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Preface

The Atmospheric Sounding Program (ASP), developed at the U.S. Army

Research Laboratory, is part of the U.S. Army Integrated Meteorological

, System Block II software. Using data obtained through the Automated

. Weather Distribution System (AWDS), the ASP operates worldwide. The ASP
' uses raw radiosonde data from the AWDS, as well as output data created by the
Battlescale Forecast Model that runs on the Integrated Meteorological System.

This report describes the theoretical and mathematical principles used in the
ASP.
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Executive Summary

I ntroduction

The U.S. Army Research Laboratory, Battlefield Environment Directorate, has
developed the Atmospheric Sounding Program (ASP) to assist the Staff
Weather Officer in making accurate weather predictionsin the battlefield. The
ASP is designed to use either conventiona upper-air observations from raw
input data or output data from the Battlescale Forecast Model (BFM). The out-
put of the ASP is presented in a series of graphic or text packages, which dis -
play analyses and forecasts of weather hazards such as icing, turbulence,

clouds, reduced surface visibility, and thunderstorm probability.

Purpose

Thisreport describes the datainput, the theoretical and mathematical principles
used by the ASP, and the different weather hazards that might interfere with
military operations. There is a detailed description of stability analyses and
many stability indices and how the ASP uses them. Additionally, each weather
hazard is described. The techniques used by the ASP to forecast weather haz -
ards giveinsight into how the routines are developed and utilized.

Overview

The ASP is initialized by upper-air observations, either from standard

radiosonde upper-air observations or output from a numerical model, the BFM.
These data are decoded and processed before calculations are performed, giv -
ing the forecaster an overview of the atmospheric conditions at or near the site
of the upper-air data. The ASP uses these data and produces a series of weather

hazards that can be used for analyses or forecasts to 24-h from the initial time

of the BFM run. Included in these weather hazards are thunderstorm probabil -
ity, turbulence, icing, clouds, and surface visibility. These meteorological pata -
meters are later entered into a database so that other programs such as the

Integrated Weather Effects Decision Aid can investigate how the weather haz -
ards will influence equipment and personnel in the battlefield.




1. Introduction

The Integrated Meteorological System (IMETS) is a mobile operational automated
weather data receiving, processing, and disseminating system utilized by Air

Force weather forecasters in support of Army operations. The U.S. Army

Research Laboratory (ARL) has formulated a number of weather products that

will support the forecaster to make more precise and detailed weather decisions.
Of most concern to the military is the influence of weather hazards on military

operations. These hazards include icing, turbulence, inversion layers, surface
visibility, and thunderstorms.  Recent efforts have centered on employing
sounding data to display text and graphical output of these weather parameters.

However, with the development of an operational mesoscale model, the
Battlescale Forecast Model (BFM), there has been an effort to make short-term

weather forecasts(<=24 h) of these weather hazards. [!

The Atmospheric Sounding Program (ASP) isa program in theIMETS software
environment that calculates, interpolates, and displays meteorologica data for the
forecaster. The program ingests sounding data either from conventional
radiosonde data or from 3-D model output. Once these data have been read, the
program will process the information and display it so users can make weather

decisions. The program displays a skew T-log P diagram, a weather hazards
program, and information about thunderstorms and surface visibility. All

sounding information, either from the model output or upper-air observations, can

be saved and retrieved in the program.

Thisreport isdivided into the following sections, each with a different degree of
detail.

Section 1 - Introduction

Section 2- Data Input Methods Into ASP

Section 3- The Data and Quality Control

Section 4 - Stability Analysis from The Sounding Data
Section 5 - Weather Hazards

Section 6 - Summary



2. Data Input Methods into ASP

2.1

Data for the ASP comes from two genera sources; either conventiona radiosonde
data or 3-D output from the BFM. Sounding data is delivered into the IMETS
database by either the Automated Weather Distribution System (AWDS), the
Automated Weather Network (AWN), or manual input. The latest BFM datais
placed into a gridded meteorological database (GMDB), where the ASP can
access it.

Sounding Data Using Radiosondes

This data method uses radiosonde data in World Meteorological Organization

(WMO) format. Rawinsonde observations (RAOBS) examine the pressure,

temperature, humidity, and wind structure from the earth’ s surface to where the
balloon burst (figure 1). As the balloon rises, these measurements are transmitted

to aground station where data are recorded automatically. These data are
commonly divided into different groups known as the TTAAs (mandatory levels),

TTBBs (significant-level temperatures), andPPBBs (significant-level winds). The
actual number of levelswill vary from one rawinsonde report to another. [2]

Skeu T - Log P
Lat: 40 150N Lon. 089.330w Elev: 178 (m) Date: 6 Jan 1999 GHT- 1200

SWEAT  Totals Shovalter K-index LI  CAPE(J/KG)  PW(in)
199 51 3 19 14 -999 0.35

100 —

Figure 1. Skew T-Log T plot from RAOB.




2.2 Sounding Data from BFM Model Output

Lee et al. Note that the mesoscale domain can range from 2,000 to 2 km. Of
primary interest to the Army is atransitional mesoscale, area of 500 km or less,
which ARL refers to asthe battlescale. With this goal in mind, ARL has adapted
a hydrostatic model, Higher Order Turbulence Model for Atmospheric Circulation
(HOTMAC), which has been modified for Army applications. [3,4]

One of the main advantages of the BFM isthat it takes into account local terrain
features, which assist in producing a fine-tuned local forecast (figure 2). By
incorporating these local effects in a specific area, the forecaster does not need to

be accustomed with the local terrain features that might influence nearby weather
patterns. The BFM calculates intercepted solar radiant energy, which can

influence localized mesoscale wind fields. It uses the hydrostatic and quasi-
Boussinesq approximations and has detailed surface boundary layer physics.

T

Skew - Log P
Lat: 42.555N Lon. 072.770v Elev. 335 (m) Date: 1 Apr 1997 GMT. 0000

SUEAT Totzls Shovalter K-index LI CAPE (J/KG) PU(in)
63 40 16 15 2 -999 0.39

100
/
e

43 Speed(kts)

Figure 2. A 12-h forecast skew T-Log P diagram from a BFM run.
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BFM initialization includes al observations from the area of interest, such as
surface data, upper-air observations, and the 12-h forecasted Naval Operational
Globa Atmospheric Prediction System (NOGAPS), which isissued by the U.S.
Air Force Weather Agency (AFWA) viathe Air Force AWDS. The NOGAPS
grid points are spaced 381-km (2.5 ° atitudinal distance) apart on the mandatory
pressure surfaces, although integration of grids with 1” resolution will soon be
implemented.

Lateral and time-dependent boundary conditions (large-scale forcing) are supplied
from grid-point data close to the area of interest. These data are taken from
NOGAPS output valid at analysis and forecast times of interest.

The BFM forecast is executed using these boundary conditions and area-of-
interest raw data as initialization guidance. It solves towards forecast solutions
dictated by globa forecast gridded data, although boundary-layer mesoscale flows
can be generated when the local terrain and radiation forcing dominate thearge-
scale forcing.

