weather data into the Earth
and Atmospheric Science (EAS) system. The network of monitoring stations can generally
be referred to as a local Mesonet. These monitoring stations are spaced closer together than
the 100-200 mile spacing of current monitoring stations, and are adapted to capture weather
data more often than current monitoring stations, allowing for finer resolution of weather
data. The monitoring stations or sensor suites can be remotely located and stand-alone
systems with wireless transmission capability. The monitoring stations of the local Mesonet
can also strategically placed based on certain parameters to optimize the efficacy of the
stations and their respective data. The weather prediction system then utilizes this higher
resolution weather data to predict the future weather conditions for an area, including future
near-ground level weather. The processed data from the Mesonet is combined with weather
prediction Mesoscale meteorological models operating on National Weather Service Data to
predict the short-term weather at the neighborhood scale. Given a high spatial and temporal
resolution meteorological forecast is made, the system combines the weather predictions with

infrastructure data and/or natural environment data of the area to create a threat level index
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and a graphical map presentation of any threats. As will be understood by one skilled in the
art, certain weather conditions combined with certain types of infrastructure can create
emergency conditions. The threat level index is a probabilistic tool that rates areas in which
certain infrastructure is likely to encounter certain, possibly hazardous conditions, and/or
outages, which can result in a high probability of danger and/or service outage periods.

One embodiment of the present invention is to leverage on a Supervisory Control and
Data Acquisition (SCADA) system of an electrical utility company. Many large electrical
utility companies utilize a SCADA system to monitor and relay information related line
status and other infrastructure status. The SCADA system utilized by electrical utilities
usually utilize a series of substations that are distributed throughout the electrical utilities line
and infrastructure system. The substations receive communications from various monitoring
devices that are actively monitoring line status and the status of the other infrastructure. The
substations receive the information transmitted to it wirelessly or by hardwire from the
various monitoring devices. The substation can package the data received and transmit the
status to a central server via an ethernet connection or other wide area network connection.
The central server can process the information as well as transmit the information to other
systems. This SCADA system can utilize the power lines to transmit data information or
other means. In one embodiment of the present invention the SCADA system utilized by an
electrical utility can be leveraged to transmit data from remote weather monitoring stations
from any location were there are existing power lines. Utilizing SCADA will provide a
comprehensive widespread network at low cost. The SCADA system can be equipped with
electronic conversion devices that can wirelessly or via hardwire receive data transmission
from remote weather monitoring stations and convert the data readings to a format and
protocol that the SCADA system can handle and transmit. This embodiment is using the
SCADA network available on the electrical power system in a way that was not intended but
is quite effective in leveraging the SCADA electrical utility infrastructure to create a Local
Mesonet network of weather monitoring stations that is comprehensive providing a high
degree of spatial and temporal resolution that would be much more difficult and less cost
effective to achieve without SCADA.

Therefore, one embodiment of the present invention can be a system for predicting
weather-related threats, comprising an electrical utility infrastructure having a SCADA
network adapted for monitoring and reporting infrastructure status including a plurality of
substations dispersed throughout a region serviced by the electrical utility infrastructure,

where said substations including a transceiver module operable to receive and transmit
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infrastructure status transmissions, and where said SCADA network includes a central server
communicably linked to said plurality of substations and adapted to receive and process
infrastructure status transmissions transmitted from the plurality of substations. The
embodiment can further include a local Mesonet including a plurality of weather monitoring
stations dispersed throughout the region serviced by the electrical utility infrastructure, where
each weather monitoring station including weather condition sensors and transmitters adapted
to transmit to the SCADA network data representative of the weather conditions sensed by
the weather condition sensors. The central server can be communicably linked to a wide area
network and adapted to transmit said data representative of the weather conditions over said
wide area network. An electronic converter module integral with the SCADA network can
be operable to receive and convert the data representative of the weather conditions and
transmitted by the plurality of weather monitoring stations into a format and protocol that can
be processed and transmitted by the SCADA network. An EAS computing system
communicably linked to said wide area network and adapted to receive data representative of
the weather conditions as transmitted by the central server can be adapted to present said data
representative of the weather conditions to a user interface for user viewing.

In general SCADA refers to an industrial control system and is usually a computer
based system for monitoring and controlling a process or equipment or infrastructure. The
process can be industrial, infrastructure or facility based. As discussed above infrastructure
processes may be public or private, and include water treatment and distribution, wastewater
collection and treatment, oil and gas pipelines, the specific example above - electrical power

transmission and distribution, and large communication systems. A SCADA System can

usually include the following subsystems: A Human-Machine Interface or HMI is the
apparatus which presents process data to a human operator, and through this the human
operator monitors and controls the process; A supervisory (computer) system, gathering
(acquiring) data on the process and sending commands (control) to the process; Remote
Terminal Units (RTUs) connecting to sensors in the process, converting sensor signals to
digital data and sending digital data to the supervisory system.

The term SCADA usually refers to centralized systems which monitor and control
entire sites, or complexes of systems spread out over large areas (anything between an
industrial plant and a country). Most control actions are performed automatically by remote

terminal units ("RTUs") or by programmable logic controllers ("PLCs"). Host control

functions are usually restricted to basic overriding or supervisory level intervention. For

example, a PLC may control the flow of cooling water through part of an industrial process,
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but the SCADA system may allow operators to change the set points for the flow, and enable
alarm conditions, such as loss of flow and high temperature, to be displayed and recorded.
The feedback control loop passes through the RTU or PLC, while the SCADA system
monitors the overall performance of the loop.

Data acquisition begins at the RTU or PLC level and includes meter readings and

equipment status reports that are communicated to SCADA as required. Data is then
compiled and formatted in such a way that a control room operator using the HMI can make
supervisory decisions to adjust or override normal RTU (PLC) controls. Data may also be
fed to a Historian, often built on a commodity Database Management System, to allow
trending and other analytical auditing. SCADA systems typically implement a distributed
database, commonly referred to as a tag database, which contains data elements called fags
or points. A point represents a single input or output value monitored or controlled by the
system. Points can be either "hard" or "soft". A hard point represents an actual input or
output within the system, while a soft point results from logic and math operations applied to
other points. (Most implementations conceptually remove the distinction by making every
property a "soft" point expression, which may, in the simplest case, equal a single hard point.)
Points are normally stored as value-timestamp pairs: a value, and the timestamp when it was
recorded or calculated. A series of value-timestamp pairs gives the history of that point. It's
also common to store additional metadata with tags, such as the path to a field device or PLC
register, design time comments, and alarm information.

Other control systems and communication networks having varying protocols can be
utilized including wireless systems without departing from the scope of the invention. For
example, a wireless data transmission system can be utilized, such as the wireless network
utilized for wireless devices. Also, a combination of control systems and communication
networks can be utilized whereby the various systems and networks are adapted with
interface protocols allowing the various systems and networks to communicate.

A Human-Machine Interface or HMI is the apparatus which presents process data to

a human operator, and through which the human operator controls the process. An HMI is
usually linked to the SCADA system's databases and software programs, to provide trending,
diagnostic data, and management information such as scheduled maintenance procedures,
logistic information, detailed schematics for a particular sensor or machine, and expert-

system troubleshooting guides. SCADA solutions often have Distributed Control System

(DCS) components. Use of "smart" RTUs or PLCs, which are capable of autonomously

executing simple logic processes without involving the master computer, is increasing. A
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functional block programming language, IEC 61131-3, is frequently used to create programs
which run on these RTUs and PLCs. Unlike a procedural language such as the C
programming language or FORTRAN, IEC 61131-3 has minimal training requirements by

virtue of resembling historic physical control arrays. This allows SCADA system engineers
to perform both the design and implementation of a program to be executed on an RTU or
PLC.

For example, in one embodiment of the present invention, the predictive indicator
system provides a threat level index for a weather event to a municipal electric utility
company. Infrastructure data including the location of above-ground power lines and trees
can be infrastructure and natural environmental inputs into the system. The system can then
analyze the likelihood that winds over a certain speed will occur and/or that icing will occur
in an area where both above-ground power lines and trees are present. Where it is
determined that all three of these factors are likely to overlap, a high threat level is assigned.
Thus, an Emergency Management Center of an electric utility company can be notified and
therefore, be able to decide where and when to martial manpower and how much manpower
to allocate before the crisis or outage arises.

As another example, in another embodiment, the predictive indicator system provides
a threat level index for a weather event to a sewage department. In such a situation, the static
infrastructure data may include data regarding the location and capacity of waterways and
drains, and possibly the topology of the area. The system would be able to predict the
location of heaviest rainfall in a city and the direction the rainwater would travel once on the
ground, and determine whether the sewage department would then need to reroute certain
waterways to attempt to load-level the rainfall volume across a larger portion of the city.
Thus, Emergency Response Management would be able to decide in advance where and
when to reroute such waterways.

As a third example, in another embodiment, the predictive indicator system provides a
threat level index for an environmental hazard, such as a chemical spill, or for a major
catastrophe, such as a nuclear accident. In such a situation in which a harmful agent is
released into the air, the location and amount of the release would be input into the system,
along with infrastructure data such as the location of schools and heavily populated areas.
When the location and volume of the release is correlated with the wind direction and speed
(and possibly with rain movement and humidity index in the case of a water soluble release),
a threat level can be assigned to those areas with the highest populations and/or highest

chance of encountering the release cloud. Further, knowing precisely what the speed of the
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wind will be with fine resolution allows for the calculation of the probable amount of time it
will take for the release cloud to encounter infrastructure. Thus, a FEMA and/or a business’s
Emergency Response team would be able to decide where and whether to evacuate, and
where to send the evacuees.

As a fourth example, in another embodiment, the predictive indicator system provides
a threat level index for a fire created by a major catastrophe, such as a fire caused in the wake
of an earthquake or other natural disaster, or possibly a wildfire. In such a situation in which
fire is spreading, the location and size of the fire would be input into the system, along with
infrastructure data such as the location of other flammable material, chemical holding
facilities, heavily populated areas, etc. When the location and size of the fire is correlated
with the wind direction and speed (and possibly with humidity and rainfall), a threat level can
be assigned to those areas with the highest populations and/or highest chance of the fire
spreading. An examination of previous localized rainfall and topography can also be utilized.
Further, knowing precisely what the speed of the wind will be with fine resolution allows for
the calculation of the probable amount of time it will take for the fire to encounter
infrastructure. Additionally, wildfires caused by lightning could be predicted by correlating
very dry areas with the specific areas predicted to encounter heavy lightning. Thus, a FEMA
will be able to decide where and whether to evacuate, and to where to send the evacuees.

The EAS process includes a network of weather stations deployed in key locations
throughout the region that measure various conditions, including temperature, humidity,
atmospheric pressure, wind speed and rainfall rates. These stations can be solar-powered and
can continuously feed information to a central site where the data is quality-controlled. The
quality-controlled data is then placed in a database where it can be accessed by other tools
with the EAS process to create graphics of the existing conditions and for use in numerical
weather prediction models. The Mesonet data and the high spatial and temporal resolution
meteorological forecast is not the only method utilized to understand and create an
assessment of the current and predicted weather, and to asses the risk that the weather posses
to the utility industry and to the government agencies responsible for emergency
management.

To propetly assess the current and predicted weather and to asses the risk, the
temporal and spatial resolution is maximized and the current and predicted meteorological
fields are used to derive and display parameters such as divergence, vorticity, moisture
advection, velocity shear and deformation, and gradient wind strength. Using the EAS

process developed tools a clear and decisive assessment of the current and predicted weather
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and the risk this weather poses can be clearly understood and delineated. The mesonet
stations are also strategically placed based on regional characteristics, known geophysical
trends or conditions, maximizing spatial and temporal resolution and the relevant application.
The EAS process develops a characteristic scheme that utilizes regional information
including topography, climatology and infrastructure, high spatial and temporal resolution
information and application. The meteorological fields described and how they would be
combined should be apparent to one, skilled in the art area as they review the entirety of this
specification.

Using the analysis created by the EAS process, an indication of those areas most at
risk for losing power or other threat is produced. The system rates the probability of power
loss or other threat in individual local areas on a scale from 1 to 100. A state of the art
weather prediction model (WRF) is tuned to fit the local conditions by choosing, from the
many possible choices of parameterization schemes, those parameterizations schemes that,
when combined, provide the best possible forecast. The present invention determines which
combinations of parameterization schemes that produce the highest spatial and temporal
correlation factors for the application, spatial and temporal resolution and region between the
forecasted weather conditions and observed weather conditions. Other comparable numerical
model other than WRF can also be utilized.

The larger scale numerical weather forecasts from the National Weather Service are
combined with the quality controlled high spatial and temporal resolution data from the
Mesonet using the model initialization tools produces a significantly improved WRF model
initialization that creates a forecast with the highest spatial and temporal correlation factors
between observed and forecasted weather data. The high spatial and temporal resolution
weather forecast is combined with the location of overhead power lines, and tree density and
other natural obstructions or terrain and type to create an index that provides the power
industry or other relevant user with an indication of the precise location of threatened areas,
when these areas will be affected and for how long. This high spatial and temporal index
allows the utility industry to preposition equipment and crews to minimize the disruption to
the infrastructure. The advanced warning also allows the utility industry and other entities
requiring emergency response management to maximize the allocation of personal. When
applying the EAS system to other applications other infrastructure, topography and natural
environment features may be used.

The EAS Process creates accurate, location-specific weather hours ahead of storms,

thus users will be better prepared for severe weather. This system is tied to information on

10
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trees (and other natural environmental conditions such as for example — terrain and elevation)
and power lines (and other infrastructure, such as for example roads or man-made
obstructions and structures that can impact the readings of sensor stations or impact of local
weather), it also enables users to more readily — and quickly — identify areas that have been
hardest hit by outages or damage. Data such as population density, housing density, critical
facilities, pedestrian and vehicle traffic can be utilized. This is a more efficient use of
financial and human resources and will significantly improve the company’s response and
restoration time for customers, improving system reliability.

The process as disclosed and claimed herein, which provides location specific weather
hours ahead of the actual occurrence of the weather event, can be utilized to deliver alerts and
other graphical representations illustrative of the forecast of the event and any associated alert
to a user interface of a computing system for viewing by a user including delivering such
alerts and other graphical representations to a user interface of a mobile personal computing
device such as a personal data assistant (PDA). For example a user who owns a PDA can
have a mobile application (app) installed on the PDA that receives and displays alerts and
other graphical illustrations of the weather event generated from the process directly to the
PDA. A golfer could receive updates to the weather forecast and any other weather event
that may impact a golf outing. Individuals planning outdoor events can adjust the schedule of
the event and better manage weather related decisions regarding the outdoor event. The
format of the transmissions can be adjusted for displaying on a user interface of a PDA or any
other mobile computing device.

On an individualized level, given the connectivity available through the internet,
wireless communication devices and other wireless and hardwired systems, and with
increased accuracy, weather prediction data and alerts can be provided down to the resolution
level of a large single family home subdivision, an amusement park, a golf course or a
stadium of sporting event.

The system's usefulness extends beyond pinpointed weather forecasting and the utility
industry, the utility industry is utilized throughout the specification as an illustrative example,
but in no way limits the scope of the present invention. For example, because the system
constantly monitors wind conditions, the system would have the ability to predict the path of
a cloud of hazardous material in the event of an industrial accident or bioterrorism attack.
These alerts or other forecasts can be transmitted to mobile devices of emergency

management responders.
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Another embodiment of the present invention is to utilize a methodology for
determination of the optimal place and time at which additional initialization data from
mobile sensors (including un-manned aerial system UAS) will be most useful, as a function
of the current weather conditions, and optimally deploying the mobile sensors for additional
data gathering. This strategy can be termed “targeted (or adaptive) observation”, In order to
more accurately predict weather conditions, weather sensor data may be useful aerially and/or
at a specific location. Mobile weather stations may be used in combination with stationery
station or as stand-alone weather stations. This methodology can provide a system for
optimal deployment of UAS-borne sensors to improve the prediction of weather conditions
that are of most interest to a variety of particular business (or client) interests. This system
combines (1) real-time data concerning current mesoscale weather conditions, (2) definition
of client-specific weather threats, (3) information on the current location and capacity of the
UAS-born sensor fleet, (4) data concerning existing observations from a static mesonet, to (5)
construct a penalty (or cost) function combining items (1)-(4), which is then optimized to
create a best flight plan for collection of those mobile mesoscale measurements that will have
the highest value in predicting client-specific weather events.

“Client-specific weather threats”, refers to those specific weather conditions which
create added costs for a particular business operation and are of most interest to the
client/business. Examples would be “wind gusts exceeding 35 mph during the cooling
season”, “icing accumulation of more than % inch” in a specific geographic region (of
interest to electric utilities with substantial above-ground infrastructure), or “local visibility of
less than %2 mile” at a particular airfield, “convective boundary layer depth of less than %2
km” at the site of a hazardous materials release to the atmosphere, and so on. Since these
events are particular to each forecast client, the best deployment of a UAS fleet to improve
prediction depends on the client. (For example, the electric utility may have little interest in
how much rain falls on the service territory, so improving the precipitation forecast has low
value for them. On the other hand, properly predicting the time and location of high wind
gusts has high value).

A system to obtain the most benefit from a given UAS resource in these
circumstances can be combined with the EAS process system. The primary output from the
UAS system can be generally referred to as “UAS-based Meso Data”, which represents the
data collected from the deployed UAS fleet, which is inserted into the mesoscale numerical
weather prediction model (Meso-NWP Model) as supplementary initialization data (along

with NOAA data and data from the static mesonet).
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Data pertaining to a specific client’s weather vulnerability is used to construct a
“client-specific threat map”, which defines weather events and thresholds, along with their
locations, presenting a threat to client operations. This is performed in the module “Client-
Specific Threat Function”.

A second input derived from application of an “Adjoint Meso-NWP Model” to create
a sensitivity analysis based on current weather conditions, as depicted by the current
initialization data for the Meso-NWP Model (part of the original EAS process system). This
analysis indicates geographical regions where additional initialization data, if available,
would have the most beneficial impact on the mesoscale forecast accuracy (again, accuracy
being defined in terms of client-specific weather threats).

A third input for the UAS system is information on the current location,
configuration, and flight capacity of the UAS fleet. This would include the number of
operable sensor platforms, the remaining UAS fuel (and thus, flight time), and the
configuration of the fleet components as controlled by on-board navigation and swarming
software.