The main BFM-generated output for the grid include the u and v horizontal wind
vector components, potentiad temperature, and water vapor mixing ratio, where u
is the east-west wind component and v is the north-south wind component. These
forecast fields are saved at 0-, 3-, 6-, 9-, 12-, 18-,and 24-h from the base' time of
the model run. Thus, it is possible to manipulate these data at various intervals
over the forecast period. A vertical profile of the atmosphere is available at each
grid point using these output data.

2.3 Archived Data

The final method of sounding data acquisition is to retrieve past sounding data
(from rawinsonde or BFM output) that has been archived in afile on the hard disk.

11




3.

The Data and Quality Control

Prior to processing the data and performing the meteorological calculations, a
quality control validation is made of the upper-air sounding data.

3.1 Quality Control

Thefollowing procedures are taken to ensure that data received isvalid:

L

Check the mandatory-level temperatures and dew points above 500 mb to
verify that they are not missing. If they are missing, use the standard-level
values.

Check the surface layer for missing data. If the surface datais missing, the
sounding cannot be used, since interpolation is used for any missing datain
the levels above the surface.

If both the pressure and height values are missing from a level, eliminate the
level.

Check each level for inconsistent values. As an example, if the dew point is
greater than the temperature value on a level, the dew point and temperature

are set as missing and interpolated from surrounding levels.

Search each array vertically and fill in missing values of pressure, height,
temperature, dew point, wind speed, and wind direction.

If there are duplicate levels with the same pressure or heights, eliminate the
first oneinthelist.

If apressure level is<=1mb from the level below it, eliminate the pressure
level sinceit can cause calculation errors.

13




8. If any of the mandatory levels are missing, create them by interpol atingfrom
the existing data. |f any of the mandatory levels are below the surface
elevation, eliminate them from the data set.

9. Check for any missing data at the top level of the sounding. If there are
missing data, make interpolations from data below or set to some reasonable
value from the standard heights.

10. Truncate or round values that are not typically used in meteorological
calculations. As an example, awind speed of 23.4 kn is truncated to 23 kn.

11. There must be at least four levelsin all soundings, and there must be datato
at least 500 mb in the sounding.

Without these above criteria, the meteorological calculations cannot be
accomplished.

3.2 Missing Data from Sounding

The ASP needs pressure, height, temperature, dew point, wind direction, and wind
speed data for each level of the sounding. The TTBB data contains only pressure
levels, temperature data, and dew point depression values; thus, the height of the
level and the wind data are missing. The PPBB data has missing values of
pressure levels, temperature data, and dew point depression data. The ASP quality
control program derives these missing data.

3.2.1 Missing Temperature, Dew Point, and Wind Data

It is assumed that the atmosphere is logarithmic in pressure from the surface to the
top of the atmosphere (100 mb in this case). To find any missing values of
temperature and dew point, asimple linear interpolation is used. As an example,
if the temperature is missing from theit level, the equation below is used to find
the missing value.

14
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temp(i) =temp(i- 1)+[temp(i+ |)-temp(i- 1)]* (D
{ log [pp(i- 1)]- log [pp(i)] }

log [pp(i-1)]- log [pp(i+1)]
To interpolate the wind direction data, it is necessary to
e convert these data into u and v components of the wind,

e interpolate the values using Eq. (1), and
e convert back from the u and v components to the wind direction in degrees,

3.2.2 Missing Height Data

In the case of the TTBB data, the height values at the i * level are missing. To
find the missing height value, the hypsometric equation is used:

heightfij=clev+ 28704 (LY 12310) 00 Hp p(S) @)
(9.806) pp(i)
where
elev = theheight of the elevation in meters
287.04 = thevalue of the gas constant for dry air
T, = themean virtual temperaturein degreesC
273.16 = the value added for degrees Kelvin
9.806 ms? = the gravitational acceleration
PP = the pressure values for the surface and the missing level, i

3.2.3 Missing Pressure Data

In the PPBB data, only the height and wind data are delivered. Since these data
are useful inthe ASP, it is necessary to calculate the pressure values missing in
the PPBB data or for any level in which pressure is missing. Equation (3)

calculates the missing pressure level (i).

15




Pvalue=log [pp(i+1)]+ [ht(i+]) -ht(i}] , 3)
[ht(i+D)-ht(i-1)]

fog [pp(i-1)]- log[(pp(i+1))] }

where
i-1 level = the pressure level below the one missing

i+l level = pressure level above the one missing
ith level =the hel ght for the mISSIng pressure level

In order to find the missing pressure level, the value is raised exponentially, and
the missing pressure is derived. These missing levels are placed into the ASP
sounding.

3.3 Quality Control of the BFM Output Data

Once the BFM data is accessed for a grid cell at its center point, the ASP
eliminates the surface-derived data or first level. Since surface temperature and
moisture observations are normally recorded at 2 m above ground level (AGL),
the ASP accepts the 2-m level as the surface level temperature and dew point.
The surface wind is considered to be 10 m AGL. This eliminates many problems
that would occur if the BFM zero-level data were used. The wind data at ground
level is set to zero by the model and the model’s 10-m level is used as surface
wind.

There is no other quality control of BFM data since the BFM program has its own

quality control program. For details about the BFM quality control program see
Henmi and Dumais. [5]
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4. Stability Analysis from the Sounding Data

After the quality control program is completed, these data from the
atmospheric sounding or from the mesoscale model are processed. These
data are placed into six arrays.

e pressure

° hEIght

e temperature
e dew point

e wind direction
e wind speed.

From these data it is possible to derive many products that are useful for
forecasters.  These calculations include a large set of thermodynamic

variables and levels that furnish information about the Stability of the
atmosphere.

4.1 Thermodynamic Variables
Stahility analysis of the atmosphere is an essential element in convective
forecasting, Since stability analysis is a complex and time-consuming
process, a number of convective indices have been developed to smplify
this task. This section describes information on the calculation of both
stability indices and thermodynamic levelsin the ASP. [6]

4.1.1 Vapor Pressure Calculation

This calculation uses aformula by Tetens:

axt

e,=6.1110 > @)
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4.1.2

4.1.3

where e is saturation vapor pressure, t is temperature in degrees Celsius,
and constants a and b = following values:

over water a =7.5, b=237.3
over icea =9.5, b =265.5

Relative Humidity

The mixing ratio is defined by:
0.622 xe
W'_'—
p-e

()

where w is the mixing ratio, p is the ambient air pressure, e is the partia
pressure due to the water vapor. Use the subscript s on e to denote
saturation mixing ratio.

To caculate the surface relative humidity (RH), use Eq. (6).

W
RH=100*— (6)

S

where the surface RH is the ratio of the mixing ratio to the saturation-
mixing ratio multiplied by 100 percent.

Convective Condensation Level
The convective condensation level (CCL) is the point of intersection of the

temperature curve on the skew T - log P diagram with the saturation mixing
ratio line corresponding to the average mixing ratio in the surface layer.