The threat map, sensitivity analysis, and data on current UAS resources are then
combined into a utility (sometimes called a penalty, or cost) function as input to a
“Constrained Optimization Model”, which determines the optimal flight and configuration
for the UAS system to retrieve the required observations, subject to the applicable constraints
on UAS resources and client needs. The optimization model is a standard linear
programming algorithm commonly used in industrial control and similar applications. The
system can utilize the method of determining the probability of accurate detection/prediction
and the likelihood of a false alarm (false alarm rate). The output of this module is used to
define flight and configuration commands to the UAS fleet, in order to collect the targeted
data. Finally, this information is provided as additional mesoscale initialization data to be

assimilated into the Meso-NWP Model.

Brief Description of the Drawing

For a better understanding of the present invention, reference may be made to the
accompanying drawings in which:

Fig. 1 is an illustration of EAS network environment;

Fig. 2 is a functional illustration of EAS;

Fig. 3. is a functional illustration of a sensor suite;
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Fig. 4 is an over functional flow of the EAS process;

Figs. 4A —4C, is an illustration of the DRAS process flow;

Fig. 5 is a functional flow of the National Weather Service Data Ingest Process;

Fig. 6 is a functional flow of the Mesonet Data Ingest Process;

Fig. 7-7d is a functional flow of the Mesonet Quality Control Process

Fig. 8 is a functional flow of the Mesonet Graphics pre-processor;

Fig. 9a is a functional flow of the Forecast Model;

Fig. 9b is an illustration of a three-dimensional rendering of forecast data;

Fig. 9c is an illustration of forecast data;

Fig. 9d is an illustration of threat level data; and

Fig. 10 is an illustration of the data flow between the UAS system and the EAS
system.

While the invention is susceptible to various modifications and alternative forms,
specific embodiments thereof are shown by way of example in the drawings and will herein
be described in detail. Tt should be understood, however, that the drawings and detailed
description presented herein are not intended to limit the invention to the particular
embodiment disclosed, but on the contrary, the intention is to cover all modifications,
equivalents, and alternatives falling within the spirit and scope of the present invention as

defined by the appended claims.

Detailed Description of the Invention

According to the embodiment(s) of the present invention, various views are illustrated
in Fig. 1-10 and like reference numerals are being used consistently throughout to refer to
like and corresponding parts of the invention for all of the various views and figures of the
drawing.

Data from all over the entire globe is typically utilized in order to make a forecast.
Meteorological forecasting is performed in a global fashion. Global forecast data is available
to forecasters around the world, There is a very large global model referred to as GFS, which
stands for the Global Forecast System. Unfortunately, it is difficult to make that model work
on a localized level in order to predict weather events accurately because the resolution of the
model is very coarse - lacks sufficient resolution. Further, such a forecast system lacks the
ability to factor in local parameters that may affect the accuracy of a prediction and further

predict the impact that the weather event may cause. Depending on the season of the year the
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resolution can vary and can be somewhere between 40 and 50 kilometer resolution. This
resolution is inadequate for use in a highly localized forecasting model. The important
features that are of interest are missed. That is a common problem with all groups that make
use of these weather forecasts. The resolution from this global forecast model is too coarse.

In order to solve the problem, individual groups have attempted methods of nesting
one model with another. A larger global forecast system model is generated and then nested
with a model generated across the continental United States, and further the National Weather
Service runs yet another model that’s called the North American Meso Model, or sometimes
referred to as NAMM. That’s a finer resolution model and it’s updated more often. However
this level of nesting is still not good enough for the kinds of forecasting that is addressed by
the present invention because the resolution is still too coarse and can not be manipulated or
extrapolated as needed and still does not factor in local parameters that may affect the
accuracy of a prediction and further predict the impact that the weather event may cause.
However, as the invention is further described herein, it will become apparent that increased
resolution by itself particularly at this level also is not sufficient. However, the resolution
resulting from nesting to this level is fine enough that it can be utilized by the present
invention if the proper initialization and pre-processing is performed by the present invention
and combined with the local Mesonet data of the present invention to create the present
invention's WRF model, which stands for Weather Research Forecasting model. The finer
resolution of the WRF model can better controlled, manipulated, parameterized and modified.
By utilizing the present invention, the fineness of the resolution both in space and time can be
selected by the user.

Although more information is needed than either of these two models nested can
provide me, the present invention can utilize the information to create what can be referred to
as boundary conditions. The boundary conditions can be modeled as a cube or a matrix of
cubes, which define boundaries over which the present invention can be utilized to perform
forecasting. The cube or boundary can be considered a geographic region and the nested data
as described can be utilized to determine what the conditions are along the edges of this
model.

Conditions defined along the edges create a boundary for my model. The boundary
includes a lower boundary or something at the ground as well as something along each of the
side edges. Some of the information can be properly extracted by the EAS system from the
medium resolution model. Additional information can be captured from the EAS systems

local mesonet that has been strategically installed and implemented. The EAS system can
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also capture geographic information from a geographic data base. And this geographic data
base can include topography, soil type, soil moisture, soil temperature and other relevant
climatological geographic information from a climatological model. Further, land use
information can be extracted such as for example - it’s a farm, it’s a highway, it’s a baseball
stadium. Topography, soil type, moisture, temperature, land use information and other like
information can be extracted in order to describe the lower boundary of the model, or if you
will, domain. The cube or other practical geometry that is utilized by the EAS system can be
referred to as the model domain. In the case of a cube, the model has six sides to the domain.
Four edge domains can be extracted from the coarser or medium scale forecast. The bottom
can be extracted from the above mentioned geographic database information, which was
developed as part of the WRF model. It has a resolution of about approximately 30 arc-
seconds which is what. This allows for very fine transitions in the environment to be
discerned. The topography data is available from databases such as the database generated
by the National Defense Mapping Agency.

The EAS system can be utilized to determine the pieces of that geographic database
that is need for a particular model domain. The Geogrid routine of the EAS computing
system can be utilized to take the definition of the domain or model domain. The Geogrid
can access the database and extracts out of it the information that is needed to describe the
bottom portion of the domain referred to as the lower boundary condition. The domain can
be changed and the Geogrid can adapt the domain accordingly. This domain can be changed
and defined based on need. It is this ability to adapt the domain and the prediction need that
drives the location of the stations. The need can be time and spatial dependent, in other
words - on one hand how far in advance is the forecast needed or the forecast time window,
and this can be general referred to as the temporal resolution. There’s a second portion of the
resolution that has to do with spacing or spatial resolution. This again is driven by need. For
example the forecasting need for a large municipal electrical utility that is concerned about
the impact inclement weather may have on their infrastructure, the spatial resolution needed
can be about approximately 9 kilometers. The temporal resolution in this example can be
about approximately 15 to 20 minutes. So as the need changes the Geogrid can be utilized to
modify the domain. So the parameters that are utilized for the Geogrid come from the
definition of the need. The Geogrid can be a computer implement function or routine.

An additional piece in the EAS system is a program or function referred to a Ungrib.
Unigrib takes the large coarse domain and decodes it. National Weather Service, for

example, broadcasts this weather data information for access. The data is usually shipped as
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a large data file that is compressed and can be generally referred to as a GRIB file, which
stands for a gridded binary file. The UnGRIB function decompresses the file. Then, Metgrid
takes the lower boundary condition, and it takes the lateral boundary conditions generated by
UnGRIB and imports the information into the defined domain. Now all of the boundary
conditions that surround the defined domain have been modeled. The EAS system now has
an accurate description of the initial conditions and the boundary conditions for the model
domain.

The MetGRID, GeoGRID, and UnGRIB functions can be generally referred to as the
Mesonet pre-processor function. Another component of the Mesonet pre-processor function
is the quality control function that operates on the Mesonet data. The Metgrid processer takes
all of that information, and transforms the data into the conditions that are necessary for the
EAS system to run my model. An advantage that is provided with the EAS system is the
information that goes into Metgrid function is processed by the quality control function
which performs a quality control function on the mesonet data. The EAS system, also
generally referred to as the Quantum Weather system, utilizes data from the EAS local
mesonet and refines the data and provides a quality control function. The EAS system
incorporates all the extra local mesonet provided information that is at a much finer scale. A
function of the EAS system is import mesonet data into Metgrid. However, the pre-
processing including quality control provides for greater accuracy. The pre-processor
function can be implemented with a computing system comprising the computing elements
and components and functional computing modules illustrated in Figs. 4, § and 9a.

For example, a lot of information that comes out of this mesonet is affected by things
that aren’t related to the weather. A classic example is when a municipal utility company has
infrastructure that is downwind from a very large sign or other like obstruction on the side of
the interstate such that the sign or other obstruction acts somewhat as a wind-shield. Even if
a wind sensor is located in the area, the wind seen at the infrastructure will differ from that
seen in the immediately surrounding area. The same thing can occur with building or natural
obstructions. The EAS system can also perform other quality control functions like making
adjustments for sensor station placement or making adjustments when there is an
atmospheric tide in the atmosphere that actually causes the pressure — even when there is no
weather — to vary in a cyclical manner, or making adjustment when the wind direction, wind
speed, the temperature and pressure are correct, but the relative humidity always reports zero.
Mobile devices can also be deployed in order to overcome hindrances to accurate weather

prediction. In addition to the quality control function and the Mesonet pre-processor
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function also performs an assimilation or ingest of data function, where Metgrid incorporates
data into the model.

The domain as described above can be broken up into a series of little cubes.
Viewing the domain from the top down picture shows a grid of squares. However, sampling
of the atmosphere, is not only just on the ground, but is also vertical. The method that EAS
uses to solve the equations forward in time requires that we have the information (initial
conditions) at regular uniform intervals in space, and these cubes should be uniform in size.
They all should be the same size and information is needed at the cube intersections.
However, typically sensors, thus data, is not available at those grid intersections. For
example, typically one of the biggest users of weather information in the 20’s, ‘30’s, ‘40’s
and ‘50°s was airports. Therefore, a majority of the National Weather Service observations
are taken at airports. So typically sensor station have been somewhat clustered around major
cities, thus not importable in a uniform grid. Importing the information or data into a nice
rectangular uniform grid can be referred to as an objective analysis.

Therefore, not only are the stations from the National Weather Service irregularly
spaced, they are also not strategically space for the local mesonet. Therefore, the ability to
transform the information in an objective fashion onto the individual grids is problematic.
With the present invention, there is an objective analysis method that is used to perform this
function. There is a method that is utilized by the EAS system that can generally be referred
to as the ObsGRID function that transforms all of the information from an irregularly spaced
network of stations and puts imports the information on uniform cubical grids in a fashion
that is sufficiently accurate for the necessary predictions. A Nyquist sampling technique can
be utilized, which can be used along with a Barnes and/or Cressman sampling technique.
This transformation is necessary for the ingest process.

ObsGRID transforms the data in a manner that can be ingested by MetGRID.
Obsgrid generates something that Metgrid can read and it takes all of the pieces together, this
material from the objective analysis, the National Weather Service, the lower boundary
conditions, describing the topography, the land use, the soil moisture, soil temperature, and
all other information, and combines it together to produce for the domain, a model domain,
having lateral and lower and initial boundary conditions. The model boundary conditions
describe the initial state of the atmosphere. In order for this model to work for prediction
purposes, the EAS system accurately describes the state of the atmosphere when the model
starts, which can be referred to as initial conditions. Further, the EAS system updates data at

such a frequency that‘ability to initialize the model at an arbitrary instance in time is highly
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selectable. Typically previous systems could only initialize a forecast model at six (6) hour
intervals and the upper atmospheric conditions may be data from a previous 12 hour interval.
As indicated above sampling of the atmosphere with the EAS system occurs not only just on
the ground, but it is also performed in the vertical as well. Therefore, EAS has strategically
placed stations that samples in the vertical, which differs from the National Weather Service.
So the data is in a full three dimensions. In addition to the three dimensions the EAS system,
as discussed above can initialize the model at selected arbitrary times, which adds what can
be referred to as a fourth dimension - three spatial dimensions and one in time, as well. So
EAS is working in four dimensions and not just three because of the near real time data.

When the EAS is developing a forecasting model, the parameterization scheme can be
tuned to address the specific forecasting need. For example, if high winds are of concern
because of a potential adverse impact on an asset of concern then the EAS system must be
able to forecast with a high level of accuracy the location of the high winds. To do an
accurate forecast the EAS system will need to make sure to tune the model to produce the
highest quality convection, i.e, the thunderstorms and clouds, and associated with that highest
quality convection cloud forecast, a high quality wind forecast. Different parameterization
schemes may be selected in order to optimize the forecast. Different parameterization
scheme may be different depending on the different forecast need. Further, the EAS local
Mesonet data can provide near real-time conditions such that the selection of the
parameterization scheme can be based on that real-time information. There are generally four
(4) categories of parameterization schemes - Surface Layer Parameterization having three (3)
schemes, Boundary Layer Parameterization having four (4) schemes, Micro-physics having
eight (8) schemes, and Cumulus having six (6). For example if a municipal electrical utility
has a need where they are concerned about damage to assets caused by high winds, then EAS
can select a parameterization scheme optimized for convection and the high winds associated
with it. That now chooses how EAS will parameterize certain features within the model.

An example of how a parameterization scheme works is as follows, if EAS defines on
of the cubes in the model as 1 kilometer on the side and 500 meters tall. For some clouds —
or for some types of clouds — the system would completely fill this cube with the cloud, and
may even extend the cloud on either side of the cube in the model. In which case, the system
can describe the processes within the cloud very easily with this 1 kilometer cube. However,
what happens when there is just the beginnings of a thunderstorm and it just begins to start
up, and it just fills up only a portion of that 1 kilometer cube. The system couldn't describe

accurately that cloud entirely. However the system can explain or describe its effects on
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what’s going to happen within this 1 kilometer cube. There is a method that can be used such
that even though it can't see the cloud itself, it can see the effects of the cloud on that
particular cube. That’s known as a parameterization scheme.

As mentioned above, there are various types of parameterization schemes, such as for
example, there’s a boundary layer parameterization scheme. Very close to the ground, for
example, there is a layer that is about approximately 500 meters deep or typically S00 meters
deep. There can be a lot of turbulence within that 500 meter layer. The system can’t describe
all of that turbulence within that little 500 meter depth, but it can tell you what effect that
turbulence has on this one whole block of the atmosphere - this one little 1 kilometer cube.

So there’s a boundary layer parameterization. There is also a cumulus cloud
parameterization. Inside of clouds, there’s this whole process where ice is converted into —
well, I raise air up in the atmosphere, it cools off, it forms water, it forms ice droplets, it rains.
That process is far too small scale to describe on this 1 kilometer square, however, it can
describe the effects of that process on what’s happening inside that cube. Those are known
as parameterization schemes.

The model can provide choices. If running the model at a very fine resolution, 200
meters, then do not need a cumulus parameterization scheme. The system can accurately
describe the cumulus clouds at 250 meters. The model allows for choices to be made. For
the boundary layer, if data is available, the Metgrid / Obsgrid process will allow the first 500
meters to be described if the observations are available. The model and the Obsgrid is
generalized and flexible enough so that it can get the data, it can be process and the
parameterization scheme can actually be removed and the boundary layer can be describe
exactly. The actual real-time data from the EAS local Mesonet can provide information.
Therefore, the system is flexible enough that it can choose between just describing the effects
or actually reproducing whatever is happening there in the atmosphere completely.

A database of the most effective parameterization schemes for a given need can also
be assembled and accessed by running the model with and without various surface layer
parameterizations with and without cumulus parameterization and by taking a look and
verifying the quality of the forecast for each one of these possible choices of parameterization
schemes. Within, for example, the cumulus parameterization, there is actually a selection —
there’s three or four options that can be chosen — there’s three or four different cumulus
parameterization schemes and you can pick one. Or you could pick the other. Or you could
pick none and actually reproduce the atmosphere entirely. The net result is a decision about —

for a specific problem, what particular choice provides the best quality forecast, and the
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outcome would likely be different for different applications.  The refinement of the
optimization of the parameterization scheme is something that is an on going process. There
is an automated tool that generates a skill score that rates the effectiveness of a
parameterization scheme for a given need. The EAS system can review the skill score daily
and so long as nothing happens or that skill score doesn’t change dramatically, the system
will have no need to make corrections. Other times, it is a flaw within the mode] or the
parameterization scheme itself, which can be corrected.

There are different forecast and prediction needs depending on the asset of concern.
In the case of a municipal electrical utility the assets of concern may be power lines and the
like and the threat of concern may be icing. Typically an 8 hour window of warning is
needed to appropriately plan for such a weather event. However, in the case of a sporting
event you may need less than an hour window of notice. For example, in the case of a
baseball event you may need only about 5 minutes or 10 minutes warning to cover the field.
In other words - what is happening now in the nearby surrounding area can be used to better
provide weather prediction. Even with some sophisticated RADAR systems, this is not
achievable, which is the reason why many forecasting meteorologist receive input from
sightings by human weather watchers. However, human monitoring can not provide accurate
weather data. The local mesonet of the EAS system will solve this problem and actually will
watch the progression of the storm move across the local mesonet and when it gets to about
10 minutes away, for example, can provide adequate warning.

So part of the solution provided by EAS to the question of how big the domain is and
how to place stations is very dependent on the particular problem that is trying to be solved.
It is a time problem in the sense of how much is needed. It is also a spatial problem because
EAS must determine how much spatial coverage is needed or how far to go back to get
enough upwind or upstream data. So, the placement of the sensor stations for EAS is
dependent in space and time on how much lead time is needed. Thete is a spatial and
temporal resolution. The location of assets of concern is also a driver for placement of the
sensor stations. Further, unique natural or land-use or infrastructure conditions can be a
driver as well as known prediction problems. EAS has an optimization scheme to address the
various needs.

There also may be areas of interest were EAS has determined an effective
parameterization scheme in a particular region is not feasible thus actual data is needed thus
driving the placement of sensor stations in the local mesonet. EAS is designed with locations

to fill in gaps where information is needed to have an answer to or description of conditions
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so that EAS can report what is actually happening on a regular basis based on what is seen
across the network in terms of how much longer, for example the icing event, is going to
continue and how heavy the icing was going to be and how fast is it accumulating. The EAS
can also deploy mobile weather stations in a configuration to fill in the gaps. The EAS
system also allows for user input to make adjustments just based on user knowledge of
current conditions or historical knowledge. Thus a user can alter the boundary layer
parameterization scheme. There’s a different choice for that particular combination. And so
there’s a list of these, all of these combinations that we, you know, have, there’s this great big
table that says if this is happening, then go pick this particular set of parameterization
schemes.

EAS can also provide a threat index for an event that is designed to identify problem
areas of interest that merits action or a closer watch. The threat index level can be
determined by considering a combination of three factors including 1.) the type of asset; 2.)
weather conditions that can potentially place the asset at risk; and 3.) special conditions in
the area that can potentially amplify the threat. In the case of an electrical utility, the asset
could be power lines or high tension towers. The weather conditions could be icing or high
winds. The special conditions could be trees hanging over the power lines. The threat index
could be a level rating of 0 to 100 where 100 is the highest threat level. EAS determines at
what geographic locations and what predicted times will all three of those conditions exist
and attach to that a number.

Therefore, for example, if you have winds of about approximately 70 miles an hour
predicted 3 hours from now in a particular location and you there are overhead structures in
the area and they have trees located there that are full of leaves and the soil moisture is high, -
this will likely result in a very high threat index. However, if you have a location where
there’s hardly any trees and there’s no overhead lines because it’s all new construction, then
the threat index would be substantially lower. A map grid of an area can be generated and
the threat index data can be overlayed over the map. A graphical representation of high
winds or icing for example can be provided as well as color high-lighting various regions
having various threat indexes. The map will evolve and transition over time as the weather
threat passes over. The system can also take into consideration historical climatology such as
for example historical freeze lines to adjust prediction and this climatology information can
also be used for EAS sensor station placement.

Utilizing the SCADA communication network available over power lines has

facilitated the ability to place EAS sensors in areas that would have typically required
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satellite or short wave communication capability because in some areas there are no
communication means. There aren’t very many places in the US where there isn’t electric
power. This SCADA interface allows the EAS sensor stations to make an internet connection
across a power line. And so that means now wherever there’s a power line or some sort of
electric power socket or something else like that, EAS can gain access to the SCADA
communications network that runs on the power lines. SCADA is a standard protocol system
control access and data analysis network. SCADA probes the entire power line infrastructure
every few milliseconds. To access SCADA, an electronic conversion device is utilized to
translate the SCADA protocol to that of a standard ethernet. So that means that an EAS
sensor station can be placed anywhere there is an electric power line. The strategically
placed EAS sensor station can monitor and communicate time, temperature, relative
humidity, pressure, wind speed, wind direction, precipitation and the battery power or the
charge rate due to the level of solar energy present, which tells how much sunshine. Use of
an electric utility SCADA network to communicate information from the remote weather
stations facilitates the ability to establish a local Mesonet network.

One embodiment of the present invention comprising a localized near term weather
prediction function, a current static state environment input, a current static state
infrastructure input, and a threat analysis function teaches a novel apparatus and method for a
threat level index to predictor which indicates the localities which are most likely to be
threatened by the exacerbation of an event by the weather, thereby equipping Emergency
Response Management to then use the threat level index to determine where and when to
martial personnel.

The EAS Process can use a solar powered, wireless Ethernet connected
meteorological sensor suite. The solar charged battery supply is guaranteed to provide
continues operation below 60 degrees latitude and will operate for at least 60 days without
sun. Since there is no connection between the sensors and the power line, damage from
thunderstorms is virtually eliminated and the sensors are immune to power line voltage
surges. There can be wireless connectivity between the sensor station and the SCADA
substation. The SCADA substations are located in areas where there are power lines. Thus
the substations can be communicably connected via wireless transceivers to the EAS stations.
The initial sensor calibrations for wind, temperature, relative humidity and barometric
pressure are traceable to the National Institute of Standards and Technology. The passive
solar shield for the temperature and humidity sensors are modeled after the ones designed by

the National Weather Service. The meteorological sensor suite is capable of sampling the
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data every 2 seconds and transmitting data every 2 seconds. Thus the sensor suite is able to

collect near real-time data. It is important to note that any wind gusts are not missed as the

peaks are captured. In the current configuration, data is averaged over a one minute period

before being transmitted to the central site. The averaging interval is remotely adjustable to

handle different meteorological events. The sensor suite can include:

Anemometer
« Range: 0 - 67 meters per second
+ Resolution: 1.0 unit.
« 1 meter per second
o 1 degree
« Accuracy: + 2% of full scale.
Temperature
« Range: -66° to +166° F; -54° to +74° C.
+ Accuracy: £ 1° F; £0.5° C.
Relative Humidity
« Range: 0to 100 % RTY.H.
o Accuracy: +2 % at 25° C. Temperature compensated from -40° to 85°C

Barometer

« Range: 551 to 1084 Millibars (hPa), absolute reading. Digital offset for site
altitude.

« Accuracy: + 1.69 Millibars (hPa) at 25°C. Temperature compensated from -
40° to 85°C.

Rainfall

« Range: Unlimited Tipping bucket with 8-inch diameter collector.

+ Resolution: 0.01"; 0.25 mm.

e Accuracy: + 2% at 1 inch per hour.

Transceivers

« Range: Up to one-mile line of sight. Walls or other RF absorbing structures
may reduce range.

« Frequency: 2.4 GHz spread spectrum 802.15.4. F.C.C. Approved.

°

The weather station can be stationery or mobile.

24



10

15

20

25

30

WO 2015/013249 PCT/US2014/047561

Given that SCADA is a standard protocol system control access and data analysis
network and that SCADA probes the entire power line infrastructure every few milliseconds,
the ability for EAS stations to communicate across the SCADA network alleviates the need to
invest in a huge infrastructure. The wireless transceivers at the substations can be equipped
with an electronic module that take data transmissions from the local Mesonet stations and
convert the transmission to a SCADA protocol format that can be transmitted across SCADA
to a central location where the transmission can be converted to transmit the data via the
internet to the EAS computing systems. The universal protocol of SCADA for electrical
utilities across the country makes the present invention easily transportable from one region
to another.,

In order to insure that only correct data from the Mesonet are incorporated into the
EAS process the data from the Mesonet stations is carefully examined. The data from each
station is checked to insure that the values are within realistic ranges (level 1 check). The
data is then compared against values for the same station for previous times (level 2 check) to
insure that a single miss-transmission of data has occurred. The data is then compared with
data from nearby stations to insure that several miss-transmissions or contaminated data have
not occurred. In addition to the data from Mesonet, the EAS process also receives the larger
scale model initialization data. The EAS process then performs the analysis of the existing
weather conditions, creates the high spatial and temporal resolution forecasts, and creates the
analysis and forecast graphics and web pages. A specialized computing facility is needed,

and in this instance a High Performance Computing (HPC) facility can be used.

Traditionally, computer software has been written for serial computation. To solve a
problem, an algorithm is constructed and implemented as a serial stream of instructions.
These instructions are executed on a central processing unit on one computer. Only one
instruction may execute at a time—after that instruction is finished, the next is executed.
Parallel computing, on the other hand, uses multiple processing elements simultaneously to
solve a problem. This is accomplished by breaking the problem into independent parts so
that each processing element can execute its part of the algorithm simultaneously with the
others. The processing elements can be diverse and include resources such as a single
computer with multiple processors, several networked computers, specialized hardware, or
any combination of the above.

The single-instruction-single-data (SISD) classification is equivalent to an entirely

sequential program. The single-instruction-multiple-data (SIMD) classification is analogous
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to doing the same operation repeatedly over a large data set. This is commonly done in signal
processing applications. Multiple-instruction-single-data (MISD) is a rarely used
classification. Multiple-instruction-multiple-data (MIMD) programs are by far the most
common type of parallel programs. Parallel computers can be roughly classified according to
the level at which the hardware supports parallelism. This classification is broadly analogous
to the distance between basic computing nodes. These are not mutually exclusive; for
example, clusters of symmetric multiprocessors are relatively common. A cluster is a group
of loosely coupled computers that work together closely, so that in some respects they can be
regarded as a single computer. Clusters are composed of multiple stand-alone machines
connected by a network. While machines in a cluster do not have to be symmetric, load
balancing is more difficult if they are not. The most common type of cluster is the Beowulf
cluster, which is a cluster implemented on multiple identical commercial off-the-shelf
computers connected with a TCP/IP Ethernet local area network.

The HPC facility makes use of Message Passing Interface (MPI) standard to
decompose a program that is to be run on a cluster into segments that can be safely run on
individual nodes of the cluster. The primary or master node that initiates the process passes a
segment to the individual nodes in the cluster via the MPI software. Once each node has
completed its segment, it passes the information back to master node again via the MPI
software. The EAS process currently uses COTS computers from Sun Microsystems running
the Solaris operating system. The use of clustered COTS computers allows the creation of a
HPC facility at minimal cost.

Connecting together the individual weather stations would traditionally require a
dedicated Ethernet or a radio to transmit the data from the weather station to the central
facility. The dedicated Ethernet connection has proven to be too expensive to use in an
ongoing basis and is only in use for special short-term projects. Although the radio based
links are possible their limited bandwidth prevent rapid transmission of data from the remote
site to the central facility. Working in cooperation with the electric power industry, the data
from the remote stations are connected to the power industry's Supervisory Control And Data
Acquisition (SCADA) network. The SCADA network makes use of the power lines to
monitor and control the electric power grid, monitor and read electric power meters and
notify the power company of anomalous conditions. This high bandwidth connection allows
the weather data to be piggy-backed onto the existing data stream. This allows the weather
stations to be monitored continuously. Since the electric power industry has facilities located

throughout any region the networked weather station can be placed anywhere the electric
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power industry or any other group making use of the SCADA network is located, including
water treatment and distribution, wastewater collection and treatment oil and gas pipelines,
and large communication systems.

The details of the invention and various embodiments can be better understood by
referring to the figures of the drawing. Referring to Figs. 1 and 2, an illustration of one
embodiment of an EAS environment is provided. As previously discussed the sensor arrays
can be remotely located strategically based on regional characteristics, maximizing spatial
and temporal resolution and the specific application, for example an electrical utility. The
sensor array includes an anemometer, a temperature sensor, a humidity sensor, barometer, a
rainfall detector and a wireless transceiver. The sensor array must be place atop an electrical
pole, tower or other high structure that allows for mounting of the sensor array such that the
sensing is unobstructed. The sensor array can be solar powered, battery powered or powered
by a proximate electrical line. A battery power source can be rechargeable that is recharged
by a hardwired electrical source or by solar power.

The transceiver can transmit the sensed data wirelessly to a substation that can buffer
the data and transmit the data via an Ethernet interface to a SCADA network. For example in
the utility industry, SCADA networks are often already in place to monitor the operation of
the infrastructure, for example the operation of a substation or a transformer. An existing
SCADA network will have a data protocol whether the protocol is proprietary or a standard
protocol. Therefore a converter for converting the sensor data to a protocol or format of a
SCADA network may be necessary. A converter or concentrator can be installed at the input
of the SCADA system for converting the sensor data. Once the sensor data is converted, it
can be sent to a SCADA server which can process the data for transmission to a central
location where the data can be evaluated. The information can be transmitted by the SCADA
server over a wide area network, for example the Internet, to a EAS system. The EAS system
can receive the information sent over a wide area network through a proxy server, which can
transmit the information to a EAS master node server. The EAS master node server can
decompose and parse the data for further processing by the multi-core client node servets.

Placement of a sensor station for the local mesonet can be determined by considering
three primary parameters and they are - 1.) the type of weather threat/event of concern; 2.)
the type and location of the asset that is potentially threatened; 3.) extraneous unique local
conditions that may render an otherwise predictable environment unpredictable or magnify
the threat level of the weather threat/event even when the weather threat/event would have

normally been a non-event. Item 1.), though considered, can be rendered of little or no effect
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if each sensor station placed has the entire suite of sensor types and the sensor station is
optimally placed such that each sensor type will get a good reading. The stations also can
have the ability to sample in the vertical. However, placement of a station for optimal
reading of all sensor types will be overridden if the asset of concern is most threatened by a
particular type of weather threat/event such that placement is skewed toward a placement that
provides best sensing capability for that particular type of weather threat/event that the asset
is most endangered by. For example, a power line may be most threatened by icing or high
winds. Therefore, the most heavily weighted parameter can likely be the type and location of
the asset that is potentially threatened. Placement of sensor stations are made to provide the
best coverage for the assets of concern and placement of stations are skewed toward a
placement that allows for best sensing of a weather threat/event of most concern. Item three
can be natural or man made obstructions or objects or climatologically induced conditions
that hinder normal predictive capabilities or that can increase the threat level above what it
would otherwise normally be. For example, a building may hinder an accurate reading of
wind conditions. Traditional placement of sensor stations have typically resulted in
placement of sensor station in and around major airports because of there typical proximate to
large metropolitan areas. If it is decided to install an EAS system in an region, then sensor
stations can be installed strategically at various locations as dictated by the above parameters
in order to form a local mesonet network, which provides coverage for the assets of concern
in the region. The local mesonet can be implemented and layered in combination with other
available data as discussed above.

Referring to Fig. 3 an illustration of a representative sensor suite is provided. The
sensor suite can include an Anemometer sensor having a range of about approximately 0 - 67
meters per second and can have a resolution of 1.0 unit, 1 meter per second, 1 degree with an
accuracy of + 2% of full scale. The sensor suite can have a temperature sensor having a
range of about approximately -66° to +166° F ( -54° to +74° C ) with an accuracy of about
approximately & 1° F (£ 0.5° C). The suite can include a sensor to detect relative humidity
having a range of about approximately 0 to 100 % RH with an accuracy of about
approximately =+ 2 % at 25° C and with a temperature compensated from about approximately
-40° to 85°C. The suite can include a barometer having a range of about approximately 551
to 1084 Millibars (hPa), with an absolute reading, a digital offset for site altitude and an
accuracy: = 1.69 Millibars (hPa) at 25°C and temperature compensated from -40° to 85°C.
The suite can include a rainfall detector having an unlimited tipping bucket with 8-inch

diameter collector with a resolution of about approximately 0.01" ( 0.25 mm), and an
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accuracy of about approximately + 2% at 1 inch per hour. The suite can include wireless
transceivers having a range of up to one-mile line of sight with a frequency of 2.4 GHz
spread spectrum 802.15.4. F.C.C.

A RADAR system is another type of sensing device that can be utilized for
meteorology. Generally, the category of RADAR systems commonly referred to as Doppler
RADAR can be utilized. This implementation can use a Doppler RADAR system in
combination with other sensing devices discussed herein or can be used independently. A
Doppler analysis can provide a more accurate higher spatial and temporal analysis of the state
of the atmosphere than is possible with other tools. This higher quality analysis of the state
of the atmosphere can provide a higher quality initial state for the model. There can be
limitations in that the domain of the analysis is smaller than with other methods, but in
combination they provide a powerful tool to initialize the model. When used in combination,
the implementation can generally be referred to as a Earth and Atmospheric Science/Doppler
RADAR Analysis System (EAS/DRAS); and when used independently, this implementation
can be simply referred to as DRAS.

RADAR equipment may perform a three dimensional sampling of radial velocities of
precipitations, However, there are often problems in synthesizing the raw radial velocity
fields to obtain three dimensional wind fields. One difficulty in three dimensional wind
recovery is due to the use of an air mass continuity equation for resolving the vertical air
motion. Using three or more radars can help in determining a vertical air velocity
component, however, the radars can typically operate at low elevation angles, which can take
away from the vertical component detection and the measured vertical motion is that of
precipitating particles and can be corrected for their terminal fall velocity. Radial wind
velocity can be utilized to infer information regarding the horizontal wind field. Also
reflectivity observations can be utilized to retrieve the complete three-dimension wind field.

Knowledge of the three dimensional wind field as well as pressure and temperature
perturbations at different scales of motion is of extreme importance for a wide range of
meteorological applications. A Doppler RADAR is capable of sampling the eddy structure of
convective-scale flows in time and space, although only measure one wind component out of
three. Radial velocities can be detected by Doppler RADAR equipment, but retrieval of the
kinematic and thermodynamic properties of the flow is also needed.

Initial and boundary conditions of a numerical model can be determined that
minimize the difference between radar observations and corresponding variables forecasted

by the numerical model. This method can be seen as an inverse method where the unknown
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model parameters are derived from observations distributed in space and time. In addition,
instead of determining the state of a numerical model, Doppler RADAR observations can be
inserted into the numerical model. Each time the radial velocity is inserted, two other wind
components can be adjusted with respect to the continuity equation and some mean
quantities. Then the pressure and temperature perturbations can be retrieved. The first step
can be considered a diagnostic step, whereas the second can be considered a correction
procedure that forces the model variables to match observations. Refined quality control,
editing and analysis techniques can provide a more accurate three dimensional wind field
recovered from the observed radial velocities and RADAR reflectivities.

A Doppler RADAR is a specialized RADAR that makes use of the Doppler effect to
produce velocity data about objects at a distance. It does this by beaming a microwave signal
towards a desired target and listening for its reflection, then analyzing how the frequency of
the returned signal has been altered by the object's motion. This variation gives direct and
highly accurate measurements of the radial component of a target's velocity relative to the
radar. Doppler RADAR is used in aviation, sounding satellites, meteorology, police speed
guns, radiology, and bi-static radar (surface to air missile).

Partly because of its common use by television meteorologists in on-air weather
reporting, the specific term "Doppler Radar" has erroneously become popularly synonymous
with the type of radar used in meteorology. Most modern weather radars use the pulse-
doppler technique to examine the motion of precipitation, but it is only a part of the
processing of their data. So, while these radars use a highly specialized form of doppler
radar, the term is much broader in its meaning and its applications.