[7]
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The CCL isfound graphically as the point of intersection of the mean
mixing ratio with the temperature curve on the sounding. The mean
mixing ratio is calculated in the lowest 100 mb on the sounding. To find
the point of intersection, use the following linear interpolation:

W (i-1)- Wavg)
W (i- 1) - W (i)

PCCL=

«[pp(i) +pp(i -1 >| (7)

where

PCCL = the pressure level of the CCL

W = the mixing ratio

W, = the saturation mixing ratio
PP = the pressure level

i = the higher level

i-l = the lower level

The convective temperature is then found by bringing a parcel dry-
adiabatically from the CCL back down to the surface pressure. Poisson’s
equation is used to perform this calculation and is given by:

» R
ComvT=T, ( Psfc )< (8

ccl

where

ConvT = the convective temperature in degrees Kelvin
Tod = the temperature in degrees Kelvin at the CCL
P - the surface pressure in millibars

Pq  =the pressurein millibars at the CCL
R = the dry air gas constant
C, = the specific heat of air at constant pressure

19



4.1.4 The Lifted Condensation Level

The lifted condensation level (LCL) isthe level to which a parcel of moist
air must be lifted adiabatically before it becomes saturated with respect to
water.

To find the height of the LCL, first compute the mean temperature between
the initial level of the parcel and the LCL (based on pressure), then use the

formula
)
HTLCL=287.04 ¥ - *log(P /PLCL)
9.806

where

HTLCL = the height of the LCL

T = the mean temperature of the layer in degrees Kelvin

P, = the surface pressure

PLCL = the pressure level of the LCL

4.1.5 Other Thermodynamic Variables

The level of free convection (LFC) is found at the height at which a parcel
of ar lifted dry-adiabatically until saturated and saturation-adiabatically
thereafter would become warmer (less dense) than the surrounding air. The
equilibrium level (EL) isthe level in the atmosphere where arising parcel
of air reaches a stable layer and no longer can rise above this layer. The EL
IS based on the temperature and pressure of the LCL. Thus, the less stable
the conditions at the level of the LCL, the higher will be the EL. 7]

20




4.2

421

Thefreezing level isreferred to the lowest level in the atmosphere at which

air temperature 0°C is reached. In some cases, the freezing level can be
obtained in more than one instance such as a case where an inversion layer
IS present.

The tropopause is the boundary between the troposphere and stratosphere.
It is associated with a rapid change in the temperature and moisture curves
onaskew T -log P.

Calculation of Stability Indices

To calculate many of the conventional stability indices, the following
parameters must be known at three mandatory levels.

1. 850 mb temp, dew point, wind speed, wind direction
2.700 mb temp, dew point
3. 500 mb temp, wind speed, wind direction

If data are not available at these mandatory levels, as will be the case with
BFM output, an interpolation scheme computes values for the missing
levels. Additionally, many of these stability indices cannot be calculated at
|ocations where ‘the surface pressure is less than 850 mb, or they may be
exaggerated at |ocations where the surface pressureis just above 850 mb.

K I ndex

The K index is a useful parameter for forecasting general nonsevere (air-
mass thunderstorms) convection. Usualy, when the K index exceeds 30,
the atmosphere is warm and moist in the lower levels and relatively cool at
500 mb. The K index is sensitive to the dew point depression at 700 mb
and obtains alower value when the relative humidity islow at 700 mb.

21




422

This can account for the effects of entrainment of dry air into the
thunderstorm environment, a condition that is regarded to be favorable for
the development of severe thunderstorms. The K index is calculated as
follows:

K=T,,-T

550~ Ls00t TDgso~ (T390~ TDsg0) (10)

The total totals are a combination of the cross totals and vertical totals.

where
vertical totals = Tgso - Tsoo
cross totals = TDgsg~ Tsoo
total totals = vertical totals + cross totals

The cross totals reveal the relationship between low-level moisture and the
temperature at 500 mb. Typically, cross totals in excess of 18 are
considered necessary for convection.

The vertical totals are similar to the cross totals except the 850-mb air
temperature is considered rather than the dew point depression. A threshold
value of 26 is a threshold value for deep convection.

The total totals are a better parameter for convection than the cross totals or
vertical totals alone. A threshold value for the development of
thunderstorms is 44.

Showalter |ndex

The Showalter index is a measure of the local static stability of the
atmosphere. Thisindex is determined by raising an air parcel from the 850-mb
level dry-adiabatically to the point of saturation, then saturation-
adiabatically to 500 mb. At the 500-mb level, the temperature of the parcel

is compared to that of the environment; the magnitude of the index is the

22




4.2.3

424

difference between the two temperatures. |f the parcel is colder than its new
environment, the index is positive; if it warmer, the index is negative.[7]

Lifted I ndex

The lifted index (L1) is calculated by using the mean temperature and
mixing ratio for the lowest 100 mb of the sounding, then lifting the mean
temperature and dew point from 50 mb above the surface. The LI compares
the low-level heat and moisture with the 500-mb temperature. It gives a
measure of buoyancy that a boundary-layer parcel would have if it ascended
moist adiabatically after reaching the LCL. Generally, an LI of O or lessis
an indicator that convectionislikely.

A variety of the L1 is the surface lifted index (SLI). It uses the surface
temperature and mixing ratio and lifts from there,

Threat Index (SWEAT)

The severe weather threat index (SWEAT) was calculated by Miller. [8] It
Iscalculated in Eq. (11):

SWEAT=12TDyg+20 +(Totals -49)+2 *FF g5 +FFg5,+125(5+02)  (q7)

where Totals refers to the total totalsindex and Sis Sin (500 mb to 850 mb
wind direction) and wind direction isin degrees.

The last term, the shear term, 125 (S+0.2) is set to zero if any of the
following conditions are not met:

e 850 mb wind direction in the range 130" through 250°,

e 500 mb wind direction in the range 210" through 3 10°,

e 500 mb wind direction minus 850 mb wind direction positive, and
both the 850 and 500-mb wind speeds are at least 15 kn.

No term in the formulamay be negative. [8]

23



The first term in the SWEAT index suggests that adequate low-level
moisture is necessary. The second term gets large as total totals increases.
The final three terms in the equation quantify the importance of strong low-
and mid-level winds and the directional shear between them. The
threshold for severe thunderstorms is a SWEAT index value greater than
300, and the threshold for tornadoes is a value of 400.

More recently, Moncrieff and Green developed a parameter that measures
the convective available potential energy (CAPE). CAPE is defined in Eq.
(12):
EL
CAPE-= f g(6,-6

CcCL

)*dz (12)

eny.

where

g = the gravitational acceleration
6, = the potential temperature of the parcel
0

-the potential temperature of the environment
dz = difference in height between two levels of the sounding

env

By definition, CAPE is found by integrating from the level of the CCL to the
level of the EL. Thus, it is the difference between the potential temperature
of the environment and the potential temperature of the parcel at each
pressure level given in the sounding between the CCL and EL. [9,10]

The Bulk Richardson number (BRN) is useful because it helps the
forecaster determine what type of storm may develop in a given
environment. The BRN is defined in Eq. (13):

24




PBE
12xU?

BRN=

(13)

The PBE is the potential buoyant energy for alifted parcel in the storm’s
environment and is calculated nearly the same as the CAPE, except for each

vertical step, the equation is divided by the potential temperature of the
environment. U is the measure of the vertical wind shear through a

relatively deep layer (O-6 km AGL). U is calculated by deriving the
difference between the mean wind over the lowest 6 km of a profile and a

surface layer wind (500-m mean wind). The calculation for U is shown
below:

l_]:v600{)— Uso (14)

Results from Weisman and Klemp have shown that, supercell formation is
generally confined to values of BRN between 10 and 40. [ 11,121

4.2.5 Boyden, S, and Ko | ndices

Three stability indices typicaly used in Europe are included in the ASP.