The Doppler effect (or Doppler shift), named after Austrian physicist Christian
Doppler who proposed it in 1842, is the difference between the observed frequency and the
emitted frequency of a wave for an observer moving relative to the source of the waves. It is
commonly heard when a vehicle sounding a siren approaches, passes and recedes from an
observer. The received frequency is higher (compared to the emitted frequency) during the
approach, it is identical at the instant of passing by, and it is lower during the recession. This
variation of frequency also depends on the direction the wave source is moving with respect
to the obsetver; it is maximum when the source is moving directly toward or away from the
observer and diminishes with increasing angle between the direction of motion and the
direction of the waves, until when the source is moving at right angles to the observer, there

is no shift.
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An analogy would be pitcher throwing one ball every second in a person's direction (a
frequency of 1 ball per second). Assuming that the balls travel at a constant velocity and the
pitcher is stationary, the man will catch one ball every second. However, if the pitcher is
jogging towards the man, he will catch balls more frequently because the balls will be less
spaced out (the frequency increases). The inverse is true if the pitcher is moving away from
the man; he will catch balls Iess frequently because of the pitcher's backward motion (the
frequency decreases). If the pitcher were to move at an angle but with the same speed, the
variation of the frequency at which the receiver would catch the ball would be less as the
distance between the two would change more slowly.

From the point of view of the pitcher, the frequency remains constant (whether he's
throwing balls or transmitting microwaves). Since with electromagnetic radiation like
microwaves frequency is inversely proportional to wavelength, the wavelength of the waves
is also affected. Thus, the relative difference in velocity between a source and an observer is
what gives rise to the Doppler effect. Objects moving toward an antenna increases the
reflection wave’s frequency, while objects moving away from the antenna decreases the
wave’s frequency. Rain drops and other objects in the air can reflect a radar emission signal.

Weather radars send out radio waves from an antenna. Objects in the air, such as
raindrops, snow crystals, hailstones or even insects and dust, scatter or reflect some of the
radio waves back to the antenna. Weather radars, including Doppler, electronically convert
the reflected radio waves into pictures showing the location and intensity of precipitation.
Doppler radars also measure the frequency change in returning radio waves. Waves reflected
by something moving away from the antenna change to a lower frequency, while waves from
an object moving toward the antenna change to a higher frequency. The computer that's a
part of a Doppler radar uses the frequency changes to show directions and speeds of the
winds blowing around the raindrops, insects and other objects that reflected the radio waves.
These pictures of wind motions in storms, or even in clear air, can be used to more clearly
understand what's happening now and what's likely to happen in the next hour or two.

The formula for radar doppler shift is the same as that for reflection of light by a
moving mirror. There is no need to invoke Einstein's theory of special relativity, because all
observations are made in the same frame of reference. The result derived with ¢ as the speed

of light and v as the target velocity gives the shifted frequency (Fr) as a function of the
original frequency (F f):
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The "beat frequency", (Doppler frequency) (F d), is thus
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Since for most practical applications of radar, ¥ <& €, so (C - v) —+ €, We can then write:
Fi
c
There are four ways of producing the Doppler effect. Radars may be coherent pulsed

deQU

(CP), pulse-Doppler radar, continuous wave (CW), or frequency modulated (FM). CW
Doppler radar only provides a velocity output as the received signal from the target is
compared in frequency with the original signal. Early Doppler radars were CW, but these
quickly led to the development of frequency modulated continuous wave (FM-CW) radar,
which sweeps the transmitter frequency to encode and determine range.

The CW and FM-CW radars can normally only process one target, which limits their
use. With the advent of digital techniques, Pulse-Doppler radars (PD) were introduced, and
Doppler processors for coherent pulse radars were developed at the same time. The
advantage of combining Doppler processing with pulse radars is to provide accurate velocity
information. This velocity is called range-rate. It describes the rate that a target moves
toward or away from the radar. A target with no range-rate reflects a frequency near the
transmitter frequency and cannot be detected. The classic zero doppler target is one which is
on a heading that is tangential to the radar antenna beam. Basically, any target that is heading
90 degrees in relation to the antenna beam cannot be detected by its velocity (only by its
conventional reflectivity).

One implementation of the system is able to recover the three dimensional wind field
perturbation pressures and perturbation temperatures in real-time from multiple Doppler
radars. The perturbation pressure field is the interaction of an updraft with the ambient
environment and a bias toward one cell. Potential temperature perturbation is defined as the
difference between the potential temperature of an atmospheric boundary layer and the
potential temperature of the free atmosphere above the atmospheric boundary layer.

Boundary layer three dimensional wind field, temperature perturbations and pressure
perturbations are an important factor in governing spatial distributions and temporal

variations of weather and atmospheric conditions in any given region. Standard upper air
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observations lack temporal and spatial resolution and can lead to an inadequate description of
the three dimensional wind field, temperature perturbation and pressure perturbations, This
is particularly true in area having complex terrain or areas having large infrastructure, such as
large urban areas. Synoptic-scale flows can be greatly modified by topography and
mesoscale and local thermal forcing. Low level wind fields, temperature perturbations and
pressure perturbations can be unpredictable and vary significantly in areas having complex
terrain.

The EAS/DRAS implementation utilizes refined quality control, editing and analysis
techniques to recover a more accurate three dimensional wind field from the observed radial
velocities and radar reflectivities. The more accurate three dimensional wind field provided
by the EAS/DRAS implementation can then be used with an inversion technique to compute
realistic perturbation pressures and perturbation temperature fields and a measure of the
magnitude of errors in the recovered fields. The EAS/DRAS implementation can be
exercised with as few as two land based radars and can be adapted to work with ship borne
radars, aircraft borne radars, and mobile land based radars. The EAS/DRAS implementation
can recover these fields in real-time allowing radar operators to make more informed
decisions about meteorological conditions and three dimensional wind fields. The more
accurate three dimensional wind field can be used with an inversion technique to compute
realistic perturbation pressures and perturbation temperature fields, and error magnitudes in
the recovered fields, therefore, can be used to predict wind field changes and wind loading
over a time duration. This can be particularly useful with wind turbine wind farms, where the
wind predictions can be used for tuning or orienting a wind turbine for maximum generation.
Predicting the wind fields around the wind turbines with the appropriate spatial and temporal
scales necessary to initialize numerical models at scales under 4km and 10 minutes; and can
be crucial to efficient management of a wind farm.

One implementation uses a multiple-Doppler radar system which has the ability to
retrieve the three-dimensional wind field. There are four primary parameters involved when
observing a wind field using radar and they are (u-longitudinal velocity, v-lateral velocity, w-
vertical velocity, and Vt — terminal velocity). For example four radars can be utilized
providing four independent samples. Three Doppler radars can be used to recover the three-
dimensional winds by using three horizontally pointing radars and one vertically pointing
radar can be used. However, a single Doppler radar can also provide useful information
concerning the structure of convective storms. The dual Doppler radars can be utilized to

recover the u, v and w wind components from the radial velocities obtained from the
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Doppler radars. Then the perturbation pressures, densities and temperatures can be recovered
from the three dimensional wind field. The theory and procedures behind processing the dual-
Doppler radar data and recovering the thermodynamic information are somewhat dissimilar,
yet they are dependent on each other. Changes in the method of recovering the perturbation
pressures necessitate changes in the method for recovering the wind-field and vice versa. This
interdependence requires that the theory and procedures be dealt with together.

In one implementation the radial velocities can be expressed as a function of u,v, and
w wind components. The terminal velocity can be expressed from the relationship to
equivalent radar reflectivity. The vertical velocity can be expressed from the anelastic
continuity equation. The solution can be done in a stepwise manner where the horizontal
winds are kept consistent between levels and the vertical velocity is consistent with the
horizontal winds. This permits the sequential relaxation of the pressure equation to be done
on a level-by-level basis rather than in a three-dimensional manner.

Given the four relationships and four unknowns, the u, v and w components of the
wind may be computed in a stepwise manner. For example the process can begin at one
boundary of a storm, where w is assumed to be 0. For example the stepwise process can start
at the ground, and assumes that the vertical velocity is 0 or very neatly zero there. The same
condition applies to the top of the storm. The choice of boundary conditions also determines
the direction of the vertical velocity integration. Starting at the top of the storm requires
downward integration. In downward integration, for example, the vertical velocity maximum
can occur near 6 km and almost turns back to zero. The appearance of the vertical velocity
profile for downward integration is near to the true profile within the storm.

The computation of the u, v and w wind components can begin at the boundary where
w is assumed to be zero and Vt is computed. The u and v wind components can then be
computed using the relationship derived by Armijo (1969) and Brandes (1977a). Given the u,
v and w components at the first level, the divergence and vorticity can be computed. Using a
one-sided space difference, the vertical velocity at level 2 can be computed from the anelastic
continuity equation and the hydrostatic adiabatic density. Using the vertical velocity at level
2 computed from level 1 data, the horizontal winds, divergence and vorticity can be
computed for level 2. Using the divergence and hydrostatic adiabatic density at level 2 the
vertical velocity at level 3 is computed. The synthesis of the u, v and w components can
proceed until the last level of the storm is reached. In practice the vertical velocity at level 2
is computed and then a linear interpolation to a height is used to obtain the vertical velocity at

level 1. This process is repeated multiple times until the difference between iteration passes is

34



10

15

20

25

30

WO 2015/013249 PCT/US2014/047561

less than a pre-determined number. The magnitude of the assigned vertical velocity at the top
of the storm never exceeds 5 m s™.

The technique can use sequential relaxation to solve for the Lagrange multipliers A
and the weights o and . However, if it is assumed that the special case where a is a function
of y alone and P is a function of x alone, a special form results that allows the correction of
the divergence and vertical velocity fields. This form of the variational constraints does not
adjust the horizontal winds and results in a slight imbalance in the wind fields. The adiabatic
hydrostatic density can be computed by rearranging the first law of thermodynamics. The
density at the ground, poo, is computed from the pressure and temperature at the ground
obtained from a sounding launched from a sounding site near the base radar. The temperature
at each analysis level was also obtained from this sounding.

In practice the computations start at the top of the storm where the vertical velocity is
assumed to be zero. The terminal velocity is computed from and the u and v wind
components are computed from. This defines the three wind components at the first level.
To complete the computations at this level, the vertical component of vorticity and
divergence are computed. The divergence and adiabatic hydrostatic density must be known
at both the current level and the next level at which the vertical velocity is to be computed.
The density at the next level is available. However, the divergence is not. In order to
compute the vertical velocity at the next level, the divergence and density at the current level
are assumed to represent the mean divergence and density across the two layers. This is
equivalent to using a one-sided space difference in the forward sense. The derivative,
although computationally stable, is noisier than it's centered difference counter-part. This
implies that there is a larger error in the vertical velocities and that the vertical velocity may
not be entirely consistent with the horizontal velocities. This may make the computation of
the perturbation pressures more difficult, since the equations may no longer be elliptic and
the solution will not converge. Once the vertical velocity at the next level is computed the
horizontal velocities, horizontal divergence and vertical vorticity are computed. The vertical
velocity at the next level is once again computed and the procedure moves stepwise down
from the top of the storm. Once all the u, v and w wind components, the divergence and
vorticity have been computed; the horizontal wind fields, vertical velocities and divergences
are plotted and analyzed. These plots are then carefully examined, any remaining bad data

are removed or corrected and the location and size of the updraft are determined. The
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program is then rerun with the corrected data set and the vertical velocity field at the top of
the storm redefined.

In general, the fields of horizontal winds, the vertical velocity and the divergence are
consistent. In a few locations, however, the fields are inconsistent. This is due primarily to
spurious divergence and computational problems. In order to reduce these problems, the
vertical velocity and divergence fields are modified. An iterative procedure is possible,
however, a variational integral constraint improves the results significantly. In effect the
vertically integrated horizontal divergence is used as an integral constraint. If certain
assumptions are made, however, the sequential relaxation may be done away with and the
corrections made after the u, v and w wind components are computed. A correction factor for
the divergence fields, can a correction factor for the vertical velocity can be obtained. The
correction factor for the divergence is a constant with height, but that the vertical velocity
correction factor varies linearly with height.

The six basic equations common to meso-meteorology can be used to derive the
perturbation pressure, density, and virtual temperature fields from the dual-Doppler RADAR
derived winds. In one implementation a storm-relative coordinate system can be used for the
perturbation pressure computations. In order to compute the perturbation virtual
temperatures via the equation of state, the perturbation densities, p', are necessary.
Perturbation densities may be computed from the third equation of motion, once the
perturbation pressures are known. It is essential to know the confidence level of the data
before the numerical results can be properly interpreted. Errors can occur in the data
reduction and the computational procedures, and the effects of these errors are important in
the interpretation of the results. An understanding of the computational and data reduction
errors can lead to better techniques for collecting the data and to a better understanding of the
results. There are two basic areas where error may occur: Errors in the computed
thermodynamic fields due to errors in the wind field; and Errors in the computed
thermodynamic fields due to errors in the computational technique used.

Errors in the wind field can be partially attributed to data reduction errors. In reality,
the winds interior to the storm may have changed and the storm may have advected
downstream with the wind during the time that the radar was scanning the storm. The
problem is to reduce the observations to a common time and location. To do this would
require two complete scans of the storm so that the radial velocities could be interpolated to a

common time. Reducing the observations to a common location is less of a problem than
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reducing the observations to a common time. During the time period for the radars to scan
the storm's volume, the storm is moving at a known translation speed. Thus the observations
are displaced by a distance that is equal to the elapsed time since the beginning of the scan
through the storm times the translation speed of the storm. If the radars begin to scan the
storm at ground level, the largest error will be committed at the top of the storm. The errors
made by choosing a particular Ze-Vt relationship are usually small and are a function of the
elevation angle. The larger the elevation angle the more important the (w+Vt) term becomes
and the larger the error made by improperly computing Vt.

Since the radial velocity used in computing the u and v components is the mean
Doppler velocity (IZ,) for each range gate, the total width of the spectrum gives us an
estimate of the error. For example if the velocity spectrum appeared broad the radial velocity
estimated by (I'/d) will be poor and will not represent the true wind field in the storm. On the
other hand if the velocity spectrum was narrow and peaked the radial velocity estimated by
(I'/d) will be very good and represent the true velocity at the point in question. Hence the
second moment gives us a measure of the error. An estimate of the error in the u and v
components of the wind can be obtained by substituting typical values of the first moment of
the Doppler spectrum. In summary it can be said that the problem of errors in the derived
Doppler wind fields is a function of the Doppler spectrum width and the geometry of the
situation,

Due to integrating the anelastic continuity equation to compute w, the divergence of
the horizontal wind field must be integrated vertically. Since the divergence is the small
difference between two large numbers, it is the largest source of errors in the computations.
The effects of divergence can be minimized by the choice of the method of integrating the
anelastic continuity equation. Errors in the vertical velocity computations are cumulative,
and those errors occur at the beginning of the integration and propagate through the rest of
the integration. When choosing the storm top as the starting place of the integration, the
errors have less effect because of the smaller densities at the top of the storm. This allows the
integration to begin with smaller errors and to extend further before the errors become
significant. 7

Errors in the perturbation pressure, density and temperature fields are the result of two
general types: Those due to errors in the input data; and Those due to errors in computational
procedures. When all factors are considered, the horizontal and vertical wind fields have

approximately a 10% error. There is an approximate linear relationship between the errors in
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the wind field and the errors in the perturbation pressures, i.e., a 10% error in the input wind
field produced a 10% error in the perturbation pressure field. Although the model generated
winds are not similar in nature to the dual-Doppler derived winds, the technique used to
obtain the perturbation pressures is the same. This isolates the errors in the numerical
techniques and the errors in the wind field. The analytical winds insure that the errors are
isolated to those inserted by the random error generator, and that there are no errors due to
processing the data. In this way the perturbation pressure recovery technique is tested with
the assurance that no other sources of errors affect the results. The estimated errors in the
perturbation pressures and vertical motion fields are approximately 10%, and the error in the
virtual temperature field is expected to be of similar magnitude.

The second source of errors in the computed thermodynamic fields is errors due to
computational procedures. Computational errors are due primarily to inadequate resolution of
all the important waves within the storm itself. These errors are due to improper choice of
grid spacing and a poor choice of finite differencing technique. One sided space differencing
can be used along the boundary of the grid, along the areas where the data were missing and
in the vertical velocity computations.

A single-Doppler analysis possible when the organized structure of the feature is
quasi-linear. If the magnitude of the horizontal divergence along the beam is much larger
than that tangent to the beam then the flow is primarily normal to feature. In this case we can
assume that a single Doppler estimate of the flow is representative of flow in the quasi-linear
feature. This finding strongly suggests that the simplified anelastic continuity equation may
be employed to estimate the vertical velocity in a direction normal to the frontal system using
a single-Doppler radar. In this case a second methodology can be employed to determine the
flow in the system from a single radar.

To reiterate, the terminal velocity, Vt, can be recovered from the radar reflectivity via
a Z-Vt relationship and the vertical velocity can be calculated from the anelastic continuity
equation. The anelastic continuity equation in a cylindrical coordinate system (r,6,z,t) with
the origin at the radar site can be written as:

PogtVias . Pod¥e + Po¥

rad

ror rold V7 A

=0

where Vi is the radial velocity component, Vg is the tangential velocity component, w is the
vertical velocity component, r is the radial distance to the radar, 0 is the azimuth angle, and

the other symbols have their usual meanings. As discussed earlier, if we assume that the
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cross-beam components (8pOaV9/ 10O terms) are small compared to the components parallel to

the beam ((8pOarVrad/ rOr terms), then the simplified form of the anelastic continuity equation

can be written as:

17)‘(1 aV)‘ﬂ ap “’V
e

Where the first term on the left is the horizontal divergence in the plane of the vertical cross
section, and po(z) is the observed environmental air density. The radial velocities recovered
by the radar are the vector sum of the horizontal velocities, Vrag, the terminal velocities, Vi,
and the vertical velocities w of the targets. If the elevation angle ¢ is small enough and the
vector sum Vetw is small compared to V, then Vrap can be found from:

Ve=Vcoso

where V is the measured radial velocity. Since the elevation angle ¢ is small (< 20°) in this
study, the horizontal velocities can be recovered with reasonable accuracy.

In this simplified form, the anelastic continuity equation can be integrated downwards
starting at the top of the storm to give the vertical velocity at each successive layer
downward.

Where the overbar means an average over the layer, D is the horizontal divergence as
defined earlier, and 0,. The vertical velocity computed is subject to errors as a result of the
accumulation of errors in the divergence field. The magnitude of the errors in the vertical
velocity field is a function of the quality of the wind field derived from the radial velocities.
To minimize these etrots, a variational adjustment can be made to the "observed" values of w

to find the "true" values of w.