The Boyden index measures the thickness of the layer from 700 to 1000 mb
and divides this value by 10. The 700-mb temperature is in degrees

Celsius. The calculation isthen completed as shown in Eg. (15):

Boyden=700 mb Temp+ thickness-200 (15)
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The S-index uses a variable to show the influence -of the vertical totals. |f
the vertical totals >=25, then var=0. If 22<VT<25, then var=2. If the
vertica totals is <=22, then var=6. The equation for S-index is show
below:

Sindex=Total Totals-(700 mb Temp-700 mb dew point)-Var  (16)

where temperature and dew point arein degrees Celsius.

The Ko index isthe final European index used. It measures the difference
in potential temperature from the mid- to low-levels. In the ASP, the mid-
levels were considered 600 mb, because there may be no BFM output at
500 mb, which is typically considered the mid-level. The low-level
potential temperature was taken as 50 mb AGL. Eq. (17) displays the Ko
index.

Ko=0600 mb-Wow (17)
4.3 Precipitable Water

The precipitable water is the total atmospheric water vapor contained in a
vertical column extending between two specified levels.  The total
precipitable water is that contained in a column from the earth’s surface to
the “top” of the atmosphere. In the ASP, the top of the atmosphere is
considered to be 300 mb. However, since the BFM only extends vertically
to 7000 m from the highest point on a grid, often the integration is below
300 mb and can be as low at 450 mb. Mathematically, if x(p) is the mixing
ratio at pressure level p, then the precipitable water vapor W contained
between two pressure levelsis expressed in Eqg. (18). [7]

W=— [xdp (18)
gP

1
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5. Weather Hazards

While analysis of skew T - log P diagrams supply useful information about the
stability of the atmosphere, there is a need for much more detailed weather

output. After completion of the BFM run, data are placed into the GMDB.

These data include model output of temperature, moisture, wind vector

components, and pressure levels. Such data are helpful for Army operations.
However, using the above variables (temperature, moisture, wind
components), derived parameters such as ceiling height, turbulence, icing,

thunderstorm probability, severe weather, and surface visibility provide
supplementary information for Army applications.

Battlefield systems are impacted by the weather. Today’s weapons and
sensors may be even more sensitive to weather than in the past. High
technology weapon systems such as the advanced tactical missile system and
the Apache helicopters can be degraded, as can be many of the intelligence
collection systems. The goal of the weather hazards program is to optimize
weapon performance, assist in troop maneuvers, and aid the staff weather
officer with weather guidance. [13]

The hazards program provides automated analysis and forecasts of what are
considered “hazards’ to Army operations. Additionally, the Integrated
Weather Effects Decision Aid (IWEDA) program uses many of the derived

parametersin the ASP program. The IWEDA uses the ASP and BFM output
to provide detailed information in terms of why, when, and how weather

affects weapon systems (as well as their subsystems and components) and

operations. [ 14}

Often in weather forecasting, decisions must be made instantaneously; thus,
it becomes beneficial to implement artificial intelligence (Al) techniquesto
assist in weather forecasting. However, the weather hazards program is not
true Al, because it uses statistical data, conventional computer programming
techniques, and basic meteorologica calculations as afirst “guess’ at the
hazards. It becomes advantageous to use IF-THEN rulesto assist in making
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weather products such as turbulence and clouds. The hazards program makes
aninitia prediction and then gainsinformation as it advances through the
software in atop-down or forward-training methodology. Thisis called a
heterogenous expert system, because there is an integration of existing
software with arule-based expert system. [1]

As an example, the cloud forecast is based on a continuous sequence of rules
that uses relative humidity data, derived lapse rates, moisture depth, wind data,
time of day, seasond influences, and location of the station. All these facts
are synthesized by a set of rules to make a forecast of cloud height, ceiling
height, depth of the cloud, and cloud amounts (scattered, broken, or overcast).

As a stand-alone program, the weather hazards program derives the
turbulence, icing, clouds, and inversion layers (figure 3).
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Figure 3. Plot of ASP weather hazards based n
sounding observation.
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5.1 Turbulence

Treating the atmosphere as afluid, turbulence is generally a state of fluid in
which there are irregular velocities and apparently random fluctuations. These
oscillations in the atmosphere can adversely affect airframe performance and
endanger Army aircraft. Turbulenceis present in and near thunderstorms, as
can be expected, based on dramatic updraft and downdraft speeds. Typicaly,
athunderstorm is awarning sign that turbulence will be present, and that
pilots need to make adjustments to their flight plans in the vicinity of
convective clouds. [7]

However, forecasting clear air turbulence (CAT) is a much more difficult
problem. Rammer related synoptic patterns to the observation of CAT.
Ellrod and Knapp listed several mesoscale environments where significant
CAT was found to be prevalent. The study by Ellrod and Knapp associated
vertical wind shear, deformation, and convergence into asingle index. Work
done by Lake, and more recently Black and Marroquin, have related
calculations of kinetic energy to areas of forecasted turbulence. [15,16,17,18]

Theoretica studies and empirical evidence have associated CAT with Kelvin-
Helmholtz instabilities. Miles and Howard indicate that the development of
such instabilities require the existence of acritical Richardson number (RI)
<=(..25. The RI is expressed as a ratio of the buoyancy resistance to energy
available from the vertical shear. The equation is expressed below:

(19)

g *(Qg)

RI=2 ar;3 :

(-a—Z)

where

gravitational acceleration

change of potential temperature with height

vector wind shear occurring over the vertical distancesZz.
[19, 21]

9
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Once turbulent eddies have occurred in the stably stratified atmosphere, they
can be maintained only as long as the work required to overcome the
buoyancy resistance isless than that available from the shear of the layer.

Because the ASP uses a single one-dimensional (vertical) sounding, it was
Impossible to incorporate techniques such as the index devel oped by Ellrod
and Knapp, which relies on 3-D horizontal and vertical motion fields. Early
methods employed in this study to analyze or forecast turbulence included
empirical methods (wind speed) and a vertical-shear method. Both of these
methods displayed little skill, as might be expected, since turbulence is much
more complicated than looking at the effects of wind speed or wind shear
aone. [ 16]

Of all the methods using a single sounding, the RI proved to make the most
sense physicaly because it included the influence of both the temperature and
shear in the atmosphere. Additionally, in agreement with McCann, the RI
displayed the most skill of the methods tested using asingle sounding. [21]

The U.S. Navy Fleet Numerical Meteorological and Oceanography Center
(FNMOC) uses the Panofsky index (PI) to forecast low-level turbulence,
where the low level is considered to be below 4000ft AGL. The formulafor
thisindex is:

Panofsky index=(windspeed)® (1.0 - TRII{—I“) 20)

crit

where RI is the Rl and RI,; isacritical RI empirically found to be 10.0 for the
FNMOC data. The higher the Panofsky index, the greater the intensity of
turbulence at low levels.

Based on analyses of raw RAOB data and corresponding pilot reports, early
results of thiswork (using the Panofsky index in the lower levelsand the RI
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above. 4000 ft) show a strong bias to underforecasting turbulence. Thus, the
following adjusted values were used to determine the intensity of turbulence:

For levels <4,000 ft AGL

No turbulence Pl <60.0
‘Light turbulence Pl 60-100
M oderate turbulence Pl =100-250

Severe/Extremeturbulence  P1>=250

For the RI, adjustments were also made due to the bias of underforecasting
turbulence.

For levels >4,000 ft AGL

No turbulence Rl >1.00
Light turbulence RI 0.25 .00
M oderate turbulence RI 0.12-0.25

Severe/Extremeturbulence Rl CO.12

While this combination of the Rl and the Pl was useful to predict turbulence,
some additiona rule-checks were developed to ascertain that the derived
numerical values made physical sense.

As an example, there are checks for each level of the sounding or model
output. The program checks the wind velocities and temperature values
againgt the “forecast” for turbulence. If there is a forecast for severe
turbulence in a case where wind speeds are <25 kn, there is no shear present
in the layer, and the temperature gradient is small, then the turbulence is
reduced from severe to light to correspond with what is most commonly
observed by pilots under these circumstances. While these errors are rare,
these useful checks help increase the accuracy of the turbulence analyses and
forecasts.
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There are methods of turbulence generation other than wind speed, wind
shear, and unstable atmospheric layers. These can include thermals and
mountain waves. While it is difficult to forecast turbulence at the small scale
on which it occurs, it is even more challenging with a single sounding to make

forecasts for mountain waves. Thus, at the current time, no effort is made

here to do so. However, a smple set of rules is used to forecast thermal

instability where thermal instability isinstability in afluid caused by heating
at aboundary.

5.2 lcing

One of the most vital hazards forecast is aircraft icing not associated with
convection. Generally, icing occurs at temperatures between 0 and -40°C.
Schultz and Politovich note that the accretion of ice on aircraft surfacesis
controlled by two processes. [22]

o impaction of supercooled cloud droplets on the aircraft and
o thefreezing of these droplets onto the airframe.

As may be expected, the two essentia factors in forecasting icing are the
temperature of the atmosphere and the availability of moisture. However,

other less obvious factors such as the wind velocity, drop size, concentration
of the droplets, stability of the layer, and nonmeteorological factors such as

arcraft forward speed and aircraft configuration influence theicing type and
intensity.

Inthe ASP, three types of icing are considered.
1. Rime icing is the most common type reported and according to Cornell,
et a., rimeicing occurs at cold temperatures and is the result of .the

Instantaneous freezing of small supercooled droplets as they strike the
aircraft.
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2. Clear icing usually occurs at temperatures just below freezing and it is
clear because of the slow freezing of larger supercooled liquid water
droplets that are able to spread out upon impact.

3. Mixed icing occurs at intermediate temperatures and is a combination
of clear and rimeicing. [23]

Additionally, there are four icing intensities in the ASP.
1. Traceicing iswhen theicing becomes noticeable on the aircraft.

2. Light icing is when the accumulation of ice generates a problem for
flightsin excess of 1 h.

3. Moderate icing is when the rate of accumulation presents a problem for
short flights.

4, Severeicing is when the rate of accumulation is so intense that de-icing
equipment failsto repressit.

Given the restraints of the single upper-air sounding as the data source, it was
determined that the best approach to the analysis/forecasting of icing wasto
utilize the RAOB icing tool developed at the AFWA in 1980 (formerly, the
Air Force Globa Weather Center [AFGWC]). The RAOB technique uses the
temperature, dew-point depression, and temperature |apse rate as a measure
of instability of the layer. A study by Knapp showed that the RAOB icing tool
performed with the most accuracy, compared to other icing models, at all
levels of the atmosphere. [24,25]

The RAOB tool is essentially a “decision tree,” in that it classifiesicing by

temperature, dew-point depression, and lapse rate. There are three main
temperature groups that are based on the theory of ice formation:
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e Thefirst case, -35t0 -16°C, resultsin light rimeicing in all cases.

e The middle class, - 16 to -8°C, generally accounts for the mixed and rime
cases, with the intensity based on the lapse rate or stability of the layer.

e Thewarmest group, -8 to -1 “C, is often the temperature range when
clear icing is found.

However, when the layer is stable, rime ice usually occurs. Clear ice most
commonly occursin layers of the atmosphere that are unstable and undergoing
lifting.

A final case is added to account for severe clear icing. This situation occurs
when there is a strong inversion about 100 mb above the surface; thus the
precipitation falls from a liquid state into a sudden layer of sub-freezing
temperatures. This rapid change in temperature causes the relatively warm
water droplets to spread quickly on the aircraft and cause clear icing to form.

A modification that has been applied in the ASP as compared to the original
RAOB tool is an allowance for higher dew point depressions since the
origina RAOB tool was found to underforecast icing. Cornell’s study
showed that the RAOB tool dew-point depressions were too stringent. This
investigation of soundings showed that the mean dew-point depression for al
icing types was 4.5". This modification was made for the RAOB icing chart.

[23]

5.3 Clouds

Forecasting cloud amounts, cloud heights, and cloud depth is essential for
military operations. Clouds can degrade the effectiveness of many weapon
systems by limiting flight paths, visibility, and making it impossible to identify
targets and aircraft. A staff weather officer needs a detailed and accurate
cloud forecast because of the overall influence of the weather. Clouds act to
ater temperature, moisture, and wind fields at al times of the day.
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Cloud drops form in the atmosphere in response to moist air becoming
saturated or dightly supersaturated. In clouds, relative humidity rarely
exceeds 102 percent (supersaturation of 2 percent) and is rarely lower than 98
percent. Normally, it takes dynamic lifting or atmospheric cooling to create
conditions where supersaturation and related droplet growth can occur fregly
in the atmosphere. [26]

Unfortunately, accurate measurements of the moisture in the atmosphere are
difficult. Typically, Vaisaa high-performance radiosondes are used to
measure the vertical moisture profile. These sondes use the carbon humidity
element; which is a slender coating of fibrous material on a glass or plastic
substrate. At high humidity the element swells and the carbon granules are
less densely packed, resulting in an increase in resistance. The reaction of the
film is rapid, but the substrate response is delayed. Because the measured
humidity iswith respect to the temperature of the film and the temperature is
locked to the substrate, assuming air temperature and substrate temperature are
the same results in errors. These errors may be as much as 10 percent in
humidity, which isasignificant error at high humidities. Blackmore explains
that the sondes have the most difficulty measuring relative humidity in very
moist situations and very dry situations. [27,28]

5.3.1 Ceilings and Relative Humidity Study

A ceiling is the height at which the sky becomes broken or overcast. Much
of the emphasis in this cloud study is placed on correctly analyzing and
forecasting the ceiling height.

Many methods have been used to forecast clouds. Numerical models often
contain cloud physics packages and cumulus convection routines that
numerically solve for cloud heights, amounts, and ceilings. Statistical
methods, such as multiple discriminant analysis and the perfect prognostic
method are often used in cloud forecasting. Others have experimented with
neura network and Al techniques to “train” or develop a set of rules that
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5.3.2

resolve a problem. These Al methods are easy to use, computationally stable,
and consistent in their results.