DRAS Operational Analysis:

Multiple-Doppler Analysis

One of the most important advantages of using a multiple-Doppler radar analysis
system over a conventional surface and/or upper air mesonet is the ability to retrieve the
three-dimensional wind, pressure and temperature fields at high spatial and temporal
resolutions, Using multiple radars detailed information about the structure and evolution of
mesoscale systems can be determined in near real-time. Since the accuracy of a numerical

weather prediction model depends on how well the initial conditions, as well as, the lateral
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and lower boundary conditions, determining with high precision the initial state of the
atmosphere is crucial to accurately forecasting the future state of the atmosphere. In the
region where a multiple Doppler analysis is conducted the three-dimensional wind, pressure
and temperature fields can be determined as often as every three minutes with a resolution as
small as 250 meters. Providing data at these resolutions in the pre-storm environment
significantly improves the quality of the numerical forecast.

Doppler radars measure the back-scattered microwave radiation and the phase-shifted
signal due to target motion. The back-scattered radiation is converted into an average drop
size diameter to the sixth power, commonly known as the radar reflectivity. The phase-
shifted signal is converted into the velocity parallel to the radar beam of the targets,
commonly known as the radial velocity. Although the radial velocity and reflectivity from a
single Doppler radar provides a significant new source of information about the structure of
the atmosphere the value of the radial velocity is somewhat limited because it only provides

the magnitude of the velocity vector that is parallel to the radar beam.

Derivation of the Three-dimensional Wind Field
Recovery of the three-dimensional wind field from the radial velocities from Doppler
radar measurements was discussed in detail by Armijo (1969), who developed a method and

works in a strictly Cartesian coordinate system.

1. Computation of Horizontal Winds
From the geometry the radial velocities can be expressed as a function of the u, v and

w wind components as

1
V.(x,y,2) :E u(x - x1)+ v(x ~yl)+ (w + V,)z] (1a)
1

V.,(x,y,z) = R% [u(x - x2)+ v(x —y2)+ (w + V,)z] (1b)

where
Rjy=radial distance from radar 1 to target,
Ro=radial distance from radar 2 to target,
V=radial velocity measured by radar 1,
Vp=radial velocity measured by radar 2,

(u, v, w)y=components of the true wind in the
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(%, y, z) directions,

(x,y,z)=location of the target with respect to
the origin,

(x1,y1,z)=location of radar 1 with respect to
the origin,

(x2,¥2,z)=location of radar 2 with respect to the
origin,

V=terminal velocity of target

Equation 1 can be simplified if we assume that one of the radars is located at the origin of the

coordinate system. If we assume that radar 1 is the origin, (7.1) may be expressed as

V. (x»,2)= R% [ux +vy+ (w + V,)z] (2a)
1

1
V() = ey vy + (o Ve (2b)
2

If we now assume distances (x-x), (Y-y1), (Xx-X2), (y-y2) can be replace with X1,y1,X2,y2

V.(x»,z)= }% [wc1 +v,+ (w +- V,)z] (3a)
1

V., (x,,2) = R% ux, +v, + (w + V,)z] (3b)
1

This gives two equations and four unknowns, (u,v,w,Vt). In order to solve for u, v and w, two
additional equations will be necessary. The terminal velocity, Vt, can be obtained from a Z-
V. relationship. The raindrop terminal velocity relationship of Sekhan and Sirvastva (1971) is
used along with the density-height correction of Foote and DeToit (1969). The final form of
the Z..Vi relationship becomes

V, =-4.327%%" 4

Where
V=raindrop terminal velocity, and

Z.=cquivalent radar reflectivity factor

The vertical velocity, w, is computed from the anelastic continuity equation in the form:
v-(p.r)=0 (5)
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Where

Pa =gdiabatic hydrostatic density a function
of height alone, and

V' =wind velocity vector

This gives four equations and four unknowns and permits the solution to be obtained in a
stepwise manner. Since the solution is done in a stepwise manner the horizontal winds are
kept consistent between levels and the vertical velocity is consistent with the horizontal
winds. This permits the sequential relaxation of the pressure equation to be done on a level-

by-level basis.

Solving for the u and v wind components from Eq. (4a) and (4b), yields:

. [R1x2Vr1 —RZxII/rZ] B [xz —x(w+ Vt)]

6
[%xz ‘“J’2x1] [y1x2 _yle] (6a)
v [RlyZVrl "RzJ’lVrz] 3 [J’2 —y(w "‘Vt)] (6b)
[x1y2 _nyI] [xIY2 —x2y1]

2. Computation of Vertical Velocity
The w component is solved for by expanding the anelastic continuity equation given

in Eq. 6.The finite difference form of the anelastic continuity equation can be written as

P(2)w, = py(2)w, — (‘_)mvz' ;12)32 (10)

Given the four equations and four unknowns, the u, v and w components of the wind
may be computed in a stepwise manner. The process begins at one boundary of the storm,
where w is assumed to be 0. A zero vertical velocity is assumed at the tropopause because it
is a very effective barrier to vertical motion.

The computation of the u, v and w wind components begins at the boundary where w
is assumed to be zero and Vt is computed from Eq. (5). The u and v wind components are
then computed using the relationship derived by Armijo (1969) and Brandes (1977a). Given
the u, v and w components at the first level the divergence and vorticity are computed. Using
a one-sided space difference, the vertical velocity at level 2 is computed from the anelastic
continuity equation and the hydrostatic adiabatic density. Using the vertical velocity at level 2

computed from level 1 data, the horizontal winds, divergence and vorticity are computed for
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level 2. The synthesis of the u, v and w components proceed until the last level of the storm is
reached. This process is repeated multiple times until the difference between iteration passes
is less than a pre-determined number. The magnitude of the assigned vertical velocity at the
top of the storm never exceeds 2 m s™.

Although the integration from the top of the storm produces better results than upward
integration, spurious divergence at the top of the storm can produce abnormally large vertical
velocities near the ground. In order to reduce these problems, Ray et al. (1980) introduced a
variational adjustment technique that reduces the problem of spurious divergences.

In summary, the three wind components in Cartesian coordinates may be obtained from

the following four equations:

/= [Ry W =Ry, V] B [, —».v+7)]

T -] [, -x,] ©)

. [Rx 7V —Rx, Vo] [, —x, 00 +7)] ®
[.x, = y.x,] .x, =y, ]

W, = ’;j((;) W, = Pa(2)V v 1)

V, = -4.327°07 )

The adiabatic hydrostatic density can be computed by rearranging the first law of

thermodynamics, which can be expressed as:

dQ = C,dT, — o, dP, (12)
Where
ap=specific volume,
Cp=specific heat at constant pressure,
dTo=an increment of temperature,
dPy=an increment of pressure
dQ=amount of heat added or lost from the system.

and the subscript 0 indicates the environmental state
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If we assume that the atmosphere is adiabatic and hydrostatic then and integrating the

equation of state (12) may be written as:

—24.3207

Po = Po€ (13)

The density at the ground, poo, is computed from the pressure and temperature at the
ground obtained from a sounding launched from a sounding site near the base radar. The
temperature at each analysis level was also obtained from this sounding.

In practice the computations start at the top of the storm where the vertical velocity is
assumed to be zero. The terminal velocity is computed from Eq. (§) and the u and v wind
components are computed from Eq. (8) and (9). This defines the three wind components at
the first level. To complete the computations at this level, the vertical component of vorticity
and divergence are computed. Equation (11) requires that the divergence and adiabatic
hydrostatic density be known at both the current level and the next level at which the vertical
velocity is to be computed for. The density at the next level is available from Eq. (13).
However, the divergence is not. In order to compute the vertical velocity at the next level, the
divergence and density at the current level are assumed to represent the mean divergence and
density across the two layers. This is equivalent to using a one-sided space difference in the
forward sense. As was indicated earlier, the derivative, although computationally stable, is
noisier than it's centered difference counter-part. This implies that there is a larger error in
the vertical velocities and that the vertical velocity may not be entirely consistent with the
horizontal velocities. This may make the computation of the perturbation pressures more
difficult, since the equations may no longer be elliptic and the solution will not converge.
Once the vertical velocity at the next level is computed the horizontal velocities, horizontal
divergence and vertical vorticity are computed. The vertical velocity at the next level is once
again computed and the procedure moves stepwise down from the top of the storm. Once all
the u, v and w wind components, the divergence and vorticity have been computed; the
horizontal wind fields, vertical velocities and divergences are plotted and analyzed. These
plots are then carefully examined, any remaining bad data are removed or corrected and the
location and size of the updraft are determined. The program is then rerun with the corrected

data set and the vertical velocity field at the top of the storm redefined.

3. Computation of Thermodynamic Parameters
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The six basic equations common to meso-meteorology are used to derive the
perturbation pressure, density, and virtual temperature fields from the dual-Doppler derived
winds. A storm-relative coordinate system is absolutely necessary for the perturbation
pressure computations to succeed. The anelastic approximation (Ogura and Phillips, 1962) is

5  made to simplify the computations. The anelastic approximation requires only a hydrostatic
adiabatic density that varies in the vertical only. The anelastic form of the momentum
equations has the advantage of filtering out the high-speed small amplitude acoustic waves,
but yet retains internal gravity waves. This is important in meso-scale meteorology, as it is
the gravity waves, which feed on divergence, that are important, not the rotational

10 meteorological waves. Starting with the anelastic momentum equation in tensorial form, we

may write:

(po,,u,)+ (po{,uu )—————5’3(ﬂ)+ +, (14)

Where
u=velocity in the ith direction: i.e.u;=u, uy=v,
15 ro;=hydrostatic adiabatic density,
r’=perturbation density,
P'=perturbation pressure,
fi=body forces other than gravity (i.e., coriolis force),
ti=turbulent momentum flux and

20 djz=Kronecker delta.

If we assume that the turbulent momentum fluxes can be neglected, Eq. (14) may be

written in component form as

du r r ar'

25 Pog;t”ru(ﬂoavs' VAV, )= 5 (15a)
av r r ar'

p0a7?7;+v(p()av3' V+V pOn):_E-*—fr (15b)

(15¢)

a r r
POa;‘,tK"‘WPOavs’ V+V-Vpy, ==

The anelastic continuity equation in vector form is

30
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Y, (2o)=0 (16)

Hence Eq. (15a-c) and (16) become
pw%:_%Jrfx (17a)
5 po,,%?%ﬂ; (17b)
Pt =T it (170

Note, that the wind components in Eq (17) are the total wind i.e., the storm motion
and the winds relative to the storm. Using Fujita’s (1963) time to space conversion and

10  assuming a steady state storm we may write:

pol,u,.% + pOavr% + pOHW% = —% + fo (18a)

Loty % + PoaV, %’— + pOaw% = —% + £ (18b)

po(,u,éy—v +p0av,,% +p0{,w%—) = —i,il +f, = Poag (18c)

15 By assuming that the local derivative is zero, we have thrown an important term and

one that may not be negligible. However, for now the local time tendency term is assumed to
be zero in order to reduce the amount of data that need be processed and speed up processing.
A study by Lin et al. (1990) showed that the importance of the local time tendency term was
situation dependent and that could be dropped depending on the scan strategy and the
20  character of the system being studied.

The generalized body forces expressed in Eq. (18) as f; are composed of those forces,
which act on the parcels as a whole. Examples of these forces include the coriolis force and
precipitation drag. In this study the precipitation drag forces are parameterized using the Z-

Pq4relationship developed by Whiton (1977). This relationship may be expressed as:

1
25 P, =—(3.844 x107° 2**) (19)
pOa

Combining all the term gives the final form of the equations used in this study
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gjl = Py, i; + DoV rix £y +v. ) Puntiw (209)
% =—D0a+ Pool, Z: + PoaV, 2 + Poa¥W gc + Poat> (c +u )+P (20c)
5 The left-hand side of Eqgs. (7.46a) and (7.46b) contain only velocity and mean density

terms which are known functions of position. The right hand side contains only one unknown
P'. Thus we have two equations and one unknown. The solution in this case is over-

determined. A solution exists, as shown by Gal-Chen (1978), in least squares sense only if:

10 e 5 (21)
where
F =t 240, 2 o B4 649, ) Pt
G= pol,urz + PoaV, 3 +p0[,w2 +p00f1(c +u)
15 Egs. (20a) and (20b) may be combined to form a Poisson-type partial differential

equation. Differentiating Eq. (7.46a) with respect to x and Eq. (7.46b) with respect to y and
adding yields

e @)
20
This elliptic-type partial differential equation may be solved by the direct-method or
via sequential relaxation with the appropriate boundary conditions. This study used sequential
relaxation in order to simplify the calculations. Both homogeneous boundary conditions, i.e.,
P =Oxta (232)
25 Pr=0ytb (23b)

and Neumann boundary conditions, i.e.,

EZFX"‘G (24a)
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oP’
—=G;ytb (24b)
4
can be use.Experiments comparing these two types of boundary conditions gave nearly
identical results, except near the edges of the grid and along weak echo regions. In these areas

the Neumann boundary conditions gave better results. Centered differences were used to

F & .
compute = and —— wherever possible. However along the edges of the grid and wherever

there is missing data, one-sided differences were used, as necessary. This technique was
found useful in computing the vertical velocities and horizontal divergences. Only small
differences were noted between the results using one-sided differences along the edges and
for missing data and those using centered differences. Further, since one-sided differences
extend the region over which data were available, the small price of slightly noiser data made
the additional programming effort worthwhile. The solution obtained by relaxing Eq. (23) is
not a unique solution. If P’(x,y,z) is a solution then {P’(x,y,z)+c(z) is also a solution. In order
to remove this constant the horizontal average of perturbation pressures <P’> is determined
and subtracted from the perturbation pressure field. As Gal-Chen (1978) pointed out, the

solution is then unique.

4. Perturbation Virtual Temperatures

In order to compute the perturbation virtual temperatures via the equation of state, the
perturbation densities, 1', are necessary. Perturbation densities may be computed from the
third equation of motion, once the perturbation pressures are known. Recalling Eq. (7.46¢),

we may write:

1 o av 71 ap'
p! :g _p00g+p011ur_§+p00vl'—éc_+p001v'—+p0mf2(c.\' + ur)-l-Pd +E

&
(25)
Defining H as
Poa Ay 744 7

H= ?Ol‘—pOHg-i-pOaur—+p0avl‘g+p0a)vg+p0a‘f2(c.\' + ur)+PdJ (26)

Eq. (7.52) may be rewritten as

L aP
=———+H 27

ol Py (27)

As indicated earlier, the solution recovered from this equation is non-unique. A
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similar technique to that used in the perturbation pressure computations is used to make the

solution unique. If the horizontal mean of H is taken and defining:

p:l :p’_<p,>
Py =P—<P'>
we may write Eq. (27) as:
1 P
pl=-——+(H-<H>) (28)
g o

Once the perturbation density fields have been computed, the perturbation virtual
temperature may be computed from the equation of state in perturbation form. The equation

of state in perturbation form may be written as:
P p'| P
;= {—'L Lo J{ ° J 29)
B po L Ripy

The perturbation densities and pressures just computed with the environmental values

are used to compute the perturbation virtual temperatures. The perturbation virtual
temperatures have been computed, because no attempt was made to extract the effects of
liquid water from the computed temperatures. This makes the interpretation of the results
more difficult since the regions of large liquid water content can change temperatures
drastically. To remedy this difficulty, the fields of perturbation potential temperature q’,
similar to that used by Klemp and Wilhelmson (1978) and by Hane et al.(1981) can also be

produced. It should be noted with care that the fields are perturbation virtual temperatures.

Single-Doppler Analysis

Under special circumstances, it is possible to recover the wind field using only one
Doppler radar. Browning and Harrold (1970) used a single-Doppler radar to recover the
winds in a mid-latitude cold front, and Wakimoto (1982) used a single-Doppler radar to
recover the winds in a downburst during the NIMROD experiment. In each of these cases, the
cross-beam component of the wind shear was assumed to be zero or small enough to be
ignored when compared to the along-beam component in the anelastic continuity equation.
Eliminating the cross-beam term reduces the number of unknowns to three; namely, 1) the
radial velocity, 2) the vertical velocity and 3) the terminal velocity. As with the dual-Doppler
case, the terminal velocity, Vi, can be recovered from the radar reflectivity via a Z-V;

relationship and the vertical velocity can be calculated from the anelastic continuity equation.
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The anelastic continuity equation in a cylindrical coordinate system (r,0,z,t) with the origin at

the radar site can be written as:

5(p0r1/r) é(png) 5(p0W)_
v e @ ) @9)

If we assume that the component in the tangential (0) is small compared to the radial
component then we may write:

o) Ver e | 20) 60)

Assuming the elevation angles are small (<20°) then the radial velocities and vertical
velocities are independent and the vertical velocities can be found via downward integration

of the anelastic continuity equation.

Referring to Figs. 4A — 4C, an illustration of the DRAS operational flow is provided.
Determining the state of a numerical forecast model by performing Doppler radar
observations and determining the difference between the numerical forecast model and the
Doppler radar observations distributed in space and time. Determining initial and boundary
conditions of the numerical model that minimize the difference between radar observation
and corresponding variables forecasted by the numerical model. In addition, Doppler radar
observations can be inserted into the numerical model. When the radial velocity is inserted,
two other wind component can be adjusted with respect to the continuity equation. Then the
pressure and temperature perturbation can be retrieved real time. The first step determines
the state of the numerical model and the second step can be considered a correction procedure
that forces the model variables to match observations.  Performing quality control, editing
and analysis techniques provide a more accurate three dimensional wind field recovered from
the observed radial velocities and radar reflectivities. The DRAS implementation can
compute realistic perturbation pressures and perturbation temperature fields and a measure of
magnitude of errors in the recovered fields, and therefore can predict wind field changes and

wind loading over a time duration.
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For example, the DRAS system can utilize four radars to provide four independent
samples from observing primarily four parameters (u-longitudinal velocity, v-lateral velocity,
w-vertical velocity, and Vt-terminal velocity) from the radial velocities of a windfield. The
three dimensional windfield can be determined in a stepwise manner where the horizontal
winds are kept consistent between levels and the vertical velocity is consistent with the
horizontal winds. The stepwise process can begin at one of the boundaries. The process can
begin on the top boundary and performing a downward integration.