The use of a neural net was not feasible in this study, because the ASP is an
automated program designed to be operated at any location in the world.
Thus, it would be impossible to train the neural net to work in all locations.
Since the BFM is designed to run as quickly as possible, there is no current
effort to forecast cumulus clouds with a cloud physics package. Using the
cloud liquid water output from the BFM does not take into consideration all
conditions that may influence cloud formation and cloud heights. While the
cloud liquid water data is helpful in displaying water content in the
atmosphere, it is not useful in correlation to clouds. A cloud liquid water value
of 0.1 gm/m* can result in two different cloud outcomes based on temperature
and location.

It was decided to approach the cloud forecasting problem with a cross
between empirical techniques, statistical data, and rule-based IF-THEN sets
of code. This technique was best for using the single upper-air observation
in the ASP.

A statistical study was completed to contrast the soundings with observed
cloud amounts and heights at National Weather Service offices around the
United States. This investigation compared the ceiling height to the relative
humidity value observed on an upper-air observation at 1200 UTC and 0000
UTC. The study was done with respect to season, time of day, and for a small
sample, the location of the sounding.

Relative Humidity Values

Table 1 shows the average relative humidity values for the four ceiling groups
as compared to each season. Sample sizes varied from 58 soundings during
the spring months to 110 soundings during the summer months. The results
show little variation in the relative humidity values “needed” to form a celling.
Note that cloud formation is not dependent on relative humidity values alone,
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but it does play a significant role. The values decrease somewhat with height,
perhaps because measurement of water vapor becomes slightly less accurate
with height.

Table 1. Average relative humidity values* (different seasons)

Height of ceiling | Spring | Summer | Autumn | Winter All
(ft AGL)/season | (percent) (percent)|(percent) (percent) | seasons

<4000 9% 9% 93 95 95
4000-8000 95 91 % 9% %
8000-20000 93 91 90 0 91
20000+ 61 56 61 67 59

*Values calculated from 1200 UTC and 0000 UTC soundings for different
observed ceiling heights during different seasons.

Due to changing observation requirements and measuring systems, ceilings
are rarely reported above 12000 ft AGL; thus, the sample size of data for these
layers is vastly reduced. The most vivid trend in these data is the vastly
reduced relative humidity needed to form a ceiling at the cirrus level, or above
20,000 ft AGL. Thisis a predictable result, considering the difficultiesin
measuring the moisture values at higher levels and that the nucleation and
formation of clouds is occurring in a layer with few supercooled water
droplets and predominately ice crystals. Even here, however, there is
consistency, with the values ranging from 56 to 67 percent during the year.

While it may appear that small differences in relative humidities are not

consequential, work done by Walcek indicated that a 2 to 3 percent increase
of the relative humidity could lead to a 15 percent increase in cloud cover. He

also noticed, as in this study, that middie-level ceilings formed in lower

humidity. Thus, the trends in the above chart are employed to derive the

“decision tree” or flow chart that is used to form the IF-THEN rules in the

cloud program. [29]

Table 2 indicates that there are only smal differences in the relative humidity

values that are needed to form a ceiling at different times of the day. Initialy,
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in this project there were different rules based on the time of day. However,
the data in table 2 indicated that neither relative humidity nor moisture were
factors in ceiling height, based on the time of day. This study simplified the
IF-THEN rules.

Table 2. Average relative humidity values*
(ceiling heights)

Height of ceiling | 0000 UTC | 1200 UTC
(ft AGL) (percent) | (percent)
<4,000 94 95
4,000-8,000 93 94
8,000-20,000 91 91
20,000+ 58 60

*Values calculated from 1200 UTC and
0000 UTC soundings for different observed
ceiling heights.

Another research effort was based on the location of sounding observations.
In very moist tropical locations, clouds rarely were observed despite relative
humidity values of 100 percent. This trend was noticeable along the Gulf
Coast of the United States on warm, humid summer mornings. Meanwhile,
at many inland locations low clouds were still observed at corresponding high
relative humidity values.

Cloud studies by Pruppacher show that in air-over-land, only a small fraction
of the available aerosols are capable of becoming cloud condensation nuclei
(CCN). However, over the oceans, the number of aerosols is reduced but
larger, and more water-soluble nuclei have been observed.
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Thereisageneral trend over land for smaller hygroscopic drops, thus freeing
more available water for each CCN. Over the water, the larger CCN absorb
much of the free water, thus leaving very little to be lifted and condensed.
Another possible theory to explain this trend may be as smple as the relatively
flat terrain, or the lack of any lifting mechanism in the more tropica locations.
Whileit isdifficult to explain precisely the cause of this observation (lack of
clouds at 100 percent relative humidity [RH] in warm season), it was avery
worthwhile observation in the development of the ASP rules. [26]

Based on these results, it was determined to treat tropical and mid-latitude
ceiling predictions as two different locations in the rules or flow chart. Thus,
the two most definitive forecasting parameters for clouds were found to be the
site location and the relative humidity value of the layer with respect to height
in the sounding.

Mesoscale models often display a dry bias. Schultz observes that relative
humidity values in excess of 55 percent between 500 to 1000 mb usualy

Identify regions with widespread cloudiness on the Nested Grid Model. The
BFM does not display such an extreme bias; however, clouds are often

observed in layers with relative humidity well below values of saturation.

[22]

A study using 13 runs of the BFM was done to investigate the differences
between the BFM output and observed soundings. This study, using model
runs in various regions of the United States, over different seasons, shows that
relative humidity differences with model output increase with height and time
from the initialization of the model.

Table 3 displays what might be expected: a drier model output in comparison
to measured relative humidity by the soundings. The model moisture isfairly
consistent at al levels at the initid time; however, the model is 5 to 10 percent
drier a the 12-h and 24-h periods. These data indicate that making cloud
predictions from the BFM model output would require a definite reduction in
the relative humidity values, with the greatest differences occurring at lower
pressure levels and with increasing time.
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Table 3. Differencein BFM output*

Pressure levels'Time 00-h 12-h 24-h
frominitialization forecast forecast forecast
925 mb 3% drier 5% drier 11% drier
850 mb 3% drier 8% drier 9% drier
700 mb 2% drier 10% drier 11% drier
500 mb 3% drier 3% moister | 12% drier

*Difference in the BFM against the observed sounding, based
on hours from initial time and different pressure levels.

The one deviation in this trend, the 12-h forecast at 500 mb, cannot easily be
explained. At the initial hour, 53 to 63 percent of the model runs were drier
than the observed soundings. At the 12-h forecast period, the model was drier
than the soundings 65 percent of the time; and finally, at 24 h the model was
drier 71 percent of the time.

Another trend in this cloud study was the lack of any low clouds in the
tropical locations during the summer season. A study of Northern Hemisphere
tropical observations at 1200 UTC (73 samples) indicated no cases of
scattered clouds below 1,000 ft AGL. Scattered clouds below 2,000 ft AGL
were observed in only 7 percent of the cases. Only 5 percent of al tropical
soundings reported a ceiling below 4,000-R AGL (summer season). At 0000
UTC, the results were only dightly different. Using a sample of 39 tropical
observations, in only 10 percent of the cases was there a ceiling below 4,000 ft
AGL, and only 3 percent had scattered low clouds observed below 1,000 ft
AGL. This study displayed that low scattered clouds were infrequent in the
tropics and are eliminated from the rule set during the warm season.