Continuous functions describing the state of the atmosphere are very rare in
meteorology. Given that only discrete measurements are available, the finite difference forms
of the equations cited above are required and hence all fields must be on a three-dimensional
Cartesian grid. Radar data is collected in spherical coordinates with the origin at the radar.
Thus, processing multiple Doppler radar data to create the three-dimensional wind, pressure
and temperature fields involves converting data in spherical coordinates with two origins to a
common Cartesian grid with an origin relative to the mesoscale features being studied.
Further the data collected by the radars needs to be quality-controlled before they can be
used. As noted above computing the three-dimensional wind field requires that divergence at
each level be computed. The divergence, (the kinematic fields) requires only the first
derivative of the radar radial velocities. Computing the pressure and temperature (the
dynamic fields) requires the first and second derivatives of the kinematic fields. Because
multiple derivatives of the radar radial velocities are involved the radar data used in the
pressure and temperature inversions need to be of very high quality. Given that the radars
used in a particular pressure and temperature inversion are rarely the same from experiment
to experiment, the ability to read multiple Doppler radar formats is also required.

To provide a comprehensive, reliable and accurate Doppler radar processing system,
Doppler Radar Analysis System (DRAS) is designed to take the raw Doppler radar data and
create the three-dimensional wind, pressure and temperature fields in real-time.

Referring to the flow diagram, the compressed raw radial velocities and reflectivities
can be decoded 452. The Doppler radars can have a signal processor as an integral
component that generates a compressed data stream that is unique to the manufacturer and
version of the signal processor. Thus DRAS, had a readtape module that is to decode this
unique compressed data stream and convert it into an internal format. Since signal processors
and compressed formats change rapidly, readtape can have a modular design that allows new
data stream formats to be easily added or changed. Readtape decodes the datastream and

insures that all the values needed to process the data are present.
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The DRAS process insures that all variables needed are present 452. As noted earlier
Doppler radars can come with a variety of signal processors and software revisions, in order
to minimize the size of the datastream values that can be re-created from others in the data
stream are often not included. As an example some radar processors do not provide the
horizontal range to the target merely a radar gate number. Given the speed of light and the
gate number the range to the target can be compute. Given the range to the target and the
elevation angle the horizontal range to the target can be computed. Thus, the tpmaker
module can create if necessary all the values needed for further analysis.

Quality-control standards can be applied to the raw Doppler data 454. As noted
above the quality of the data used in the pressure and temperature inversions is extremely
important. The DRAS program module dopedt is responsible for insuring that poor quality
data signified by low radar reflectivities and/or large spectrum widths are removed from the
data set. Dopedt is written to allow flexibility in choosing the appropriate minimum
allowable radar reflectivity and maximum allowable spectrum width. The choice of values is
crucial to a successful pressure and temperature inversion and is strongly dependent of the
characteristics of the radar and the system being observed. In addition, dopedt performs
velocity unfolding again using a use specified maximum allowable gate-to-gate divergence.
As with the minimum reflectivity and maximum spectrum width the maximum allowable
gate-to-gate divergence is dependent on the system being analyzed and the radar
characteristics. Dopedt allows flexibility in choosing appropriate values to remove all

velocity folding from the datastream.

The DRAS process determines where in space the two Doppler lobes intersect in
space via overlap. Each Doppler radar has a region over which radial velocities and
reflectivities are available. In order to perform a multiple Doppler analysis the angle between
the two radar beams needs to be as close to 90° as possible. When siting the two radars,
careful attention needs to be paid to predominate location of the systems to be analyzed,
insuring that these regions are within the two lobes formed by the two radars. Given the radar
characteristics and the system to be analyzed, the horizontal and vertical grid spacing, and
grid location are determined by the analyst 456. The datastream from each of the radars is
converted from spherical coordinates to Cartesian coordinates with the radar as the origin.
One of the radars is chosen to be the base radar and all the data from the other radars are

translated to the base radar. Once all the data has been translated to a common origin the data
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is sorted such that each data point has a nearby data point from all the other radars. This
insures that when the data is placed on a rectangular Cartesian grid each grid point has
enough data to perform the wind computations and pressure and temperature inversions 458
and 460.

One implementation performs an objective analysis on the data retained by overlap
462. Grider 464 processes all the data created by overlap into a three-dimensional volume of
reflectivities and radial velocities from all the radars. The data retained by overlap is not on a
regular Cartesian grid; rather it retains the spacing and orientation from the spherical
coordinates it was collected in. Further the data contains information at wavelengths that may
not be resolvable given the grid spacing chosen. To move the data to a Cartesian grid in an
objective manner and to remove wavelengths not resolvable on the grid a Barnes (1993)
objective analysis technique is used. A Barnes objective analysis determines a priori the
amplitudes of the wavelengths recovered by the analysis. Nyquist sampling theory states that
a minimum of three samples per wave is satisfactory for recovering the characteristics of a
wave; a more stringent requirement of five samples per wave is used for the Barnes objective
analysis.

At this point the three-dimensional wind field can be computed via Eqs 5, 8, 9 and 11
via uvwemp 466, the sixth stage in the process. Centered finite differences are used through
out the volume except along the edges of the domain and in areas where there is missing data
where one-sided differences are used. Error tolerances for the vertical integration, sub-setting
of the domain, and the type of variational adjustment are all adjustable based on the quality of
the data used. In addition to computing the three-dimensional wind field a complete
kinematic analysis of the system is performed. Plots of the wind and kinematic fields are
available via finalplot.

Given an accurate three-dimensional wind field a pressure inversion using Eq 22 via
pres is conducted 468 as stage 7. As with uvwemp error tolerances are adjustable and
centered finite differences are used through out the volume except along the edges of the
domain and in areas where there is missing data where one-sided differences are used. A
measure of the quality of the pressure inversion at each level is also computed. As with
uvwemp plots of the wind, kinematic and pressures fields are available via finalplot.

Given a pressure inversion with minimal error, a temperature inversion via Eq. 26 can
be conducted via temp 470 as stage 8. Temp has the same overall structure and options as
pres. As with uvwemp and pres plots of the wind, kinematic, pressures and temperature

fields are available via finalplot.
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The system as shown in Fig. 10 illustrates an implementation for determination of the
optimal place and time at which additional initialization data from mobile sensors will be
most useful, as a function of the current weather conditions, and further control the mobile
sensor fleet for deployment and collection of data, which is transmitted for input into the
EAS. This strategy has been termed “targeted (or adaptive) observation”.

Described is a system for optimal deployment of UAS-borne sensors to improve the
prediction of weather conditions that are of most interest to a variety of particular business
(or client) interests. This system combines (1) real-time data concerning current mesoscale
weather conditions, (2) definition of client-specific weather threats, (3) information on the
current location and capacity of the UAS fleet, (4) data concerning existing observations from
a static mesonet, to (5) construct a penalty (or cost) function combining items (1)-(4), which
is then optimized to create a best flight plan for collection of those mobile mesoscale
measurements that will have the highest value in predicting client-specific weather events.

“Client-specific weather threats”, are those specific weather conditions which create
added costs for a particular business operation. Examples would be “wind gusts exceeding
35 mph during the cooling season”, “icing accumulation of more than %4 inch” in a specific
geographic region (of interest to electric utilities with substantial above-ground
infrastructure), or “local visibility of less than % mile” at a particular airfield, “convective
boundary layer depth of less than ¥ km” at the site of a hazardous materials release to the
atmosphere, and so on. Since these events are particular to each forecast client, the best
deployment of a UAS fleet to improve prediction depends on the client. (For example, the
electric utility may have little interest in how much rain falls on the service territory, so
improving the precipitation forecast has low value for them. On the other hand, properly
predicting the time and location of high wind gusts is has high value).

A system to obtain the most benefit from a given UAS resource in these
circumstances is shown schematically in Figure 10. The functional blocks (for example
system modules) within the dotted lines are the UAS system; the balance of modules
represent the EAS process system. The primary output of the UAS system to the EAS system
is illustrated by the box labeled “UAS-based Meso Data”, which represents the data collected
from the deployed UAS fleet, which is inserted into the Meso-NWP Model as supplementary
initialization data (along with NOAA data and data from the static mesonet). This data is
obtained by combining information generated in the 6 additional modules making up the

system.
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Data pertaining to a specific client’s weather vulnerability is used to construct a
“client-specific threat map” (top left-hand side in Figure 10), which defines weather events
and thresholds, along with their locations, presenting a threat to client operations. This is
performed in the module “Client-Specific Threat Function”.

A second input derives from application of an “Adjoint Meso-NWP Model” to create
a sensitivity analysis based on current weather conditions, as depicted by the current
initialization data for the Meso-N'WP Model. This analysis indicates geographical regions
where additional initialization data, if available, would have the most beneficial impact on the
mesoscale forecast accuracy (again, accuracy being defined in terms of client-specific
weather threats).

The third input for the new system is information on the current location,
configuration, and flight capacity of the UAS fleet. This would include the number of
operable sensor platforms, the remaining UAS fuel (and thus, flight time), and the
configuration of the fleet components as controlled by on-board navigation and swarming
software.

The threat map, sensitivity analysis, and data on current UAS resources are then
combined into a utility (sometimes called a penalty, or cost) function as input to a
“Constrained Optimization Model”, which determines the optimal flight and configuration
for the UAS system to retrieve the required observations, subject to the applicable constraints
on UAS resources and client needs. The optimization model is a standard linear
programming algorithm commonly used in industrial control and similar applications. The
output of this module is used to define flight and configuration commands to the UAS fleet,
in order to collect the targeted data. This information is provided as additional mesoscale
initialization data to be assimilated into the Meso-NWP Model.

The EAS system can provide fixed mesonet data from the stationery sensor mesonet
as well as provide National Oceanic And Atmospheric (NOAA) data, which is large scale
data, to the UAS system. The Adjoint mesoscale numerical prediction model function can
receive the mesoscale and NOAA data and generate adjoint model based on the data and
analyze the adjoint model to thereby generate breeding vectors which reflect the most
meaningful weather changes occurring in certain areas and can also identify locations where
more data would be useful to refine the weather prediction model. This can generally be
referred to a sensitivity analysis, which provides inputs derived from application of an
“Adjoint Meso-NWP Model” to create a sensitivity analysis based on current weather

conditions, as depicted by the current initialization data for the Meso-NWP Model. This
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analysis indicates geographical regions where additional initialization data, if available,
would have the most beneficial impact on the mesoscale forecast accuracy. The input is
provided to the Constrained Optimization Model. The UAS fleet location and Capacity is
also provided such that the optimization model can generated and transmit control commands
to deploy the UAS fleet to a particular location, at a particular altitude, and in a particular
configuration, formation or flight pattern. The Constrained model can also receive an input
from the Client Specific Utility Function, which provides an indication as to what weather
conditions are important. For example, rainfall may be more important than high winds. The
Constrained Optimization Model will also perform an analysis to maximize the probability of
prediction and minimize the false alarm rate, which is used to determine the optimal flight
and configuration for the UAS system to retrieve the required observations, subject to the
applicable constraints on UAS resources and client needs. The optimization model data is
transmitted as UAS Fleet Flight and Swarming Commands. The flight path of each UAS in
the fleet is provided and relative flight configuration of each UAS with respect to the other in
the fleet. For example, the multiple UAS systems can be instructed to fly in a straight line
configuration. Once the UAS fleet has been deployed to the commanded locations, the UAS
fleet will begin to sense the weather conditions and begin transmitting UAS based meso-data.

One implementation is a method for forecasting weather-related events comprising
the steps of combining at a computer system initial large scale model domain boundary
conditions based on large scale national weather data combined with local mesonet data from
local mesonet weather sensors and forming a Numerical Forecasting Model parameterized
and conditioned based on mesoscale data and local environmental condition data; generating
weather prediction data based on the parameterized and conditioned Numerical Forecasting
Model; and displaying the weather prediction data at a user intetface, where said weather
sensors of the local mesonet include one or more of a stationery weather ~ sensor station, a
mobile weather sensor station, a RADAR station, and an un-manned aerial system borne
weather sensor station and said weather sensors are geographically placed based on
infrastructure data and regional environmental characteristic data.

Referring to Fig. 4, an illustration of an EAS operational flow is provided. The
operational flow has three primary functional flows. The EAS process begins with ingest of
data from two different data streams. The first data stream is the observations and global
model forecast data. The second data stream is the observations from the EAS process
Mesonet. The data stream from the National Oceanic and Atmospheric Administration

consists of observations of the three-dimensional structure of the atmosphere and large-scale
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forecasts from numerical weather prediction model run by the National Weather Service.
However, not only are the stations from the National Weather Service irregularly spaced,
they are also not strategically space for the local mesonet. Therefore, EAS transforms the
information in an objective fashion onto the individual grids. There is an objective analysis
method that is used to perform this function. There is a method that is utilized by the EAS
system that can generally be referred to as the ObsGRID function that transforms all of the
information from an irregularly spaced network of stations and imports the information on
uniform cubical grids in a fashion that is sufficiently accurate for the necessary predictions.
A Nyquist sampling technique can be utilized, which can be used along with a Barnes and/or
Cressman sampling technique. This transformation is necessary for the ingest process. From
these functional flows a threat index can be developed.

There is also a user interface flow. The user interface flow allows the user to
intercede and modify the operation of the EAS process. For example a user through the user
interface can modify or eliminate faulty input data or forecasts and fine-tune the threat index.
Also the user can input through the user interface additional parameterized information such
as the content of a chemical involved in a chemical spill. The user may also make
modifications due to known climatologically induced conditions that may have an effect on
prediction capability and parameterization schemes.

In order to insure that only correct data from the Mesonet are incorporated into the
EAS process, data from the Mesonet stations is carefully examined. The data from each
station is checked to insure that the values are within realistic ranges (level 1 check). The data
is then compared against values for the same station for previous times (level 2 check) to
insure that a single miss-transmission of data has not occurred. The data is then compared
with data from nearby stations to insure that several miss-transmissions or contaminated data
have not occurred. The Mesonet ingest function then stores the data from the Mesonet into a
database for later retrieval by other parts of the EAS process.

The National Weather Ingest function imports observations and global scale
numerical weather forecasts from the National Oceanographic an Atmospheric
Administration and stores the information in a database for formulation of the forecast model.

The EAS process also utilizes various databases containing information related to the
natural environment such as terrain, land use, soil moisture, soil temperature and trees to
create the high spatial and temporal resolution weather forecast. The EAS process also
utilizes various databases containing information related to infrastructure and critical

facilities such as overhead power lines, electrical utility substations, schools and hospitals.
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The combination of the high spatial and temporal resolution forecast and the various
databases relating to infrastructure and critical facilities gives the EAS process the ability to
create threat indicators that can assist logistical managers within the utility industry,
emergency response industry, or other government agencies in the allocation of resources and
manpower. The localized weather prediction having maximized temporal and spatial
resolution combined with other information can allow for example a utility industry logistical
manager to allocate resources in localized areas where icing is forecasted and trees are
located adjacent power lines. The high resolution from the Mesonet combined with weather
prediction models (WRF), allows for the prediction models to be more effectively tuned, due
to the local maximized spatial and temporal data provided by the Mesonet, to fit the local
conditions.

This is accomplished by choosing from the many possible choices of parameterization
schemes based on the Mesonet data where those parameterizations schemes are such that
when they are combined with WRF can provide the best possible localized forecast. The
present invention determines which combinations of parameterization schemes produce the
highest spatial and temporal correlation factors for the application, for maximizing spatial
and temporal resolution and for the region. This is accomplished by utilizing the forecasted
weather conditions and observed weather conditions from the real time localized sensors of
the Mesonet. Weather forecast maps, graphics and threat indexes can be produced and

provided to a logistical manager for allocating resources and manpower.

EAS can also provide a threat index for an event that is designed to identify problem
areas of interest that merits action or a closer watch. The threat index level can be
determined by considering a combination of three factors including 1.) the type of asset; 2.)
weather conditions that can potentially place the asset at risk; and 3.) special conditions in
the area that can potentially amplify the threat. In the case of an electrical utility, the asset
could be power lines or high tension towers. The weather conditions could be icing or high
winds. The special conditions could be trees hanging over the power lines. The threat index
could be a level rating of 0 to 100 where 100 is the highest threat level. EAS determines at
what geographic locations and what predicted times will all three of those conditions exist
and attach to that a number.

Given a high spatial and temporal resolution meteorological forecast is made, the
system combines the weather predictions with infrastructure data and/or natural environment

data of the area to create a threat level index and a graphical map presentation of any threats.
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As will be understood by one skilled in the art, certain weather conditions combined with
certain types of infrastructure can create emergency conditions. The threat level index is a
probabilistic tool that rates areas in which certain infrastructure is likely to encounter certain,
possibly hazardous conditions, and/or outages, which can result in a high probability of
danger and/or service outage periods.

For example, in one embodiment of the present invention, the predictive indicator
system provides a threat level index for a weather event to an municipal electric utility
company. Infrastructure data including the location of above-ground power lines and trees
can be infrastructure and natural inputs into the system. The system can then analyze the
likelihood that winds over a certain speed will occur and/or that icing will occur in an area
where both above-ground power lines and trees are present. Where it is determined that all
three of these factors are likely to overlap, a high threat level is assigned. Thus, an
Emergency Management Center of an electric company can be notified and therefore, be able
to decide where and when to martial manpower before the crisis or outage arises.

Referring to Fig. 5, an illustration of the NWS data ingest process is provided. The
National Weather Service (NWS) ingest process is designed to obtain the necessary
observations and global-scale numerical weather forecasts from the National Weather
Service. The NWS ingest process begins by removing any files from previous runs of the
NWS ingest process and determining the date and time of the data to be ingested. The NWS
ingest process then attempts to obtain the necessary global model forecast data to initialize
the local model. The NWS ingest process makes threes attempts to obtain the global model
forecast data from the local source of NWS data (the Local Data Manager: LDM in Figure
5). If three unsuccessful attempts are made to obtain the global models forecast data locally,
the NWS ingest process sends mail to the forecaster on duty notifying them and the failure
and then makes three attempts to obtain the global model data directly from the National
Weather Service servers. If this fails the NWS ingest process again notifies the forecaster on
duty and resets the date and time to obtain an earlier run of the global model forecasts data.
If this process fails once the NWS process exits and notifies all forecasters of the failure.
Given the global model forecast data the NWS ingest process creates the necessary
Mesoscale model boundary conditions naming the files with the date and time of the
initializations. The global model forecast data, boundary conditions and files with the correct
parameterization schemes are passed to the Mesoscale forecast model and to a database
where the information is stored for other processes. Parameterization schemes are typically

region and application dependent — the correct parameterization schemes for a region in the
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Midwest, such as for example Missouri, would be different from a coastal region, such as for
example California, due to the different general weather conditions experienced in such
disparate regions.