A final observation in this study indicated that cumulus cloud formation was
being underforecasted. This led to the development of an empirical check for
cumulus clouds. In this empirical check, during the time of maximum heating
(1100-2000 local), cumulus clouds were formed if the convective temperature
was being approached or exceeded. The calculation for the convective
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temperature is discussed in section' 4.1.3 of this report. There is no effort to
show the vertica development of the cumulus cloud; thus, it cannot be
assumed that a thunderstorm will form from this cloud layer.

A final set of checksin the cloud program are listed below:
1. No clouds were allowed above 30,000 ft AGL.

2. Sinceal high relative humidity values below 200 ft AGL were being
interpreted as a cloud, no clouds were analyzed or forecasted under 200
ft AGL. Theses high humidities are often seen as fog and not clouds
on the output.

3. A check was made to examine the depth of a moist layer. Small moist
layers were being labeled as cloud layers, yet were rarely observed to
be clouds. Thus, these shallow, elevated moist layers were not listed
as cloudsin the program.

5.4 Thunderstorms

Forecasting thunderstorms is an important element in weather hazards
forecasting. Other than the understandable influences of turbulence on Army
arcraft, thunderstorms aso bring heavy rain, lightning, and sometimes severe
weather such as hail, damaging wind, and tornadoes. All these weather
phenomena can hamper communications and maneuverability and can cause
damage to sensitive equipment.

From aforecasting perspective, thunderstorms can radically change the local
temperature and moisture content in a matter of minutes. Additionally, cloud
cover from these convective storms can spread miles away and cause changes

to the weather conditions far away from the storm itself.
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5.4.1 Thunderstorm Probability

The automated thunderstorm program was developed for a single-station
location using @ 0000 or 1200 UTC upper-air observations. This provided a
12-hr forecast of a“yes/no” forecast of thunderstorms and later a probability
of thunderstorms was implemented into the program. The original method of
the program was to use an expert system shell called EXSYS. Weather
parameters such as the vaues of the stability indices were input into the expert
shell, and a decision was reached as information processed through the expert
system.

L ater, the"C" Language Production System (CLIPS) programming language
was utilized in an effort to give the forecaster some interaction with the
system. In addition to the stability parameters, the user was able to add
Information about the atmospheric dynamics or “lifting” mechanisms that
might help thunderstorm initiation.

While these expert system approaches were very functiona and granted
excellent sill scores, rapid changes in Army computer platforms and frequent
changes in software languages made it impossible to use these expert systems.
It was determined that the most efficient and dependable method to forecast
thunderstorms was to formulate an equation using statistical methods.

The equation was derived with the goal of accurately predicting percent
probabilities of local thunderstorm occurrence within a 100-km radius of a
RAOB location. Data from 1200 UTC soundings at 13 different
climatological locations across the continental United States were collected
from March to October of 1990 and 1993. Testing a variety of stability
indices, these data were verified by thunderstorm reports from surface
observations, National Weather Service radar summaries, and output from the
National Lightning Detection Network. [30]

Multivariate discriminate analysis, usingstepwise procedures, was employed
to calculate the most significant thunderstorm predictors. This statistical
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method created the list of thunderstorm predictors (stability indices) correctly
grouped to find the combination with the highest correlation coefficient with
statistical significance (using the F-test). The predictand, or thunderstorm
occurrence/nonoccurrence during the 12 h after RAOB time, was given a
value of "1" (yes) for any verification of thunderstorms within a 100 krn
radius of the station and a "0" for no thunderstorms. These “yes/no” values
were correlated with the predictor indices to determine a percent probability
regression equation. The discriminate analysis procedure eliminated all but
three indices as the predictands: K, LI, and SWEAT. The resulting equation
was:

Percent Probability= [0.1795 + 0.0073(K)-0.0149(LI)+ 1)
0.0008(SWEAT)] X 100

where K isthe K-index, LI is the lifted index, and SWEAT is the SWEAT
index.

Since stability indices such as the K index and the SWEAT index cannot be
computed for high-elevation stations with surface pressure less than 850 mb,
asecond equation was formulated from possible stability parameters at such
eevations. The statistical method described above was used, and the resulting

equation for high-elevation locations was:

Percent Pr obability= (1.1806 - [0.0339*(LI +20.0)] } (22)

The probability determined by the equations does not alone answer the
question about thunderstorm probability. The value added from such factors
as solar radiation, time of day, dynamical lifting, moisture content, depth of
the moist layer, capping inversons, season, and statistical hias is built into the
system. As an example, the sounding at 1200 UTC can change dramatically
during a 12-h forecast period. A station with a shallow moisture profile may
mix out the moisture very rapidly, thus the program checks to see whether the
moisture is shallow; if so, the probability of thunderstorms will be reduced.
While it isimpossible to cover all meteorological factors that contribute to
thunderstorm formation, the regression equations and consequential rules add
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information that provides useful guidance in forecasting thunderstorm
probability.

5.4.2 Thunderstorm Severity

Severe thunderstorms are much more difficult to forecast than nonsevere
convection. Severe thunderstorms are thunderstorms in which wind gusts
over 50 kn are recorded, hail >% in. diameter is observed, or where tornadoes
occur. While these thunderstorms are rare compared to the total number of
annual thunderstorms, they can produce a significant amount of damage.

Severe thunderstorms occur in different environments based on moisture and
elevation. Generally, in moist environments, thunderstorms will have more
intense rainfall amounts and will have higher precipitable water. In higher
elevations, the value of precipitable water is often lower and severe
thunderstorms feature hail and gusty surface winds caused by evaporative
cooling (or downbursts) from the storm.

The severe thunderstorm routine is divided into four cases. moist and low-
elevation storms, moist and high-elevation storms, dry and low-elevation
storms, and dry and high-elevation storms. Some of the variables checked,
using data from the sounding, are the mid-level moisture values, low-level jet,
500 mb (mid-level) wind speed, SWEAT index, CAPE, temperatures of the
sounding, and the L1I.

Once the routine determines if a severe thunderstorm is likely, an additional
“rule” is used to determine what type of severe weather is likely: tornadoes,

hail, or damaging winds.
5.4.2.1 Thunderstorm Gusts

Modern improvements in Doppler radar enable the forecaster to see, with
great confidence, strong winds in the environment of a thunderstorm.
However, it does not provide several hours of advance warning as is necessary
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for military operations. While it is difficult to forecast the exact intensity and
location of microburst and thunderstorm outflow, it is feasible to find
favorable environments of such conditions using an upper-air observation.