Referring to Fig. 6, a functional flow of the Mesonet Data Ingest Process is
illustrated. As noted in paragraphs 40 and 41 above the data from each of the sensor arrays
are strategically placed based on regional characteristics to maximize the spatial and temporal
resolution for the specific application. Further these sensor arrays are can be connected to a
commonly used utility industry network called SCADA. Other networks can be utilized
without departing from the scope of the present Invention. Thus the data from the SCADA
network is first collected at a SCADA central site where the data from all the sensors are
collected and sorted by time. The collected and sorted data from the sensors are then
forwarded to EAS process central site. At user selectable intervals the Mesonet ingest process
contacts the SCADA central site to determine what data is available. If the requested data is
available it transferred from the SCADA central site to the EAS process central site. If not,
then three attempts are made to request the data from the SCADA central site. If after three
attempts the requested data is not available email is sent to the forecaster on duty warning of
the failure. If the data is available, the raw Mesonet data is stored in a database and the
Mesonet quality control program is forked from the Mesonet ingest process. Once the
Mesonet quality control program returns the quality controlled data and the quality control
flags are stored as a second entry in the Mesonet data database for each date time stamp and
station. Each ingest cycle is assigned a date and time stamp so that near real time data can be
utilized along with the most recent trends and transitions.

Referring to Fig. 7a, a functional flow of the Mesonet Quality Control Process is
provided. As with other components of the EAS process, the Mesonet quality control process
begins by obtaining the date and time of the Mesonet data that is to be quality controlled.
The data from a SCADA central site can optionally not have important information, such as
information regarding the latitude, longitude and height above sea level of a sensor, attached
to the data transmitted from the sensor in order to minimize the amount of information
transmitted from each sensor package. In that case, the data from a sensor station preferably
contains the “name” of the sensor station and the weather data recorded by that sensor,
allowing the EAS system to then determine the omitted information from a lookup table of
sensor station names correlated with such latitude, longitude and height above sea level data..

Once a match is found the data record has the appropriate information attached.
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Referring to Figure 7b, the first step in the Mesonet quality control process is to check
the data from each station to insure that the values are within realistic ranges. This is referred
to in Figure 7a as a level 1 check. The ranges of realistic values are based on both the season
and typical values suggested by the National Weather Service. Values that are out of bounds
are flagged as bad data by setting the flag to the amount the value was above or below the
acceptable ranges.

Referring to Figure 7c, the next step in the Mesonet Quality control process is a check
for temporal continuity. If this station’s data has failed a level 1 check, then a level 2 check
of this station’s data is not conducted. In order to conduct a temporal continuity check, the
data from each station is compared to values for the same station in 1 minute, 5 minute, 15
minute and 60 minute increments in the past to insure that a single miss-transmission of data
has not occurred. This is referred to as a level 2 quality control check in Figure 7a. As with a
level 1 check, if bad data is determined, it is flagged by setting the bad data flag to the
amount of error found in the data.

Referring to Figure 7d, the next step in the Mesonet quality control process is to test a
station’s data is representative. In this case each stations data is compared to its neighbors’ to
determine a stations data is significantly different than near by stations. If this stations data
has failed a level 2 check, a level 3 check of this stations data is not conducted. This check is
performed by removing each station in turn from the list of stations reporting. A Barnes
objective analysis is then computed with the restricted data set. A bi-linear interpolation of
the gridded data to the location of the station removed and the values from the interpolation is
compared to the actual data at the station. If the station is truly representative of the weather
there will only be a small difference between the interpolated data and the actual data. This is
referred to as a level 3 check. As with the level 1 and level 2 checks any stations with errors
are flagged with the amount of error found in the stations data.

Referring to Fig. 8, a functional flow of the Mesonet Graphics pre-processor is
provided. The advantage that the Mesonet data provides is the monitoring of the weather
conditions at locations spaced closer together than prior art monitoring stations. The greater
number of sensors spread over a smaller area provides a higher spatial and temporal
resolution of the existing weather and allows the Mesoscale model to start with a more
accurate set of boundary conditions. So part of the solution provided by EAS to the question
of how big the domain is and how to place stations is very dependent on the particular
problem that is trying to be solved. It is a time problem in the sense of how much is needed.

It is also a spatial problem because EAS must determine how much spatial coverage is
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needed or how far to go back to get enough upwind or upstream data. So, the placement of
the sensor stations for EAS is dependent in space and time on how much lead time is needed.
There is a spatial and temporal resolution. The location of assets of concern is also a driver
for placement of the sensor stations. Further, unique natural or land-use or infrastructure
conditions can be a driver as well as known prediction problems. EAS has an optimization
scheme to address the various needs. However, an increase in the number of sensor stations
forming a local mesonet is not all that EAS provides. The EAS system's strategic placement
of sensor stations is also provided.

Strategic placement of a sensor station for the local mesonet can be determined by
considering three primary parameters and they are - 1.) the type of weather threat/event of
concern; 2.) the type and location of the asset that is potentially threatened; 3.) extraneous
unique local conditions that may render an otherwise predictable environment unpredictable
or magnify the threat level of the weather threat/event even when the weather threat/event
would have normally been a non-event. Item 1.), though considered, can be rendered of little
or no effect if each sensor station placed has the entire suite of sensor types and the sensor
station is optimally placed such that each sensor type will get a good reading. The stations
also can have the ability to sample in the vertical. However, placement of a station for
optimal reading of all sensor types will be overridden if the asset of concern is most
threatened by a particular type of weather threat/event such that placement is skewed toward
a placement that provides best sensing capability for that particular type of weather

threat/event that the asset is most endangered by.

For example, a power line may be most threatened by icing or high winds. Therefore,
the most heavily weighted parameter can likely be the type and location of the asset that is
potentially threatened. Placement of sensor stations are made to provide the best coverage
for the assets of concern and placement of stations are skewed toward a placement that allows
for best sensing of a weather threat/event of most concern. Item three can be natural or man
made obstructions or objects or climatologically induced conditions that hinder normal
predictive capabilities or that can increase the threat level above what it would otherwise
normally be. For example, a building may hinder an accurate reading of wind conditions.
Traditional placement of sensor stations have typically resulted in placement of sensor station
in and around major airports because of there typical proximate to large metropolitan areas.
If it is decided to install an EAS system in an region, then sensor stations can be installed

strategically at various locations as dictated by the above parameters in order to form a local
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mesonet network, which provides coverage for the assets of concern in the region. The local
mesonet can be implemented and layered in combination with other available data as
discussed above.

There also may be areas of interest were EAS has determined an effective
parameterization scheme in a particular region is not feasible thus actual data is needed thus
driving the placement of sensor stations in the local mesonet. EAS is designed with locations
to fill in gaps where information is needed to have an answer to or description of conditions
so that EAS can report what is actually happening on a regular basis based on what is seen
across the network in terms of how much longer, for example the icing event, is going to
continue and how heavy the icing was going to be and how fast is it accumulating. The EAS
system also allows for user input to make adjustments just based on user knowledge of
current conditions or historical knowledge. Thus a user can alter the boundary layer
parameterization scheme. There’s a different choice for that particular combination. And so
there’s a list of these, all of these combinations that we, you know, have, there’s this great big
table that says if this is happening, then go pick this particular set of parameterization
schemes.

To best assess the existing weather conditions, all of the meteorological parameters
need to be seen in context, both spatially and temporally. The Mesonet graphics pre-process
places the Mesonet data requested into the formats needed by the Mesonet graphics tools.
The Mesonet data is presented in one of two major forms: The first is in the form of standard
meteorological diagrams such as meteograms and station models for web based graphics. The
second form is standard GoogleEarth™ KMY, files. The Mesonet graphics pre-processor sorts
the Mesonet data by date, time and station to create of list Mesonet station data to be plotted.
Once the list of stations is created the Mesonet data is written out in an intermediate form that
is readable by both standard web-based graphics and GoogleEarth™

Referring to Fig. 9a, a functional flow of the Forecast Model is provided. In order for
the Mesoscale meteorological model to create the high spatial and temporal resolution
forecasts several independent data sets need to be combined in order to create the lower and
lateral boundary conditions for the Mesoscale model. Some of these data sets can be referred
to as static data as they change only slowly. An example of a static data set is the topography
of the region over which the Mesoscale model is to be run. A second example of a slowly
varying but static (for the purposes of the Mesoscale model) data set is the vegetation and

land use data. These data are organized by latitude and longitude and available from a
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number of sources on latitudinal grids that do not match the grid used in the Mesoscale
model.

In order to make use of this static data on the grids, the model needs to be a WRF
model that allows placement of the static geographic data on a compatible grid of the WRF
model by using the geogrid process in order to convert for internal Mesonet model grid
values. This creates an intermediate format file that is used by ‘other processes in the
Mesoscale model. At the same time the lateral boundary conditions needed by the model to
allow for weather systems to pass across the Mesoscale model are provided by the global
scale forecasts from the National Weather Service. This data is transmitted in a compressed
binary form that needs to be unpacked before it can be used. The WRF model uses the
UnGRIB process to unpack the binary formatted data into an intermediate form that can be
used with the Mesoscale model. As with the static data the global scale forecast data are not
on the same grid as that of the Mesoscale model. To convert the global scale forecast data
into the boundary conditions needed by the Mesoscale model, the WRF process MetGRID
combines the static geographic data and the global forecast data into a single data set on the
grid required by the Mesoscale model. At this point all the data needed by the Mesoscale
model is on a consistent grid but is not dynamically and kinematicaly consistent. In order to
render this new data set consistent, the WRF process real is executed to insure that all the
dynamical and kinematic constraints are enforced. Given the dynamically and kinematically
constrained data the Mesoscale model is run to create the high spatial and temporal resolution

forecasts needed.

The Mesoscale prediction model that generates high-resolution meteorological fields,
which allows for localized Forecast fields, which can be combined with application specific
geospatial data on client infrastructure land use and other data. Threat index maps can be
generated by application specific combination of meteorological and other data. Mesoscale
observation network can be achieved by remotely located sensor suites that can be
Commercial of the shelf sensor package with wireless communication and solar charged
batteries or a customized suites. A Pre-existing digital broadband communication network,
such as a SCADA network, can be leveraged. The system can provide a localized High
spatial and temporal resolution customized to a specific application that has Near real-time
quality control and ingest of Mesoscale observed data. This data can be utilized in
combination with the FOSS Mesoscale prediction model with the FOSS Mesoscale model

optimized for best forecast performance.
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Referring to Fig. 9b, an illustration of a three-dimensional rendering of forecast data
is provided.

Referring to Fig. 9c¢, an illustration of forecast data is provided. In this illustration,
wind vectors can be seen, which relate wind direction and intensity across a region. The the
length, direction and placement of the arrows define the speed and direction of the wind at
specific positions. When combined, the wind vectors comprise a wind gradient. Very high
wind speeds can be flagged as possible threat.

Referring to Fig. 9d, an illustration of threat level data is provided. In this illustration,
threat levels are shown across the state of Missouri, with the highest threat levels being
located in the southeastern corner of the state. Such an output from the EAS system could be
analyzed by a forecaster, or be given to the Emergency Response Management of a business
or the government for their review. Based on such an illustration, such management could
determine how to response to the impending threat.

The EAS process as described above is an automated system with oversight by an
experienced weather forecaster who can at their discretion alter the flow of the process via a
user interface. This allows the EAS process to more faithfully determine the threat posed by
a weather event and to allow the EAS process to handle unexpected events such as a
hazardous chemical spill. Every day a new Lead Forecaster can take over at 12UTC. At this
point the lead forecaster verifies that the Mesonet data and network are operating normally by
monitoring the status provided by the user interface. Further the lead forecaster examines the
log files created by the previous lead forecaster for notes on the performance of the system
during the previous shift. To further verify the performance of the EAS process, the Mesonet
Quality control run logs and model run logs are examined to insure that no unexpected results
have been produced. At this point the lead forecaster reaches a decision point for the EAS
process.

The data from the National Center for Environmental Prediction has become available
and the lead forecaster can make a decision as to which configuration of the Mesoscale model
to run. If the lead forecaster does not believe a significant weather event will occur in the
next twenty-four hours or if the scale of the significant event can be accurately forecast by a
slightly lower resolution, a high spatial and temporal resolution (9km grid spacing) version of
the Mesoscale model is selected via the user interface and run by allowing the EAS process
automated software to run to completion. If on the other hand in the opinion of the lead
forecaster a significant weather event will occur in the next twenty-four hours a very high

spatial and temporal resolution (1km grid spacing) version of the Mesoscale model can be
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selected via the user interface and run by restarting the EAS process with a the high
resolution flag set. Further the lead forecaster can make the decision as to whether to run
multiple realizations of the Mesoscale model utilizing different starting and boundary
conditions in order to create the most accurate assessment of the significant weather event.
By rerunning the model with varying starting and boundary conditions, the lead forecaster
can analyze the variance in the prediction outcomes and determine a confidence level in the
assessment of the weather.

In the event the lead forecaster decides that a significant weather event will occur in
the next twenty-four hours requiring the very high resolution version of the Mesoscale model
to be run, preferably the past two hours of quality controlled data from the Mesonet is
combined with the data produced by real process (which may have been run without Mesonet
data incorporated) in the standard WRF initialization process via WRF 3D-VAR. More or
less Mesonet data may be incorporated, though more data increases run time. WRF 3D-VAR
creates a new set of lateral and lower boundary conditions that are markedly improved due to
the addition of the two hours of Mesonet data. In addition the lead forecaster may make
contact with other forecasters associated with the EAS process for the independent
verification of the event.

This contact can be provided via the user interface. Given the additional forecast
information, if merited, a warning can be sent to the mail address of those parties that will be
affected by the significant weather event. This message can also be transmitted via the user
interface. In addition the lead forecasters name and telephone number can be included as part
of the email to allow the parties affected by the weather event to pose more detailed
questions. As the Mesoscale model creates the numerical weather forecast, the model output
is verified against Mesonet data later attained during the forecasted window to insure the
Mesoscale model has not failed in some unknown manner. This raises confidence in the
results of the Mesoscale model. As the significant weather event unfolds the lead forecaster
can contact parties affected, giving updates to the progress of the event, and can provide an
assessment of the threat posed by the weather event. The threat index described is computed
by combining the relevant factors for the parties affect into the geographically and temporally
distributed threat index.

If no significant weather event is predicted to occur with the next twenty four hours
the lead forecaster can stand down and the EAS process is allowed to continue function

without further intervention.
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The various EAS system and process examples shown above illustrate a novel
Emergency Management system. A user of the present invention may choose any of the
above embodiments, or an equivalent thereof, depending upon the desired application. In this
regard, it is recognized that various forms of the subject invention could be utilized without
departing from the spirit and scope of the present invention.

As is evident from the foregoing description, certain aspects of the present invention
are not limited by the particular details of the examples illustrated herein, and it is therefore
contemplated that other modifications and applications, or equivalents thereof, will occur to
those skilled in the art. It is accordingly intended that the claims shall cover all such
modifications and applications that do not depart from the sprit and scope of the present
invention.

A user of the present method and system may choose any of the above
implementations, or an equivalent thereof, depending upon the desired application. In this
regard, it is recognized that various forms of the subject method and system could be
utilized without departing from the spirit and scope of the present invention.

As is evident from the foregoing description, certain aspects of the present
implementation are not limited by the particular details of the examples illustrated
herein, and it is therefore contemplated that other modifications and applications, or
equivalents thereof, will occur to those skilled in the art. It is accordingly intended that
the claims shall cover all such modifications and applications that do not depart from the
spirit and scope of the present implementation. Accordingly, the specification and

drawings are to be regarded in an illustrative rather than a restrictive sense.

Certain systems, apparatus, applications or processes are described herein as
including a number of modules. A module may be a unit of distinct functionality that
may be presented in software, hardware, or combinations thereof. When the
functionality of a module is performed in any part through software, the module
includes a computer-readable medium. The modules may be regarded as being
communicatively coupled. The inventive subject matter may be represented in a variety
of different implementations of which there are many possible permutations.

The methods described herein do not have to be executed in the order described, or
in any particular order. Moreover, various activities described with respect to the methods
identified herein can be executed in serial or parallel fashion. In the foregoing Detailed

Description, it can be seen that various features are grouped together in a single
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embodiment for the purpose of streamlining the disclosure. This method of disclosure is
not to be interpreted as reflecting an intention that the claimed embodiments require more
features than are expressly recited in each claim. Rather, as the following claims reflect,
inventive subject matter may lie in less than all features of a single disclosed embodiment.
Thus, the following claims are hereby incorporated into the Detailed Description, with
each claim standing on its own as a separate embodiment.

In an example embodiment, the machine operates as a standalone device or may be
connected (e.g., networked) to other machines. In a networked deployment, the machine may
operate in the capacity of a server or a client machine in server-client network environment,
or as a peer machine in a peer-to-peer (or distributed) network environment. The machine
may be a server computer, a client computer, a personal computer (PC), a tablet PC, a set-top
box (STB), a Personal Digital Assistant (PDA), a cellular telephone, a smart phone, a web
appliance, a network router, switch or bridge, or any machine capable of executing a set of
instructions (sequential or otherwise) that specify actions to be taken by that machine or
computing device. Further, while only a single machine is illustrated, the term "machine"
shall also be taken to include any collection of machines that individually or jointly
execute a set (or multiple sets) of instructions to perform any one or more of the
methodologies discussed herein.

The example computer system and client computers include a processor (e.g., a
central processing unit (CPU) a graphics processing unit (GPU) or both), a main memory and
a static memory, which communicate with each other via a bus. The computer system may
further include a video/graphical display unit (e.g., a liquid crystal display (LCD) or a
cathode ray tube (CRT) or other viewing/display/vision technology). The computer system
and client computing devices also include an alphanumeric input device (e.g., a keyboard), a
cursor control device (e.g., a mouse), a drive unit, a signal generation device (e.g., a speaker)
and a network interface device.

The drive unit includes a computer-readable medium on which is stored one or more
sets of instructions (e.g., software) embodying any one or more of the methodologies or
functions described herein. The software may also reside, completely or at least partially,
within the main memory and/or within the processor during execution thereof by the
computer system, the main memory and the processor also constituting computer-readable
media. The software may further be transmitted or received over a network via the network

interface device.
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The term "computer-readable medium" should be taken to include a single medium or
multiple media (e.g., a centralized or distributed database, and/or associated caches and
servers) that store the one or more sets of instructions. The term "computer-readable
medium" shall also be taken to include any medium that is capable of storing or encoding a
set of instructions for execution by the machine and that cause the machine to perform any
one or more of the methodologies of the present invention. The term "computer-readable
medium" shall accordingly be taken to include, but not be limited to, solid-state
memories, and optical media, and magnetic media.

Other aspects, objects and advantages of the present invention can be obtained from a

study of the drawings, the disclosure and the appended claims.
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CLAIMS
We claim:
l. A method for forecasting weather-related events comprising the steps of:

combining at a computer system initial large scale model domain boundary conditions
based on large scale national weather data combined with local mesonet data from local
mesonet weather sensors and forming a Numerical Forecasting Model parameterized and
conditioned based on mesoscale data and local environmental condition data;

generating weather prediction data based on the parameterized and conditioned
Numerical Forecasting Model; and

displaying the weather prediction data at a user interface,

where said weather sensors of the local mesonet include one or more of a stationery
weather sensor station, a mobile weather sensor station, a RADAR station, and anun-manned
aerial system borne weather sensor station and said weather sensors are geographically placed

based on infrastructure data and regional environmental characteristic data.

2. The method as recited in Claim 1, where displaying the weather prediction data
includes transmitting and displaying graphics data wirelessly and remotely with respect to the
computer system to a personal computing device illustrative of the weather prediction data

and formatted for displaying on a personal computing device user interface.

3. A system for forecasting weather-related events comprising:

a network meteorological weather sensors including one or more of a stationery
weather sensor station, a mobile weather sensor station, a RADAR station, and an un-
manned aerial system borne weather sensor station and said weather sensors are
geographically located based on infrastructure data and regional environmental characteristic
data and communicably linked over a wide area network to a central server;

a computer system having a memory and one or more processors;

one or mote processor executable programs stored in the memory and executed by the
one or more processors, where the one or more programs include,

instructions for combining initial large scale model domain boundary conditions
based on large scale national weather data combined with local mesonet data from the local
mesonet weather sensors and forming a Numerical Forecasting Model parameterized and

conditioned based on mesoscale data and local environmental conditions;
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instructions for generating weather prediction data based on the parameterized and
conditioned Numerical Forecasting Model; and

instructions for displaying the weather prediction data at a user interface.

4. The system as recited in Claim 3, where instructions for displaying the weather
prediction data includes instructions for transmitting and displaying graphics data wirelessly
and remotely with respect to the computer system to a personal computing device illustrative
of the weather prediction data and formatted for displaying on a personal computing device

user interface.

5. A system for predicting weather-related threats, comprising:

a local mesonet network of meteorological weather monitoring stations having a
plurality of monitoring stations communicably linked over a wide area network to a central
server where each of said plurality of monitoring stations operable to transmit sensor data to
said central server and where each of said plurality of monitoring stations are geographically
place based on infrastructure data and regional environmental characteristic data;

a computing system communicably linked to said central server over said wide arca
network and having an initialization module adapted for initializing the boundary conditions
for a EAS model domain, where said initialization module has a pre-processing sub-module
operable to extract data from a geographic database to define the model domain lower
boundary condition, a function operable to extract data imported from a large scale national
database to define lateral boundary conditions, and a Metgrid function operable to transform
data for the EAS model domain;

said computing system further comprising an ingestion module adapted for ingesting
initial EAS model domain boundary conditions and combining with Local Mesonet data to
get numerical forecasting model by importing Local Mesonet Data from the Local Mesonet
and transformed by a sampling function into uniform data grid and storing the data grid;

said computing system further comprising a parameterization scheme module adapted
for selecting and tuning a parameterization scheme of the numerical model based at least
partially on Local Mesonet Data; and

said computing system further comprising a Prediction module adapted for generating
weather prediction data based on the numerical model and outputting the weather prediction

data to a user interface adapted for operator viewing,.
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6. The system as recited in claim 5, where the network meteorological weather
monitoring stations include a stationery weather monitoring station mounted on existing

infrastructure.

7. The system as recited in claim 5, where the network meteorological weather
monitoring stations include a ground based mobile weather monitoring station mounted on a

mobile vehicle.

8. The system as recited in claim 5, where the network of meteorological weather
monitoring stations include a Doppler RADAR weather monitoring station mounted on

existing infrastructure.

9. The system as recited in claim 5, where outputting the weather prediction data to a
user interface includes outputting the weather prediction data wirelessly to a mobile device

formatted for graphically displaying on the user interface of the mobile device.

10. A method for predicting weather-related threats, comprising the steps of:

providing a mesoscale network meteorological weather monitoring stations by placing
plurality of weather monitoring stations geographically based on infrastructure data and
environmental data thereby forming a local Mesonet and communicably linking said plurality
of monitoring stations over a wide area network to a central server;

transmitting sensor data from each of said plurality of monitoring stations to said
central server and where each of said;

initializing the boundary conditions for a EAS model domain using a computing
system having an initialization module adapted for initializing the boundary conditions for
the EAS model domain;

pre-processing medium scale forecast data with a pre-processing sub-module of said
initialization module;

extracting data from a geographic database to define the model domain lower
boundary condition;

extracting data imported from a national weather service to define lateral boundary

conditions;
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transforming the extracted data from the geographic database and the national weather
service for the EAS model domain;

Ingesting initial EAS model domain boundary conditions and combining with Local
Mesonet to a large scale Numerical Forecasting model using the ingestion module of the
computing system and importing Local Mesonet Data from the Local Mesonet and
transformed by a sampling function into uniform data grid and storing;

selecting and tuning a parameterization scheme based at least partially on Local
Mesonet Data using the parameterization scheme module of the computing system; and

generating weather prediction data based on the large scale Numerical Forecasting
model and outputting the weather prediction data to a user interface adapted for operator

viewing,

11.  The method as recited in claim 10, where the plurality of monitoring stations include

a stationery weather monitoring station mounted to existing infrastructure.

12.  The method as recited in claim 11, where the plurality of weather monitoring stations

include a Doppler RADAR.

13.  The method as recited in claim 10, where the plurality of weather monitoring stations

include ground based mobile weather monitoring stations.

14.  The method as recited in claim 10, where the plurality of weather monitoring stations

include an airborne weather monitoring station.

15.  The method as recited in claim 8, where outputting the weather prediction data to a
user interface includes outputting the weather prediction data wirelessly to a remote mobile

device formatted for graphically displaying on the user interface of the mobile device.

16. A computer system for predicting weather-related threats, comprising:

a computer system having a memory and one or more processors;

one or more processor executable programs stored in the memory and executed by the
one or more processors, where the one or more programs include,

instructions for data ingesting and combining at a computer larger scale numerical

weather forecast data with high spatial and high temporal resolution data from a local
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mesonet thereby creating real time a forecast model having higher spatial and temporal
correlation factors between observed and predicted weather conditions;

quality control processing the data from the local mesonet by determining if data is
within predetermined criteria including one or more of, sensor performance, expected data
content, expected data range, temporal data continuity, spatial data consistency and data
adjustments for infrastructure;

instructions for deriving meteorological fields using current and predicted
meteorological fields including one or more of divergence, vorticity, moisture advection,
wind velocity shear, wind velocity deformation, and gradient wind strength, thereby
maximizing temporal and spatial resolution; and

instructions for generating weather prediction data based on quality controlled
weather forecast mode and outputting the weather prediction data to a user interface for

operator viewing.

17.  The computer system of claim 16, where instructions for outputting weather
prediction data includes instructions for wirelessly outputting graphical data illustrative of the
weather prediction data to a remote mobile personal computing device formatted for

displaying on the user interface of the mobile personal computing device.

18.  The computer system of claim 16, where the local mesonet includes one or more of a
Doppler RADAR weather monitoring station, a stationery weather monitoring station, a
mobile weather monitoring station and an un-manned aerial system borne weather monitoring

station.

19. A computer implemented method for providing environmentally predictive indicators
and related threats, comprising the steps of:

assembling at the computer system meteorological sensor data from a plurality of
monitoring stations communicably linked over a wide area network and placed
geographically based on infrastructure data and natural environmental and man-made
regional characteristic data, time averaging the meteorological sensor data over a one minute
period, and transmitting the aggregate meteorological sensor data in a data package to a
central server having program instructions where when said program instructions are

executed are adapted to perform the steps of,
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initializing lateral boundary conditions based on large scale numerical weather
forecast data and lower boundary conditions based on climatological geographic data for an
earth and atmosphere model domain,

combining model domain boundary conditions and sensor data transformed into a
uniform data grid for implementing a forecasting model; and

generating weather prediction data based on the forecasting model and outputting the

weather prediction data to a user interface for operator viewing.

20.  The computer implemented method of claim 19, where instructions for outputting
weather prediction data includes instructions for wirelessly outputting graphical data
illustrative of the weather prediction data to a mobile personal computing device formatted

for displaying on the user interface of the mobile personal computing device.

21. A computer implemented method, comprising the steps of:

receiving from a central server at a uniform time interval for meteorological sensor
data;

receiving at the computer system the meteorological sensor data from a plurality of
monitoring stations communicably linked over a wide area network and placed
geographically based on one or more of infrastructure data and natural environmental and
man-made regional characteristic data transmitted to the central server and said computer
system having program instructions where when said program instructions are executed
perform the steps of,

initializing real time lateral boundary conditions based on large scale numerical
weather forecast data and lower boundary conditions based on climatological geographic data
for an earth and atmosphere model domain, and incorporating data from the plurality of
monitoring stations to improve real time lateral and lower boundary conditions of a
forecasting model, and

combining model domain boundary conditions and sensor data transformed into a

uniform data grid for implementing the forecasting model.

22.  The computer implemented method as recited in claim 21, further comprising:
implementing the forecasting model from combining the model domain boundary
conditions and sensor data; and

generating weather prediction data based on the forecasting model.
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23.  The computer implemented method as recited in claim 22 further comprising the steps
of:

outputting weather prediction data to a user interface adapted for operator viewing.

24,  The computer implemented method as recited in claim 23, where outputting weather
prediction data includes outputting wirelessly to a mobile computing device, weather

prediction data formatted for viewing on the personal viewing device.

25. A computer implemented method, comprising the steps of:

initializing at a computer lateral boundary conditions based on large scale numerical
weather forecast data and lower boundary conditions based on climatological geographic data
thereby implementing an earth and atmosphere model domain;

transforming into a uniform data grid sensor data from a local mesonet having a
plurality of monitoring stations communicably linked over a wide area network and placed
geographically based on infrastructure data and natural environmental and man-made
regional characteristic data; and

combining the earth and atmosphere model domain boundary conditions and the
sensor data collected from the local mesonet thereby implementing a forecasting model, and

combining one or more of static infrastructure data with the climatological geographic

data and the meteorological sensor data to determine a threat index.

26. A system for predicting weather-related threats, comprising:

a network meteorological weather monitoring stations having a plurality of
monitoring stations communicably linked over a wide area network to a central server where
each of said plurality of locally spaced apart monitoring stations operable to transmit sensor
data to said central server and where each of said plurality of monitoring stations are
geographically place based on a type of local weather threat parameter, a type of local asset
parameter, and a local condition parameter thereby forming a local Mesonet;

said central server having a memory and one or more processors, where one or more
processor having executable programs stored in the memory and executed by the one or more

processors, where the one or more programs include
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instructions for transmitting sensor data and other weather data to a computing system
communicably linked to said central server over said wide area network and having an

initialization module adapted for initializing the boundary conditions for a model domain.

27.  The system as recited in Claim 26, where the plurality of monitoring stations includes
one or more of a stationary weather sensor, a mobile weather sensor, a Doppler RADAR

system, and an un-manned aerial system borne weather sensor.

28. A computer implemented method, comprising the steps of?

initializing at a computer lateral boundary conditions based on large scale numerical
weather forecast data and lower boundary conditions based on climatological geographic data
thereby implementing an earth and atmosphere model domain;

transforming into a uniform data grid sensor data from a local mesonet having a
plurality of weather monitoring stations and a plurality of Doppler radar monitoring stations
communicably linked over a wide area network and placed geographically based on one or
more of infrastructure data and natural environmental and man-made regional characteristic
data;

combining the earth and atmosphere model domain boundary conditions and the
sensor data collected from the local mesonet thereby implementing a forecasting model;

inserting the wind radial velocity from the sensor data, and adjusting two other wind
components with respect to a continuity equation and some mean quantities;

retrieving pressure and temperature perturbations; and

refining quality control, editing and analysis techniques thereby providing a more
accurate three dimensional wind field recovered from the observed radial velocities and radar
reflectivities; and

generating weather prediction data based on the forecasting model and outputting the

weather prediction data to a user interface adapted for operating viewing.
29.  The computer implemented method as recited in claim 28, where the plurality of

weather monitoring stations includes an un-manned aerial system borne weather monitoring

station.
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30. A computer implemented method for providing environmentally predictive indicators
and related threats, comprising the steps of:

assembling at a computer system meteorological sensor data from a plurality of
Doppler radar monitoring stations and a plurality of weather monitoring stations
communicably linked over a wide area network and placed geographically based on one or
more of infrastructure data and natural environmental and man-made regional characteristic
data and transmitting the meteorological sensor data to a central server having program
instructions where when said program instructions are executed are adapted to perform the
steps of,

combining at a computer larger scale numerical weather forecast data with high
spatial and high temporal resolution data from the sensor data thereby initializing and
creating boundary conditions for a forecast model having higher spatial and temporal
correlation factors between observed and predicted weather conditions,

initializing lateral boundary conditions based on large scale numerical weather
forecast data and lower boundary conditions based on climatological geographic data for an
earth and atmosphere model domain, and

combining model domain boundary conditions and sensor data transformed into a
uniform data grid and implementing a forecasting model; and

generating weather prediction data based on the forecasting model and outputting the

weather prediction data to a user interface adapted for operator viewing,.

31.  The computer implemented method as recited in claim 30, where the plurality of

weather monitoring stations include an airborne weather monitoring station.

32.  The computer implemented method as recited in claim 31, where outputting the
weather prediction data to a user interface includes wireless outputting graphical data to a

mobile personal computing device illustrative of the weather prediction data.

33. A computer system for predicting weather-related threats, comprising:

a computer system having a memory and one or more processors;

one or more processor executable programs stored in the memory and executed by the
one or more processors, where the one or more programs include,

instructions for combining at a computer larger scale numerical weather forecast data

with high spatial and high temporal resolution data from a local mesonet including a local
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Doppler radar system and an airborne weather monitoring station, thereby initializing and
creating boundary conditions for a forecast model having higher spatial and temporal
correlation factors between observed and predicted weather conditions;

instructions for deriving three dimensional meteorological fields using current
observed and predicted meteorological fields including three dimensional wind fields, wind
perturbations and temperature perturbations; and

instructions for providing an inversion technique to compute realistic perturbation
pressures and perturbation temperature fields, and error magnitudes in the recovered fields,

therefore, can be used to predict wind field changes and wind loading over a time duration.,

34. A method for forecasting weather-related events comprising the steps of:

combining at a computer system initial large scale model domain boundary conditions based
on large scale national weather data combined with local mesonet data from local mesonet
weather sensors and forming a Numerical Forecasting Model parameterized and conditioned
based on mesoscale data and local environmental condition data;

generating at said computer weather prediction data based on the parameterized and
conditioned Numerical Forecasting Model; and

displaying the weather prediction data at a user interface,

where said weather sensors of the local mesonet include one or more of a stationery weather
sensor station, a mobile weather sensor station, a RADAR station, and an un-manned aerial
system borne weather sensor station and said weather sensors are geographically placed

based on infrastructure data and regional environmental characteristic data.

35.  The method as recited in Claim 34, where displaying the weather prediction data
includes transmitting and displaying graphics data wirelessly and remotely with respect to the
computer system to a personal computing device illustrative of the weather prediction data

and formatted for displaying on a personal computing device user interface.

36.  The method as recited in Claim 35, further comprising the steps of:

generating an adjoint mesoscale numerical weather prediction model based on stationery
weather sensor station data and large scale national weather data;

inputting into a constrained optimization model client specific threat map data, adjoint
mesoscale numerical weather prediction model data, stationery weather sensor station data

and UAS fleet location and compacity data; and
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generating and transmitting UAS fleet flight and configuration data.

37. A system for forecasting weather-related events comprising:

a network meteorological weather sensors including one or more of a stationery weather
sensor station, a mobile weather sensor station, a RADAR station, and an un-manned aerial
system borne weather sensor station and said weather sensors are geographically located
based on infrastructure data and regional environmental characteristic data and
communicably linked over a wide area network to a central server;

a computer system having a memory and one or more processors;

one or more processor executable programs stored in the memory and executed by the one or
more processors, where the one or more programs include,

instructions for combining initial large scale model domain boundary conditions based on
large scale national weather data combined with local mesonet data from the local mesonet
weather sensors and forming a Numerical Forecasting Model parameterized and conditioned
based on mesoscale data and local environmental conditions;

instructions for generating weather prediction data based on the parameterized and
conditioned Numerical Forecasting Model; and

instructions for displaying the weather prediction data at a user interface.

38.  The system as recited in Claim 37, where the one or more programs include,
instructions for, generating an adjoint mesoscale numerical weather prediction model based
on stationery weather sensor station data and large scale national weather data;

instructions for inputting into a constrained optimization model client specific threat map
data, adjoint mesoscale numerical weather prediction model data, stationery weather sensor
station data and UAS fleet location and compacity data, and

instruction for generating and transmitting UAS fleet flight and configuration data.

39.  The system as recited in Claim 38, where instructions for displaying the weather
prediction data includes instructions for transmitting and displaying graphics data wirelessly
and remotely with respect to the computer system to a personal computing device illustrative
of the weather prediction data and formatted for displaying on a personal computing device

user interface.
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