Three empirical equations are combined to form an average wind-gust value.
The first equation uses the difference between the wetbulb potential
temperature layer and the surface.  This method is based mainly on the
temperature variation from the surface to the wetbulb level in the sounding.
Two other methods are described by Novlan, who discusses a method from
Fawbush and Miller that uses the difference between the temperature
intersection of the moist adiabat and the free temperature a the 600-mb level.
The second method was developed at NASA and uses the difference between
the convective temperature and wetbulb zero level. These three methods are
averaged to provide a“consensus’ value of peak thunderstorm gust. [3 1]

McCann explains that microbursts develop as aresult of frozen precipitation
falling through the melting level. Latent heat due to melting cools the air
parcels, and they become negatively buoyant and accelerate downward.
Evaporation continues the process. McCann discusses the “Wind INDEX” or
WINDEX method, which was implemented into the ASP as a second index
for forecasting microbursts. WINDEX is essentially an empirica vaue based
on the height of the mixing ratio, low-level moisture, and the lapse rate of the
sounding from the surface to the melting level. [32]

McCann’'s WINDEX equationis:
WINDEX=5+[H,*R ,(T*~30+Q, -20,)]* 23)

where

H,, = height of the melting level above the ground,

R, = Q/12butisnot greater thanl,

I = lapserate from the surface to the melting level,

Q, = mixingratio inthe lowest 1 km above the surface, and
Qh4 = mixing ratio at the melting level.
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The WINDEX estimates that maximum potential wind gusts at the surface in
knots.

5.4.2.2 Thunderstorm Movement

The method to forecast storm speed and direction are elementary since it
involves only the 700- and 500-mb wind. The mean storm speed is calculated
by taking an average of the 700- and 500-mb wind speed. The forecasted
direction or steering of the storm is done in a similar way, using the average
direction of the 700- and 500-mb wind used.

5.5 Surface Vishility

Low visihility is another example of a weather hazard that would impact
military ground and air operations. Analogous to the thunderstorm prediction,
a statistical method was employed to forecast the surface visibility using a
radiosonde or mesoscale model output. Knapp explains that surface data from
2790 observations were collected for 80 U.S. locations from July 1994 to
April 1995. These observations represented various climatic regions in an
effort to compile an “average” database for deriving the universal visibility
equation. For each observation, visibility values were placed into one of eight
categories ranging from <1 mi to >20 mi. [33]

To develop the regression equations, Knapp used several meteorol ogical
parameters. These included:

station elevation,
temperature and dew point,
dew point depression,
relative humidity,

wind speed,

ceiling height, and
precipitation reported.

46




At the current time there is no effort to determineif precipitation isfalling at
asounding location or amodel grid point.

From the 2790 surface observations, three types of equations were formulated,
which account for different conditions based on available surface observation
data. These three equation types were:

1. al cases, ceiling and precipitation unknown;
2. ceiling known, precipitation unknown; and
3. ceiling and precipitation known.

Screening regression techniques using stepwise procedures were used to
determine the predictor values for each equation type. Once the “best”
correlated predictor was found, other predictors were then included to achieve
the best statistical results.

As an example, the equation developed using observations with derived
ceilingsislisted below:

VISCAT=8.06+(0.0003 +ELEV)~(0.0456 xREH)+(0.0058 xCIG) (24)

where VISCAT is the category of the predicted surface visihility, ELEV is the
surface elevation, RH is the relative humidity, CIG is the height of the ceiling.

Initial efforts to derive a single equation for each observation type was
unsuccessful, thus a two-step approach was used. First, the visibility
categories were divided into two groups:

o VISCAT 4 and below and
o VISCAT 5 and above.
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Then, an egquation was tailored to each group for fine-tuning. Finaly, for each
eguation empirical adjustments are made based on the ceiling and surface
visibility. As an example, by using the above equation, the following
empirical adjustments are made.

If VISCAT= 4 and CIG>=30 and RH<935, change VISCAT to 5.
If VISCAT= 5 and CIG<=10, change VISCAT to 4.

If VISCAT=5 and Temp-Dew point<3 and 1 0<=CIG<=15 change VISCAT
to 4.

If VISCAT<=4 then apply a new equation for this category.
5.6 Inversion Levels

A temperature inversion occurs when the atmospheric temperature warms with
height. In the ASP, this warming must be at least 0.5 °C/AZ to be considered
strong enough to be an inversion. The vaue of AZ is variable and is the
thickness of each layer-either from model output or rawinsonde data. While
it is arbitrary, the strength of the inversion in the ASP is as follows:

® inverson<1“C/Azisaweak inversion

® inverson 1-3“C/AZ isamoderate inversion
e inverson>3“C/AZ isastrong inversion

The height of the inversion is the point at which the atmosphere begins to
warm. This height is listed in meters AGL.
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6. Summary

The IMETS is an automated weather data receiving, processing, and
disseminating system utilized by U.S. Air Force weather forecasters in support
of U.S. Army operations. As a component of the IMETS software, the ASP
calculates, interpolates, and displays meteorological data for the forecaster.
The ASP ingests sounding data either from conventional radiosonde data
(1200 or 0000 UTC) or from 3-D model output. Once these data have been

read, the program will process and display weather products so that users can
make vital decisions concerning the influence of weather on military planning.

The influence of weather hazards on tactical operations is of most concern to
military leaders. These hazards include icing, turbulence, inversion layers,
surface visibility, and thunderstorms. Recent efforts have centered on
employing sounding data to display these weather parameters. However, with
the development of an operational mesoscale model, BFM, there has been an
effort to make short-term weather forecasts (<=24-h) of these weather hazards.

Since the ASP is asingle-station vertical scan of the atmospheric sounding
data, most applications used in the program are either flow-chart type of
diagrams, expert system approaches using a set of rules, or regression
equations designed for general and worldwide use. Turbulence is analyzed
and forecasted in the ASP by using the Panofsky index below 4000 ft AGL,
and the RI above 4000 ft AGL. For icing, the RAOB tool originated at
AFWA has been modified and is now used in the ASP.

Cloud forecasts were developed through careful investigation of moisture
properties on skew T-log diagrams through many different weather
environments. This part of the ASP is the most “rule-based” in its design and
uses a series of IF-THEN rules based on relative humidity, height of level,
time of the day, season, and location of the station.

The thunderstorm and visibility forecasts make use of regression equations
developed to work in any general weather situation. Separate equations are
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used for low elevation and mountain locations for thunderstorm probability
forecasts. Both the thunderstorm and visibility routines have a set of rules
used after the regression equations have output their value. These rules check

certain atmospheric conditions not used in the development of the regression
equations.
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Acronyms and Abbreviations

AFWA

AFGWC

AGL

Al

ARL

ASP

AWDS

AWN

BED

BFM

BRN

CAPE

CAT

CCN

CCL

CLIPS

EL

FNMOC

Air Force Weather Agency

Air Force Globa Weather Center
above ground level

artificial intelligence

Army Research Laboratory
Atmospheric Sounding Program
Automated Weather Distribution System
Automated Weather Network
Battlefield Environment Directorate
Battlescale Forecast Model

bulk Richardson number

convective available potentia energy
clear-air turbulence

cloud condensation nuclei

convective condensation level

"C" language production system
equilibrium level

The U.S. Navy Fleet Numerical Meteorologica and
Oceanography Center
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GMDB

HOTMAC

IWEDA

IMETS

LCL

LFC

LI

NOGAPS

RAOBS

RH

RI

SLI

SWEAT

WINDEX

WMO
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gridded meteorological database

Higher Order Turbulence Model for Atmaospheric
Circulations

Integrated weather effects decision aids
Integrated Meteorological System
lifted condensation level

level of free convection

lifted index

Naval Operational Global Atmospheric Prediction System
radiosonde upper-air observation
relative humidity

Richardson number

surface lifted index

severe weather threat index

wind index

World Meteorological Society
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